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1. Linear Design Seminar Structure

This 1993 Texas Instruments Linear Design Seminar is intended to demonstrate how a wide variety of
problems frequently encountered by analogue, mixed-mode, and Data Transmission engincers can be
solved using T.I.'s latest Linear products.

In simple terms, Texas Instruments' Linear products address the generic task of joining the real
analogue world we inhabit to the world of electronic digital processing. The structure of this seminar
reflects this by partitioning the general electronic 'system' into functional blocks which form separate
seminar sections. For each block, major design principles and concepts will be reviewed, and then
illustrated practically with new products that address important application concerns.
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Introduction

The four parts of this seminar are:
Signal Conditioning
Data Conversion
Data Transmission

Power Drive Circuits

In the Signal Conditioning section we shall consider how to use products in ac, dc and single supply
applications. The use of Texas Instruments new range ot 3 volt and high temperature analogue products
will be specifically discussed.

The Data Conversion section addresses the choice of A-D and D-A  converters for specific
applications. Both general and application specific converters will be described, including complete
acquisition systems on a single chip. Guidance will be given on how to use them. Included in this
section is an introduction to the Texas Instruments family of Video Interface Palettes.

The Data Transmission section discusses the key specifications of the EIA/TIA-232E, RS-485, and
SCSI data communication standards. Discussion will focus on the physical layer and on devices
operating within these communication standards. Specific topics covered will be the practical
relationship between data-rate and transmission distance, and transmission quality measurement.

At the output side of digital systems there is often the need to deliver significant power to a load; and to
protect the small-signal digital part of the system from damage from the high power levels in the world
outside. In the Power Drive Circuits section we shall discuss how to apply the latest Texas
Instruments integrated power devices to motor, lamp and solenoid loads.
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2. Integration and the Technology
Roadmap

Many of the products in this Linear Design Seminar are more than simply analogue devices. For
electronics systems to remain competitive in an increasingly global market. ever greater integration is
demanded to increase functionality and reduce both cost and size. Texas Instruments fully recognises
this and a common high-volume silicon technology roadmap has been laid down. This will enable the
integration of high performance analogue, digital, memory and processor core functions in the near

In this Linear Design Seminar, we shall show. of course. new and purely analogue components such as
operational amplitiers and voltage regulators. These offer specific benefits to designers ot classic
analogue circuits. However. and perhaps even more significantly. we shall also discuss products which
show the increasing integration on a single chip of the precision analogue world, and the high density
and high speed digital world. Moreover. this integration can increasingly be found in catalogue. as well
as custom products. Examples of complete sub-systems on a chip that will be discussed in detail are the
Video Interface Palettes. and Voice-Band Audio Processors.

Last, sub-micron silicon technology clearly essential for higher capacity memory and higher speed
digital processors, may seem at first sight to offer little to the specialist analogue engineer. However,
we shall show that specific data conversion problems pose similar demands to high speed digital
processing. Further, even in the world of power drives we shall show how specific application benefits
can be derived from T.I's sub-micron silicon technologies.

Thus. we believe that through an integrated high density roadmap Texas Instruments will bring value to
the inhabitants of digital and 'real” analogue world alike.
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1. Introduction

1.1.Signal Conditioning System

This section of the seminar will discuss some of Texas Instruments' high performance Linear signal
conditioning products

ial Conditioning System

POWER

.- LINEAR REGULATORS
. ANALOGUE GROUNDS
SUPPLY " ANALOGUE REFERENCES
i 3
&3 SIGNAL 8¢
|
2 CONDITIONING % >
n < o
o By}
-
L I |
DUAL SUPPLY OP AMPS

SINGLE SUPPLY OP AMPS
HIGH SPEED OP AMPS
MICRO POWER OP AMPS

Figure 2.1.01. - Signal Conditioning System

Designing both Analogue and Digital systems entails some consideration of the supplies required. So,
when considering a whole signal conditioning system, be it just analogue or with analogue
preconditioning and digital processing of the data fed back from the sensors, the power supply must be
as carefully considered as the op amps used.
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Op amps will normally fall into two fundamental categories, although devices that fit into the same
category may vary enormously on other parameters. The simplest category is whether or not they can
function from a single supply. These categories can then be further split. with high speed op amps
fitting with the dual supply op amps, while micro-power op amps fit with the single supply op amps.

The power supply will come from one of two sources:- mains powered or battery powered. and with
the correct choice of regulator, the efficiency and board space savings can be maximised. The power
supply regulation will normally be done by switching regulators and/or linear regulators.

Switching regulators come into their own when dealing with either large drop-out voltages (the voltage
drop between the input and output), large output currents or where the output voltage must be increased
above the input voltage.

Linear regulators are normally much more easier to design with and are much less noisy. There are
however different forms of Linear regulators;- serial and shunt regulators. The serial regulator acts as a
variable resistor between the input and output; the resistance will decrease as the output increases. A
shunt regulator also works as a variable resistor, but this time the variable resistor is between the output
and ground with a fixed resistor between the input and the output. As the output current increases, the
variable resistor increases thus shunting less current to ground.

1.2.Designing the Right Device

TI is and will continue to be a leading supplier of cost effective performance operational amplifiers. To
maintain this position, performance products must be developed which satisty the demands of both the
system design engineers and the end equipment. TI, must, therefore understand exactly what these
requirements are.

To be able to provide the right op amps for the market place, any company must have a clear
understanding of 'The Total Need'. This understanding must reach beyond the 'Quest for the Ideal op
amp ' - many other factors need to be considered.

TI has identified the following areas as being crucial in the development and supply of performance
amplifiers;

1.2.1. Market and System Understanding

TI focuses its products at particular applications and market segments. By understanding actual system
requirements it is possible to provide devices which are highly suited to the actual end equipment. TI
has op amps ideally suited to applications in the following areas:- Automotive. Telecom,
Instrumentation, Test and Measurement, Industrial Control, and Audio. By understanding the demands
of these systems, an op amps parameters can be fully optimised.

1.2.2. Characterisation and Design Support Material

Having an operational amplifier which performs well is not enough - it must also be easy to use and its
particular characteristics well understood. TI, like many other companies. is putting significant effort
into giving excellent support and design information. Characterisation data has meant that the datasheet
for a single op amp is now normally longer than 30 pages!

to
[§9)
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Designing The Right Device

Figure 2.1.02. - Designing The Right Device

1.2.3. New Technologies

It is essential for design engineers to be able to use the most advanced and suitable technologies to
enable the development of performance products. Skilled designers can only do so much - eventually
the actual technology becomes the limiting factor. Throughout TI's history great emphasis has been
placed on developing leading technologies to enable the production of performance products. Texas
Instruments is the industry's leading supplier of products designed using Bifet and LinCMOSTM
processes. Excalibur, TI's new complementary Bipolar/Bifet technology, has enabled the development
of a number of precision, high speed, low power op amps - all of which are proving extremely popular
in a wide range of applications. The development of advanced, quality, performance technologies is
one of TI's strengths and these skills are being put to good use in all areas of linear products.

1.3.Bipolar Operational Amplifiers

Bipolar is still, by far, the most popular technology used to develop operational amplifiers and new
higher performance bipolar technologies are being developed continuously - the pa741 would not
recognise the technologies being used today
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Devices designed using bipolar technology have a number of benefits over Bifet or CMOS products.

Bipolar Operational Amplifiers

Key Products;

TLE2021/2/4
TLE2027/37

S | TLE2141/2/4
¢ Reduced AC Performance ' TLE2227/37

Figure 2.1.03. - Bipolar Operational Amplifiers

1.3.1. Bipolar Advantages

Low and stable offsets;

Since bipolar transistors are relatively easy to match and their behaviour due to temperature and current
change is well understood, it is possible to develop operational amplifiers with low and stable offsets.
Offset voltage errors are due to Vbe mismatches and differing collector currents flowing through the
input stage transistors. By using various trimming techniques, bipolar designs are now available with
offset voltages as low as 10pV and will drift less than 0.1uV/°C.

Low Noise;

A low noise voltage is more important than low noise current specification is of most importance in the
majority of applications (e.g. audio, Telecom and many instrumentation systems). Bipolar op amps
offer the lowest noise voltage performance among commercially available devices. The noise voltage
from the input of a bipolar amplifier is dominated by the thermal noise from the base spread resistance
and the emitter small signal resistance. These, and other factors, can be optimised to achieve op amps

with <2nVAJHz noise voltage specification. This performance is impossible to achieve using a FET
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input amplifier. When interfacing to high impedance sources however, bipolar op amps become
inferior to CMOS designs, due to their high noise current specifications dominate noise errors.

High Gain;

The transconductance, gm, of the bipolar input stage is high and therefore the related open loop gain of
the amplifier is also high. This enables the design of circuit that are much more 'accurate’ than Bifet or
CMOS designs. The high gain, however, does mean that a complicated compensation networks need to

be used to ensure stability, a factor which lower gain JFETs have benefited from to achieve higher slew
rates.

1.3.2. Bipolar Disadvantages

High Offset and Bias Currents;

Due to the bipolar input stage, the bias currents (effectively the the input transistor's base current), of
bipolar op amps are high . Various design techniques such as SuperBeta NPNs, or bias current
cancellation circuits can be used to reduce these currents, However, it would be very unusual for a
bipolar device to be able to compete with a FET design at room temperature.

Bias currents for bipolar designs are, however, much more stable than for FET input designs. At high
temperatures it is possible for a FET input device to actually have higher bias currents than a good
bipolar design, particularly a super beta part.

Slow Lateral PNPs;

Lateral PNPs are much slower (and noisier) than the NPNs of the same process. A typical technology
would have PNPs with an F (transistor bandwidth) of 3MHz, compared to NPNs which have an Fr of
IS0MHz. As it is very difficult to design a device without using PNPs, the overall ac performance of
an amplifier is severely limited.

Realising this many manufacturers have developed 'Complementary Bipolar Technologies' which have
much faster PNPs who's FTs are similar to the NPNs. The result has been much faster bipolar op amps.
Excalibur is TI's new complementary bipolar process, and as well as having faster PNPs it includes a
number of other features necessary for the development of performance amplifiers.
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1.3.3. TI's Bipolar Op Amps

TLE2021 LM301 LTI014 OPO7
TLE2022 LM307 LT1037 0P27
TLE2024 LM308 MC1458 OP37
TLE2027 LM324 MCI558 | RC4156
TLE2037 LM348 MC3303 RC4138
TLE2141 LM358 MC3403 RC4558
TLE2142 LM2902 MC34071 RC4559
TLE2144 LM2904 MC34072 TL2828
TLE2227 LT1001 MC34074 TL2829
TLE2237 LT1007 NESS532 uA741
LTI1013 NES534

1.4.Bifet Operational Amplifiers

Bifet operational amplifiers were first introduced in the early 1970's and today they are among the most
common op amp type. They are essentially bipolar op amps which use high voltage p-channel JFETs
on the input. These JFETSs have a number of advantages and disadvantages;

1.4.1. BIFET Advantages

High input impedance and low bias currents;

The inherent high input impedance of JFET transistors enables op amps with extremely low bias
currents. This brings a number of significant advantages to many applications including integrators,
sample and holds and filter type circuits. Care must be taken however as the bias currents will double
for every 10°C increase in temperature. At high temperatures a Bifet's bias current may be higher than
some bipolar circuits!

Improved ac performance;

When JFETS are used in an op amp's input, the resulting gain of the op amps differential input stage is
significantly reduced. The amplifier's internal compensation capacitor (which provides device stability)
can therefore be reduced giving a significant increase in slew rate. For the same supply current. a Bifet
op amp can easily have up to a five fold increase in slew rate over a bipolar equivalent.

Reduced Input Noise Current;

A benefit of both CMOS and Bifet operational amplifiers is their improved noise current. This is very
important when interfacing to sources of a very high impedance. The input noise current is determined
by the shot noise of the gate current - which is very low at 25°C.
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Bifet Operational Amplifiers

Typical Performance Levels

1 500UV - 15 mV

SR | 18Vistom3mA

Key Products;

Excalibur Bifets
TLE2061/2/4
TLE2161
TLE2082
TLE2662

Figure 2.1.04. - Bifet Operational Ampifiers

1.4.2. BIFET Disadvantages

Poor and unstable offset voltages;

Bifet designs have typically far greater offset voltages than their bipolar equivalents. Their less
uniform dc characteristics and poor thermal drift makes the essential accurate matching of the input
transistors very difficult. They are also very prone to the induced stresses of plastic packages - real
precision Bifets are normally only available in ceramic, metal can or hybrid packages.

Typical standard selection Bifets in a plastic package may only achieve 2mV - 3mV offset voltage and

their stability will be poor. Newer designs, such as the TLO51 and TLO31 series have improved
processing and design techniques to achieve new levels of precision and stability.

Poorer CMRR, PSRR and Open Loop Gain specifications;

The reduced gain of the Bifet's input stage, which enables the improved ac performance, also causes a
reduction in various gain parameters of the device. This further reduces the suitability of the designs in
precision applications.
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Increased Noise Voltage;

A FET input stage will have a higher noise voltage and higher 1/f frequency when compared to bipolar
devices.

1.4.3. TI's Bifets

TLE2061/2/4 Family TL071/2/4 Family LF411/2
TLE2161 TL061/2/4 Family LF441/2
TLE2082 TLO081/2/4 Family LF347/9
TLE2662 TL031/2/4 Family LF353

TLO051/2/4 Family

1.5.CMOS Operational Amplifiers

CMOS Operational Amplifiers

Typical Performance Levels

Vio 200V - 10 mV
AVIO/AT | 1-10uvreC
: ' \ lib 1-10 pA
o Low Bias and Nmse Currents Alib/AT Double every 10°C
£ Pteclsion Oetions SR 3.6 Vius @ 670 uA
. Choppers Yield Ultimate Key Products;

Precision (Vio < 1 uV) LincMOs ™ Choppers
Technology Limits: , TLC271/2/4  TLC251/2/4 ICL7652
e  Limited Voltage Range (16V) TLC277/9 TLC1078/9 LTC1052

TLC2201/2  TLV232X TLC2652

® Bias Current Drift with Temp TLC2272 TLV233X TLC2654
TLC2274 TLV234X
TLV235X

Figure 2.1.05. - CMOS Operational Amplifiers
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Although originally considered to be too unstable for many linear functions, CMOS amplifiers are now
well accepted as a real alternative to many bipolar, Bifet and even dielectrically isolated op amps.

Texas Instruments was the first company to release linear devices designed using a CMOS process,
LinCMOS™, specifically developed for linear circuits. The first products were released in 1983, and
LinCMOS™ and its next generations are still being used today to realise a whole range of linear
functions - from op amps to A-D converters.

1.5.1. CMOS Advantages

Single supply operation;

By far one of the most significant advantages of using a device designed using CMOS technology is
their excellent single supply operation. By using PMOS on the input stage and an NMOS on the output
stage it is possible to develop a device with an input common mode range that includes the negative
rail and an output stage that swings all the way down to the negative supply - true single supply
operation! This feature obviously makes the devices extremely popular in battery powered
applications.

Low Voltage and low Supply current applications;

TI has low quiescent supply current op amps capable of operating with supply currents of less than
10pA and at supply voltages down to 1.4V. TI has also released a new family of op amps designed
specifically for 3 V applications. Single supply battery powered applications particularly benefit from
using these parts.

High input impedance and low bias currents;

Like Bifet op amps, using MOS transistors on the input stage enables the design of op amps with high
input impedance and low offset and bias currents. Bias currents can be in the fA range, but difficulty in
testing, and various leakage currents mean that these levels of performance are rarely specified. A
typical LinCMOS™ op amp has a bias current at 25°C of 100fA. Over temperature, however, the bias
currents will double for every 10°C increase in temperature.

1.5.2. ESD (Electrostatic Discharge) Protection;

ESD is something that is perceived to be a problem with CMOS, but not with devices designed using
LinCMOS™., All devices produced using LinCMOS™ are designed to withstand 2kV ESD -
something many bipolar designs cannot claim. Protection circuits found in LinCMOS™ devices are
discussed in the System Protection section.

1.5.3. CMOS Disadvantages

Limited Supply Voltage range;

Although ideal for low supply voltage applications, most CMOS parts will not operate with supply
voltages greater than 16 or 18 Volts. This is a limitation in some wide supply, instrumentation
applications.

Limited Offset Voltages;

The best CMOS devices can achieve offset voltages as low as 200uV which is better than most Bifet
parts but does not compete with the best bipolar designs. Typical CMOS op amps will have an offset
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voltage specification of 2mV - 10mV. The stability of CMOS devices is however. improved over Bifet
designs.

Chopper stabilised op amps however, which are discussed in detail later, are designed using CMOS
technology and achieve the ultimate in dc precision. Maximum offsets as low as 1uV are realisable.

High Noise voltage;

Like Bifets, a MOS input stage causes devices to suffer from high input noise voltages and a high 1/f
corner frequency although their input noise current is normally extremely low. The TLC2201 however,
discussed later in the signal conditioning section, actually features a combination of low voltage and
current noise specifications.

1.5.4. TI's CMOS amplifiers

TLC2201/2 TLV2341 TLC271 TLC1078/9

TLC2272/4 TLV2322/4 TLC277/9 TLC272/4

TLC2652/4 TLV2332/4 TLC27L7/9 TLC27L2/4
TLV2342/4 TLC27M7/9 TLC27M2/4

LinCMOS™ was TI's first linear CMOS technology and the resulting products are now industry
standards. It has since been upgraded with Advanced LinCMOS™ which, because of smaller
geometries and more compact capacitors has enabled the true interface of digital and analogue
structures. The most obvious result has been high performance ADCs. LinBiCMOST is the latest
revision; featuring the CMOS structures as found in Advanced LinCMOS™ as well as true bipolar
transistors. This being used to great effect in TI's Data Transmission products.

1.6.Device Macro-Models and Simulations

Since the introduction of operational amplifiers, very much simplified models of their behaviour have
been used to try and predict the output of the device when stressed with various forms of inputs.

The simplest model is that of the virtual short between the inputs of the device. This assumes infinite
gain and infinite input impedance. The model works reasonably well on high performance op amps
with high open loop gains of more than one million. It proves unsatisfactory when trying to consider
other aspects in the performance of the op amp, such as the errors associated with its input and more
importantly the device's frequency response.

For dc applications, high input impedance is normally a very good assumption, since almost all op
amps have impedances greater than 1 MQ and the gains frequently used are low enough such that the
op amp is not used in open loop conditions. Taking into consideration all the offset voltages, input bias
and offset currents adds to the complications of the simplified model. Hence, a more complete model
has the virtual short across the inputs replaced with an offset voltage in series with the non-inverting
input and biasing current sources connected to the inputs of the device. These are all dc effects, and can
reflect the performance of the op amp reasonably well, however, modelling most of the ac aspects of
the op amp can be very difficult.
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Device Macro-Models and Simulations

Differential [5
Input stage Trp

Model 1
IN+

IN-

2

vee- 7 P Timit Model

T.1's SPICE compatible Op amp MACRO-MODEL

Figure 2.1.06. - Device Macro-Models And Simulations

The op amp can be considered as a low pass filter with cnormous gain; the large gain minimises most
of the low pass filter effects at low frequencies, but at higher frequencies these effects must be taken
into account. The analysis can be made easier by use of the Bode plot, and by relating the circuit's ideal
gain to the op amp's actual gain. This will show the point where the open loop gain of the op amp takes
over from the ideal gain.

The whole model can be improved by considering the feedback equation of any system:-

_ Aol

Ger = 1+AoLB

Where G, is the closed loop gain, AQL is the open loop gain and B is the feedback around the
amplifier. Using this equation increases the accuracy of the model considerably but can also increase
the complexity to beyond that of pen, paper and calculator, especially for systems using several op
amps. The difficulty of ac analysis is compounded when operating the op amp with large signals,
which can drive the device out of its assumed linear mode.

With the advent of personal computers, a much simpler way of analysing op amp circuits has arrived:

op amp macro-models. The macro-model is a simplified model of the op amp taking into account all of
its key parameters. Texas Instruments has released macro-models of all its op amps and these are
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capable of operating with a wide variety of simulation packages. one example is Microsim's
PSPICET™.

The macro-model is a derivative of Boyle's model, which uses real transistors to model the actual input
stage of the op amp. Bias current errors and further input (ac and dc) errors can also be modelled.
Current and voltage sources, along with passives are used to model the gain and its roll-off over
frequency of the input and following stages. Each of the parameters are derived from the specifications
of the op amp and so simulate the performance of op amp to a much higher level of accuracy than the
designer, with only a pen and paper, can. The macro-models, as with most things. provide a
compromise between optimum performance and simulating speed, cost and ease of use. A full model
of the device will give a better representation of the device but would take much longer to simulate and
would also cost considerably more.

Note op amp manufacturers seldom release full SPICE simulation models of their devices, however;
Texas Instruments has now released a Macro-Model Data Manual. The manual contains model for each
of its op amps, with exception of the latest products which contain the model on their datasheet.
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2. DC Applications

2.1.DC Precision Design

Any signal conditioning circuit will be required to meet some given system specifications. This is true
even from most simple circuits to the most complicated circuits.

DC Precision Design

Maxiuen (
Signal Level A
Maximum Dynamic
Range
Totallrput | y_
Errors
Vio Drift Iis VN(pp) PSRR |CMRR |Gain Error

DC Input Referred Errors

Figure 2.2.01. - D.C. Precision Design

The dynamic range is one way of stating system specifications. It can also be used as a measure of
system errors. In most applications the devices having the greatest effect on the performance of the
whole system will be those in the input stage, since there is not any way of recovering the errors that
these devices introduce.
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The most basic internal configuration for an op amp is that shown below

A d Vee+
- + Vo
@ Vee-

The transistors in the input stage are not perfectly matched and so have an offset between them. This
offset voltage is affected by the supply voltage and the input voltage that is common to both of them.
These effects are normally known as the Power Supply Rejection Ratio and the Common Mode
Rejection Ratio, and can have large effects on the overall offset voltage of the device if too small.

The input stage transistors also have current flowing through them and so draw input bias current. This
will once again affect the accuracy of the device by adding another offset voltage equivalent to the
product of the bias current and the equivalent source resistance as seen by the input. For a simple
inverting amplifier configuration, this source resistance will be equivalent to the parallel combination
of the source resistance and the feedback resistance.

Further input offset voltage errors arise from changes in junction temperature of the device as well as
during the lifetime of the device.

Further errors will be introduced by the limited open loop gain. Most approximations in the open loop
gain of an op amp assume it to be infinite. When designing systems requiring an accuracy better than
0.1%, the finite open loop gain can start to be a limiting factor in the performance of the op amp.

Low frequency noise can also be a problem in very low frequency, high precision applications. In most
cases only the flicker noise be need considered and in these applications it is important to use devices
with a very low flicker noise content.

2.2.Bits of Accuracy

One measure of a system's accuracy is its dynamic range which is normally measured in decibels (dB)
and is the ratio of the maximum output signal to the total output errors. This is normally used in ac
applications where wide-band noise can often be a limiting factor in the performance of the whole
system.

However. with the increase in digital signal processing another way of expressing the accuracy of a
system is to express it in the number of BITs that can be accurately recorded.

)
S}
=
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BITs of Accuracy

D.C. Input Referred Errors

® |nput Offset Errors
lo=lig+~ lig-

ViE =Vio +VN@PP) + VPsRR+ VeMRR

® Gain Related Errors\
Vo= 1Wn - Vg1
B 1* AVDP..-: B
® Total Input Referred Errors ~
V, = Viy - Rglig, + V| =
ViEr=_ Win Rs'lo*"la-(RFﬂ Rs)+V|E ¢ TN Tstee T e P HF+RSH
T +Aywf Vo-V.= lg+ V. V.= VoP -l Ref
e Total Output Errors for Vomax) Re Rsn
Vp = V,-V.
Voer=_Vomax - Rslio+lis- (RF Rs )+V|E =Vin-Rslo+lig. (ReB-Rs) + Vie - Vo
T+Awp B B/ B
® BI|Ts of Accuracy = - Log( ) Log2-1=- Logz( QT ) -1
Vomax) Vomax)

Figure 2.2.02. - BITs of Accuracy

Figure 2.2.02 shows an op amp, including all of its input errors, in a non-inverting configuration. The
voltage seen on the non-inverting input will be:-

Vi = ViNn—Rglpe + Vg

V|E includes the offset voltage of the device and also its power supply and common-mode rejection
ratio limits, as well as the low frequency noise.

VIE = Vio+Vnwpp)* Vesrr + VeMrr
Summing the currents flowing into the inverting input node:-

Vo -V \%
20~ - _ Ig_ +——
Rg Rsy

The voltage on the inverting input will be:-

Vo = VoB-Tg REB e, wmw:&'i_
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The differential input, V[p. is now equal to V -V:-
ViD =  Vin—Rslio +1ip (REB~Rg)+ Vi - Vop
Where log = Iig,-Tj.
The output voltage, V. equals V|, multiplied by the op amp's open loop gain:-
Vo = Vip*Avp

.................... Ignoring input offset errors.

Referring this and the other input offset errors, the total input referred errors, Vg1, are equal to
Vin
1+ AVDB

All these errors will be multiplied by the op amp's non-inverting gain, ‘/B to give the total output
referred errors, V.-

\"
Voer = N ‘RSIIO”[B— RF_§ e
N (1+AypB)B B B B

The maximum dynamic range will be reached when the output signal has reached its largest level, so
the total output referred errors at maximum output swing will be:-

VieT -Rglip + - (REB—Rg)+ Vig

Vogr = Vomax) _RSIIO+IIB (RF—B—S—}E
(1+AypB) B B B

The maximum dynamic range attainable by the system will therefore be equal to maximum output
voltage swing divided by the total output referred errors. Converting this to decibels we get:-

V
Dynamic Range = —20Log ﬂ—] ............................................................. dB
Vomax)
Rgl R \Y
SBIO+IIBA[RF~BS]+E:‘
= —20Log L . dB
(1+AypB) Vomax)
BITs of Accuracy = —Log Voer Log2 — 1. BITs
O(MAX)
_ Dynamic Range BITs
e .

Dividing by the logarithm of 2 converts the equivalent base of the logarithm to 2. Subtracting 1 allows
for 0.5 BIT error.

This is another way of measuring the accuracy of a system, and can be used when relating the
performance of an op amp to an ADC. However, when the device is being as an ADC interface
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amplifier the maximum output swing will normally be limited to the reference voltages used by the
ADC.

Bearing this in mind the BITs of accuracy would become:-

BITs of Accuracy = —Log[ygll“I )/Log2 = BITs
REF

2.3. TLE2027 and TLE2227 Precision Op Amps

The TLE2027 and TLE2227 are among the most recent op amps to be developed and fabricated using
the Excalibur technology. These devices have been optimised for precision and include a novel output
stage that features a 'Saturation Recovery Circuit' which enables much improved small signal response
and outstanding levels of distortion.

TLE2027 and TLE2227 - Precision Op Amps

Low Noise, High Precision with Speed
e Low Input Offset Voltage;

1000
TLE2027A ....... 25 uV max o 000 | EE TLE2027
TLE2027 ....... 100 pV max £ 100 B TLE2227
TLE2227 ........ 100 vV © V-
® High Open Loop Gain 5 10[pouv T
45 V/uV or 153 dB!!! e ﬁ
e Low Noise Voltage; §1 (:\(\’/0 1.4V
3.3nVi/Hz@ 10 Hz o 100
2.5 nV//Hz @ 1 kHz = |50 — | 90 NV
e Wide Bandwidth; 10
TLE2027 ........ 15 MHz Vio VN(PP) l,g*600 PSRR CMRR
TLE2227 ........ 13 MHz PSRR at a 10% tolerance on 15V supplies
. ; CMRR on a 5 V common-mode input voltage
e Input Bias Current Cancelling

Figure 2.2.03. - TLE2027 and TLE2227 - Precision Op Amps

Precision - The parameters of most importance in a precision application are; Offset Voltage, Drift,
Bias Currents and Open Loop Gain. The TLE2027A, single op amp, has a maximum offset voltage of
only 25pV and a maximum offset voltage drift of 1uV/°C and 1pV/month. While the TLE2227, dual
op amp) has an offset voltage of 100 uV, with similar offset voltage drifts to that of the TLE2027. Both
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devices have bias current cancellation circuitry to reduce bias currents to typically 15nA enabling
larger external resistors without impacting overall dc accuracy.

The chart in figure 2.2.03 puts the precision of the device in perspective. Due to the devices' high open
loop gains the gain error in almost all dc applications can be ignored. While the PSRR and CMRR
effects are also reduced to levels far below that of similar op amps.

An outstanding parameter of both devices is their open loop gain, Avd; - at 153dB, it is probably the
highest in the world! This results in an improvement in the op amp's 'loop-gain' even when used in
large closed loop gain applications, yielding an increase in overall performance.

ac Performance - Both Devices have an excellent unity gain bandwidth, 15 MHz, for the TLE2027
and 13 MHz for the TLE2227, with Slew Rates of better or equal to 2.5 V/ps.

Low Noise - A large input stage, and clever design and layout techniques has given the device an
extremely low noise voltage specification - 3.3 nV/\/—ﬁE at 10Hz, and 2.5 nV/\[ITZ at 1kHz. The low
frequency noise and the low frequency 1/f corner give these devices a very small low frequency noise
figure, only 50 nV for the 0.1 Hz to 10 Hz bandwidth. The low overall noise is an obvious benefit to
precision measurement systems and audio applications.

Applications - The low offsets and excellent overall precision has enabled the parts to be used in
Instrumentation, Measurement and Test equipment applications, whilst the excellent ac performance
and low noise also makes the devices well suited to Audio and Telecom applications.

2.4.High Precision Differential Amplifier

As with any design, the input stage will have a significant effect on the overall performance of the
system, particularly noise levels, dc accuracy and ac accuracy. One configuration which needs
maximum performance is the instrumentation or difference amplifier, typically used in applications
that require the ability to pick-out small differential voltages which are super-imposed on large
common-mode signals. Two op amps ideal for such applications are the TLE2027and TLE2227
devices.

The ideal instrumentation amplifier has infinite input impedance, large differential voltage gain and
zero common-mode gain. The most simple instrumentation amplifier consists of a single amplifier
configured as amplifier B in figure 2.2.04. This has major drawbacks in:-

1) The input impedance is not infinite, but is equal to the sum of Rg and R7 on the non-
inverting input and varies with differential input voltage on the inverting input.

2) The common-mode gain depends largely on the matching of resistors Rg and R7 to Rg
and Rog.

These problems can be overcome by the configuration shown above. Amplifiers Al and A2 provide
high differential gain, and unity common-mode gain. Another advantage is that the input impedance of
the instrumentation amplifier is now the input impedance of the amplifiers.

The choice of amplifier will now have the largest effect on the total performance of the system, and for
optimum performance errors associated with each amplifier will need to be reduced. Op amps are
always used in a feedback loop and due to their finite open-loop gain and finite gain-bandwidth
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product, errors will be introduced. The feedback will reduce some of these problems and using a high
performance op-amp will set most problems at a much lower level than others.

2.4.1. Op amp considerations.

High Precision Differential Amplifier

Vio VE+«(2)

TLE2027
+15V

VOET= 28.5 mV
Vige= 142 uV

Figure 2.2.04. - High Precision Differential Amplifier

One consideration is input impedance, which is the input impedance of the op-amp multiplied by its
desensitising factor 1+AB; An op-amp with a large open loop gain will increase the input impedance
to the order of 1012Q. This means that the bias currents are a much more important problem,
especially when considering performance over temperature. The TLE2027 implements bias current
cancellation techniques, resulting in the op-amp having low bias currents coupled with high speed and
large open-loop gain.

Common-mode and power supply effects are another source of error and should not be neglected.
The op amps will normally be looking at very small differential signals superimposed on large
common-mode signals, which means that to preserve performance and accuracy the op amp needs to
have a large common-mode rejection ratio. The TLE2027 has a typical CMRR of 131 dB, which is
equal to 282 nV/V, and a PSRR of 144 dB equivalent to 63 nV/V.
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The gain error due to the op-amp can introduce further system performance limitations. especially
when operating at the high gains demanded by instrumentation amplifiers. The TLE2027 and TLE2227
has an open loop gain of 45 million! - hence with a gain of 1000 the gain error is still only 0.0022%.

Drift of the op amp's offset voltage can limit the overall accuracy of the system. in particular with time
and temperature, as this is one parameter which cannot be corrected or nulled out. The effects of both
these are normally technology dependent, and as already discussed the Excalibur process provides
stability in both domains. The TLE2027 and TLE2227 have a typical temperature co-efficient of input
offset voltage, oV . of 400 nV/°C. When considering the drift with temperature there are two aspects
to take into account, the most obvious being the change in ambient temperature. The other is due to
changes in junction temperature caused by self heating of the integrated circuit. The ultimate drift in
offset voltage due to self heating will be package dependent due to differing thermal resistances.

2.4.2. Application errors

The configuration shown uses op amps Al and A2 to provide a large differential gain (201) whilst
providing a unity common mode gain. The errors associated with these op amps will be very similar.

The worst case values of CMRR and PSRR of the TLE2227 reduces errors associated with a common-
mode voltage of 5V and a 15V supply (10% tolerance) t016.5 uV. The quiescent supply current
dissipates a power of 219 mW, this coupled with power dissipated in the output stages to drive the
feedback and load resistors increases the junction temperature by 36°C. This increases the offset
voltages of Al and A2 by 14.4 uV. The cancellation circuitry for the bias currents reduces their related
errors to 2.6 uV; while the open loop gain of the TLE2027 reduces any gain error to 112 nV (for a
50 mV differential input voltage).

Taking these into account the errors referred to the non-inverting input, V[E+, is equal to:-
Vige = Viop + gs*R1 + ATaVig + Vi ¥ CMRR + 2V #10%#PSRR.
For the TLE2227 the input referred errors should be:- Vg, = 123 pV

The feedback network around each op amp ensures that the inverting input will be equal to the non-
inverting input (the actual system input) plus or minus the errors, V[E+. discussed above. This results
in VIE4+ also appearing as an input for the opposing op amp in the differential input pair. Therefore op
amp Al will multiply its offset errors by its normal non-inverting gain and it will also multiply the
offset errors of A2 by its inverting gain, (the converse is true for A2). Op amp A3 with its differential
gain will effectively result in the offset errors of A2 being multiplied by -201, and the offset errors of
Al multiplied by 201. The bias currents from the inverting input cause an offset voltage on the output
of each amplifier equal to the bias current multiplied by the feedback resistor (R5 or Rg), this can be
referred to the input of the op amp by dividing by the non-inverting gain.

This results in the output of amplifier A1, VQE|, being equal to:-
R R
VOEI = Viga#| 1+=2 |- #Rs - Vig o —
R; R;

while the output of amplifier A2, VoE?2. will be:-

R4 R4
V1E+2*[1 +E‘)'IIB-*R4 'VIE+2*[R—3]

VOE2
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These equations ignore the very small gain error of the TLE2027. The inverting input bias current
error, [|B-*R5, equals 261 pV.

2.4.3. Differencing Amplifier

Op amp B should remove the common-mode signal still present on the outputs of Al and A2. It will
also introduce similar errors to A1 and A2 except that the bias current error will be greater due to the
larger source resistors. Assuming true matching between resistors Rg, R7, Rg and Ro, the bias current
error will be reduced to the offset current error. When using op amps with bias current cancellation
techniques the benefits of matching source resistances are reduced and will actually reduce the
performance for low noise applications. The input stage has special circuitry, using matched transistors,
to provide the bias currents for the differential input transistors.

The self heating of op amp B will introduce errors due to changes in the by junction temperature. The
output of B will be approximately 10 V while its inputs should be about 5V, resulting in its output
sourcing 5 mA which dissipates a further 25 mW within its output. This extra power dissipation
coupled with quiescent power will cause a drift of 6.95 uV. Taking this drift and the offset current error
of 3 uV, (6 nA x 500 €, into account the error introduced by A3 will be 31.6 uV; the non-inverting
gain of A3 doubles this to yield 63.2 pV, which in this configuration is negligible.

2.4.4. Total Errors

The non-inverting errors due to Al and A2 are multiplied by 201. This results in an error due to Al of
201 x 123 pV - 261 pV =24.46 mV.

and an error due to A2 of:-
201 x 123 pV - 261 pV =24.46 mV.

However, because op amps Al and A2 are on the same die their input stage will be at similar
temperatures resulting in most of the offset drift due to temperature cancelling out. Although all the
other errors are common to the same integrated circuit the biasing circuitry within the device will be
separate, and are therefore uncorrelated. These errors will be less than on an op amp with similar
accuracies.

A way of minimising the probable overall error is to take a RMS sum of the remaining errors. If this is
done the error achieved is 30.2 mV. Relating this error to the input of the instrumentation amplifier
results in an offset error of only 150 pV.

The large common-mode signal has increased the errors due to the op amps' finite common mode
rejection ratio, and such a large common-mode signal applied to the third amplifier could add further
errors caused by mismatching between resistors Rg to Rg. Replacing R7 with a trimming variable
resistor allows for any further error adjustment.

2.5.Improved Linearity Strain Gauge Amplifier

One problem with most strain gauges is their relatively low resistance. This low resistance will cause a
compromise between the voltage used to drive the strain gauge itself and the voltage that can be
measured between its output.
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To increase the voltage that is read out of the strain gauge. the voltage used to drive the stain gauge can
be increased. This will increase the self heating within the strain gauge, and so affect the accuracy of
the system. To minimise this problem the TLE2227 is used to place a 5 V drive across the strain gauge.
To reduce the power dissipation within the TLE2227 its power supply rails have been reduced to
+7.5V.

The use of the TLE2227 in this application allows any temperature drift within each amplifier to cancel
out with the other.

2.5.1. Circuit Operation

Improved Linearity Strain Gauge Amplifier
Excelient DC accuracy of the TLE2227 Improve System Accuracy

— Reference to ADC or other Circuitry

LT1009
25V

TLE2021

-R Without Ry
Ry =
A 7 AR Using Ry =R,

nl r T
!+‘T+E?IV‘OB

4 L

1 R, AR
Effectof Vig: Vo= +§ﬁfﬁ Viet+ Vior~Vio2

Figure 2.2.05. - Improved Linearity Strain Gauge Amplifier

Op amp A . is used to buffer the output of a trimmed LT 1009, providing a +2.5 V bias onto the strain
gauge. Op amp A, is configured as an inverting amplifier, and uses the strain gauge's resistors as its
source and feedback resistors. The voltage appearing on the output of A,. V,.will therefore be equal
to:-

R+AR
Vo = —Voi#
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Op amp B is configured as a single instrumentation amplifier, and is used amplify the difference
between the outputs of the strain gauge. The output of the strain gauge going to the non-inverting input
of the instrumentation amplifier will be essentially 0 V, the inverting input to the instrumentation
amplifier will measure the average of the outputs from A and A,. So the inverting input to the
instrumentation amplifier, V|, is equal to:-

1 R+AR |
\% = Vg ¥ —— VA, * _
IN- Ol ) 0Ol R B
1 AR
_VOI *5"1—{" ................................................. Where V()l = Vrct'
The output of op amp B, V5. would therefore ideally be:-
Vv - 1Ry AR
0 2R, R REF

But the source resistance is not just R1. but the resistance of the strain gauge must also be taken into
account. So the actual gain of the instrumentation amplifier is

Vo =

1
2

A compromise between the ratio of R, to the resistance of the strain gauge, R, can clearly be seen. In
order to keep the oftset current errors low the source resistance, R, of the instrumentation amplifier
must be kept low as must the offset current of op amp B.

2.5.2. Bootstrapping

Another way to minimise the error due to op amp B's finite input impedance is the use of
bootstrapping. The extra resistor, Ry, provides positive feedback around op amp B, and increases the
effective input resistance of the instrumentation amplifier, and helps to eliminate any loading effects of
the strain gauge. Ry will have maximum effect when it is set equal to R,. Providing the variation in the
bridge resistance, AR, is small compared with R then Ry can reduce the loading errors of the strain
gauge to insignificant levels.

Considering Ry to be another source resistor with V5 as its input the equation for is modified to yield:-

2.5.3. Op Amp Input Errors

The offset of op amp A will appear on its output and will be amplified by A;. So the output of A will
be:-

Voi = Ver +Vior
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The output of A2 will be:-

R+ AR R+ AR
Voo = - R *(Vref+VIOI)+(1+

JVIOZ

The offset voltage of op amp A2 will appear on its inverting input, so the differential input to op amp B
will be:-

1( AR AR Ve + Vol
Vi = Vio2 +5[1+?)*(me+V10|)+(2+T)V102“—&—2‘——”
1 AR
= EY[meﬂ“VlorVIoz]

This differential input will be multiplied by the inverting gain of op amp B. The errors of op amp be
must also be added to the errors due to op amps Al and A2. The errors due to op amp B are:-
R|R>

\Y% = Viop+1ljo——
IEB 10B IOR1+R2

This will be multiplied by the non-inverting gain of op amp B to yield the output of op amp B
including offset errors:-

I Ry AR R, R|R,
Vo = ——2="[V.i+Vior-Vios |+ 1+ == || Viop + 110 ———
o] 2R R [ ref + V101 102] [ R, }[ | (0): I (o} R, +R,
Choosing an op amp with low offset current errors reduces the total errors of the system to:-
1 Ry, AR R,
\% = =20 [Vig - Vioa |+ 1+ =2 |V
OET 2R R [ 101 102] { Rl:' 10B

Using the TLE2021 as the instrumentation amplifier combines low supply voltage operation, low offset
voltage and its low input offset currents. The low offset current would normally yield an error of
60 uV. The offset current error could be further minimised by replacing the TLE2021 with the
TLC2201, which offers lower bias and offset currents along with a rail to rail output swing.

2.6. TLE2021/2/4 Low Power Precision op Amps

The TLE2021, TLE2022 and TLE2024 were the first operational amplifiers to be processed using the
Excalibur technology. These low power products were designed using the new high speed vertical
PNPs available in Excalibur, and the result is a family of devices that offer significant ac performance
with minimal supply currents.

2.6.1. Improved ac Performance

The graph above compares the Bandwidth and Supply current for a number of low power operational
amplifiers. It immediately shows that all TLE2021/2/4 devices achieve much improved bandwidth
without any increase in supply current. Performance in fact exceeds that of some Bifet and CMOS op
amps.
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Slew rate is also significantly improved when compared to low power industry standard alternatives -
typically 0.9 V/ps from 235 uA. The device is now a viable alternative to Bifet and CMOS designs
which are often used for their improved ac performance.

TLE2021/2/4 - Low Power Precision Op Amps

Low Power, Precision AND Speed

o Vertical PNPs enable outstanding

Speed/Power Performance;
lcc =235 A AC Performance vs Supply Current
BW = 2.8 Mhz 3 Bandwidth(MHz)
SR =09 V/us Icc(mA) .
® [ow offset voltages; >
TLE2021A = 100 uV (max)
e Low Drift; 14
Vio =2 uv/°C
Vio = 5 nV/month g | -
lcc = 0.08 uA/°C 0 A\ AN AN 73

0

TLC271 TLO21 LT1013 TLE2021 TLE2022/4
® Single or Dual Supply operation to 40V

Figure 2.2.06. - TLE2021/2/4 - Low Power Precision Op Amps

2.6.2. Precision

What further makes this device stand out is its suitability for precision applications. The tightest
selection has a maximum offset of just 200 uV in a plastic package. This combined with a high Open
Loop Gain (Ayd equals 120dB), and superior stability with time and temperature results in an amplifier
ideal for low power instrumentation, test and measurement equipment. The op amps offsets will
typically vary by 2 pV/°C and 5 nV/month - this equates to a Vjq change of 1 gV in 16 years!

The 'A’ selection part has 200 pV maximum offset voltage while the standard part has a Vio of 500 uV.

2.6.3. Performance stability

In addition to low offset voltage drift, a patented bias circuit was designed using Excalibur's JFETs.
The result is that the supply current varies typically by 0.08 uV/°C. In fact all temperature versions
specify the same supply current spec. at both 25°C and over the full range.
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Supply current stability has a number of system benefits above its obvious advantage to low power
circuits. Supply current impacts the performance of most op amp parameters. including gains. slew
rate. bandwidth, offset voltage, bias currents and even the output drive capability. By maintaining a
relatively constant supply current, the drift with temperature of these other specifications is also
reduced. Well defined and constant system performance with temperature is very achievable.

2.6.4. Single or Dual Supply Operation

Using Excalibur's new PNPs, the devices have a common mode input range down to the negative
supply (OV to 3.2V from OV and 5V supplies) and so are the ideal choice for low level. single supply
single conditioning applications. The absolute maximum voltage range is +/-20V. so applications with
large supply voltages for increased dynamic range can also benefit.

2.6.5. Phase-Reversal Protection

All devices feature phase-reversal protection circuitry that eliminates unexpected change in output
states when one of the inputs goes below the negative rail.

2.6.6. Applications

Low power systems will benefit the most from using the TLE2021 family of op amps. Several hand-
held Telecom equipment gain a significant advantage from the combination of low power consumption
and good ac performance, while portable test and measurement applications can take full advantage of
the precision and stability of these designs. The parts have been used in magnetic sensors, process
monitoring and control equipment, and also single supply instrumentation systems such as interfacing
to a strain gauge.

2.7.Precision 2-Wire 4-20 mA Current Loop
2.7.1. What is a Current Loop?

Often information from an analogue sensor must be sent over a distance to the receiving circuitry. For
many applications, the most feasible method involves converting voltage information to a current
before transmission. The most commonly used current loop interface standard consists of a minimum
of two wires providing both the power supply for the sensor and signal conditioning circuit as well as
transferring the information sensed in form of a current, which varies proportionally with the measured
signal. The current in the loop varies usually from 4mA, corresponding to no signal, to 20mA for full
scale - referring to the well known 4 to 20mA current loop. Up to 4mA of the loop current can be used
for supplying the sensor, signal conditioning and voltage-to-current converter.

2.7.2. Precision 4 to 20mA Current Loop

The circuit presented provides a 4 to 20 mA output current for a 0 to 100 mV input voltage. By
modifying R1, R2 and R3 the input range or the output current can be adjusted. The total error is kept
very low provided that the recommended precision components are used.

The employed Excalibur op amp, the TLE2021A, is a high performance op amp well suited for this
type of application. The TLE2021A is here configured as a voltage-to-current converter, transmitting a
very stable loop current, Ijpop,  proportional with the input voltage, Viy. The converter's
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transconductance or "gain" can be adjusted by R and its current-offset varies with Ro. Resistor R4
reduces the influence of the op amp's input bias current to that of its input offset current.

The loop current is divided up in three major paths: The primary current path is through transistor Q.
whilst the secondary paths are via the reference and through the op amp. All current flowing through
Ry is within the controlled and regulated 4 to 20 mA current loop. The current flowing through R3 is
outside the loop control and contributes to the circuit's total error. This current can be taken into
consideration in the design equations but with the chosen component values, its error becomes
insignificant.

Precision 2-Wire 4-20 mA Current Loop

5V=2xV “5 Vee = 15V
ref ° cC

LT1009

25V = Vigf 5
2

TLE2021A 4-20mA
CURRENT

LT1009
2N3904

Re

3.3k
Q

1N4148 ¥Ds
J

loop

>

Ry 1 (Rg 1 RR1 .1 .17 R
loop = Vinfst =+ Veet |z +=—| Vo == |z +=+ _ I-lg =
i '“[Rms Ri| "[RRs Ry| "OFRs [Py R Ry R
loop = Yin (0.16 + 0.0001) + (4 MA + 0.002 mA) +0.078 mA(max) +0.005 mA(max)
loop A% Vin X 0.16 + 4 mA

Figure 2.2.07. - Precision 2 - Wire 4-20 mA Current Loop

High system accuracy and stability is achieved without trimming by using two LTI1009 voltage
references in series producing a precision +5 V reference. This implementation not only provides a
stable 0.2% precision reference for the voltage-to-current converter but also ensures that picked up
noise and hum from long loop wires are suppressed from the op amp supply by the reference element's
low dynamic impedance. In addition, the reference and its +2.5V centre point are available for external
signal conditicning circuitry, provided that a limited current is taken. The converter itself needs a
minimum of 630 uA (400 uA for the reference and 230 pA for the op amp), leaving (4 - 0.63) mA =
3.37mA to be used by additional circuitry. If really low power is required, the LT1009 voltage
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references should be replaced by LT 1004s reducing the quiescent current consumption to basically that
of the TLE2021A op amp or 240pA.

2.7.3. Why use the Excalibur TLE2021 Op Amp?

Common Mode Input Voltage to Negative Supply Rail
By analysing the application it is seen that the input common mode voltage is zero volt.

5 V Single Supply Capability
This op amp feature eliminates the need for a third negative supply wire or a charge-pump
creating a negative rail from the positive. Also. the low minimum operational voltage is
utilised.

Output Swing Close to the Negative Rail
By analysing the circuitry it is seen that an output swing down to two Vpe from the negative
rail is required. Few dual supply op amps can actually swing that low.

Low Power Consumption

A total of 4 mA is available for the converter and sensor interface. TLE2021 uses less than
230 A leaving more current for other parts of the circuit.

Low and Stable Input Offset Voltage
From the output current expression on the figure, it is clear that low input offset voltage is
required. A ImV offset voltage would contribute with a current error of 0.17mA. The
TLE2021A with its maximum input offset voltage of 200 uV (300 uV max. @ 5V supply)
gives low error. Additionally, its offset voltage also remains stable with temperature and time
featuring 2 uV/°C and 5 nV/month typical drift.

2.7.4. Design Details

Assuming that the voltage at the non-inverting input terminal of the TLE2021A is of zero volt relative
to "Signal Common", and that IRg = l|pop. the sum of the currents at the non-inverting terminal gives:

Vin , Veer | loopRs _
R R> R3

Solving this with respect to Ijoop gives:

_ oy, 3 Ry
lioop = Vin R R, T Vref Ry R (h

The design equations specifying the resistor values can be derived from (1). Assuming

Vref = 2.5V and Vjp ranges from 0- to 100mV, it follows:

L Ry e _ _R3

(@) loop(min) = Vref R> R, => 4mA = 25 Ro R,
(b)y 1 (max) = Vjp(max) R3_ + 4mA => 20mA = 0.1 Ry + 4mA ;
loop! = Vin R| Ry - - " R1Rg )
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Equation (a) and (b) have in total four unknown resistor values. By choosing two of them the equations
decide on the other two. The basic guidelines applied for the choice of the resistor set satisfying (a) and
(b) are:

Rg should be small to minimise its voltage drop. Two problems are associated with a high voltage drop
across Rg. Firstly, it causes variation in the reference diodes current with the loop current and hence
affects their stability. Secondly, a high voltage drop increases the current flowing outside the control
loop through R3. However, very small resistor values are not available with high accuracy - say 0.1%,
but a good compromise is 100 Q.

R{'s value is a compromise between minimising errors resulting from the op amp's input offset
currents, Ijo. to a level below that of the op amp's offset voltage, and simultaneously not loading the
source. With [jp(max.) = 3 nA, a 10 kQ resistor gives only 30 uV offset error compared with the op
amp's 300uV (max.) offset voltage at 5V supply. R4 = R{lIR21IR3 ensures that only input offset
current rather than input bias current contributes to the error.

R2 should maximum be 1 MQ to allow a 0.1% high precision resistor to be used.

R3 should be as high as possible to limit the current flowing outside the control loop but satisfy the
same criteria as for Rp_

A set of values satisfying the above criteria and equation (a) and (b) is:
Rg =100 Q; R} =10kQ; Ry =1IMQ; R3 =160 kQ R4 =9.32kQ;

R3 delivers the current required for the LT1009 shunt references, the op amp plus additional current
for the sensor and its interface circuit. This current is stable with constant Vi, but as the voltage drop
across Rg varies with ljoop, the drop across Rs varies as well. This in turn causes the current through
the LT1009 references to shift accordingly. To avoid changes in the reference voltage this current
must be kept fairly stable; hence the drop change across R5 must be minimised placing constraints on a
minimum power supply voltage and the value of Rjgad. Choosing R5 = 3.3 kQ causes the current in
the LT1009 references to vary by only 700 pA. provided that Rjgad = 50 €. This choice also allows for
up to 1.5 mA reference current to be used for the sensor and its interface.

2.7.5. Error budget

The op amp's offset error, Vjg, modifies the loop current, Tloop. of equation (1) as the voltage at the
non-inverting input is +Vjq rather than zero volt with respect to Signal Common assumed for (1). If
the op amp's input offset current, Ijo, is taken into consideration, it should be summed with the other
currents at the non-inverting terminal of the op amp. This yields:

Vin-Vio , Veet-Vie  loopRs+Vio | _ . ~
Ri ' Ry ) R3 T e =
_ v, R3 R3 Ry 1 1) Ry
lioop = Vin R|Rs T Vref RyRg Vio Ry \R] + Ry + R3 ) lio R ° (2)

An additional error source adding to Ijpop of (2) is the current bypassing the control loop through R3.
All current passing through Rg is inside the control loop. In equation (1) we assumed that loop = IR
but a more correct expression is:

lloop = IRg+IR3 or lloop(3) = llpop(1) + 1IR3 ;
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where ljoop(1) is lloop given by (I). By ignoring the insignificant effect from the op amp's offset
error on the bypass current error: VR3 = VRs = loop( 1) Ry resulting n:

R R.
loop(3) = loop(1) + Toop(1) E’; <=>  ljoop(3) = lI()()p(”(l + E;)

Substituting ljpop(1) with Tjoop of (1) yields:
_y [RaL (R3 1Y
loop(3) = Vm(R] R, + R| )* Vret (RZ R, + R )’

By adding the errors contributed by Vi and lj, in equation (2). ignoring the insignificant effect from
the bypassed loop current on these errors, we have:

o (Ri 1y, Ry 1) Ry(L 1 1Y Ry
ll()()p(3)‘vln(Rl RS+R1)+Vrct (RZ RS+R2 ’Vl() R.\ RI +R2+R] - ll() RS

The difference between the worst case ljoop(3) at 25°C and the ideal ljoop = Vin 0.16 + 4mA is
specified in the following error table:

Errors in 4- to 20mA Current Loop Circuit Worst Case Error

Error Tolerance Source | Low Full Scale

Relative or Absolute Level Unit
R1.R2. R3. R 0.1% 12.0 60.1 | pA
Vief 0.2% 80 80 | pA
Vio 200uV 343 343 UA
lio 3nA 4.8 4.8 UA
IR3 (R¢R3) lioop 25 125 | pA
Total Worst Case Error in ljpop +61.6 +119.7 HA
Total Worst Case Error in % of Ideal l]()ob 7 +1.5 +0.6 Yo

Note: Low Level =4 mA, Full Scale =20 mA.

The worst case untrimmed error of +0.6% for full scale at 25°C is mainly dominated by resistor
tolerances and the op amps input offset voltage. The chance of the individual errors being worst case
and contributing in the same direction or adding up with the same sign is unlikely - so typically, the
performance will be much better. However, by trimming R for low levels (4 mA) and R for full scale
(20 mA) all of the above errors can be eliminated, reducing inaccuracy to drift with time and
temperature of the same parameters. Such a trimmed circuit can achieve a similar accuracy as the
untrimmed one at 25°C but over a 0°C to 70°C temperature range.
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2.8.Low Power Temperature Sensor Amplifier

Most temperature sensors are not linear, and therefore require some form of linearisation. This
linearisation can be done via the biasing of the sensor, or via some post signal conditioning linearising.

Low Power Temperature Sensor Amplifier

VO'—‘ 2.5 XRLRT XR]R2+R1R3+R2R3 -SVXRS
-fg RL+RT R1R2 ﬁ?

Vo= 0.8V1i04V

Figure 2.2.08. - Low Power Temperature Sensor Amplifier

The sensor used is made out of silicon and has a non-linear resistance versus temperature characteristic.
One way of linearising its characteristic is to bias it with a constant current while placing a linearisation
resistor in parallel with it. The value of linearisation resistor is determined by the temperature range
over which the device will measure.

The value of the linearisation resistor, R; , can be determined from the following equation:-

Ry *(Rg +Rs5)=2%Ry*Rs

RL -
R4 +R5-2%Ry
Where R, = Sensor resistance at minimum temperature point
Rs; = Sensor resistance at maximum temperature point
Ry = Sensor resistance value at the midpoint of temperature range
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For an operating temperature range of 0°C to 50°C, the values for R,. R,, and Ry, are:-

R, = 8I35Q
Ry = 1211Q
Ry = 1000Q
R, = 2210Q

Op amp A, is used with the LT1009 and a PNP transistor to set up a current source. The current
sourced will nominally be equal to:-

VRgr _ 2.5
o = R o mA
‘ Ry 4.9

= 501pA

To maximise the output swing at the output the gain of op amp A, should be set that at the maximum
temperature measured the output of A, should be at 4 V, and at the minimum temperature measured
the output of A, should be close to 0.8 V.

In order to achieve this output swing extra biasing must be placed about the inverting input of A,. The
voltage appearing at the non-inverting input of A,, is equal to:-
2.5 R R
V+ - = LT
Rg R +Ry
At 25°C the parallel combination of R and Ry is equal to 688.5 Q, producing a voltage at the

non-inverting input of A, of 0.345 V. For symmetrical output swing the output voltage of A, should be
at2.4 V.

The output of A,, V5, equals:-

R|R> +R|R3+R5R R
Vo = 182 183 2R3 V, - 583
RiR; R,
. \Y 5-V, V-V
Implies 4 = I+, 07
R, R, R;
Yielding 0.345 _ 4.66 + 2.06
R, R, R;
Repeating the same equations for the minimum temperature and maximum temperature yields:-
0.298 4.70  0.502
T R, ~ R R
2 1 3
0.392 4.61 3.61
Timax R, R R,
2 1 3

Solving these three equations to get values for R, R, and R; gives:-

R, = 160kQ
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R,

Ry

953 Q

1

3.00 kQ

The TLE2022 provides good accuracy whilst maintaining an overall low power consumption, and even
when working off a single 5 V rail the offset voltage of the TLE2022A is still below 400 uV. Very few
other devices can maintain these levels of accuracy while consuming only 450 pA of supply current.

2.9.TLC2201/2 - Ultra Low Noise CMOS Op Amp

The TLC2201 and TLC2202 are probably the WORLDS lowest noise CMOS or JFET input
operational amplifiers. Designed using Advanced LinCMOS™ technology, these precision op amps
have proved extremely popular in a number of different applications.

TLC2201/2 - Ultra Low Noise CMOS Op Amp

Lowest Noise CMOS op amp!!

. . TLC2201 Noise Performance
® Low Noise Operation;

40 T
V,:8 nV/ﬁ @ 1kHz GUARANTEED ON
- 0.6 1AL[F7 %0 ; SELECTION
Noise is 100% tested on 'B’ Selection \ T \
20

® Precision CMOS;

Vio = 200 uV max for TLC2201
500 uV max for TLC2202
0.5 uv/°C drift

¢ Rail-to-Rail Output Swing

N
,%@22@?5‘\ \

10 100 1k
f - Frequency - Hz

—_
o

o

Vn - Equiv Input Noise Voltage - nV/,JHz

® Single and Dual Supply Operation

Figure 2.2.09 - TLC2201/2 - Ultra Low Noise CMOS Op Amp

2.9.1. Noise Performance

CMOS devices typically suffer from relatively high noise voltage and high 1/f frequency. Normally
performing worse than Bifet op amps, they are typically not used in critical low noise applications.
What all FET input devices benefit from, however, is a low noise current specification.
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The TLC2201 and TLC2202 are unique because they combine low noise voltage (Vn) with extremely
low noise current (In). A Vp specification of 8nVA[Hz (@ 1kHz) easily compares with some bipolar
op amps, while In equal to 0.6fA/A[Hz, matches the very best FET input amplifiers. The result is an op
amp which can now be used in a wide range of low noise applications. It achieves outstanding
performance when interfacing to even medium impedance sources and can replace discreet JFETs or
matching transformers to achieved improved performance and lower costs.

The noise performance is specified with single(5V) or dual supplies (higher supply voltages are more
typical) and its performance is guarantied for the 'A" and 'B' selections ('A" by sample test, 'B' by 100%
test).

Precision - The TLC2201 is one of the worlds most precise CMOS op amps (non chopper stabilised).
A maximum offset voltage of 200uV combined with its obvious low offset and bias currents enables
the device to be used in many precision applications.

Rail to Rail Output Swing - Like other LinCMOS™ op amps, the TLC2201 and TLC2202 are
ideally suited to single supply applications - under normal conditions the output is guarantied to swing
within S0mV of the negative rail. A further benefit of these devices is the ability of the output to
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applications dynamic range is often crucial and the ability of these devices to provide an increased
output signal significantly improves the performance of single supply circuits.

Applications - Both devices offer a number of benefits to a wide range of applications. Low noise
enables the device to be used as an interface to high impedance sensors including piezoelectric
transducers, pH meters and pin diodes. The devices are therefore ideal for test and measurement
equipment. Rail to Rail output swing increases the performance and capability of single supply circuits,
and when combined with its precision the device is ideal as an accurate signal conditioning interface in
data acquisition circuits.

2.10. Low Noise PIN Diode Amplifier

When interfacing to a wide variety of sensors the key factors in deciding which op amp will be used in
the application are high input impedance, low input offset voltages and low noise voltages. A device
perfect for applications requiring these specifications is the TLC2201.

No application shows the need for such parameters more clearly than when interfacing to a PIN photo-
diode. Once again as in most applications requiring high input impedances it is the bias currents which
are of importance, as feedback will multiply the op amp’s input impedance by the circuit's loop-gain.

When using a PIN diode a small “dark’ current will flow through it. This dark current is the bias current
of the PIN diode. In parallel with the dark current is the current which is due to the light shining onto
the device. It is the dark current along with the current noise which decides the error floor of the
system. So if the dynamic range is not to be severely degraded the input bias currents of the op amp
should be smaller than the dark current of the PIN diode. A typical PIN diode such as hp's 5082-4204
has maximum dark current of 100pA (at zero voltage bias and at 25°C). The TLC2201 with a
maximum bias current of 20pA (calculated from the maximum bias current specifications over
temperature) at 25°C provides a good safety margin.

The PIN diode is a light power to current converter and as such needs to interface to a trans-impedance
amplifier. The result is that in order to get the required gain the feedback resistor of the op amp will
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normally have to be large. This feedback resistor will form a pole with the shunt capacitance of the
diode and the op amp's input capacitance, which can lead to instability. Although this effect may well
be reduced by the parasitic board capacitance which is in effect in parallel with the feedback resistor.
This “feedback' capacitor can be increased to reduce the circuit's wide band noise, but this will reduce
the application’s bandwidth. Hence the required gain decides the value of Ry and the required signal
bandwidth decides Cf. As well as converting the signal current to a voltage, the large feedback resistor
adds to the offset voltage of the op amp by multiplying the bias currents of the op amp and the dark
current of the PIN diode by its value.

Low Noise PIN Diode Application
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Figure 2.2.10 - Low Noise PIN Diode Application

The equivalent model of a PIN diode contains a shunt resistance, Rgp, which coupled to the feedback
resistor gives the op amp a non-inverting gain of 1+Rf/Rgh (which frequently exceeds unity). It is
therefore very important to use an op amp with low offset voltages and drift. The PIN diode's shunt
capacitor also provides a limit to the range of frequencies over which the diode can be operated. Like
all semiconductor barrier capacitances it is very voltage dependent, and can be reduced by placing a
negative voltage across the diode.
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The overall low frequency output voltage will therefore consist of the following factors:-

R
Vo = Rf*R(a*Plighl+Rf*ID+Vi0*[1+Rf)"'Rf*lib
sh

where Rg is the responsitivity of the diode to light power (in amperes per watt), and Plighy is the
amount of light falling onto the diode's sensitive area (in watts).

The temperature effects of the PIN diode dominates any drift effects of the op amp's V]Q. Rgh will
tend to halve every 10°C, just as the bias currents will tend to increase. The 0.5uV/°C (typical) drift of
the TLC2201 will be swamped by the change in gain due to Rgp.

As with all high impedance applications, the input stage is very susceptible to interference and leakage
from the board. Any current injection into the input can be converted into millivolts of offset error. For
this reason, it is standard practice for guard rings to be placed around the inputs of the op amp,
reducing the influence of interference around the board. To decrease leakage of the board a Teflon
based board will normally give the best performance.

In addition to offset errors, which are dc, noise errors will be introduced due to the PIN diode's noise
and the op amp's noise.

The noise current will be the shot noise due to the dark current of the PIN diode and the bias current of
the op amp. The noise current of the TLC2201 is 2.53fA/’\/FZ while the dark current of the PIN diode
would generate 5.66fA/\[}l_z. The feedback resistor will generate noise due to the noise currents of the
PIN diode and the op amp and also its own thermal noise. A 10M£Q resistor generates 62nV/\/E (due
to shot noise of the PIN diode and op amp) and 406nV/'\/E (due to thermal noise). At these values the

noise voltage of the TLC2201 (guaranteed to 25nV/\/H—z at 10Hz) would seem to be negligible, but the
shot noise and thermal noise appear directly on the output of the op amp while the op amp's noise
voltage will be multiplied by the op amp's gain. The op amp's gain will increase above the low
frequency gain to 1 + Cgh/Cf. This gain will only be band-limited by the op amp's unity gain
bandwidth. The non-inverting gain can rapidly increase over temperature (due to the large variance in
Rgh, at a faster rate than the current noise, so a low noise voltage device is the best solution.

The non-inverting gain of the TLC2201 is:-

R¢ I +s* Ry, * Cq
Gl = Gcl = 1+ f o s sh sh
1+S*Rf*Cf RSh

At low frequencies the R/Rgp ratio will dominate, and at higher frequencies the Cgp/Cs ratio will
decide the noise and ac gain. The poles of the circuit will be at:-

; (1 )[Ry +Ry
! 2n CSh + Cf Rsh* Rf

1
2m#R; * Cy
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With Rgh = 100MQ, Rf =10MQ, Cgp = 20pF and Cf = 2pF the poles are at f| =731 Hz and
f2 = 7.96kHz. f3 will also be the frequency when the trans-impedance gain of the TLC2201 starts to
roll off.

At low frequencies the noise voltage of the TLC2201 will be amplified by 1.1 but at the higher
frequencies it will be amplified by 10. This splits the noise curve into three distinct parts; the low
frequency gain, transition gain and the high frequency gain. At higher frequencies the gain bandwidth
product will reduce the gain. A further complication to the noise analysis is the flicker effect of the op
amp's noise voltage, and so making 4 regions to the curve.

The first region is from virtually dc to the 1/f corner frequency of the TLC2201B which is of the order
of 33Hz. Over this region the noise voltage of the TLC2201 follows this approximate equation:-

v 2=V 2 -18
Vn2 _ ( n(10) - ndk)? IO) _ 4810 >: 10

Where vp(10) is the noise voltage specification at 10Hz, vy([k) is the specification at 1kHz.

Calculating the noise over the region of 0.01Hz to 33Hz (ignoring the noise below 0.01Hz) and
adapting that equation yields

2

Tt
Vni2 = 4810 10“8*[1 + ﬁ) *m(—‘—]

Rsh fu
.
Vo = 69,35*(“&)* W0 o
\ 108 ) 0.01
=  231.5nV.

The second region will cover the frequency range 33Hz to 731Hz. Over this frequency range the noise
voltage is “white' and so has equal power per unit frequency and so the noise included over this range is
calculated as follows:-

R
Vn2 = Vnwhite*(l + ! J* fy -1,
Rsh

348.7nV

The third region is where the resistances are being shunted out by their parallel capacitances, here the
gain is increasing by 20 decibels per decade. By extrapolating this curve down to the 1Hz point the
noise produced can be considered as increasing with frequency, simplifying the calculation. The
equation of this line is:-

Rf Vn(1kHz)
Vn(lHz) = (l +R—sh)*[__"fl_7J
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The noise content within the f] to f2 band will be the area under this curve, the actual integration will
be of the noise voltage squared. Therefore the noise content over this region results in the following

equation:-
[1 +&][Ll_k_“_’)
R fy

12 J(7.96*103)3 7313
731

<
=
w

I

1.1 *

3 3
= 740pv

Over the fourth region the noise is flat, but the gain then starts to follow the open loop characteristic of
the op amp. This introduces a bandwidth limit of:-

B
BW = —L— -1
C. 2
1+ —sh

Cy

BW will be multiplied by 7/2 to achieve the noise bandwidth, hence the noise voltage contained in the
fourth region has this characteristic:-

C‘h n
V4 Vn(IkH7)*[1 + CS ) 3 BW

f

N
12*(L+19]* [Z 1745107
AR

= 69.0uV

In addition to the noise voltage from the amplifier, there will be the noise voltage due to the thermal
noise of the feedback impedance and to the noise voltage generated by noise current through the
feedback impedance.

Only the real part of the feedback impedance produces noise and just as the signal gain rolled off at
so will the thermal noise. The thermal noise will therefore follow this characteristic:-

Viar = 4kTRy * {fz *g

= 454V

The noise current will generate a noise voltage equal to:-

. R;
Vhe = i, * Re| —————
ne n (1+\""R1*C1}
n

= ¥5.667 +2.537 #1070 xR* £

= 693uV
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The total noise voltage will be the RMS sum of all noise voltages:-

Vnt = \/vn,z +V +V 2 +V o+ V o+ V

2
nr nc

V0.2312 403494 7.402 +69.0° + 45.4 +6.93

83.22 pV

Comparing each of the noise voltages over each region, the overall output noise voltage is dominated
by the thermal noise of R and the out of frequency of interest bandwidth noise voltage of the op amp.

The signal to noise ratio relative to Rf is ‘\’Rf, so as Rf increases the output increases, the thermal
noise increases but at a much reduced rate.

The noise of the op amp in region 4 can be reduced by increasing Cf, but this reduces the bandwidth of
the application, and Ct will normally have been chosen to meet the application's requirements. A better
way of reducing this high frequency noise is to reduce the op amp's high frequency gain by reducing
the value of Cgp. This can be done by applying a negative voltage across the diode. The effect of this is
to raise the frequency of f{ whilst lowering the high frequency gain of the op amp.

In the application shown the common mode range of the TLC2201 is being exploited in a single rail
circuit making the application of a negative voltage across the diode impossible.

Another point to note is that the speed of this application is limited by Cg and not the op amp, if a faster
application was required the trans-impedance gain would need to be reduced, but this would also
reduce the signal to noise ratio of the application.

2.11. Opto Sensor Considerations

An important application for signal conditioning, is to amplify sensor signals from the outside 'real’
world; and to generate appropriate signals for conversion to digital processing. In this section are two
examples of how light sensing functions can be easily realised by integrated opto sensors. Current-
mode light sensors can be combined on a single chip with appropriate operational amplifiers, and then
with data conversion elements to make high performance light sensing devices.

In a photo diode, incident radiation is absorbed by the silicon, to generate hole-electron pairs. These in
turn give a photo-current across a reverse-biased p-n junction.

For a photo diode current-mode sensor, the current is proportional to the light intensity.

The Texas Instruments’ LinCMOS(TM) process, used extensively for low input-offset operational
amplifiers, can be easily adapted by the addition of light shields to make integrated photo sensor
structures. A photo diode made by this process is responsive from 400nm to 1100nm (visible and short
infra-red) when encapsulated in transparent plastic. The TSL250 and TSL220 integrated light sensors
respond over this entire spectral range. However, by modified encapsulation a more restricted response
(visible only, or infra-red only) can be achieved.
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2.12. TSL250 Light-To-Voltage Converter

TS5L250 Light to Voltage Sensor

Voltage
Output

PIN 1 GND
PIN 2 Vad
3 PIN 3 OUT

Figure 2.2.11. - TSL250 LIGHT-TO-VOLTAGE CONVERTER

Overview

In this section , we shall describe how a current mode sensor is combined on a chip with relatively
simple signal conditioning elements, to make a useful device. The device, the TSL250 light-to-voltage
converter, solves some basic application needs. It is particularly suitable for analogue measurement of
low light levels in an electrically noisy environment.

In the TSL250, a large area photo diode is combined with a transimpedance amplifier, so the photo
diode current output is converted to an output voltage.

Three versions of the device are produced, with different photo diode areas, and internal feedback
resistor values.
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Sensitivity Variants
TSL250 gives 2V output for 25 microwatts/cm2

TSL251 " " for 60 microwatts/cm2
TSL252 " " for 425 microwatts/cm?2

To get some idea of what these incident light levels mean, we can consider a photometric equivalence
(for visible radiation) of 90 lux = 14 microwatts/cm2.

Dusk, when street lights are turned on, is about 70 lux. The TSL250 gives 2V output at 150 lux. Office
lighting at a work surface is typically 300-400 lux, where a TSL251 would give 2V output. The
TSL252 would give 2V output in outdoor daylight illumination.

Application

The TLS250 family is appropriate for a wide range of light sensing applications in light level control
over a wide range of light levels, for security applications, and for boiler flame control in gas or oil
heaters.

Characteristics

The LinCMOS™ transimpedance amplifier (similar to the well-established Texas Instruments
operational amplifier TLC272 ) provides stable low input offset. The TSL250 offers high dynamic
range, with linear output up to 3V, with only 3 mV output in the dark.

The TSL250 has a significant advantage over discrete photo diode light sensors under low illumination,
since the high impedance output node of the diode is internal to the device. This makes the TSL250
inherently less sensitive to external electrical noise, so a highly stable sensitive detector can be realised
without expensive and cumbersome screening techniques. Similarly the TSL250 is inherently less
prone to current leakage problems in detector circuit assemblies.

In summary, the TSL250 family has a highly linear, stable, low-impedance voltage output. The
TSL250 output is stable with temperature, changing by | micro volt per degree Celsius. This is because
the temperature coefficient of the polycrystalline silicon feedback resistor compensates the temperature
coefficient of the photo diode.

The TSL250 operates off a single supply voltage ( it is characterised at VDD= 5V , but will operate
between 3V and 9V ), and consumes little current ( 800 micro amps at VDD=5V when illuminated ).

The TSL250 family is offered in a high-volume clear plastic sidelooker package.
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TSL 250 Output Voltage
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Figure 2.2.12. - TSL250 OUTPUT CHARACTERISTICS.

Speed Vs Responsivity

Figure 2.2.12 shows the linear output characteristics of the TSL250, TSL251 and TSL252. The internal
feedback increases from the TSL252 to the TSL250. As the feedback is increased the speed is reduced.
The TSL252 output rise and fall times are typically 7 microseconds, for the TSL251 they increase to 90
microseconds, and for the TSL250 they are 360 microseconds. The basic design could be extended to
higher speed operation, trading responsivity for speed, by reducing the diode area and the feedback
resistor and capacitor values -- the extremely low dark voltage resulting from the LinCMOS (TM)
technology would permit this.

2.13. TSL220 Light-To-Frequency Converter

Overview

The TSL220 is a light-to-frequency converter, and combines a large area photo diode with a patented
light-to-frequency converter to provide an output that is very convenient for a microcomputer, or
indeed any digital technique, to handle.
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TSL220 Light to Frequency Converter

Light

Figure 2.2.13. - TSL220 LIGHT-TO-FREQUENCY CONVERTER

Characteristics

The output of the TSL220 consists of a train of 4-volt pulses, the output frequency being proportional.
over a wide range . to the intensity of the light incident on the photo diode surface. The TSL220 is
extremely linear from 1Hz to IMHz, and has an extremely high dynamic range -- under office
illumination the output frequency is typically 150 kHz. while in the dark the frequency is typically
1 Hz!

The TSL220 operates off a single supply voltage (guaranteed performance at 5V, operable between 4

and 10 volts) , and the output is CMOS compatible. The TSL220 is offered in a high volume clear
plastic 8-pin dual-in-line package.

Applications

The TSL220 is very suitable for precise measurement of light level. Since one can measure how much
of the photo diode area is covered, the TSL220 can also be used as a precision (0.2 micron ) analogue
edge sensor.

The form of the output is very easy to handle, as pulses can be easily counted over a measured time set
by a clock circuit.
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The TLS220 is thus particularly suitable for applications where precision light or position measurement
forms parts of a microprocessor- or digital- control system. Such applications include light metering,
mechanical registration, printer paper positioning, smoke and dust detection. vibration detection, and
coin control.

TSL220 Output Frequency

1000 g

100

0.1

0.01

1 10 100 1000

) 2
Irradiance uW/cm

Figure 2.2.14. - TSL220 Output Frequency

Frequency Adjust

Many low cost digital and microprocessor techniques are not capable of being run at the high output
frequency rates of which the TSL220 is capable. The frequency range of the TSL220 can be adjusted
by means of a single external capacitor.

TSL220 Metering Application

Many simple application examples of the use of the TSL220 are given in the data sheet. A further
example of the ease with which the TSL220 output can be handled by a microcomputer is given in
Figure 2.2.15

In this example the low-cost Texas Instruments field programmable 8-bit micro controller
TMS370C710 is used.
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TheTMS370C710 features 4k bytes of program EPROM, 256 bytes RAM, 256 bytes data EPROM, a
16-bit timer and an on-chip watchdog for system integrity. It is supplied in a low cost 28-pin PLCC
package.

Light Meter with Display

Vce
Vee
Vee
\ 4K7 1 T Led Display
TMS370C710 -

\ 4

Reset
1 ese MC GND ULN
20MHz 0 1| D37 |2004
15pF 15pF

T L

33uF

|

P

Figure 2.2.15. - TSL220 LIGHT METERING USING A PROGRAMMABLE
MICRO CONTROLLER

TSL220 Metering Schematic

In this example of a calibrated light-(lux-)meter, the pulse train from the TSL220 is fed directly to the
Timer 1 input capture pin of the micro controller. A 20MHz crystal is supplied to the micro controller,
and the external capacitor of the TSL220 is set to 0.1 micro farad. The timer prescale is set to 2eel8
(/4) , giving a 16 bit overflow at 0.052 seconds.

70 lux (20Hz) resolution is 15 bits, and at 3000 lux (1kHz) resolution is 10 bits.

The 5 digit multiplexed LED display is driven by the micro controller. Spare CPU power of the micro
controller would allow lux level to be directly displayed and film speed to be entered. Calibration
parameters can be stored in EEPROM to make use of the high resolution. A 5 x 3 user keypad can be
attached to the system, and strobed using interrupts 1, 2, 3 and the S remaining spare I/O's.
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2.14. TLC2652 - Chopper Stabilised Op Amp

Chopper stabilised operational amplifiers have been available for many years but when they were first
released there was much resistance, by design engineers, to using them. [t was felt they were too noisy
as an op amp and also generated too much extra noise within a circuit. Recently however, engineers
have started to appreciate the outstanding levels of performance that can be achieved by using a
‘chopper’. It was realised that the so called noise problems were not such a real issue and that the
performance and relative low cost of newer products was just too good to miss!

TLC2652 - Chopper Stabilised Op Amp

The Ideal Precision Amplifier

e Low and Stable Offsets

OFFSET VOLTAGE AND
TLC2652A : 1uV max Vio DRIFT
TLC2652 : 3uV max -

] . 50-8 W Vio Max V)
® Vio Drift; 30nV/°C max VIo°C Max (V)

%

N

20nV/month max

e |ow Bias Currents; 100pA max

e High Gains ; Avd = 135dB

Which Chopper??

Figure 2.2.16. - TLC2652 - Chopper Stabilised Op Amp

The ideal precision op amp would require; ultra low offset voltages with negligible drift, bias and
offset currents as low as those achieved by FET input amplifiers plus open loop gains, PSRR and
CMRR would be high and noise would have to be at a minimum. Chopper stabilised op amps very
nearly achieve the required level of performance to be the ideal precision amplifiers! If bandwidth is
limited to reduce noise errors, then the precision of a circuit is determined more by external
components and parameters (board layout, temperature gradients etc.) than the op amp itself.

Newer designs in particular are getting closer still to the ideal. The latest choppers released by TI are
the TLC2652/A and TLC2654/A - both are world leaders.
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The TLC2652, shown above, is a chopper stabilised op amp optimised for precision. The 'A’ selection
part has a maximum offset voltage of just 1uV and maximum drift specifications of 30nV/°C and
20nV/month. Short and long term errors due to offset voltage are rarely a problem! The device is also
CMOS so its bias currents are low causing minimal errors due to currefifs flowing in external resistors.
A further benefit of chopper design techniques (see Figure 2.2.18) , is that they also benefit from
extremely high gains, Avd is 135dB, and both the Power Supply and Common Mode Rejection Ratios
are 120dB. The device easily meets the requirements of an 18 bit system.

If there is a limitation to choppers then it occurs in three areas: Noise voltage is typically high
(although 1/f noise is practically removed) in most designs (see TLC2654, Figure 2.2.17, for something
new!) and so care must be taken to limit the circuits bandwidth of operation. It should be noted
however that with very low bandwidths, <0.25Hz, the noise from a chopper is often less than the noise
of a bipolar op amp (this is because of their almost zero 1/f frequency). Secondly, because the devices
are fabricated using CMOS technology then supply voltages are most commonly limited to +/- 8V.
Thirdly, they are often just too good! Errors are typically introduced due to external factors, and these
must be carefully considered when depending upon the precision available from these parts.

If you are looking for a device that achieves outstanding levels of precision the TLC2652A should be
seriously considered.

2.15. TLC2654 - Low Noise Chopper Op Amp

Previous figures have discussed the limitations placed upon chopper stabilised amplifiers due to their
relatively high noise voltage - at low frequencies the noise voltage of a typical chopper may be
100nVAJHz. significantly higher than most amplifiers. In practice this means that the circuit bandwidth
nceds to be limited to ensure that de errors are dominated by the offset voltage of the amplifier and not
by the noise of the op amp. When using the TLC2652A with an offset voltage of 1uV the circuit
bandwidth needs to be limited to 1Hz.

Realising that this can cause problems in some applications Tl has put significant effort into
developing a chopper with much lower noise - the TLC2654 was the result. By increasing the chopping
frequency from 450Hz (for TLC2652) to 10kHz it was possible to reduce the total noise of the
amplifier by a half. This has been tried in the past but has always proved unsuccessful due to the
resulting large increase in offset voltage and drift. Patented techniques used in the TLC2654 enabled its
offsets voltages to stay at a minimum - 10uV is the maximum for the TLC2654A. Drift is also low at
0.05uV/°C and 0.06pV/month. It is not surprising that the TLC2654 won the "Product of the Year"
Award from the US magazine Electronics.
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TLC2654 - Low Noise Chopper Op Amp

By Increasing the Chopping Frequency to P Chopper Noise Performance
10 kHz, Noise for the TLC2654 has been < 10k | ;
Significantly Reduced. Resulting in: 3 |
. % |
Increased Usable Bandwidth s INDUSTRY
i 2 STANDARD .
Reduced Intermodulation Effects 3 S OPPER
5100 |
Precision Maintained: S —\__
, _ g 10 |
Vio.......... TLC2654A = 10uV max 010 100 1k 10k 100k

vn -

TLC2654 = 20uV max f - Frequency - Hz

Vio Drift... 0.34V/°C max Vnpp | TLC2652 TLC2654.
DCto1Hz ' 0.8uV 05wV

DCto10Hz 2.8 uV 1.5uV

0.02uV/month max
(Still 4 years for 1uV of Vio Drift!!)

Figure 2.2.17. - TLC2654 - Low Noise Chopper Op Amp

In practice, choppers are often used as much for their low drift as for their absolute offset. By using the
TLC2654 precision can be maintained and the usable bandwidth of the device can be increased. In
practice this means that precision measurement applications, like weigh scales, can be designed with
much improved response times.

2.16. High Performance Low Noise Choppers

Previous figures have discussed the limitations placed upon chopper stabilised amplifiers due to their
relatively high noise voltage - at low frequencies the noise voltage of a typical chopper may be
100nVAJHz. significantly higher than most amplifiers. In practice this means that the circuit bandwidth
needs to be limited to ensure that dc errors are dominated by the offset voltage of the amplifier and not
by the noise of the op amp. When using the TLC2652A with an offset voltage of 1uV the circuit
bandwidth needs to be limited to 1Hz.

Realising that this can cause problems in some applications TI has put significant effort into
developing a chopper with much lower noise - the TLC2654 was the result. By increasing the chopping
frequency from 450Hz (for TLC2652) to 10kHz it was possible to reduce the total noise of the
amplifier by a half. This has been tried in the past but has always proved unsuccesstul due to the
resulting large increase in offset voltage and drift. Patented techniques used in the TLC2654 enabled
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offsets its voltages to stay at a minimum - 10uV is the maximum for the TLC2654A. Drift is also low
at 0.05pV/°C and 0.06puV/month. It is not surprising that the TLC2654 won the "Product of the Year"
Award from the US magazine Electronics.

High Performance Low Noise Choppers

Input referred noise vs frequency

ol I Chopping
. frequency
Vin .
o N | o
T30 .
B \
s \
100Q + 204 Reduced \\
s 5 = nulling
= - | amp noise
10 (unchopped)
CBXTB
5V I 0
1 10 100 1k 3k 7k 1ok

Frequency - Hz
® Choppers offer the Ultimate in Precision in Low Frequency Applications
® Chopping and aliasing errors are Reduced to be below Noise Floor

® T.l's Choppers offer better Noise and Offset Accuracy

Figure 2.2.18. - Low Noise Choppers

In practice, choppers are often used as much for their low drift as for their absolute offset. By using the
TLC2654 precision can be maintained and the usable bandwidth of the device can be increased. In
practice this means that precision measurement applications, like weigh scales, can be designed with
much improved response times.

2.17. Chopper Design Careabouts

When an application requires the absolute best performance from the chopper stabilised op amp, a
number of factors and design considerations should be considered.
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Chopper Design Careabouts

Noise
Limit Bandwidth... <1Hz

Intermodulation.... Vin < Fch/2

Variable Chopping Frequency

External Components
External Capacitors

- Low Leakage and Low Dielectric Absorption
- 0.1 uF or 1uF to Vdd- or CR

Overload Recovery
- CLAMP typically not required

Thermoelectric Effects

ESD and Latcup Protecction Circuits included

-25
-50

OVERLOAD RECOVERY

T

o - - ‘

T
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7/ | ‘

—T— n
I N
i I

Vin - millivolts T
I | ‘

0 10 20 30 40 50 60 70
t- Time - ms

Figure 2.2.19. - Chopper Design Careabouts

Noise

Noise will be discussed in detail in sections 3.3 and 3.4 of signal conditioning, but the key points to

remember are;

Limit Bandwidth:

The bandwidth of the op amp should be limited to reduce dc errors associated with the relatively high
noise voltage of the amplifier. Take advantage of the device's low 1/f frequency however, as over very

small frequencies (<1Hz), the choppers noise are less than many bipolar op amps!

Intermodulation effects:

If an input signal has a frequency component equal to greater than half the chopping frequency then
intermodulation errors may be caused. In practice, chopper design techniques have minimised these
errors (<70dB down on input signal) but it may be necessary, depending upon the frequency and
magnitude of input signal, to filter out these components using an extra filter stage before the chopper.

Chopping Frequency:
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The standard selection chopper op amps are available in an 8 pin package and have a predetermined
internal clock frequency which defines the noise performance and offset voltage of the op amps. There
are however, options available in a 14 pin package which have the capability of changing the clock
frequency by the use of an external clock. This external clock signal can be fed directly into the CLK
IN input and the INT/EXT pin is attached to Vpp_.. When operated in a single supply configuration the
device can be driven directly by TTL or CMOS logic without the need for extra level shifting.
Although not critical, the duty cycle of the external clock should be kept between 30% and 60%.

The advantages of being able to modify the clock frequency of these choppers are essentially two fold.
Firstly the noise and offset of the op amp can be optimised for your particular circuit and secondly the
clock frequency can be matched to other clock signals present within your circuit.

2.17.1. External Components
Choosing and using the Right Capacitors:

The external capacitors, Cxa and Cxp, should be carefully chosen to ensure best operation of the
amplifier. Specifically, special attention should be given to the leakage and dielectric absorption of
these components.

Degradation from capacitor leakage becomes more apparent with increasing temperatures. Low-
leakage capacitors and stand-offs are recommended for operation at TA = 125°C. In addition,
guardbands are recommended around the capacitor connections on both sides of the printed board to
alleviate problems caused by surface leakage on circuit boards. Very thorough cleaning of the circuit
board using alcohol or similar cleaning fluids is also recommended and errors can be further reduced
by guarding the inputs of the amplifier with a ring connected to a low impedance node, normally
ground.

Capacitors with high dielectric absorption tend to take several seconds to settle upon application of
power, which directly affects input offset voltage. In applications where fast settling of input offset is
needed, it is recommended that high quality film capacitors, such as mylar, polystyrene. or
polypropylene, be used. in other applications, however, a ceramic or other low-grade capacitor may
suffice.

The TLC2652 and TLC2654 have been designed to function with values of Cx4 and Cyg in the range
of 0.1pF to 1uF without degradation to input offset voltage or input noise voltage. These capacitors
should be located as closely as possible to the Cx and Cxp pins and returned to either the Vpp. pin or
the C RETURN pin. Note that in many choppers, connecting these capacitors to the YDD- pin will
degrade the noise performance. This problem has been eliminated with these designs.

Overload Recovery Time/Output Clamp:

When large differential input voltage conditions are applied to the TLC2652 and TLC2654 choppers,
the nulling loop will attempt to prevent the output from saturating by driving Cxa and Cxp to
internally-clamped voltage levels. Once the overdrive condition is removed, a period of time is
required to allow the built-up charge to dissipate. This time period is defined as overload recovery
time. Typical recovery times are significantly faster for the TLC2652 and TLC2654 when compared to
competitive products; however, if required, this time can be reduced further by using internal circuitry
accessible through the clamp pin.
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This Clamp circuit stops the output circuit from going into saturation due to a reduction in the closed-
loop gain of the device (activated when the output is with 1V of each rail). The CLAMP pin is simply
connected to the inverting input of the op amp. and it may. however. cause a slight degradation in the
maximum output swing.

Thermoelectric effects:

To take advantage of the extremely low offset voltage drift of any chopper op amp, care must be taken
to compensate for the thermoelectric effects present when two dissimilar metals are brought into
contact with each other (such as device leads being soldered to a printed circuit board). Dissimilar
metal junctions can produce thermoelectric voltages in the range of several microvolts per degree
Celsius, which are orders of magnitude greater than the 0.003 pV/°C typical drift of the TLC2652).

To help minimise thermoelectric effects. careful attention should be paid to component selection and
circuit board layout. Avoid the use of non-soldered connections (such as sockets, relays, switches etc.)
in the input signal path. Cancel thermoelectric affects by duplicating the number of components and
junctions in each device input. The use of low-thermoelectric-coefficient components, such as wire
wound resistors, is also beneficial. It is also recommended to try and minimise excessive power
dissipation and temperature gradients across a circuit board. Large power dissipating devices should be
kept well away from precision components and air movement should ideally be kept at a minimum.

Electrostatic Discharge and Latchup avoidance:
Both these topics are discussed in detail in figure 2.6.02, but points to note are;

ESD - Care must be taken when using these devices, but both the TLC2652 and TLC2654 have been
designed to withstand ESD voltages up to 2000V without causing functional damage.

Latchup - Both products have been designed to withstand 100 mA surge currents without sustaining
latchup.

For more details on both see figure 2.6.02.

2.18. High Precision Thermocouple Amplifier

A thermocouple is a temperature sensor made from two dissimilar metals. When the junction is heated,
a small thermo-electric voltage is produced which increases with temperature.

Thermocouples are very small signal devices. For an S-type thermocouple, the average output voltage
variation over its 0-1500°C temperature range is only 10.38 pV/°C. Although the linearity is poor, the
temperature and voltage relationships are predictable and repeatable, which allows for downstream
digital linearisation.

Two thermocouples are always present: a measurement junction and a reference junction. It can be
proved that the temperature drift of the reference and the measurement junctions are equal. It is
therefore only necessary to compensate for the drift with ambient temperature of the reference
thermocouple. This technique is known as "cold junction compensation”.
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High Precision Thermocouple Amplifier

1.0kQ | | 0.47 uF

ISOTHERMAL BLOCK

:COLD JUNCTION :
: COMPENSATION = = == =

@ 25 - 100°C Temperature Sensing
® Vo = 3 mV/°C approx
@ Single +5V Supply Voltage Operation

Figure 2.2.20. - High Precision Thermocouple Amplifier

In this example the approximate 2 mV/°C change of a low cost diodes forward voltage is resistively
divided down to match the thermocouple's sensitivity (6 pV/°C) at 25°C ambient temperature. This
counteracts any change in the reference junction temperature.

The circuit produces an output of 4.5V for full scale. As the circuit is operating from a single 5V
supply, the op amp cannot swing quite to 0 V, thus limiting the lower end of the measuring range to
25°C. Ideal'y the 0°C would produce an output voltage of 0 V. The need for very highly accurate
resistors can be avoided by using an additional gain setting trimmer.

Signal conditioning at such low levels is not trivial. Careful choice of components, PCB layout,
grounding and consideration of thermoelectric effects at all junctions are of utmost importance.
Mistakes in overlooking these could lead to external errors swamping any of those introduced by the op
amp. When dealing with such small signals low frequency noise can be a real problem. The reference
as well as the op amp should be filtered.

Due to the very small signals involved a very high performance op amp offering high open loop gain,
low offset and low drift is required. These careabouts, at low frequencies, are best met by chopper
stabilised op amps, ideally the TLC2652A.
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To take advantage of the extremely low offset voltage drift of the TLC2652A - 30 nV/C maximum -
care must be taken to compensate for the thermoelectric effects present when two dissimilar metals are
brought into contact with one another. This includes device leads being soldered to a printed circuit
board. Dissimilar meal junctions can produce thermoelectric potentials in the range of several uV/°C,
which is several orders of magnitude greater than the chopper's offset drift. Special care should also be
given to air circulation around the op amp, as they can cause thermal gradients to appear across the
PCB and metal junctions.
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3. AC Applications

3.1.AC Precision Design

The dynamic range is one way of stating the system's performance. It can also be used as a measure of
the system's errors. In most applications the devices having the greatest effect on the performance of
the whole system will be those in the input stage, since there is not any way of recovering the errors

that these devices introduce.

AC Precision Design

Maxiom |
Signal Level B A
Maximum Dynamic
Range
Totallnput | Yy
Errors
W [THD.| In S.R. | PSRR |CMRR |Gain Error
AC Related Errors

Figure 2.3.01. - AC Precision Design
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The most basic internal configuration for an op amp is that shown below:

Vee+
Cc
- + Vo
Vce-
Input stage second stage output stage

The transistors in the input stage are not truly linear devices and will therefore introduce distortion as
they are driven with sinusoid input signals. The output stage with finite output impedance and output
drive capabilities will also introduce distortion.

The current flowing through the input stage transistors will generate noise due to their bias currents and
their dynamic resistances, and will appear on the inputs as noise currents and noise voltages. Further
input offset voltage errors will arise from the changes in junction temperature of the device and during
the lifetime of the device, all these must be taken into account when trying to sum all of the input
ITOors.

To ensure high frequency stability, the open loop gain of the op amp at these frequencies must be
reduced to unity before the phase shift exceeds 180°C (for unity gain stability). The most common way
of doing this is via dominant pole compensation. This is done by placing a capacitor, C, between the
output of the input stage and the output of the second stage (see diagram above). This limits the
gain-bandwidth product of the op amp, causing its open loop gain to decrease at a rate of 20 dB/decade.
This limits the device's accuracy over frequency.

The limited gain-bandwidth product of the op amp also reduces its Power Supply Rejection Ratio and
Common Mode Rejection Ratio over frequency. This increases the effect of higher frequency noise on
the supplies, as well as the errors due to higher frequency common mode input signals.

The compensation capacitor also limits the rate at which the second stage's output voltage can change,
introducing a slew rate limit on the device. This is another possible limit to ac accuracy.
If the output signal's rate of change with time exceeds the device's slew rate capabilities then the output

will be tied to the slew rate of the device and can cause the input to go into saturation generating
further errors.

3.2.Dynamic Range and BITSs of Accuracy

In order to determine the dynamic range of a system all of the effects discussed above should be
considered.
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Dynamic Range and BITs of Accuracy

® Noise 4KTRE

V, = Viy+Vi +4kTRg+ I3RS

The Noise are
RMS Additions.

Vo =V.x 1 +IGRE + 4kTR¢ + 4kTRZ
p Rgh

e Relating Noise to Non-inverting Input:

E&r=V3 +4KTRg+ I3RS +4kTRpRgy + IR RERS,

Re +Rsy (R +Rsy)’

® A.C. Input Errors

VE = VBurr +Vsar
e Total Output Errors for Voauax)

Maximum Dynamic Range

1 2
Voer= Vi + ESTBW2+(1 ‘Tﬁ)véwm = -20 Log Yosr_ g
b\ 6] Vouro

BITs of Accuracy = - Log( OET ) Log2-1=-Log, (v oeT ) 1

O(MAX) O(MAX)

Figure 2.3.02. - Dynamic Range and BITs of Accuracy

3.2.1. Noise Analysis

The noise appearing on the non-inverting will be due to the noise voltage of the op amp itself and the
thermal noise of the source resistance plus the voltage produced across the source resistor by the noise
current. So neglecting other ac errors the potential at the non-inverting terminal will be:-

V, = Viy+[VE+4KTRg +IRRE]

Where the noise is an rms addition.

The easiest way of taking into account of the noise appearing on the output which is due to the noise
on the inverting input is by considering noise to be noise currents. So the output voltage, V, will be:-

Vo = Vé*l+12NR,2: +4KTRy: + ( AT )RF
p R
Both the noise current, Iy, on the inverting input and the thermal noise current of the shunt resistor,
Rgyy, will generate noise voltage across the feedback resistor, Rg. The noise voltage appearing on the
output due to the noise from the inverting input, can be referred to the non-inverting input by dividing
it by the non-inverting closed loop gain to give:-
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AKTR Ry | 13REREy

V3 +4KTRg + I3RS + .
RE+Rsy (Rp+Rgy)”

N
ENT

V& +4KT(Rs +Rp[Rsp )+ I (R§ +(RF"RSH)2)

3.2.2. AC Input Errors

In addition to the noise there are the errors due to the power supply rejection ratio and common mode
rejection ratio. These errors are normally uncorrelated and so should be RMS summed.

2 2 2
Vie = VEMmRR * VSRR

So the total errors appearing on the output of the op amp will be the RMS sum of the ac input errors,
total noise errors and the gain errors.

3.2.3. Gain Errors

The gain errors this time will be slightly different to the dc gain errors due to the phase shift in the open
loop gain. The open loop gain of an op amp with single dominant pole compensation is:-

Avp
(1+g)(1+{—')

Where f,, is the frequency of one or more other poles in the op amps frequency response.

Ao, =

Assuming that the frequency of interest is at frequencies where the phase shift of the other poles do not
affect the op amp the open loop gain gets modified to:-

AoL

AcL —Bp
BB
fy jt 1 jf
[1+B{I3J+Blﬁ [‘*AVDJ*B.B

So the gain error, Vg, that appears on the output at maximum output swing is:-

Voge = 1= > = Vo(max)
[ aup) (o)
I+- +| —
J AvpB B,

Simplifies to
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3.2.4. Total Output Errors

This results in the total output errors, Vg, for maximum output swing:-

vi.  _ Ve +ExeBW? | I V2
oer = T 5 > O(MAX)

o)

Having determined the total output errors the maximum dynamic range and/or the BITs of accuracy
can be calculated from the equations defined in dc Applications section.

Where BW is the noise bandwidth of the op amp.

BITs of Accuracy =  -Log Voer LOog2 — Lo BITs
VoMax)
Dy RAgE e BITs
6.02

The total harmonic distortion introduced by the device is another parameter that can be added to the ac
input errors. It will normally be at a relatively low level until the loop-gain, A, B, about the op amp
has decreased to less than 100, when it will start to increase. The level of distortion is very much
design and technology dependent with high performance bipolar op amps giving the best performance

The effect of slew rate on the performance of the system is harder to quantify, as it will normally
restrict the usable bandwidth, rather than introducing direct distortion at lower frequencies.

3.3.Noise Considerations

There are a number of factors to consider when developing a low noise circuit using operational

amnlifiace thaca ara dicoiiccad halawa.
AIHPHTITEDS, LHOST dlT UIdLUdSCU UCIUW.

3.3.1. Sources of noise

Johnson (or Thermal) Noise;

A resistor lying on a table will have a particular noise associated with it. Known as "Johnson Noise",
this figure is not related to the quality of the resistor and its noise voltage is equal to;

Vi = +[4KTRB
Where k = Boltzmann's Constant = 1.38x%10-23 yK
T = Absolute temperature in Kelvin = (298 @ 25°C)
R = Resistance value
B = Noise Bandwidth in Hz.

It is often usetul to remember that a 100k resistor has a Johnson Noise equal to 40nV rms over a 1 Hz
bandwidth.
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Johnson Noise is unpredictable but has a gaussian distribution, giving it a flat spectrum over frequency.
It must also be remembered that this Johnson Noise is independent and extra to the errors caused by
current flowing through the resistor.

In a low noise circuit the Johnson Noise of the external source resistor is often the limiting factor and it
is one which can not readily be reduced. An alternative source may be the only solution!

Noise Considerations

- What Op Amp and External Components?
| V, = Voltage Noise of Op Amp

1
[ I,= Current Noise Flowing in
| external resistors

!
',,’4KTRB = "Johnson Noise" of

External resistors

Vv What Frequency Range?
n
\ Flicker Noise
P (Op Amp Quality) 5 55
VNT=,\/(Vn + 4KTRgyt+ In Roxt)B
......... Vout = AcL (M7
1/f Corner Freq. "Spot Noise' = 4kTRB of input
Frequency
Figure 2.3.03. - Noise Considerations
Shot Noise;

Shot Noise(or schottky noise) is associated with the current flowing through a p.n. junction and is
actually due to fluctuations in current. Shot noise becomes more dominant the lower the value of the
actual current;

I, = \2qloB
Where q = Electron Charge = 1.6*10-19C

Io = dc operating Current

Noise Bandwidth in Hz

os}
1l
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Like Johnson Noise, Shot Noise is unpredictable and is gaussian in distribution and fs referred to as
having a 'white' spectrum..

1/f or Flicker Noise;

Both operational amplifiers and resistors have noise characteristics different to what is expected from
the Johnson Noise calculations. At low frequencies, noise is significantly increased, and follows a 1/f
characteristic - i.e. the noise spectrum has an equal amount of power per decade of frequency. This
noise, known as Flicker Noise, is very much dependent upon the quality of both the op amp and
resistor. A Wire-wound resistor will have a lower noise than a carbon equivalent.

With operational amplifiers the amount of Flicker noise is very dependant upon the quality of the op
amp and the level of care put into the design as well as the actual process being used. The point at
which the flicker noise crosses the constant 'Spot Noise' of the op amp is known as the 'corner
frequency'.

Popcorn Noise;

Popcorn Noise sounds like noise popping when played through a speaker. It is characterised by
"hopping" between different noise levels, and can last from milliseconds to seconds. The source is not
clearly understood but is reduced by cleaner processing. Good low noise processes should have no
popcorn noise.

Summing Noise Sources

Noise Sources are random and therefore should be geometrically or RMS summed. The most well
recognised formula for working out the total noise of an operational amplifier circuit which includes
the different noise sources is;

Vit = V(Vn2 +4kTRext2 + In2Rext2)B wovvorveoeee oo (1)
Where Vn = Voltage Noise of Op Amp
In = Current Noise of Op Amp
4kTRext =  Johnson Noise of external Resistors.

3.3.2. Noise Related to an Op Amp

There are typically two parameters specified in the datasheet of an operational amplifier, noise voltage
and noise current;

Noise Voltage;

The noise voltage of a bipolar op amp is due to the Johnson noise of the base spreading resistor rpp and
the Shot noise of the collector current in the input transistors. There is also an error due to the flicker
noise, associated with the input transistors base current flowing through the base resistors. At low
frequencies the noise is dominated by the Flicker noise whilst at high frequencies, the Johnson noise is
the major factor.

The noise voltage of a FET input amplifier is dominated by the Johnson noise of the channél resistance
and is normally significantly higher than a bipolar design. X

,.

The noise voltage characteristics for both parts have a 1/f characteristic although the ' Lonrr frequency’
of FET input designs is typically much higher than for bipolar. It should also be noted that CMOS
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designs have a worse 1/f noise compared with Bifet op amps, but newer products developed using
'cleaner' CMOS technologies such as LinCMOSTM have greatly improved the noise performance and
lowered the 1/f corner frequencies.

The Uf region of the noise curve of an amplifier is particularly critical when designing precision
circuits which operate at relatively low frequencies - very common in instrumentation equipment. An
op amp with a low 1/f corner frequency is essential.

Current Noise;

For operational amplifiers with a bipolar input stage, the noise current is caused by Shot noise
variations of the base current and flicker noise of rpp. FET input amplifiers have a noise current
specification caused by the shot noise associated with the gate leakage of the input FETs, this is
significantly lower than for bipolar designs.

An op amp's noise current flows through the external resistors of an op amp generating an error source

equal to \/Inz Rex[2 B - therefore the larger the external source resistors the larger the error due to
noise current. Because the base current of a bipolar transistor is much higher than the leakage current
of a FET transistor, the noise current of a CMOS or Bifet part is much lower than a bipolar design.
FET input amplifiers are therefore normally used if a circuit has a large source resistance. As the bias
current of a FET input part doubles for every 10°C increase in temperature, the noise current, I,

increases by \/E for every 10°C increase.

Equation (1) above, shows how these parameters are combined. The result from this equation is in fact
an RMS term which is often preferred in its peak to peak form. If the RMS noise voltage is multiplied
by 6.6, you have a 99.7% certainty that the peak to peak value will not exceed the result.

Further examination of equation (1) shows that there is a point at which the noise of a system is
dominated by the external resistors. A term, of particular use when talking about bipolar op amps is the
'Equivalent Noise resistance’, equal to Vp/I shows when the errors due to the noise current are than
that due to the noise voltage

3.3.3. Noise Bandwidth
It can be seen from equation (1), that the Noise Bandwidth of the operational amplifier circuit is critical

- the wider the frequency of operation the larger the amount of noise within that system. A low noise
circuit must therefore have its noise bandwidth limited as much as is possible.

The Noise Bandwidth of an operational amplifier circuit is normally limited by using a filter network.
It must be remembered, however, that the Noise Bandwidth is often very different to the RC
Bandwidth of the filter which is limiting the noise. If a filter has a slow rolloff then the noise
contribution by the signals with a higher frequency than the RC bandwidth can be significant. The
Noise Bandwidth of a Ist order low pass filter (butterworth) is 1.57 x fyg of the filter. This is an
increase of over 50%. A filter is of least 2 orders is normally recommended.
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FILTER ORDER NOISE BANDWIDTH
1 1.57 X fuyp
2 111X fog
3 1.05 X fous
4 1.03 x fy
"Brick Wall" 1.00 x fy45

Noise on Output

Most noise calculations will work out the equivalent total noise on the input of the op amp. Like other
errors this noise error is multiplied by the closed loop gain to give the equivalent noise on the output of

the op amp.

3.4.Noise versus Technology

Noise Vs Technology

enltotal) = /V2.+ (i, x R2) + 4kTR

s Rs in

e, (total)

TLE2027 TLE2082 TLC2272

@f=1kHz

Rs only

Source
Resistance,

100 1k 10k 100k 1M 10M 100M 1G 10G 100G ohm
Process BIPOLAR | BIFET |LinCMOS
Parameter TLE2027 | TLE2082 | TLC2272 | UNIT
Noise Voltage| 2.5 13 9 nV/[Hz
Noise Current| 400 2.8 06 |fA/JHz
1/f Corner 3 1000 100 Hz

Figure 2.3.04. - Noise Vs Technology
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The figure 2.3.03 discussed the relevance of noise voltage and noise current and how depending upon
the source impedance each or both may be of importance. The graph and table in the figure 2.3.04
above compares the overall noise performance of low noise op amps from each major technology. The
formula to remember is;

Vit = (Va2 +4KTRex2 + In2Rex2)B
Vn = Noise Voltage of Op Amp
In = Noise Current of Op Amp
4kTRext = Noise of Resistors.

Figure 2.3.04 shows that bipolar amplifiers are the best for a, providing the source resistance is small,
low noise voltage. Amplifiers like the TLE2027 have extremely low noise voltage specifications which
means that, providing the source resistance is small, they achieve the best overall noise performance.

As the size of the external resistors increase, the Johnson noise of these components begin to dominate
the total noise equation. Not surprisingly, the lower the value of the op amps noise voltage, the smaller
the resistor needs to be before it begins to prevail - resistor size can prove a severe limitation when
designing low noise circuits with low noise op amps.

As the source impedance increases, there comes a point when the noise current, In, flowing through
these resistors dominates the total noise equation. Because bipolar resistors have a significantly higher
noise current than FET input amplifiers, this error term can quickly cause the largest error. Low noise
CMOS designs like the TLC2201 have such a low noise current specification, combined with a
relatively low noise voltage, that it is often the best choice even with medium sized external source
impedances.

The other specification highlighted by this figure is the 1/f corner frequency of the op amp. Low noise
bipolar designs will normally have much lower specifications than FET input designs (3Hz for the
TLE2027), although again, the TLC2201 has a very good specification relative to other FET input
designs. It is worth noting that the NES534 has a high 1/f corner frequency and yet it is still recognised

as a low noise nart - 1/f chould not nec
as a 10w noise part 1 SI

ecgarily he uged to o
/1 SnOWiG notU necessar O

’ £ anca ~f diffarant
€ used 1o compare the pericrmance o1 aiicrent

amplifiers.

3.5.Low Noise Differential Amplifier

When designing low noise systems the voltage noise of the amplifier is not the only important
parameter. The wide variety of transducers, and their resistances, can often make the noise voltage of
the op amp negligible when compared to the Johnson noise of these resistances. With very high
impedance transducers the noise current of the amplifier dominates the total circuit noise.

In most applications involving the TLC2201B and TLC2202B operational amplifiers the thermal noise
of the source and/or feedback resistors will be the most important. This is due the TLC2201/2 having
a maximum noise voltage of only lZnV/\/H_x and a noise current of 2.53fA/\/H_z (@25°C), giving it an
effective noise resistance (ratio of noise voltage to noise current) of above 4MQ. This means that only
when dealing with impedances above 4MQ is the effect of the noise current of the TLC2201 going to
be larger than its noise voltage. The offset error that this impedance would create would be 80uV.
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The 3 op amp instrumentation amplifier is a versatile configuration and can be used to yield the best
performance from an op amp; in particular the TLC2201 with its high input impedance, good
common-mode rejection ratio as well as its excellent input and output swings.

Low Noise Differential Amplifier

Total Noise Out, Vnot

-
o

1/f Corner @ 10.2Hz

uv NHz

iy
(=]

ge

vn(2201/2) = 25 uV

vn(2201/2) = 12 uv
vn(20kQ) = 18.1 uV

N— Y
T T L T T 1

1 101\100 1k 10k 100k 1M
33Frequency - Hz

1/ Corner Frequency

Noise Volta
=

0.01

Figure 2.3.05. - Low Noise Differential Amplifier

As in most low noise systems the input stage will have the largest effect on the signal to noise ratio.
Using the TLC2202 in the input stage makes use of its very low noise currents and noise voltages as
well as its very low offset voltage. The common-mode range down to the negative rail adds further
versatility to the application whilst maintaining the accuracy required.

When working out the noise of a system it is best to relate each stage's noise to its input. This will
normally make analysis easier, as both the input signal and the input referred noise will be multiplied
by the op amp's non-inverting gain, 1+ Rf/Rgh, (signals via the inverting input will be multiplied by -
Rf/Rgh). The instrumentation amplifier configuration adds some further complexity to the analysis;
with the input stage sharing a resistor, Rgh, between its two op amps' inverting input terminals. The use
of Rgh is two-fold; A, Rgh provides the instrumentation amplifier with its good common-mode
rejection characteristics, and B, Rgh sets the gain at 14+2Rf/Rgh. With the input stage sharing Rgp
between the two op amps it is easier to consider the thermal noise of Rgp, to be in the form of a current
(4kT/Rgh), which adds to the noise current of each op amp's inverting input.
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The sources of noise for both input stage op amps will be the same. The non-inverting input will
exhibit the noise voltage, vy, of the op amp itself, in addition will be the thermal noise of the source
resistor, 4kTRg, and the noise generated by the noise current, ip, through Rg. These voltages are
uncorrelated and will therefore RMS sum together. Due to the virtual short across the op amps' inputs
(the very high open loop gain forces the two inputs together) the noise voltage at the non-inverting
input will appear at the inverting input. This means that the total noise on the non-inverting input will
be multiplied by the inverting gain of the opposing op amp in the input stage. So the noise generated on
the non-inverting input, vpj4, of each op amp will be:-

Viois = ‘/vn_» +4KTR + 1 :R.

The noise current on the inverting input will flow through the feedback resistor, Rf, creating a noise
voltage at each op amp's output, which sums together with the thermal noise voltage of Rf. The noise
current on the inverting input will be the noise current of the device plus the thermal noise current of
Rgh- As this noise voltage is at the output of the op amp (just as the bias current error is added to the
output of the op amp), referring it to the non-inverting input entails dividing it by the non-inverting
gain. The resultant is the noise generated by a resistance equivalent to Rgp in parallel with Rf. This
extra source generates further non-inverting input referred noise. However it will not appear at the
inverting input, as the noise is actually being generated at the output.

Therefore the total noise voltage referred to the input, vpri(1), of amplifier Al will be the noise
generated at the non-inverting input summed with the noise due to the parallel combination of feedback
resistor, Rf, and shunt resistor, Rgh. Therefore:-

2
.2 Ry # Rgy Re * Ron
vori = Voisay )™ * | oo |+ 4KT| =
nri(1) \fnml) n(h) [ Ry, +R; Rgh + Ry
and the input referred voltage, vnpri(2), of amplifier A2 will be:-
2
. 2 R¢ * Ry ) R *Rn
Vi = Voiroy T |5 | * 4KT| =
nri(2) ‘/ ni+(2) n(2) [ Ry, +R; Ry, +R¢

The third amplifier will have a similar equation except that Rg will be replaced with %2 R and
RshRf/(Rgh+Rf) will be replaced with Y2 R, yielding:

Vori(3) = \/7[1(3): + 2%4KT(R|) + 2 * inz* (‘/le)2

The output of Al (and for A2) will be vpri(1) (vuri(2)) multiplied by the non-inverting gains RMS
summed with vnj4(2) (vpj+(7)) multiplied by its inverting gain. Assuming all op amps have the same
worst case noise voltages and currents, the output noise voltage, Vno(1) of Al will be:-

2 2
R 2 R ;2
Vno(l) = P+ — | s Vo™ 2 Ve
Rsh Rsh

Op amp A2 will have a similar output noise voltage. The third op amp A3 will multiply the noise
voltages from Al and A2 by its inverting gain. It will RMS sum these together with its own noise
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voltage (which is multiplied by its own non-inverting gain), yielding a total output noise voltage, Vnot,

of:-
2 2
R¢ Ry
Vnot = 2*[] + ) *vﬁri++2*[ ! ] *v%i++2*vﬁm3)
Rsh Rsh

To maximise noise rejection, the gain of the first stage will normally be large while the gain of the last
stage will be small (frequently, as here, unity to minimise any common-mode errors), and so reducing
the effect of the final stage's noise. Using bipolar input op amps in the final stage will have a greater
effect on the noise level due to their much larger noise currents. These larger noise currents place a
compromise on the limit on the range of values for A3's source resistors, smaller source resistors
generate less noise voltages, but load the input stage op amps' outputs introducing distortion.

With Rp=20k€2, Rgh=200Q2, R =20k, R¢=20kQ the non-inverting gain of the input stage will be 101
and the inverting gain will be 100. These values coupled with the TLC2201B/2B's maximum noise

voltage of lZnV/\/Hz (guaranteed at 1kHz) and noise current of 2.53fA/\/Hz ( calculated for 1kHz)
the following values are achieved.

For Al and A2

Vii+ = 21.7nV/\)Hz Vori = 21.8nV/\’Hz
Vio = 3. lOpV/\/Hz
and for A3 Vi = 21 .7nV/\’Hz

The resulting output noise voltage, Vpor, spectral density for the TLC2201/2 instrumentation amplifier
will be:-

Vnot = 439}1\// \l Hz.
Referring this vaiue to the input (dividing by the signal g
voltage of 21.8nV/\’Hz. This value is dominated by the thermal noise of the source resistor, with a low
noise bipolar op amp the noise would be dominated by the noise current of the device. So when
interfacing to high impedances the TLC2201/2 provides a very low noise and a highly accurate
solution.

3.6.TL.C2272/4 Dual and Quad Rail-to-Rail Op Amps

Most op amps will have been designed to work in either single rail or dual rail applications. This will
normally limit the common-mode input range and the output voltage swing.

Bifet op amps have been designed for dual supply rails and hence their outputs cannot swing to either
rail, while their inputs can only typically swing to the positive rail. High performance bipolar op amps
have been designed for dual supply applications, and so will not normally allow their inputs or outputs
to go to either rail. Most single supply op amps have had their inputs and outputs designed so that they
can swing to ground. This is at the expense of their outputs being able to sink and source current.

To get over the problems of output swing the TLC2272 and TLC2274 use a push-pull output stage.
The push-pull output stage enables the TLC2272/4 to swing within millivolts of both rails while
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sinking and sourcing current. This capability enables the device to work in both single supply
applications (operating in Class A) and dual supply applications (operating in Class AB). This is very
important when providing signal conditioning for A-D converters, normal single supply op amps have
their outputs clipped 1 V from the positive supply, which reduces the dynamic range of the A-D
converter by 20%.

TLC2272/4 Dual and Quad Rail-Rail Op Amps

Specified for SINGLE and DUAL Suppy Operation!

e Output Swing Includes Both
Supply Rails

v
>
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\
N\
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lo= 50 A ,
o I//
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Figure 2.3.06. - TLC2272/4 Dual and Quad Rail-Rail Op Amps

The wide output swing and low input offset errors Vigp <1 mV and Ijg = I pA (Typ), make it suitable
for high impedance transducer interfacing. Its capability for use in these applications is enhanced by its
_low noise specification.

All fhese features give it one huge advantage over other general purpose CMOS amplifiers.

3.7.Measure Piezo A.C. Signals with Charge Amplifier

3.7.1. Piezo Transducer Interfaces

When interfacing op amps to piezo transducers. two basic modes are employed; Voltage mode or
Charge mode. Both principles require an op amp with very high input impedance and low bias current,
which limits the choice to JFET or CMOS input op amps. The dynamic range of such interfaces to
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piezo transducers that exhibits ac signals is usually limited by the noise produced by the op amp. The
TLC2201 and TLC2272 are Advanced LinCMOS op amps that challenge the input noise of the very
best JFET input op amps and are simultaneously capable of operation from low supply voltages.

Measure Piezo AC Signals with Charge Amplifier

Low Noise Accelerometer Amplifier
Charge Amplifier Gain Stage 10 Hz to 10 kHz Bandpass Filter

182
R3 C
8 ET—1 nF TL

TLC2272

Cc2272
+5V

Accelerometer Sensor
Qg = ACgx Vg
=S5;xa
1 pC/ms2
Acceleration (ms-2)

Measuring Ranges:- =
1.8 mms-2 to 35 ms-2

Sa
a

All resistor values in kQ
unless otherwise stated.

Figure 2.3.07. - Measure Piezo AC Signals with Charge Amplifier

Voltage mode operation requires that the op amp is placed very close to the sensor as parasitic load
capacitance on the sensor output will change its sensitivity. A cable between the sensor and the op amp
will not only attenuate the sensor's output - but variations in the cable capacitance due to mechanical
influence easily modulates the desired signal. When voltage mode configuration is used, the amplifier
is usually encapsulated together with the sensor such as in electric microphones.

Charge mode operation is widely used, primarily because the influence from any shunt capacitance
across the sensor is eliminated. Consequently, the length of a connected cable will not influence the
sensitivity but affect only the maximum bandwidth of the measuring system.

3.7.2. Accelerometer Application

The illustrated application converts an acceleration input, a, measured by a piezo electric acceleration
sensor and conditioned by an accelerometer amplifier, to an output voltage, Vgyt, proportional with the
sensed acceleration. The circuit provides a wide dynamic range thanks to the very low input noise and
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rail-to-rail output swing of the Advanced LinCMOS op amps. TLC220! and TLC2272 used.
Additionally, the entire circuit operates from +5V supplies, ensuring overall low power consumption.

The accelerometer amplifier consist of three sections, a charge amplifier that converts the sensor output
charge to a voltage, a gain stage and a 10Hz to 10kHz bandpass filter, which limits the amplifier's noise
bandwidth.

If an accelerometer sensor with a sensitivity of lpC/ms'2 is employed, a maximum full scale rms
acceleration of 35ms=2, or approximately 36g can be measured. The lowest acceleration that can be
detected is determined by the charge amplifier's noise. Assuming typical system noise with a minimum
of 5dB S/N ratio, vibration or acceleration levels down to |.7mms 2 corresponding to 0.17mg are
theoretical measurable.

Sensor

The equivalent electrical model of a piezo electric acceleration sensor can be thought of as a voltage
source, Vg, in series with a small sensor capacitor, Cg. Variations in capacitance due to physical
deformation will cause charge, q, to be dumped into the charge amplifiers summing junction.
Characteristic parameters for such a sensor are the sensitivity, S, and the sensor capacitance, Cg.Their
relationship to the produced charge, qy, is given by:

qy = ACg*# Vg = S, #a; where a= acceleration ;

The sensor (B&K type 4384) used in this application has the following typical parameter values:
S, = 1pC/ms 2 and Cg = InF.

Charge Amplifier

The purpose of the charge amplifier is to transform the high output impedance of the acceleration
sensor and amplify its relatively weak signal. A basic charge amplifier consists of a high gain
operational amplifier with a feedback capacitor. When charge is dumped into the amplifier's summing
junction from the sensor, the amplifier manipulates its output voltage to maintain the charge in the
feedback capacitor equal to the charge dumped into the input, so that the voltage in the summing
junction tends to be at null. For the actual application, A is acting as charge amplifier and C| is the
feedback capacitor. Ignoring the effect from Ry, C2 and the 100€2 input resistor, the transfer function
from acceleration input to A|'s output voltage, Eg] becomes:

Byl = - S Saya «m Bl Sa )

"Clz_Cl‘ a _CI:
By insertion of actual component and parameter values, (1) becomes:

E 1 52
Eop | 1pG/ms= = -10mV/ms2

a = 100pF » @

If higher vibration or acceleration levels than 36g have to be measured, C{ can be increased to reduce
the gain of the charge amplifier.

A large feedback resistor, Ry, provides a leakage path for Aj's input bias current and prevents the op
amp's output from being driven into saturation. As R| together with C| forms a highpass filter with a
3 dB frequency, fo = 1/(2n R1C|) = 1.59 Hz: the value of R| needs to be vary large if low frequencies
are of interest. The exceptional large value of 1 GQ is chosen because the effect of its thermal noise
decreases as R increases. This is discussed in the noise evaluation section. An upper limit of Ry is
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given by the offset produced when A|'s input bias current passes through it. With TLC2201's 100 pA
maximum input bias current over temperature, a worst case offset of (1GQ * 100 pA) = 100 mV is
generated. However, as the maximum signal output from A1 is only 500mV peak, no limitations on the
op amp's output swing follows. To prevent swing limitations on the succeeding gain stage, the charge
amplifier's output is ac coupled.

To avoid A|'s input bias current from contributing to the charging of Cy, a dc blocking capacitor C7 is
placed between the very high impedance ac summing junction and the op amp's inverting input
terminal. The effect of C2 on the transfer function can be ignored with the value chosen. A 100Q
resistor in series with the charge amplifier's input provides some protection, when the sensor is
disconnected. A lowpass filter is formed together with C{ but at frequencies beyond interest. Thermal
noise from 100 will not affect the overall accelerometer amplifier's noise performance.

Charge amplifiers very high input impedance require carefully layout, PCB cleaning and guarding. The
summing junction would benefit from Teflon stands. Both capacitors should be of a low leakage type
such as polypropylene, polystyrene or Teflon.

3.7.3. Gain Stage

A simple non-inverting gain stage is implemented by one half of a low noise TLC2272 op amp to boost
the charge amplifier's output voltage five fold. Additionally, the gain stage around A7 allows for +10%
gain adjustment with P| to accommodate variations in the sensitivity of the sensor. The gain should be
adjusted to yield an overall accelerometer amplifier output voltage, Voyt, of 100 mV/ms 2. Thermal
noise from the potential voltage divider, does not contribute to the total system noise.

TLC2272's output stage features rail-to-rail output swing with the load impedance provided.

Filter

Following the gain stage is a 10 Hz to 10 kHz bandpass filter, implemented around the second half of
TLC2272. The purpose of this filter is to remove low frequency excess noise and limit the upper noise
bandwidth. In fact, the bandpass filter consists of a combined 2nd order 10 Hz highpass and 2nd order
10 kHz lowpass filters with Butterworth characteristics. Design of this filter section assumes no mutual
interaction between the two filter sections. This is only possible because the cut off frequencies are so
far apart and that an impedance level has be chosen to minimise interaction.

Design details of the filter are trivial and only covered briefly. Assumptions: ®qgyp = 1/(21 * 10 Hz),
Ogp = 1/(2m * 10 kHz), a midband gain of two and a 2nd order maximum flat or Butterworth Q

factor, Q = ]/\ﬁ. The transfer function, H(s), can then be shown to be given by:
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139

H(s) =
s | I I I
S| ——+—— - —
R,C;  R4Cy R3C; ) R3R,CiC,
14_—‘7,
. RsReCsCo 3)
5 I I I |
s+ + - s+
2 2
His) = S x o 4)

2> @ 2 > ® )
s7 + f%'ffwm(),_[p 5° +—%B» S+OHp

Comparing (3) and (4) yield the following design equations and component values:

Highpass: Choose C3=C4= C=100nF;
1 1
6+ 6’1+ 8
Ry = 0o C = 182.1kQ = [82kQ (E96 value) ;
4 1
R4 = . C : = 139.1kQ = 140kQ (E96 value) ;
'oHP 48+
Q Q
Lowpass: Choose C5 = Cg = C = InF,;
1
Rg = QugLpC = 22.51kQ = 22.6kQ (E96 value)
1
Rs5 = 7“2— = 11.25kQ = 11.3kQ (E96 value) ;
Re™ OoLp

3.7.4. Why use Advanced LinCMOS TLC2201 and TLC2272 Op Amps?

The charge amplifier requires a CMOS or JFET input op amp with very low input voltage and noise
current. In addition, the input bias current should be as low as possible to avoid excess offset that limits
the dynamic range.

For the gain stage and filter section, a relatively low voltage and current input noise is still required.
But more important is the low distortion rail-to-rail output swing providing output voltage levels, that
easily interface to a connected sample & hold plus a/d converter circuitry.

If these essential needs are added to the demand for low cost, low power and low supply operation
(£5V), the TLC2201 and TLC2272 are about the only op amps available meeting these requirements.
For even higher performance the TLC2272 could be replaced by the TLC2202.

3.7.5. Noise Considerations

If a multi-stage amplifier is constructed such, that the input noise of the first stage multiplied with its
gain is larger that the input noise of the succeeding stage etc., the first stage will dominate the noise of
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the total multi-stage amplifier. Following this principle, the charge amplifier's gain has been chosen to
produce an output noise, Ep. significantly higher than the input noise of the gain stage. Consequently,
the noise evaluation is focused on the noise produced by the charge amplifier in the bandwidth limited
by the filter section. Wideband noise generated by A3, (which is only limited by its falling open loop
gain), is low and can be ignored.

Three sources dominates the output noise from the charge amplifier:

U ey, input noise voltage density from A, TLC2201: (e, = 8 nVA[Hz typical)

. I, input noise current density from A}, TLC2201 ; (i, = 0.6 I‘A/\/Hz)

. Rj. thermal noise density generated by Ry (1 G€), and equal to \/4kTRl R

Where k = 1.38 * 10723 J/K (Boltzmann's constant; and T =298 K (absolute temperature @ 25°C).

Assuming that the charge amplifier's input is shorted by the sensor's characteristic capacitance, Cg, and
that Cy and the 100 Q input resistor does not influence the noise, the charge amplifiers output noise
density, E(s), is given by:

] 2 1 1 2
2 Riles ) |2 20, 1 0¥ cp'cs
Exs) = [ 14——L || e +i (Rl == =) + 4KTR, ,
n T n s Cys RN
Cgs l+C|s Cgs
2 2
_ R,(C1+Cgs+\ 2.2( \ ( 1
En(“)‘“n( RiCys+1 )" Rl\RlC s+1) PRTRIR G s+

The total rms noise measured on the charge amplifiers output can now be calculated from:

[+00
En(rms) = fIEn(j27t f)Izd(f) o s=jo=j2nf

-00

L2 . .
To simplify this task, we will analyse the three components of En(s) , and determine which dominate

in the frequency band of interest.

2 2 2 2 o
En(s) = Een(s) + Ein(s) + ERl(s). s=jo=j2nf =>
E_2n 2 = [E_ (2nHI2 + E. 2r D2 + IE, (2r )12 ;
n en in R

E (5) = e (&LCﬁ_Cs&u);
Cn n

e, generated noise: RiCys+1
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2 =
B, (201 = ¢,

|
Zero frequency: f,opy = m = (.14Hz

- 1 _ .
Pole frequency: fpole = WRCp 1.59Hz

Noise: f << f o€y = 8nV/'\/Hz (typical)

. Cq .
Noise; f >> fpole:en(l +(—:T) = 88nVA[Hz (typical)

. . oo ).
i, generated noise: Eei(s) = R](RICI ot 1) ;

lEei(ﬂn Hl = i R]

. . _r )
Pole frequency: tpole = WMRCy 1.59Hz

Noise; f << fpole3in R = 6()()nV/\/Hz (typical)

o o e (— )
K1 generated noise: Rl(S) = kR]C] S+ 1)

B, (127 0l = VAKT R

. 1
Pole frequency: fpole = m = 1.59Hz;

Noise; f << fiyoe: \4KTR| = 4.1pVA[Hz;

Clearly, the current and thermal generated noise dominates at very low frequencies. The amplitude of
the current generated noise, |Ej,(j2n f)l, is reduced by -20dB/decade above fpole- Consequently, it has
shrunken to the same level as the amplitude of the voltage generated noise, |E¢,(j27 I, at:
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i Ry L i _ 6000V o .
CL+Cs 2mR|C; ~ 2me, (C; +Cy) ~ ssny * 199Hz = 108Hz:

€h C]

Current generated noise has therefore no effect on the total noise in the 10Hz to 10KHz frequency band
at 25°C. Note that the 10.8Hz frequency remains constant with changes in RJ.

Similarly, the amplitude of the thermal generated noise, IER(j27 f)l, equals the amplitude of the
voltage generated noise, [Eep(j27 f)l, at:

\J4kTR 1 4KT 4.1uV
L =1 /_l? ' By 1 59Hz = 74Hz:

C1+Cs 2nR|Cy 2me, (Cp+Cg) ~ 88nV
n Cl

€

Consequently, thermal generated noise as well as current generated noise has little or insignificant
effect on the total noise in the 10Hz to 10kHz frequency band. Note that the 74Hz frequency decreases
proportionally with increasing value of \/R_l The interesting point about Ry is, that the current
generated noise in the frequency range considered is unaffected and that a higher value reduces the
thermal noise!

The conducted noise analysis clearly shows, that the charge amplifier's output noise density in the
frequency range of interest is totally dominated by the noise voltage, [Eeq(j2n D)l generated by the
TLC2201 op amp's input noise voltage, e,,. Calculating the total rms noise, |E,(rms)l, on the output of
the charge amplifier now becomes a simple task, as |[Ee,(j27 f)l is constant from 10Hz to 10kHz.
Integration of the noise density over the frequency band of interest can now be accomplished with a
simple multiplication, yielding:

E(rms)| = \/ IE, (j2r f)i2 * Noise Bandwidth :
n

Where IEVe (2w )l is equal to IEe (G2n )l for 10Hz < f < 10kHz. Inserting numbers gives:
n n

IE(rms)l = \/188nVA/Hz2 * (10kHz-10Hz) * .11 = 9.27uV rms;

Re-arranging the transfer function (1) for the charge amplifier can now be used to determine the
corresponding input accelerations, ay:

_ Ep(rms) B 9.27uV _ .
ap = S, C = lpC/ms‘2 100pF = 0.927mms < ;

Assuming a minimum 5dB S/N ratio, the typical lowest theoretical acceleration, ap;, that can be
measured is given by:

SNR

5
Apmin =2, %10 720 = 0.927 mms 2+ 10/20 = 1.65mms™ =0.17mg acceleration :

min

However, these figures are reduced somewhat if a worst case calculation is performed. The major
additional noise comes from:
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. Worst case TLC2201A noise voltage is 50% higher and equal to lZnV/\/Hz. which raises the
flat noise floor.

. Worst case TLC2201 noise current over temperature is much higher than the typical 0.6fA @
25°C, as it tends to double for every 10°C temperature increase. This temperature dependent
effect results in an increasing low frequency noise with increasing temperature.

. Thermal noise from the feedback resistor increases with the square root of the temperature
again adding to the low frequency noise.

. Noise sources from the succeeding gain op amp and filter contribute slightly to the total noise
with the component values and gain chosen.

3.8.TLE2037 and TLE2237 - High Speed Op Amps

The TLE2037 and TLE2237 are among the most recent op amps to be developed and fabricated using
the Excalibur technology. These devices have been optimised for precision and high speed
performance. They include a novel output stage that features a 'Saturation Recovery Circuit' which
enables much improved small signal response and outstanding levels of distortion.

Precision - The parameters of most importance in a precision application are; Offset Voltage, Drift,
Bias Currents and Open Loop Gain. The TLE2037A, single op amp, has a maximum offset voltage of
only 25uV and a maximum offset voltage drift of 1pV/°C and 1pV/month. While the TLE22237, dual
op amp) has an offset voltage of 100 pV, with similar offset voltage drifts to that of the TLE2037..
Both devices have bias current cancellation circuitry to reduce bias currents to typically 15 nA enabling
larger external resistors without impacting overall dc accuracy.

An outstanding parameter of both devices is their open loop gain. Avd; - at 153dB, it is probably the
highest in the world! The resulting improvement in the op amps circuits 'loop-gain' causes an increase
in overall performance - everything from offset voltage, input impedance and distortion are improved.

AC Performance - The TLE2037 and TLE2237 are decompensated versions of the TLE2027 and
TLE2237 respectively. Both should be used with a minimum closed loop gain, Acl, of 5. but the gain
bandwidth product for the TLE2037 is 76 MHz and 50 MHz for the TLE2237, (compared with
15MHz and for the TLE2027). Slew Rates for the TLE2037 and TLE2237 are 7.5 V/ps and 5 V/us
respectively.

Low Distortion - Linked to an increase in ac performance both devices feature a Saturation Recovery
Circuit which improves the small signal response and enables the device to be used at much higher
frequencies with increased output swings - see figure 2.3.09 A further advantage is the extremely low
levels of distortion even when driving loads as low as 600, (see figure 2.3.10) which has enabled the
device to be used in low noise applications such as Audio systems.

Low Noise - A large input stage, and clever design and layout techniques has given the device an
extremely low noise voltage specification - 3.3nV/A/Hz at 10Hz, and 2.5nV/\sz at 1kHz. This is an
obvious further benefit to precision measurement systems and audio applications.

Applications - The excellent ac performance and low noise makes the devices ideally suited to Audio
and Telecom applications. whilst the low offsets and excellent overall precision has enabled the parts to
be used in Instrumentation. Measurement and Test equipment.
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TLE2037 and TLE2237 - High Speed Op Amps

Low Noise, High Speed and Precision

® Low Noise Voltage; Large-Signal
3.3nVi/Hz@ 10 Hz Differential Voltage Amplification
25nVi/Hz@ 1 kHz
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TLE2237 ........ 50 MHz

120

Low Input Offset Voltage;
TLE2037A ........ 25 uV max

TLE2237 ........ 100 vV

-
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™
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45 V/uV or 153 dBl!!
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(=}

Output Features Low Distortion and
Saturation Recovery

Figure 2.3.08. - TLE2037 and TLE2237 - High Speed Op Amps

3.9.Distortion Measurements

Figure 2.3.09 compares the 'Total Harmonic Distortion + Noise' of 3 different op amps, over
frequency, whilst driving 100 k€2 and 600 Q loads.

The three amplifiers highlighted in the graphs (the NE5534, OP37 and TLE2037) are all bipolar
designs and have been chosen because of their specified low levels of noise and distortion. These
graphs highlight the superior performance of the TLE2037 Excalibur op amp.

The THD of an amplifier is dependent upon many parameters, specifically the open loop gain,
bandwidth, slew rate, load and the input signal magnitude. The circuit used to compare these three
amplifiers emphasises many of these points. A non-inverting gain of 40dB has been chosen to highlight
the importance of the loop-gain of the op amp. To ensure that noise does not conceal the THD of the op
amps a 22kHz noise filter has been introduced - this explains the shape of all curves at high
frequencies. This frequency is, however, wide enough to highlight any problems due to slew rate
limiting.

Loop gain, AP, ( approximately the difference between the open loop and closed loop gain curves) is a
crucial factor in low distortion circuits. This, combined with the obviously low levels of noise for
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bipolar op amps, explains why CMOS or Bifet designs suffer from relatively poor distortion compared
to bipolar. The TLE2037 has a typical open loop gain of 153dB (45 million!) and so distortion is
significantly reduced. Slew rate is another crucial factor in low distortion circuits as at high frequencies
and high gains an op amp may not be capable of operating without clipping or distorting the output
signal.

TLE2037 Distortion Measurements
Total Harmonic Distortion + Noise Vs Frequency

! R, =6000hm R_=100kohm
' T NI A
- 0003 | ;‘1”1‘ ' }.\f M 0pPa7 \‘H 3 i
® FOPS7 ® P Al |
;‘ foil Al
. [T ' [l P .
[ = | 111 o . “ ‘ ".‘ 1 |
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a == a
o
2 F v £
= o =
TLE2037
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f - Frequency Hz f - Frequency Hz
A, =100 y Measured on Audio
\b = 20V Pk-Pk { Precison Distortion
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Figure 2.3.09. - TLE2037 Distortion Measurements

The second graph, examines how a load affects an op amps distortion. The impedance used in these
measurements is 600 Q and it shows that the OP-37 device is really not suited for applications with
loads as heavy as this. What the graph does highlight is the outstanding performance the TLE2037, it
has significantly better distortion than its competitor, the OP-37 and also outshines the NE5534.

The TLE2037 is therefore an ideal op amp in applications driving high impedance nodes and can be
used for driving cables as well as multiple paralleled loads. The overall low distortion of this part also
makes it particularly useful in audio applications including microphone pre-amps, filters and
equalisation circuits.
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3.10. Saturation Recovery

In conventional OP-27 type amplifiers the output voltage remains predictable only if it stays within the
Vom (maximum Vout) specification. If an input signal is applied which tries to force the output voltage
beyond the Vg limit, the output may not respond correctly to subsequent input signals until after a
given amount of time has passed. This time is the "Output Saturation Recovery Time".

TLE2037 Saturation Recovery
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Figure 2.3.10. - TLE2037 Saturation Recovery

There are three things that can cause the OP-27 type amplifiers to exhibit output saturation recovery
problems. First, in some of the amplifiers, the final common emitter gain stage is allowed to be driven
heavily into saturation. the excess base charge built up on the device can only be removed via a high
value pull down resistor. Therefore a finite time must pass before enough charge is removed to assume
normal operation.

Secondly, the current sources in the class AB output stage are also allowed to saturate. These are not
driven as heavily into saturation, but they still take a finite amount of time to recover.

Thirdly, and perhaps most importantly, the bias generator for the entire circuit can be disturbed from its
equilibrium point when the output stage current sources saturate. If disturbed enough, the bias circuit
can shut off completely until the start-up circuit engages. If this happens the entire circuit loses power
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and the output signals will not become valid again until the bias generator recovers from its
equilibrium point. This results in a huge output saturation recovery time.

In the TLE2027/37 and TLE2227/37 devices, special circuitry has been added to keep the final gain
stage and the output stage current sources out of saturation. Therefore, no saturation recovery time is
needed enabling the devices to continue to operate in their normal, stable and predictable manner.

3.11. High Performance Low Noise Pre-Amp

A system requiring the ultimate in ac performance is audio hi-fi, CD Players, with a dynamic range
exceeding 90 dB, are pushing the performance of amplifiers to new levels.

Phonographic recording/replay is still the standard for many good hi-fi and they require the ultimate in
high performance amplifiers. The TLE2037 with an open-loop gain of 153 dB, an offset of 25 uV and
an 80 MHz gain-bandwidth product of 76 MHz is an excellent choice in audio applications. The low
distortion and excellent output saturation recovery, discussed earlier, endorse the TLE2037s audio
capabilities.

High Performance Low Noise Pre-Amp
High Gain Bandwidth Product and Low Noise Make The TLE2037

Best in Class
15V
GAIN Vs Frequency
T 100 nF
v 60 —-Bode-_;’-a—,—\-g-—_g__g_..‘c__!.
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Figure 2.3.11. - High Performance Low Noise Pre-Amp

Record equalisation circuits illustrate the importance of high gain and wide bandwidth in an ac
application. The RIAA specification defines the characteristic of the phono replay pre-amplifier, and
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takes into account, the frequency response of magnetic pick-ups. The pre-amp must match and cancel
out the pick-ups response. The result is roll-offs at 50 Hz and 2120 Hz with a zero at 500 Hz. The
circuit incorporates a low frequency pole and a corresponding zero at 20 Hz to remove rumble and low
frequency effects.

For a gain of 1000, the op amp needs a large gain-bandwidth product to remove any gain error. The
chosen op amp, TLE2037, has a loop-gain in excess of 40 dB at 20 kHz. Equally as important to low
distortion is the device's 100 kHz full power bandwidth.

To achieve these levels the op amp has been decompensated. This means, as described in section 3.7
of signal conditioning, that the compensation capacitor has been reduced to allow faster slew rates and
higher bandwidth. However, the decompensated op amp should only be used with closed loop gains of
greater than 5, preserving the AP phase margin. Therefore, the high frequency gain of the circuit has
been designed to flatten out with a gain of 5. This is done by introducing a zero at 40 kHz.

The types of components used must also be considered. The circuit has been purposely configured so
as not to require the use of noisy, low performance electrolytic capacitors.

Polypropylene capacitors with their very low tan 8, give very good performance and have been used
throughout, except for the lowest frequency zero where polycarbonate capacitors have been used.

The resistors used are all metal film, giving high precision and low flicker noise. They are readily
available in E96 series values and hence provide a cheap and accurate solution to the pre-amp's
requirements.

3.12. High Speed Single Ended to Differential Converter

Differential lines are quite frequently used in professional audio systems. The differential signal will
often be used to drive the output stage increasing the available output power when using class AB
output stages. However most transducers and pre-amps will only produce single ended signals (they
will, however, be stereo; left and right).

So in order to produce the differential signal a high performance single ended to differential converter
is required. This converter can also be used to introduce gain into the system.

A single ended-input, differential-output converter can be constructed by parallel coupling of two
differential input amplifiers, and a high speed buffer amplifier. However, the single ended-input,
differential-output converter shown in figure 2.3.12 is more than just two cross coupled differential
input amplifiers - the circuits unique configuration is widely used in professional audio applications.
The cross coupled feedback approach ensures that the output of the differential line driver looks
exactly like a transformer. Either output can be shorted to ground without changing the circuit gain of
20dB, This enables the converter to be set for inverting, non-inverting or differential operation. The
configuration even allows the device to drive unbalanced load, like a true transformer.

3.12.1. TLE2237 and TLE2027 Op Amps

Similar circuits can be implemented with several different amplifiers, all of which must be capable of
driving low impedance loads over the speech or audio frequency range. However if low distortion is to
be maintained a large loop-gain must be maintained over the required bandwidth.
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Normal unity-gain stable op amps have their bandwidth reduced to ensure stability at unity gain.
However if the application requires some gain adding to the system, the true speed of the op amp has
been wasted. This where de-compensated op amps come into their element. The TLE2237 is not unity
gain stable, but is stable (with a healthy phase margin) for gains greater than 5 and this provides it with
a factor of 4 improvement over the TLE2227. An even greater improvement can be attained with using
two TLE2037s in place of the TLE2237.

High Speed Single Ended to Differential Converter

12kQ R,

ouT-
TLE2027
IN 10 kQ
1.2kQ
Ry
-0 OUT+

Figure 2.3.12. - High Speed Single Ended to Differential Converter

In order maintain low distortion the excess loop-gain, over the required bandwidth, about the op amp
must be kept above 100. The TLE2237, with its 50 MHz bandwidth, at a gain of 10 maintains this level
of loop-gain up to 50 kHz, which is well above the audio frequency range. The TLE2227 would only
be able to maintain this up to 13 kHz, which clearly shows the benefit of the TLE2237 when used with
gains above 5.

The TLE2027 configured as a unity gain buffer keeps its loop-gain above 100 for frequencies up to
150 kHz.
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3.12.2. Design Details

Ignoring the influence of R, R |, R}5, R 3and R4 on the differential output voltage, Voyt (assuming
ideal op amps), the voltage transfer function of the circuit can be derived from:

R R R R
Vour =  VIN : 1+—2 |+ Vout- —3 1+ =2
R3+Rj; Rg R3+Rj5 R
R, R4 Ry
Voul- = -ViN R_7 + Vours m[l +E‘
Rs Ry Ry
Vourr ~ Vou- = VlN[m[l +—§;J—[-§—7
R R R
+ out ! ]+‘9— "Vout+ ! 1 —‘i .......... (])
R3;+R; Rg R7+Rg R,

Assuming R; =Ry =R; =R, and Rs = Ry =Ry =R4. Cross multiplying and cancelling out yields:-

R
2VIN —Ri+ (Vout- - VuuH)
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S
=
zZ
=
S

out+ = Vout-
If one of the differential outputs nodes - say Vgyt- is loaded heavily to ground by an unbalanced load
or even shorted to ground, the opposite output amplificr senses the decrease in Vgye-'s output voltage
and compensates by boosting its own output, Vqy+. The sense feedback ensures that the gain remains
as given by (2).

In order to ensure that one output can drive the total output swing, when the other is shorted, the output
swing under normal balanced load conditions must be held below half the maximum swing. With an
input signal, Vip = 2Vpp, the output swing, Vo = ZOVpp. This level can easily be sustained by one op
amp if the other 's output is shorted to ground.

3.13. TLE2082 Dual High Speed Bifet Op Amp

The latest member of Texas Instruments' vast family of Bifets is the TLE2082. This is a high speed,
low noise dual Bifet. In common with all the most recent releases of Texas Instruments' Bifets the
TLE2082 is constructed using the Excalibur technology.

Texas Instruments was one of the first semiconductor manufacturers to supply Bifets (Fairchild were
the first with their 100 mV offset offering). One of Texas Instruments' great strengths in their Linear
product range is its family of Bifets. In the mid-eighties, this was reinforced by the introduction of the
TLO030s and TLO50s. The derivation of Excalibur Texas Instruments, has enabled to continue this long
history in Bifet op amps with the TLE2060s, and now the TLE2080s.

The TLE2082 has been developed to meet the higher requirements of today's new applications. This
covers audio applications as well as high speed control applications. The strength of all Bifets is their
very high slew rate. The TLE2082 has taken this a stage further with its 10 MHz unity gain bandwidth
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and large 40 V/us slew rate. The specifications are further added to by its low noise voltage of 13.7
nVAJHz making it ideal for high speed low noise transducer interface.

TLE2082 Dual High Speed Bifet

High Speed and Low Distortion

e HIGH-GAIN BANDWIDTH PRODUCT 1
...... 10 MHz Q
8 0\0 . Jd-
g ) J /l P,
® HIGH UNITY GAIN SLEW RATE S § OVEA-100 1= 6000 o ——pA
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Figure 2.3.13. - TLE2082 Dual High Speed Bifet

The very low Total Harmonic Distortion (THD) figures make it ideal for audio applications, replacing
the TLO50s and TLO70s which had become standard members in many high performance audio
systems.

The low noise and high speed make the TLE2082 well suited to industrial control applications. The
high slew rate is equally well matched by its very fast settling time. The TLE2082 takes just 400 ns to
settle within 10 mV of its final state value for a 10 V, and just 1.5 ps to within 1 mV.

With audio and control applications in mind, the TLE2082 was designed to have a large output current
drive capability, exceeding that of the TLE2060s and the TLE2037. This is realised in a minimum
output current capability of +30 mA, enabling the device to drive long cables, and even some heavy
and demanding audio loads.
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3.14. Fast Logarithmic Converter

The TLE2082 was designed for high speed applications which require high stability or high drive
capability. Another application well suited to the TLE2082 is a Log Amplifier.

A log amplifier exploits the logarithmic dependence of Vgg on Ic, and produces an output voltage
equal to the logarithm of the input voltage.

Fast Logarithmic Converter

1.8uF

Vout =
-1.0V/ decade

Figure 2.3.14. - Fast Logarithmic Converter

The basis of a log converter is an op amp configured as

Rs an inverter that has a NPN transistor as its feedback

loop. This results in the input being converted into a

current via the source resistor, Rg. The input current

Vin Vout then flows through the transistor's collector causing the
base-emitter voltage to change with the input voltage.

The base of the transistor is tied to ground so the output
will be I base emitter voltage below ground.
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Assuming the op amp has a virtual short between its inputs, the collector current will be:

\Y
I = e Neglecting I}z
RS
4Ver
kT
But IC = Isse .................................................................. V() = —VBE

| kT \Y
Vo = - *—*Log[———-—lNJ
Log€ ¢ Rslss

The logarithmic relationship between the output voltage and the input voltage can clearly be seen. The
temperature effects can also be seen, first of all in the kT/q factor, but also in [gg.Igg has a negative co-
efficient while kT/q has a positive co-efficient. These normally react to give Vg its normal negative
temperature co-efficient. This is where the subtleties of log amplifiers come into play.

Figure 2.3.14 shows one way of overcoming some of the temperature drift problems of the log
amplifier. This is very similar to the fundamental log amplifier shown earlier except that two very
accurately matched transistors are used, instead of just one transistor. Another difference is that the
TLE2082 is driving the base of the second transistor (ignoring resistors Ry and R;), placing both
transistors within the feedback loop. The output of op amp Al will be the base-emitter drop of Q2
minus the base-emitter drop of QI, this fact will be exploited to reduce the temperature effects.

Once again, the input voltage will be converted into current by Rg, this current flows into the collector
of QI, causing its emitter to drop by 59 mV/decade of collector current. The emitter of Q2 is
connected to the emitter Q1.

The LT1009 and the virtual earth of op amp A2 set up a fixed current source of 100 uA. This is used to
bias Transistor Q2 setting up a constant Vg (at any fixed temperature). Transistors Q1 and Q2 are part
of highly matched transistor pair, which share the silicon and so should be at the same junction
temperature. This also means that they should have the same Igg.

The Vggy of Q1 will be as follows:-

1 Vv
Vpp = *E*Log(i]

Loge q R S I SS

While Vg of Q2 will be:

VBE2 - —]_xﬂ*Loglc_z
Log€ q Iss

The voltage at the output of the TLE2082 is Vgg,-VgEg|. and so subtracting Vg from Vgp, gives:-

I Vin
! *E*Logg_—l *E*Log IN
Log€ ¢ Iss Log€ ¢ Rglgs

Vie2-VBEI
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| | v
A)E q S slgs
kT Rgles
= L KT, Log| —>€2
Log€ ¢ Vin
1 kT Vv
Or Veea-Veer = TR L%(R IIN J
og- g slea

By using two similar transistors, the effects of Igg has been cancelled out, the effect of kT/q has not.
The effect of it, however, can be cancelled by using a ptc (positive thermal co-efficient) resistor for R2.

k \
At25°C VeerVpe = —0.059*—T*Log[¢)
q Rslea

Setting Rg = 10k and Iy = 100 pA, Rg*l = 1 V. The output of op amp Al would be Vgg, -
VBE|. but in order to achieve an output of 1 V per decade of input voltage, potential divider R and R,
is added. Placing the potential divider between the output and the base of the second transistor
increases the gain and is also used to cancel out the temperature drift effects of kT/g, by R.

In order to achieve an output to input ratio of 1 V/decade, a potential divider of approximately 1/16.9 is
required, this is best achieved by using a 15.8 kQ resistor for Ry and a 1.0 k2 for R,.

The PTC resistor must be a temperature measurement and control type, and not a temperature sensitive
switching type. One suitable resistor is a Tel labs type Q81, which has a temperature co-efficient of
+0.3%/°C.

Feedback capacitors must be included around the op amps to ensure stability, as for each op amp, the
transistors are adding gain within their feedback loop. For added protection, a diode could be added
across transistor QI to protect it from being destroyed should negative input be applied to the op amp's
input.

The offset of the TLE2082 can be nulled out by an additional op amp, A3, which either adds/subtracts
current to/from Iy.

The TLE2082 is well suited to this application because of its very low noise, and its very low bias
currents. The log amp can typically deal with currents varying from 1 nA to 10 mA, or over 7 decades.
Amplifier A3 can be used to see the zero output voltage point. When dealing with the higher levels of
current, it is important that op amp A1 should not go into current limit, the TLE2082 can supply more
than 30 mA and so there is not any possibility of this occurring.

3.15. Precision Peak Detector
3.15.1. Basic Peak Detector

Peak detectors measure the maximum value of a fluctuating voltage. A basic peak detector consists of
an ideal diode through which a capacitor is charged to a voltage equal to the peak input voltage. As
long as the peak input voltage is higher than the stored voltage on the capacitor, the diode conducts and
charges the capacitor. When the input voltage decreases, the diode turns off, and the maximum input
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peak voltage is stored on the capacitor. To measure a new and lower peak value, the peak-hold circuit
must be reset by a switch discharging the capacitor. If defined slopes of the peak detector are required,
a resistor in series with the capacitor limits the charge current, and a bleed resistor across the capacitor
ensures a defined discharge rate.

A near ideal diode with no voltage drop is implemented using a real diode in the feedback loop of an
op amp. To avoid unwanted discharge of the capacitor from loading, this is normally buffered with an
op amp with low input bias current.

3.15.2. Improved Peak Detector

The shown low droop precision positive peak detector uses a TLE2082A dual JFET-input op amp to
achieve very low dc errors and good holding characteristics. A bootstrapped diode circuit prolongs the
holding time. The reset circuit is provided with a simple 5V logic interface. With A configured as a
non-inverting follower peak detector, this circuit stores the input voltage's positive peak across C3. A2
buffers the output. Note that leakage of the buffer op amp input, charging diode Jj, discharging switch
J2, and storage capacitor C3, are all potential problem areas when accurate peak voltage levels have to
be stored for long time periods.

Precision Peak Detector

1/2|TLE2082A
+15V

01 =

100pF
A% Va

2N3906

Figure 2.3.15. - Precision Peak Detector
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3.15.3. Circuit Features

The actual circuit includes several features that minimise such leakage. J1 is a low leakage 2N4118 n-
channel JFET, that serves as a diode. Its small leakage is further reduced by minimising the voltage
across it; i.e. C3 charges through D7 and J1, but because R3 provides J| with a bootstrapped version of
C3's voltage, only D) sees a reverse voltage, maintaining the voltage across J| at the millivolt level
resulting from D7's leakage current through R3. As the discharge switch's leakage current also
represents a main leakage path for C3 an n-channel JFET device with a low leakage off-state and low
on-state impedance is selected for J7. The storage capacitor needs to be a low leakage type with a low
dielectric absorption specification to prevent recovery errors in the stored voltage. Polystyrene,
polypropylene or Teflon are the most suitable dielectrics for this application. The above features used
to reduce the leakage of C3 place the majority of the leakage to come from the buffer op amp's input
bias current. TLE2082A has a max. input bias current of 200pA at 25°C. For a 2.2nF capacitor, this
leakage level leads to a maximum output voltage decay error given by:
dv 1 leakage

— = ——— =91 pV/ms
dt C}

Because of the overall feedback loop, the circuit achieves a high dc accuracy. A2's offset and drift
errors are servoed out in the peak sample period but do appear in the peak-hold mode. E.g. A}
determines the peak output offset error in the acquisition period and Ap in the hold mode.
Consequently, dc precision op amps are required for both A] and A2. As a dual op amp is more likely
to have a closer offset matching, the output error due to offset shift between the peak sample and peak
hold mode is reduced. TLE2082A has a typical offset voltage of 650 uV 25°C.

3.15.4. Design Details

The circuit has an inherent potential to detect unwanted transient peaks, which simply lock out
subsequent desired peaks. This characteristic justifies a low-pass filter formed by R} and C| to remove
fast erroneous glitches on the input. The chosen time constant, R1C| = 220ns should not have a major
impact on the peak detector’s speed. The rate of the voitage rise across C3 is either,

I o
1 __(@:nf.x (where Imax is A]'s short-circuit output current) or,
2 The slew rate of A1,

whichever is smaller. With TLE2082A's 40mA typical short-circuit current and C3 = 2.2nF a
maximum voltage rise of,

HOmA _18.2V/ps

2.2nF
can be calculated. This is well below the op amp's specified 40 V/us slew rate, and so the op amp's
slew rate exceeds that set by the capacitor. A high value of C3 minimises error due to parasitic leakage.
Diode D| clamps the output voltage of Aj to (Vip - VD7) to improve speed and to limit the reverse
bias voltage of D). If Dy is conducting under negative input conditions, R2 ensures that the voltage
value held on the capacitor C3 is still present on the output of the peak detector. To ensure correct and
stable operation, the maximum input frequency should be much lower than,
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1
2nR3Cpy°

where CD is the shunt capacitance of D). If required, a capacitor can be placed across A| to optimise
stability due to the load effect of C3. Adjust this capacitor for minimum settling time. The circuit can
be modified to capture negative peak values by reversing D1, D7 and substituting p-channel JFETs for
J1 and J. These alterations need, however, a modified reset circuit.

3.16. High Q Tuned Notch Filter Removes Hum
3.16.1. What is a Hum Notch Filter?

A frequent problem when measuring signals from sensors is the presence of 50 Hz or 60 Hz mains hum
in the signal. In severe cases the interference can completely obliterate the signal of interest. When
different signal conditioning amplifiers with high common mode rejection ratios fail to solve the
problem or where they are not used, filter techniques are often employed.

High Q Tuned Notch Filterﬁemoves Hum

39nFllc

60Hz: 681k
50Hz: 816k

681k
AllRand C 816k
are 1%

components

o ==

A &B = TLE2082

® | OWPOWER - 6.8 mW
® GOOD AC PERFORMANCE
® JFET INPUT - Allows High Inpedance Levels

Figure 2.3.16. - High Q Tuned Notch Filter Removes Hum

A Notch or Band-Stop filter in the signal path - tuned to the hum frequency - effectively reduces or
eliminates SOHz or 60Hz interference. Such a filter must have a linear phase response outside the notch
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region to avoid distortion of the desired signal. This is particularly important where ac-signals, such as
electrophysiological parameters are measured. The shown high-Q tuned active notch filter
implementation uses two dual Excalibur Bifet op amps, the TLE2082, and has a minimum phase
distortion.

3.16.2. Basic Hum Notch Filter

Traditional, simple band-stop filters using only a single op amp configured for a parallel-T Notch Filter
have the following disadvantages:

1. Even accurate components, say 1%, still give a worst case variation in the notch frequency of
a few percent. This variation from the ideal frequency, combined with a deep notch with high-Q,
easily results in a filter which is not tuned for the right frequency at the deepest part of the notch.
Ageing and temperature drift of filter components cause similar problems. If the notch frequency
differs - say 2-3% from the theoretical value - due to component tolerances lower hum rejection can be
expected. A maximum attenuation of 20-30 times compared with the desired signal can be achieved
nearly independent of the chosen Q value for the notch filter.

2. Trimming of the filter's notch frequency to match the hum frequency is not a trivial task with
a simple parallel-T active notch filter as the notch frequency and filter Q usually interact.

3.16.3. High-Q Tuned Hum Notch Filter

The shown Bridged-T active notch filter configuration overcomes problem 1. and 2. It features
independent tuning of the notch frequency, fhotch and the notch depth Qpotch. Initial trimming of
fnotch with P to match the mains frequency allows the tolerance of the filter determining components
to be ignored. Residual component drift will now only cause minimal shift in the filter's notch
frequency. Assuming 50ppm/°C drift of R and C over a +25°C temperature range gives a minimum
50dB (300 times) hum attenuation compared with the previous discussed 26-30dB (20-30 times) for
the simple parallel-T implementation - a ten fold improvement in terms of hum rejection.

In addition, the filter configuration allows for independent Qpotch tuning with Pp if required.
However, a fixed Q,,,., factor is often desired for simplicity and can be set to a maximum stable value
using a fixed resistor for P2. With the TLO34 in the shown configuration a Q, ., factor in excess of
1000 can be realised corresponding to more than 63dB hum rejection when trimmed exactly to 50Hz or
60Hz respectively.

3.16.4. Filter Design Details
Basic RC Bridged-T Active Notch Filter:

vi— A
nVi —DID——VO

C
| 3qu-2Vi———_r n and g are constants

Using superposition technique the transfer function can be derived as:
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In the actual notch filter shown in this application n and q are implemented as follows:

R, R, . . 1 .
n=(1+ R; ]m:tnotch =fu‘/—n_; o, :Ezzntn .

P| can be used to set 0.95 < n < 1.05 placing a variation in fhoich of +2.5% relative to f, with the
shown component values.
. 1
q = Fractional potentiometer value of P, Qnotch = m
P2 can be used to vary the steepness of the notch. To avoid instability when q = 1, a 27€Q resistor can
be placed in series with P7.

The ratio, r, is chosen to be 2 in this application. If r is exactly 2, a maximum notch depth can be
obtained. A notch depth of 70dB was measured using 1% components for the actual circuit. Ultimately.
the maximum notch depth is determined by the matching of the two resistors, R, the two capacitors, C,
and the op amps open loop gain. If 0 <r <2 a pair of complex conjugated zeros appear. If desired, R5
can be made adjustable, allowing for adjustment of the notch depth. For r> 2 the circuit produces
sinusoidal oscillations at the frequency, fo.

A1 is acting as impedance converter but is really uncommitted - it can be used to provide other sensor
signal conditioning functions as required.

3.17. High Performance Band-Pass Filter

When designing bandpass filters it is quite often easier to convert them into a low pass equivalent. This
then makes it possible to make a lowpass prototype which can then be converted into a prototype
bandpass filter with unity centre frequency. This can then be converted into the required filter.
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The filter here uses a TLE2082 op amp, and makes use of its good unity gain bandwidth and high
stability. The filter is to be a chebyshev filter and have the following specifications:-

Centre frequency fp = 1kHz
Pass Bandwidth BW = 300Hz
Stop Bandwidth SBW = 3000Hz
Pass attenuation  oyax = 1.5dB
Stop attenuation o = 40dB

3.17.1. Chebysheyv Filter

Chebyshev filters have an equal ripple passband frequency response, and a monotonic stopband roll-
off. The location of its poles are based around an ellipse, giving it its equal ripple passband, whereas
the butterworth filter has its poles based around a circle. However the location of their poles for similar
order filters will have the angle from the y-axis in the complex plane.

High Performance Bandpass Filter
Fourth Order Cascaded Delyiannis-Friend Chebyshev Filter

fo 1kHz | f{| 881 Hz Prototype Filter
BW 300Hz| fo| 1135 Hz Ra = Q2 Ca =1/2q
SBW | 3kHz | Q 7.287 2
Rg = Cg =1
o | 40 dB B gg B =1/2q
1.5dB
OMAX Rc = 4Q?
0.1 uF,Cg1 C
126.1 kQ 01 uQ: B2
—1—¢ 20.5 kQ
1.33kQ (0.1 uF Re1 —C ¢
ViN —||— 1.02kQ |0.1uF Rco
Ra1 [ Cai ——1—¢-o|
Re1 L1137 @ Raz ) Caz Ay _>—4-Vour

A, o= TLE2082

Figure 2.3.17. - High Performance Bandpass Filter
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The maximum attenuation in the passband follows Lissajous patterns, giving it the equal ripple. The
transfer function of the Chebyshev filter follows this equation:-

1
l+£2Cﬁ(u))

1}

|To (o)

Where Co(@) = €oS(NECOSTH M) it lo| <1

And n is the order of the filter and € determines the depth of ripple. For values of ® greater than 1 the
cos functions become imaginary or follow cosh functions.

3.17.2. Determining Prototype
The order of filter required can be determined from nomographs or from the following equation:-
1/2
cosh™! [(loa,,,m/l() _ 1)/(10“-m n-_ l)] /
cosh™' (SBW/BW)
cosh (164010 _ ) /(101510 _ ()72
LudIL l\l l,/\l\l l}

v

- = 1.92
cosh™!(3000/300)

This should be rounded up to the nearest whole number, to give 2.

The poles of the prototype filter can either found from filter tables, or found using the following
equations:-

The ripple in the passband is 1.5 dB, resulting in an € of:-
, 1/2
e = [10%/0-1] = 0642

The location of the prototype filter's poles will be at:-

real part X o= osinOpsinha e and
imaginary part Q= cos B cosha
| 180° | 90°
Where a = —sinh 1(—1-) and O, = k 80 e fork =0ton-1
n € n

This set a values for a of 0.613 and 6, of 45°, and 135° which is greater than 90° and is ignored.
This gives the prototype low pass filter the following poles:- -0.46 £ 0.844

3.17.3. Bandpass Prototype

The prototype low pass filter's poles form a complex conjugate pair, and using a complex algorithm,
they will get converted into two further complex conjugate poles.

f
Let q. = e, Where BW is the pass bandwidth
BW
C = 22407 i, 2 and € are the real and imaginary

........................................ parts of the prototype low pass poles
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......................................... Q is the quality factor

......................................................................... of the new filters

Inserting the values for X, Q, f, and BW yields:-

e
D

f02

3.33
0.277
4.05
1.01
1135

foo = Wig Upper centre frequency of new filter

for = LW Lower centre frequency of new filter

C = 0925
E = 408
Q = 729
W o= L3

fpy = 881

So the two second order chebyshev bandpass filters will have their centre frequencies at 1135 Hz and
881 Hz, with a quality factor, Q, of 7.29.

3.17.4. Delyiannis-Friend Bandpass Filter

One accepted way of producing bandpass filters is the Delyiannis-Friend circuit. This circuit can be
considered to consist of an inner differentiator and an outer integrator.

Integrator

Rp

R Ey

Cg
1L
11
C Re
\Y,
| O
Differentiator

[The relationship between V,and Vg is:-
VO = _RCCBSVX
Using Thevenin's Law and superposition the
equation relating Vi to Vi becomes:-
Vo
VIN
(=Y/RpC)s
2 2
s? +(2/RcC)s +1/RpRC

Where Cy =Cg=C
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This means that

1
f = — Q =
0 2nC RDR(‘

R(‘ 2
—< BW =
Rp R(C

| —

This provides the filter with orthogonal tuning: by altering both capacitors together the centre
frequency can varied with altering the Q of the filter. So that resistors R and Ry can be altered to set
the Q or bandwidth of the filter, and then the capacitors can be adjusted to set the centre frequency.

Analysing the actual component values and setting Ry and w, to | yields:-
Re = 4Q° C = Ing

This shows that the gain at the centre frequency is actually equal to 2Q2. To account for this and to
give the circuit unity gain at its centre frequency a potential divider must be placed on its input. In
order to maintain the same relationships between the capacitors and resistors, the potential dividing
resistors must have the following relationship:-

Ry = Q% Rg = Qz

By using orthogonal tuning , the values of the capacitors can be defined, and from these the values for
R,. Rg. and R and be set.

The relationship between the prototype capacitor values and the final filter's values is:-

1

—FC R = ky*R
20Ty 7 kg PROT NEW M™RPROT

CNEW
Setting Cypw to 0.1 pF, defines ky; and so sets Rygyw- Using these factors set the resistor values shown
in figure 2.3.17.

One important thing to bear in mind is the relatively large closed loop gain used about the op amp. If
the device is provide low distortion and gain and signal accuracy over the frequency range chosen then
the device must have a large bandwidth. The effective gain around the op amp is close to 100, and so if
the op amp is maintain low distortion at its centre frequency then it gain bandwidth product needs to be
of the order of 10 MHz. The TLE2082 has a bandwidth of 10 MHz and an equally high slew rate to
match its bandwidth, allowing it to perform to its full without it being the limiting factor in the circuit.

3.18. TLE2061/2/4 and TLE2161 Bifets

The first Excalibur Bifets to be released by Texas Instruments were the TLE2061 family of low. power,
high output drive op amps

The designer's task when developing these products was to produce a family of Bifets with microwatt
power consumption but with the ability to drive heavy resistive and capacitive loads. The result is a
part which typically consumes less than 300pA of supply current but can also deliver in excess of
25mA of output current! The device is guaranteed to drive 100ohm resistive loads and will remain
stable when driving capacitances up to 80nF! A further feature of its excellent output performance is
its relatively low distortion. Even with microampere supply currents, the total harmonic distortion is
0.025%, (Avd=2, f=10kHz, R| =10kQ).
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The excellent output drive has enabled these devices to be used extensively in low power Telecom
circuits - the parts are particularly well suited in the 2 Wire - to - 4 Wire hybrid circuit found in line
card and modem circuits which has a typical impedance of 600£2.

DC wise the TLE2060's also perform outstandingly, the maximum offset voltage for the TLE2061B is
500pV, with a specified Vio drift of 0.005uV/month and 6uV/°C.

Although achieving a very respectable 2.1MHz bandwidth and a 3.4V/us slew rate, a decompensated
version, the TLE2161 is also available to satisfy the more demanding ac requirements.

TLE2061/2/4 and TLE2161 Bifets

Low Power and Still Packs a Punch !

T OUTPUT DRIVE
@ uPOWER OPERATION BIFET OUTPU
- 320 uA/channel Max > B Vee=+/-15V
8121 % TLE206X
® HiGH OUTPUT DRIVE CAPABILITY g R
-25mAMininto 100ohmload & “T N 1L07X
- >100 Q Resistive Load § 6+ : S
- <80 nF Capacitive Load 5 N
2 37 : TLOBX ~
3 . N
® EXCELLENT AC PERFORMANCE © o 0 1'0 20 30 20

- 6.6 MHz Bandwidth (TLE2161)

- 3.4 V/us Slewrate (TLE206X)
- 10 V/us Slewrate (TLE2161)

Figure 2.3.18. - TLE2061/2/4 and TLE2161 Bifets

Targeted initially at low power Telecom equipment these versatile devices are finding applications in a
number of other systems. Power supplies are making use of their high common mode input range,
audio systems from its ac performance and standard low power instrumentation and filter circuits are
benefiting from the combination of low offset voltages and low bias currents.
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3.19. TLE2064 Dual Supply 2-4 Wire Converter

Driving transmission lines creates extra demands on any operational amplifier. These demands are
clearly shown in an application where the op amp needs to drive a 600€2 transformer coupled telephone

line with the minimum of distortion.

The schematic shown in figure 2.3.19 shows the TLE2064 being used as a differential telephone line
driver. Amplifiers Al and A2 are used to amplify the differential output, OUT+ - OUT-, while A3 is
used for amplifying the received signal. The remaining amplifier, A4, is free to provide other signal
conditioning as required by the system, an audio buffer is one example.

The telephone line is used to carry information in both directions, which minimises cable costs. This
results in the primary of the isolating transformer acting as both input and output to and from the line.
So when the modem is driving the line (via OUT+ and OUT-) some of the signal will be fed back to
the input of the modem, Rin, by amplifier A;. This signal is reduced by the Ry, R2, C| and C)
network: The output of Al is fed to the non-inverting input of A2 and is subtracted from the primary
voltage. Careful choice of R, R2, C1 and C2 minimises any signal from the output of the modem
being fed to Rin.

TLE2064 Dual Supply 2-4W Converter
High Output Current enatlaqles the TLE2064 to drive 100 Q loads
3

T

LOAD =
100 - 600 Q

Figure 2.3.19. - TLE2064 Dual Supply 2-4W Converter
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To maximise the drive to the line, it is driven differentially. A, acts as a differential to single ended
amplifier. A, is configured as an inverting amplifier thus producing an inverted version of the output of
A. As the system is duplex the output impedance of A; and A, must match the impedance of the line
and transformer. However, in order to achieve low distortion the output impedance of A, and A, must
be low. The TLE2064 was designed for applications requiring such a high drive capability and at the
same time a low quiescent power consumption. The TLE2064 is capable of operating from +22V down
to £3.5V, and when driving a 1002 load from a +5V supply has a guaranteed minimum output swing
of £2.5V. It provides this output with a very low level of distortion.

Any distortion produced by the op amp will be sent down the telephone line via the transformer and
will also be fedback to the receiver at Rin. The limited bandwidth of the transtformer’ will help to
reduce some of the distortion sent down the line, but it cannot reduce the distortion fedback to Rin. The
distortion fedback to Rin is difficult to counteract, thus decreasing the quality of the telephone system.

To match the line's impedance, the TLE2064 has to have a series resistor R5 on its output. R§ will form
a potential divider with the winding resistances of the transformer and the line impedance. Over the
frequency range of interest. the matching transformer will add phase shift to the output to the line. So
the choice of R, R2, C| and C3 should take this potential division and phase shifting into account.
Looking from the line the impedance seen will be the winding resistances in series with R5, and so Rg
should equal the line impedance minus the winding resistances:-

Ry = Zline - (fp +1g) v where rg + rp are the primary and
.................................................... secondary winding resistances
....................................................................... of the transformer

The actual impedance of the telephone line can vary enormously from the typical 600€2. ranging from
1200€2 down to 100€2. The line impedance is greatly affected by the position of the 2 - 4 wire converter
in the system, this will greatly affect the gain of Al and the values of Rg, R]. R2, C| and C3. In this
application, assuming ideal impedance of the line, the low output impedance of the TLE2064 means
that the series resistor, R5, will need to be around 510€2, (rg + rp = 100€2).

3.19.1. Echo Cancellation

Any signal from the output of the modem fedback to the input of the modem can appear as an annoying
echo. If this annoying echo is to be removed then the signal from A; and A, that is applied to the line
must be removed from the output of A;. This is normally done by feeding a proportion of the total
output to the line back to the non-inverting input of A;. This is done via resistors and parallel
capacitors R1, R2, Cp and C3.

The absolute voltage at the non-inverting input of A5 is given by:-

Vi 0s Z, +V,_ Z,
Z,+7Z, Z,+7Z,
_ ZZ—ZI
*Z,+Z,

Where Z, and Z, are the equivalent impedances of Ryand C, and R, and C, respectively. And V,
and Vy_ are the non-inverting and inverting outputs of the differential line driver.

The voltage on the transformer just after Rs, V| , is equal to:-
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r_\_+rp+ZL

R
VL = V. +V,_ .
Ri+r+1,+Z, Ri+r+r,+7Z,
r+r,+Z, —-R;

= _— Where Z]  is the line impedance
T Ro+r 41, +Z,

Amplifier Ay subtracts V| and V_ from one another, via different inverting and non-inverting gains. So
the voltage at Rin equals:-

v~ v [Re*Ry\Z,-2, R, \n+r,+Z, —R;
Kin “U R, )Z,+Z, “\R,)R+1+1,+2,

Letting Rg = 18 kQ, and R, = 36 k{2, sets a receiver gain of -2. A value of 18 k€ reduces any effects of
Rs and Z; on the gain of A;. With a line impedance of 600 €2, and rHy = 100 €, and R5 =510 Q, the
output voltage of A5 simplifies to:-

— 700 —
Ve = V|3 Z,-27 9 00-510
Z,+7Z, 510+700
The ideal value forth output of A3 in this case would zero, this makes:-
?’Zz—Zl _ 2700—510
Z,+Z,  510+700
Z, = 25_22
401

This sets the resistor ratios for R| and R,. The values for capacitors heavily depend on the frequency
response of the line and transformer, and can be best determined via tests. If the frequency
characteristics of the line and transformer are known then the reactive component of the line
impedance, Z; , should be taken into account, and this can be used to determine the values for C| and
C,.

3.20. TLE2141/2/4 - High Speed Single Supply Op Amps

The TLE214X family of operational amplifiers use Excalibur's high speed PNPs to enable it to achieve
extremely high speed - it is probably the Worlds fastest single supply op amp! It combines a number
of features which make it particularly well suited to high speed, precision applications particularly in
control loops for system or process monitoring.

High Speed

The TLE214X uses a double PNP input stage which enables it to operate from a single supply (i.e. its
common mode input range includes ground). This technique has, in the past, limited the ac
performance operational amplifiers - but by using Excalibur's high speed vertical PNPs and a patented
input stage, the device has outstanding ac performance. The typical and symmetrical slew rate for the
TLE214X is 45 V/ps (30 V/us min) and its settling time to 0.01% is typically only 400ns. These two
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parameters combined with a Gain-Bandwidth Product of 5.9MHz highlight just why this device is so
well suited to control type applications. It should be noted that the TLE214X is internally compensated.

Low Noise

Another parameter which one does not normally associate with a single supply, PNP input, operational
amplifier is low noise. The TLE214X, however, has a noise voltage specification of 15nVAJHz at
10Hz and, in the audio band, of 10.5nV/\/ﬁz at 1kHz. This combined with the excellent ac
performance and resulting low distortion makes the devices particularly well suited to some hi-fi audio
applications.

Output Drive

The NPN output stage has been designed to swing almost Rail to Rail (V¢e- +0.3 V to Veey - 1.8 V)
without inducing phase reversal, and will happily drive 10 nF capacitive loads. When this is combined
with the 20mA (min) short circuit output current, then the device is extremely well suited to driving
heavy loads such as long cables or for use in 4-20mA current loops.

TLE2141/2/4 - High Speed Single Supply Op Amps
One of the WORLD'S FASTEST Single Supply Op Amps  go\y Rate

® High Speed: vs
SR = 30 V/us min 50 } ‘Lo‘vad C‘apacjltan‘ce -
UGBW = 5.9 MHz ; e
Vo(pk-pk) = 400 kHz @ £15V)  $ 40 7 - ‘\ —

® Fast Settling Time: © 30 A\
340nsto 0.1% 5 A
400 ns to0 0.01% 3 20 \

® [ ow Noise: & » il PRSI
10 Hz.....15 nV/VHz & 10|
1kHz.....10.5 nV//Hz L SR

® | ow Offsets: 00 ] ; " ] 10
500 uV (max) ' C, - Load Capacitance - nF

. , Vce = +/-15V
All from Single or Dual Supplies

Figure 2.3.20. - TLE2141/2/4 - High Speed Single Supply Op Amps
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Precision

This special design also exhibits an improved sensitivity to IC component mismatches that is evident
by a 500 uV offset voltage and 1.7 pV/°C typical drift. The device also has the common mode and
power supply rejection ratios set at a minimum of 85dB and 90dB respectively.

Applications

These wide range of features make the device extremely well suited to a number of different
applications. High speed and fast settling time, combined with precision makes the device an ideal
choice in fast actuator/positioning drivers or other control loop applications as well as performance
audio systems. The accuracy, single supply operation (with rail to rail output) and low noise makes the
TLE214X particularly suitable for instrumentation and measuring equipment.

The device can also be configured as a compactor - both inputs can be maintained at Vcc+/- without
damage and the typical open loop propagation delay with TTL inputs is 200ns.

3.21. TLE2144 Single Supply 2-4 Wire Converter

Driving transmission lines creates extra demands on any operational amplifier. These demands are
clearly shown in an application where the op amp needs to drive a 6002 transformer coupled telephone
line with the minimum of distortion. This is made even more complicated when only one supply is
available.

The schematic shown in figure 2.3.21 shows the TLE2144 being used as a differential telephone line
driver. Amplifiers A and A, are used to amplify the differential output, OUT+ - OUT-, while A5 is
used for amplifying the received signal. The remaining amplifier, A, is free to provide other signal
conditioning as required by the system, an audio buffer is one example. The whole operation is made a
little more hazardous due to the fact for maximum symmetrical swing the inputs of Al and A2 must be
referred to half of the supply voltage. There two standard ways of providing half of the supply voltage;
either a resistive potential divider or with a reference diode. Both of these standard ways can be power
hungry due to their compromise between output impedance and current consumption. The best solution
to these is the use of the TLE2425 or TLE2426. The TLE2425 provides a 2.5 V reference while the
TLE2426 halves the voltage across its input pins. The quiescent supply current of both devices is
180 pA while being capable of sourcing 20 mA.

The telephone line is used to carry information in both directions, which minimises cable costs. This
results in the primary of the isolating transformer acting as both input and output to and from the line.
So when the modem is driving the line (via OUT+ and OUT-) some of the signal will be fed back to
the input of the modem, Rin, by amplifier A;. This signal is reduced by the R, Rp, C] and C)
network: The output of Al is fed to the non-inverting input of A2 and is subtracted from the primary
voltage. Careful choice of Ry, Rp, C| and C» minimises any signal from the output of the modem
being fed to Rin.

To maximise the drive to the line, it is driven differentially. A, acts as a differential to single ended
amplifier. A, is configured as an inverting amplifier thus producing an inverted version of the output of
A,. As the system is duplex the output impedance of A and A, must match the impedance of the line
and transformer. However. in order to achieve low distortion the output impedance of A and A, must
be low. The TLE2144 was designed for applications requiring such a high drive capability and at the
same time a low quiescent power consumption. The TLE2144 is capable of operating from 22V down
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to +3.5V, and when driving a 100Q load from a +5V supply has a guaranteed minimum output swing
of £2.5V. It provides this output with a very low level of distortion.

TLE2144 Single Supply 2-4W Converter
High Output Current enat')qles the TLE2144 to drive 100 Q loads
3

LOAD =
100 - 600 Q

Figure 2.3.21. - TLE2144 Single Supply 2-4W Converter

Any distortion produced by the op amp will be sent down the telephone line via the transformer and
will also be fedback to the receiver at Rin. The limited bandwidth of the transformer' will help to
reduce some of the distortion sent down the line, but it cannot reduce the distortion fedback to Rin. The
distortion fedback to Rin is difficult to counteract, thus decreasing the quality of the telephone system.

To match the line's impedance, the TLE2144 has to have a series resistor R5 on its output. R5 will form
a potential divider with the winding resistances of the transformer and the line impedance. Over the
frequency range of interest, the matching transformer will add phase shift to the output to the line. So
the choice of R, R2, C1 and C3 should take this potential division and phase shifting into account.
Looking from the line the impedance seen will be the winding resistances in series with Rs, and so Rg
should equal the line impedance minus the winding resistances:-

Rs = Zline- (rp+15)

where rg + rp are the primary and secondary winding resistances of the transformer
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The actual impedance of the telephone line can vary enormously from the typical 600€2. ranging from
120092 down to 100€2. The line impedance is greatly atfected by the position of the 2 - 4 wire converter
in the system, this will greatly affect the gain of Al and the values of Rs, Ry, R2, Cj and Cp. In this
application, assuming ideal impedance of the line, the low output impedunce of the TLE2144 means
that the series resistor, R5, will need to be around 510€2, (rg + rp = 100€2).

3.21.1. Echo Cancellation

Any signal from the output of the modem fedback to the input of the modem can appear as an annoying
echo. If this annoying echo is to be removed then the signal from A| and A, that is applied to the line
must be removed from the output of Aj. This is normally done by feeding a proportion of the total
output to the line back to the non-inverting input of Aj. This is done via resistors and parallel
capacitors R1, R2, C| and C7.

The absolute voltage at the non-inverting input of As is given by:-

Vi = Vm 22 Vo Zl
Z,+Z, Z,+7Z,
B Z,-Z
- O+ Z|+Zz

Where Z, and Z, are the equivalent impedances of Rjand C, and R, and C, respectively. And V,,
and Vy_are the non-inverting and inverting outputs of the differential line driver.

The voltage on the transformer just after Rs, V/ , is equal to:-

L+r+7Z, R.

VL =V +V,_ :
()+R5+r\+rp+Zl_ © Ri+r+r,+7Z,
r+r,+7Z, —R;

0+_—"—'—"_ .........

Where Z[_ is the line impedance
Ri+r+r,+7Z,

Amplifier A subtracts V| and V, from one another, via different inverting and non-inverting gains. So
the voltage at Rin equals:-

R6+R7)ZZ—Zl v (R7]r\+rp+ZL—R5
O+ 5 .. 5

R, )Z,+Z, °\R, R +r+1+2Z,

vRin = VO+( R
6

6

Letting Rg = 18 kQ, and R, = 36 kQ, sets a receiver gain of -2. A value of 18 k€2 reduces any effects of
Rs and Z; on the gain of A;. With a line impedance of 600 €2, and re+r, = 100 Q, and R5 = 510 , the
output voltage of A, simplifies to:-

Z,-2 '2700—510)

Vein = Vo, 3
Rin °+[ Z,+Z, 5104700

The ideal value forth output of A3 in this case would zero, this makes:-
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32.-2  _ ,700-510
Z,+7, 510+ 700
Z, = 3—25'22
401

This sets the resistor ratios for R, and R,. The values for capacitors heavily depend on the frequency
response of the line and transformer, and can be best determined via tests. If the frequency
characteristics of the line and transformer are known then the reactive component of the line
impedance, Z; , should be taken into account, and this can be used to determine the values for C; and
C2-

3.22. TLE2142/4 High Speed Low-Pass Filter

In the past, most filters were built using LCR networks, this is still true for very high speed
applications. The op amp, is some ways, led to the demise of the passive LCR filter. This mainly due
to op amp active filters not requiring inductors.

TLE2142/4 High Speed Low Pass Filter
TLE2142/4 Gyrators Aid High Speed Inductorless Filters

Ci Rs Rz

C7

FDNR - Frequency Dependent Negative Resistor
GIC - Generalised Impedance Converter

Figure 2.3.22. - TLE2142/4 High Speed Low Pass Filter
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In low frequency applications, the size of inductors and capacitors would be very large. limiting their
use. Op amp active filters, however, can reduce the size of passive components as well as introducing
gain. At high frequencies, the speed of the op amps have always limited the active filter's use. High
speed op amps are over coming this.

Passive LCR filter network design is a highly developed field, with several books published on it.
Despite this, low order filters can be easy to design, by synthesising them in a ladder form it was
relatively easy to build up the filter sequentially. The largest advantage of LCR filters is their very
sharp responses, that is due to the parallel LC resonance. Another advantage is their relative low
sensitivity to variations of component values.

By far their largest problem is the inductor used in them. For most frequencies the inductors will
normally be very large and bulky. These problems are increased by their far from ideal electrical
performance, being lousy due to high serial resistance and magnetic losses.

The development of op amp gyrators has led to some interest in gyrator substituted LCR ladder filters.
A gyrator, quite simply, converts an impedance to its inverse, that is a capacitor to an inductor. By
converting a capacitor into an inductor, the parallel LC resonance can be synthesised without the need
for inductors.

TLE2142 |*

ZA Zg Zp 2

o—eo— ——0

—

TLE2142

+

Generalised Impedance Converter

A gyrator can be made quite easily from the configuration shown above, using two op amps in what
has been called a Generalised Impedance Converter.

Placing another impedance Zg between node 2 and ground, the impedance see looking into node I will
be equal to:

72,27,

Zy =
Z:Zy
Making Z, a capacitor while Z, Z,, Z3 and Zg are resistors, the input impedance looking into node |
will be:

RAR("RE — K SC
/ h D

m

Zy = 7
Ry }/SC

E

Where K, , equals RARCRg/Rpg.
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This has converted the capacitor into a grounded inductor, and is very useful for high pass filters. For
Low pass, band pad and band stop filters, a floating inductor will also be required. The floating
inductor can be synthesised from two GICs back to back. Another way is to use Frequency Dependent
Negative Resistors, FDNRs, denoted by symbol D.

The equation of a second order LCR low pass filter is:-

Where T(s) is the ratio of Vo to Vi. This can be converted to a circuit using FDNRs by dividing the
numerator and denominator by s, the complex angular frequency operator.

This transforms T(s) to:-

l /
/5%

T(s)= T(s) = s—L3C
B+ L+%2C

So converting the resistor to a capacitor, the inductor to a resistor, and the capacitor to a FDNR. The
circuit schematics are shown below.

Ty |
vi R L c== vo i D=— Vo
T =
LCR Lowpass Filter CRD Lowpass Filter
The advantage of this circuit is that the FDNR is referred to ground and only the resistors and

capacitors are floating, The FDNR is made by using the GIC with Z,, Zg, Z and Zp, as described
before, but with a capacitor, Cg, placed between node 1 and ground, using node 2 as the input.

1 1

Ry /éCD %CE

Zyo =T RR.
A*NC

The impedance seen looking into node 2 is:-

Expressing this in angular frequency, jo, this becomes
7 -1
INQ2) =T 2
(2) D2

A negative resistance that decreases with the square frequency. Normalising the component values
gives Rg=R=1 and Cp=Cg=1, R4=D.

The figure above uses two FDNRs to make a fourth order Butterworth Low pass filter, both types of 1
Hz prototype are shown below.

2.117



1993_Linear Design Seminar

1 0.7654

1.8485

Vi 1.84851 0.7654

LCR 4th order Butterworth lowpass filter

0.7654

1.8485

A T,

l 8485 O 7654

CRD 4th order Butterworth lowpass filter

For a 20 kHz 3dB bandwidth, the resistors and FDNRs must be scaled by km, 2120000 (125.7x 103).

Setting all capacitors to 1 nF means that all resistors must be scaled by k:

1

k, = -y = 7958
(2mx20000)(1x1077)

Therefore C{=Cy=C3=C4=C5=Cc=C7=1 nF

T - | (iIOAQ, E9HKO

R, 1 7..958 7.87 Ry 1 7.958 7.87

R; 1.8485 14.71 14.7 Ry 1 7.958 7.87

Rs 1 7.958 7.87 Rg 0.7654 6.091 6.04

R~ 1.8485 14.71 14.7 Rg 0.7654 6.091 6.04
Note: A shunting resistor RSH is in parallel with C; in order to pass through the dc signal.,

Although low pass filters using FDNRs have, in theory, the right transfer functions, in reality, there is a
dc blocking capacitor on the input of the filter. RH shunts this capacitor out at dc, and a high value
quickly makes its effect on the transfer function negligible.

The TLE2142/2 are well suited to this form of filter due to their high output current drive capability

and thate avaallame cealailies,
alu uicli CTACCIICHL Stavllity.

Thic ctohilits, chawe toalf 1 hath tha hich claw rata and
LI b\dUlllly SHUWDS IWOTILL 1T DUUl UIC g SITW 1alc alid

voary omall
vily oSlhall

settling times, whilst driving 500 pF capacitive loads. For greater dc accuracy, the TLE2141 could be

used in place of the TLE2142/4 devices.
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4. Single Supply Considerations

4.1.Power Supply Considerations

When choosing the power supply there are several factors that must be taken in to consideration. One
thing is the dynamic range.

Power Supply Considerations

Dual Supply
Maximum .....................................................................................................
Signal Level A

Singie Supply
Maximum F—-———————— e ——— ——— —p — ———— —

Signal Level Dual Supply Maximum

Dynamic Range Single Supply Maximum

Total Input Dynamic Range

Errors:-
Single Supply - - ———-—-—--———"-"-—--"-""-"——-"—-——-"-¥ - ———— —

Dual Supply e N .

Vio |GBW | lig | S.R. |PSRR [CMRR |Gain Error
Power Supply Related Limits

Figure 2.4.01. - Power Supply Considerations

If the supply voltage is reduced from =15 V down to +5 V, then the available dynamic range has been
reduced by about 80%, which is entirely due to the fact that the available output voltage swing has
been reduced.
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The reduction in power supply will have the greatest effect on devices that have been designed for
operation at =15 V. Reducing the supply voltage will have an impact on the quiescent current of the op
amp. This can affect the whole operation of the op amp due to changes in the operating point of the op
amp.

An op amp designed tor +15 V operation will have been designed for its inputs to stay around 15V
above its negative rail. If the supply voltage is reduced to +5 V. then its input will now be around 2.5 V
above the negative rail, this will subject the op amp to large common-mode and large supply voltage
changes which will impact the offset voltage of the device.

The change in supply voltage and quiescent current can also impact its ac performance:- slew rate and
gain bandwidth product.

It is, therefore, quite often better to choose an op amp designed specifically for 5 V operation rather
than choose an op amp which has very good specifications at +15 V. The device designed for +15V
might not even work at +5 V.

4.2.Power Supply Effects

The curves in figure 2.4.02 show some typical characteristics of op amps as their input voltages are
changes.

4.2.1. Common-Mode Input Voltage Range

The limiting factor on an op amp's in voltage range is when its input stage starts to turn off. This can be
when the current source to the differential input stage cannot provide any more current due to its finite
saturation voltage. Or it can be when the input transistors themselves have been driven so hard that
they have reached their finite saturation voltage. The latter state can quite often cause gain inversion,
because as well as causing the inputs stage to turn off it can cause the next stage to turn off.

The saturation limits of the input stage to an op amp is related to the actual supply voltage, and so as
the supply voltage varies the op amp’s common-mode input range will also track it. There are ways of
overcoming this, and this is particularly relevant for single supply op amps where the inputs must be
capable of swinging down to the negative rail.

4.2.2. Peak Output Voltage Range

There are a number of different output stage configurations. For low distortion and dual rail operation a
class AB output stage is often used. This often results in the output stage being capable of swinging to
within 1.5 V of the supplies. So as the supply voltage varies the maximum output swing will track it.

Single supply op amps will have a different output stage enabling them to swing to the negative rail.
However most of these devices still do a limit on their positive output swing. So even though the
output can swing to ground (negative rail for single supply systems) the positive supply still tracks the
supply voltage with a 1.5 V drop-out.

4.2.3. Supply Current

The biasing circuitry of the op amp will consist of a series of current mirrors, however, these ultimately
be controlled by some resistor and reference. These will have some dependence on the supply voltage
and so some variance in the supply current will be seen as the supply voltage varies. The variance in
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supply current will affect every current mirror and so will affect every parameter of the op amp; dc and
ac.

Power Supply Effects

Common Mode Input Voltage Range Peak Output Voltage Range
5 Vic=Vees Vo = Vocx
et ] %7 ]

) g © O —1=
§ 2 Max. Common Mode @ E | Maximum Peak
s& N, nput Voltage Range Eo N Output Voltage
5% £3
ES NS 33 BN
£ ~ o =S
&) . N
Vcc:Supply Voltage - V Vec+Supply Voltage - V
Differential Gain Supply Current Unity Gain Bandwidth
2 < g
£ ~ HI 5
8 / g 3
= / 3 / £
5 z 3
2 3 AR
£ c
o @ o ] | |
Ve« Supply Voltage - V Vcc+ Supply Voltage - V Vee.Supply Voitage - V

Figure 2.4.02. - Power Supply Effects

4.2.4. Differential Gain

The differential gain of the op amp is heavily dependent on the supply current of the op amp so as the
supply current varies the open loop gain will also vary. Most devices show a positive increase in gain
with supply voltage increase.

4.2.5. Unity Gain Bandwidth

The unity gain bandwidth of an op amp is dependent on the gain of the op amp and on size of
compensation capacitor. As the supply current increase the gain increases, and this will lead to the
bandwidth increasing. As will the slew rate of the device

All these parameters and more are affected by the supply voltage, and so when operating devices
specified for £15 V operation special care must be taken if their supply voltage is reduced.

It is for some these reasons that the single supply op amp was developed.
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4.3.Single or Dual Supply
4.3.1. What makes an op amp single supply

There are a number of fundamental differences between operational amplifiers that have been
developed for either single or dual supply applications. Many design problems are caused by an
engineer using an op amp with the wrong configuration of power supplies. By understanding a few
basic ground rules, often technology related. it is possible to ensure an op amp is always used correctly.
Figure 2.4.03 answers some of these questions.

_ o Single or Dual Supply 77???

\o P

e 07

SINGLE SUPPLY OUTPUT

Output Sources Current.

SINGLE SUPPLY INPUT

Common Mode I/P range
includes Gnd, (PNP or
PMOS input).

Output Swings Down to
Negative Rail.

DUAL SUPPLY OUTPUT

Output Sources AND Sinks Current
without crossover Distortion.

FEEDBACK RESISTOR

In an Inverting Configuration

a Small Feedback Resistor

can Cause Distortion. Output Swings Positive and
Negative to Gnd.

Figure 2.4.03. - Single or Dual Supply?

Transistor Type on Input

A single supply op amp should have a Common Mode input voltage range that includes the negative
supply rail (usually ground) and have an output that also swings very close to this rail.

A Common Mode input range that includes the negative rail can be achieved by using the following
transistor types on the op amp's input; PNPs, 'P-Channel' Mosfets or 'N-Channel' JFETs. Bipolar op
amps can easily be designed with PNPs on the input and therefore single supply performance can be
easily achieved from bipolar technologies. CMOS devices make good single supply op amps because
they use PMOS transistors on the input stage, but Bifets have a problem! 'N-Channel' JFETs exhibit

2.122



Signal Conditioning

very poor stability and high leakage with high drain-gate voltages, and today are rarely used in the
input stage of an op amp. Bifets then, use 'P-Channel' JFETs on the input and are therefore not
developed for single supply applications.

Bifets and bipolar op amps with NPN input stages do, however, have their benefits. They now have a
Common Mode input range that can include, (and in the case of the TLE2061 family actually exceeds)
the positive rail. This is useful in various 'High-Side Monitoring applications’ such as power supply
circuits. NPNs also have the advantage of enabling op amps with lower noise and increased gain and
precision.

Output Stage Design

The second requirement for a single supply op amp is that the output must swing very close to the
negative rail. In the case of CMOS designs this is easily achieved by using NMOS transistors on the
output - developing an output that swings to within a few microvolts of the ground is relatively simple.
In this type of circuit the output has been designed to predominantly source current.

Bifet and bipolar op amps can effectively use the same type of bipolar output stage but developing an
output that swings down to the negative rail using these technologies is not so simple. In op amps such
as the LM324, the output has been designed specifically to source current, and for use in single supply
applications. The typical requirement, however, for the majority of amplifiers designed using bipolar or
Bifet technologies is that they are able to both Sink and Source current - i.e. they are capable of
driving a load that is connected to the mid point of their supplies without crossover distortion. This
feature, when combined with the capability of the output to swing all the way to the negative rail
makes the design of an output stage very complicated. Clever design techniques are therefore needed to
realise true single supply bipolar op amps. Devices such as the TLE2141 and LT1013 are examples of
products that perform well in both situations - they have an output that swings close to the negative rail
and they can also sink and source current.

Other newer bipolar op amps are also often termed single supply amplifiers - their common mode input
range includes ground and their output swings very close to, if not all the way to the negative rail. An
example is the TLE2021 family, these designs are ideally suited to many single supply applications and
are very different to products which have been optimised for dual supply applications only.

Newer CMOS designs are also being developed for use with both single and dual supply rails. Op amps
such as the TLC2201, TLC2272 and TLC2274 are excellent with a single supply, and their output will
swing all the way down to the negative rail. With dual supplies their output will happily sink and
source current, and will swing to within tens of millivolts of each rail without causing distortion.

Figure 2.4.04 shows what errors can occur if an op amp, designed for single supply circuits, is used in a
dual supply configuration.

4.4.Single Supply Characteristics
Figure 2.4.03 put single supply op amps into two categories;
1) Those whose output can source current only

2) Those that can both sink and source current and have been designed to drive a load which is
connected to the mid point of the supplies.

Figure 2.4.04 shows three different output stages.
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Single Supply Characteristics

Typical Single Suppy
Op Amp Crossover
Distortion caused
because its output
has to both sink and
source current.

The Rail-Rail output of
the TLC2272 enables it
to sink and source
current upto the supply
rails without crossover
distortion.

Single Supply Dual Supply Rail-Rail TLC2272
| Outputs T -

Figure 2.4.04. - Single Supply Characteristics

4.4.1. Dual Supply Output

This output has been designed to sink and source current with minimum distortion. This means that the
device has a traditional class AB output swing. It, however, limits its swing to either supply rail to
about 1.5V, as was discussed in 4.2. This due to the fact that the outputs consist of a NPN emitter
follower and a PNP emitter follower.

4.4.2. Single Supply Output

Here the device has been designed to mainly source current. Figure 2.4.04 shows this, the NPN
transistor in the output stage will source all of the current. This enables it to swing very close to
ground. In order to maintain a relatively high performance even for light loads a current load has been
placed on the output. This means that the op amp will still have to source current even if the load is in
the order of megaohms, which help preserve linearity. However this will limit its swing down to the
negative rail.

To allow it to sink current as well as source it, the output stage also includes a PNP transistor. This
output stage will introduce distortion when asked to sink and source current due to the two base emitter
voltage drop between the NPN sourcing current and the PNP sinking current. This causes the cross-
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over distortion shown in figure 4.4.04. It will also introduce output voltage swing limits similar to that
of the dual supply output stage due to the fact that its output now consists of two emitter followers.

4.4.3. Rail-to-Rail Output Stage

The rail-to-rail output stage consists of two common source output FETs, which enables the output
stage to swing very close to both rails. The only limit on how close the output can get to the supply
voltage is determined by the devices output impedance. By using CMOS transistors, when driven into
saturation, the output stage will appear as true resistors. They do not suffer from the usual drop-out
voltage of bipolar output stages. This allows these devices to swing virtually up to the supply voltage
rails with the minimum of distortion due to clipping. This output stage also allows the device to operate
from both single supplies and dual supplies.

The latest op amps available from T.I. to offer this type of output are the TLC2272 and TLC2274
(which have already discussed), and the TLC2801 and TLC2872 high temperature op amps (see
section 2.5)

4.5.Dual Supplies from a Single Supply

Dual Supplies From a Single Supply

@ A 4 — @ Vce
12k l
1m8 1 <
— o1uF287 o)
S 2
3N6- | o
|33nF__4l"' + ;
—

5 3
10 uF
1k 4 -Vout
100yFI+
A 4 -0V

6 LT1054 with TL7702B s LT1054 without TL7702B
4 Vee | 4 Vee __|

e 2 > 2
Q @
5 o £
> > 7

-4 | ] -Vout T -4 out 1+

-6 11 -6 L1

Time Time

Figure 2.4.05. - Dual Supplies From a Single Supply
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The single supply market has increased rapidly over the last few years, due to the introduction of
portable and mobile equipment: such note books and palm top computers. However, some of this
equipment still requires dual supplies for signal conditioning, data conversion and data communication.
This negative supply can be generated by using the LT1054.

4.5.1. LT1054

The LT1054 operates on the switched capacitor technique to obtain the negative output voltage. The
internal switching speed of the LT1054 has been designed to run in the frequency band where voltage
losses are minimum and therefore have the highest possible efficiency. The clock frequency for the
LT1054 is typically 40 kHz.

In LT1054 circuits that use the regulation feature, the external resistor divider can provide enough pull
down to keep the device in shutdown until the output capacitor (Cout) has fully discharged. For most
applications where the LT1054 is run intermittently, this does not present a problem because the
discharge time of the output capacitor is short compared to the off time of the device. In applications
where the device has to start-up before the output capacitor has fully discharged, a restart pulse must be
applied to the FB/SD of the LT1054. the restart signal can be either a pulse of duration longer than 100
us or a logic high.

4.5.2. Feedback resistors R, and R,

R, = R, _VYour 4,
—\%52—40 mV

Let VREF = 25V R

20 k€2,

-5V
R: = 20 kQ* W—*‘— + 1
“';277 —40 mV

1

102.6 kQ

4.5.3. TL7702

The feedback/shutdown of LT1054 (pin 1) can be controlled via the TL7702 supply voltage supervisor.
Due to the power up and power down characteristics of the LT1054, the addition of the TL7702 will
ensure that the output voltage of the LT1054 will be between -5 V +35% at all times. This is
accomplished by setting the reference of the TL7702 to approx. 4.5 V. thus when the supply voltage is
below this threshold voltage. the output open collector of the TL7702 is held low. This in turn will hold
the FB/SD pin low. This places the LT1054 into the shut-down mode. When the LT1054 is in the
shutdown mode. the reference/regulator is turned oft and the switching stops. The quiescent current in
the shutdown mode drops to approximately 100 uA. When the system supply voltage increases above
4.5 V. the output of the TL7702 is driven high (or in this case open circuit) and the LT1054 fires up to
produce the -5 V supply that is required.

A minor modification can be made to the circuit so that the negative rail can be powered up
independently when required. This can be accomplished by connecting the RESIN to a micro
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controller for instance instead of to the positive supply rail. This will then enable the designer to power
up the negative supply rail when required, thus potentially saving on system power.

4.6.High Performance Dual Bifet Op Amp from 5V

There are a lot of applications where it would be nice to have the performance of Bifet operational
amplifiers, but only a single 5V supply is available. The TLE2662 device from T.I. combines a
TLE2062 dual op amp with a charge pump, thereby providing you with a Bifet op amp capable of
operating from a single 5 V supply.

High Performance Dual Bifet Op Amp from 5V

Combination of Excalibur Bifets and Charge-Pump Allow Single
Supply Operation Bifets

® Single Supply Operation With Rail- T ' N ]
Rail Inputs 5 e
2  E—
5
® \jy_ = 0.000 V While Sinking 30 mA § o : I
¥ ‘ , /.
. E 2 //;7_4“ A
Wide Vo Range . . . .. 3.5Vto15V 5§ T |
§ 4 /
® Externally Available 100 mA o 10 20 % 0
Negative Supply Output Current - mA

Figure 2.4.06. - High Performance Dual Bifet Op Amp from 5V

One advantage of most Bifets is that their inputs will typically swing beyond the positive supply
voltage. This has, in the past, made them useful for current sensing applications. By combining the
TLE2062 with a charge pump you can now get an op amp with an effective common mode input range
that includes both applied supply rails.

The inclusion of the charge pump also allows it to sink current beyond the applied negative supply
voltage, that is the output can sink in excess of 30 mA whilst maintaining an output voltage of less than
0V.
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The on-chip charge pump can also be used to supply current, around 100 mA. to other circuitry. This
makes the device well suited to portable systems where board space and weight are of premium
importance.

4.7.Dual Rail operation from Single Supply

Figure 2.4.07 shows an ideal application for the TLE2662. The TLE2662 is being operated from a
single 5 V supply, is therefore supplying its own negative supply. In the mode of operation no direct
feedback is being applied and so to some extent the charge pump is in free or open loop operation. The
regulation of the negative supply could be improved by using feedback. This is covered in more detail
in the application information section of the datasheet on the TLE2662, which is included in the
seminar databook.

Dual Rail Operation from Single Supply
TLE2662 provides the Signal Conditioning and the Negative Rail

5]'0UT | . | CAP-
1N4933 COUT 6| VRer | Charge ~ GND |11 _]__
- b >
7 ()Si I gum - |CAP+ 10
8| VN iFB/SD
== > 1221 8 Shutdown
- }n

Figure 2.4.07. - Dual Rail Operation from Single Supply

The first amplifier of the TLE2662 is used to amplify the output of a ground referred transducer. The
high input impedance of the TLE2662 make it ideal for interfacing to high impedance transducers. In
single supply applications where the sensor is referred to ground half of the output signal could be lost
due to the output being limited to only positive swings.The charge pump included in the TLE2662
allows the op amp's output to swing below ground. making it ideal for interfacing to transducers that
are referenced to ground.
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The second amplifier, of the application, makes use of the TLE2662's reference voltage output, and
level shifts the output voltage of the first amplifier. The second amplifier could, therefore, be used as
the interface to an ADC.

With an increase in single 5 V systems the dual supply capability of the TLE2662, and its increased
output swing capability, can be used to increase the dynamic range available from a single 5 V supply.
Another benefit is that the TLE2662 could be used to supply the negative rail to the rest of the system
requiring a negative rail. It could be used to used to provide the negative rail for an ADC as well as the
ADC's reference.

4.7.1. Charge Pump

The negative output of the charge pump of the TLE2662 is connected to the substrate of the device,
this means that the device can be susceptible to start-up problems if the negative output of the device is
brought above its ground pin. This can quite often happen driving loads that are not directly connected
ground.

One such example is an op amp; no general purpose op amp has a low impedance 0 V connection, so
the charge-pump of the TLE2662 will see the op amp as a load referred to the positive rail. Whether or
not this creates a problem depends on the load the op amp is trying to drive.

One way of removing any likelihood of problem is to use a fast recovery schottky diode to clamp the
output of the charge-pump close to ground during start-up.

4.8.Single Supply Operation

There are applications where operation from a single 5V supply is mandatory. If this is the case,
careful consideration needs to be paid to the voltage at which the inputs of the op amp is biased.

Normal dual supply op amps in an inverting configuration will have their inputs biased around 0 V,
this allows its output to swing symmetrically around 0 V.

However if an op amp operating from a single 5 V supply has its inputs biased around 0V, then
positive input voltages will drive its output into saturating just above 0 V. While negative input
voltages (if possible from the system) will drive the output into its normal positive output swing.

So if an op amp operating from a single supply voltage is to operate properly then its inputs must be
biased at around half of the supply voltage. Figure 2.4.08 shows the effects of biasing the inputs at 0 V
and at half of the supply voltage.
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Single Supply Operation
For Maximum Output the Input Has to be Biassed about Mid-Rail
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Figure 2.4.08. - Single Supply Operation

However whenever biasing the single supply op amp with its input at half of the supply voltage the
loading of the feedback resistors must be taken into account. The feedback resistor will be treated as a
load by the op amp, and if the loading is too great crossover distortion similar to that shown in figure
2.4.04 could be introduced.

4.9.TLE2425/6 - Virtual Ground Generators

The number of systems requiring some form of accurate reference voltage can be quite staggering, one
example was discussed above. Just about all single supply applications require an accurate reference,
which will need to be able to supply varying amounts of current.

It is for those reasons why Texas Instruments developed the TLE2425 and TLE2426 series of
"Analogue Grounds".
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TLE2425/6 - Virtual Ground Generators

"A New Concept In References And Grounds""

100 kQ

® Optimised For Single Supplies 410 40 volts
e s o it TLE2425
Vin

2.5V Precision

® IMPROVED PERFORMANCE Virtual ground

Input Regulation 15 uVNV —
Load Regulation Y7 100 kQ
O/P impedance (DC) ...0.0075Q 410 40 volts
O/P Impedance (10kHz) . . 0.02 Q
Power Consumption ... 850 uW LE24%/6 A
in

Vee/2 Precision
Virtual ground

® REDUCTION IN BOARD SPACE
- 3 pin’LP' or 8 pin 'SO' Package

Figure 2.4.09. - Virtual Ground Generators

The TLE2425 contains an accurate low power 2.5 V reference that is buffered by a low power high
output current capability op amp. This makes it ideal for 5 v supplied applications where either a low
power reference is required, or a low impedance artificial ground is required. The TLE2425 requires
only 170 pA of quiescent current while being capable of sourcing more than 20 mA of output current.
No other integrated circuit can match this performance, and even discrete arrangements find it virtually
impossible to meet the output current to quiescent current ratio, especially when the TLE2425 has been
designed to drive capacitors of up to 100s of micro farads. No op amp can drive these orders or
capacitors over this range without extensive compensation.

The TLE2426 is very similar to the TLE2425 except that it contains a high impedance potential
divider. This provides an "Analogue Ground" equal to half the voltage applied across its IN and
COMMON terminals. This makes it particularly useful when trying to maximise the output swing of
dual supply op amps (see later on for definition of dual supply op amps), whose outputs have not been
designed to swing to either rail, but about the middle of the supplies.

The diagram above shows many different ways of providing the functions that the TLE2425 and
TLE2426 provide in one integrated circuit.
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4.10. Unbalanced Power Supply Correction

The TLE2426 can introduce great benefits when used as an analogue ground in an unbalanced supply
system.

Unbalanced Power Supply Correction
TLE2426 Reduces Supply Related Errors

® The TLE2426 acts as an analogue
ground sinking/sourcing upto 20 mA.

+

® Referring input and output to
analogue ground increases output
swing capability.

Rg= 2 kQ
Re= 20 kQ
R =10 kQ
V= 750 mv

WITH TLE2426 WITHOUT TLE2426

Figure 2.4.10. - Unbalanced Power Supply Correction

All op amps are 5 terminal devices; the positive and negative (ground) supply pins, the two outputs
and the output. The op amp itself has no ground pin and therefore has no direct relation to the system
ground, but only to half of the total supply voltage. Most op amps have been designed for their inputs
to work in the middle of the supplies, hence their database parameters tested and specified at mid-
supply. So when operating op amps with unbalanced supplies, the actual specified performance can
differ from what is actually achieved in the application. Typical errors seen will be increased common-
mode errors, loss of symmetry in output swing or even clipping.

The TLE2426 by halving the total power supply, can be used as a half supply analogue ground.
Referring both the inputs and loads to this ground reduces the common mode errors as well as the loss
of symmetry in output swing.

An unbalanced supply will have one supply greater than the other, in the figure shown below the
. positive supply is a 5 V while the negative supply is at -12 V. This means that any op amp connected to
these supplies whose input is referred to ground will have a much greater negative output swing than
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on the positive. This can quite easily lead to clipping on positive excursions of the wave form, as
shown in figure 2.4.10.

The use of TLE2426 in providing a true low impedance ground, allows both the inputs and outputs of
the op amp to be referred to the new ground, and provide a symmetrical un-distorted wave form.

A potential divider could have been used to bias one or both of the inputs, which requires ac. coupling,
but the input signal generator and output load would still be connected to ground. The loading of the
op amp would still be unbalanced, with the positive excursions going up to 4 V and the negative
excursions going down to -11 V, resulting in the op amp having to supply approximately 3 times the
current to negative swings than positive swings. This itself can lead to distortion when driving heavier
loads. The TLE2082 is specified to drive a minimum of 30 mA, resulting in this having little effect on
its performance.

The TLE2426 can have further applications with dual supply rails where the application might call for
isolation from other grounds.

4.11. TLE2425 Current Source

TLE2425 Current Source

More Than 3 Decade Current Source

® QUTPUT CURRENT PROGRAMMED

OVER 1000 TO 1 RANGE i l0= Vrgf = 2.500
"R R
. FPINITRDIAMMAMACN DDCAIQIANL. R lo = 25“A TO 20 mA
T UNITNNVIVICEY TNEVIOIVIN.- TLE2425 [:
-0.75% ACURACY
- 70 PPM/°C TEMP Co.
(R = METAL FILM, 0.25%) ]
® HIGH OUTPUT VOLTAGE SWING 1
-11Vto0V =

TLE2425 : Enables precision and wide ouptut current range

TLC271 : CMIR includes GND low power consumption

Figure 2.4.10a. - TLE2425 Current Source
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Due to is versatility, the applications of the TLE2425 are numerous. Although being ideal for
maximising the performance of single rail 5 V applications, its accuracy and high output current make
it well suited to function as a high performance current source.

The usual principles of making a current source are to fix a voltage across a resistor and either mirror
that current or to buffer it. This can have problems in referencing the current source and finding op
amps that can deliver the currents sometimes required.

The diagram above shows one simple way of doing this. The TLE2425 with its accurate reference and
high output drive capability greatly simplifies the design.

The minimum drop-out voltage of the TLE2425 is 1.5 V placing the maximum voltage on the out of
the TLE2425 at 13.5 V. This means that the maximum voltage on the common terminal of the
TLE2425 will be 11 V. The feedback loop around the op amp means that the voltage at the inputs of
the op amp will also be at 11 V.

The common mode input voltage range (VCMIR) of the TLC271 extends from ground up to 1.5 V
from the positive supply. Which means for a 15 V, the voltage swing of the current source is well
within the common mode input range of the TLC271. To minimise the quiescent current of the whole
current source, the TLC271 has its bias select pin (8) tied to the positive rail.

The accuracy of the system is limited by the accuracy of resistor, and by the input offset voltage of the
TLC271 which will also be effected by its common mode rejection ratio. Both of the limitations due to
the TLC271 could be improved by using the TLE2021, this, however, would limit the lower voltage
range of the current source.

4.12. TLC2272Single Supply Sensor Interface

The increase in use of electronics in the automotive industry has brought about the need for single
supply op amps, capable of operating from a +5V supply. The TLC2272 was designed for these
applications, using a PMOS input stage gives the common-mode range down ground, while a push-pull
CMOS output stage gives it an output swing includes both rails.

This application below, utilises all these features: interfacing to a piezoelectric pressure sensor used to
sense knocking in an internal combustion engine. The first op amp is in a non-inverting configuration,
making use of its high input impedance and its common-mode range down to the negative rail.

The piezoelectric sensor is an ac sensor and can be modelled by a voltage source in series with a
capacitor. The sensor can be considered as working in two modes one as a sensors which produces
charge or as a sensor which produces ac voltages. In this application the TLC2272 is amplifying the
voltage produced by the sensor.

Interfacing to the sensor is a | MQ resistor and a calibrating capacitor. this capacitor can be used to
alter the high pass cut-off frequency of the sensor as well as affecting its gain. The shunt resistor is
included to provide both a current path for any bias currents of the op amp and to provide a current
path for any current flowing out of the sensor. In order not to load the sensor this shunt resistor needs
to have a large resistance. and for this reason, the TLC2272 is ideal. No bipolar op amp has a high
enough input impedance and more importantly, low enough bias currents to be able to interface with
these resistors.
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The first op amp acts as the sensor interface, and also doubles as a wideband filter amplifying the input
signal plus filtering out signals which are not of interest. The second op amp in the TLC2272 is
connected in a Delyiannis-Friend configuration producing a band pass filter, which is used to filter out
all other signals.

TLC2272 Single Supply Sensor Interface
5V- —

1nF

q =V*C =21pC/g

V 4=24mV/g
p 2
5
24 eV Ge (A ENGINE "KNOCKING®

Vi
(mV/g

0.1

200 500 1k 2k 5k 10k20k 200 500 1 1 k 2
Frequency - Hz Frequency - Hz Frequency - Hz

Figure 2.4.11. - TLC2272 Single Supply Sensor Interface

The advantages of this circuit is that all the filter's key parameters can be designed and decided
sequentially, simplifying the design process. The input resistors act as attenuators bringing the gain of
this filter to unity. The centre frequency of the circuit is determined by the feedback resistor, Rs, and
the Thevenin equivalent of the input attenuation resistors Ry

1

()] = —_—
¢ C* JRsRy
R3*R4
and RTH R3+ R4
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The quality factor Q, (a measure the reactance to resistance ratio at the natural frequency of the filter.
roughly speaking it is a measure of how steep the initial roll-off is) of the filter depends solely on the
ration of the feedback resistor to the Thevenin equivalent of the input resistors.

1 | RS
Q = LR
2V Ry

When engine knock starts to occur, the sensor will generate a range of signals, whose frequency is not
present when the engine is running properly, which the second op amp is used to exclusively amplify.
The characteristic knock frequency of the engine will change depending on the size of the cylinders
and the cylinder block's material. To meet all these changes in frequency, a wideband sensor and a
versatile op amp are required; most of these sensors have bandwidths into the tens of kilohertz,
meaning that one form of sensor should suit almost all applications. The TLC2272 with a unity gain
bandwidth of 2 M/Hz and an input offset voltage of 950 pV provides the accuracy and speed required
by the system, without using capacitive coupling.

The rail-rail output swing also increases the system's dynamic range by enabling the TLC2272 to drive
A-D converters to their full input range. This is helped by the TLE2426 virtual ground, which enables
the TLC2272 to drive symmetrical loads. This example typifies a usual LinCMOST™ op amp
application requiring low bias currents and low quiescent currents whilst providing accurate signal
conditioning.

4.13. Battery Powered Applications

A major problem with using batteries for power supplies is that the output voltage varies with the
amount of current being removed from the cell; the series resistance of the battery is comparatively
large. In order to have a minimum 5 V supply, 5 NiCAD batteries have to be used. From the initial full
charge, the total battery voltage could be as high as 7.5 V. However, the nominal voltage for NICAD
batteries in use is 1.2 V which would equate to a 6 V supply. This is too high for 5 V digital electronics
where the max. supply is specified at 5.25 V. Therefore, a fixed voltage regulator must be used to
achieve the 5 V output.

Designers of portable, battery powered systems such as cellular telephones, laptop computers, hand-
held voltmeters and portable sensor instruments for example have two main problem areas. These are
extending the battery life of the equipment and reducing the products physical dimensions.

The battery life can be extended by three ways;

4.13.1. Low Drop-out voltage

For a linear voltage regulator, the drop-out point is reached when the voltage provided by the battery
has degraded to such a low level that the regulator can no longer provide the correct regulated voltage.
Reducing the drop-out point of the regulator extends the life of the battery by allowing the regulator to
function longer from a lower input voltage. When the regulator enters its drop-out condition, the
regulators quiescent current will increase due to the reduced current gain of the pass transistor. This is
another reason for using regulators with an even lower drop-out voltage.
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Battery Powered Applications
Considerations for Maximising Battery Life

Drop-Out

e Drop-Out Voltage:

Minimum Input Voltage Voltage

Power Dissipation . = egulgtor T olerance
® Quiesent Current: 2 v

Amp-Hrs in Standby £ ,h I out

Biassing in Drop-Out @ 1 J/
e Qutput Tolerance: L

Minimum Input Voltage.

@ 0.2 V Drop-out voltage
sovl T e 2 . Battery Yoltage (5 NiCADs)

Figure 2.4.12. - Battery Powered Applications

4.13.2. Low power stand-by mode

To further extend the battery life of a portable system, the device should have a TTL or CMOS
compatible enable pin that can be used to switch the device into a standby operating mode. This facility
can be used to automatically power down the system when it is not in use so that battery power is
conserved.

4.13.3. Lower supply voltage

Using an output voltage of 4.85 V instead of 5 V for a regulator can add to the battery life of a system.
This is due to the TTL tolerance being between 4.75 V - 5.25 V. If the supply is operated at 4.85 V, the
battery voltage can fall to a lower level while the regulator maintains a regulated output to the system.

4.14. Texas Instruments Low Drop-Out Regulators

In the past, all linear regulators were designed with a serial NPN pass transistor. The technologies used
were developed to enhance the performance of the NPN transistor at the expense of the PNP transistor.
This meant that the NPN transistors were very much faster and had very much higher current gains
than their PNP counterparts. So for low noise and good line and load regulation NPN transistors had to
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be used, but this meant that quite often minimum drop-out voltages of 2-3 V had to be allowed for. So
a device providing an output current of 1 A had to be capable of withstanding a minimum power
dissipation of 2-3 W. The drop-out voltages used would normally have to be much larger than this to
allow for the poor regulation of the source. which means that the devices had to withstand a much
larger power dissipation than 2-3 W.

The increase of low supply voltage applications and the increase of battery powered applications led to
the development of serial voltage regulators that have much lower drop-out voltages. This has also
come about with improvements in PNP transistors.

Normal voltage regulators have NPN transistors which require the base drive circuitry to be above the
output voltage. It is fact that increases the drop-out voltage. The Low Drop-out Regulators using PNP
transistors have the base drive circuitry below the output voltage, thus allowing a much smaller drop-
out voltage.

Texas Instruments released its own family of Low Drop-out voltage regulators in the late eighties.
These were aimed primarily at automotive applications, which was one of the driving forces behind
low drop-out regulators. This is why the TL750/1L and TL750/IM families have 60 V load-dump
protection specifications.

They can, however, be used in many other applications.

However one problem of LDO regulators is that large increases in quiescent currents can be observed
at start-up or when the device is in its drop-out region.

4.15. TL75LPXX Family of Voltage Regulators

The increase of battery applications has made the low drop-out regulator essential for maximising
battery lifetime. All batteries exhibit relatively large output resistance's, which increase with battery
life span. Low drop-out regulators help to increase the lifetime of the battery by reducing the output
impedance of the battery. The Low drop-out regulator's small drop-out voltage adds to this further by
allowing greater voltage drops within the battery than what standard serial regulators were capable of.

Texas Instruments has recently introduced a family of fixed voltage regulators which have been
specifically designed for battery powered applications. The key features of these devices are low drop-
out and low power standby mode. Another key feature ot the TL75LPXX family is that all devices are
available in the latest 20 pin TSSOP package. The TSSOP package is comparable to the SOIC package
in surface area but only has a height of just 1.1 mm, and so allows high density applications to be
achieved on the PCB.

The drop-out voltage for the TL7SLPXX family is typically 220 mV @ 300 mA of output source
current. This drop-out voltage falls to a typical of just 120 mV @ 100 mA of output current. The
absolute maximum drop-out of the TL7SLPXX family of devices is just 400 mV sourcing 300 mA
This is the lowest drop-out voltage that Texas Instruments at present manufacture.

The TL75LPXX has an enable/disable pin which places the output part of the voltage regulator into a
high impedance state. In this condition, the voltage regulator will only consume a typical current of
100 pA. The absolute maximum that Texas Instruments will guarantee is 150 uA The standby mode is
TTL and CMOS compatible which makes it suitable to be controlled by virtually any digital system.
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TL75LPXX Family of Voltage Regulators
Low Drop-Out Voltage Regulator With An Enable Pin

e Only 400mV (max) Drop-out at Device O/P Voltage |
300mA of output current. TL75LP48QPWLE| 4.85V
TL75LPO5SQPWLE 5.00V
e Available in TSSOP Package. TL75LPOSQPWLE | 8.00V
(4.70 mm X 6.80 mm X 1.10 mm) TL75LP10QPWLE| 10.0V
TL75LP12QPWLE 120V

e Standby Mode Available.
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Figure 2.4.13. - TL75LPXX Family of Voltage Regulators

4.15.1.485V

There is a voltage option of 4.85 V available in the TL75LPXX family of voltage regulators. This
increases the battery life of the system by letting the input voltage drop further before the regulator
goes out of regulation The TL75LP48 is specified at 4.85 V, and the 2% (max.) tolerance of the voltage
regulator gives a minimum output voltage of 4.75 V which is the minimum supply voltage for TTL.

4.15.2. Decoupling Capacitance

The input and output capacitance loading is important to the performance of any low drop-out voltage
regulator. The capacitance values and equivalent series resistance (ESR) affect the control loop of the
device and therefore must be defined for the load and temperature range

The TL75LPXX Family of voltage regulators only require a minimum input capacitance is 0.1 pF, and
a minimum output load capacitance of 10 pF. This saves both board space and height compared to the
more common 100 uF load capacitors required by most other similar voltage regulators. The reduction
in the load capacitance value will also benefit in a reduction in component cost.

Texas Instruments is committed to designing new voltage regulators for the battery market with even
lower drop-out voltages and standby currents
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4.16. Moving from 5 V to 3 V Supplies

"The World is moving to 3V" but is it really? The majority of analogue designers are actually asking
themselves what the benefit is of this new 3V World, and in reality it is only one thing - power
consumption.

Moving From 5V To 3 V In The Linear World

In the Digital World there are a number of good reasons for
moving from 5 V to 3 V supplies:

- Increased Memory Capacity

- Reduced Power Consumption 5 V
In the Analogue World, 3 V is less attractive for most
applications:

- Reduced Accuracy

- Reduced Signal-to-Noise Ratio

- More Complex Design and Board Layout
- IC Design Becomes a Great Deal More Difficult

Future Digital designs couldeventually all be at 3 V analogue

Designs will go to 3 V, only if:
- Power Consumption is Key

- Forced to Work in a Digital System
- Once the problems of working at 3 V have been
solved

Figure 2.4.14. - Moving from 5V to 3 V in the Linear World

There are a number of reasons why moving to 3V is attractive for the digital system. From a
technology standpoint, low voltages enable smaller transistor geometry's which permit higher density
technologies (particularly for 64 MByte DRAMS and beyond) and faster circuits. When combined with
lower power consumption it is obvious what digital systems such as portable computers have to benefit
form moving to three volts.

Analogue Designers see only problems with this new power supply standard. Many designs still have
yet not progressed to single +5V supplies as dual +/-15V offers many advantages. Linear circuits are
essentially used to capture and condition a signal, to convert it into or from a digital signal and provide
output drive into loads such as motors and audio speakers. Moving to lower voltages merely makes
these tasks more demanding, as the accuracy of a systems is reduced due to less dynamic range (ImV
is 12 bits in a 5V systems, and is 11 bits in a 3V system) and a reduced signal to noise ration (the noise
floor remains the same). In amplifiers. the common mode input range is reduced. making it more
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difficult to interface to a sensor, and the output needs to deliver the same power (if not more) from a
reduced supply.

As systems demand higher accuracy, reducing supply rails merely makes life more difficult. There are
a number of system design issues which need to be overcome before analogue designs can achieve the
same levels of performance as they do today.

4.17. 3 V Implications for Op Amps

Not only is system design more difficult at these lower supplies, lower voltages also place extra
demands on the IC designer.

Implications Of Moving To 3V

Operational Amplifiers
- At lower voltages except lower precision, higher bias currents and worse
noise
- Output drive will be reduced
- Higher performance devices will be more expensive due to added complexity
- CMOS type devices will be more prevalent

Data Acquistion
- 12 Bit devices are available today
- For higher resolution expect an increase in AX Converters

Power Supply Devices
- An increase in the number of devices for Battery Powered Applications.
LDO’s will increase in popularity
- High efficiency switching regulators (particularly Synchronous Rectifiers)
- PSU design will simplify due to more application orientated products

Figure 2.4.15. - Implications of Moving to 3 V

If we consider bipolar technology, one 'Vbe will always one Vbe'. With a typical value of 0.7V (even
higher at lower temperatures), there is not much headroom to design complex functions. Most bipolar
op amps share common design techniques to achieve certain characteristics, and reducing the supply
voltage prohibits using these methods. For instance, the most common technique for implementing
'bias-current-cancellation’ in an op amp simply will not operate from a 3Vsupply. Similar problems
occur in achieving low offset voltages without trimming, in attaining high gains and low noise figures
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and also in realising an output stage with high drive. IC designers need to so some work to achieve the
same performance at 3V as they do today at 5V and above.

There are in fact a handful of bipolar amplifiers that are designed to operate at 3V (and even below).
These devices offer a combination of low voltage and low power, but they are very complex designs.
Multiple transistors have been used to achieve the required performance and as a result the parts are
expensive.

CMOS is a much better technology for low voltage operation. Because Vt's can be 'tweaked' for
optimal operation, there is much more flexibility in the design. CMOS though has inherent trade-offs
for Linear applications, and has a long way to go before it can achieve the noise and offset voltage of
precision bipolar part.

In areas other than operation amplifiers, there are some circuits that are more designable at lower
voltages. Digital type circuits such as data acquisition devices are already available at 3V, and for D/A
converters, lower supply voltages do not cause as big a problem. For higher than 12 bit resolution,
more ADC's will be using Delta-Sigma techniques to meet the low voltage requirements of low
frequency applications.

Three volt design has really spurred the growth of power supply products. The drive for battery
operation has forced designers to look for ways to increase the operating time of their system - a
problem which has been passed directly onto the power supply designer. The 3V revolution has caused
a significant increase in both Linear (specifically low drop out), and switching regulator circuits to
improve the system efficiency. IC manufacturers are also offering ready-made solutions to the often
difficult design problems facing a typical switching power supply designer.

More complex battery powered systems also contain 'Power Supply Management' circuits. Load
management is used to switch on and off different loads to conserve power, and special battery charges
and monitoring devices help ensure maximum operating life from the battery. All this effort in the
power supply area is good for the end user as more alternatives will be available and circuit design will
hopefully simplify.

Wide spread three volt design is imminent for digital circuits and will one day happen for analogue.
To speed up the arrival of this Linear design, it is necessary for both the IC and System Designer to
overcome some inherent difficulties. Both groups are actively working in this area

4.18. 3 Volt Linear Product Family

In 1983, to meet the growing need for low voltage operation op amps T.I. introduced its TLC range of
op amps. These devices are specified for 5 V and 10 V supply voltage operation. However as discussed
above, with growth of portable equipment powered from batteries and to meet the needs of lower
supply voltage logic there is now a need for op amps (and comparators) capable of operating from
+3 V.

To meet this need, T.I. has introduced its Texas Linear Low Voltage (TLV) range of LinCMOS op
amps. These are devices specifically aimed for low voltage operation. It is for this reason that they
have been characterised for operation at both S V and at 3 V. All members of the family are capable of
operating from a minimum supply voltage of 2 V over the whole industrial temperature range of -40°C
to +85°C, so increasing their versatility further.
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As with all T.1's LinCMOS op amps their common-mode input range extends down to the negative rail
as do their outputs.

3 Volt Linear Product Family
TLV23XX Family of 3 V Operational Amplifiers and Comparators

® Fully Specified and Characterised 3V Comparaiors
at 3V and 5V Supplies Devics 'Fcc‘W‘) : V&o ™)
e Minimum Supply Voltage of 2 V Dual - TLV2352 120 5
Quad TLV2354| 250 5
e Common-Mode Input Range
Extends From 0 V to V-1 V (25°C) 3V Op Amps
. | UGBW
Device lec(mA) (Mo (MV) | SR (Vius)
. (MHz) |
® Output Swings Down to 0 V SingleTLV2341 | 0017, | 8 | 002, | 003,
i , 025,15 04,21]03,08
® Available in DIP, SOIC and TSSOP TLV2322 | 0.034 9 002 | 003
Dual TLV2332| 0.5 9 0.4 0.3
TLV2342| 3.0 9 2.1 038
TLV2324 | 0.068 10 0.02 | 003
Quad TLV2334| 10 10 0.4 0.3
TLV2344| 6.0 10 2.1 0.8

*Programmable

Figure 2.4.16. - 3 Volt Linear Product Family

Figure 2.4.16 contains a table showing their capabilities. The LinCMOS op amps, as usual, offer a
good speed-power compromise over the entire product range, from the micro-power devices to the
higher speed devices. - Even when operating from a 3 V supply, the speed of the TLV234X is still
comparable to that of the uA741 which is incapable of operating at 5 V let alone 3 V.

The versatility of these devices is expanded yet further by the choice of 3 plastic packages. All
members are available in the standard dual-in-line packages as well as the standard small outline
package. However all members are available in the new Thin Shrink Small Outline Package (TSSOP),
which is attracting wide interest due to its extremely large savings in terms of board space area and its
very small height, nominally just I mm. This makes the devices even better suited to portable systems.

4.19. 3 V Micro-Power Sensor Interface

One of the major application areas for 3 V op amps will be in the handheld or remotely powered
sensor/metering areas. In these applications battery lifetime will be of prime consideration.
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3 V Micro-Power Sensor Interface

Temperature Sensor

SVDD av
v,
bD
210 kQ
TSS400/4 STD
A
Ay
1000 Q Ag
Ay
Pressure Sensor
SVDD SVDD
330 kQ
0.238 SVDD
VRer okQ| ,
'GND
4
TSP410A

— 102 kQ

Figure 2.4.17. -3 V Micro-Power Sensor Interface

The application shown in figure 2.4.17 shows the TLV2324 amplifying the output voltage of a
temperature sensor and a pressure sensor. This could be used in a an application where the volume of
gas would want to be measured.

The output of the op amps is then fed to the TSS400/4 , Texas Instruments Sensor Signal Processor.
The TSS400 contains its own CPU and 4 multiplexed analogue inputs which feeds to an on-chip 12-bit
ADC.

The ADC of the TSS400 makes ratiometric conversions based on its output voltage SVDD. By turning
on SVDD only when measurements are to be taken the overall power consumption of the whole system
can be significantly reduced.

The first op amp is used to act a reference buffer, which buffers a proportion of SVDD. This is used to
set the minimum input voltage of the analogue inputs to the TSS400's ADC. Which in this case is equal
to 0.2380*SVDD.

The second and third op amps are used to amplify the output of the pressure sensor, which is powered
by SVDD. This results in the output of the pressure sensor being relative to SVDD, so that any
variance in SVDD will be cancelled out by the ADC.
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The gain of the two op amp differential amplifier configuration is set to give a maximum output
voltage of 0.4008*SVDD. This is equal to the maximum input range of the TSS400's ADC.

The fourth op amp is configured as single stage differential amplifier, the high input impedance and
low input bias currents enable the TLV2324 to use large feedback and source resistor without
increasing the offset voltage of the op amp while minimising the loading on the temperature sensor
bridge.

The sensor bridge uses a 2.1 k€ biasing resistor to cancel out the exponential temperature-resistance
characteristics of the silicon sensor. This gives the output of the fourth op amp a near linear output
voltage versus temperature characteristic.

Once again the resistor values and the reference voltage has been used to set the voltage range of the
fourth op amp to the ADC's input range.

The ideal gas law relates the volume, pressure and temperature of a gas as:-

n*P*VvV . .
Constant = T Where n is a constant relating to the gas.

This can be a more accurate way of measuring the amount of gas consumed in domestic applications.

4.20. Texas Instruments Switching Regulators

One early monolithic form of switching regulator to be released onto the market was Texas
Instruments’ TL497. This is a simple and easy to design-with Pulse Rate Modulation (PRM) Controller
Integrated Circuit, and as a result, has proved very successful. It, however, suffers from the problem,
common 1o all PRM controllers, of enormous variation in osciilation frequency with load. At light
loads the frequency can drop into the audible frequency range. More modern Switching Regulators use
Pulse Width Modulation (PWM) Control.

One of the first monolithic switching regulators to be released onto the market that used PWM was
Silicon General's SG3524 family. Texas Instruments introduced its own version of that popular
regulator along with its own TL493/4/5 family. These allowed higher switching frequencies and
greater drive capabilities. The TL493/4/5 family was superseded by the TL594/5 family of switching
regulators which had the added feature of under voltage lockout.

Both families could be used to switch the load inductor (transformer) directly, or for heavier loads
provide pre-drive for power switches. The TL594/5 family has recently had a new addition with the
TL598. This uses two Totem-Pole output stages. whereas the previous members had two un-configured
output stages. This enables the TL598 to act as a better pre-driver for the power switches.

4.20.1. Current Mode Control

A more recent innovation in Switching regulators is to use current mode control. This still uses PWM
techniques, but now the current flowing through the power switch is also monitored and used to
modulate the on-time of the switching regulator. This in effect uses a dual control loop, with the inner
loop being the current control. The current flowing from the input through the inductor and the output
power transistor, when it is switched on, is converted to a voltage by a low valued sense resistor. This
provides direct feedback of the current flowing through the inductor.
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This signal is fed back to the PWM comparator, where it is measured against the error signal generated
by the outer loop. This loop compares a fraction of the output voltage to an internal reference and
provides an error signal in proportion to the difference between the desired and actual output voltage.
This error signal is the same as is used in normal voltage mode converters.

Vin Vo
Vref Osc
© Error
Vo R S |
Feedback —

PWM Latch

Comparator

Current Sense

In this way, the drive to the output switch from the latched flip-flop is turned off when the sensed
inductor current reaches the limit set by the Vgrror signal. Hence, the error signal controls the
inductor current directly to provide inherent pulse by pulse current limiting.

Benefits of current mode control

Direct sensing of load current - Because the load current is measured directly and not just the load
voltage, the current mode controller can respond very quickly to variations in the load. This is also
true for changes in the input voltage.

Current compared to error signal - Measuring the current directly shuts off the output in a short
circuit condition or if the inductor saturates.

Parallel Operation - Since both current and voltage are monitored, power is shared equally between
any number of modules operating in parallel. This makes efficient use of a series of devices operating
in parallel to provide additional current capacity.

Feed Forward - Variations in the line voltage are automatically corrected for by the current sense

amplifier, as explained above. Therefore, the dynamic range of the error amplifier is used to maximum
effect to measure load variations.

The range of current mode controllers are listed below:-

Without Power Switch With Power Switch
UC3842 LT1070
UC3843 LT1071
UC3834 LT1072
UC3844
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4.21. LT1072 Fly-Back Converter

The LT1072 is a monolithic, high efficiency switching regulator. It can be operated in most standard
switching configurations including step-down (buck), step-up (boost), fly-back, forward, and inverting.

LT1072 Fly-Back Converter

Integrated Current Mode Controller

D1
® Complete Integrated Vin . 13
Switching Regulator with: 3V-6V c3 ' Vout
40 kHz Oscillator R4 470nF] 5V
Power Switch 01:“
Integrated 1.25 V Ref. ~ 2 20000
e 3V Min Supply Voltage
e 1.2 A Output Current 1 8 R1
, 2 N 7 3.74kQ
® Self Protected Against =
Overloads R3 Sy ¢
1.5kQ 4 5
® | ow Shutdown-Mode R2
Supply Current 50 uA c2 1 1.24 kQ
PPy . 150nF | 1 O%ixFT L
oV —e ® ov

Figure 2.4.18. - LT1072 Fly-Back Converter

Figure 2.4.18 shows an application using the LT1072 in the fly-back configuration. Fly back converters
are able to regulate the output voltage either higher or lower than the input voltage. This is
accomplished by the use of a transformer The transformers function is to transfer energy from the input
to the output. As the LT1072's power transistor switches on, the energy builds up in the core due to the
current flow in the primary winding. When the power transistor switches off, the energy stored in the
core is transferred to the secondary windings and current is delivered to the load. The current in the
secondary just after the power transistor switching off is equal to the reciprocal of the turns ratio (1/N)
multiplied by the current in the primary. The output voltage of the flyback converter is not constrained
by input voltages as in the Buck or Boost converters.
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Vout = ( SDC NOVin)
1-SDC
Where SDC =  Switch Duty Cycle - You
Vout + N*Vin
N = Transformer turns ratio

By adjusting the duty cycle from between 0 and 1, the output can, in theory, be set anywhere from 0 to
o. However, the output voltage is limited by the power transistor breakdown voltage. The snubber
network is a clamp circuit which has been designed to protect the LT1072's power transistor from over
voltage spikes. The maximum output voltage is limited to:-

Vourmax) = N(Vy—Vsnug - Vin)
Vonug =  snubber voltage
Vm = maximum allowed switch voltage

This still allows the LT1072 to regulated output voltages ot hundreds of volts by using large values of
transformer turns ratios. In many applications, the turns ratio can vary over a wide range without
degrading the performance However, if maximum output power is desired, the turns ratio can be
optimised.

(Vour + Vi)
N(OPT)
Vm - Vinemax) - Vsnus
Vg = forward diode voltage of D,

A second important transformer parameter which must be found is the primary inductance (Lpgpp)-
For maximum output power, the primary Inductance should be high to minimise the magnetising
current, but this can lead to very large core sizes. A reasonable design approach is to reduce the value
of the primary inductance to the point where the primary magnetising current (Al) is about 20% of the
peak power transistor switch current

L _ (Vin*Vour)
PRIME Alxf(Vour +Nx V)
Al = 20% peak current
f = Switching frequency (40 kHz)

The maximum output current is a function of the maximum peak current that the output power
transistor can switch. The efficiency come from the losses in the snubber network, LT1072 losses in
the switch, the output diode, the LT1072 driver and the transformer.

Al
n(IPEAK - ""2')* Vin

1 =
OUT(MAX) N*Vix + Vour
Ippaxk =  max LT1072 switch current (1.25 A)
N = overall efficiency > 75%
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In order to choose the correct inductor core size, the peak primary switching current needs to be found.
This can be calculated using the following formula;

lour ( Vour N]+ Vin*Vour
n \ Vin 2#f+Lpgime (Vour +N*Viy)

The Output divider resistor network needs to be calculated for the feed back voltage to the LT1072
switching regulator. This can be calculated as follows;

(Vour - Vrer)

R, = ———R;
VREE
Vegr = 1244V
R, = 124kQ

The fly back converter requires a clamp circuit to protect the output power transistor from over voltage
spikes. These over voltage spikes are created by the leakage inductance of the transformer. The
leakage inductance is modelled as an inductor which is in series with the primary winding and this
inductance is not coupled to the secondary windings. During the power turn on time, the current that is
in the leakage inductance is equal to the peak primary current (Iprime). When the output power
transistor turns off, the energy stored in the leakage current (E =0.5*I°L) will cause the voltage to
increase. It is therefore important to clamp this voltage. A zener diode can be used to clamp this
voltage and is selected by using the maximum input voltage and the maximum output switch voltage.

VZENER = Vm-Vinomax)- The Zener diode has a maximum power rating which should not be over
exercised. This can be calculated as

Vz * Ippime * Ly #f
PzeNner = 7 Vo 2V
ZLVZ - J&;* )

The LT1072 switch voltage will show a narrow spike extending above the snubber clamp voltage. This
spike is caused by the slow turn-on time of the zener diode in series with the diode in the clamp circuit.
This diode should be a fast turn-on diode such as a schottky diode. The diode must be rated to handle
the peak current of the primary current (Iprime) and a reverse voltage rating of at least Vin(max).

Alternatively, an RC type circuit could be used for a clamping circuit. One disadvantage is that the RC
network will dissipate power even under no load conditions. RSNUB can be found from

\Y
2(v,§ ~ Vg * ?\}JT)

R
SNUB 3
Iprime * L *f

Vi

voltage across the snubber resistor
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The value of C3 is not critical
snubber to only a few volts

Cs

Vs

. but it should be large enough to keep the ripple voltage across the

VR
Rgnup #f# Vs
voltage ripple across C; (= 3V)

Flyback converters do not use the inductance of the transformer as a filter, so an output capacitor C is

used to do the filtering. The cap

acitor size depends on the amount of ripple voltage that can be allowed

on the output. The ESR (effective series resistance) of the capacitor is an important factor when
considering the value of capacitance as the formula below shows. Alternatively. an L.C output filter can
be added to the output to reduce the ripple voltage on the output. Typical values of this filter would be

L, =10 pH, C5 =200 pF.
Vout
N=*Vin

Tout

£, (1 L N#Vin
Vout

Vop = +(ESR)* lout(l+

| )

4.22. TLV2217-33 LDO Voltage Regulator

TLV2217-33 Voltage Regulator
3.3 V Low Drop-Out Fixed Output Voltage Regulator

® Meets the new 3.3V JEDEC

Standard. Vin—7—— TLV2217-33 —¢—Your
4 l l $

e Available in the New TSSOP 38V 33V
Package. to 1|2 V_E)J uF 22 ;JFT ‘

® 500 mV (max) Drop-out Voltage. - -

® 500mA (max) Output Current.

® 2% (max) Output Tolerance

Figure 2.4.19. - TLV2217-33 Voltage Regulator
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The move to 3 V supplies has been discussed in 4.16 and 4.17. There are, however, two "3 V"
standards one for 3 V applications and the other for 3.3 V applications. The 3 V standard is, at the time
of writing this, still under review. The 3.3 V standard has full JEDEC approval.

With response to this new 3.3V standard, Texas Instruments designed a new low drop-out 3.3 V fixed
output voltage regulator named the TLV2217-33 This was specifically designed to meet the new 3.3 V
JEDEC standard. The TLV2217-33 has a maximum drop-out voltage of 500 mV while sourcing 500
mA of output current. Because the drop-out voltage is low, the minimum input voltage can be 3.8 V
which makes it suitable for running off existing 5 V supplies. This enables the device to be designed
into the mixed supply systems which are being designed at present.

The device is available in the new 20 pin TSSOP package for high density applications. The package
is comparable to the surface area of the SOIC package, but only has a height if just 1.1 mm high. The
output tolerance is 1% at Tj=25 °C which guarantees an accurate output voltages to be achieved. The
TLV2217-33 requires input and output decoupling capacitors to make the voltage regulator stable. The
minimum input capacitor value is 0.1 uF while the minimum output value being 22 uF At present, the
alternative solution is to use a variable voltage regulator whose output can be adjusted to 3V. The
disadvantage of using a variable voltage regulator is the amount of external component required. Two
resistors which are decoupled must be used as the feedback network to the Vreg. Most variable voltage
regulators on the market do not have low drop-out voltage when sourcing high output currents. This
can render the voltage regulators unsuitable for operating off existing 5 V supplies.
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5. High Temperature Devices

5.1.High Temperature Process

In a number of engineering sectors, there is an increase in direct transducer signal conditioning. This
can subject the signal conditioner to the extremes in temperature, stress and pressures. Some of the
largest problems to which op amps are subjected is elevated ambient temperature operation.

In automotive applications, this can involve direct cylinder block mounting, while industrial
applications may require the op amps to be mounted on the vessel containing the process. In the past,
this would have involved using expensive hybrid devices in ceramic packages.

High Temperature Process

Cross Section of Bond Pad

Au

vy, o
i » i

150 °C Ambient Temperature Operation
Fully Specified and Guaranteed Parametric Operation
Die Sealed From Ingression of Moisture

Figure 2.5.01. - High Temperature Process
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Plastic packages have. for a long time. suffered great reductions in reliability when subjected to high
temperatures for great periods of time. This has been due to several factors of the package and
bonding.

5.1.1. Integrated Circuit Process

An integrated circuit will normally have all the silicon covered with Silicon Nitride. This has two main
functions, one is to protect the surface from external effects, while the other is to protect the die from
moisture ingression. There must. however. be holes in the silicon nitride to enable the bond wire to
connect the silicon to the outside world. These holes in the silicon nitride can now let moisture into the
silicon.

Plastic packages will normally let much more moisture into the integrated circuit than ceramic
packages. This has led to plastic packages being rarely used in harsh environments. Texas
Instruments' high temperature process now enables hermetically sealed devices to be produced in a
plastic package.

5.1.2. High Temperature Process

The bond wire material used plastic packages is normally Gold. which is bonded to Aluminium pads
on the silicon die. At high operating temperatures the bond between the Aluminium pad and the Gold
wire can degrade. This can be due to the growth of mechanically weak purple coloured
Gold-Aluminium intermetallic layers, and a diffusion driven voiding mechanism known as "Kirkendall
Voiding". This degradation is commonly known as "Purple Plague”.

The process used for high ambient operating temperature devices involves depositing and patterning
Titanium-Tungsten and Gold layers over the bond pad areas. The Titanium-Tungsten layer provides
good adhesion to the Aluminium pads and Silicon Nitride overcoat. The Titanium-Tungsten layer also
acts as a barrier between the Aluminium and Gold layers. this results in the Gold wire bonds being
made to a Gold layer rather than an Aluminium layer. So eliminating the inter-metallic and voiding
problems at high ambient operating temperatures.

With the development of this process Texas Instruments has now released the TL2828. TL2829,
TLC2801 and TLC2872 devices whose performance is fully specified for operating in ambient
temperature ranges up to 150°C.

5.1.3. High Temp Process Qualification

Any new product (and process) must go through a qualification process. This is to make sure that the
device is reliably manufacturable. Due to the very harsh nature of the environment in which these
products are to be used. and that it is a new process, the qualification procedure for the first op amp,
TL2829, was very thorough - far in excess of any other linear design.
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The table below shows the qualification performed on the TL2829 op amp.

TR

Steady S’tate Life

155°C for 5000 hours with bias.

Autoclave

121°C for 2000 hours without bias at 15 psi and 100% humidity.

Temperature Cycle

-65°C to 150°C for 5000 cycles.

Storage

170°C for 3000 hours.

Throughout all these extended tests, no failures occurred, which is impressive for any product, and
highlights the outstanding reliability of Texas Instruments' high temperature op amps.

5.2.High Temperature Bipolar Op-Amps

TL2828/9 Dual and Quad 150°C Op Amps

20 - -
e Free-Air Operating Temperature E :i%‘[’aﬁ"” v
Range g8 lo —
-40°C to 150°C ; o P N
314 /
® | ow Input Offset Voltage o i
7 mV (maX) @ 25°C o Ta- Fr:e Air Tef::\)peran]rzofc %0
10 mV (max) full range 0.85
‘é 0.80 % @\
£ 0.75 }
e Wide Range of Supply Voltages : 3070 [ 3L':g
Single Supply ... 4Vto 30V g 0es —T—
Dual Supply e I R Sy
50.50 Z }
-50 0 50 100 150

Ta- Free Air Temperature -°C

Figure 2.5.02. - TL2828/9 Dual and Quad 150°C Op Amps
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The TL2828 and TL2829 were the first in a series of very high temperature op amps from Texas
Instruments. They are, at present, the only readily available standard monolithic integrated circuit
operational amplifier capable of functioning at ambient temperatures of 150°C.

Texas Instruments now has another temperature range group, the smallest being the commercial
temperature range, denoted by C. The next range is industrial denoted by I, which extends from -25°C
(some devices operate from -40°C) to 85°C. The military temperature range goes from -55°C to 125°C
and is denoted by M. Most of Texas Instruments voltage regulators will have a special Q temperature
range which specifies the operating junction temperature range instead of the ambient temperature
range, this extends from -40°C to 125°C.

The TL2828 and TL2829 are the first devices to operate over the Z temperature range which goes from
-40°C to 150°C.

Both devices are single supply op amps capable of operating from a 4V supply up to a maximum of
30V. The supply current of the TL2829 is only 1.2 mA at a 5V supply over a whole temperature range
for all four op amps.

The density of op amps and low quiescent power, adds to its capabilities of functioning at very high
ambient temperatures.

5.3.High Temperature Precision Op Amp

The TLC2801 was the third High temperature op amp to be released by T.I.. It combines the 150°C
operating temperature range with very low offset voltages. The guaranteed maximum is just 1.5 mV
even at 150°C.

This gives it an offset error of just under 12 bits!, and is provided from a single 5 V supply. Added to
this its large open loop gain. The gain of the device still remains greater than 50000 even at 150°C.
This greater than a lot of op amps can provide even at 25°C. The curve in figure 2.5.03 shows how the
open loop gain varies with temperature, clearly showing the consistency of the high gain even at the
high temperature extreme.

The low offset voltage and high are just two factors which make this device ideal for high temperature
applications.
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The low bias currents allow the TLC2801 to directly interface to high impedance sensors. When this is
coupled to the high ambient temperature range of the op amp, it makes the TLC2801 just about the
only op amp capable of being directly mounted at the sensor output and still provide high accuracy
reliable data.

TLC2801 Precision 150°C Op Amp
Low Offset voltage and Bias Current High Temperature Op Amp
® -40 < Ta < 150°C in plastic package 120

i ! ! i
| ‘ =

® High Precision @ 150°C 10 T -
Vlo <1.5mV A RL___ SOOM

VD | i | |

IlB < 30 nA | i | |
AVD> 50 VIimV 100 — T

\
dB
® Rail-Rail output swing 90 -
80 L——
50 -26 0 25 50 75 100 125 150

Ta-°C

Figure 2.5.03. - TLC2801 Precision 150°C Op Amp

5.4.High Temperature Rail-Rail Op Amp

The TLC2872 is the latest addition to the T.I. high temperature range of op amps. It combines the
150°C capabilities of the process with a dual op amp with rail-rail outputs. This enables the device to
maximise the dynamic range by allowing its outputs to swing to within milli-volts of both supply rails.

This allows the device to be mounted at the sensor output, enabling the signal conditioning to be
completed there. This means that signal to noise ratio should be increased. In the past the output of the
transducer would have to be fed to the signal conditioning section via noisy lines that are susceptible to
interference from motors and other sources. By doing the signal conditioning at the sensor output, its
output will raised above the noise floor, reducing the impact of the switching noise.
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TLC2872 150°C Rail-Rail Output Op Amp
Wide Output Swing High Temperature Op Amp
® -40 < T, <150°C in plastic package 200

® Good Accuracy @ 150°C
V'o <3mV 100 !
IIB <5nA E J
Ayp> 10 VimV > 50 — :
[a) i ' i
2 |
o . < RL= 10kQ
® Rail-Rail output swing | |
20
10 | ‘ -
-50 26 0 25 50 75 100 125 150

Ta-°C

Figure 2.5.04. - TLC2872 150°C Rail-Rail Output Op Amp

Added to the rail-rail performance at 150°C is the large stability in offset voltage. The TLC2872 offers
a maximum offset voltage of 3 mV at 150°C, while the bias currents have risen to only 3 nA. In
addition to the very low input errors, the TLC2872 still offers a very high open loop gain, greater than
10000, even at 150°C. The curve in figure 2.5.04 shows how the gain varies with temperature.
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6. System Protection

6.1.System Protection

Most systems at some time of their life will be subjected to some form of overstress. This stress can
come at any time, even during assembly as well as during the system's lifetime in normal operation.

This means that both the devices themselves as well as the system may require some form of
protection.

System Protection

PSU /
DIGITAL >_A_/1/

PROCESSOR

Possible Causes of Failure

® ESD Damage ® Short Circuit on Output

® | atch-Up Damage ® Direct Strikes of High Power/Current
e Power Supply Failure

Figure 2.6.01. - System Protection
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6.1.1. Electrical Overstress

Device failure can quite often be caused by electrical overstress; this can occur on the inputs, outputs
and also on the supply pins. One common cause of electrical overstress is Electro-Static Discharge
(ESD). When you walk from one place to another place charges will be constantly be removed and re-
placed onto your body, this can lead to a build up of charge on your body. The total voltage that can
build up can reach kilo-volts, so when your body is discharged onto an integrated circuit a large
voltage and large current can be discharged into the device.

6.1.2. Latch-up

The electrical overstress can also lead to latch-up. If the current generated is large enough to trigger a
parasitic SCR then a direct short can appear across the supplies which can lead to the device being
blown up. Other causes of latch-up can be due to the influences of electro-magnetic components which
can either large currents to flow into the device or can cause voltage pulses with very large rate of
change of voltages to be applied. Both of which can cause the parasitic SCR to be triggered.

Latch-up normally only affects CMOS devices, there are, however, situations where bipolar devices
can also suffer from it.

6.1.3. Shorts on Qutput

There are situations where short circuits can be applied to the output of the device. Unless the device
has some form of over current and over temperature protection, it could be liable to destruction.

6.1.4. Power Supply Failure
This can basically come in two forms; the supply voltage gets too high or the supply falls to a voltage
much lower than what it should.

If the supply voltage gets too high it implies that a fault has occurred in the regulator, and so normally
a fuse can be used to protect the system from destruction.

The supply voltage falling below predefined level implies either a short across the output of the
regulator or some other fault affecting the regulation of the regulator. The problem associated with the
supply falling is that of data retention and/or the processing of incorrect data.

6.1.5. High Power/Current Faults

Very few devices can withstand even short periods where it is subjected to externally applied high
current or power shorts. The Telecoms industry is quite often subjected to lightning strikes. Any device
which is subjected to a lightning strike has to withstand high current and high power surges.

T.I. has developed a special range of devices to meet this particular problem, these will be discussed
later in this section.

6.2.LinCMOS™ Input Protection

As discussed earlier all devices can be subjected to some of fault sometime during their lifetime. be it
at assembly or during actual use.
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LinCMOS™ Input Protection

Comprehensive E.S.D. and Latch-Up Protection
Input Current Vs Input Voltage

® Positive and Negative E.S.D. 8 =]
Transient Protection g L~
5 =2
® 2000 V Human Body Protection and g
200 V Machine Model Protection 2
1
® Input Latch-Up Protection of +5 mA Voo Vop+4  Vop+8  Vpp+i2
Vi Voo -8
-7
-6
-5 II
mA _4
-3 /
.? /
. —

V03  Vgg0.5  Vgg07 Vgg0.9

Figure 2.6.02. - LinCMOS™ Protection

One of the most common causes of device damage is electrical overstress. This can be due to applying
too large a voltage across the device or by subjecting the device to ESD. CMOS devices are normally
susceptible to ESD damage, and if subjected to ESD the effects can be totally destructive.

It is for the last reason that all T.I.'s LinCMOS device have built-in ESD protection circuitry, which
protects the device for both positive and negative transients. The ESD protection circuitry will protect
the device for voltages meeting the human body model up to 2000 V and up to 200 V for the machine
model. These models are specified in MIL-STD-883C, Method 3015.2. This is far better than what is
normally specified for bipolar and bifet op amps.

6.2.1. Positive ESD Transients

The initial positively charged energy applied to the input will be shunted to Vggq by transistor Q,. Q,
will only turn-on once the input has risen 1Vgg above Vp (see figure 2.6.02). As the input rises, the
current gain limit of Q, is reached causing it to go into saturation. Further increases in input voltage
shunts current to Vpp by resistor R, and to Vgg by Q. The gate of Q,, an enhancement mode
N-channel MOSFET, also rises. Q, will turn on when the voltage on its gate exceeds its threshold
voltage. Q, is used to clamp the majority of the energy of the ESD transient via the base emitter of Q,.
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However if the input voltage still continues to rise the zener diode. D5, and resistor R, is used to
dissipate the remaining energy.

6.2.2. Negative ESD Transients

The majority of the energy from the negative transient will be shunted to Vgq by diode D,. Any
additional energy will be shunted to Vg via diode D, and resistor R,.

6.2.3. Latch-Up

CMOS integrated circuits are always more susceptible to latch-up due to their parasitic SCR structure.
This parasitic SCR can be triggered on when the input is taken outside of the supply rails. If the
parasitic SCR is triggered the only way of turning it off is to turn off the power supply.

All LinCMOS devices have their inputs tested to withstand a -100 mA pulse. They then undergo
another test where their inputs and outputs are subjected to £5 mA continuous current. This means that
all LinCMOS devices can withstand transients exceeding the supply voltage as long as the input
current is limited to less than 5 mA.

The input voltage versus input current curves in figure 2.6.02, show the voltage-current characteristics
of LinCMOS devices when their inputs are taken outside the supplies.

If excursions from the supply voltages are expected then the simplest way of providing reliable
operation is to place a resistor in series with the input, as shown below. If the largest excursion is
known then the minimum resistance value can be calculated from the equations below.

Vbb
[Positive Voltage Input Current Limit

ko~ AVi-Vpp-03V
RN : 5mA

TLC INegative Voltage Input Current Limit

R
VIN—[:ILI?
|
-V, = Ve —(-0.3V)
R = 1~ Vss
See Note A [;' / ! 5 mA

INote A: If the correct output state is required when
VI the negative input exceeds Vg, a schottky
S8 clamp is required.

Due to the high input impedance and low bias currents of the TLC devices the errors introduced by the
addition of R will be very small.

6.3.Integrated Circuit Input Protection

There are some applications where the device being used may require some extra protection. The
TL7726 was designed to offer some extra protection for ADCs. One problem with most voltage clamps
is that they will only clamp the device they are trying to protect when the voltage has gone above the
supply voltage by more than one diode drop.
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TL7726 Over-Voltage Protection Clamp

Precision Hex Voltage Limiter in 8-pin DIP and SOIC
® Clamps Inputs to within 200 mV of

Supply Rails Input Clamped to
within 200 mV from
e >25mA Sink and Source Clamp Rails
Currents
® Low Input Leakage Current - 10uA
——
R )
2 *g —— 2
£ =S a1 (6of1i
——F A5  |/Ps shown)
Rv
IciampY _l_
Vin(max) =52V + ICIamp * RV =

Vin(max) =-02V- lClamp *Ry

Figure 2.6.03. - TLC7726 Over-Voltage Protection Clamp

This will quite often take the device, that is to be protected, beyond its absolute maximum ratings. The
TL7726 has been designed to help overcome this. Normal protectors using bipolar diodes or schottky
diodes will only clamp to within 400 mV of the supplies, the TL7726 can clamp to within 200 mV of
the supplies. The positive clamping voltage of the TL7726 is set by its reference voltage, which is
normally tied the to the supply voltage of the device it is protecting.

The TL7726 is available in 8 pin plastic packages and is capable of protecting up to 6 separate lines.
Each output clamp is capable of sinking or sourcing in excess of 25 mA. The maximum input voltage
that can be applied to the device is determined by the serial resistor Ry, as shown in figure 2.6.03. Ry, is
used to limit the power dissipated by the TL7726 and, to allow for the difference between the applied
transient and the clamping voltage of the TL7726.

The only errors introduced by the TL7726 are due to its bias currents, 10 pA, which are low enough to
be used with ADCs without a significant error, but are too large for use with op amps.

For more information see the application note available from the seminar data order form:- SCVDEO].
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6.4.Micro-Controller Data Protection

Although voltage regulators have become more sophisticated within the last decade, there are still
possibilities of fault conditions, such as variations in the supply to the regulator, which cannot be
immediately corrected. In these cases, the result is a variation in the regulated supply voltage to the
system.

Micro Controller Data Protection

\ Device Function Supply | Tolerance
o Defined Output from Vcc > 1V TL7702AB p,o\?.
TL7705A/B 5
- Under-voltage
° cisiol ens TL7709 h 9V 1%
Precision Voltage Sensor JLrm0s monitor Ay
TL7715 15V
e True & complement Reset Outputs TL77567 | Under-voltage [ 5V
P P TL7759 monitor 5V 2.6%
TL7770-5 | Under- and 5V
TL7770-12 | over-voltage | 12V 1%
TL7770-15 monitor 15V
6
5 | -—e
A N
Q3 1 8
s, @ 10 kQ
; o - 287
g |l /== N s 0
5 T 4 - 5 O
T4 0.1 uF Cy
b3 _—
@, 10 kQ
o
1
o = L u * 23

Figure 2.6.04. - Micro Controller Data Protection

In an analogue system, such variations can cause a degradation of the signal to noise ratio and the
dynamic range of the system. However, this will occur as an increase in the level of the noise floor of
the system and its effect can therefore be predicted. With a digital system however, the results can be
more immediate and dramatic. Since a supply fault can affect any of the digital bits equally, it is just as
likely that the MSB will be altered as the LSB, resulting in a possible change of the output by a factor
of 2. The majority of digital systems operate from a 5 V supply, used by microprocessors and
supporting logic. These devices have a defined operating window, within which they are guaranteed to
process data correctly. Incorrect operation can be caused either by under voltage when the supply falls
below its defined level, or over voltage when the supply exceeds its defined level. Under voltage is the
more common problem since the regulator can normally cope with an increase in its supply, but when
the supply fails, the output from the regulator falls with it. Therefore a negative going spike on the
input is transmitted to the output as an under voltage condition.
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The job of the Supply Voltage Supervisor (SVS) is therefore to monitor the supply voltage to a system,
and to ensure that the system only operates within a defined supply voltage "window" by applying a
reset signal to shut it down when the supply deviates outside this window. A secondary function of the
SVS is to ensure the system powers up correctly by applying the reset to the system until the supply
has stabilised. In the past, a simple RC network has been used for this purpose, but it is subject to noise
on the supply and therefore may not prove reliable.

6.4.1. TL77XX

Texas Instruments pioneered the monolithic SVS with the introduction of the TL77XXA family of
devices. This family consists of four fixed sense voltages (5 V, 9 V, 12 V and 15 V) and one
programmable device (TL7702).

In line with T.1.'s drive for continual improvement, T.I. has released a "B" version in the programmable
and fixed 5 V version. These offer improved switching speeds and a reduction in the propagation
delay, thus improving the response rate to a fault condition. They also provide a defined RESET
output with a supply voltage of only 1 V. This family of SVS provide a reset on an under voltage
condition and a clean power up reset.

6.4.2. TL7770-XX

An increasing requirement of many new systems is the ability to monitor multiple supply rails. A
typical application for this would be a micro processor system with associated analogue functions. The
5 V microprocessor outputting data to an RS232 interface with transceivers operating from 12 V
supply or the data could be passed to a signal conditioning process which includes operational
amplifiers and DACs which may require £ 15 V to operate correctly. In each case, it is required to
monitor the multiple supply rails to ensure that cach part of the system is powered up and in the correct
voltage window. The TL7770-XX family was designed for this purpose. Each member of the family is
a dual SVS with inputs to monitor both under voltage (1VSU and 2VSU) and over voltage (1VSO and
2VSO0) on each of the two channels.

6.4.3. TL7757/9

As battery powered equipment became more and more popular, the typical supply current of 1.8 mA
for the TL7705 was unacceptable in their application. In response to this, Texas Instruments designed
two new supply voltage supervisors, the TL7757 and the TL7759. These have a low standby current of
just 40 pA max. and designed for 5 V power supplies. The major difference between the two is that the
TL7757 has only one RESET output, where as the TL7759 has two (RESET and RESET) outputs.
These devices do not require any timing capacitors or resistor divider networks, only a pull-up/pull-
down resistor for the open collector output(s). This reduces the system complexity and saves on
valuable board space in portable, battery operated equipment.

""Why the use of R for the TL770XXB and TL7770-XX devices ?"

The device could erroneously indicate a fault (outputs will be driven active) if the Cy pin is driven
more positive than the V¢ pin. At first glance of the circuit, this would not be expected to occur in a
typical application because the Cy pin is normally connected to an external timing capacitor. The
TL7705B itself charges this capacitor; therefore it should never be driven to a voltage greater than
Vcc. However, in a common application, the under voltage sense pin and V- are tied together to
V. During normal operation (no fault condition), the timing capacitor is charged by the on-board
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current source. The capacitor will be charged to approximately. V¢ or to an internal voltage clamp
(7.1 V zener) whichever is less. If the circuit is then exposed to an under voltage fault condition where
Ve is slewed rapidly down, the voltage on the C pin will exceed that on the V¢ pin. This forward
biases a "sneak path” internally which falsely activates the outputs. A fault will be indicated when V¢
drops below V1. not when Vgpeygy: falls below V.

It has been found that 1.4 mA must be forced into the Cy pin to trigger this false reset. The device is
100% tested to ensure that the outputs do not switch with 1 mA forced into the C pin. One proven
way to eliminate this behaviour is to add a series resistor between the capacitor and pin 3. Adding this
series resistor will change the duration of the reset pulse, but not by a significant amount. The resistor
extends the discharge of Cy, but also skews the V- threshold. These two effects tend to cancel one
another. The precise percentage change can be derived theoretically, but the equation is complicated by
this interaction and is dependent on the duration of the supply voltage fault condition.

6.5.3.3 V and 5 V Systems Protection

3.3 V & 5V System Protector

5V @ T TLV2217 33V
0.1uF
T 20uF]
H‘Ok 1 16
2 15 [ H
10K 13k
—3 v 14
5Vo- ® 4 E 13—
RESET R L1~ 45 3.3V
T [] 5 # 12 —& L LOGIC
—6 11
—7 10—
CT1 8 9 —
_ _1Cr 11k5
0.1uF
0.1uF|

Figure 2.6.05. - 3.3 V and 5 V System Protector

During the transition from 5 V to 3.3 V IC technology, designers are taced with the challenge of
integrating the two voltage levels and combining the new lower power, high speed 3.3 V logic chips
with existing 5V products in their new designs. These mixed mode circuits dictate the need for
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multiple supply rail supervision. The schematic shows a simple way to monitor both 5 V and 3.3 V
power supplies and generating separate RESET signals when either supply experiences an under
voltage fault.

6.5.1. TL7770-5

The heart of the circuit is Texas Instruments TL7770-5 dual power supply supervisor (SVS), as
discussed earlier.

The TL7770-5 features a 5V pre-set under voltage (1VSU) supervisor and a programmable under
voltage (2VSU) supervisor. It also features two overvoltage sense inputs. During power-up, the active
low RESET outputs are guaranteed low after V- reaches 1 V. When the voltage on 1VSU passes
through the threshold voltage of 4.55 V, a time delay is initiated, after which the RESET outputs are
de-asserted. During an under voltage condition, when 1VSU again drops below 4.55 V, the IRESET
and IRESET are immediately asserted, and remains so for a period of Time after the under voltage
condition expires.

6.5.2. Undervoltage

As discussed earlier, the TL7770-5's 1VSU has an internal resistor network which makes the voltage
supervisor switch when the supply voltage is 4.55 V or less. The programmable under voltage (2VSU)
has a connection directly to the comparator input, so the resistor divider network can be externally set.
The values of R1 and R2 can be found from the following formulae;

R, (Ve — VSU)

R, =
VSu

Where VSU is the under voltage threshold level which is typically 1.5 V. V- is the supply voltage at
which the designer wants the supervisor to switch the outputs. The optimum resistance values can be
found with the ratio of R and R, known.

6.5.3. Overvoltage

As digital electronics become less tolerant to over voltage conditions, the TL7770-5 supply voltage
supervisor has the facility for this also to be monitored. Two Programmable over voltage pins are
assigned to the TL7770-5 (1VSO & 2VSO). When the supply voltage passes through the over voltage
threshold level, the SCR Drive output is taken active high. An SCR triac could be controlled from this
pin which could then be used to short out the supply rails through a low "dummy" load thus blowing
the power supply fuse. Since the SCR pin is active high and capable of sourcing current, this pin can
also be used to drive an NPN transistor or as an over voltage system flag pin for example.

6.6.Telecom Protector Overview

This section illustrates the need for overvoltage protection in telephone equipment and describes a
range of power products specifically designed for the overvoltage protection of Telecom equipment.

Lightning strikes and accidental mains voltage crossed on to the telephone line can create serious
problems for modern telecommunications equipment.
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Texas Instruments has introduced a range of compact dual wire bi-directional shunt overvoltage
protectors with high surge current capability. This TISP (Texas Instruments Surge Protector) series of
transient protectors meets the needs of new electronic exchanges. PABX, and telephone subsets.

The TISP products are implemented using TI's high reliability ion-implanted planar process which
permits precise control of electrical characteristics, extremely stable parameters, and the monolithic
integration of two bi-directional overvoltage protectors in a single power package. In this way
complete system shunt protection can be afforded by a single TISP device. Board packing density and
layout problems are greatly improved.

Primary overvoltage protectors are manufactured using the same high reliability fabrication process but
are designed to withstand the higher surge currents present on the front line. The all soldered cell
construction of these devices allows heat to be removed from both faces of the silicon allowing higher
power line cross currents. An additional feature is the specially shaped copper electrodes soldered to
the silicon which promotes a progressive shorting action under severe overload conditions allowing fail
safe protection modules to be developed.

6.7.The Need For Telephone Equipment Protection.

The Need For Telephone Equipment Protection

#/ Central Office

#/ Manufacturers of 5-pin Protectors
#/ Manufacturers of Main Distribution Frames

#/ PABX manufacturers

Figure 2.6.06. - The Need For Telephone Equipment Protection.
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Disturbing voltages on the telephone line, either from direct contact or induction, can arise from
lightning strikes or man made sources: the most common being ac power line. The exposed and
distributed nature of the telephone network make it vulnerable to such problems and even buried cables
are not immune. These disturbances are extremely difficult to quantify. As a result, each country has
evolved standard tests which reflect local conditions and perceived requirements.

Generally two forms of test are specified, one set covers lightning, and the other emulates contact to ac
power lines. These tests are applied between the line wires and the ground. Sometimes additional tests
are made between the line wires. Most tests require the equipment to be functional afterwards, while
some specify increasing the level of stress levels until equipment failure occurs. This is to ensure that
the equipment fails in a safe and controlled manner under extreme conditions.

6.7.1. Lightning surge tests

Lightning is characterised by rapidly rising wave-fronts and longer decay times. A typical European
test as specified in CCITT K17 specifies an artificial lightning generator circuit in which the open
circuit output voltage waveform rises in 7 ps(10%-90%), initial rate 180 V/us) and decays to 50% of its
1.5kV peak value in 730 ps. The short circuit output waveform rises in 4 us(10%-90%, initial rate 18
A/us) and decays to 50% of its 38 A peak value in 310 ps. In comparison. the capacitive energy of this
test is over 100,000 times greater than the ESD test used to qualify CMOS 74HC logic. This enormous
energy differential means that overvoltage protectors cannot be "hidden" under bond pads but require
large amounts of dedicated silicon.

6.7.2. AC power line contact tests

AC power line contact tests are characterised by voltage levels up 650 V RMS, with current levels up
to 10 A RMS applied either tor a tew cycles or continuously. Long term proieciion against this kind of
hazard requires a series overcurrent protector such as a fuse, PTC (Positive Temperature Coefficient)
resistor, or some kind of thermally activated trip. The complex interaction between the overcurrent and
overvoltage protectors, together with the great variety of test specifications, has necessitated the
manufacture of specialised in-house evaluation equipment, and the generation of computer simuiation
programmes.

6.8.Telephone Equipment Protection

In the protection network shown in figure 2.6.07 the transient suppresser and the solid-state primary
provides shunt overvoltage protection and the fuse, PTC (Positive Temperature Coefficient ) resistor,
or fusible resistor is used for series overcurrent protection.

Overcurrent protectors "open" the line when overloaded. Fuses and fusible resistors automatically
dictate board rework after overstress. PTC thermistor based overcurrent protection systems are
intended to recover once the overload is removed.

Figure 2.6.07 also compares the various types of overvoltage protectors in terms of operating
principles, characteristics and pulse response. The characteristics shown are normalised to | mA at
200 V.
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6.8.1. Zener diodes

Zener diodes for transient suppression are large area devices with special attention given to chip
thermal management to absorb short term energy dumps. The zener is a very efficient clipper for short
or low current level disturbances. The relatively low zener thermal capacitance results in high level
transients causing large increases in junction temperature which in turn produces very large voltage
increases, negating the protection.

Telephone Equipment Protection

PRIMARY SECONDARY
OVER CURRENT OVER CURRENT
. I 1
o 1] —
TELEPHONE LINE OVER VOLTAGE OVER VOLTAGE EQUIPMENT
OVER CURRENT OVER VOLTAGE
100~ GoT FOLDBACK VDR
® FUSES ¢ ® CARBON BLOCKS
® PTCRESISTORS g ™ ZENER @ GAS DISCHARGE TUBES, GDT
® FUSIBLERESISTORS 3 1[1ep 5P,
® VOLTAGE DEPENDENT RESISTORS, VDR
100"
Lo ® ZENERS
" , L, X @ TEXAS INSTRUMENTS PRIMARY &

0 100 200 .300 400 500 SECONDARY SURGE PROTECTORS.
VOLTAGE {TiSP, 8EL4)

Figure 2.6.07. - Telephone Equipment Protection

6.8.2. Voltage Dependent Resistors

The most popular form of Voltage Dependent Resistor(VDR)/Metal-Oxide Varistor((MOV) is
manufactured from zinc oxide compounds and is produced in a variety of shapes. The voltage current
relationship of a VDR is given by:-

V =C*()B+ ¥R

Where V = VDR voltage, | = VDR current, C = voltage coefficient, § = non-linearity coefficient
(typically 0.035), Rg = bulk ohmic resistance (typically 0.5 OHM for 10 mm disc) As the VDR does
not have a sharp current initiation, like an avalanche diode, the specification point depends upon the

2.170




Signal Conditioning

amount of leakage current that can be tolerated. VDR's are available with a + 10 % voltage tolerance
on the voltage measured at 1 mA.

Inherently VDR clamping is inferior to that of a zener. However at high energy levels the lower
thermal sensitivity of the VDR results in a better clamping voltage than a zener. A 50% increase on the
I mA VDR voltage might be typical at these high levels. Unfortunately VDR's degrade as a result of
operation which ultimately leads to a loss in protection.

6.8.3. Foldback Diodes

Foldback Diodes are not diodes but symmetrical (pnp or npn) three layer silicon structures. In
transistor terms these devices conduct very little current until the voltage reaches the BV ..y value. As
the current increase the device voltage reduces by about 30% to follow a BVcrossus) (type
characteristic. This feature allows the foldback diode to absorb higher current surges than an equivalent
area zener.

Under ac power line contact conditions, potentially destructive amounts of device power can be
dissipated. without the series protection element operating.

The peak voltage level tolerance is typically about £15%. which is better than a +5% zener, after
allowing for the zener's clamping performance.

6.8.4. Gas Discharge Tube

A Gas Discharge Tube(GDT) protector consists of a gas filled tube with an electrode at each end. At a
certain voltage, gas breakdown (sparkover) occurs and the voltage falls to the medium voltage glow
discharge region, which is maintained up to medium currents. Beyond this current level a high current,
low voltage arc is formed, which passes very high currents (5 kA). This capability makes the GDT
suitable for primary protection in an exchange main distribution frame (MDF) wiring. The low voltage
conduction mode is not maintained, after the disturbance has subsided, as normal line currents are not
high enough. Thus the arc is extinguished and normal operation resumes.

The Gas Discharge Tube Problem

A major GDT problem is the reaction time of the gas to fast rising voltage wave-fronts. A GDT could
initiate breakdown at 200 V dc, but delay to 500 V at 500 V/us and 800 V at 1000 V/us. It is therefore
essential that the secondary protector takes care of these high voltage edges let through by the GDT in
the MDF.

6.8.5. Texas Instruments Surge Protector (TISP)

The Texas Instruments Primary and Secondary surge protectors are based on a four layer thyristor
structure. This gives a voltage triggered "crowbar”, whose high holding current ensures delatching after
the surge has subsided. This effectively gives an overvoltage protector which has the best advantages
and non of the drawbacks of the Gas Discharge Tube(GDT), zener diode, Metal Oxide Varistor(MOV),
and foldback diode devices.

The TISP possesses the same rapid response to fast rising voltage wavefronts as the zener, MOV or
foldback diode devices. At low current levels the TISP limits the overvoltage in a manner similar to a
zener protector.

Higher current levels initiate a crowbar action in the TISP. Important differences exist between the
TISP and GDT crowbar characteristics. The TISP does not display an intermediate glow discharge
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region like the GDT, and hence any potential dc latchup problems are avoided. In addition the TISP
has a much lower "on" state voltage than the GDT for the current range considered. As the current
surge subsides. a current level is reached where the crowbar action terminates. Crowbar action is
maintained to lower current levels with the TISP and so the remaining surge energy to be dissipated is
much less.

Although not shown the TISP leakage currents are extremely low. as would be expected of a solid state
device. In this respect it is similar to the zener or foldback diodes.

6.9. Central Office Primary Protection

Central Office Primary Protection

PRIMARY PROTECTION

— [ Self-resetting :
| : T
Lightning |
. & Surge :
E %_ 6EL4 Protection :
0 | :
S.L.I.C. |z = ! = I LINE
[&] i
4 6EL4 | ugntning :
& Surge . ‘
Protection '
- L :
Current Limiting .

- Protects Telephone Company Wiring
- Protects Equipment

Figure 2.6.08. - Central Office Primary Protection

The 6EL4 is a solid-state symmetrical primary overvoltage protector developed to remove the transient
voltages let through by gas discharge tube protectors. The solid-state 6EL4 will not degrade the level of
protection during service life and is intended to be a direct replacement for gas discharge tubes as the
first line of defence. The device would normally be incorporated within an assembly module along
with some form of series current protection and be located on the MDF (Main Distribution Frame) at a
point where the copper wires enter the building, thus protecting the building and the exchange
equipment
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Primary overvoltage protectors are the first line of defence against fault conditions due to lightning
surges and power line surge both direct and induced. The major difference between primary and
secondary protectors is that the primary must be able to withstand the higher currents present on the
front line and to fail in a safe mode. That is, Short Circuit.

Primary protectors generally have higher protection voltages to enable them to be used in all equipment
and locations.

6.10. Exchange S.L.I.C. Protection

Exchange S.L.1.C. Protection

Switching e
Relay SLIC CONFIGURATION
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TF e B
Incoming ! :TISP1 082 Generator
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' : - Battery
I < | sLIC
IC
SYSTEM VOLTAGE LEVELS SLIC PROTECTION
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ov _— VF
/‘\/ v —
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ve — M 1 V(BO)
-V, —
sucC —VSIJC J——— E—

Figure 2.6.09. - Exchange S.L.1.C. Protection

The TISP1082 is a dual asymmetrical device in a TO220 package, to protect particular SLIC types.
"Low voltage" SLICs develop their output between 0 V and -Vbat with relay isolation from the ringing
voltage. Negative disturbing voltages are suppressed by voltage triggered crowbar action. In this
protector the positive voltages are clipped to ground by diode action, because the usual positive voltage
triggered crowbar sections have been replaced by diode sections.
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6.11. Subscriber Equipment Protection

Subscriber Equipment Protection
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Figure 2.6.10.. - Subscriber Equipment Protection

The TISP2290 is a triple symmetrical device in TO220 package for wire to wire and wire to ground
protection, using a smaller symmetrical crowbar protector implemented between the line wires. This
results in the clipping voltage being the same for wire to wire and wire to ground. A study of ringing
configurations shows that this voltage condition only occurs in battery backed systems. In all other
ringing configurations the wire to wire voltage exceeds the wire to ground value.

The TISP3180 is a dual symmetrical device in TO220 package, for wire to wire and wire to ground
protection, in all ringing configurations.
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6.12. Integrated Services Digital Network

Integrated Services Digital Network

ITEM STANDARD ISDN
SIGNAL ANALOG DIGITAL
POWER DC SUPPLY CURRENT LIMIT DC SUPPLY, CURRENT LIMITED
‘RINGING" LARGE SIGNAL ANALOG DIGITAL
INTER-CONNECTION TWO WIRE FOUR WIRE "S" / TWO WIRE "U*
FREQUENCY 200Hz - 3.2 kHz AUDIO 64 kB -—> 1.2MB
CAPACITIVE BALANCE NOT CRITICAL CRITICAL
ELECTRONICS INTERFACE DIRECT TRANSFORMER COUPLED
PROTECTION NEEDS
STANDARD ISDN
@ HIGH OFF STATE VOLTAGE - RINGING @ LOW OFF STATE VOLTAGE - DC SUPPLY
(MATCHED CAPACITANCE DEVICE)
@ HOLDING CURRENT 100mA @ HOLDING CURRENT 150mA

Figure 2.6.11. - Integrated Services Digital Network

Analogue signals are predominately used for both voice and data transmission on current subscriber
lines. Modems are employed for conversion to and from the digital domain. A switching and
transmission system using digital signals can have advantages to both the supplier and user of the
telephone network. Digital signalling will allow the addition of new services for the user and enhanced
system control and management for the supplier.

The major differences arising from the change from analogue to digital signalling are addressed in
Figure 5. The change in frequency from the audio range to 64 kB and above results in line capacitive
balance becoming a critical system parameter in ISDN systems.

These different system needs translate to different protector requirements. The analogue system
protector needs to have a high off-state voltage due to the peak ringing voltage and a holding current of
around 100 mA as defined by the SLIC short circuit line current. The ISDN system protector, however,
needs to have a lower off-state voltage as there is only a lower voltage dc supply. Maximum line
currents tend to be higher than those present in analogue systems requiring a higher holding current.
The ISDN protector must be capacitively matched between each wire to ground.
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6.13. Integrated Services Digital Network Protection

Integrated Services Digital Network Protection
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Figure 2.6.12. - Integ
Figure 2.6.12 shows the implementation of a 4-wire "S" interface with transformer coupled transmit
and receive. Additionally a 2-wire "U" interface is shown between the local exchange and the network
termination.

The TISP3082 can protect both the "S" and "U" interfaces as it is a dual low voltage high holding
current device in a single package. Power is fed from the network termination to the terminal
equipment via the Tx and Rx wire pairs. By placing the TISP3082 protector at the transformer centre
tap any capacitance unbalance effects from the protector are avoided.

This is not possible on the "U" interface as Rx and Tx functions are carried by the same two wires. The
protector will add "unbalance” to the system as one of its sections is biased at around 0 V while the
other section is biased at the power supply voltage. The capacitance of the low bias section will be
higher than that of the higher bias section as the capacitance of the silicon junctions is a maximum at ()
V. The difference in capacitance between the two sections will determine the out off balance effect on
the system. This in-balance will increase with increasing frequency. Typically the amount of capacitive
unbalance introduced by the TISP3082 will be less than 120 pF.
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6.14. Texas Instruments Surge Protectors

Texas Instruments Surge Protectors
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- AUTOMATIC RESET AFTER SURGE

Figure 2.6.13. - Texas Instruments Surge Protectors

The voltage capability of the modern generation of solid state telecommunications circuits is such that
they can be connected directly to the telephone line, thus saving the cost of an isolating transformer.
However the voltage safety margin of these circuits is typically only 50% greater than the normal
operating conditions. Very fast and precise voltage limiting is required to prevent damage from line
transients caused by lightning and power line crosses. The Texas Instruments Surge Protector was
designed to offer full protection to these new solid state circuits.

In the TISP, the opportunity was taken to integrate protection for both wires to ground and also
between wires for both positive and negative overvoltage transients. This integration was greatly
facilitated by the use of a high voltage planar passivation process which in addition to its low leakage,
in the order of nA, resulting in low battery loading, also meets the 20+ year life reliability requirements
demanded by the Telecom industry.

The TISP uses a patented ion-implanted process to define the breakdown voltages. This is a more cost
effective solution than setting voltages by selections of wafer resistivity, and gives precise control of
stand-off and protection voltages.

2.177




1993_Linear Design Seminar

Current flowing in the ion-implanted zener diode causes an integrated SCR to turn on and essentially
shorts the surge to ground. This thyristor action allows much better silicon utilisation than standard
zener diodes.

The additional advantage of the SCR is that as the surge current flowing decays. the SCR will
automatically turn off when its holding current is reached.

The single chip, single package TISP is transparent to the line in normal operation, clamps the
overvoltage surge by zener action, shorts the surge by SCR turn on and automatically resets when the
surge decays.

Analysis of the telephone system shows that there are several fixed voltage protector configurations
required for complete market coverage. This has resulted in four protector series, TISPIXXX.
TISP2/7XXX, TISP3/8XXX, and TISP4/5/9XXX; where XXX is the protection voltage V . These
devices provide a complete system solution to line overvoltage protection in a single package. These
protectors can be inserted into a PCB any way round. The standard pinout with line wires to the outer
pins and ground to the centre pin allows for this.

The TISP family of programmable products provides the Telecom system designer with a new and
more precise form of overvoltage protection function. New system designs will utilise solid state relays
and integrated SLICs. To make these designs a practical reality the superior protection performance
given by the TISP device will become mandatory.
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7. Summary

7.1.Texas Instruments Signal Conditioning

T.I has a long history in analogue signal conditioning products, and is continuing to introduce more
products each year.

TI's Signal Conditioning Products

L

TLC2872

Figure 2.7.. - T.1.'s Signal Conditioning Products

Most of these new products have been designed in Excalibur and in Advanced LinCMOS. These
processes enables T.1. to produce high quality and high performance products capable of meeting most
of today's system needs.
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This seminar has discussed some of the newer and higher performance products. and Figure 2.7 lists
most of the devices discussed today.

By gaining better market understanding and combining this with the Excalibur and Advanced
LinCMOS technologies we hope to provide you with the right device to meet your needs.
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1. Introduction

Data Acquisition
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Figure 3.1.1 - Data Acquisition

1.1. Where Data Acquisition fits in a System

Most modern electronic systems have digital processing as the core; from things we are familiar with in
every day life such as television, the motor car, personal computers, etc. to more specialised
equipment in the industrial and scientific environments. Yet the world we inhabit is essentially analog
in nature - so we need devices to convert from the, "real world", analog domain into the digital domain
occupied by the processor. The Data Acquisition devices covered in this section of the handbook are

one group which fulfils this function.
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A Generic Data Acquisition System

Analog
Input

Sampling
Signal

— W nmmMmOO I

ggﬁstmction
Analo output

Outp Amp ] /X/ DAC
/\/

Figure 3.1.2 - Generic Data Acquisition System

The above figure illustrates the basic elements of a generic data acquisition system. Many people think
of data conversion as being just the Analog-to-Digital Converter (ADC) or the Digital-to-Analog
Converter (DAC). However to convert from the analog domain to the digital domain, the I/P signal
needs its levels matched to the I/P range of the ADC; it needs filtering to remove frequency
components above the Nyquist rate and sampling to convert the continuous-time signal into a sampled
signal. Finally it can be quantised by the ADC. To convert from the digital domain back to the analog
domain, the DAC needs a reconstruction filter to convert its O/P back to the correct baseband signal
and an O/P amplifier to drive the load.

All the data acquisition devices discussed in this handbook contain at least some of these extra
functions and some contain them all.

1.2.Selecting an ADC for Your System

When choosing an ADC for a particular application, you have to consider several aspects of its
performance:




Data Conversion

Selecting an ADC - Resolution and Bandwidth

1* Vin ® An n bit ADC has a resolution of 2"-1 or
Vv /\ approximately 6n dB dynamic range
t
\/ - e The sampling frequency fs should be chosen
to be at least twice the maximum I/P frequency
A 1fs (after any filtering) to avoid aliasing

0 - NYQUIST SAMPLING THEOREM

dB | Baseband In::;e
-6n

t,/2 ff f

Vin

Figure 3.1.3 - Resolution and Bandwidth

1.2.1. Resolution

An ideal n-bit converter will have 2" —1 steps which corresponds to a dynamic range of
approximately 6n  dB. This needs to be matched to the signal-to-noise ratio / dynamic range
requirements of your system.

1.2.2. Sampling Rate and Bandwidth

The sampling frequency ( f; ) of your system needs to be chosen to be at least twice the maximum I/P
frequency (after filtering). This is Nyquist's Sampling Theorem. In practical terms, f should normally
be twice the frequency at which the signal crosses the noise floor of the system. However the

conversion time (T, ) of the ADC will have to be less than %r in order to allow the
s
sample-and-hold circuit (S/H) time to acquire the signal to the required accuracy.

1.2.3. Linearity, Gain and Offset Errors

The ideal transfer function of an ADC will be affected by errors such as: zero offset, gain error,
differential non-linearity and integral non-linearity.
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Selecting an ADC - Linearity, Gain and Offset errors
IDEAL STRAIGHT LINE

The ideal transfer function will
be affected by errors such as:
Zero offset

® Gain error

e Differential non-linearity
® Integral non-linearity

w
Q
¢
O
a
e
—
<
=
<
O

+1/2 LSB
DIFFERENTIAL LINEARITY

ZERO OFFSET -1/2 LSB
DIFFERENTIAL LINEARITY

Figure 3.1.4 - Linearity, Gain and Offset Errors

Zero offset is the mid-step I/P value when the O/P code is zero.
Gain error is the difference between the actual mid-step value and
the ideal mid-step value when the digital O/P code is maximum
(measured after correcting zero offset).

« Differential non-linearity is the difference between the actual step
width and the ideal step width of 1 LSB.

¢ Integral linearity is the deviation of values from a straight line,
normally, drawn through the end points.

e Total error is the sum of all the above errors.

Zero offset and gain error can be corrected by adjustment of the DC offset and gain respectively. But in
many systems this is an undesirable expense, both in terms of the additional components / board space
and in terms of the additional test time.

Differential non-linearity and integral non-linearity add to the noise and distortion of the system.
degrading its performance from the ideal value for the given resolution in bits.

TI's devices are well specified in terms of the above errors and, by selecting the right device. the
requirement for expensive gain and offset trimming is often precluded.
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2. General purpose ADCs

Successive approximation continues to be the most popular conversion technique for general purpose
ADCs as it covers a wide range of resolutions from 8-16 bits and conversion rates from 100us to below
lus.

TI's TLC1540 family, TLC1550 family and TLC1225 family of ADCs discussed in this section are all
successive approximation ADCs with typical speeds and resolutions for this family.

2.1.Successive Approximation Principle

Successive comparison of an unknown uanalog input voltage with binary weighted values of a
reference give this method its name of "successive approximation".

One input of the comparator, shown in the block diagram, is driven by an unknown input signal, Vin
while the output of the DAC drives the other. The successive approximation register provides the input
to the DAC and responds to the output from the comparator.

When the DAC has its MSB set to logic 1 (with all other bits zero), by the successive approximation
icgisici (SAR), it will produce a voltage vutput of 172 the reference and anaiog input fuil scale range.
The comparator then determines whether the DAC output is above or below the unknown input signal.
If, as shown. the input signal VIN is above the DAC output value, the MSB is retained in the
successive approximation register while the next weight of 1/4 the reference is compared. This
process continues until all bits are tested and the nearest approximation to the input signal is obtained.
The result is then passed to the output register. Therefore a converter of N-bit resolution takes N steps
to achieve a digital output.
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Successive Approximation Principle

COMPARATOR __$ ol el D/A OUTPUT
SUCCESSIVE
APPROXIMATION {*— cLock 3/4FS
— REGISTER i ]
VIN ‘ |
2
= 12FS —+
° .. . . i N
8 - 16 bits resolution. 1-100us conversion time OUTPUT CODE:
® N-bit converter requires N conversion steps 1AFS 101011
® |/P must be held constant during conversion
® Switched capacitor array based converters use 'y"'2'34 5 6

a charge re-distribution on weighted capacitors
conversion technique

Figure 3.2.1 - Successive Approximation Principle

While the successive approximation converter process continues, the input signal must be held
constant using a sample and hold circuit in front of the comparator. More recent successive
approximation converter designs, use switched capacitor networks, utilizing charge redistribution, to
replace resistive ladder DACs. This is due to the switched capacitor technique's smaller chip area,
higher speed and inherent sample and hold function. Texas Instrument's Advanced LinCMOS
technology with its double polysilicon layers is an ideal process for building well matched switched
capacitor circuits for successive approximation ADCs.

e Switched capacitor ADCs have an inherent sample-and-hold.
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2.2.The Input of a Switched Capacitor ADC

The I/P equivalent circuit of TI's TLC1540 family, TLC1550 family and TLC1225 family of ADCs

looks like a capacitor to ground during the sampling phase and an open circuit during the conversion
phase of the ADC cycle.

Driving the I/P of a switched capacitor ADC
e Driving source needs to charge C1 to within 1/2 LSB during sampling time
® Time to charge to 1/2 LSB = TC x In(2 x resolution)

® =~ 76xTC fora 10-bit converter, or 9 x TC for a 12-bit converter

Rs

Time constant (TC) = (Rs + R1) x C1

Figure 3.2.2 - Driving the I/P of a Switched Capacitor ADC

For accurate operation of the ADC, the capacitor must be charged to the required accuracy of 1/2LSB
(or more, depending on your system error budget) during the sampling phase of the ADC cycle.

_
The voltage V, on capacitor C1 is givenby V.=V, (I—-e "7¢ )
where TC is the time constant C{(Rg+R )
4

__C
Vg)

V.
_t = __C
Yo =In( 7<)

S

-t/
So e ¢ =(1
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Hence time taken to settle to 1/2 LSB is

_ V, - 4LSB

t —TC .In(1 -

S

) = TC .In(2.RESOLUTION )

For a 10 bit converter this would be TC x In(2 x 1024) = 7.6 x TC.

This therefore sets a maximum limit on the source impedance when driving into a capacitive ladder
ADC. For the TLC1540 family, TLC1550 family and TLC1225 family of ADCs, the maximum value
of C1 is 90pF and there is an internal series resistance of 1K€ for (ESD protection).

10-bit and 12-

TLC1543
10-BIT, 21us, 11 I/P,
1LSB LINEARITY,
INTERNAL CLOCK,
SERIAL I/O

TLC1541
10-BIT, 21us, 11 I/P,
1 LSB LINEARITY,
EXTERNAL CLOCK,
SERIAL I/O

bit ADC Roadmap

TLC1549
10-BIT, 21us, SINGLE I/P,

av
8-PIN PACKAGE
1 LSB LINEARITY, VERSIONS
INTERNAL CLOCK,
SERIAL I/0

TLC1548
TLC1540 TLC1542 10-BIT, 21us, SINGLE I/P, 12-BIT, 10us, 11 /P,
10-BIT, 21us, 11 I/P, 10-BIT, 21us, 11 I/P, 8-PIN PACKAGE 1 LSB LINEARITY,
1/2 LSB LINEARITY, 1/2 LSB LINEARITY, 1/2 LSB LINEARITY, INTERNAL CLOCK,
EXTERNAL CLOCK, INTERNAL CLOCK, INTERNAL CLOCK. SERIAL /O
SERIAL /0 SERIAL /O SERIALIO
TLC1551 TLC1550
10-BIT, 8US SINGLE P, | | 10-BIT, 6US SINGLE 1/P, 10-BIT, 2US SINGLE I/P,
1 LSB LINEARITY, 1/2 LSB LINEARITY, 1LSB LINEARITY,
INTERNAL CLOCK, INTERNAL CLOCK, EXTERNAL CLOCK,
PARALLEL I/F PARALLEL I/F PARALLEL F

Figure 3.2.3 - 10-bit and 12-bit ADC Roadmap

Figure 3.7 shows the current product range for
the technical direction Tl is pursuing.

the TLC 1540 family and TLC1550 family of ADCs and
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2.3. TLC1540 Family of ADCs

The TLC1540 family of ADCs are 10-bit serial O/P devices with a conversion time of 21us. They are
available in commercial temperature range (0°C to +70°C) and industrial temperature range (-40°C to
+850C).

TLC1540 Family - Functional Block Diagram

REF+ T14 REF- T13

Al . + SWITEHED CAPAGITOR
2 ‘ ADC ’
'—

g)_ A3 :

Z A 10

8 A5

e 3o
Y &

COUNTERS

ADDRESS __17
INPUT 2 l Q
/O CLK m—2 »
TS -t >
SYST. CLK =22 > ' 3

Figure 3.2.4 - TLC1540 Family Functional Block Diagram

The TLC1540 through TLC1543 ADCs all feature a 12-channel I/P multiplexer giving 11 analog
inputs and 1 self-test I/P. The TLC1540/1 require an external system clock on pin 19 while the
TLC1542/3 have an internal system clock and use pin 19 to provide an End-of-Convert (EOC) output.

The complete conversion cycle takes 30us which consists of 21us (Tcony) plus 10 I/O clocks which,
at the maximum rate of 1.1MHz is 9us

Therefore the maximum sampling frequency for a system using a TLC1540 family device is:

f\IMAX = %OUS = 33.3KHz

Six of the 1/0 clocks are used for the sampling time. So at the maximum [/O clock rate there is approx.
5.4us available to charge the I/P capacitance of the ADC to the required accuracy. This will then give
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the maximum allowable source impedance for driving the TLC1540 family at max. Fs for 172 LSB
error of the capacitor voltage.

t=TC x In(2 x RESOLUTION). So substituting the above values we get:-
54x10° = R| x 90x10™x In(2")

|- 5.4x10°
MAY90x10 x 7.6

As there is already an internal resistance of 1K€, the maximum source impedance for full speed
operation is 6.9K€2. However, in order to compensate for internal switch resistance and external
temperature variations, it is recommended that the maximum source resistance should be no greater
than half this value.

=7.9x 10°Q

All the devices in this family have a simple serial interface to a microprocessor or peripheral and the
following application example shows the interface to the, popular, Intel 8051TM microcontroller.

2.3.1. TLC1540/1 ADC Interface to Intel 8051 Microcontroller

This application describes a technique for operating the TLC1540 10-bit ADC with the 8051
microcontroller using software generated control signals. These signals are CS, I/O clock, address
input, and system clock. The system clock signal is required to drive the successive approximation
conversion process and would not be required for the TLC1542/3 as they have an internal system
clock.

Hardware

The system clock is derived from the ALE signal of the 8051 device. Another method uses a signal
that is tapped off the oscillator through a high impedance buffer or inverter and divided down to the
appropriate frequency. Care should be taken when using the ALE signal for the TLC1541 system
clock to ensure that the high and low pulse widths are within specifications. The ALE signal is
dependent upon the oscillator frequency and may not meet pulse width specifications at high oscillator
frequencies.
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TLC1540 Family - Interface to 8051 Microprocessor

A0
A1

A1 0 e i
TLC1540 B 8051
798 ——_piq-22US Pl 79us —
e ] i —
LS l | L |

ADDRESS [ [11
> 7us  pijelus 1us » <7us
I/OCLK " Il II " || || || || || || ]l “ || || || || || || ll ||

»i}¢ 80ns

DATA OUT IR [

Figure 3.2.5 - TLC1540 Family Interface to 8051 Microcontroller

The subroutine can be executed in 79 ps. With a system clock of 2.1 MHz from the ALE pin,
conversion results may be read every 101 ps.

Software

All interface control signals are generated through software manipulation of port pins. A subroutine is
used to load a new multiplexer address and retrieve a previous conversion result. A listing of the
subroutine follows this discussion.

A multiplexer address should be loaded into the most significant 4 bits of the accumulator before
calling the subroutine. Previous conversion results are returned left justified, with R2 holding the eight
most significant bits and R3 holding the two least significant bits. After returning from the subroutine,
a delay loop is executed to allow time for the conversion. Conversion requires 44 system clock cycles,
therefore, delay loops of appropriate length should be included according to the system clock
frequency.
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Software List for TLC1540 Family to Intel 8051 Microcontrollers

Main Program
START:

CONTINUE

DELAY I:

DELAY?2:

Subroutine
TLC1540

LOOP:

MOV P1 # 02H
CLRP1.3

SETB P1.4

MOV A# 10H
ACALL TLC1540
MOV R5.#07H
DINZ R5,DELAY1
MOVOA, # OH
ACALL TLC1540
MOV R5# 07H
DINZ RS,DELAY?2

MOV R4.,# 08
CLR P14
NOP

NOP

MOV C,P1.1
RLC A

MOV P1.2,C
SETB P1.3
CLR P13
DINZ R4,LOOP
MOV R2,A
MOV C,P1.1
CLR A

RLC A

SETB P1.3
CLR P1.3
MOV C.P1.1
RRC A

; Initialize port 1 1/0 pins

: Make sure I/O CLK is low

; Make sure /CS is high

; Initiazlie muxaddress to channel 1
; Shift muxaddress/results

; Load counter

; Delay for conversion

; Initialize muxaddress to channel 5
; Shift muxaddress/results

; Load counter

; Delay for conversion

; Load counter
; Bring /CS low
; Delay for /CS to go low

; Read data bit into carry

; Rotate into accumulator

; Write muxadd bit out

; I/O clock high

; /O clock low

; Go back and get another bit
; Store MSB'S in 12

; Read data bit into carry

; Clear accumulator

; Rotate data bit into accumulator
; /O clock high

1 I/O clock low

; Read data bit into carry

; Rotate right into accum MSB
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RRC A ; Rotate right into accum MSB
MOV R3,A ; Store LSB'S in R3

SETB P1.3 ; /O clock high

CLR P13 ; /0 clock low

SETB P14 ; Bring /CS high

RET ; Return to main program

2.3.2. TLC1549 Single Input, 10-bit ADC

Available in 8-pin DIL or 8-pin SOIC, the TLC1549 is a 10-bit ADC for applications requiring only 1
input and/or where space is at a premium. It features the same ADC as the TLC1543 but without the
input multiplexer.

TLC1549 10-Bit Single I/P ADC

REF+ REF-

ANALOG
IN

@ Availabie in an 8-pin
package

DATA
ouTt

I/O CLK
s 5

Figure 3.2.6 - TLC1549 10-bit Single Input ADC
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2.4.TLC1550 Family of ADCs

The TLC1550 and TLC1551 are 10-bit, parallel O/P ADCs designed for easy interface to DSP. Their

features include:

Parallel interface

6us conversion time

External or internal clock

Low power dissipation ( 40mW maximum)

+0.5 LSB total unadjusted error - TLC1550
+1.0 LSB total unadjusted error - TLC1551

TLC1550/51 10-Bit ADC

EOC
I
Cow—— o SUCCESSIVE JLE?;DQ
WR #—————» | oaic | APPROXIMATION
RD = > REGISTER :
DVDD1 FREQUENCY INTERNAL %
DIVIDE BY 2 CLOCK 110
100k y ; Y COMP
NOM 10-BIT
CAPACITOR $
DAC
CLKIN =— »|  CLCCK DETECTOR AC & SH
REF+ = »-
REF- m» >
Ain = >

Figure 3.2.7 - TLC1550/1 10-bit ADC Functional Block Diagram

The TLC1550 ADC will sample its analog I/P from the rising edge of EOC to the rising edge of the
next WR pulse. So consideration must be given to the required sampling accuracy (as previously

described) when determining the timing of these sig

nals.
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24.1. A Control System using the TLC1550 and TMS320C14

Electromechanical control systems are used in automobiles, appliances, industrial controls and many
other systems. Today most control system designs are digital signal processor (DSP) based. A DSP
based system, such as the one below, typically consists of one or more sensors, an analog-to-digital
converter (ADC), a DSP and an actuator system.

DSP-based systems offer several advantages over conventional control systems. For example:

¢ Replacing large look-up tables with mathematical equations
reduces ROM requirements.

e Use of software models reduces the need for expensive linearized
sensors.

e A DSP calculation result can be more accurate than a linear
interpolation.

¢ The high processing power of a DSP enables use of advanced
control algorithms.

e Using a DSP and a single ADC reduces the need for additional
precision components.

o DSP implementation of real time system diagnostics can improve
system reliability and reduce cost.

To give design engineers the full advantage of a DSP-based approach, TI has designed the
TMS320C14 DSP microcontroller and the TLC1550 10-bit ADC. These components can be used to
simplify designs and increase performance.

TLC1550 A/D Converters

The TLC1550 features high speed (6 us conversion) combined with a 10-bit parallel data bus, making
it possible to use a single ADC with multiple sensors. The parallel bus also allows for easy interface
the TMS230C14. The control system schematic includes the signal conditioning and multiplexing
necessary to utilize multiple sensors.

TLC1550 / TMS320C14 System Benefits

Fast Operation

Accurate control

CMOS technology reduces system power requirements
Design Flexibility

Simple A/D & DSP Interface

TMS320C14 DSP Microcontroller

The TMS320C14 combines a digital signal processor with microcontroller peripheral functions. The
DSP core provides the processing power of a hardware multiply and 32-bit ALU. This processing
power combined with a clock frequency of 25 MHZ makes possible the use of advanced control
software. The peripheral functions provide interfaces to other system functions with a minimum of
external components. This enables the TMS320C14 to be used in a variety of control applications. The
TLC1550 and the TMS320C14 are both implemented in CMOS technology, minimizing system power
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dissipation and requiring only a single 5V power supply. This further simplifies the design
requirements for the system that follows.

Control System Schematic

_ TLC4016 5V Translent Protector
5V

SN74ALS573 SN74ALS679

SN74ALS138

Analog Sensor Inputs

To Relay Drivers

Figure 3.2.8 - TLC1550, TMS320C14 Control System

Design Considerations

Since most control applications require more than one analog input, two 4-channel analog switches
(TLC4016) are interfaced as multiplexers to the analog input (A;,) of the TLC1550. The selection of
one of these eight analog inputs is done via the transparent latch (SN74ALS573) with an OUT
instruction to /O port address PA3 and the appropriate data. Each of the eight analog inputs has a
separate circuit for transient protection and filtering. The resistor and capacitor network provide a
simple low pass filter. The diode circuit labeled "transient protector” is used to conduct transients to
ground or 5V, thus protecting the input circuitry.

The TMS320C 14 can address the TLC1550 as an external memory. In order to use the simple IN and
OUT instructions of the DSP-controller, the TLC1550 is mapped into the I/O port address range 1111
1111 1xxx. This is accomplished by simply decoding the 9 address lines (A3 - All) using the
SN74ALS679. The decoder output Y enables the 3-line to 8-line decoder SN74ALS138, to chip select
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CS of the analog-to-digital converter. In this configuration, the TLC1550 can be selected via 1/0 port
PAO.

The write_(__ﬁ) and read (RD) signals are only valid when CS is active low. An OUT instruction on
PAO sets CS low, permits sampling to begin with an EOC high signal and initiates the hold mode with
a WR high signal.

After entering the hold mode, the internal clock controls the conversion automatically. When the
conversion is complete, the end of conversion EOC goes low, indicating that the digital data has been
transferred to the output latch. Lowering CS and RD resets and EOC transfers the result to the data
bus for the TMS320C 14 read cycle.

Analog Channel Addressing

0000 0000 0000 0001 (IH) = Channel IN1
0000 0000 0000 0010 (2H) = Channel IN2
0000 0000 0000 0100 (4H) = Channel IN3
0000 0000 0000 1000 (8H) = Channel IN4
0000 0000 0001 0000 (I10H) = Channel INS
0000 0000 0010 0000 (20H) = Channel IN6
0000 0000 0100 0000 (40H) = Channel IN7
0000 0000 1000 0000 (80H) = Channel IN8
Channel Selection Routine

lack 4 ; load accumulator with 4

sacl four :store 4 into four

out portadr,bsr :select band FFFF (hex) - ports PAO - PA6
out four,PA3 :select analog channel IN3

Note: To avoid analog I/P conflicts, only one logic high should be written to the octal D-latch.
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A to D Conversion Routine via Polling

init

sel

conv

wait

wait |

1dpk
larp
dint
lack
sacl
zac
sub
sacl
out
out
nop
nop
nop
out
call
in
lac
and

sacl

lark
nop
banz

ret

0
0

one

one
portadr
portadr,bsr

one,pa3

dummv,pa0
wait
advalue,pa0
mask
advalue
advalue
conv

0,value

wait |

; disable all interrupts
;Jload accu with 1
;store 1 into one

;clear accu

;0000h-0001h=FFFFh
:FFFFh->portadr

;select bankFFFFh (ports pa0 - pa6)
;select analog channel IN1

;these nop instructions

;allow the I/P voltage

;to settle

;start conversion

;read conversion result

;load mask O3FF for 10 bits

;mask conversion result

;store 10-bit conversion result
;delay loop of 6us to allow conversion

»
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2.5. Self calibrating 12 bit plus sign ADC - The TLC1225

TLC1225 is a 12-bit-plus-sign successive approximation ADC utilizing a self-calibration technique to
eliminate expensive trimming of thin-film resistors at the factory. Additionally, this technique ensures
excellent long term stability, avoiding regular field trimming to maintain conversion accuracy.

TLC1225 is Self-Calibrating

ANALOG ]
Vee |
|
IN+ |
|
|
|
|
IN- |
i
| |
REF

. I Cloeks :

16, oI InputData
| II - L%has |
| |
- } <+ |

13-Bit Calibration
Control Logic 13 Qﬂﬁiﬁ Control :
13-Bit Data Latoh [/ > ] I
| e—— 13 Counter
/ | |
| |
' — ]
o2 T o READY
.\_a g% |o l; l

Figure 3.2.9 - Self calibrating 12 bit plus sign ADC - The TLC1225

The design uses a switched capacitor based charge redistribution technique for the conversion. As 12-
13 bits accuracy of capacitor matching is difficult to achieve, seven of them are calibrated during a
non-conversion, capacitor-calibrate cycle in which all seven of the capacitors are calibrated at the
same time. The calibration or conversion cycle may be initiated at any time by issuing the proper
command word to the data bus.
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TLC1225 Self calibrating ADC

o Self calibration eliminates expensive trimming
0V to 5V Unipolar or -5V to +5V Bipolar ranges
12us conversion time

True differential inputs

Low Power ... 85mW max.

Calibration cycle (simplified description)

Comparator Offset Calibration Steps:

Step 1 : The input, VIN is shorted to GND in order to ensure that the comparator input is zero. A
coarse offset calibration is performed by manipulating the offset error using switches and  offset
storage capacitors. After this action some of the offset still remains uncalibrated. Step 2 : An A/D
conversion is done on the remaining comparator offset with the 8§ bit calibration DAC and 8 bit
successive approximation register. The result is stored in the RAM.

13 Bit DAC Capacitive Ladder Calibration Steps:
Step 1: The input is internally disconnected from the 13 bit capacitive DAC.

Step 2: The MSB capacitor is tied to VREF, while the rest of the ladder capacitors are tied to GND.
The ADC conversion result from the Comparator Offset Calibration Step 2 above. is retrieved from
the RAM and is input to the 8 bit DAC.

Step 3: Step | of the Comparator Offset Calibration sequence is performed. The 8 bit DAC input is
returned to zero and the remaining comparator offset is then subtracted. Thus, the comparator offset is
completely corrected.

Step 4: Now the MSB capacitor is tied to GND, while the rest of the capacitors are tied to VREF. An
MSB capacitor voltage error on the comparator output capacitor does not equal the sum of the other
capacitors in the capacitive ladder. This error voltage is converted to an 8 bit word and stored in the
RAM.

Step 5: The capacitor voltage error for the next most significant capacitor is calibrated by keeping the
MSB capacitor grounded and then performing the above Step 1-4 while using the next most
significant capacitor in lieu of the MSB capacitor. The seven most significant capacitors can be
calibrated in this manner.

Conversion Cycle (simplified description)

Step 1: Step 1 of the Comparator Offset Calibration sequence is performed. The remaining offset
obtained in Step 2 of the Comparator Calibration sequence. is retrieved from the RAM and is input to
the 8 bit DAC. Thus, the comparator offset is completely corrected.

Step 2: The input signal, VIN is sampled onto the 13 bit capacitive ladder.

Step 3: The 13 bit ADC conversion is performed. As the successive approximation conversion
proceeds successively through the seven most significant capacitors, the error for each of these
capacitors is recovered from the RAM and accumulated in the 8 bit successive approximation register.
This register controls the 8 bit DAC so the total accumulated error for these capacitors is subtracted
out during the conversion process.
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A conversion takes only 12us. A calibration cycle takes 4 times longer. Calibration is required upon
y y 8

power-up to achieve full accuracy. Regular recalibration is recommended to avoid drift. This is

particularly true in systems where self-heating or environmental temperature changes occur.

TLC1225 Analog design considerations
When designing with a medium to high resolution converter like the TLC1225 several fundamental
considerations have to be made.

TLC1225 Analog Design Considerations

............. ) +5V
: SOURCE_: DGTL
: : IN+ vee Y
TT
ANLG ]
............ IN- VCC+
5
TLC1225 sLT I#|,,
—
ANLG "’VII I
DESIGN CONSIDERATIONS | o mary Y
- 0.1uF
® Unipolar or bipolar operation Signal ]-: ~
@ Input signal range Ground Sl
WR |«
o Reference voltage "R oR
. . . RD |«
© Ratiometric conversion _
REF iNT DSP
e Application advantage from diff. inputs DGTL  RDYOUT »lBUS
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TLCI1225 Analog design considerations

Power supply

The device features a 0 to 5V analog input range with a single +5V supply voltage (Unipolar
configuration) or -5 to +5V analog input range with +/-5V supplies (Bipolar configuration). The
choice of the configuration depends on the application and available supply voltages.

Proper supply grounding of both digital and analog supplies are required as shown. Avoid ground
loops that inductively could pick up hum. Also, signal ground leads should only carry the return
current from the signal source. Any additional current may cause a voltage drop and result in system
errors. Noise spikes on the supply lines can also cause conversion errors.
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All supply input pins should be bypassed by | to 10uF low inductance capacitors with short leads.
Further high frequency decoupling can be achieved with a 100nF ceramic capacitor, placed in parallel
with the aforementioned tantalum capacitors. A separate regulator for the TLC1225 or other analog
circuitry will greatly reduce digital noise on the analog supply line.

Differential inputs

The device is provided with a true differential input structure. This can be utilized to reduce effects of
noise and hum signals common to both input wires. Common-mode noise often appears where long
input leads are used or in noisy environments. There is no time interval between the sampling of IN+
and IN- input so these are truly differential and simultaneous sampling rejects even high frequency
common-mode signals within the bandwidth of the ADC. Keep IN+ and IN- input leads twisted and
their PCB tracks close together.

The true differential input structure allows for simple interface to differential sources such as some
strain-gauge configurations. Also, the input can often save a pre-processing  differential
instrumentation amplifier or act as the third amplifier in such a configuration.

Noise constraints
A general rule of thumb is that the input leads should be kept as short as possible and that the source
impedance should be as low as possible.

Long input leads can pick up noise from a digital clock signal with edges too fast for the differential
input amplifier's common-mode rejection. This noise can cause CONversion errors.
Input bypass capacitors may be used for noise filtering. However, the charge on these capacitors will
be depleted during the input sampling process when the internal sampling capacitors are charged. Note
that the charging of the bypass capacitors through the differential source impedance must keep pace
with the charge depletion of the bypass capacitors during the sampling sequence. The above
phenomenon becomes more significant as source impedance and conversion rate increases. For source
impedances below 100 Ohm, a 1nF bypass capacitor at the input will prevent pick-up due to series
lead inductance of a long wire.

Even in applications without an input bypass filter capacitor, high source impedance can cause a
voltage drop when charging the internal capacitors during the sampling phase. Note, that some op
amps, when used as signal source, have high output impedance for the current spikes required to
charge the internal capacitors of the TLC1225.

Signal conditioning
The input signal range is limited by the supply voltages which means 0 to 5V in unipolar mode and -5
to +5V in bipolar mode of operation.

In either mode, when using a signal conditioning op amp supplied from the same analog supply
(supplies), you will need an output swing to the supply rails within a fraction of a millivolt. No op amp
can guarantee this performance but some come very close. The LinCMOS precision op amp TLC220]1
has a complementary CMOS output state that can swing very close to either rail when not loaded. In
addition, it can operate with a single +5V supply as well as with +/-5V supplies. Using this op amp
eliminates adjustment of the input range. but a few codes in both the top and bottom of the ADCs
dynamic range will be missed due to the limited output swing. A worse limitation is often the accuracy
and stability of the power supply (supplies) limiting the input range significantly, even if 1% voltage
regulators are used.
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For applications demanding high frequency signal conditioning a faster precision op amp like the
TLC2027/37 should be employed. However, such op amps have not got rail-to-rail output swing so
higher supply voltages must be used. If +V and -V exceeds the ADC supplies, precautions must be
taken to avoid over-voltage on the ADC's input pins. A suitable protection can be accomplished by a
small series resistor (preferable a PTC resistor) followed by schottky clamping diodes to either
supply. To ensure that the bulk of current from any over-voltage will flow in the schottky diodes rather
than in the ADC's internal ESD protection circuitry, an additional small series resistor can be added in
series with the input. The maximum input current for the ADC caused by over-voltage should be kept
well below +5mA .

Mode of operation

The ADC can be used in either absolute or ratiometric reference applications. In an absolute reference
system, where the analog input varies between very specific voltage limits, a 13 bit precision voltage
source reference is required. An example of such an application is a temperature measuring system
using a sensor, which provides 10mV/°C independent of the supply voltage.

In a ratiometric system, the analog input voltage is proportional to the voltage used for the A/D
reference. When this voltage is the system power supply, the REF pin can be tied to the ADC's
positive supply. This technique relaxes the stability requirement of the system

reference as the analog input and the ADC reference move together maintaining the same output code
for a given input condition. An example of a ratiometric transducer is a strain-gauge bridge supplied
directly from the system power supply. Often both the VIN- and the REF pins are tied to the system
power supply via resistive voltage dividers to define an input dynamic range window slightly smaller
than that of the supply voltages. This allows a driving op amp to operate at the same supplies as the
ADC without needing rail-to-tail swing.

Reference input

The restrictions on the source impedance for the analog inputs also applies to the reference input. In
addition, noise from the reference must be kept at a minimum by careful decoupling of both low and
high frequency noise.

In summary, precision 12 bit ADCs require some adjustments to compensate for offset errors. The
TLC1225, with its self-calibration facility ensures low and stable offset with time and temperature
eliminating initial trimming and re-adjustment due to aging.

2.5.1. Interface of the TLC1225 A/D Converter to the TMS320C25

Advanced control systems often combine data acquisition circuits with digital signal processors (DSPs)
to provide real time control of complex mechanical equipment. The system performance depends on
both the selection of key components as well as efficient interface design.

An automotive active suspension system is an example of a complex mechanical system suited for DSP
control. The block diagram below describes a typical system. The major parts of the system are
sensors, analog-to-digital converter (ADC) interface, ADC, ADC-to-DSP interface and DSP-to-pump
interface.

A control system such as this requires a fast, accurate ADC and a high-speed DSP. The TLC1225
ADC features 12-bit accuracy, 12-ps conversion time and a parallel interface for high speed. The
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TLCI1225 combined with a TMS320C25 DSP offers a cost effective solution to the automotive active
suspension system design.

The complete suspension system contains three separate interface circuits. Each interface is important;
however, this application brief covers only the ADC-to-DSP interface. The designer must consider the
timing requirements for both the DSP and ADC in order to produce a simple, cost etfective interface.

The ADC-to-DSP interface consists of three functions: clock generation, chip select and ready
generation. Several clock circuit options are discussed, based on different system speed requirements.

Interfacing theTLC1225 to the TMS320C25 DSP

«— Analog
Input

Figure 3.2.10 - Interfacing the TLC1225 ADC to the TMS320C25 DSP

Clock Generation
Separate clock signals are required for the TLC1225 and the TMS320C25. Although each clock is a
different frequency, the TLC1225 clock can be generated from the TMS320 CLKOUT] signal.

The TLC1225 requires 24 clock cycles to perform an A/D conversion, regardless of its input clock
frequency. Therefore, if minimum A/D conversion times are desired. the TLC1225 should be run at its
maximum input clock frequency of 2 MHz.

The interface presented here is designed to be compatible with either the standard TMS320C25-40
operating at up to 40 MHz. or the enhanced performance TMS320C25-50 operating at up to 50 MHz.
With the TMS320C25-40 operating at its maximum rate, its output clock frequency is 10 MHz. If
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system requirements dictate that both devices be run at their maximum rates, external circuitry can be
used to divide the TMS320C25 output clock by five, or an external oscillator may be used to provide a
2-MHz clock for the TLC1225.

Other approaches may be employed to provide a clock for the TLC1225 if input clock frequencies for
either the TLC1225 or the TMS320C25 may be reduced. For example, if the speed of the TMS320C25
can be reduced to 32 MHz. a simple external circuit can be used to divide one of its clockout signals by
four. This approach, which requires a minimum of inexpensive external logic, is illustrated in the
application circuit shown here.

In contrast, if the TLC1225 input clock can be decreased to 1.25 MHz, the TMS320C25 may still be
run at 40 MHz and its clockout divided by eight. If the high performance of the TMS320C25-50 is
required. an extension of one of these approaches may be used to provide a clock signal for the
TLC1225.

Chip Select

In this application, IS (the TMS320C25 1/O space select signal) is used as the chip select for the
TLCI1225.  This approach is appropriate if the TLC1225 is the only device mapped into the
TMS320C25 1/0 space. If other devices are mapped into the I/O space. a unique chip select must
generally be decoded for each device using the IS signal and address bus information. If this approach
is used with the application circuit presented in this document, the same signal used to provide CS for
the TLC1225 should also be connected to the ready generation circuitry.

Generation of a decoded CS signal must meet the timing requirements for the TLC1225 in addition to
meeting the timing requirements for the TMS320C25 ready generation. On the TLC1225, CS must
occur early enough with respect to WR and RD to meet the timing requirement. However. because
two wait states are used when interfacing the TLC1225 and the TMS320C25, this requirement is easily
met, even if relatively slow decode logic is used. In fact, timing requirements for ready generation
typically dominate chip select decode considerations. Specifically, if the ready generation logic is
driven directly by the same signal used for CS on the TLC1225, in order to meet the TMS320C25
timing requirements, this signal may be delayed from address by no more than 18 ns (8 ns for the
TMS320C25-50). This includes the 5.8 ns 74AS32 propagation delay, which leaves 12.2 ns for
decoding (2.2 ns on the TMS320C25-50).

Ready Generation

In many case. in order to facilitate ready signal generation. wait state devices may often be grouped
together within a coarse address segmentation, or even in the same logical space (for example, 1/0),
with a signal requiring little or no decoding used to initiate a wait state. Once a wait state is initiated,
then decode logic is allowed significantly longer to respond with a signal indicating ready status. This
concept is discussed in greater detail in the TMS320C2X User's Guide (Document Number
SPRUO14B) Hardware Applications Section.

As mentioned previously, two wait states are used when interfacing the TLCI1225 and the
TMS320C25. This is implemented with two 74ALS113 flip-flops, which delay the signal indicating a
TLC1225 access (IS, in this case) by two TMS320C25 CLKOUT2 cycles. Therefore, when the
TLC1225 is first accessed, IS goes low, also driving ready low, and a wait state is initiated. Then after
two clock cycles, a ready indication meeting the TMS320C25 timing requirements is generated,
terminating the 1/0 access.
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The interface described here has been implemented as a normally ready system. In a normally ready
system, ready is normally asserted and de-asserted early in cycles where wait states are required. Fast
devices which require no wait states are not required to respond, thereby simplifying the system design.

TLC1225 / TMS320C25 System Timing Diagram

: READ TIMING
CLKOUT —_ | r— \ - \ / —_
: J \ J \ f \
CLKOUT2
STRB e -
™ — —
DATA ‘ j C VALID
READY T )
— tgcc =95Ns —>4—tg, =100ns —»
WRITE TIMING
CLKOUT1 | — \ J \ J —_
ckout2 T\ J \ / \ —\
s T\ |
STRB \ ]
WR —
DATA ——— VALID N——
READY \ /

4+—tg, =100ns —> < ty,=56ns >

System Timing Diagram

Read and Write Cycle Operation

Read Cycle - A read cycle is initiated with IS going low, which selects the TLC1225. At this time.
R/W also goes low, signifying a read operation; RD remains high, since RD is the AND of inverted
R/W and STRB. When STRB goes low, RD goes low and the two wait state access allows the
TLC1225 approximately 180 ns to provide data to the TMS320C25, which the TLC1225 easily meets
with its 95 ns read access time. The cycle terminates when ready is sampled high during the third cycle
of the access, and STRB goes high, causing RD to go high. Finally, IS goes high, de -selecting the
TLC1225.

Write Cycle - A write cycle is initiated in the same manner as a read, with IS going low, which selects
the TLC1225. At this time R/W also goes low. When STRB subsequently goes low. this causes the
output of the 74ALS02 to go high, signifying a write cycle.
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The TLC1225 requires a data setup time of 60 ns and a hold-up time of 50 ns with respect to the rising
edge of WR. The 74ALS113 flip-flop is used to detect a write from the TMS320C25, wait until the
next falling edge of CLKOUTI, and generate a WR pulse. WR is only active during the second
CLKOUT]1 cycle of the two wait state (three cycle) access. The Q output of the flip-flop is connected
back to the J input, causing the WR pulse to be terminated by the next CLKOUT] cycle.

Thus, the rising edge of WR occurs at least 100 ns after data becomes valid and at least 55 ns before
data becomes invalid, easily satisfying the TLC1225 interface timing requirements.

Once WR goes high, it stays high since STRB goes high before the next falling edge of CLKOUTI.
the cycle terminates when ready is sampled high during the third cycle of the access, and STRB goes
high, causing the output of the 74ALS02 to go high. Finally, IS goes high, de -selecting the TLC1225.

System Considerations

The TMS320C25 is a high-speed processor and, accordingly, executes fast bus cycles. TLC1225 data
bus timing specifications are such that, if other external TMS320C2S5 bus cycles follow immediately
after reading the TLC1225, data bus conflicts are likely to occur. Isolation between data buses on the
two devices may be accomplished using high impedance buffers, such as the 74ALS244 or an
equivalent, but an increase in system cost is incurred. In order to avoid this, system software may be
designed to guarantee that external TMS320C25 cycles do not occur in the cycle after reading the
TLC1225.

System software may be partitioned such that the code executes from internal memory when reading
the TLC1225, and that at least one NOP instruction is executed before resuming external bus activity.
This will prevent unwanted external cycles.

Since this system 1s designed to implement a minimal glue logic interface, the 74ALS02 used to detect
write cycles does not distinguish between writes to different devices. Accordingly, a write to any
external device generates a WR pulse. This does not cause spurious writes to the TLC1225 since CS is
high. When devices other than two wait state devices are written to immediately prior te: writing to the
TLC1225, an inappropriately timed WR signal may be generated, and an improper write cycle may
occur. Accordingly, writes to other external devices should not be performed immediately prior to
writing to the TLC1225 especially those requiring other than two wait states.

If system requirements dictate, however, this can be avoided by including the TLC1225 chip select
signal as a term in the signal used to drive the J input to the 74ALS113. This can be accomplished by
using a three-input NOR gate such as a 74ALS27 or equivalent, in place of the 74ALS02. Thus, the J
input will be driven high only when writes are performed to the TLC1225.
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2.6. TLC32071 - A Complete Analog I/O System on a Chip

The TLC32071 is a complete analog I/O system on a chip with easy DSP interface.

The primary application is the interface between analog control signals and digital signal processing
within motor control loops. Other uses include industrial controls, system performance control, and
transducer interface to the digital processing channel.

TLC32071 Functional Block Diagram
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A2 B
A3 }
| A4 } ANA OUT
A5 l—-D-—‘__
A6 I —37‘>Oulpul Mux Select
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Figure 3.2.11 - TLC32071 Functional Block Diagram

The device includes an 8-bit voltage-output DAC, an 8-bit ADC, an analog input multiplexer with
eight analog inputs, an output reference MUX and a high speed 8-bit bi-directional data bus that
interfaces directly to the TMS320XX DSP family and to most other popular digital signal processors.

The reset pin (RESET) is used to clear the DAC and control registers. The 8-bit DAC converts digital
signals to the equivalent analog values. The DAC is followed by a level shifter which adjusts  the
center of the DAC output range to the voltage externally applied to the ACOM pin. One of three
output ranges can be selected by an internal register. The 8-bit ADC converts any one of eight analog
inputs (AO - A7) selected by programmable internal register through an input multiplexer.  The input
multiplexer selects the desired analog input channel according to the register contents.

Six of these inputs (A0 - A5) are buffered and have inverting inputs with built-in level shifting so that
these six input ranges are centered at the ACOM pin voltage. Two of the six inputs (A0, Al) have
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register selectable gains. The two remaining inputs (A6, A7) are direct inputs to the ADC multiplexer
with output ranges centered at the internal 2.5 volt reference. After reset. this reference is available at
the VR2.50UT pin. This combination of features means that, in many applications, no additional
signal conditioning is required.

The VR2.50UT pin can also be programmed by an internal register to provide access to other internal
references, any of the analog inputs after scaling and shifting. or the un-scaled output of the DAC. thus
providing a useful self-test feature.

TLC32071 High Speed 8-Bit A.1.C.

Key Features:

High Speed

Directly interfaces with most processors
including the TMS320 family

Built-in scaling, level shifting
Built-in reference voltage

On board summing amplifier at analog
input

Less glue-logic

Lower system cost
Simplified layout

Simplified servo-ioop design

Eliminates the need for signal
conditioners in many cases

Lower system parts count

Figure 3.2.12 - TLC32071 Features and Benefits
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TLC1540

General Purpose ADC Summary
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Figure 3.2.13 - General Purpose ADC Summary
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3. Analog Interface Circuits (AICs)

Analog Interface Circuits
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® An Analog Interface Circuit is a complete data-acquisition system on a chip

® |n a single chip, it provides a voice-band interface from a DSP to the
real, analog world

Figure 3.3.1 - Analog Interface Circuits

Texas Instruments' families of Analog Interface Circuits are complete data-acquisition systems on a
chip.

They are highly integrated with ADC, DAC, pre- and post filter stages and input/output amplitiers
on-chip. They have been developed mainly for high performance voiceband (currently up to 11.4KHz)
system applications which require high resolution, a high degree of programmability with a simple
DSP interface and an integrated design that conserves board space.
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Analog Interface Circuits Roadmap

FUTURE

TLC32047 AIC

TLC32040 WITH
FAMILY OF AICs 11.4KHz BANDWIDTH,

INTRODUCED 25 KHz SAMPLING

TCMB320AC36/7 VBAP TCM320AC39 VBAP
TX/RX, LINEAR, A-LAW : TX/RX, LINEAR
OR MU-LAW PCM, OR A-LAW PCM,
2MHz MASTER CLK 2.6MHz MASTER CLK
FOR GSM SYSTEMS

Figure 3.3.2 - Analog Interface Circuits Roadmap

The TCM320ACxx Voice-Band Audio Processor (VBAP) family is specifically designed to provide

voice-band interface for mobile communications applications, while the TLC3204x family is more
general purpose.
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3.1.The Voice-band Audio Processor

TCM320AC3X Voice-Band Audio Processor
Simplified DSP Audio Interface From A Single Supply

® Single supply operation

® Power consumption
40 mW typ
1.25 mW typ power down

+Vee

S

® Low noise (transmit direction)

LINEAR/

10 dBrnCO max PCM

70 dBm Op max DATA
TODSP

® Pin selectable (pin 15)
linear or companded mode

® Direct interface to electret -
microphone and earpiece

Figure 3.3.3 - The Voice-band Audio Processor

Many applications using voice-band signals require an Analog DSP interface that functions from a
single supply and offers ADC, DAC, pre and post filter stages and on-chip amplifiers. Texas
Instruments has developed the TCM320AC3X family of devices to provide the complete voice-band
audio interface on a single chip. The devices are suitable for a wide range of voice-band data
acquisition systems using a DSP that do not require the flexibility of the TLC3204X family including
cellular and cordless telephones, answer machines and test equipment.

3.1.1.
The Voice-band Audio Processor Building Blocks

The Voice-band Audio Interface is divided into a transmit and receive section which is controlled from
a central timing unit. The input signals from the microphone are amplified via an input amplifier with
provision for setting the amplifier gain to accommodate a range of signal input levels. The amplified
signal is passed through an anti-aliasing and band pass filter then the clean analog signal is converted
into digital code. The linear selection pin, when LOW, selects linear coding/decoding and, when
HIGH, selects companded coding/decoding. Selection of the linear mode of operation reduces the
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software required in the DSP. The filtered signal is then input to a compressing ADC if companded
mode is selected otherwise the ADC performs a linear conversion. The digital data is buffered and
clocked out via the output logic.

The receive signals are clocked into the device via input logic. The status of the linear selection pin
determines if the incoming data is companded and requires decoding or if the data may be transferred
directly to the DAC. The analog signal from the DAC is passed through switched capacitor filters,
which provide out of band rejection, (sin x)/x correction functions and smoothing. Switched capacitor
design techniques provide the user with precise audio band pass filtering and low power consumption.
The filtered signal is presented to the differential output amplifier which may be connected directly to a
piezo speaker.

Both the input and output amplifiers have a mute function accessible by a microcontroller. When the
mute function is activated both amplifiers are disabled. In a telephone this function may be used to
provide the user with a secrecy function.

The devices are designed using Texas Instruments LinEPICTM Technology. This technology offers
the user single supply operation and low power consumption. The devices have a typical power
consumption 40mW and only 1.25mW typical in power down mode.
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Cellular Telephone Audio Interface

Minimal External Components Required For Microphone And

Speaker Interface
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Figure 3.3.4 - Interfacing the VBAP to the load and DSP

The Voice-band Audio Processor is designed to provide a direct interface to the microphone. earpiece

and DSP.

The Earpiece Interface.

This interface provides a balanced output from the differential output amplifier which drives a piezo

speaker without the need for additional components.

The output amplifier has adjustable gain-setting via the external resistor network RI1 and R2. It is
recommended that R1 is greater than 10k and R1+R2 is less than 100k€2. This ensures that the time
constant derived from the combination of the parallel resistor network and the capacitance at the

earphone gain set input pin is minimised to avoid inaccuracies.

The output stage may be disabled by using the earphone mute control function. This prevents the audio

signal being sent to the earphone and allows a secrecy function to be incorporated in the system.




Data Conversion

The Microphone Interface.

A direct interface is provided to an electret type microphone. The reference voltage for the microphone
amplifier and the bias voltage for the electret microphone are generated on-chip. Thus minimising the
external circuitry around the device.

When the input amplifier is disabled the device transmits only zero codes.

In the linear mode of operation the microphone interface provides an adjustable volume control, this
provides the user with a "soft touch" volume facility. The data word is 16 bits long, the first 13 bits
contain the linear data, bits 13-15 allow the volume level to be adjusted in 8 steps between -18dBm0O
and +3dBm0. In the companded mode of operation the data is transmitted and received in 8 bit words.
The mode of operation is pin selectable, use of the linear mode simplifies software in the DSP.

The DSP Interface.

The Voice-band audio processor provides a standard serial interface to a TMS320 DSP or any other
standard DSP. Transmit and receive directions can be operated independently.

The Voice-Band Audio Processor Family
Dedicated Silicon to Match End Equipment Needs!

Part Number Master Clock Data Channel
Frequency (MHz) Conversion Performance
TCM320AC36 2 Linear/u-Law | AMPS/TACS
TCM320AC37 2 Linear/A-Law PCN
TCM320AC39 2.6 Linear/A-Law GSM

All devices available in 20 pin dual-in-line and small outline packages, ambient
temperature range 0 to 70°C and -40 to +85°C

Figure 3.3.5 - The VBAP Family

Texas Instruments has released a family of devices tailored to specific mobile telephony systems. The
distinguishing features between the devices are the frequency of the master clock, the out-of-band
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rejection characteristics of the filters and the companded format of the digital data. The devices are
tailored for use in cordless and cellular telephones in particular AMPS/TACS, CT-2 and GSM systems.
Although targeted at these ar:as the devices are suitable for use in many voice-band data acquisition
systems using a DSP e.g. digital encryption systems, digital voice-band data storage systems, test and
measurement systems.

The devices are available in 20 pin dual-in-line or wide body small-outline packages. The devices are
characterised from 0° C to 70° C or -40° C to 85° C.
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3.2. TLC32040 Family of AICs

The TLC32040 family of AICs are more general purpose than the VBAP. They are used in
applications such as FAX, modems, secure telephony, speech recognition and multi-media, in fact, in
any DSP application which requires a voice-band interface to the real world.

TLC32040 Series Analog Interface Circuits

IN+ bR
IN- =
EODR
x N+ MSTR CLK
< IN- SHIFT CLK

WORD/
BYTE
CONTROL
DX

FSX
EODX

OuT+
OouT-

K

- R I — -
Vee+  Vee- ANLG DGTL Vdd REF  RESET
GND GND (DIG)

Figure 3.3.6 - TLC32040 Family Functional Block Diagram

3.2.1. AIC building blocks

The AIC is divided into a transmit and a receive section which are controlled from a central timing
block. On the receive side, an analog signal is fed into either a main or auxiliary fully differential input
which is selected by a multiplexer. The input stages have programmable gain so that the signal level
can be optimised for maximum resolution. It is then passed to an anti-aliasing filter consisting of a LP
followed by an optional HP which can be selected or bypassed as required. These are both switched
capacitor filters (SCF) driven from a sub-multiple of the central master clock. This frequency is
nominally set to 288kHz and all the data sheet specifications are derived from this value, but it can be
easily altered to adjust the corner frequencies of the filters.
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The ADC itself is also driven from a further sub-multiple of the same clock which ensures the
sampling is synchronised with the SCF filter. The sampling rate is programmable up to 25KHz . and
encompasses the standard modem sampling rates (7.2KHz, 8.0KHz. 9.6kHz , 14.4kHz, 19.2KHz). The
output from the ADC is a 14 bit word which is then passed out of a serial port to a DSP.

In the transmit section, data and control information is transferred from the DSP into the DX pin of
the serial port. This is transmitted to a 14 bit DAC which is controlled in the same way as the ADC.
The sampling rate for both can be tied together in Synchronous operation but they can be run
independently in Asynchronous mode. The output from the DAC is fed to a LP SCF and then to a
sinx/x  correction filter (which can be bypassed it required). It is finally transmitted out of a
differential output buffer.

TLC3204X AIC

14 bit ADC and DAC

Programmable sampling rates up to 25KHz
Programmable switched capacitor filters
Direct serial interface to DSP

Synchronous and Asynchronous operation
Analog bandwidth up to 11.4KHz (TLC32047)

The advantage of using the AIC in a system design is the degree of flexibility that results from
parameters that can be controlled by software and do not require costly hardware modifications.
Applications like FAX and secure telephony both dictate a high speed data rate with low bit error rate
figures (BER). This in turn demands a flexible system with high resolution. Both these parameters are
met by the AIC with its 14-bits of resolution and up to 25K samples per second data rate.
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3.2.2. Interfacing the AIC to the TMS320 DSP

The interface of the AIC is built on a serial data format concept aimed at interfacing the device
directly to the serial /O of the TMS320C25 digital signal processor. As such, the core of the system
consists of these two chips alone, rather than being supplemented by a number of interface devices
commonly found in many applications.

The communication between the AIC and the DSP is based on just six lines. These are outlined in the
following list:

MASTER CLK : The AIC is built on a single master clock input which is divided by the contents of
control registers to determine the conversion rates and filter characteristics.

FSX : Initiates the AIC to prepare for a data transfer from the host processor.

DX : When the FSX has initiated the AIC,a transfer of data will take place to the AIC from the host
along this line.

FSR : Initiates the serial input of the host to receive output data from the AIC.

DR : When the FSR serial input has been activated, the AIC will transfer data from the A/D to the host
along this line.

SHIFT CLOCK : Dictates the speed of data transfer between the AIC and the host. This clock shifts
the data into and out of the AIC.
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TLC32040 AIC Family Interface to the TMS32020

TMS32020/C25 TLC32040

LA AVAVAVAVAVAVAVAVAVAS
FSR,FSX | [
DR D15 [ D14 D13 |D12 o111 b2 | D1 DO
px {p15 | p14 | D13 D12 [ 11 [ b2 | D1 | DO
EODR, EODX \

Figure 3.3.7 - TLC32040 Family Interface to the TMS320 DSP

3.2.3. TLC32040 Interface to the TMS32020

Hardware

Because the TLC32040 is designed specifically to interface with the serial port of the TMS32020/C25,
the interface requires no external hardware. Except for CLKR and CLKX, there is a one-to-one
correspondence between the serial port control and data pins of TMS32020 and TLC32040. CLKR
and CLKX are ties together since both the transmit and the receive operations are synchronized with
SHIFT CLK of the FLC32040. The interface circuit, along with the communication program (page 10-
33), allows the AIC to communicate with the TMS32020/C25 in both synchronous and asynchronous
modes.

Software

The program listed in Appendix B of "Linear Circuits data Book, Volume 2, 1992" allows the AIC to
communicate with the TMS32020 in synchronous or asynchronous mode. Although originally written
for the TMS32020, it will work just as well for the TMS320C25.

Initializing the TMS32020/C25
This program starts by calling the initialization routine. The working storage registers for the
communication program and the transmit and receive registers of the DSP are cleared. and the status
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registers and interrupt mask register of the TMS32020/C25 are set (see program flow charts in
Appendix B). The addresses of the transmit and receive interrupt subroutines are placed in their
storage locations, and the addresses of the routines which ignore the first transmit and receive
interrupts are placed in the transmit and receive subroutine pointers (XVECT and RVECT). The
TMS32020/C25 serial port is configured to allow transmission of 16-bit data words (FO), the serial
port format bit of the TMS32020/C25 must be set to zero) with an externally generated frame
synchronization (FSX and FXR are inputs, TXM bit is set to 0).

Communicating with the TLC32040

After the TMS32020/C25 has been initialized, interrupts are enabled and the program calls subroutine
IGR. The processor is instructed to wait for the first transmit and receive interrupts (XINT and RINT)
and ignore them. After the TMS32020 has received both a receive and transmit interrupt, the IGR
routine will transfer control back to the main program and IGR will not be called again.

If the transmit interrupt is enabled, the processor branches to location 28 in program memory at the end
of a serial transmission. This is the location of the transmit interrupt service routine. The program
context is saved by storing the status registers and the contents of the accumulator. The interrupt
service routine calls the interrupt subroutine whose address is stored in the transmit interrupt pointer
(XVECT).

A similar procedure occurs on completion of a serial receive. If the receive interrupt is enabled, the
processor branches to location 26 in program memory. As with the transmit interrupt service routine
(XINT, page 10-36, line 226), the receive interrupt service routine (page 10-36, line 194) saves context
and then calls the interrupt subroutine whose address is stored in the receive interrupt pointer (VECT).
It is important that during the execution of either the receive or transmit interrupt service routines, all
interrupts are disabled and must be re-enabled when the interrupt service routine ends.

The main program is the application program. Procedures such as digital filtering, tone-generation and
detection, and secondary communication judgment can be placed in the application program. In the
program listing shown in Appendix B. a subroutine (C2ND) is provided which will prepare for

oannmdnes: AnssinniAntian cnnnemdnme: Anseceniimaiantiaee fo smarziea A eblen iica aaaiioa Lo o ta al
bc&.undcu_y communication. }f )CLUlldaly comimunication is Icquircd, uic udCr must Hrst wWrie l'ﬂC

secondary code to the DXMT register. This data word should have the two least significant bits set
high (e.g. >0003). The first 14 bits transmitted will go to the D/A converter and the last two bits
indicate to the AIC that secondary communication will follow. After writing to the SXMT register, the
secondary communication word should be written to the D2ND register.

This data may be used to program the AIC internal counters or to re-configure the AIC (e.g., to change
from synchronous to asynchronous mode or to bypass the bandpass filter). After both data words are
stored in their respective registers, the application program can then call the subroutine C2ND which
will prepare the TMS32020 to transmit the secondary communication word immediately after primary
communication.

Secondary Communicating - Special Considerations

This communication program disables the receive interrupt (RINT) when secondary communication is
requested. Because of the critical timing between the primary and secondary communication words
and because RINT carries a higher priority than the transmit interrupt, the receive interrupt cannot be
allowed to interrupt the processor before the secondary data word can be written to the data-transmit
register. If this situation were to occur, the AIC would not receive the correct secondary control word
and the AIC could be shut down.
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In many applications, the AIC internal registers need only be set at the beginning of operation (i.e.. just
after initialization).  Therefore, the DSP only communicates with the AIC using primary

Communication. In cases such as these, the communication program can be greatly simplified.

Analog Interface Circuits Selection Guide

o
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TLC32044CN | 14 BIT| VOICE-BAND AIC 150-3800 Hz 19.2 | INTERNAL | YES | SELECTABLE | SPEECH, MODEMS,
DATA ANALYSIS
TLC32045CN | 14 BIT | LOW COST VERSION | 150-3800 Hz 19.2 | INTERNAL | YES | SELECTABLE | SPEECH, MODEMS,
OF TLC32044 DATA ANALYSIS
TLC32046CN | 14 BIT | EXTENDED 300-7600 Hz 25 INTERNAL | YES | SELECTABLE |SPEECH, MODEMS,
BANDWIDTH AIC DATA ANALYSIS
TLC32047CN | 14 BIT | EXTENDED 300-11400 Hz | 25 | INTERNAL | YES | SELECTABLE |SPEECH, MODEMS
BANDWIDTH AIC DATA ANALYSIS

Figure 3.3.8 - AIC Selection Guide
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4. Video Interface Palettes

4.1.Introduction

Today's computer systems make extensive use of graphics, both in the user interface such as Windows
T™ and in the applications S/W such as desktop publications, CAD, etc. In order to service these
requirements, high resolution monitors are required together with the circuits that drive them.

Video Interface Palettes

A Video Interface Palette is:-
A complete graphics back-end on a chip

It interfaces the Video
Controller / VRAM of a PC or
workstation with the graphics
display monitor.

It contains a combination of
fast logic functions and video
DAC's to transform the stored
information into an analog
waveform for input to the
monitor.

Figure 3.4.1 - Video Interface Palettes - Introduction
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4.2.Image Composition

An image is made up from individual picture elements (pixels). Images are formed on a CRT screen
when the electron beam sweeps horizontally across the screen and vertically down, illuminating the
pixels one at a time, until it has swept through the entire array. Return of the beam from right to left
occurs during the horizontal retrace time and from bottom to top during the vertical retrace time.
During the retrace time the screen is blanked by horizontal and vertical blanking pulses. This
horizontal and vertical sweeping of the beam is called raster scanning. It is the most widely used
display method and facilitates the use of bit-mapped graphics.

Image Composition

'947.
horizontal NTAL SWEEP R
sweep HORIZO 405
voltage
——

time

horizontal

video blanking

signal
voltage

horizontal sync

Figure 3.4.2 - Image Composition

The Hsync and Vsync pulses, which occur during the appropriate blanking period, assure the proper
beam start position for each scan. During the beam scanning, the individual pixel data is sequentially
timed with the beam position by the pixel clock so that the image appears in the proper position on the
screen.

Each pixel is made up from red, green and blue intensity information, and a color monitor, typically ,
has inputs for each of these. The inputs drive 3 separate electron guns which illuminate the appropriate
color phosphor at the appropriate time, determined by the sync signals. By varying the intensity of each
of these primary colors, any secondary color can be obtained. (Equal red., green and blue intensities
would produce white to gray, depending on the overall intensity of the signals applied).

3.50




Data Conversion

4.3.Graphics Display System

Graphics Display System Block Diagram

H/W Controller
Host System or TMS34020 etc,

VRAM R Video
(Display > Back-end >
memory)

Figure 3.4.3 - Graphics Display System Block Diagram

The generation and manipulation of bit-mapped images in memory is the primary function of a
Graphics Display System. A graphics processor carries out the routine display tasks by handling the
data updates, bit manipulation and synchronising functions for the screen display. This relieves the host
system processor of these functions, making the total system much faster. A typical graphics display
system consists of:

Graphics processor
Program memory
Display memory
Video back-end
Display monitor

There are two ways to handle the graphics processor: Either by using a dedicated hardware processor
or, alternatively, a high speed S/W based graphics processor, such as the TMS34020.
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The graphics back-end is the circuitry between the frame store (display memory) and the display
monitor. It reads the stored image data from the display memory (VRAM or DRAM) and converts it
into a high speed analog signal to drive the monitor. It also provides many of the timing signals
required to perform this task.

Graphics Back-end Functional Blocks
Video
DACs

Display

Memory '

. - SCLK .
:lei:( i IClck [T c Testing
fo) S : L
1T | Generation » functions
source . VCLK
e |Interface to display monitor ® Palette Memory
® Interface to image memory ® Digital to Analog conversion
e Video timing generation ® Testing

Figure 3.4.4 - Graphics Back-End Functional Blocks

Interface to the display monitor
Interface to the display memory
Video timing generation

Palette memory
Digital-to-analog conversion
Testing circuitry
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4.4.The TLC34076 Video Interface Palette (VIP)

4.4.1. Resolution and Refresh Rate

Over the years IBM VGA (Video Graphics Array). which has a resolution of 640 x 480, has
dominated the overall graphics board design. However, as the technology advances, and with the
introduction of IBM XGA, resolutions of 1024 x 768 and higher (such as 1280x1024 and 1600x 1280)
become the general design target.

There is also a requirement for high refresh rates, to eliminate the annoying flicker effect. The current
European Community standard is 72Hz non-interlaced and in the U.S. the standard is 60Hz non-
interlaced, but more designers are now considering 76Hz, 85Hz and even higher.

This combination of high resolution and high refresh rate demands a very fast pixel clock (dot clock).

Resolution and Refresh Rate

e Today's demanding applications e 1024 >
require ever higher resolution from
the graphics monitor.

e A 1024 x 768 resolution, (XGA)
display has approx 2.5 x the
information of a 640 x 480 VGA
display.

e High screen refresh rates are
demanded to prevent the annoying
flicker. 60Hz is normal in the U.S.,
72Hz in Europe.

® Blanking is typically 25% of frame time
® Dot clock = (No. of pixels per line) x (No. of lines per frame) x (refresh rate) x (blanking ratio)
® EG. Dot clock = 1024 x 768 x 60 x 1.33 = 63MHz

OR at 1280 x 1024 x 72 x 1.33 = 126MHz

Figure 3.4.5 - Resolution and Refresh Rate
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4.4.2. Calculation of Required Pixel Clock Frequency

The required pixel clock frequency is determined by the resolution and refresh rate of the system. Itis
given by:

f 1= (NO of pixels per line ) x (No of lines per frame) x (refresh rate) x 1.33

pixe
The last term allows for blanking during horizontal and vertical retrace.

eg. fora 1280 x 1024 resolution display at 72 Hz refresh rate, the pixel rate would be:

fpixel = 1280 x 1024 x 72 x 1.33 = 125MHz (approx.)

The TLC34076 is available in 66MHz, 85SMHz, 110MHz, 135MHz and 170 MHz speed versions and
the TLC34076-135 satisfies the above requirement with a reasonable safety margin.

4.4.3. Color Depth, Resolution and Frame Store Size Relationship

High resolution displays such a VGA and beyond use 8 bits per color for intensity data. This means
that over 16 million (28 x 28 x 28) colors are available. However many graphics applications only
require 256 or less colors and the amount of memory in the frame buffer required to support 16 million
colors at high resolution would be prohibitively expensive for these applications. So Video Interface
palettes like TI's TLC34076 have an I/P multiplexer, which allows different numbers of bits-per-pixel
to be chosen under S/W control, and programmable counters to accommodate different screen
resolutions.
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Resolution and Frame Store Size

MIN.NUMBER | rpamg | APPROX |  sCREEN MINIMUM FRAME STORE SIZE FOR NUMBER OF COLORS
OF PIXELS RATE DOT | RESOLUTION (MBITS)
PER TRANSFER * CLOCK

60Hz 38MHz

800
§ 2 3 4 8 8 12 16
72Hz 46MHz

80Hz | 63MHz 1024
2 2 4 8 16 16 20 28
72Hz | 76MHz
60Hz | 105MHz
4
72Hz | 126MHz
60Hz | 164MHz
4

197MHz

* AT APPROX 46MHz VRAM SERIAL PORT SPEED
** NEEDS PALETTE WITH 64-BIT PIXEL PORT OR EXTERNAL MUX
w+ NEEDS PALETTE WITH MORE THAN 64-BIT PIXEL PORT AT PRESENT VRAM SPEED OR EXTERNAL MUX

Figure 3.4.6 - Resolution and Frame Store Size

1 data. from the Fra Bu ffor anec not to the DAC

nthal 27 A ~Ar Q h: <Q
t Dunils gUCS, Ut W Ui iyAaLy,

I - ite_no ¥
In the 1, 2, 4 or § bits-per-pix de Frame
but addresses a 256 location x 24 bit pdletle RAM wnhm the TLC34076 This allows up to 256 colors
to be resident at any one time with the 24 bits being composed of 8 bits each of red, green and blue
data. The 256 colors chosen are downloaded by the host depending on the application. (A palette
page-register provides additional bits of palette address when 1, 2 or 4 bit transfers are used, allowing

screen colors to be changed with only one MPU write cycle).

I modes the pixe
1 Mo tn¢ pixe: Gata, rom né

The TLC34076 also supports 16-bit and 24-bit true color modes, where the data from the Frame Buffer
goes directly to the video DACs. This is usually used to present "real” images to the screen, the 24-bit
mode providing "photo-realistic” images.

Because the VRAM read port speed is limited to approximately 45MHz, then for dot clock speeds
above 45MHz, more than 1 set of pixel data has to be transferred in each read. The TLC34076 has a
32-bit wide pixel bus and supports 1, 2, 4, 8, 16 or 32 pixels per transfer, giving 24, 16, 8, 4, 2 or 1 bits
per pixel. (In the 24 bits-per-pixel mode, the remaining 8 bits provide an overlay function).

As more colors are demanded at higher and higher resolution then wider pixel busses are required to
effect the transfer to effectively increase the bandwidth of the pixel bus.
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TLC34076 Block Diagram

FS ADJ.| |VREF

[—» COMP
» |0R
» 10G
P08
— HSYNCOUT
I VSYNCOUT
% MUXOUT
I I vy v l ' I l
3O © ) 4 X S Q0 X X
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55 X = 9 9O > =
52 3 77 2233
o
>

Figure 3.4.7 - TLC34076 Functional Block Diagram

Pixel clock is the fundamental clock source to shift data out to the monitor through the DACs. All other
Antn mnth nnd ldan ammtan] Tacsin hava ta ha cunmahenmae ta tha mival Alasl kot af lagrar fraanansiag
udia Pdlll allu vidco Coulnuoui l\’E,ll/ 1navc w vc h_yllLlllUll\)Uh LU uiIc })IACI CIULR DUl at 1uwtl ITevyucicaos.
VCLK is typically used for sync and blank signal generation and is simply pixel clock divided by 1, 2,
4, 8, 16 or 32 plus disable. SCLK is the VRAM shift clock which allows the VIP to be interfaced to the
VRAM without any external glue logic. It is gated off during blanking and will support "split shift

register transfer cycles" . This allows more efficient use of the VRAM.

The TLC34076 features a separate VGA bus that allows data from the feature connector on a PC to be
taken directly to the palette without the need for any external multiplexing. This allows a replacement
graphics board to remain downwards compatible by using the existing graphics circuitry which is often
located on the mother-board.

Another feature of the TLC34076 is that it supports both Little-Endian (Inte]TM microprocessor based
format) and Big-Endian (MotorolaT™ microprocessor based format) operation of the pixel bus. The
difference is that the data fields, representing the individual pixels, in the Big-Endian format are in the
reverse order to those in the Little-Endian format.
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4.5.The TLC34077 Video Interface Palette

Some controllers, like the 68800 from ATI, interface directly with both the read and write ports of
the VRAM and have a separate VIP interface port. For these controllers it would be an
un-necessary expense to provide all the VRAM control functions and pixel data paths that the
controller does not need. So Tl has introduced the TLC34077 VIP (which is a cost optimised
derivative of the popular TLC34076) especially to work with this type of controller.

Working with ATI's 68800 Controller

HOST
IF

oD

®TLC34077 VIP IS OPTIMISED TO WORK WITH THE 68800.
068800 CONTROLLER O/P’S 16-BIT TRUE COLOR OVER THE 24-BT BUS.

® H/W CURSOR LOGIC + RAM ON 68800

Figure 3.4.8 - Working with ATI's 68800 Controller
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4.6.The TLC34074 Monochrome Video Interface Device

The TLC34074 is a version of the TLC34076 optimized for monochrome or grey-scale display
systems. It is the first monochrome Video Interface Device to offer up to 200MHz dot clock,
together with the pixel timing, multiplexing and control options previously only available on
color Video Interface Palettes. It is pin compatible with the TLC34076 thus allowing easy system
upgrade to color.

TLC34074 Functional Block Diagram

FS ADJ I | VREF

— HSYNCOUT
—» VSYNCOUT

SCLK -

MUXOUT
SFLAG
CLKo-3

CLK3

VCLK
HSYNC —
VSYNC —
BLANK —

Figure 3.4.9 - TLC34074 Functional Block Diagram
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Major features of the TLC34074 include:-

¢ Pin compatible with the TLC34075 and TLC34076 VIPs allowing
easy system upgrades to color

e Up to 200 MHz operation enables 1600 X 1280 resolution at 72 Hz
refresh

¢ No palette RAM or VGA interface and only a single DAC for
streamlined grey-scale or monochrome performance

e Versatile multiplexing interface allows lower pixel bus rates,
programmable bit-plane widths, and multiple resolutions
Works with virtually any video controller architecture
On-chip SCLK generation allows direct interface to VRAM, and
supports split-shift register transfers

e Supports Big and Little Endian data formats on the pixel input bus,
allowing Big Endian designs (AMD29KTM, Motorola 68000™, Apple
MacintoshTM) to get the benefit of the versatile multiplexing
interface as well as Little Endian (IntelTM format) designs

4.6.1. X-Terminals

X-windows terminals are a derivative of network computing, since they execute applications that
are typically not "local", but reside on a "remote" host computer system. X-terminals feature a
graphical windowing system which is ported to a specially designed terminal optimized for
graphics performance. These terminals then execute X-server software over a network, enabling
them to run workstation like applications in a distributed computing environment. A generic X-
windows terminal typically includes a microprocessor/graphics processor system, a main-memory
system, video memory, a network controller, a peripheral controller (mouse, keyboard, etc.) and
video D/A converters.
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Modem
or
Printer

+—>

TLC3407X Based X-Terminal

Network
Subsystem
TMS380C26
TMS38054

Serial
Interface
16C550

UART

Monitor Sense
VDU Socket

——— DISPLAY

RGB OUTPUT

Server
ROM

PEX u-P, GSP VIDEO INTERFACE
TMS34082 TMS34020 PALETTE
TMS340X TLC3407X
Address Data
DRAM VRAM
TMS44C256 TMS44C251
TMS44400 TMS5516X
..................... T SET T LTI TEEEEEEERE R
Mouse interface
Keyboard RS232
Interface 75C185
75LBC4735
KEYBOARD MOUSE

Figure 3.4.10 - TLC3407X based X-Terminal

The above figure demonstrates a generic X-terminal system. Texas Instruments offers state-of-
the-art solutions for all major components of the X-windows terminal.

The TLC3407X family of pin-compatible Video Interface Palettes allows the X-terminal system

designer to make cost/performance tradeoffs while maintaining a common architecture.

By

selecting the TLC34076, a high performance design can be created that supports monochrome
through 16- and 24-bit true color. On the other hand by using the same hardware architecture, a
cost effective, high performance monochrome or grey-scale X-terminal can be created utilizing
the TLC34074.
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4.7.TLC34076 Analog System

TLC34076 Analog System

BLANK lSYNC
- IOR
+ 10G =
i0B ‘Q“
VREF _f_ l
VREF GEN & I -
DAC BIAS T
COMP
FSADJ
523 OHM

Figure 3.4.11 - TLC34076 Analog System

Color and brightness information are sent to the monitor as a continuously variable voltage. Therefore
the digital information stored in the frame buffer or palette RAM must be converted to voltage levels
that can be used by the monitor. This is the function of the output DACs and since color is represented
by a mix of the three primary colors, red, green and blue, there is a DAC for each of these.

Most RGB monitors have a 75 ohm input impedance and the analog output circuits must be able to
drive this from a 75ohm source impedance (for a properly balanced line). The TLC34076 integrates
this video output stage, being capable of driving video signals into a doubly terminated 75ohm line
conforming to the RS-343A specification. Sync generation is incorporated into the green output for
monitors which require sync-on-green.

3.61



1993_Linear Design Seminar

TLC34076 Color DAC Structure

o,

ADVANTAGES e INHERENTLY MONOTONIC

® BETTER MATCHING / LINEARITY
® MINIMISES OUTPUT GLITCHES

VDD

Figure 3.4.12 - TLC34076 Color DAC Structure

At a palette speed of 135MHz there is only 7.4 ns available to settle to the new analog output value, so
careful attention has to be paid to the design of the DACs. Instead of the normal, 8 binary weighted
current sources, the TLC34076 has 255 equally weighted current sources. This system is inherently
monotonic, has better linearity and matching and reduces output glitches, particularly around half

scale.
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4.8.Video Interface Palettes Roadmap

Video Interface Palettes Roadmap
TO COME

TLC34076 TLC34076 8/16/24

135MHz 170MHz BIT PIXEL BUS

sy PALETTE /
CONTROLLER

TLC34058
135MHz

CHIP SET

" TLC34074
200MHz

TVP3010
VIEWPOINT
170MHz

IMAGE CAPTURE
AND MULTIMEDIA
CHIP SET

TLC34075

135MHz " TLC34075A

135MHz

TVP3020
VIEWPOINT
200MHz
64 PIN PIXEL-BUS

COLOR PALETTE
ASIC MODULE

Figure 3.4.13 - Video Interface Palettes Roadmap
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1. Designing with Data Converters

This appendix discusses the way the specifications for a data converter are defined on a manufacturers
data sheet and considers some of the aspects of designing with data conversion products. It covers the
sources of error that change the characteristics of the device from an ideal function to reality.

1.1.The Ideal transfer function

S
Valve ideal Stmgbne
4 L,
5 /.
,
4 d
PR
H *' Step Height
3 -
iy 73
. A
1 @ . | Step Value
/ . .
[P HE
4 HE !
ol . _ Digal
.s r v v Input
0..000 0..001 6.010 p..01;0.100 0.3 Code
.

Conversson Code h’<
| Owai gt Code [0 omofa .am o maF.on:Io »mlo nnl
Pracgompuvaivd o T v T 2 B3y 4+ ] 5]

+hLse Bements of Transfer Diagram For An Ideal Linear DAC
0 !
RN hie
Inherent Quantisation Error (! Y4.58)

Elements of Transfer Diagram For An idcal Linear ADC

Figure 3.Al - The Ideal transfer function

1.1.1. Analog to Digital Converter (ADC)

An ideal ADC uniquely represents all analog inputs within a certain range by a limited number of
digital output codes. The diagram shows that each digital code represents a fraction of the total analog
input range. Since the analog scale is continuous, whilst the digital codes are discrete, there is a
quantisation process that introduces an error. As the number of discrete codes increases, the
corresponding step width gets smaller and the transfer function approaches an ideal straight line. The
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steps are designed to have transitions such that the midpoint of each step corresponds to the point on
this ideal line.

The width of one step is defined as 1 LSB ( one Least Significant Bit ) and this is often used as the
reference unit for other quantities in the specification. It is also a measure of the resolution of the
converter since it defines how many portions the full analog range is divided into. Hence, 1/2 LSB
represents an analog quantity equal to a half of the analog resolution.

The Resolution of an ADC is usually expressed as the number of bits in its digital output code. For
example, an ADC with an n-bit resolution has 2™ possible digital codes which define 210 step levels.
However, since the first (zero) step and the last step have only half the full width, the Full-Scale-
Range ( FSR) is divided into 2™ - 1 step widths. Hence

1 LSB=FSR/(2"- 1) for an n-bit converter

1.1.2. Digital to Analog Converter (DAC)

A DAC represents a limited number of discrete digital input codes by a corresponding number of
discrete analog output values. Therefore, the transfer function of the DAC is a series of discrete points
. For a DAC, 1 LSB corresponds to the height of a step between successive analog outputs, with the
value defined in the same way as for the ADC. A DAC can be thought of as a digitally controlled
potentiometer whose output is a fraction of the full scale analog voltage determined by the digital
input code.

1.2.Sources of Static error

Static errors, that is those errors that affect the accuracy of the converter when it is converting static
(D.C.) signals, can be completely described by just four terms. These are Offset error, Gain error,
Imtooral nonlinoarityv and Differential nonlinoaritv Fach can he exnrecced in I SR unite or
Integral nonlinearity and Differential nonlinearity. Each can be expressed in LSB units or

sometimes as a percentage of the FSR. For example, an error of 1/2 LSB for an 8 bit converter
corresponds to 0.2% FSR.
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1.2.1. Offset error
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Figure 3.A2 - Offset error

The offset error is defined as the difference between the nominal and actual offset points as shown .
For an ADC, the offset point is the midstep value when the digital output is zero, and for a DAC it is
the step value when the digital input is zero. This error affects all codes by the same amount and can
usually be compensated for by a trimming process. If trimming is not possible, this error is referred to
as the zero scale error.
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1.2.2. Gain error
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Figure 3.A3 - Gain error

The gain error is defined as the difference between the nominal and actual gain points on the transfer
function after the offset error has been corrected to zero. For an ADC, the gain point is the midstep
value when the digital output is full scale, and for a DAC it is the step value when the digital input is
full scale. This error represents a difference in the slope of the actual and ideal transfer functions and

as such corresponds to the same percentage error in each step. This error can also usually be adjusted
to zero by trimming.
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1.2.3. Differential Non-Linearity (DNL) Error
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Figure 3.A4 - Differential Non-Linearity (DNL)

The differential non-linearity error (sometimes seen as simply "differential linearity") is the difference
between an actual step width (for an ADC) or step height (for a DAC) and the ideal value of 1 LSB.
Therefore if the step width or height is exactly 1 LSB, then the differential non-linearity error is zero.
If the DNL exceeds 1 LSB, there is a possibility that the converter may become non-monotonic. This
means that the magnitude of the output gets smaller for an increase in the magnitude of the input. In an
ADC there is also a possibility that there will be missing codes i.e. one or more of the possible 21
binary codes are never output.
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1.2.4. Integral Non-Linearity Error (INL)

Digital
Output
Output Value
(LSB)
M g . o e o o o 7 e e e e e  —— — — —
T r’
Ideal
110 Transition i : 6 :
101 -—yJ | 5 |
00 TA«r:t.ual Wi 4 |
1 ransition f o -
m v M(;l:l?;; n —'4—-‘ At Step 011 !
on | J (-198) 3 4 s 4 (i%isp |
1 ) /s I | # — |
1
010 - W‘J End Poinﬁ Errorl 2 7 End Poind Eror |
001 2 " | 1 f Vg |
1 = At Transition 001/010 I - — At Step 001 I
000 4 I L—’ (—"1LSB) | o (+"%LSB) |
? 1 1 1 ] 1 1 1 1 1 1 1 T ] 1
0 1 2 3 4 5 6 7 000 001 010 Onn 100 101 10 M
Analog Input Value (LSB) Digital Input Code (LSB)

a. ADC b. DAC

End—Point Linearity Error of a Linear 3—Bit Natural Binary—Coded ADC or DAC
(Offset Error and Gain Error are Adjusted to the Value Zero)

Figure 3.A5 - Integral Non-Linearity (INL)

The integral non-linearity error (sometimes seen as simply linearity error) is the deviation of the
values on the actual transfer function from a straight line. This straight line can be either a "best
straight line" which is drawn so as to minimise these deviations or it can be a line drawn between the
end points of the transfer function once the gain and offset errors have been nullified. The second
method is called "end-point" linearity and is the usual definition adopted since it can be verified more
directly.

For an ADC the deviations are measured at the transitions from one step to the next, and for the DAC
they are measured at each step. The name "integral non-linearity” derives from the fact that the
summation of the differential non-linearities from the bottom up to a particular step, determines the
value of the integral non-linearity at that step.
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1.2.5. Absolute accuracy error (Total Error)
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Figure 3.A6 - Absolute accuracy error

The absolute accuracy error or total error of an ADC is the maximum value of the difference between
an analog value and the ideal midstep value. It includes offset, gain and integral linearity errors and
also the quantisation error in the case of an ADC.
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1.3.Aperture error
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Figure 3.A7 - Aperture error

Aperture error is caused by the uncertainty in the time at which the sample/hold goes from sample
mode to hold mode. This variation is caused by noise on the clock or the input signal. The eftect of the
aperture error is to set another limitation on the maximum frequency of the input sinewave because it
defines the maximum slew rate of that signal. For a sinewave input as shown, the value of the input V
is defined as:-

V =V, sin2nft

The maximum slew rate occurs at the zero crossing point and is given by:-
dv

dr =2V,

MAX

If the aperture error is not to affect the accuracy of the converter, it must be less than 1/2 LSB at the
point of maximum slew rate. For an N bit converter therefore:-
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av 2V
E, = Aj‘{7=%_LSB= %nﬂ

Substituting into this gives
2V
9 2n+| = 2nf‘/()t4

So that the maximum frequency is given by

fMAX = %Aﬂ_znﬁ

1.4.Quantisation effects

Error at the jth step

%igz' Ei= (Vj = Vin)

)

Mean square error over the step

-2 ., M 2
Ej=q—lfsj dE

Vin %

Assuming equal steps, total error

2

Quantisation and q = A =

Error E _ZM
e SNR = 10 Log(g—:
- SNR = 6.02n + 1.76 dB

|>

N2 = ‘1{’ (Mean square quantisation noise)
For an input sinewave F(t) = A Sinwt, signal power

-— 2w 2
F20) = % f A’sin‘ot dot = 4
0

A'f2
= 10 Log (¥557)

Figure 3.A8 - Quantisation effects

The real world analog input to an ADC is a continous signal with an infinite number of possible states,
whereas the digital output is by its nature a discrete function with a number of different states
determined by the resolution of the device. It follows from this therefore, that in converting from one
form to the other, certain parts of the analog signal that were represented by a different voltage on the
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input , are represented by the same digital code at the output. Some information has been lost and
distortion has been introduced into the signal. This is Quantisation noise.

If we take an ideal staircase transfer function of the ADC, the error between the actual input and its
digital form will have a uniform probability density function if the input signal is assumed to be
random. It can vary in the range +1/2 LSB or * q/2 where q is the width of one step.

p(e )=%] for (-4 <e<+%)

p(€)=0 otherwise

The average noise power (mean square ) of the error over a step is given by

A
E*(e)= + J‘p(s)2 de

which gives E* (&) = 61/12

The total mean square error, N2, over the whole conversion area will be the sum of each quantisation
levels mean square multiplied by its associated probability. Assuming the converter is ideal, the width
of each code step is identical and therefore has an equal probability. Hence for the ideal case

z_qy
N ="/1»

Considering a sinewave input F(t) of amplitude A so that
F(t)= Asinwt

which has a mean square value of F(t), where
2n
20 _ 1 2.2
F(t)= /277 IA sin’ (ot )dt
0

which is the signal power. Therefore the signal to noise ratio SNR is given by

SNR(dB) = 10Log[(f‘%) / (q/l/Z):|

Bu q=1LSB=24/, =4/,

Substituting for q gives

R0t 0|

=6.02n+1.76dB
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This gives the ideal value for an n bit converter and shows that each extra | bit of resolution provides
approximately 6dB improvement in the SNR.

In practice, the errors mentioned in section 2 will introduce non-linearities that lead to a reduction of
this value. The limit of a 1/2 LSB differential linearity error is a missing code condition which is
equivalent to a reduction of 1 bit of resolution and hence a reduction of 6dB in the SNR. This then
gives a worst case value of SNR for an n-bit converter with 1/2 LSB linearity error.

SNR (worst case) = 6.02n + 1.76 - 6 = 6.02n - 4.24 dB

Hence we have established the boundary conditions for the choice of the resolution of the converter
based upon a desired level of SNR.

1.5.1deal sampling

Input Waveform Sampling Function Sampled Output
amoa 1it1)
(t2) f0)
X Unit — o4
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» t = g > t > t
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M
F) R Ho = | & |
. |
f1 Vf -/T 2'3 f il (' Ll 201 f

| NYQUIST'S THEOREM : fs-f1 > f1 = fs > 2f1

Figure 3.A9 - Ideal sampling

In converting a continuous time signal into a discrete digital representation, the process of sampling
is a fundamental requirement. In an ideal case, sampling takes the form of a pulse train of impulses
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which are infinitessimally narrow yet have unit area. The reciprocal of the time between each impulse
is called the sampling rate. The input signal too is idealised by being truly bandlimited, containing no
components in its spectrum above a certain value.

The ideal sampling condition is shown here, represented in both the frequency and time domains. The
effect of sampling in the time domain is to produce an amplitude modulated train of impulses
representing the value of the input signal at the instant of sampling. In the frequency domain, the
spectrum of the pulse train is a series of discrete frequencies at multiples of the sampling rate.
Sampling convolves the spectra of the input signal with that of the pulse train to produce the
combined spectrum shown , with double sidebands around each discrete frequency which are
produced by the amplitude modulation. In effect some of the higher frequencies are "folded back" so
that they produce interference at lower ones. This interference causes distortion which is called
aliasing.

If we assume the input signal is bandlimited to a frequency f1 , and is sampled at frequency fg it is
clear from the diagram that the overlap (and hence aliasing ) will not occur if

fl<f-fl e 2fl<f

Therefore if sampling is done at a frequency at least twice as great as the maximum frequency of
input signal, no aliasing will occur and all the signal information can be extracted. This is Nyquist's
Sampling Theorem, and it provides the basic criteria for the selection of the sampling rate required by
the converter to process an input signal of a given bandwidth.
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1.6.Real sampling
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Figure 3.A10 - Real sampling

The concept of an impulse is a useful one to simplify the analysis of sampling. However, it is a
theoretical ideal which can be approached but never reached in practice. Instead the real signal will be
a series of pulses of period equalling the reciprocal of the sampling frequency. The result of sampling
with this pulse train is a series of amplitude modulated pulses.

Examining the spectrum of the square wave pulse train shows a series of discrete frequencies, as with
the impulse train, but the amplitude of these frequencies is modified by an envelope which is defined
by (sinx) /x (sometimes written sinc(x)) where x in this case is wfy. For a square wave of amplitude A,
the envelope of the spectrum is defined as

Envelope = A(%)[sin(ﬂf;.r)] [nfs T

The error resulting from this can be controlled with a filter which compensates for the sinc envelope.
This can be implemented as a digital filter, in a DSP , or using conventional analog techniques. (The
TLC32044 Analog interface circuit featured in section 4 has an on-chip sinc correction filter after its
DAC output for this purpose).
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1.7. Aliasing effects and considerations
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Figure 3.A11 - Aliasing effects and considerations

No signal is truly deterministic and therefore in practice has infinite bandwidth. However, the energy
of higher frequency components gets increasingly smaller so that at a certain value it can be
considered to be irrelevant. This value is a choice that must be made by the system designer.

As we have seen, the amount of aliasing will be affected by the sampling frequency and by the
relevant bandwidth of the input signal, filtered as required. The factor that determines how much
aliasing can be tolerated is ultimately the resolution of the system. If the system has low resolution
then the noise floor is already relatively high and aliasing may not have a significant effect. However,
with a high resolution system , aliasing may increase the noise floor considerably and therefore needs
to be controlled more completely.

Increasing the sampling rate is one way to prevent aliasing, as we have seen. However, there will be a
limit on what frequency this can be, determined by the type of converter used and also by the
maximum clock rate of the digital processor receiving and transmitting the data. Therefore, to reduce
the effects of aliasing to within acceptable levels, analog filters must be used to alter the input signal's
spectrum.
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1.7.1. Choice of filter

Just as we have already seen with sampling , there is an ideal solution to the choice of filter and a
practical realisation that has to make compromises. The ideal filter is a so-called brickwall filter
which introduces no attenuation in the passband, and then cuts down instantly to infinite attention in
the stopband. In practice , this is approximated by a filter that introduces some attenuation in the
passband, has a finite rolloff , and passes some frequencies in the stopband. It may also introduce
phase distortion as well as amplitude distortion. The choice of the filter order and type must be
decided upon so as to best meet the requirements of the system.

1.7.2. Types of filter

The basic types of filter available to the designer are briefly presented here for comparison. This is
not intended to be a full analysis of the subject and the reader should refer to other texts for more
details.

Butterworth filter

A Butterworth (maximally flat) filter is the most commonly used general purpose filter. It has a
monotonic passband with the attenuation increasing up to its 3-dB point which is known as the natural
frequency. This frequency will be the same whatever the order of the filter is . However, by increasing
the order of the filter, the roll-off in the passband moves closer to its natural frequency and the roll-off
in the transition region between the natural frequency and the stopband becomes sharper.

Chebyshev filter

The Chebyshev equal ripple filter distributes the roll-off accross the whole passband . Hence, it
introduces more ripple in the passband but provides a sharper roll off in the transition region. This type
of filter has poorer transient and stepping responses due to its higher Q values in stages of the filter.

Inverse Chebyshev filter

Both the Butterworth and Chebyshev filters are monotonic in the transition region and stopband. By
allowing ripple in the stopband it is possible to make the roll-off sharper still. This is the principle of
the Inverse Chebyshev, based on the reciprocal of the angular frequency in the Chebyshev filter
response. This filter is monotonic in the passband, and can be flatter than the Butterworth filter whilst
providing a greater initial roll-off than the Chebyshev filter.

Cauer Filter

The Cauer or (Elliptic) filter is non-monotonic in both the pass and stop bands, but provides the
greatest roll-off in any of the standard filter configurations.

Bessel-Thomson Filter

All the types mentioned above introduce non-linearities into the phase relationship of the component
frequencies of the input spectrum. This can be a problem in some applications when the signal is
reconstructed. The Bessel-Thomson or linear delay filter is designed to introduce no phase distortion
but this is acheived at the expense of a poorer amplitude response.

In general, the performance of all of these types can be improved by increasing the number of stages
i.e. the order of the filter. The penalty for this of course is the increased cost of components and board
space required. For this reason, it may be appropriate to use an integrated solution using switched
capacitor filter building blocks which provide comparable performance with a discrete solution over a
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range of frequencies from about 1kHz to 100kHz They also provide the designer with a compact and
cost effective solution .

1.7.3. TLCO04 Anti-aliasing Butterworth filter
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Figure 3.A12 - TLC04 Anti-aliasing Butterworth filter

As detailed previously the Butterworth filter generally provides the best compromise in filter
configurations and is by far the easiest to design. The Butterworth filter's characteristic is based on a
circle which means that when designing filters, all stages to the filter will have the same natural
frequency enabling simpler filter design. Most modern designs which use op-amps are based on
building the whole transfer function by a series of second order numerator and denominator stages (a
Biquad stage). The Butterworth design is simplified, when using these stages, because each stage has
the same natural frequency. This can easily be converted to a switched capacitor filter (SCF ) which
has very good capacitor matching and accurately synthesized RC time constants.

The Switched capacitor technique is demonstrated in the diagram. Two clocks operating at the same
frequency but in complete antiphase, alternately connect the capacitor C2 to the input and the inverting
input of an op-amp. During @, charge Q flows onto the capacitor equal to VinC2. The switch is
considered to be ideal so that there is no series resistance and the capacitor charges instantaneously.
During ®,, the switches change so that C2 is now connected to the virtual earth at the op-amp input.
It discharges instantaneously delivering the stored charge Q.
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The average current that flows lav depends on the frequency of the clocks T so that

C‘a
Iy = %: Vin T VG Fopx

Therefore, the switched capacitor looks like a resistor of value

V,
R, = M/ =1
“ Ly /C:FCLK

TLCO04 Fourth order Butterworth filter

e Low Clock to Cutoff frequency error ... 0.8%
Cutoff depends only on stability of external clock
Cutoff range 0.1Hz to 30kHz

5V to 12V operation

Self clocking or both TTL and CMOS compatible

The advantage of the technique is that the time constant of the integrator can be programmed by
altering this equivalent resistance, and this is done by simply altering the clock frequency. This
provides precision in the filter design, because the time constant then depends on the ratio of two
capacitors which can be fabricated in silicon to track each other very closely with voltage and
temperature. Note that the analysis assumes Vin to be constant so that for an a.c. signal , the clock
frequency must be much higher than the frequency of the input .

The TLCO04 is one such filter which is internally configured to provide the Butterworth lowpass filter
response, whose cut-off frequency is controlled by a digital clock. For this device, the cut-off
frequency is set simply by the clock frequency so that the clock to cut-off frequency ratio is 50:1 with
an accuracy of 0.8%.This enables the cut-off frequency of the filter to be tied to the sampling rate, so
that only one fundamental clock signal is required for the system as a whole. Another advantage of
SCF techniques means that fourth order filters can be attained using only one integrated circuit and
they are much more easily controlled.

The response of an nth order Butterworth filter is described by the following equation.

wnemaron=[1+( 77, )2 ]

For the fourth order realisation in the TLCO4, this corresponds to the table below.
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frequency attenuation (factor) attenuation (dB) phase (deg)
F./2 0.998 0.02 26.6

F. 0.707 3 45

2F, 0.0624 24 63.4

4F, 0.00391 48 76

8F, 0.000244 72 82.9

12F, 0.000048 86 85.2

16F, 0.000015 96 86.4

This means that sampling at 8 times the centre frequency gives an input to aliased signal ratio of
67dB, which is less than ten bit quantisation noise distortion.
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1.7.4. The TLC10 as an antialiasing Cauer filter.
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Figure 3.A13 - The TLC10 as an antialiasing Cauer filter.

If a smaller roll-off in the passband and a faster roll-off in the transition region is required so that the
signals aliased back into the passband are more attenuated, the Cauer filter can be used to provide this
with a smaller order filter.

Switched capacitor filters can be used for this too. The TLC10 is a general purpose SCF building block
that contains two independent active filter sections, each of which is designed to provide the response
of a second order filter. These can be configured to produce any of the filter types listed in foil 20. In
this example , it is configured to realise the Cauer filter configuration.

The Cauer filter has non-monotonic response in both the passband and the stopband. In this
application , it is built up from two notch filters and a final low pass filter. The two halves of the
TLC10 are used to build the notch filters which are realised as a combination of a low pass filter and a
high pass filter . For the first stage, these two components are summed at the input of the second stage.
Likewise, for the second stage, the high and lowpass functions are summed using an external summing
amplifier built around the TLC2201. This also provides the benefit of further filtering so that the
combination becomes a fifth order filter.
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TLC10 Universal Dual Switched-capacitor filter

e Low Clock to Cutoff
frequency error ... 0.6%

Cutoff range 0.1Hz to 30kHz
+/-4V to +/-6V operation

Cutoff depends only on stability of external clock

As in most filters the lowest Q factor stage is placed first so as to minimise overshoot caused by high
frequency elements in the input signal. To enable the op-amps to function properly and without excess
distortion, the smallest resistor value is set to be 10k to minimise the current loading.

The fifth order Cauer filter shown is designed to have the following characteristics:

Passband ripple: 0.5dB
Cut-off frequency: 1 kHz
Stopband frequency: 4 kHz
Stopband attenuation: 97.5 dB

The zeroes and poles are set in the following positions:

I'st stage f1=0.7112KHz Q1=1.1403
2nd stage f2=1.0260KHz Q2=4.4386
3rd stage f3=0.3933KHz

Z1=4.4199
72=6.7342
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1.8.Grounding techniques
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m Vo =l ooxR*xL
‘-* Where R* is the resistance/unit length
of the ground wire
Figure 3.A14 - Grounding techniques

One more area that needs careful consideration is the system of grounding used. It must be
remembered that every wire or track on a PCB has a small, but finite, series resistance and inductance
plus some equivalent shunt capacitance.

Principle: Think where the currents will flow!

In a mixed analog and digital system, it is likely that the digital processor and associated logic will
draw the majority of the current. If the return paths for the digital and analog portions are linked into
the same ground rail, the large dc current may cause significant "IR" voltage drops so that the voltage
at the various ground points is different. In a high resolution converter such as the 10 bit TLC1540,
1/2 LSB at 5V reference corresponds to only 2.5mV, which can easily be exceeded.

Linking the digital and analog grounds together also introduces the possibility of current spikes from
the high speed switching feeding through to the analog ground. It is therefore recommended as a
minimum that the analog and digital grounds should be kept separate and should be terminated at the
ground of the Power supply unit (PSU). Even better is to provide separate return paths for all currents
, tied together only at a single analog ground reference point.
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However, this causes a potential hazard in that the level of the analog and digital grounds at the ADC
may be different. This allows the situation whereby the internal diodes may become forward biased
and hence cause damage to the device. To prevent this, the analog and digital grounds at the ADC
should be tied together using "nose on tail" diodes. This creates a maximum differential of 1 Vbe drop
between the rails, or 0.4V if Shottky diodes are used.
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1. Introduction

1.1.Data Transmission

It may seem strange that TI's 'Data transmission' products are included within the Linear seminar. Data
Transmission as part of TI's Linear Products portfolio is concerned with the standards involving
transmitting data at relatively high speeds down long line lengths, the considerations for which are

Data Transmission Section

P SIGNAL DIGITAL
SOURCE | CONDITIONING ADC [ processing >
DATA
TRANSMISSION
OUTPUT DIGITAL
LOAD 41  gecTiON DAC [ processing [—4—
POWER SUPPLY
AGENDA
1. Introduction 3. RS - 485
2. EIA-232 4.SCSI

Figure 4.1 - Data Transmission
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primarily of an analog more than a digital nature. Likewise the design of data transmission ICs requires
experienced analog engineers to implement functions such as slew rate limiting, receiver filtering and
common-mode protection.

In this year's seminar we will concentrate on two very popular transmission standards, RS-232 or as it
is now known EIA/TIA-232-E, and the multi-point, half duplex RS-485 standard. The last section
covers the physical layer of the increasingly popular Small Computer Systems Interface Standard
(SCSD.

1.1.1. The Need for Transmission Standards

Data transmission standards evolved for two main reasons: From the need to transmit data reliably over
long distances, and to provide a standard interface to facilitate communication between equipment
from different suppliers. Although TTL/Logic signal levels and products can be used. they generally
lack the power handling capabilities, robustness and noise margins required for reliable transmission.
Indeed for backplane equipment, TTL is no longer specified for the newer high speed standards. such
as Futurebus+ which uses BTL transceivers. In general the standards concerned with transmitting data
over long distances incorporate wider voltage swings, increased robustness and higher power outputs
than can be delivered using conventional 'Logic' products. Similarly the sub-micron technologies used
in the fabrication of today's logic devices cannot provide the power handling and robustness necessary
for successful long distance transmission.

1.1.2. Specialist Technologies

This leads to the need for specialist ICs, and technologies, to meet the exacting requirements of these
transmission standards. The traditional technological answer has been to utilise the inherent robustness
afforded by bipolar technologies, however the additional need for low power consumption and high
levels of integration no longer makes this attractive. SC manufacturers are now having to develop their
technologies to accommodate these requirements. TI has introduced its proprietary LinBiCMOS™
technology combining the robustness of bipolar together with the power consumption and integration
afforded by CMOS. Other manufacturers are using pure CMOS and integrating shottky diodes to the
same end. The result is very specialised and reliable products that are able to withstand the harsh
environment unique to data transmission products.

Texas Instruments has been a leading supplier of data transmission products for many years, and is
continually innovating new fields. Although the following sections are limited to the more common

interface standards, TI is actively involved in many new emerging standards and markets, for example
Futurebus+, a backplane standard with virtually no ceiling on data rate, the high speed serial data link
evolving from the P1394 committee and multiplex wiring systems such as ABUS, CAN and VAN. The
reader is advised to contact a TI representative for information on these product areas.

With the considerable expertise in design, product definition and range of technologies Texas
Instruments is the ideal choice for supplying your data transmission product requirements.
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1.1.3. About This Section

This Section is split into four distinct sections each of which provides a practical rather than theoretical
approach to in an attempt to give the reader an insight into three popular data transmission standards,
EIA/TIA-232, RS-485 and the SCSI standard. The Section is split as follows:

Data Transmission

Objective

Introduction
-Data Transmission
-System Considerations

EIA-232
-The Standard
-Increasing the Data Rate
-PC Interface

RS-485
-The Standard
-Data Rate And Line Length
-Industrial Application

SCSI

-The Standard
- Single Ended SCSI
- Differential SCSI

1. Update You on TI's New Interface
Products.

2. Discuss Application Ideas and
Design Considerations.

Figure 4.2 - Data Transmission Agenda

1. Introduction: An overview of the various factors that affect any data transmission system. Under
discussion is the line length versus data rate trade-off, noise sources, correct line termination and
network topology in addition to explaining the use of eye patterns as a tool to measure
transmission quality.

2. EIA-232: A discussion of the standard with particular attention paid to the changes made in the 'E'
revision. Also covered is the use of '232" at higher data rates, up to 116 kbps (kilo bits per second)
and an application focus on the popular DB9 PC interface. Particular attention is paid to TI's new
products throughout the section. The generic 232" standard will be referred to in this book as EIA-
232, where a parameter is unique to a specific revision the EIA-232 reference will be used.

3. RS-485: An overview of the RS-485 specification followed by a design example. We use an
industrial control application to understand the factors that need to be taken into account when
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designing an RS-485 system. Highlighted throughout the section will be TI's new products
compliant with this standard.

Interface Standards

ElIA-232 A
@ Single Ended Point to 16 —1 Wide SCS!
Point _J0OM — ¢ Differential SCSI
® 20 kbps Data Rate 8. oM
@ = 15 Metres Line Length o
N M p—
RS-485 o
@ Differential Multi- Point o
® >10 Mbps Max Data Rate g 10k —
@ 1.2 km Max Line Length g 1K
SCSI 100 —
@ Single Ended or Differential -
@ 10 MTps Max Data Rate J ' ! I g
@ 25 Metres Max Line 0.1 10 10 100 1k
Length Line Length (m)

Figure 4.3 - Interface Standards

4. SCSI: We will consider the physical layer of this standard that concern both single ended and
differential transmission. For single ended transmission we will look specifically at optimising the
line termination to achieve maximum transmission rate over the 6 metre distance as specified in
the standard. The differential SCSI system increases the line length to 25 metres and uses the
RS-485 standard to achieve this. We will look at TT's new nine channel RS-485 transceiver which
minimises the problems caused by the 18 line wide bus as defined by the standard.

1.2.0verview of the Interface Standards

Referring to Figure 4.3 we can see the relationship of each transmission standard when comparing data
rate and line length.

1.2.1. EIA/TTIA-232

EIA-232 or 'Recommended Standard' 232 is defined in the ANSI (American National Standard
Institution) specification as "The Interface Between Data Terminal Equipment and Data Circuit-
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Terminating Equipment Employing Serial Binary Data Interchange”. The standard employs a single
ended serial transmission scheme and outlines the set of rules for exchanging data between computer
equipment, originally this being a Computer Terminal (DTE) and a modem (DCE). The standard has
evolved over the years with the latest 'E' revision released in July 1991. The standard is now known as
EIA/TIA-232-E, with EIA standing for the Electronic Industries Association and TIA for the
Telecommunications Industry Association.

As with previous revisions of the standard the maximum data rate is defined as 20 k bits per second
(kbps) although there are now a number of software applications that now push this data rate up to 116
kbps, well outside the standard. The 'C' revision defined the maximum line length as 15 metres
however this failed to comprehend the type af cable used and consequently the load capacitance on the
line driver. Both the 'D' and 'E' revisions addressed this by more correctly defining the line length in
terms of load capacitance. The maximum load capacitance is specified as 2500 pF that translates using
standard cables to between 15 and 20 metres. Line length and data rate are limited as the standard
employs single ended communication which is prone to external factors. For longer line lengths and
higher data rates a differential balanced line communication link is essential. '

1.2.2. RS-485

RS-485 was primarily an upgrade to the EIA RS-422-A standard utilising the same signal levels but
facilitating half duplex multi-point communication. The standard is less complex than the EIA-232
standard as it only specifies the physical layer of the transmission scheme. Hardware such as the
connector is left to the user to define. The standard specifies a balanced transmission line whose
maximum line length is undefined but is nominally 1.2 km for 24 AWG cable based on 6 dB signal
attenuation. The maximum data rate is also undefined but is specified by the relationship of signal rise
time to bit time which is influenced both by the line driver and the line length and the line loading. In
the majority of applications it is the line length that is the limiting factor on data rate due to signal
dispersion. This is discussed in later sections.

1.2.3. Small Computer Systems Interface (SCSI)

SCSI is an industry-standard interface, defined by the ANSI, for the interchange of data between
computer and computer peripherals. Standard SCSI is a byte wide parallel interface for high speed data
transfer over relatively short distances. The SCSI bus is bi-directional and is terminated at both ends of
the cable to reduce reflections. For the single ended interface the standard specifies a maximum line
length’ of 6 metres. The maximum data rate is not specified but at present 5 Million Transfers per
second (MTps) is achievable using active termination. This can be increased up to 10 MTps using
innovative termination as we will discuss later. For longer line length applications, up to 25 metres, the
SCSI standard defines the interface using the RS-485 standard as the physical layer. This pushes the
data rate to 10 MTps over the full 25 metres which equates to 80 Mbps. A further development of SCSI
is 'Wide' SCSI which increases the data bus to 16 bits wide. Using the 10 MTps differential interface
this increases the bit rate to 160 Mbps.
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1.2.4. Summary of EIA Interface Standards

Parameter EIA-232 RS-423-A’ RS-422-A RS-485
Mode of Operation Single-Ended | Single-Ended Differential Differential
Number of Drivers and Receivers 1 Driver 1 Driver I Driver 32 Drivers
1 Receiver 10 Receivers 10 Receivers | 32 Receivers
Maximum Cable Length (m) 15 1200 1200 1200
Maximum Data Rate (bps) 20k 100 k 10M 10M
Maximum Common-Mode +25 +6 6 to -0.25 12to -7
Voltage (V)
Driver Output Unloaded +5 +3.6 +2 +1.5
Levels (V) Loaded +15 +6 +5 +5
Driver Load () 3k to7k 450 (Min) 100 (Min) 60 (Min)
Driver Slew Rate 30 V/us (Max.) | External Control NA NA
Driver Output Short Circuit 500 to Ve 150 to GND 150 to GND 150 to GND
Current Limit (mA) 250 to -7 or
12V
Driver Output Power on NA NA NA 12k
Resistance -
High Z state (Q) Power off 300 60 k 60 k 12k
Receiver Input Resistance (£2) 3to7 4 4 12
Receiver Sensitivity +3V +200 mV +200 mV +200 mV
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1.3.System Influences

Noise, distortion and attenuation are always present in data transmission systems and strictly limit
performance. We will consider each one of these in turn although there is some overlap i.e. noise can
cause distortion.

System Influences

Vect Veee

® Signal Attenuation
e Signal Distortion
® Noise

Figure 4.4 - System Influences

1.3.1. Signal Attenuation

Any data transmission over wire experiences losses and distortion due to distributed constants present
along the cable: distributed series inductance, distributed shunt capacitance, distributed series
resistance and distributed shunt conductance. Attenuation of the signal in a cable is affected by each of
the these components. The series resistance, R, is frequency dependent and is a result of the DC
resistance of the cable and the skin effect. Skin effect is a term which refers to the tendency of
electrons to travel to the surface of a conductor at higher frequencies, thereby reducing the overall
cross sectional area and increasing the resistance. The series inductance, L, represents the opposition to
change in current levels caused by the collapsing and expanding magnetic fields created due to
fluctuating current levels. The shunt capacitance, C ,is created by the two conductors in close
proximity and separated by a dielectric. As the signal frequency increases the capacitive reactance
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decreases, consequently reducing the opposition to current flow. The final component, shunt
transconductance or G, is a function of the dielectric loss of the insulation around each conductor
which allows some leakage current to pass between conductors. In modern dielectrics this is often
assumed to be negligible.

The overall effect of these distributed constants is called the characteristic impedance of the line, Z,
and is expressed as:

;- [R+i2nfl
® VG +j2nfC
Where: L is in henries/unit length

R is in ohms/unit length
C is in farads/unit length
G is on siemens/unit length

The current/voltage relationship of an incident wave travelling down a transmission line in the
direction of the load will be determined by this equation. Equally a reflected wave travelling from the
direction of the load will also be dependent on this relationship. We will revisit this equation when we
discuss transmission line termination in section 1.5. The signal velocity along the transmission line and
the attenuation depends upon the propagation constant y of the line. The propagation constant, when
separated into its real and imaginary parts, is symbolised by o + jB where o is known as the
attenuation constant and B as the phase constant. o determines the rate of attenuation and has units of
nepers per unit length, and B determines the phase velocity, where:

Phase velocity,

™| &

Where  is the angular velocity.

Additionally, the propagation constant,

Y=0+jB =/(R+ joL)G + joC)

In practice the attenuation of a particular cable can be determined from manufacturers data where
usually a curve of bit rate or frequency is plotted against dB, usually quoted per 100 ft or 30 metres.
The attenuation constant, 3, can be converted to dBs by multiplying by 8.686.

The maximum attenuation allowable will be dependent on the system configuration but a figure of
6 dBV maximum is a good guide. Actual curves are discussed later in the RS-485 section.
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Signal Distortion Using Eye Patterns

Formation of Eye Pattern

Clock Inur LML

Non Return Zero Random | | I I

Code

1" to 0’ Transition —\——/_
'0’' to '1' Transition h h

Eye Pattern X X ><: ><

Driver Input Receiver Input

Figure 4.5 - Signal Distortion Using Eye Patterns

1.3.2. Signal Distortion

One of the primary causes of signal distortion is the effect known as frequency dispersion. As
discussed in 1.3.1. phase velocity and attenuation are both frequency dependent and whose effect is to
distort and delay the signal pulse. The high frequency components contained in the leading and lagging
edges of a pulse experience minimum delay but experience maximum attenuation. The pulse top and
low frequency components are subjected to increased delays. The result is that various parts of the
pulse arrive at the receiving end at different times and at differing levels causing distortion of the
original signal. It follows the longer the line length the more the bit rate must be reduced. In many
transmission systems it is this factor alone which determines the maximum signalling rate.

Once again cable manufacturers sometimes specify a bit rate versus line length curve but a better way
to check signal distortion of your system is by the use of eye patterns or eye diagrams. Indeed cable
manufacturers generate their bit rate/distance curves using eye pattern measurements. Eye patterns
allow you to visibly see and measure signal distortion as a function of data rate. See later sections on
how to implement Eye Patterns.
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1.3.3. Noise

Noise is generated from a variety of sources and can strongly influence how you implement your data
transmission system. All extraneous signals appearing at the receiving end of the transmission circuit
that are not due to the input signal are considered as noise. The two most likely sources of noise that
will affecting data transmission systems in the context of this Section are common-mode voltages and
cross talk. We will discuss both these types of noise and how the relate to the type of transmission
system in section 1.6.

NRZ Random Code Generator

Vec=5V
1 20—[
2
NN | T
3 518 B o
l—4817 ___2‘37
wn
p 14| 5 @ 18 38
2 © 1314 6 3 15 (1T 1.2
== K3 T2 R1
4 T 1 awm} 4
5 15 1o — 9 12
—e & 10 1 (T = R1*C1*In2)
78— 1
C1
— 1@ 8 [~
2 7
1 3D 6 RT
l—z 19| 4 L 5 fr—t—
34 18 .
= - m
5 O
|l--6£15—I
75 7 1o 8 p—
- Lamwj— 2 & s
AN 9 12 39 RT
oon —4 < 5 [—tg
ov
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Figure 4.5.1 - NRZ Random Code Generator

1.4.Eye patterns

To determine the effects of signal distortion, noise etc. on Intersymbol interference (ISI) in a data
transmission system the eye pattern is used. ISI is the effect of neighbouring pulses in a pulse train
spilling over into adjacent pulses and forces a reduction in the allowable permitted pulse rate for a
given line length in order to maintain adequate distinction between adjacent pulses. The eye pattern is
displayed on an oscilloscope with the term 'Eye' coming from the appearance of the trace on the CRT.
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1.4.1. Setting up the eye pattern

The eye pattern is obtained by applying a random non return zero (NRZ) code down the transmission
line under test. This represents all possible pulse combinations. The signal at the receiving end of the
line is connected to the vertical amplifier of an oscilloscope, with the 'scope triggered using the
synchronisation clock to the NRZ code generator on a separate trace. See figure 4.5 Over any one unit
interval the random code generator should produce a combination of signals. The resulting signals can
then be viewed on the oscilloscope over one unit interval, each unit interval should resemble an eye,
similar to figure 4.6. For differential transmission both signals at the end of the transmission line
should be applied to separate amplifiers on the oscilloscope and then summed using the summation
facility on the oscilloscope.

Figure 4.5.1 shows a circuit to generate the NRZ code. In this case we have used it to test the RS-485
SN75176 type transceiver.

Eye Pattern Oscilloscope Trace

. . . Trigger on Clock Input

Propagation
S Dela

TRACE 1
Clock Input to Random
NRZ Code Generator

>
TRACE 2 ‘ 1 1 1 For Differential Signals

Output at Receiver End '--- use Invert and Trace Add
of Transmission Line | | [ Function on Inverting and

Non Inverting Signals

Figure 4.6 - Eye Pattern Oscilloscope Trace

1.4.2. Taking Measurements from Eye Patterns

Before considering actual measurements the first key indicator on the performance of the transmission
system can be seen by simply looking at the eye pattern. The 'openness' of the eye is an indication of
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the 'quality' of the transmitted signal and is an indication of the noise and distortion tolerance of the
system.

Measuring Signal Transmission Quality

<4— Unit Interval ——»

Receiver
Threshold

Threshold Crossing ¢ >
Skew : :

Threshold Crossing Skew . _ % Design With No
Unit Interval X 100% .‘z 4@ More than 5% Jitter

i

% Jitter =

Figure 4.7 - Measuring Signal Transmission Quality

For actual measurements the decision points of the transceiver should be superimposed upon the eye
pattern. The vertical distance between the decision points and the signal trace is an approximate
indication of the noise margin of the system. The horizontal appearance of the eye can be used to
determine the maximum jitter tolerance of the system. A good guide, and one that is used by cable
manufacturers to determine data rate versus line length curves, is to design with no more than 5% jitter.
Where % jitter is defined as the ratio of Threshold crossing Skew to unit interval as shown in
Figure 4.7. Jitter is caused by a number of factors including , signal frequency, noise and cross talk.
(Noise frequency can modulate the transmitted signal, for example 50 Hz hum or from other low
frequency sources). It should also be noted at this point the effect of threshold misalignment which can
cause severe problems with the received signal, reducing the detected pulse width considerably.

1.5.Line Termination

The behaviour of the transmitted signal and the integrity of the data at the receiving end depends upon
the data rate and line length of the cable. There are two behavioural models; of a transmission cable:
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i. Lumped parameter model (Short wire) .
ii. Distributed parameter model (Transmission line)

As discussed in section 1.3.1 the distributed parameter model models the connecting circuit in terms of
distributed parameters (inductance, capacitance, resistance, conductance), rather than as an equivalent
lumped load on the line. The transmission line can be considered in terms of an infinite number of
small filter sections and as a result the transmission line is said to have a characteristic impedance, Z,,.
Z, is independent of distance along the line and represents the voltage and current relationship for an
incident wave at any point as it travels along the line.

1.5.1. Transmission Line Test
Classifying as a Lumped or Distributed Parameter Model

All cables can be thought of as transmission lines; but the term, transmission line, is used with differing
meanings.

Consider a signal propagating down a simple data link comprising two wires. When the signal starts to
change at the transmitter output the effect of this change will eventually be seen at the other end of the
line. A reflection of the signal will occur, which will eventually return back to the transmitter
terminals.

If this happens before the original transmitted signal has risen to its peak value then the line will
normally be treated as a lumped parameter system rather than as a true transmission line. This is
because the line itself does not greatly influence the performance of the system.

A general rule of thumb for determining if a system should be treated as a true transmission line can be
formulated; If the rise time , tr, of the signal is much less than the round trip propagation delay, 2tpd, of
the signal from transmitter to receiver and back to transmitter, then the cable can be treated as a
transmission line and not as a lumped parameter model. A better model is given in figure 4.8 where a
safety margin is built in to the propagation delay/rise time relationship.

1.5.2. Transmission Line Considerations & Effects

When the cable is operating like a transmission line, extra loads in the form of transmitters and
receivers can be added, providing that they do not cause too great a shunting effect on the line. These
extra loads, if they are evenly distributed along the line, can be treated as an extra distributed
capacitance along the line adding to the effect of the line capacitance and inductance. This extra load
decreases the line impedance and reduces the speed of the signal along the line.

In the case of the lumped parameter model the line represents a pure fixed load to the transmitter
device. For example, the capacitance of the line will be modelled as a fixed value which effectively
limits the output voltage slew rate of the transmitter (assuming it can supply a finite amount of current
to the line).
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To Terminate or Not to Terminate?

< tpd >
Eye Patterns

Propagation Delay

2pgs by /5 Use Eye Patterns to Determine
Correct Termination Resistance

Transition Time

Figure 4.8 - To Terminate or Not to Terminate?

Consider a driver circuit driving the line. When the driver output voltage changes state, the driver
appears to see the effective characteristic impedance of the line, Z. This will cause the voltage at the
output of the driver circuit to reduce as a result of the potential divider action formed by Z and the
driver circuit output impedance, Zp,.

At any point along the line the ideal source impedance will appear as Z, and the ideal load impedance
will also appear as Z, This gives the impression that the line is being driven by a voltage source of
twice the magnitude of the line voltage.

When the signal reaches the receiving end of the line it sees a terminating impedance equal to the
impedance (Z) of the line that it is already travelling on. It interprets this as a continuation of the line.
The voltage on the line will not alter and the current flowing along the line will flow through the
termination resistor and back to the driver via either ground or the other line in the system. Operation
of the circuit as just described would result in optimum data transmission efficiency, with little or no
signal reflections. However, circuit operation in the real world is not always so perfect.

If the termination impedance is dis-similar to the characteristic impedance of the line itself, the voltage
at the termination point will alter. The voltage at the termination point is dependent on the relative size
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of the termination impedance to the line impedance. If the termination impedance is higher than the
line impedance, the line voltage will increase causing a positive voltage reflection of the signal. When
the termination impedance is lower than the line impedance, the line voltage will decrease leading to a
negative reflection. The same effect will occur at the driver output terminals due to impedance
mismatches between driver and line.

Reflections at each end of the line will eventually settle and leave a constant dc voltage on the line. The
value of this voltage is equal to the ideal open circuit output voltage multiplied by the termination
impedance divided by the sum of the driver output impedance and termination impedance.

Reflections as described can cause problems when driving lines at high frequencies. False receiver
triggering can occur and repeated signal reflections will cause signal wave distortion.

1.5.4. Using Eye Patterns to Determine Z,

Referring back to eye patterns, these can also be used to find the characteristic impedance of a
transmission line. Figure 4.8 shows three sets of eye patterns, Zt > Zq, Z1 <Zg, and Zy = Z,, where
Zy is 200 Q, 50 Q, and 100 €, respectively. Where Z > Z, the signal is larger with multiple traces,
while with Z < Z, the signal is similar but much reduced in amplitude and could cause signal to noise
ratio problems at the receiver. With Z = Z,, the signal is very clear with a near perfect eye pattern. In
practice it is possible to use a variable resistance and the eye pattern to determine the correct
termination impedance for zero reflections.

1.6.Noise Influences

There are two main classification of transmission scheme, single ended or differential. Each are
affected by noise influences in differing ways - the next two section describe each transmission scheme
paying particular attention to the affects of noise. Figure 4.9 details both types of transmission scheme.

1.6.1. Single Ended Line Considerations

Single ended data transmission systems consist of a signal line on which data is sent down, and a
ground line through which the current returns. A direct result of this is that the ground line forms part
of the transmission line, which can be of benefit in some circumstances but not in others.

One of the major benefits, and most obvious, is that a single ended system is the lowest cost solution in
terms of cabling costs. In general terms it requires only half the cable of a differential system. It is also
relatively simple to install and operate.

The main disadvantage of the single ended solution is its poor noise immunity. Because the ground
wire forms part of the system, any transient voltage or shifts in voltage potential may be induced (from
nearby high frequency logic or high current power circuits), leading to signal degradation ultimately
leading to false receiver triggering. For example, a shift in the ground potential at the receiver end of
the system can lead to an apparent change in the input switching threshold of the receiver device, thus
increasing susceptibility to noise.

Cross talk is also a major concern especially at high frequencies. Cross talk is generated from both
capacitive and inductive coupling. Capacitive coupling tends to be more severe at higher signal
frequencies as capacitive reactance decreases. The impedance and termination of the coupled line
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Noise Influences

Single Ended Line
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= ¥ Loop Currents

Differential Line S
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Figure 4.9 - Noise Influences

determines whether the electric or the magnetic coupling is dominant. If the impedance of the line is
high the capacitive pickup is large. Alternatively, if the line impedance is low, the series impedance as
seen by the induced voltage is low, allowing large induced currents to flow.

These problems will normally limit the distance and speed of reliable operation for a single ended link.

Cross talk can be reduced by;

i. Limiting the slew-rate of signals so that they do not cause cross talk to be
induced onto other lines

ii.  Limiting the line length.
iii.  Shielding the signal conductor.

While the common-mode noise could be reduced by:-

i. Isolating the signal ground from power conductors (e.g. keep signal grounds
separated as far as possible from power grounds).

ii. Ground wires should be as low as impedance as possible.

iii. Using star ground system configurations.
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Some of these techniques are used in systems such as EIA-232 e.g. Maximum slew rate of EIA-232 is
defined as 30 V/ps while Futurebus+, an emerging high speed backplane standard, uses trapezoidal
waveforms to limit cross talk

1.6.2. Differential Line Considerations

A differential communication system involves the use of two signal carrying wires between transmitter
and receiver, such that the signal current flows in opposite directions in each wire. The net effect of this
is the receiver is only concerned with the difference in voltage between the two wires. The absolute
value of the dc common mode voltage of the two wires is not important. In practice, transmitters and
receivers have a finite common mode voltage range in which they can operate.

The use of a differential communications interface allows transmission at higher data rates over longer
distances to be accomplished. This is because the effects of external noise sources and cross talk are
much less pronounced on the data signal. Any external noise source coupling onto the differential lines
will appear as an extra common mode voltage which the receiver is insensitive to. The difference
between the signal levels on the two lines will therefore remain the same. By the same argument, a
change in the local ground potential at one end of the line will appear as just another change in the
common mode voltage level of the signals. The differential output to the line will also provide a
doubling of the driver's single-ended output signal. Twisted pair cable is commonly used for
differential communications since its twisted nature tends to cause cancellation of the magnetic fields
generated by the current flowing through each wire, thus reducing the effective inductance of the pair.

The main disadvantage of a differential system lies in the fact that two cables are required for each
communication link. This increases system cost but provides superior performance when data is
transmitted at high rates over long distances.

The RS-485 and RS-422-A standards both use differential type transmission.
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Network Topology
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Figure 4.10 - Network Topology

1.7.Network Topology

In addition to considering signal attenuation, the effects of noise, signal distortion and correct line
termination, we must also consider the way in which stations are connected to the line. Furthermore the
position of the line termination resistor and device positioning must be considered. There are two basic
methods of connection, see figure 4.10;

i. The star connection

ii. The daisy chain connection
Considering the star connection, the transition edge from the driver will be loaded by a group of
separate transmission lines, rather than one. Each transmission line boundary will cause a change in
impedance resulting in reflections.

Another situation to avoid is the termination of multiple stations, since this could excessively load the
driver. Termination at the extreme ends for RS-485 (half duplex) and far end only for RS-422 is
recommended and is accounted for in each standard. Normally stubs (taps of the main line ) should be
kept as short as possible so not to appear as transmission lines themselves.

4.24




Data Transmission

Star Versus Daisy Chain Topology

Daisy Chain

® Measurement Information

2 V/div
50 ns/div

<
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® Cable Specification t

- Flat Ribbon Cable with Parallel Copper Wire - U.L.2651
- Capacitance Between Adjacent Lines = 49.2 pF/m

- Line Length 2 m From End to End
R _—“ - Characteristic Impedance (Zo) = 105 Q
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Figure 4.11 - Star Versus Daisy Chain Topology

The recommended method is to use the daisy chain, a configuration where the transmission line
continues from one receiver to the next and only the last receiver on the chain is terminated. This
means that the transmission line and hence the driver will see one continuous transmission line with
only one termination resistor. Each tap-off will in effect be a stub, but in this case they will not be all
grouped together and will be kept very short to reduce their effect.

The figure 4.11 shown further confirms the need to keep stub lengths short and the use of correct
termination techniques by comparing the effect on signal quality for the daisy chain and star method of
connection.

In both instances exactly the same application scenario was used as was the same cable specification.
The cable used was a flat ribbon cable with parallel copper wire conforming to U.L. specification 2651.
Connections were made as shown in the previous figure and the total cable length from source to
destination was 2 m.

1.7.1. How Short is Short ?

It has been described earlier that a pair of cables will act as a transmission line if the round trip
propagation delay, tpd ,is more than 5 times the transition times of the driver, t1. The converse is true if
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the line is not to operate as a transmission line but as a lumped parameter model. This forms the basis
of the stub length calculation given below.

The rule of thumb states that the transition time of the pulse sent down the line should take ten times
the time taken for the pulse to propagate to the end of the stub. As a result, any reflections will be
incorporated into the transition edge.

From this basis, the length of a stub can be calculated using the cable and driver parameters.

The pulse speed down the line, U, equals the reciprocal of the product of the line impedance and line
capacitance, both of which are normally specified for the cables used. The propagation delay down the
stub should be at the most one tenth of the transition time of the pulse. These facts can be brought
together to give the length of the stub, Lg , as;

L-to
510
Using the SN75ALS180 and its transition time of 13 ns, a cable with a characteristic impedance of
78Q and line capacitance of 65pF,:

Using: Z, = —9 as an approximation of the equation shown in section 1.3.1. (In practical

o}
situations jwL>>R and joC>>G, therefore R and G can be assumed to be negligible although the R
component must be considered for long line lengths.)

And: VP = as an approximation of the phase velocity equation in 1.3.1,

1
JLoxC,

o 1

Substitution gives: Vp = Z——C——
oXLo

1

m = 198X106ms_1
X0OX

Using the values given earlier: Vp =

t
Now, using our rule of thumb described earlier: t 4 = % and Lg=t,xV,

_ 13x10~° " . )
Gives t 4 = —1—0— and therefore Lg =1.3x107" x198x10" = 257mm = 10inches
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This means the length of each stub should be no more than 257 mm. Under this length the stub can be
considered as a lumped load and will not cause any unwanted reflections. The main effect of each stub
in this case will be a slight increase in the capacitance loading of the line.
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2. Interface Circuits for EIA-232

2.1.General Information

This section on EIA/TIA-232, or RS-232 as it has been known in the past, will discuss the electrical
aspects of the standard, i.e. the physical layer. Initially we will discuss the latest developments of the
'E' revision upgrade and then cover TI's latest products conforming to this standard. However the
reader should note the products under discussion in this section are application specific to the 9-pin
DB9 Personal Computer DTE serial interface which is effectively a sub-set of the full EIA-232
standard. As a semiconductor manufacturer we find the majority of EIA-232 applications are moving
to this interface. Due to the nature of the signals i.e. S receive and 3 transmit lines the older established
EIA-232 products no longer provide an optimum solution. This interface is now driving the need for
single chip EIA-232 solutions. Additional features such as single supply operation, increased ESD
protection, power down modes have moved from the desirable features to the essential features of
today's interface. In the later half of this section we will discuss the DB9 interface and TI's products
designed specifically for this application.

Looking at the DB9 interface one step back into the digital system, there is in most cases a UART or
ACE (asynchronous communication element). The ACE provides the parallel to serial conversion and
the necessary start/stop bits, parity bit generation and checking for error free data transmission. TI
manufactures a number of ACEs, the most advanced being the TL16C552. This integrates two serial
ports with FIFO buffers together with a PC parallel port. Although not specifically covered in this
section a selection guide on ACEs is included towards the rear of this section.

2.1.1. Reliability Data

System designers have long been aware the mean-time-between-failure (MTBF) for most systems is
limited by the reliability of the line interface circuitry. This is mainly due to the shear power
dissipation of such line circuits. The older devices such as the SN75188 quad driver ran at quite high
temperatures with obvious degradation on reliability. For today's products the use of low power bipolar
and more recently BiCMOS technologies significantly reduces operating temperatures while
maintaining the robustness associated with bipolar designs providing for a more reliable interface. This
is show by reliability data collected on TI's products.
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Life test data collected on a range of EIA-232 devices yielded a failure rate of 1.65 FITS (failures per

109 device hours). This was at an ambient temperature of 550C (to an upper confidence level of 60%
and assumes an activation energy of 0.96 eV).

2.2.EIA/TIA-232-E Industry Standard for Data
Transmission

EIA-232E Industry Standard for
Data Transmission

Scope of Standard

® Electrical and Signal Characteristics
® Mechanical Interface Characteristics
® Functional Description of Interchange Circuits

® Standard Interface for Selected
Sytem Configurations

Host System

ElA-232 Link

Peripheral
System

Flat Ribbon or Mul
typically Less Than 15 Metres

Figure 4.12 - EIA-232-E Industry Standard for Data Transmission

The Electronic Industries Association (EIA) introduced the RS-232 standard in 1962 in an attempt to
standardise the interface between Data Terminal Equipmer: (DTE) and Data Communication
Equipment (DCE). The DTE comprises the data source, data s: or both. The DCE provides the
functions to establish, maintain and terminate a connection, and to ¢« de/decode the signals between the
DTE and the data channel. Although emphasis was then piaced on interfacing between a modem unit
and data terminal equipment, other applications were quick to adopt the EIA-232 standard. The
growing use of the PC (personal computer) quickly ensured that EIA-232 became the industry standard
for all low-cost serial interfaces between the DTE and peripheral. The mouse, plotter, printer, scanner,
digitiser, and tracker-ball, in addition to the external modem unit, are all examples of peripherals that
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connect to an EIA-232 port. Using a common standard allows widespread compatibility plus a reliable
method for interconnecting a PC to peripheral functions.

EIA - 232E Electrical Specifications

Single Interface Line (1 of 25 Maximum) Interchange Signal

+12V +5Vto15V

Signal
s Conductor

= Téﬁ:flff == > 5Vto -15V
® Receiver Input Impedance, e Tx Rise/Time Fall within Transition
RT= 3kQ to 7kQ Region;
® Driver Power-off Impedance, 1ms Below 40 bps
Rg > 300 Q 4% of Unit Interval 40 to 20 kbps

e Load Capacitance <2500 pF ® Slew Rate: 30 Vus max
Includes Receiver Input

Figure 4.13 - EIA-232-E Electrical Specifications

The EIA RS-232-C standard, revised in 1969, was superseded by EIA-232-D (1986), and recently has
been once again superseded by EIA/TIA-232-E which brings it in-line with CCITT V24, V.28 and 1SO
IS2110. (TIA refers to the Telecommunication Industry Association). The latest revision includes an
update on the rise time to unit interval ratio and reverses the changes made by the 'D' revision, see
figure 4.14. Although an older standard, with problems like high-noise susceptibility, low data rates
and very limited transmission length, EIA-232 fulfils a vital need as a low cost communication system.
Consequently new products are being developed at a faster rate than ever.

2.3.EIA-232 Specification

The standard sets out to ensure:
i Compatible voltage and signal levels
ii.  Common pin wiring configurations

iii. A minimum amount of control information between the DTE and DCE.
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It accomplishes this by incorporating the following areas in the standard:
Electrical and Signal Characteristics

Electrical and signal characteristics of the transmitted data in terms of signal voltage levels,
impedance's, and rates of change.

Mechanical Interface Characteristics

Mechanical interface characteristics defined as a 25-way "D" connector, with dimensions and pin
assignments specified in the standard. Although the standard only specifies a 25-pin D-type connector,
most laptop and desktop PCs, today use 2 9-pin "DB9S" connector shown in figure 4.17. The reader
should note the DCE equipment connector is male for the connector housing and female for the
connection pins. Like wise the DTE connector is a female housing with male connection pins.

Handshake Information

A functional description of the interchange circuit enables a fully interlocked handshake exchange of
data between equipment's at opposite ends of the communication channel. However, V24 defines many
more signal functions than RS-232, but those that are common are compatible. Twenty two of the
twenty five connector pins have designated functions, although few, if any, practical implementations
use all of them. The most commonly used signals are also shown in figure 4.17.

It is worth noting that for applications which use the 25-pin D-type connector there is often a problem
in communication due to different handshaking signals employed by each system.

2.3.1. EIA-232-E Electrical Specifications

All EIA-232 circuits carry bipolar voltage signals with the voltage at the connector pins not to exceed
425 V. Any pin must be able to withstand short circuit to any other pin without sustaining permanent
damage. Each line should have a minimum load of 3 kQ and maximum load of 7 kQ which is usually
part of the receiver circuit. A logic '0' is represent by a driven voltage of between +5 V and +15 V and
a logic 'l' of between -5V and -15 V. At the receiving end a voltage of between +3 V and +15V
represents a '0' and a voltage of between -3V and -15 V represents a 'l'. Voltages between +3 V are
undefined and lie in the transition region. This effectively gives a 2 volt minimum noise margin at the
receiver.

The maximum cable length was originally defined in RS-232C as 15 metres, however this has been
revised in EIA-232-D and EIA/TIA-232-E and is now more correctly specified as a maximum
capacitive load of 2500 pF. This equates to around 15 to 20 metres line length depending on cable
capacitance.

As mentioned in an earlier section, EIA-232 specifies a maximum slew rate of the signal at the output
of the driver to be 30 V/ps. This limitation is concerned with the problem of cross talk between
conductors in a multiconductor cable. The faster the transition edge the greater the cross talk. This
restriction together with the fact of the driver and receiver using a common signal ground and the
associated noise introduced by the ground current severely limits the maximum data throughput.
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'RS-232’ Transition Time versus Data Rate
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Figure 4.14 - 'RS-232' Transition Time versus Data Rate

For this reason the EIA-232 standard specifies a maximum data rate of 20 kbps. The standard also
specifies the relationship between unit interval and rise time through the transition region (+3 V to -
3 V) or ty. This is the main difference between the 'E' and the ‘D' revision. This is shown more clearly
in figure 4.14. EIA-232-D up to 8 kbps specified the relationship between transition time and unit
interval or bit time t, to be 4% maximum. Above 8 kbps this was relaxed to 5pus maximum
independent of the data rate. Both the 'C' and the 'E' revision specify the ratio of t{/t, to be 4% all the
way up to 20 kbps. One can extrapolate this further, using the 4% figure and with the maximum slew
rate of 30 V/us, the maximum achievable data rate is 200 kbps however practically this is limited to
around 120 kbps. A number of software programs operate at transfer rates of 116 kbps. Furthermore
over longer line lengths the maximum drive current or short circuit current of the line driver becomes
the dominant feature on data rate as against the 30 V/ps slew rate. As the line length increases the load
capacitance also increases requiring more current to maintain the same transition time. The curves
shown in figure 4.15 indicate the drive current required to maintain the 4% relationship at different
data rates. In today's low power systems, this level of output current is not sustainable at above say
20 kbps. In practice the line length is usually limited to around 4 metres for the higher data rates. Most
drivers can handle the higher transmission rates over this line length without seriously compromising
supply current.
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EIA-232E Driver Output Current versus C_
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Figure 4.15 - EIA-232-EDriver Output Current versus Cy,

The curves shown in figure 4.15 were generated using the following equation which is an approximate
equation relating transition time tr, line capacitance Cj, receiver input impedance R;, driver short
circuit current I, and the initial and final line voltage (-3 V and +3 V) of the transition region, V; and
V respectively,

IR, I |+|V,|

[ _iVI’

t; =R, xC, xIn
IR, x1

rurning this equation around with respect to C,, and cancelling R;, V; and V;we get:
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The voltage levels, Vf and Vj, used in this equation are the extremes of the transition region.
Assuming a typical driver short circuit current of 20 mA and a receiver input resistance of 5 kQ, the
typical time taken to pass through the transition region would be :-

t, =300xC, seconds.

This equation can be manipulated further to gain a relationship of unit interval with line length in terms
of load capacitance and short circuit driver current. The equation in figure 4.16 assumes conformance
to the 4% rule.

Calculating Line Length and Data Rate

Signal Common
Con dUCtOf Condu ctorr= S ,»_ >,
Line Length Calculation
Maximum Capacitance = 2500 pF
Receiver |/P Capacitance <20 pF
Maximum Line Capacitance = 2480pF
Total Line Capacitance/m Cc =Cm +Cs
Mutual Capacitance of Cable/m Cwm
Stray Capacitance/m Cs
Data Rate Calculation Maximum Line Length = 2480
Unit _ 4 0.04 Cc
Interval {3 P Standard Cable Cy = 40 pF/m
Ce ln(lo_"1’_> Max Line Length _Shielded = 20 Metres
o - ——
B
Cs =2xCy  For Shielded Cable
lo = Short Circuit Current of Driver Cs = 0.5x Cy For Unshielded Cable
Ccis in nF

Figure 4.16 - Calculating Line Length and Data Rate

2.3.2. Calculating maximum line length

So far we have discussed line length in terms of load capacitance. For practical purposes we must now
consider turning this value for load capacitance into true line length. The standard states a maximum
line capacitance of 2500 pF. The input capacitance of a receiver is say 20 pF which leaves 2480 pF as
the maximum line capacitance.

We must now consider the type of cable to be used. Standard EIA-232 cable as supplied by a number
of manufacturers has a mutual capacitance of approximately 40 pF per metre. In addition to this we
must add the stray capacitance. Stray capacitance varies considerably on whether the line is shielded.
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For non shielded cable the stray capacitance is approximately half the mutual capacitance. for shielded
cable it is double the mutual capacitance. As can be seen from figure 4.16, for shielded cable the
maximum line length is 20 metres, with unshielded cable it is over 40 metres.

2.3.3. The DB9S Connector

As mentioned earlier today's notebook and laptop PCs, with their quest for reduced size, no longer use
the standard 25-way D-type connector detailed in the standard but have substituted it for a 9-way D-
type. This is commonly known as the DB9S connector. Like the 25-way. the DCE equipment
connector is a male outer casing with female connection pins, and the DTE is a female outer casing
with male connecting pins.

As the interface is now made up of only nine pins the handshaking lines have been reduced accordingly
but still are sufficient for most applications. Figure 4.17 shows the pins assignments for the
interconnect cable into the DTE connector. An explanation of the function of each signal is given
below:

ElA-232 DB9S Interface

Data Carrier Detect

Data Set Ready

Receive Data Line

Request To Send

DB9S CONNECTOR Transmit Data Line

Clear To Send

Data Terminal ready

Ring Indicator

Figure 4.17 - EIA-232 DBYS Interface
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Data Carrier Detect (DCD) - Received Line Signal Detector

The ON condition on this signal line as sent by the DCE informs the DTE that it is receiving a carrier
signal which meets its suitability criteria from the remote DCE. In modems, this circuit is held on as
long as it is receiving a signal that can be recognised as a carrier. On half duplex channels, DCD is held
off when RTS is in the on condition.

Data Set Ready (DSR)

This is a signal turned on by the DCE to indicate to the DTE that it is connected to the line.

Receive Data Line (RD)

The signals on the RD line are in serial form . When the DCD signal is in the off condition the RD line
must be held in the Mark state.

Request to Send (RTS)

This signal is turned on by the DTE to indicate it is now ready to transmit data. The DCE must then
prepare to receive data. In half duplex operation, it also inhibits the receive mode. After some delay the
DCE will turn the CTS line on to inform the DTE it is ready to receive data. Once communication is
over and no more data is transmitted by the DTE, RTS is then turned from on to off by the DTE. After
a brief time delay to ensure all data has been received that was transmitted, the DCE turns CTS off.

Transmit Data Line (TD)

The signals on this circuit are transmitted serially from DTE to DCE. When no data is being
transmitted the signal line is held in the Mark state. For data to be transmitted. DSR, DTR, RTS and
CTS must all be in the on state.

Clear to Send (CTS)

This signal is turned on by the DCE to indicate to the DTE that it is ready to receive data. CTS is
turned on in response to simultaneous on condition of the RTS, DSR and DTR signals.

Data terminal Ready (DTR)

This in conjunction with DSR indicate equipment readiness. DTR is turned on by the DTE to indicate
to the DCE it is ready to receive or transmit data. DTE must be in the on condition before the DCE can
turn on DSR. When DTR is turned off by the DTE, the DCE is removed from the communication
channel following the completion of transmission.

Ring Indicator (RI)

The ring indicator is turned on by the DCE while ringing is being received and is a term left over from
the use of the standard in telephone line modem applications. Primarily used in auto-answer systems.

Signal Ground (pin 5)

This is the ground which provides the common ground reference for all the interchange circuits and is
separate from the protective ground. The protective ground is electrically bonded to the equipment
frame and is usually directly connected to the external ground. Any static discharges are then routed
directly to ground without affecting the signal lines.
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While all these pins are assigned, once again not all equipment uses every pin. Consider the mouse
which can use as few as 4 lines, Signal ground, RI, TD and RD. Most equipment does however utilise a
minimum of RTS, DTR, TD, RD, CTS and DSR.

Also of note is the usage of the DTE interface. The majority of equipment uses this interface and
makes use of the null modem as a means of communication between DTEs. The null modem makes
use of feeding back the RTS signal to the CTS line on each interface, Figure 4.17.1 details the
connections for implementing a full null modem for the DB9S connector.

ElIA-232 Null Modem

DCD 1 1 DCD
RD 2 2 RD
™ 3 3 TD
DTR 4 4 DTR
GND 5 5 GND
DSR 6 6 DSR
RTS 7 7 RTS
CTS 8 8 CTS
RI 9 9 Rl

Figure 4.17.1 - EIA-232 Null Modem

2.4.SN75C185: Optimised PC Interface

If we study the DB9S DTE interface further we see there are 3 transmit lines and 5 receive lines. This
is an awkward combination for the standard EIA-232 IC configurations in use today. Consider the
ubiquitous SN75188 and SN75189 quad drivers and receivers. To implement this interface would
require 3 ICs, one '188 and two '189s. Equal combinations of drivers such as the triple driver/receiver
of the SN75C1406 still requires two chips to implement the interface.

For this reason TI has developed the SN75C185. By providing the exact combinations of driving and
receiving elements, along with the necessary passive components, a highly optimised solution can be
provided — the SN75C185 is just that. The SN75C185 integrates three drivers and five receivers and
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includes the necessary capacitors for driver slew-rate limit (30 V/us) and receiver filter
implementation, all in a single 20-pin package

The designer's dilemma is eased further by the use of a flow-through pin out architecture, see
figure 4.18. By aligning one side of the SN75C185 with the pins of the DB9S connector and the other
to industry standard ACEs or UARTS, printed circuit board (PCB) layout can be greatly simplified.

SN75C185; Optimised PC Interface

EIA-232
Port ® Contains Five Receivers and
DCD Three Drivers
% DSR
§ % ® Less than 8 mW Power Consumption
Z
§ ET'TX? ® Easy Interface Between ACE and
@ o Serial Port Connector (Flow Through Pin
aQ = Out)
@ Available in 20-Pin DW and N
SN75C185 Packages

Vss

= ® Available in 0°C to 70°C and -40°C to

®0ne SN75C185 Replaces; +85°C Temperature Ranges
2 X SN75189 (5 Cells) =>35% Saving
1 X SN75188 (3 Cells) in Board Space

8 - 12 Capacitors

Figure 4.18 - SN75C185; Optimised PC Interface

2.4.1. Low Power as Well

In common with all of Texas Instruments BiMOS products, these devices combine the benefits of
Bipolar's drive capability and robustness along with the low-power consumption of CMOS. This
power saving, when compared to the alternatives is calculated in the following pages and is illustrated
graphically in figure 4.19.

Available in either a single 20-pin, wide-bodied SO pack or DIP pack, the SN75C185 offers designers
greater than 25% saving in board space, compared to alternate solutions.
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Power Supply Considerations
SN75C185 vs '188/'189 Current Flow

VDD (12Vv) VCC (5V)

Device SN75189 x 2 SN75188 x1

Total 188/189

SN75C185*1

0 300 600 900 1200
Power Dissipation - Pdis(mW)

@ Basic Equation @ Chip Temperature Will Rise By;

-74°C For SN75188 & 25°C Each Rece ver

B -22°C Only For SN75C185

%is = Fo + nRs + mBg

Figure 4.19 - Power Supply Considerations

2.4.2. SN75C185; Power Considerations

System power consumption is often considered very late in the design cycle. Of even more concern is
that the power consumption of the interface circuitry, being the least attractive circuit to design, is often
totally overlooked. The consequences of this can be catastrophic especially when using devices in
confined spaces. These areas will normally have very poor air circulation, causing the ambient
temperature of the whole system to increase.

These types of problems are particularly difficult to diagnose as failure can often be intermittent as
devices pass into and out of thermal shutdown.

For these reasons, low quiescent-power devices are becoming a necessity for modern applications. As
digital technologies advance, their power consumption decreases, making the interface circuits the
limiting factor as far as system power consumption is concerned.

2.4.3. Interface Power Consumption Calculations

Before the availability of the SN75C185 common implementations of EIA-232 require one quad-driver
package and two quad-receiver packages; in the driver chip, one device is redundant while in the
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receiver chips, three devices are redundant. These devices would, however, still be taking their
quiescent current and hence wasting power. In order to provide the interface signals, three integrated
circuits were required while only two-thirds of the capability was being used. The calculations below
demonstrate this difference.

When comparing the 'C185 solution to that provided by the SN75188 and SN75189 devices, the power
saving is enormous.

Both implementations require three supply voltages; a 5V and +12 V supplies. The power dissipated,
Pdjs, within each device is the quiescent power of the device, Pq. plus the power dissipated in the input
stage, Pjs, and the power dissipated in the output stage, Pqg, (When it is driving the line).

Hence,
Pdis = Pq + nPjs + mPog
Where n is the number of active input stages and m is the number of active output stages.

SN75188/SN75189 Combination

Using an SN75188 for the driver, the quiescent power consumption would be 576 mW. In addition to
this the power dissipated in the input stage, Pjgd:-

Pisd =Vcc*IIL
=12* 1.6 mW
=19.2 mW.

This is multiplied by four to take into account all four drivers, putting the fourth driver into a defined
state so as to reduce any noise problems that could be introduced by leaving the input floating.

The power dissipated in the output stage, Pgg(, is:

Vou
Posda  =(Vcc-VoH )* gy

=(12-9)*g mW

=9mW.

This figure will be multiplied by three to take into account the active three drivers driving the interface
line. These sum up to give a total power dissipation of

Pdis =576 +4x192+3x9 mW
=680 mW.
The junction temperature of a DIP device would have risen by 74°C.

Using the SN75189 receivers, a quiescent power of 130 mW would be dissipated by each package.
This would be multiplied by two to take into account both chips.

The power dissipated in the output stage has a similar equation to that of the driver.
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Pose = VoL *IoL
=0.45x 10 mW
= 4.5 mW

This power dissipated is multiplied by five to take into account the five receivers being used. The input
stage can also dissipate some power, but this power is not supplied by this part of the interface system.
The power dissipated within the IC will however cause the junction temperature to rise.

VoHd)?
Pisr = RL

92
=? mW
=27 mW

This power dissipation is then multiplied by five. The remaining receivers will require tying to a state
where they will not be susceptible to noise. Tying them to the 5V supply increases the power
dissipation by a further 8.3 mW per receiver.

Assuming three receivers in one SN75189 are being used and two receivers in the other, the power
dissipated for the first receiver is:

Pdis =130+4x27+3x45 mW
=233 mW.
The power dissipated in the second receiver is:-
Pdis =130+4x27+2x45 mW
=210 mW.
This raises the temperature of the first and second receiver by 25°C and 23°C, respectively.

The total power dissipated by the SN75188/189 combination is the sum of these three powers,
equalling 1.12 W.

Using the SN75C185

The power dissipation of the SN75C185 can be calculated in a similar manner. The quiescent- power
consumption of the SN75C18S5 is equal to:-

Pq =VpD *IpD + Vss *Iss + Ve xIcc
12 %200 +-12 x -200 + 5 x 750 nY

8.55 mW

The power dissipated in the input stage of the driver is:-
Pisd =VDDxIIL
=12x 1 uyW
=12 pW.
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This is multiplied by three to take into account all of the drivers.

The power dissipated in the output stage of the driver, Pygd, is:

P — (Vm) - Vou ) VOH
osd — x R
L

=(12-10)X? mW
=6.67 mW.

This is multiplied by three to take into account the three drivers driving the interface line, giving a
power dissipation of 20 mW.

The power dissipated in the output stage of the receiver has a similar equation to that of the driver, so:
Posr = VoL x loL
=04x32 mW
=128 mW

This value is multiplied by five giving a total of 6.4 mW of power dissipated in the receiver's output
stages. The input stage will also dissipate some power, but this power will not be supplied by this part
of the interface system. The power dissipated within the chip will however cause the junction
temperature to rise.

The power dissipated in the input stage, Pjgr, equals:

Pisr =T RL

This power dissipation will also require multiplying by five. Giving a total input power dissipation of
167 mW.

Summing all the power contributors the total power dissipation is given by;
Pdis = Pq + 3Pisd + 3Posd + 5Pisr + 5Posr
=855+3x12x10-3+3x6.67+5x 333+5x1.28 mW
=201 mW.

The total power dissipated by the SN75C185 is 201 mW

This is represents a tremendous power saving, especially when considering that the line is still being
driven. The temperature rise within the SN75C185 would only be 22°C, enabling it to operate more
reliably and with higher ambient temperatures.

4.43



1993 Linear Design Seminar

2.4.4. On Chip Slew Rate Limiting

The EIA-232-E standard specifies a maximum slew rate through the transition region of 30 V/ps.
Relating this to capacitance and current only 100 uA of output current into 30 pF load capacitance is
needed to exceed the slew-rate limit. All devices are capable of supplying more than 5 mA. Therefore
if the slew rate limit is not to be exceeded, the switching speed of the driver's output stage needs to be
reduced. An established solution is to place loading capacitors on the output of the driver. The value of
the loading capacitor required will depend upon the line length, but it is generally in the order of
330 pF. The effect of this capacitor is to cause the output transistors to saturate, causing it to short
circuit current limit, thus preventing fast switching edges.

There are some major problems with this established process; one being the variance in current at
which the output short-circuit current limit operates, especially when taking temperature changes into
consideration. Again the value of capacitance placed on the line will depend upon the driver's output
short-circuit capability as well as line length. For example a device capable of sourcing 10 mA will
need a total capacitance of 330 pF placed on its output to meet the 30 V/us slew rate limit, while
placing this value across a device capable of sourcing 4 mA will have its slew rate limited to less than
12 V/ps.

Another problem encountered is the increase in power dissipation through the output stage. The output
voltage of the driver will normally be close to one supply rail, so when it tries to switch to the other,
the active transistor will have almost all of the supply voltages across it. The extra external capacitor
will clamp the driver's voltage close to the supply voltage causing the output transistor to source large
amounts of current. The combination of a large source current and large voltage cause it to dissipate
large amounts of power. Operating at these prolonged bursts of high current will ultimately increase the
chip temperature which in turn can affect the long-term life of the device. Bipolar technologies are
normally much better able to withstand such effects

A better solution, and that employed by the drivers in the SN75C183, is to place the slew-rate limiting
within the chip itself. Using similar techniques to those employed for slew-rate-limited operational
amplifiers, the slew rate of line drivers can also be limited. Using the Miller capacitance multiplying
effect, the slew rate of the driver can be slowed down. The on-chip capacitors are normally in the order
of 5 pF, while the currents driving the on-chip capacitor are the order of micro amperes, thus reducing
power consumption within the device. The biasing current to the output transistors is unaffected by
this technique and will be more than sufficient to drive the 3 k€2 load as offered by the receiver.

2.4.5. Internal Noise Filtering

The standard states a maximum line cable capacitance of 2500 pF, which corresponds to an
approximate line length of 20 metres. As the interface line gets longer, it becomes more susceptible to
noise pick-up from the surrounding environment. This pick-up is due in part to the inductive nature of
the line. As the signal switches, a rapidly changing magnetic field induces noise currents into the line,
thereby corrupting signal data. The level and cause of this noise will dictate the nature of solutions or
precautions that should be taken.

For operation at high data rates, the use of a differential line might be the best solution. If however, a
low cost and simple single-ended solution is required then standard EIA-232 devices can be modified
to give noise protection. This is achieved by slowing down the response of the receiver's input stage,
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making them too slow to respond to fast switching noise pulses. Even small levels of input noise can
falsely trigger the receiver. The maximum data rate specified in the standard is 20 kbps, corresponding
to a minimum pulse period of 100 ps. Therefore in normal applications, most devices are far faster
than the specification requires.

To slow down older bipolar receivers such as SN75189s, a capacitor, C¢, needed to be placed on each
of its response control pins. This means an additional four capacitors per device, which can be
awkward and costly. The effect of this response control capacitor is to set up a low-pass filter on the
receiver's input. In order to provide large pulse rejection, the capacitor needs to be quite large.
Furthermore, the filter response is asymmetric, affording protection against positive noise voltage
spikes only, negative spikes are unaffected, and will tend to attenuate rather than reject short noise
pulses.

Receivers in the SN75C18S integrate on-chip filtering which reject fast transient noise pulses. The on-
chip filters are more precise than filters implemented using external passives. Consequently the
receiver response is unaffected. These filters are totally symmetrical, offering protection against both
positive and negative noise pulses and with the ability to reject rather than attenuate short noise pulses.
To approach the level of filtering offered by the 'C185 receivers the standard '188 type receivers
require much larger capacitors and even then fall well short of filtering requirements.

SN75LBC187; Optimised for Portables

5V

I"“'] ® Switched Capacitor Converter
S civ ci- - Generates +/- 8.5V Supplies off 5V.
§ H Rx; GND\—+ - Only 0.2 uF External Capacitors
& DY pro Ll ® Shutdown Mode
8 RA4 " Rya > -lcc =10 pA (Max)
o) DY2 pas |& TO . -
g DY! DAt he UART ® High Data Rate Capability
o RA3  Rys - >116 kbps with 2500 pF Load
Q RA2 Ry2 > .
< IRAT  Ryy > ® Robust Bipolar I/O Structures
w V' vee & - +30 V Receiver Input Range

careaown cs - 6 KV ESD Protection
|J ® SSOP Packaging

I,

Figure 4.20 - SN75LBC187; Optimised for portables
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2.4.6. SN75LBC187; Optimised for Portables

The SN75C185 is the ideal choice for computer applications where the bipolar supplies required by
EIA-232 are available within a computer system. Most desk top computers generate +12 volt supplies
for powering the internal disk drive. However for portable equipment, e.g. laptops, notebooks, hand
held measuring equipment, the EIA-232 interface may be the sole user of a negative supply. The cost
of implementing a switch mode supply, using inductive switching regulators, to generate the negative
supply can make this option unattractive. Switch mode supplies also have the draw back of increasing
the EMI emissions, a factor becoming an increasingly important design constraint. Integrating a switch
mode power supply on silicon would reduce the emissions, and has been the dream of semiconductor
manufacturers, but thus far no one has yet managed to integrate the inductor.

An alternative way, and the basis of modern technology charge pumps, is to make switching regulators
using capacitors. In essence they operate by applying charge to a capacitor via an input voltage and
then adding, subtracting or inverting the voltage on the positive or negative voltage terminals. This
charge is transferred into a holding reservoir capacitor that is then used to supply the output voltages.
Furthermore such a scheme can be integrated into silicon. Using a network of capacitors both voltage
doublers and invertors can be made.

The SN75LBC187 integrates the charge pump on the same IC as the EIA-232 drivers and receivers. It
is fabricated in TI's proprietary LinBiCMOS technology and contains three independent drivers and 5
independent receivers together with the switched-capacitor voltage converter. The SN75LBCI87
provides a single 5 V supply interface between the asynchronous communications element (ACE or
UART) and the serial port connector of the data terminal equipment (DTE). This device has been
designed to conform to standards EIA/TIA-232-E-1986 and EIA/TIA-562 and CCITT recommendation
V.28.

The switched-capacitor voltage converter of the SN75LBC187 uses four small (0.2 pF) external
capacitors to generate the positive and negative voltages required by EIA-232 line drivers from a single
5 V logic supply input. Like the SN75C185 the drivers feature output slew-rate limiting to eliminate
the need for external filter capacitors. The receivers can accept +30 V without sustaining damage.
Furthermore the 'LBC187 is guaranteed to withstand up to 6KV ESD on any of its pins making it TI's
most rugged EIA-232 product.

The device also features a reduced power or shutdown mode that virtually eliminates the quiescent
power supply when the IC is not active.

The primary application for the 'LBC187 is for battery operated. portable equipment where power
consumption is a key factor. A separate consideration, and one that usually goes hand in hand with
these factors, is that of shear physical size. With the TLBC187, TI has used the latest SSOP packaging
to reduce board area to an absolute minimum. The new SSOP package reduces board space to 43% of
the standard 28-pin SOIC package Couple this with the small 0.2 pF and you have the ideal single
supply solution for space restricted applications.
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RS-232 116k Bits Per Second Operation

l SN75C185 SN75LBC187 ||

CL= 400 pF INPUT
RL=3KQ Aix
INPUT

) v’/\\//\/

———> t 5pus/Div

Figure 4.21 - RS-232 116k Bits Per Second Operation

2.4.7. SN75LBC187; 116 kbps operation

As discussed in section 2.3.1 the limitation on data rate is one of short circuit output current and the
actual load capacitance. With the 'LBC187 the driver short circuit current, I, is higher than say the
SN75C185 and is therefore able to drive longer line lengths at higher data rates. Figure 4.21 illustrates
this. The 400 pF load in the top half of the figure represents a cable approximately 3 metres long. As
the 'scope traces show, the 'C185 produces a perfectly acceptable output trace at 116 kbps. Similarly
with the LBC187 trace.

If the line length is now upped to 20 metres or 2500 pF load, we can see how the short circuit current
limit now limits the slew rate. With the 'LBC187 the trace is still acceptable and will provide reliable
data transmission. With the 'C185, the data will still be transmitted but the probability of error is now
increased. Most software programs that operate 116 kbps, e.g. Laplink™ (Laplink is a trademark of
Travelling Software Inc.) provide the interconnect cable as part of the system. In most cases this cable
is less than 3 metres in line length so either the 'C185 or 'LBC187 would be able to transmit data
reliably. It is interesting to note that both devices would meet EIA-232-D if the rise time to unit
interval relationship was extrapolated, however both would fail EIA-232-E. Of course conformance to
EIA-232 is not relevant above 20 kbps.
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2.4.8. Conformance to EIA-562

A new standard has recently been introduced in an attempt to provide a low power standard for 5 volt
systems and also to increase the data rate over EIA-232. Known as EIA-562, the standard increase the
maximum data rate from 20 kbps to 64 kbps and facilitates lower driver voltages. The downside is the
reduced noise margin at the receiver. The specification also details the rise time and ripple conditions
of the driver. The SN75LBC187 is fully conformant to this standard.

SN75LV4735; 3.3V EIA-232 PC Interface

® Fully Meets EIA-232 Driver
Requirements
VouMin =55V, Vo Min=-5.0V

@ Operates from Single 3 volt Supply
10% Tolerance

@ Supply Current 10 pA in Standby
Mode and 20 mA when Active

@ Drives 2500pF Load at 20 kbps

@ Uses 1 uF Capacitors For Charge
Pump

TSSOP Package - 4.4 x 5 x 1.0 mm External
Dimensions

Figure 4.22 - SN75LV4735; 3.3V EIA-232-E PC Interface

2.5.SN75L.V4735; 3 Volt EIA-232 PC Interface

Continuing the move to lower power systems the obvious choice is to reduce the supply voltage of the
system. Assuming supply current remains constant power dissipation is instantly reduced. The driving
force behind this reduction is once again the notebook type PC equipment. To facilitate the move to 3
Volts, TI has introduced the SN751.V4735. From 3 volts the device is still capable of producing the
required Vg and V; for conformance with EIA-232.

Once again the device is designed specifically for the DB9S PC DTE interface containing 3 drivers and
S receivers for a single package solution.
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The device is packaged in the TSSOP package with a board area of only 22 mm? and a maximum
package height of 1 mm.

2.6.ACEs (UARTS) From Texas Instruments

Most EIA-232 systems use dedicated communication controllers. Termed ACEs (Asynchronous
Communication Elements) or UARTs (Universal Asynchronous Receiver Transmitter), these devices
are responsible for controlling the exchange of information over the EIA-232 interface.

The ACE

The ACE is a dedicated asynchronous communications controller designed to off load most of the
communication activities from the CPU, thus freeing the CPU for other activities. It has the ability to
add or delete start and stop bits and provide odd/even parity code generation and detection. Industry
standard devices such as the TL16C450 family contain many extra features as listed below:

® Programmable bps-rate generator

® Adds and deletes standard asynchronous communication bit
® Fully programmable serial interface characteristics

® Data communication diagnostic capability

®  Modem-control functions

® Simple interface to microprocessors

® Maximum data rate of 256 k bits per second

All devices are designed using Texas instruments EPICTM CMOS process and operate from a single
5 V supply. The TL16C450 is the most common choice for standard PC applications as well as many
other asynchronous serial applications. The TL16C450, housed in a 40-pin package, contains all the
necessary facilities for implementing a single asynchronous serial port. The CPU within the system can
read and report on the status of the ACE at any point in the ACEs operation. Reported status
information includes the type of transfer operation in progress, the status of the operation, and any
error conditions encountered, parity, overrun etc.

The TL16C450 ACE includes a programmable, on-board, bps-rate generator. This generator is capable
of dividing a reference clock input by divisors from 1 to (2'° -1) and producing a 16 x clock for
dividing the internal transmitter logic. Provisions are included to use this 16 x clock to drive the
receiver logic. Also included in the ACE is a complete modem control capability and a processor
interrupt system that may be software tailored to the user's requirements to minimise the computing
required to handle the communications link. The TL16C451 is similar to TL16C450 with the single
serial port, but also contains a Centronix parallel printer port. The IBM PC AT/XT sets the standard for
this parallel printer interface that all "compatible” manufactures have to follow. TTL-level signals are
presented on a 25-pin D-type socket. Apart from the choice of connector, this parallel printer port is
directly compatible with the "Centronix" standard printer interface. The TL16C452 has two serial ports
plus a parallel Centronix printer port. Using this ACE together with two SN75C185s provides a simple
three chip complete solution for the two EIA-232 ports plus a printer port that is common on basic PC
configurations.

EPIC is a trademark of Texas Instruments Incorporated 4.49
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The ACE Family from Texas Instruments

SERIAL Aysnchronous Communications
Elements
| __ ® Serial/Parallel Conversion
SE%LT % ® Buffering
< <R ¢ Baud Rate Generation
I 3 2% MODEM ® Handshaking
< Hml 3 ot CONTROL e Start/Stop Bits
INT ouTi e Parity Generation
CLK—)> TL16C5508 55

{ Controllers ( ACEs)

TL16C450 Single Serial Port

[7)
_8 TL16CA451 E Single Serial Port With Centronix Parallel Printer Port
q>) TL16C452 £ | Dual Serial Port With Centronix Parallel Printer Port
Q| TL16C550B £ | Single Serial Port With Two 16-Byte 1/O FIFOs
TL16C552 8 Dual Serial Port With Two 16-Byte FIFOs and Centronix Parallel

Printer Port

Figure 4.22.1 - The ACE Family from Texas Instruments

2.6.1. The FIFO (First-In-First Out)

The CPU can send data at much faster rates than a normal ACE can handle. This is particularly true
for today's multitasking applications that demand high performance microprocessors. This can be
expensive in CPU overheads as the CPU will be tied to the speed of the serial interface, i.e., data will
be transferred over the interface through the ACE and onto the CPU bus. This is true also when the
data is exchanged from the CPU to interface via the ACE.

Devices like the TL16C550B and TL16C552 alleviate this problem by including buffer registers and
FIFOs in series with the ACE's transmitter and receiver. These are quick access registers that hold data
until the CPU can be freed. The CPU can then execute a block read or write.

The ACE is, in effect, isolated from the slow communications channel.

The TL16C550B is similar to the TL16C450, but two 16-byte FIFOs are included to buffer the
transceiver and receiver data stream, further reducing the number of interrupts from the
MiCroprocessor.
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2.6.2. Forward-Looking Performance With Backward Compatibility

By allowing two modes of operation, the TL16C550B allows users to maintain software compatibility
with earlier industry standard ACEs such as the TL16C450. In addition to the TL16C450 mode, the
TL16C550B can operate in the FIFO mode. In FIFO mode, two 16-byte FIFOs (First-In-First-Out) are
enabled to relieve the CPU of excessive software overheads. The independent receive and transmit
FIFOs act as buffers, vastly reducing the number of interrupts required. Furthermore two dedicated
pins serve as handshaking lines to a DMA (Direct Memory Access) controller, thus allowing the FIFOs
to load and unload data without direct intervention from the CPU.

The flagship of the range is the TL16C552, which is similar to the TL16C452 in structure but with the
added advantage of input/output FIFOs as in the TL16C550B

This device serves two serial input/output interfaces simultaneously in either microcomputer or
microprocessor-based systems. In addition to its dual asynchronous serial communication capabilities,
the TL16C552 provides a fully bi-directional parallel data port that fully supports the parallel
Centronix-type printer. The parallel port and the two serial ports provide IBM PC/AT compatible
computers with a single low-power device to serve the three-port system. Like the TL16C550B, the
TL16C552 contains 16-byte receive and transmit FIFOs that act as buffers to reduce the number of
interrupts on the CPU. Also in common with the TL16C550B, the device contains two pins for each
ACE that serve as handshaking lines for DMA control. The TL16C552 is housed in a 68-pin plastic-
leaded chip carrier, PLCC.

Integration of FIFO and DMA signalling circuitry onto a single chip makes the TL16C550B and
TL16C552 one of the most efficient solutions for higher performance multitasking systems.
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TL16C5508B; Interfacing to the SN75C185
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Figure 4.22.2 - TL16C550B; Interfacing to the SN75C185
2.7.Interfacing Between the TL16CS550B and the SN75C185

The circuit shown demonstrates the simplicity, in hardware terms, in implementing an asynchronous
serial interface with the SN75C185 driver/receiver and the communications controller TL16C550B.

When interfacing between the TL16C550B ACE and the Intel CPU bus, minimal glue logic is required.
Namely an 'LS245 Octal bus transceiver is used to provide drive current to an 'off-card’ CPU, and
programmable array logic (PAL) to decode address lines and generate a chip select signal. While an
exhaustive description of this interface is beyond the scope of this section, a discussion of key interface
lines can be useful.

Xin/Xout:

External clock. Connects the ACE to the main timing reference (clock or crystal).

baudout ,RCLK:

The transmitter reference clock is available externally via the baudout pin. In this application bpsout

is fed into the receiver clock to provide a timing reference for the receiver circuitry. Clock rate is
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established by the reference oscillator clock frequency (xin) and divided by a driver specified by the
bps generator divisor latches.

‘TXRDY :

Transmitter Ready Output. This pin is used during DMA signalling.

RXRDY :
Receiver Ready Output. This pin is also used during DMA signalling.

DO to D7:
Databus. Eight 3-state data lines provide the bi-directional path for data, control, and status information
between the ACE and CPU bus.

RD1 , RD2:

Read inputs. When either input is active (high or low respectively) during ACE selection, the CPU is
allowed to read status information from the selected ACE register. Since only one of these inputs is
required for the transfer of data during the read operation, RD2 is tied to its inactive state, i.e., low.

DCD, DSR, SIN, RTS,SOUT, CTS, DTR, RI:

These signals are the EIA-232 compatible modem control lines. Devices such as the SN75C18S5 are
employed to convert the TTL/CMOS level signals from the ACE to EIA-232 compatible bipolar
voltages of between +5 V to £15 V. The signal can then be transmitted over distances of up to 15 m.

The advantages of the SN75C185 can be clearly seen by the simplicity of the interface connections.
For example, driving/receiving combinations precisely match the interface requirement, plus the pin-
out is aligned directly to the DB9S connector.

WR1, WR2:

Write inputs. A logic applied to WRI , during ACE selection allows the CPU to write either control

words or data into a selected ACE registers. WR2 is tied in active, i.e.: logic low.

INTERRUPT:
When active (high) the interrupt pin informs the CPU that the ACE has an interrupt to be serviced.
This interrupt could occur for one of four reasons;

® Receiver error

® Received data available or time-out (FIFO mode only)

® Transmitter holding register empty

® Enable modem status interrupt
The interrupt is reset (deactivated) either when the interrupt has been serviced or by a master reset
(MR).

MR:
Master reset. When active (high), MR clears most ACE registers and sets the states of various outputs
(i.e. interrupt).
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CSo0, CS1, CS2:
Chip Select. An active low on the CS2 pin selects the ACE. CSO and CS1 must be tied active (high)

to ensure proper functioning of the CS2 chip select. A logic high on CS2 will de-select the ACE.

AQ to A2:

Register Select. These three inputs are used during read or write operations to select the appropriate
ACE registers. For example, providing the correct write/read operation had taken place at logic 0 at
A2, Al, and A0 would cause the receiver buffer (read) or the transmitter buffer to write.

ADS :

Address strobe. An active low on ADS , the register select signals (A0 TO A2) and chip-select signal

( CS2 ) drive the internal logic directly.

2.8.EIA-232 Products Summary

In this section we have discussed devices which are concerned primarily with the DB9S connector. Tl
also has a wide range of other EIA-232 ICs which offer differing combinations of drivers and receivers
which can offer the optimum solution for your system. The reader is advised to consult the current
edition of Interface Circuits Data Book (Reference SLYD006) which contains a complete selection
guide of EIA-232 products.
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2.9.E1A-232 Selection Guide

Data Transmission Circuits

Function Per Type Features
Package
2 SN75150 Industry Standard
UA9636AC Industry Standard
LT1030 Robust bipolar design, with 3-
state driver outputs
SN55188 |-55°C to 125°C temperature range|
SN75188 Industry standard
Line 4 SN65C188 | —40°C to 85°C temperature range
Driver SN75C188 Low-power BiMOS
SN65C198 | —40°C to 85°C temperature range|
SN75C198 Low-power BiMOS with sleep-
mode
SN75154 Industry standard
SN55189 -55°C to 125°C temperature range
SN75189 Industry standard
Line 4 SN55189A -55°C to 125°C temperature range
Receiver SN75189A -55°C to 125°C temperature range
SN65C189 -40°C to 85°C temperature range
SN65CI189A | -40°C to 85°C temperature range
SN75C189 Low-power BiIMOS
SN75Ci85A Low-power BiMOS
Continued Over......
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Data Transmission Circuits (Continued)

Function Per Type Features
Package
1/1 SN75155 On-chip 5-v regulator
2/2 MAX232 On-chip charge pump
212 LT1080 On-chip charge pump and 3-state
outputs
2/2 LTI1080 On-chip charge pump
3/3 LT1039 Robust bipolar design, with 3-state
outputs
Line 3/3 SN65C1406 | —40°C to 85°C temperature range
Driver / 3/3 SN75C1406 Low-power BiMOS
Receiver 4/4 SN75186 | Robust bipolar design, with loopback
4/4 SN65C1154 | —40°C to 85°C temperature range
4/4 SN75C1154 Low-power BiMOS
3/5 SN65C185 —40°C to 85°C temperature range
3/5 SN75C185 | Optimised for DB9S (9-pin) connector
3/5 | SN75LV4735 3 volt operation
3/5 | SN75LBCI187| Optimised for Laptop Applications¥
Control Circuits
Function Type Features
TL16C450 Single ACE
TL16C451 Single ACE with parallel port
ACE* TL16C452 Dual ACE with parallel port
TL16C550B Single ACE with FIFOY
TL16C552 Dual ACE with parallel port and FIFO

Notes

* ACE: Asynchronous Communications Element.

§ FIFO: First In First Out.
¥ Product currently under development, contact TI representative for further details.
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3. Interface Circuits for RS-485

3.1.The Need for Balanced Transmission Line Standards

This section focuses on industry's most widely used balanced transmission line standard, the EIA RS-
485. After reviewing key aspects of the standard, the reader will be introduced to the practicalities of
implementing a differential transmission scheme based on a factory automation example. Finally, new
additions to Texas Instruments EIA product range will be discussed along with their application, where
appropriate.

Data transmission between computer system components and peripherals over long distances and under
high noise conditions, usually proves to be very difficult if not impossible with single-ended drivers
and receivers. Recommended EIA standards for balanced digital voltage interfacing provide the design
engineer with a universal solution for long line system requirements.

RS-485 is a balanced (differential) digital transmission line interface developed to incorporate and
improve upon the advantages of the current-loop interface and improve on the EIA-232 limitations.
The advantages are;

@ Data rate - to 10 Mbps and beyond
® Longer line length - up to 1200 metres

@ Differential transmission - less noise sensitive

3.1.1. Application Areas

RS-485 is an upgraded version of RS-422-A extending the number of peripherals and terminals that a
computer can interface to, particularly where longer line length or increased data rates are called for.
Additionally, RS-485 allows for bi-directional multi-point party line communication and can
effectively be used for "mini-LAN" applications, such as data transmission between a central computer
and remote intelligent stations. For example, between point of sales terminals and a central computer
for automatic stock debiting.

As a result of its versatility an increasing number of standard's committees are embracing the RS-485
as the physical layer specification of their standard. Examples include the ANSI ( American Nationals
Standards Institute) Small Computer Systems Interface (SCSI) which we will discuss in section 4, the
Profibus standard, the DIN Measurement Bus.
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3.1.2. EIA RS-485

The balanced transmission line standard EIA RS-485 was developed in 1983 to interface a host
computer's data, timing or control lines to its peripherals. The standard specifies the physical layer
only. Protocols, timing, serial or parallel data, connector choice are all left to be defined by the user

RS-485 Specification Highlights

RS - 485
120Q . 120 Q e Up to 32 Unit Loads (typ)
>
S e Half Duplex communication
‘ _— e Protocol Not Included in Spec.
YT YT
!
~ KEY PARAMETERS SPEC. LIMITS
Maximum Common Mode Voltage . —‘77.~Vito‘+ 12V »
Receiver Input Resistance 12 kQ
Driver Load 60 Q
Driver Output Short Circuit Limit 150mA to GND
250 mAto-7Vori2V

Figure 4.23 - RS-485 Specification Highlights

RS-485 was originally defined as an upgrade and more flexible version of RS-422-A. Where RS-422
facilitates simplex communication only, RS-485 allows for multiple drivers and receivers on a single
line facilitating half-duplex communication. Like RS-422 the maximum line length is not specified but,
based on 24 AWG cable, is nominally around 1.2 km. Maximum data rate is unlimited and is set by the
ratio of rise time to bit time, similar to EIA-232. In many cases it is the line length of the cable which
limits the data rate more than the drivers due to transmission line effects, see section 1.

The differences between the RS-485 standard and the RS-422 standard lie primarily in the features that
allow reliable multi-point communications.
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3.1.3. RS-485 Driver features

ii.

One driver can drive as many as 32 unit loads (one unit load is typically one passive
driver and one receiver).

The driver output, off-state, leakage current should be 100 uA or less with any line
voltage from -7 Vto+12 V.

The driver should be capable of providing a differential output voltage of 1.5V to 5V
with common-mode line voltages from -7 Vto 12 V.

Drivers must have self protection against contention (multiple drivers contending for the
transmission line at the same time).

3.1.4. RS-485 Receiver features

ii.

iii.

High receiver input resistance, 12 k€ minimum.
A receiver input common-mode range of -7 Vto 12 V.

Differential input sensitivity of 200 mV over a common-mode range of -7 V to 12 V.

3.2.Process Control Design Example

To fully understand the considerations of designing an RS-485 system it is advantageous to take a
specific design example. In this case we will consider a factory automation system with a host
controller and several out-stations. Each out-station 1s capable ot transmitting as well as receiving data.

The general system specification is shown in figure 4.24 and comprises:

e
|11

iv.

Furthest out-station is 500 m from the host controller.

We require up to 31 out-stations on the line. With the host controller this totals 32
stations in total.

System data rate will be 500 kilobits per second.

Only one cable will be used for data transmission operating_in half duplex mode.

With this system specification the main design consideration are:

iv.

Line Loading including termination.
Cable choice
Signal Attenuation and distortion

Fault Protection including fail safe operation

Consider each one of these points:
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Process Control Design Example

- s
| }
VAN ya

HOST - - > < :)
~ SYSTEM 1 I ol
— ~ Station . Station |  Station
. One - Two | -
Considerations: System Spec:
® Signal Attenuation ® 500 km Furthest Station
@ Line Loading : @ 32 Stations
® Cable Choice ® 500 kbps
@ Fault Protection @ Asynchronous Half Duplex
Communication
Figure 4.24 - Process Control Design Example
3.3.Line Loading

The RS-485 standard takes into account the need for line termination and the subsequent loading on the
transmission line. The decision on whether to terminate or not will be system dependent and will be
affected by the choice of line driver and the maximum line length.

Line Termination

As we discussed in section 1 the test for whether a transmission line is to be considered as a distributed
parameter model or a lumped parameter model is dependent upon the relationship of signal rise time,
tr. at the receiving end and the propagation time of the signal down the cable. The threshold between
the two types of transmission line is given by the following equation:

20, =1,

If we build a margin of error into this equation a better test is to determine the relationship of twice the
rise time to 5 times the propagation delay:
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If the relationship 2tpd 2 5t is true then the transmission line must be treated as a distributed

ty -
parameter model and terminated accordingly. If the converse i.e. 2tpd 2 ? is true. the transmission

line can be treated as a lumped parameter model and termination is not necessary.

The Unit Load Concept

' RS-485 Standard
| e Specifes up to-32 Unit Loads
Doubly Terminated with 120 Q

DUT
e UnitLoad = Load which Allows
1 mA of Current Flowing Under a
Maximum Common Mode Voltage
Stress of 12V & -7V
Example =
DE —————  ‘ALs176B
SN75ALS1768B.............. (30 Mbps Transceiver)

IL =1mA@12V (worst case) Receiver Enabled

uL =1UL

ED
i.e 32 =32 Transceivers/Transmission Line

Figure 4.25 - The Unit Load Concept

To determine ty tests must be carried out on the transmission cable. For the purposes of this example
we chose a low cost non shielded, twisted pair cable - 500 m of a Belden type 8205 cable as supplied
by RS Components Ltd of the UK, reference number 360-964. On the driving and receiving ends we
connected a SN75ALS 176 single channel transceiver. The rise time at the receiver end measured :

tt = 0.9 ps to the 10% and 90% points.

Assuming a propagation delay down the line of 5 ns/m, the time tpd = 500 x 5 = 2500 ns or 2.5 ps.

so in this case:

Str=45ps and 2t 4=5ps,s0 2tpd >S5ty and therefore the transmission line should be
considered as having a distributed parameter model and consequently must be terminated in its
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characteristic impedance. In this case as we are using half duplex transmission the line must be
terminated at the furthest ends.

To determine the characteristic impedance of the cable we used the technique described in
section 1.5.4. Z, in this case measured at 100 Q.
The Unit Load Concept

The maximum number of drivers and receivers that can be placed on a single RS-485 communication
bus depends upon their loading characteristics relative to the definition of a unit load (U.L). RS-485
recommends a maximum of 32 unit loads per line.

Signal Attenuation
Attenuation In 24 AWG Twisted
® DC Resistance Plus Skin Effect Pair Cable

@ Non Linearity Due to Proximity
and Radiation Loss
® Details Normally Provided by : /

Cable Manufacturers

01 . D%

0.01 ///
/_

0.001

Maximum Allowable
Attenuation

Attenuation - dB/30 Metres

6 dBV Measured at Receiver
(Half Driver Output Voltage)

1K 10K 100K 1™ 10M
Frequency

Figure 4.26 - Signal Attenuation

One U.L (at worst case ) is defined as a load that allows | mA of current under a maximum common-
mode voltage stress of 12 V. The loads may consist of drivers and/or receivers but does not include the
termination resistors, which may present additional loads as low as 50Q total for doubly terminated
lines.

The example in figure 4.25 shows a unit load calculation for the SN7SALS176B. Since this device is
internally connected as a transceiver, i.e. driver output and receiver input connected to the same bus, it
is difficult to obtain separate driver leakage and receiver input currents. For this calculation reference is
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made to the receiver input resistance, 12 kS, giving a transceiver current of 1 mA. This can be taken to
represent | U.L. which will allow up to 32 devices to be connected to the line.

Obviously it may be possible to connect more devices than the RS-485 recommendation, but this is at
the designer's risk.

3.3.1. Signal Attenuation

Section 1.3 discusses attenuation in more detail but a sufficient rule of thumb is where the attenuation
of the line reduces the driven signal by no more than 6 dBV. Attenuation figures are usually supplied
by cable manufacturers. The curve in figure 4.26 shows the attenuation curve versus frequency for
24 AWG cable. For 500 metres of cable and using the 6 dBV figure, the maximum attenuation we can
tolerate is 0.35 dBV/30 metres. In this case the 500 kbps data rate attenuation is well within this limit.
The attenuation of the fundamental frequency and higher frequency components of the signal up to 10
Mbps will still be detectable at the receiver. This effect coupled with the the variation of signal velocity
with frequency (termed dispersion) results in distortion of the pulse at the receiving end of the line.

RS-485 Signal Distortion vs Data Rate

500 ns/Div 200 ns/Div

1/P to NRZ
generator

Signal at

- 0 % Jitter
receiving end

5% Jitter

TEST CONDITIONS

@ 20 AWG Non shielded twisted pair
cable. (Belden reference type 8205).

@ 500 Metres

@ Doubly terminated with 100 Q

@ SN75176B type transceiver at both ends.

100 ns/Div

50% Jitter

Figure 4.27 - RS-485 Signal Distortion vs Data Rate
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3.3.2. Signal Distortion Vs Data Rate

The simplest way to determine the effects of random noise, jitter. attenuation, dispersion, on the inter
symbol interference is by the use of eye patterns. For information on how to set up eye patterns, refer
to section 1.4 of this Section. Figure 4.27 shows the distortion of the signal at the receiving end of 500
metres of 20 AWG twisted pair cable at different data rates. Using the system constraint of 500 kbps,
we see the distortion is limited to the rounding of the signal pulse. If the data rate is increased further,
the effects of jitter then become noticeable. In this case at 1| Mbps we begin to observe 5% jitter. At 3.5
Mbps we start to loose the signal completely and the quality of transmission is severely degraded. The
maximum allowable jitter in a system should be limited to 5%. The causes of jitter are discussed in
more detail in section 1.4.2.

Input Protection for Noisy Environments

Rr=Ro 120Q

R4 = R2 = PTC Resistor

Z1=272=BZX85Rated @12V

Z3 =74 =BZX85Rated @68V

Figure 4.28 - Input Protection for Noisy Environments

3.3.3. Fault Protection and Fail Safe Operation

Fault Protection

Factory control applications generally require protection against excessive noise voltages. The noise
immunity afforded by the differential transmission scheme, and in particular the wide common mode
voltage range of RS-485 can be insufficient. Protection can be accomplished in a number of ways, the

4.64




Data Transmission

most effective being through galvanic isolation which we will discuss later. Galvanic isolation provides
system level protection but does not necessarily limit the voltages indcued on the transmission lines
with respect to the RS-485 driver/receiver grounds. This can be accomplished by the use of protection
diodes.

Figure 4.28 shows how external diodes offer transient spike protection for the SN75ALS176 RS-485
transceiver.

Rt is the usual termination resistance and is equivalent in value to the characteristic impedance of the
line. Positive Temperature Coefficient resistors, R| and R)_provide current limiters for the diode
chain. Provided their ambient temperature resistance is kept below 50Q they will be transparent during
normal usage and will not alter the termination value or attenuate the driver output voltage.

Z1 and Z) are chosen to protect the input from positive spikes greater than 12 V whilst Z3 and Z4
protect the device from negative going spikes greater than -6.8 V.

Fail Safe Operation

The feature of fail safe protection is also a requirement in many RS-485 applications, however its
usefulness needs to be considered and understood at an application level.

The Need For Fail Safe Protection

In any party line interface system, with multiple driver/receivers, there will be long periods of time
when the driving devices are in-active. This state known as line idle and occurs when the drivers place
their outputs into a high impedance state. During line idle. the voltage along the line is left floating, i.e.
indeterminate - neither logic high or logic low. As a result the receiver could be falsely triggered into
either a logic high or logic low state, depending upon the presence of noise and the polarity of the
floating lines. This is obviously undesirable as the circuitry following the receiver could interpret this
as valid information. The receiver should be able to detect such a situation and place its outputs into a
known, and pre-determined state. The name given to methods which ensure this condition is called fail
safe. An Additional feature which a fail safe should provide is to protect the receiver from shorted line
conditions which can again cause erroneous processing of data and/or receiver damage.

There are several ways implement a fail safe, including a hard-wired fail safe using line bias resistors
or protocols. Protocols, although complicated to implement, are the preferred method. However since
most system designers, hardware designers in this case, prefer to implement such functions in hardware
a hard-wired fail safe is often implemented.

A hard wired fail safe should provide a defined voltage across the receiver's input regardless of
whether the line is shorted to either supply rail or is left open circuited. The fail safe should also be
incorporated into the line termination if present when at the extremes of the line.

Internal Fail safe

Manufacturers have gone part way to facilitating fail safe design by including some form of open line
fail safe circuitry within the integrated circuits. Unfortunately, due to power consumption constraints,
the extra circuitry has proved of little use. The extra circuitry is quite often just a large pull-up resistor
on the non-inverting receiver input, and a large pull-down resistor on the inverting input of the
receiver. These resistors are normally in the range of 100 k€, and so when used in conjunction with
line termination resistors to form a potential divider, only a few millivolts are generated. As a result
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this voltage (receiver threshold voltage) is insufficient to switch the receiver. To use these internal
resistors effectively means no line termination resistors can be used, which reduces the allowed reliable
data rate enormously.

Short/Open Circuit Fail Safe

SN75ALS180 With Short Circuit As Seen By Driver Output
and Open Circuit Fail Safe Rs R

As Seen at Receiver Input

Rs Ri

@ Cannot Implement Short Circuit
Fail Safe With SN75176 Type
Transceiver

Figure 4.29 - Short/Open Circuit Fail Safe

External Fail safe-Open Line Conditions

A more reliable way of offering open line fail safe is to use external pull-up and pull-down resistors.
There two basic ways of doing this; one way is to polarise the line with the pull-up/pull-down resistors
and use these resistors to match the line impedance. Another way is to use larger polarising resistors
while using an extra resistor to terminate the line. The first idea has one advantage in that it provides a
low impedance path to an ac. ground, so that any currents induced on to the line have a low impedance
path to ground. However a problem is encountered with this method because the driver output now
has to drive very much lower impedance's. If the driver output current capability is poor the device
could easily go into output short circuit current limit. The second way, although requiring an extra
resistor will not load the driver's output to such an excess.

Placing external pull-up and pull-down resistors R| on the non-inverting and inverting inputs of the
receiver will produce open circuit fail safe. Terminating the transmission line with its characteristic
impedance, Z,, produces a potential divider between 2R | and Z,. The voltage formed across the line,
Voc, equals
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V\)C = VCC X—ZO—..—-——
2R, + Z,

Devices meeting the RS-485 receiver threshold voltage specifications require Ve to be greater than
200 mV. From this the relationship of Ry to Zq can be derived:-

With Vo =5V, V. =200 mV and Z, = 100 Q, yields Ry = 1.2 kQ.

Biasing the receiver in this way will only provide open line fail safe, it will not provide shorted line fail
safe. However, when using transceivers, like the SN75ALS176, it is not possible to provide shorted
line fail safe configurations, since the driver and receiver share the same IC. pins. Hence for devices
like the SN75ALS176 this open line configuration is the optimum fail safe available.

External Fail safe-Shorted Line Conditions

To implement protection from the shorted line condition, further resistors are required. When the line
is shorted the transmission line's impedance goes to zero and the termination resistors will also be
shorted. Putting extra resistors in series with the input to the receiver can provide shorted line fail safe
protection.

The extra resistors, R3 in figure 4.29, can only be added when using devices with separate driver
outputs and receiver inputs. So internally wired transceivers cannot be used to offer shorted line fail
safe. If this form of protection is required then a device such as the SN75ALS180, with its separate
driver outputs and receiver inputs, should be used. If a transceiver type device was used then the extra
resistors R3 would cause extra attenuation of the output signal. The 'ALS180 will have its driver
outputs fed directly to the line, bypassing resistors R3.

Calculating the Resistor Values

If the line became shorted then R would be removed leaving a voltage across the receiver inputs of:-
Vix = Vee X R3/(R1+ R3) (a).
For RS-485 applications the standard specifies Vrx to be greater than 200 mV. So

Vix = Vih = 200 mV.
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Using this figure, along with the minimum permissible supply voltage for the devices gives a
relationship between R| and R3.

When the line goes into a high impedance state the receiver will see the two R3 in series with Rp plus
the two R1's pulling up and down on either input. The receiver input voltage will now be:

Vrx = Vee x (R2 + 2R3)/(2R 1+ R + 2R3) (b).

Relating this new Vrx to the minimum specified in the standard, Vth. gives:

v2 Ry x [{(Vee - @ Vin)(Vee - Vi {(o- 1) Vin Veel ]

R]
R3 = R? x (Vee - Vin)/Vip

The transmission line will see an effective line termination resistance of R) in parallel with twice the
sum of R and R3. This should match the transmission line's characteristic impedance, Z, therefore

Ri+R3
7 ooy RL¥R3
0 R R +Ry+2R; @

Combining equations (a), (b) and (c) yields the following equations for Rq, R2 and R3:-

R _ v 7o x (Vee - Vih)?
I © "(a-1) Vih Vec
Vee - Vih
R - 7 CC t
2 © . Vee-0Vih
R,=VZx =V
J 0 a . 1 Vlh

In this application assuming the supply voltage is 4.5 V and Vy, = 200 mV with an a value « of 1.5
and driving a line with characteristic impedance of 120 Q yields the following values:-

Ry = 2.2k Q
Ry = 120 Q
Ry = 110 Q
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The values of R, R2,-and R3 only apply for receivers at the extreme of the line; if there are more
receivers on the line then fail safe can be accomplished by multiplying the values of R} and R3 by half
of the number of receivers on the line. This is done by assuming the input stages of all the receivers are
the same, all R} resistors are the same, and that all R3 resistors are the same Since all of Ry and all of
R3 resistors will be in parallel, their overall resistance will be divided by half the number of receivers.
If there is a large number of receivers on the line there is a danger of R3 becoming too large and
forming a large potential divider with the input resistance of the receiver, normally around 12 k€.

3.3.4. Galvanic Isolation

In the previous sections the need for line termination. receiver fail safe and noise protection was
highlighted. All these elements can be found in an industrial process control and data collection
application, which is shown in figure 4.30.

The capability of meeting toughened noise legislation is a key requirement for many new end products
and applications. Computer and industrial serial interfacing are areas where noise can seriously affect
the integrity of data transfer, and a proven route to improved noise performance for any interface
system is galvanic isolation.

Such isolation in data communication systems is achieved without direct galvanic connection or wires
between drivers and receivers. Magnetic linkage from transformers provide the power for the system,
and optical linkage provides the data connection. Galvanic isolation removes the ground loop currents
from data lines and hence the impressed noise voltages which affect the signal are also eliminated.
Common mode noise effects can be completely removed and many forms of radiated noise can be
reduced to negligible limits using this technique.

For example consider the case in a process control system where the interface node, shown in
figure 4.30, connects between a data logger and host computer via the RS-485 link. When an adjacent
electric motor is started up, a momentary difference in ground potentials at the data logger and the
computer may occur due to a surge in current. If no isolation scheme is employed for the data
communication path, data may be lost during the surge interval and in the worst case damage to the
computer could occur.

Circuit Description

The schematic shown forms an interface, one node, for a "distributed controlling, regulation and
supervision (DCRS) system". Such a scheme could be used in a process control type application.
Transmission takes place via a 2-wire bus, formed by a twisted-pair, shielded cable connected in a ring
circuit.

capability. Low power is crucial in this type of application since many remote outstations will either be
battery operated or require battery back-up capability. :

Transceiver protection circuitry is formed by Zy, Z;, Z3 and Z4 along with current limiters PTC| and
PTC, (see previous example). Line termination is formed by a combination of Ry, Ry and Ry. The
values of which can be calculated as follows;

Ry =Ry< 05xZgx [1+ Vee/Voyl

and

4.69



1993 Linear Design Seminar

Rr=Z5 (1 + Viyu/Vecl

The bus driver used is the SN75LBC176, chosen for its low power consumption and high data rate
Using a cable with a characteristic impedance of Z = 120 Q and a desired Vyy of 200 mV, requires
R =R tobe around 1.6 kQ in value. The terminating resistor, Rt would be in the order of 124 Q.

Process Control with SN75LBC176

$-6— $— |SOVce
Voo —@—
ce 6N136 6N136
3ka
*‘ —® | |4K7 18OVcee - Galvanically Isolated
Supply.
28 zpea 0igF | v System Suppl
= == (0.14 cc = System Supply
0.1uF __I
10k B
oL | 1 A
G Ve 2__’
TXD Enable -
1k0 g
o— 1—
‘ o]
TIL126 3
( hi
78L05  SOVec  SN75LBC176 @

5VDC
ISOGND

21,22 23,74

Figure 4.30 Process Control SN75LBC176

The inclusion of R| =Ry provides a receiver fail safe to open line conditions by biasing the polarity of
the line to a logic '1" under line idle conditions. The values of Ry = Ry are best kept as low as possible
to increase the noise rejection when the line is left floating, but they will place some loading onto the
driver.

Galvanic isolation is afforded by means of three optocouplers/opto isolators. The 6N136 is chosen for
its high data rate capability, tp= 75 ns (max), and its high voltage isolation.

The 6N136 is designed for use in high speed digital interfacing applications that require high voltage
isolation between the input and output. Its use is highly recommended in extremely high ground noise
and induced noise environments.

The 6N 136 consists of a GaAsP light emitting diode and integrated light detector, composed of a photo
diode, a high gain amplifier and a Shottky clamped open collector output transistor. An input diode
forward current of 5SmA will switch the output transistor low. providing an on state drive current of
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13 mA (eight 1.6 mA TTL loads). A TTL input is provided for applications that require output
transistor gating.

SN75LBC176; Low Power RS-485

-imW@sv

® Fully Meets EIA Standards RS-485
& RS-422

™
® Fabricated Using 2 u LinBICMOS

2

SN75LBC176 SN75176A
& Differential-Output Delay time, Top (NS)
Power Consumption, no load (mW)

® High Speed.......>10Mbps

Figure 4.31 - SN7LBC176; Ultra Low Power

Housed in a single 8-pin dual-in-line plastic package the 6N136 is characterised for operation over the
temperature range of 0°C to 70°C. The internal Faraday shield provides a guaranteed common mode
transient immunity of 1000 Vuys.

A 0.1 pF capacitor has been connected between V- and ground to improve switching performance.

3.4.SN75LBC176; Ultra Low Power

The key feature of the SN7SLBC176 is the very low power consumption, | mW. Compare this to the
consumption of the older generation SN75176A, where the quiescent power is as high as 200 mW.
Normally low power consumption signifies a reduction in ac performance. In the case of the 'LBC176
the ac performance is improved over the SN75176A. Data rates of greater than 10 Mbps are achievable
while still being conformant to RS-485. The low power consumption has further benefits than simply
reducing supply current:
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3.4.1. Improve MTBF

Although not representing the most glamorous end of the semiconductor design spectrum. reliable line
interface circuits are crucial if the overall system mean time between failure (MTBF) is to be
minimised. System designers have long been aware that often the weak link in ensuing system
reliability has been line interface circuits. This vulnerability is due in part to the circuits close
proximity to the outside world via the edge connector. Consequently interface circuits are particularly
susceptible to failure from high external voltages caused by noise. ESD or incorrect insertion of
cables. For this reason the technology of choice for many Texas Instruments emerging interface
products is LinBiCMOS.

LinBiCMOS, the Technology of Choice

LinBiCMOS is based on TI's highly successful LinCMOS process. LinCMOS is a 3 um pure CMOS
technology with 16 V capability, making it ideal for the design of low power analog products such as
op-amps and analog-to-digital converters (many examples of which are discussed elsewhere in this
book). By shrinking the geometry to 2 um and adding a high performance 30 V bipolar structure, a
new analog merged bipolar/fCMOS technology has been produced.

Probably LinBiCMOS's greatest attribute is its modularity. When generating a new technology it is
difficult to achieve a balance between performance and cost , as many "nice to have" features can
make a process too expensive to address a wide range of opportunities.

By making LinBiCMOS modular, only the process modules needed to address a particular application
need be used, making it very cost effective. Modules available for LinBiCMOS

include high speed NPNs (with an f. of 3GHz compared with S00MHz for the standard transistor),
double level metal for better logic integration and current handling. isolated high value polysilicon
resistors and shottky diodes for clamping.

The Applications

With its high voltage capability and excellent switching speed LinBiCMOS is ideal to address
standards such as EIA-232 and RS-485. For example the RS-485 standard, demands that driver outputs
can be shorted to +12V and -7V without damage. This is particularly difficult to implement as RS-485
devices are designed to operate from a single 5 V supply, meaning that parts of the chip must be
designed to operate well outside its supply rails. Further more the "party line" nature of the standard
requires devices that must be able to withstand contention (multiple drivers accessing the bus
simultaneous) without failure. For this reason short circuit protection and thermal shutdown are built
into the chip.

The standard SN75LBC176 is charaterised for commercial temperature range applications. For more
extreme conditions the SN6SLBC 176 extends the operating range to -40°C to +85°C.
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High Speed Full or Half Duplex RS-485
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SN75ALS176

35 10

SN75ALS176A 35

SN75ALS176B

35

SN75ALS180
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Figure 4.32 - High Speed Full or Half Duplex RS-485

3.4.2. Full Duplex and High Speed RS-485

In the process control example we discussed earlier, the key requirement has been for reliable data
transmission over 500 metres of cable. The data rate under consideration was limited to 500 kbps
however in many systems the data rate requirements are in excess of 10 Mbps. Cable length must be
reduced accordingly as transmissions at this rate are only possible over short line lengths, <50 metres.
We have discussed the SN75LBC176, however for speeds above 10 Mbps we must look towards a
technology which is more well suited for high speed applications.

Advanced Low Power Shottky technology provides the key to the quest for speed. The SN75ALS176
utilises the true benefits of ALS pushing the data rate to over 35 Mbps. For synchronous systems where
skew limits are critical, the SN75ALS176B facilitates 22 MTps (Million Transfers per second). This is
the highest speed RS-485 transceiver on the market today.

The SN75ALS176, like the SN75176, DS3695, TL3695, is of a transceiver configuration. As shown in
figure. 4.32, the transmit and receive pins are accessible through pins 6 and 7 only. With this
configuration communication is limited to half duplex only. For quasi-full duplex operation, using two
separate RS-485 lines, one must use a device like the SN75ALS180. this device allows separate lines to
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be connected to both the receiver and driver. The 'ALS180 has similar performance to the 'ALS176
facilitating up to 35 Mbps.

3.4.3. RS-485 Selection Guide

In this section we have concentrated on the single transceiver type function. TI does however support a
wide range of parts compliant with the RS-485 standard in various configurations and multiples. The
below selection guide is provided for convenience. The reader is advised to consult the Interface
Circuits Data Book (Reference SLYDO0O06) for the latest technical specifications.
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RS-485 Data Transmission Circuits

Notes

Device Devices Device Key
SN75172 Industry Standard
Line 4 SN75174 Industry Standard
Drivers SN75ALS172 High Speed
SN75ALS174 High Speed
SN75173 Industry Standard
Line 4 SN75175 Industry Standard
Receivers SN75ALS173 High Speed
SN75ALS175 High Speed
SN75176A Reduced Slew-rate
SN75176B Industry Standard
SN75177B Industry Standard Repeater
Line 1 SN75178B Industry Standard Repeater
Transceivers SN75ALS176 High Speed
(Drivers / SN75ALS176A Very High Speed
Receivers) SN75ALS176B Ultra High Speed
SN75LBC176 Ultra- Low Power
1/1 SN75179B Industry Standard
SN75ALS180 Full Duplex Communication
SN75ALS181 Full Duplex Communication
SN751177 High Speed
22 SN751178 High Speed
SN75ALS1177 High Speed
SN75ALS1178 High Speed
SN75ALS170 High Speed
3 SN75ALS171 High Speed
SN75ALS1711 High Speed
9 SN75LBC976 Low Power

¥ Product currently under development, contact TI representative for further details.
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4. Interface Circuits for SCSI

4.1.SCSI Overview

Small Computer Systems Interface - Physical Layer

Computer

Last
Printer Plotter Peripheral

A i
Lo R L

Tape
HDD Scanner Memory

Multi-point half duplex transmission
18 (8-bit data) or 27 (16-bit data) I/O lines
Single ended and differential (RS-485) interface

5 @ @

25 metre maximum line length for differential SCSI

Up to 10 million data transfers per second

S

Figure 4.33

SCSI is the acronym for Small Computer Systems Interface and details the ANSI specification for a
peripheral bus and command set. The specification defines a high performance peripheral interface that
distributes data independently of its host, helping to free up the host for more user oriented commands.
The objective of the interface is to provide high speed data transfer between computer peripherals
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independently of the host. Already there are a large number of disk drives, notebook PCs, and CD
ROM drives incorporating a SCSI port.

Basic SCSI is an eight bit parallel I/O bus, with parity, and nine control/handshaking lines, making . 18
lines in total. More recently, to increase the data throughput, the data bus has been increased to 16 bits
with two parity bits while maintaining the nine control lines, making for 27 lines in total. This is
referred to as wide SCSI.

4.1.1. SCSI Physical Layer

There are two electrical specifications referred to in the SCSI standard, single ended and differential:

It is beyond the scope of this seminar hand book to discuss the complete SCSI standard, we shall
concern ourselves with the physical layer only. For more information on the standard the reader is
encouraged to refer to the numerous publications on SCSI.

Single Ended Interface

The single-ended driver and receiver configuration utilises TTL logic levels and is primarily intended
for applications with a cabinet, the maximum line length being limited to 6 metres and the data rate is
normally limited to 5 Million Transfers per second (MTps), although innovative termination techniques
enable the maximum trasnfer rate to approach 10 MTps.

Differential Interface

The differential driver and receiver configuration uses the EIA RS-485 standard and is primarily
concerned with transmitting data between cabinets. Maximum line length is 25 metres with the
maximum data rate currently 10 MTps.

4.2.Single Ended SCSI

4.2.1. Termination of Single Ended Bus

Termination of the single ended SCSI bus is becoming increasingly important as designers strive for
faster system speeds. If error-free data rates of 10 Mbps over the 6 metre bus are to be achieved then
signal integrity must be preserved. Termination will reduce unfavourable transmission line effects such
as reflections and distortion which can degrade system performance as signal speeds increase. Proper
termination of a bi-directional bus such as SCSI requires terminators at each end of the cable.

4.2.2. Signal Transitions

The potential for high data rates depends upon quick and clean transitions between low and high signal
levels. The range of SCSI signals is shown below in fig 4.33.1. A low to high transition, or de-
assertion, of a signal is initiated by an open collector driver switching off and causing an instantaneous
voltage step to travel down the line.
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Single Ended SCSI Bus Signal Range

8 2.85 V Typical SCSI Open Circuit Voltage
it etk R 2.5V SCSI Min Voltage for Deasserted Signal
A 2.0 V Minimum Voltage for Deasserted Signal
[Z]
S
>
T i R 0.8 V Maximum Voltage for Asserted Signal
***** - ——————F ————- 0.5V SCSI Max Voltage for Asserted Signal
o~~~ ~ ~ ~ 0.2V Typical Driver Asserted Voltage

Figure 4.33.1 - SCSI Bus Signal Range

The size of the first step on de-assertion depends upon the amount of current in the line, I}, the
characteristic line impedance seen by the signal, Z,, and the driver output-low voltage (Vy; ), and can
be calculated as follows ;

Vg=VgoL +Z5 I

To achieve the maximum data rate the first step needs to exceed the receiver threshold voltage in a
single transition. Although the 110 Q impedance of a typical SCSI ribbon cable suggests that this will
require only limited line current capability, the impedance seen by a signal is always less than the
specified cable value. Extra capacitance due to peripheral connections to the bus, transmission line
effects, and the position of the signal source, can all combine to reduce the effective impedance by
50% or more.

To make up for this lack of 'real' impedance, it is the terminators job to source as much current as
possible during de-assertion. This role is restricted by the SCSI specification, however, which limits
each terminator to supplying a maximum of 24 mA to prevent the line current from exceeding the 48
mA current sink limit of the open collector drivers.
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The role of the SCSI terminator is not confined to low-to-high signal transitions. Once a signal has
been de-asserted the terminator is required to bias the bus lines to the correct open circuit voltage level
and thereby provide maximum noise margins.

Single Ended SCSI Termination
“““““““““““ 1 Vermpwr :
:ﬂ — : {n-scsmas[r—r— |

{
|

. % 20F T | 4
! = Z, J ;
| 10w 5 I 1100 i
| ! Open Collector | 01uF -
.?assn.ve - 1 % Driver : Active I !
{Termination . lTermmatlon E

High Data Rates Require Fast Transitions From Vol To >2.0V

First Step Volltage ; Vs = Vol +Z 1

2014100 : o
s ';O"J Line Impedance Varies With ;
ed Cable Impedance
-3 Line Loading
o 60Q
Line Current ;
Depends upon termination Scheme

Vo| < 48 mA

100 Time (ns) 200

Figure 4.34 - Single Ended SCSI Termination

4.2.3. Passive and Active SCSI Termination

SCSI termination has traditionally been carried out using passive termination networks. As illustrated
in figure 4.34 these consist of 2 resistors per signal line ; a 220 Q pull up resistor connected to the
termination power source (Termpwr), and a 330 Q pull down resistor connected to ground. The
Shottky diode is needed by all termination schemes to protect the power source from reverse currents.

This type of termination typically results in a maximum line current of around 17 mA. Assuming the
terminator is on a heavily loaded bus, signified by an impedance of approximately 75 €, then the
above equation gives a first step value of 1.76 V - well short of the desired 2.0 V level.

In addition to this limited current capability and the power consumption penalty imposed by the
resistor dividers, passive terminators also suffer from an unregulated line bias voltage. As a result the
line voltage will fluctuate with variations in the load current and Termpwr, leading to smaller noise
margins, lower line currents, and reduced data rates.
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The most common alternative to passive termination replaces the resistive network with a voltage
regulator in series with a single 110 Q resistor per line (fig 4.34). This method, known as Active,
Boulay, or Alternative 2 termination, was developed to overcome two of the main shortcomings of
passive termination.

TL2218-285 - Current Source Terminator
TL2218-285 Enables Single Ended Data Rates of 10 MHz

_’; _ TERMPWR _ N
L

SCSI |-V CHARACTERISTICS

P e—

ENABLE ] TL2218 TL2218 * .'. Passive §
Do D8 D9 D17 . :
I . e TL2218-285
j=]
_E (2 of 18 lines shown ) g

@ 23 mA Applied at First High-Level Step E .
K3 E -

@ Very Low Output Capacitance, Typically 6 pF : B

@ No External Components Required °_,0 P {0 15 20 25

Terminator Current - mA

@ Compatible with Active Negation
@ Thin Shrink Small Outline Package (TSSOP)

4.35 TL2218-285 Current Source Termination

The 110 € resistors increase the typical line current available on de-assertion to 21 mA, which, from a
transmission line viewpoint, is equivalent to a 35% increase in line impedance. The line current and the
high-level noise margins are also more stable since Termpwr is no longer used to set the bias voltage
directly. Instead it is used to form the input to the voltage regulator, which then provides a regulated
bias voltage.

The TL-SCSI285 and TL2217-285 low dropout regulators from Texas Instruments are specifically
designed for active SCSI termination. With an overall accuracy of 2 % and a maximum dropout
voltage of 0.6V the TL-SCSI285 is the highest performance dropout regulator available for SCSI active
termination.
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4.2.4. Current Source Termination Using the TL2218

Although active termination brings a number of advantages to SCSI termination these can be further
improved upon. The TL2218-285 from Texas Instruments is a completely new type of SCSI terminator
which does just that.

During de-assertion the TL2218-285 operates as a 23.5 mA current source which is able to maintain
this current level until the signal reaches the correct SCSI open circuit voltage. At this point the
TL2218-285 becomes a voltage source of 2.85 V.

The additional current supplied by the TL2218-285 reduces the low-to-high transition time by ensuring
that each voltage step is consistently the largest possible. The effect of this can be seen in figure 4.36,
which shows the signal wave forms obtained after using a TL2218-285, a commercially available
active terminator, and a passive termination network to terminate a 50 Q cable (the equivalent of a
heavily loaded bus). Even at 10 MHz the first step voltage of the TL2218-285 terminated system still
exceeds the desired 2.0 V level.

Another feature of the TL2218-285 is the inclusion of a disable function which allows the terminator
output to be shut down. This is particularly useful for a peripheral which finds itself somewhere other
than the physical end of the bus, and needs some way of easily 'removing' its terminator.
If disabled the TL.2218-285 consumes just 500 pA of current, and maintains an output capacitance of
6 pF. Allowing for the 15 - 16 pF typical output capacitance of a peripherals transceivers, this will give
a total node capacitance well within the 25 pF SCSI limit. An active terminator, on the other hand, will
normally maintain a disabled output capacitance of 10 pF, often leaving the system to operate outside
of the SCSI specification.

Use of the TL2218-285 also removes two possible causes of system failure or driver damage
associated with active termination.. Firstly the 2% output tolerance of the TL2218-285 ensures it does
not supply more current than allowed by the driver protecting SCSI limit. The tolerances of the voltage
regulator and the 110 Q resistors used in active termination, however, can result in the terminator
supplying in excess of the maximum 24 mA.

The other potentially damaging situation arises when active negation drivers are being used. These
devices sense bus voltages and source sufficient additional current to ensure that first step voltages
reaches the minimum SCSI level. Despite this attractive feature their relatively high cost has limited
their use to ultra fast changing control lines such as ACK and REQ.
To be compatible with active negation drivers it is clear that any terminator connected to the bus must
be able to sink current. Again this is a problem with active termination but not with either the TL2218-
285 or a passive terminator. The voltage regulator of an active terminator will shutdown when any
driver voltage exceeds 2.85 V. This allows the line voltage to rise and any driver which then pulls low
may sink more than their 48 mA limit.
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First High Level Step Comparisons
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Figure 4.36 - First High Level Step Comparisons

4.2.5. Power Considerations

As well as enabling increased data rates, termination will also increase the power consumption of a
SCSI system. As SCSI has found increased usage in portable or battery powered systems this has
become more important. Exactly how much depends upon the method of termination, but not quite as
obviously as might at first be thought.

During data on periods, the power dissipation of each of the SCSI termination methods is very similar.
For an 8 bit bus with all the data lines asserted the power dissipation in each case will be around 1 W.

During data off periods the position is significantly changed. The resistor dividers of a passive
terminator will still draw around 750 mW of power. Both the TL2218-285 and active terminators,
however, require a total quiescent current of less than 10 mA, providing a 30x saving in power
consumption.

For a single TL2218-285 it is possible to calculate a worst case dynamic power dissipation of 493 mW.
This assumes that all nine lines in the package are asserted simultaneously and experience a 50% duty
cycle. In some systems it may be desirable to avoid any single device dissipating this much power.
This can be achieved by partitioning the SCSI bus lines in an appropriate manner. One such method is
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to split the data lines between the two devices (for an 8 bit system) and also assign the REQ and ACK
lines to separate packages.

Battery powered systems will also benefit from the extended Termpwr range of the TL2218-285.
Compared to competing solutions which require a minimum Termpwr of 4 volts, the 3.5V to 5.5V
range of the TL2218-285 greatly increases the potential for prolonged operation.

4.3.Differential SCSI

4.3.1. SN7S5LBC976DL; Two Chip Differential SCSI

Much debate has taken place on differential versus single ended SCSI for data rates above 5 million
transfers per second (MTps). It is clear however, that for data rates approaching 10 MTps and at line
lengths in excess of 6 metres, differential SCSI is essential.

As we discussed earlier, the standard 8-bit interface is made up of 8 data lines, one parity bit, and 9
control lines, making 18 channels in total. The only differential transceivers capable of transmitting at
10 MTps data rate have utilised the LS and ALS technologies. Using these technologies and
considering the 18 transceivers per interface the power consumption is quite considerable, 2.4 W with
all drivers disabled. Turn the drivers on and the power consumption rises to nearly 4 W.

From a designers viewpoint, 2.4 watts is a considerable amount of heat to remove from a system. This
is evident in the case of compact hard disk drives where shear equipment size is the limiting element. A
further factor is board area, using one discrete transceiver per channel, i.e. 18 8-pin SO packages, is
unacceptable for many applications.

From a semiconductor designers viewpoint integrating a number of transceivers is of course possible
however the limiting factor once again is power dissipation. The SN75LBC976 is designed to
overcome both the problems of power dissipation and integration. The device incorporates on a single
IC, nine RS-485 configurable transceivers each capable of transmitting at 10 MTps. This is made
possible using LinBiCMOS technology. With all drivers disabled the quiescent power consumption of
the 'LBC976 is a mere 1.5 mW, with all drivers enabled the quiescent consumption rises to 45 mW, a
considerable saving over LS and ALS parts. The package size has also been reduced to a minimum
using the 0.635 mm pitch 56 pin SSOP package which reduces board area significantly compared with
alternate packages such as PLCC. The reader should note that irrespective of the device power, there is
still the relatively high line current. The SSOP package has been thermally enhanced to handle this
level of power dissipation. We will cover this point later as we look at the thermal characteristics of the
package.
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SN75LBC976: Two Chip Differential SCSI
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Figure 4.37 - SN75LBC976: Two Chip Differential SCSI

The SN75LBCI76 is fuily configurabie to facilitate connection to any type of SCSI system
arrangement. The 9 channels can be arranged into seven possible channel functions using the BSR,
CDEQO, CDE1, CDE2, CRE control pins.

The 7 channel configurations are:
1. Transparent, permanently enabled Receiver.
Transparent, permanently enabled Driver.

Bi-directional transceiver with direction control.

Open ended driver for Wired OR control lines.

2

3

4.  Driver with enable control.

5

6.  Driver with ORed data and enable lines.
7

Permanent high impedance state.
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Figure 4.38 - SCSI-3 Fast Transfer Skew Budget

4.3.2. SCSI and IPI Skew Considerations

SCSI as we have discussed is a parallel data bus. This is also the case with IPI. IPI, an acronym for
Intelligent Peripheral Interface, is similar to SCSI in that it is a high speed peripheral bus with the same
high speed differential interface requirements. By the parallel nature of the interface, both standards
transfer data over the cable more than one bit at a time. SCSI and IPI allow 8-bit (one Byte) or a 16-bit
(one word) data width and transfers as ‘often as once every 100 ns or 10 million transfers per second.

Since the logical state of any one bit can change every 100 ns, this defines a period during which the
logical state should be valid across the bus. This is the unit Interval (Ul). The voltage transitions which
define the start and end of the UI can propagate along the bus at different velocities due to the physical
differences along each electrical path. So the original UI at the start will be different at the destination.

Time variation of the defining voltage transitions is typically called skew. The limit for skew,
desigpated Lok (limy + 18 the fastest minus the sloweﬁ 'propagaliio.n delays z.llo.ng any part of the bus. This,
in effect, will reduce the Ul by Lok(lim) establishing a minimum unit interval, Ul_, . that can be
transmitted with a particular data bus.
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The proposed SCSI-3 standard for fast transfers (10 MTps), defines Ul;, in terms of set-up and hold
times at the SCSI connector for inter-operability with any other SCSI device. At the time this document
is being written the requirements are as shown in figure 4.38.

The budget behind the connector is left to the designer and depends upon the SCSI controller,
transceivers, and layout being used. The table shows some skew budget examples with various
controller chips that would comply with the requirements at the SCSI connector. The column under
'Rec’ (for recommended) is data for the worst case number for SCSI controllers surveyed by the SCSI
SPI Working Group and budgets 8 ns for the external driver and 9 ns for the external receiver. This is
the origin of the tg ;) specifications in the SN75LBC976 data sheet.

Parameter Rec Vendor  Vendor  Vendor Units
A B C

min Tx_controller_setup = 32 30 35 35 ns
min Tx_controller_hold = 42 42 45 45 ns
min Rx_controller_setup = 5 0 5 0 ns
min Rx_controller_hold = 15 20 15 10 ns
Lk ewch = 1 1 1 1 ns
max ty gy, = 8 6 11 11 ns
max ty e = 9 4 9 14 ns

Transceiver Skew BL:dgets for Various SCSI Controllers

The time it takes one transceiver of the 'LBC976 to change logic states is called the propagation delay
time. For a driver this is designated as typ, and for a receiver t 4 and does not differentiate whether the
logical transition is from high-to-low or low-to-high level. The ty ., parameter for the transceiver is
nothing more than the maximum differepce of the propagation delay times between any two drivers or
any two receivers on any two devices. Compliance to the ty j;, specifications of the data sheet and the
recommendation of the SCSI standard is assured by measuring the propagation delay time of each
channel of each 'LBC976 and accepting only those devices within the ty ., band. To keep the
production costs of the 'LBC976 reasonable, this testing is done at 25°C and at 70°C ambient
temperatures at a V¢ of 5 volts.

Admittedly, the die temperatures and supply voltage are all the same (or nearly the same) during TI's
production testing and not necessarily the same would be seen in actual use. However the sensitivity of
the propagation delay times to these factors is the same and repeatable from device to device. In other
words, as long as the operating environment of all of the channels of the SCSI interface is similar, the
change in propagation delay times from the data sheet conditions will be the same. This will maintain
the tgy(jim) €ven though the actual propagation delay times may change.

It is nearly impossible to predict the instantaneous die temperatures of these devices in actual use. Due
to the non-deterministic nature of the state of any one channel and the averaging affect of nine channels
and of the package thermal time constant, the die temperature must be considered using the mean
power dissipation. It is also reasonable to assume the mean power dissipation of separate devices on the
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same printed circuit board o be close to each other and the temperature of the air around them will not
have a large (<5°C) gradient between the two. Even if there was an air temperature gradient of 45°C,
there would be only about a 2 ns ditference in the driver propagation delay times and, from recent data,
little or no difference in the receiver propagation delay times. If such a temperature gradient actually
existed across a board. it' is likely that skew budgets are not going to be the problem with the
equipment!

In summary:

1. The designer should determine the transceiver skew requirements based upon his controller and
board design.

2. The current specification and testing of ty i, of the 'LBCI76 is, the best compromise for a cost
effective solution.
3. We have application information from our experience gained through numerous users with no

inter-operability problems detected at the time of writing.

4.3.3. SN75LBC976 Channel Power Dissipation Considerations

Channel Power Dissipation

To understand the SN75LBC976 power dissipation when connected to a SCSI bus and the subsequent
heat sinking requirements, we must develop a realistic model for the power consumption under
working conditions. We must consider the power dissipation within the silicon. There are three primary
sources, the dc quiescent power, the ac or switching power, and the dc or resistive losses in the output
drivers.

The current necessary to bias the circuits of a single enabled 'LBC976 differential driver is typically
0.53 mA and a maximum of 1.1 mA. A single enabled receiver circuit requires 3.22 mA typically and
5.00 mA maximum. The typical values have been measured on 94 SN75LBC976DLs from three
different wafer lots. The maximums have been verified over temperature on the same samples.

It follows the driver quiescent power consumption, Py is:
Ppee =leex Vee
=0.53 mA x 5.00 V = 2.65 mW/Channel average
=1.11 mA x 5.25 V = 5.83 mW/Channel maximum
And the receiver quiescent power, Ppcc is:
Prec =lec X Vee
=3.22 mA x 5.00 V = 16.10 mW/Channel average
=5.00 mA x 5.25 V = 26.25 mW/Channel maximum

The average I of a representative sampling of the SN7SLBC976 has been measured to be 9.77 mA
for nine unloaded drivers switching at 5 MHz (10 Mbps). a 50% duty cycle, and at a Vi of 5 V. Nine
receivers at the same frequency and duty cycle and unloaded outputs consumed 36.0 mA average.
Since both measurements include Py or Ppcc. they are subtracted below:
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Driver switching losses, Py, at 5§ MHz:
Ppac + Ppccaveragey = Uecqaverage/?) X Ve
Ppac = Ucciaveragey®) X Ve - Pocciaverage)
=(97.7/9) x 5.0 - 2.65
=51.6 mW/Channel

Receiver switching losses, Py 5, at 5 MHz:

Prac* Preciaveragey = (ecqaverage/?) X Vee
Prac = Ucc (averagey®) X Ve - Precaverage)
=(36.0mA/9)x 5.0V - 16.10
= 3.9 mW/Channel

The output stage losses vary with the magnitude of the output voltages or the output transistor
saturation voltages and with the load conditions. The following is based upon the solution of the
equivalent circuit of a differential SCSI bus and no further proof is included in this analysis.

For the differential driver, the worst case condition is with a driver asserting the line with SCSI bus
termination and a differential output voltage of about 2 V. Under these conditions there would be
144 mW dissipated in the output transistors when asserted and 71 mW when negated. The average
output voltage of the SN75LBC976 driver is 2 V. As such, the average power dissipated in the output
transistors is also a worst case condition.

Driver cutput dc losses, Py is given by:
Ppoy = 144.0 mW/Channel
The same circuit but with the line negated:
PpoL = 71.0 mW/Channel
The receiver output stage is rated for sinking 8.0 mA at a maximum low-level output voltage of 0.8 V.
Receiver output dc losses, Py, is given by:
Pro =8.0mAx0.8V =64 mW/Channel maximum

Since Ppcc + Ppac = PDO >> Ppcc + Prac + P.Ro» the wors't case power dissipation in a data channel
occurs when the driver is enabled and transmitting data. This case will be used to analyse the device
power dissipation.

Device Power Dissipation

Assuming the probability that any one bit on the bus is asserted is equal to the probability of being
negated, the state of the output is non-deterministic, and the thermal time constant of the device is long
with respect to the data transfer period, the mean die temperature will be determined by the mean
power dissipation. In the driver output this is the mean of the asserted and negated values:

Mean device output dc losses:

PDO(DEV) = (Ppon + Ppor)/2 x 9 Channels
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= (144 mW/Ch + 71 mW/Ch)/2 x 9 Channels
=967.5 mW

From the assumptions above and the probability that the driver output will change state on the next
cycle is equal to the probability that it will not, the mean power dissipated due to driver switching is
one-half Py s~ which was measured with the switching loss occurring every cycle.

Mean device switching losses:
PpAcEY) =Ppac/2 x 9 Channels
=(51.6 mW/Ch)/2 x 9 Channels
=2322mW

Total Device quiescent power:

Ppccmev) = Ppcciaverage) X 9 Channels
=2.65 mW/Ch x 9 Channels

=23.85mW

The total mean power dissipated in 9 enabled drivers transmitting over a SCSI bus for several package
thermal time constants is then

PppEV) =PpoEv) + Ppacmev) + Ppecev)
=967.5mW +232.2 mW + 23.85 mW

=1223.6 mW

4.3.4. Junction Temperature and Layout Considerations

Measurements of the thermally enhanced 56-pin SSOP package and lead frame used on the
SN75LBC976DL were performed on a 130 mm by 98 mm six layer printed circuit board with the
ground and heat sinking pins soldered to a common solder pad and connected to a second layer ground
plane through one via interconnect, see figure 4.39. The ground plane was 0.254 mm below the surface
of the board and was a 1 oz copper layer. The results of two tests resulted in 8,5 of 52.9 and
46.6°C/W with zero air flow.

The mean junction temperature rise above ambient when all drivers are enabled and transmitting data
over the SCSI bus for several package thermal time constants can then be calculated.
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Thermally Enhanced 56-Pin SSOP Package

Heat

/ — Vias to
130mm 5 ‘ GND Plane
£ Heat GND Plane
¢ 98mm > _I TA=85C
4_
6 Layer PCB 13W Bea

Ground and heat sinking pins
soldered to a common solder pad to the T ]: 0JA=50"C/W
ground plane 0.25mm below
surface 0.c

* Ground plane 1 oz copper/sqft. ‘I <
TJ=150'C

Figure 4.39 - Thermally Enhanced 56-pin SSOP Package

Junction temperature rise above ambient:
Ty - Ta=8;4 X Ppppy,
=(52.9°C/W + 46.6°C/W)/2 x 1233.6°mW x 1 W/1000 mW
=60.8°C

Most designs require two junction temperature conditions to be met. The junction operating
temperature should not exceed 150°C under worst case operating conditions and the average operating
junction temperature should be no more than 110°C.

Since the worst case condition of all nine channels transmitting data was used for analysis, the
maximum ambient air temperature, T, with no air flow should be:

=150°C - 60.8°C
=89.2°C

TA(maximum)

When evaluating the average operating junction temperature the effects of transmit/receive duty cycle
communication port activity must be taken into account.
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4.4.Driving the 'Wired-Or' SCSI Lines with the
SN75LBC976

The control lines of the SCSI bus have three 'Wired-Or' lines, these are BSY (busy), RST (reset), and
SEL (select). These lines are wired-or in that the line drivers connected to these lines drive in one
direction (assertion) only and are tri-stated (high impedance) when negated. This allows numerous
drivers to be active at the same time without affecting the logic state of the line and requires that all
drivers be released or off before the logical state can change. When tri-stated the bus termination
network passively negates the signal.

The technique used for wired-or operation with differential transceivers is to input the signal into the
driver enable pin and connect the driver input to a fixed logic level input. When the input signal to the
driver enable is active (high), the driver becomes enabled and the outputs drive the SCSI bus to the
state of the driver input. When the input signal at the driver enable pin goes low, the driver turns off
and allows the bus termination to negate the signal on the bus after all other drivers on the bus are also
shut off.

Typical SCSI Transceiver Connections

e If O is open-drain '

560
SCSI Connector | 560 SCSI Connector
/O o*
EN — nB+ + EN — nB+ +
nDE/RE Tl [ nB nDE/RE T " nB-
| |

Active High Bi-Directional I/O With Separate Enable

Separate Active High Input, Output And Enable
(* 'O’ Must be Open Drain)

e If O is open-drain

— s60 SCSI Connector L 560 SCSI Connector
110 o+
EN — nB+ + EN| — nB+ +
nDE/RE T nB- N nDE/RE T ne
| |

Active Low Bi-Directional I/O With Separate Enable

Active Low Bi-Directional I/O With Separate Enable

(* 'O’ Must be Open Drain)

’— If O is open-drain

560 ' 560 ‘—If O is open-drain
| SCSI Connector _ SCSI Connector
|
0 — nB+ + 0 nB+ +
nDE/RE gl nB nB-

Wired-Or Driver And Active High Input

Wired-OR Driver And Active Low Input

Figure 4.40 - Typical SCSI Transceiver Connections
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Many communications controllers used for differential SCSI have separate inputs and outputs for these
signals. When used with the SN75176 type RS-485 transceiver, these controller 1/Os can be directly
connected to separate driver enable inputs or receiver outputs. The SN7SLBC976 device does not have
a separate driver input and receiver input, these are tied together internally to save pins.

Controllers with separate I/Os can still be used with the 'LBC976 using the connections shown in figure
4.40. The controller output will go high and enable the driver and disable the receiver. Upon disabling
the receiver, the external pull-up or pull-down resistor will drive pin A of the 'LBC976 to the proper
level for bus assertion and the driver will assert the SCSI signal line. When the controller output goes
low, the driver disables and allows the termination to negate the bus signal. After a short delay, the
receiver outputs are enabled and will reflect the logical state of the bus signal.
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5.Summary and Further
Information

5.1.EIA Standards

For copies of the EIA standards please contact the Electronic Industries Association. For details and a
copy of the Catalog of EIA & Jedec Standards & Engineering Publications contact the EIA Standard
Sales office at the following address and telephone number:

EIA Standard Sales Office
2001 Pennsylvania Avenue, N.W.
Washington, D.C. 20006
United States
Telephone Number + 1 (202) 457-4966

5.2.References

The following books were invaluable in producing the Section on data transmission:

1.  Digital, Analog, and Data Communication - William Sinnema & Tom McGovern - Prentice-
Hall International - ISBN 0-835-91313-9.

2. Data Transmission - D. Tugal and O. Tugal - McGraw Hill - 1980

5.3.Texas Instruments - Completing the Picture

The range of products discussed throughout this section demonstrate the commitment made by Texas
Instruments to the field of peripheral interfacing. Use of leadership technologies has enabled the
production of high performance, reliable line drive/receive functions and highly integrated controllers.

Obviously in a seminar this short it is impossible to cover all TI's data transmission products. The
reader is encouraged to contact a TI representative to obtain the latest data books on transmission ICs.
As a minimum the designer should posses a copy of the Interface Circuits Data Book.

Finally, although we have discussed the older standards such as EIA-232 and RS-485 TI is continuing
to work and participate in the various standard definition committees to ensure new and emerging
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standards gain the full support of TI's semiconductor experience. Testimony to this fact has been the
SN75LBC976 RS-485 transceiver, the specifications for which were closely aligned with the outcome
of the work done by the SCSI-3 standards group.

Over the next 12 months TI will be releasing products in support of Futurebus+, and is actively
supporting the P1394 high speed serial bus Working Group among others.

Texas Instruments Data Transmission

Completing the Picture

Figure 4.41 - Texas Instruments Data Transmission - Completing the Picture
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1.1.Output Circuits

1. Introduction

Output Section
P SIGNAL
SOURCE | CONDITIONING ADC [P pn"o'cGé's‘éfm —>—
DATA
TRANSMISSION

LOAD

DIGITAL
—4 PROCESSING —e—

POWER SUPPLY
AGENDA
1. Introduction 3. Applications
2. Design Criteria — Stepper Motor — Loud Speaker
— Load Definition - DC Motor — Speech
- Power & Energy — Solenoid — Flourescent Lamp

— Incandescent Lamp

Figure 5.1.1 - Output Section

The output section of a control system serves as the interface between electrical control signals and the
"real world". The end product of the output section is the control of a "real world” function such as
motion, light, sound or any number of other physical actions. Control systems vary greatly in their
complexity from controlling a simple single action to complex interactive systems with multiple
feedback signals, fault isolation and adaptive software. Regardless of the system complexity an output
system is normally employed to complete the interface between control system and the "real world" .
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Generic Output Systems

POWER DC
SWITCH MOTOR

POWER+ ARRAY

POWER
LOGIC & swiTch STEP
MOTOR

POWER+ LOGIC

LOGIC ;&‘qﬁgﬁ SOLENOID

FEED BACK

INCAND
INTELLIGENT
POWER LAMP

»H FILTER —% SPEAKER

B
1~

FLUORACTOR _—@ FLUORESCENT
LAMP

CONTROLLER

CONTROLLER INTERFACE CIRCUIT LOAD

Figure 5.1.2 represents a generalized output system consisting of a controller, an interface circuit and a
load. The design problem we are addressing is controlling the operation of a load with a small signal.
Several typical loads such as motors, solenoids, speakers and lamps are shown. Notice that for most of
the loads several signal paths exist from the controller through the interface circuits. Each path
represents a solution to one specific design problem. Although multiple solutions exist they may not
all be the best solution. The next section will discuss the methodology for designing an output system
that is well suited for a particular application.
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2. Output System Design

2.1.Selecting a load device

Selecting a Load

Energy Output Load Load Output ification
Rotating Motion

Continuous D.C. Motor HP - Torque - RP

incremental Stepper Motor Torque - Step Speed
Linear Motion Solenoid Ft-LBs - Inches
Light Incandescent Lamp Watts - Lumens

Fluorescent Lamp Watts - Lumens

Sound Loudspeaker Watts - Hertz

Figure 5.2.1 Selecting a Load

The first step is to select a load device. Selecting the load involves, defining the type of output energy
needed, selecting the proper class of load, and selecting the correct size load. Figure 5.2.1 depicts some
energy types with the corresponding load and output parameters. A dc motor for example will usually
have an output specification that is in terms of torque at a given speed. Matching the mechanical
requirements for a particular application is outside the scope of ‘this discussion. We will assume that a
suitable load can be selected.

5.7




1993 Linear Design Seminar

The second step is evaluation of the input requirements for a particular load. Load input specifications
address the voltage and current requirements during normal operation. Normal operation includes load
switching (turn on, turn off and accompanying transients). Often the behavior of a load during
switching is not adequately specified and must be characterized for the specific application.
Understanding load input requirements will lead to the interface circuit requirements.

2.1.1. Interface Circuit Requirements

If we assume that the interface circuit is a switch then what do we need to know in order to select the
right switch?

Motors, solenoids, lamps and other assorted loads are generally specified by operating voltage and
current with a specified power output. The information provided is sufficient for operating at
continuous duty, however in most applications the load is being switched on and off. When switching
loads the operating requirements as well as transient conditions must be considered. The power
requirements are often further influenced by dynamic operating conditions.

Inductive Load Switch Requirements

Inductive Load DMOS Switch
e Current ¢ Continuous source-
¢ Continuous drain current
. $Um'0f'; * Pulsed drain current
um-o * Continuous power
. Operaﬁng vo]tage diSSipation @ TAZ 25°C
Heat «— | | * Single-pulse Avalanche
DMOS .
He - Swite Energy Energy Eas
H * Mechanical output * Drain-source voltage
¢ Loss Vos
¢ Return ener
= at turn-off ay * Drain-source on-state

resistance rps(on)

Figure 5.2.2 Inductive Load Switch Requirements
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The easiest way to look at load requirements is to consider the example in Figure 5.2.2, of a load
operating from a battery and controlled by a low-side switch. What is needed to design the switch and
evaluate the system?

The system power supply and load choice will determine:
Current drawn from the battery, including transients when the switch is turned on and off
Battery terminal voltage. (V)
Energy output from the load (motion, sound, etc.)
Energy dissipated from the load in the form of heat. (IR loss, magnetic loss, friction)
Energy returned to system (inductive, regeneration, cross coupling)

These system load requirements must then be used to determine the switch requirements:
Continuous source-drain current
Pulsed drain current
Continuous power dissipation @ T 5 =25°C
Single-pulse avalanche energy (energy returned to the device from back e.m.f.)
Drain-source voltage (Vpg)
Drain-source on-state resistance (RDS(on))

Selecting or designing a switch is a three step process, determine the total energy, current and voltage
required, select a switching device which will accommodate the energy, ¢valuate the system power
dissipation to determine any heat sinking requirements.

2.1.2. Determine Total Energy

Determining the total energy begins with evaluating load current during operation and switching.
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Switching Load Currents

INRUSH
CURRENT
1 INCANDESCENT
0 | i LAMP
| |
[ [
' ' ' SOLENOID
| | | |
| k\—SOLENOID | |
0 ARMATURE | T }
! MOVED | | [
| | |
| | |
| | |
’ ‘ ! STEPPER
! MOTOR
<«— CROSS COUPLED |
CURRENT [
T
t
- ton > tos >

Figure 5.2.3 - Switching Load Currents

Figure 5.2.3 shows the current waveforms for an incandescent lamp, a solenoid and a stepper motor.
This diagram depicts steady state and switching conditions which must be considered in controlling a
load.

The incandescent lamp current shows, a high in rush at turn on (ty,) decreasing to a steady current
value until turn off (ty¢¢), and then a clean turn off with no current flowing after ty¢r. The high inrush is
due to the difference in filament resistance when cold and hot. A lamp control switch will need to
withstand high peak currents or limit the current until the lamp filament warms up.

The solenoid current increases starting at to, increases until tyff, and continues to flow until tg. The
change in current slope between t,, and tr is caused by the solenoid armature moving closer to the
coil and increasing the coil inductance. The current flow between t¢r and tg is a result of the magnetic
field in the solenoid collapsing and returning energy to the system. A solenoid switch must be capable
of conducting the coil operating current and the system must provide a method for accommodating the
energy returned to the system at turn off. Several methods are employed to deal with the returned
energy, which when it is dissipated in the switch is referred to as avalanche energy.

The stepper motor exhibits a exponential current increase characteristic of an inductive load. Return
energy is a factor in stepper motor control. Additionally stepper motor windings can produce currents
as a result of cross coupling from adjacent motor windings. A control circuit for a stepper motor such
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as depicted in Figure 5.2.3 must accommodate the transient energy at turn on and the returned energy
at turn off.

Once the load characteristics are determined energy calculations can proceed.

Energy and Power Calculations for an Inductive Load

* Power-on time MOSFET dissipation L = Load Inductance
Pon= 1? (p") rDE(on) d Ip = Peak Drain Current
For 5 >ton VcL = Max Output Clamp Voltage
L

Vgs = Load Supply Voltage

Ry = Inductor Resistance

F = Switching Frequency

d = Duty Cycle (Ratio)

rbs(on) = Drain to Source on Resistance
n = Total Number of Switches Operating

P(quies) = Quiescent Power Dissipation of
Switch Circuit

ton = Switch On Time

* Back e.m.F energy
_ 3LIp"VeL
6 (VoL - Vss) + 4RLIpm

T

* Power off dissipation
Pott = Evf

* Total average switch power dissipation
Pt = (Pon + Poit)n + P(quies)

Figure 5.2.4 - Energy and Power Calculations for Inductive Loads

The energy calculations for an inductive load are presented in Figure 5.2.4. The intent is to calculate
the total power dissipated in the transistor switch.

Power dissipated during switch 'on'' time is calculated as follows:

During the power-on time the inductor's current approximates to a linear ramp, assuming the inductors
L/R[ time constant is greater than the turn on time (t,). This results in a mean square drain current of
173 Ip2 with Ip equal to the peak drain current. Therefore the average power dissipated in the output
MOSFET, P, is equal to:

Ponav) = 173 (IP2) * DS(on) * d

This assumption would be applicable to the stepper motor wave form in Figure 5.2.3, but would not
work for the solenoid. The solenoid time constant L/Ry  is less than ty,, therefore Py, will be greater
than that calculated above.

Power dissipated during switch off time is calculated as follows:
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When the output MOSFET is turned off, the back e.m.f. generated by the inductor raises the drain
voltage, which must be clamped either externally or internally. External clamping is normally
accomplished with a snubber diode. Internal clamping is also accomplished with a zener diode the
clamp voltage V is also called avalanche voltage.

The equation to define avalanche energy is:
2
(3*LH *Ip *VCL)

JEDEC Standard No. 10
(6*(VCL _VSS)+4*RL*IP)

Ep

This equation assumes a linear decay of the current in the inductor. A more accurate calculation of ET
can be made by integrating the inductor current and clamp voltage in the load from turn off until the
inductor current decays to zero as follows:

Y
Er = _[VCL*IL*dt
0
L= [Ip + (VCL - VSS)]*Q_%[ ————————(VC[‘ _ VSS)
L RL
R, ,d
p = Yﬁ* 1—67(7‘ f)
L
t, = L*ln 1+ _EL
RL (VCL_VSS)
V. =V,
Er = VCL*L* IP_( C SS)*IH 1+ IP*RL
RL RL ( CL_VSS)

The power dissipated during the turn-off period, P¢f, can be equated to the product of ET and the
frequency of switching

Potf = Er*f
Hence the total power, P, dissipated in an integrated switch with multiple output sections is:

PTav) = (Poff+Pon) * 0+ Pquies)

This is the average power dissipation for multiple sections whose duty cycles have a fixed time
relationship to each other. For multiple outputs with variable duty cycles the power calculation
becomes more difficult.

Where, ET =  Total turn-off transient energy absorbed
f = Switching frequency
d = Dutycycle
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L = Load Inductance
Ip = Peak output load current
n = Number of output switches operating
Posf =  Turn-off power dissipation in each switch
Pon =  On-state power dissipation each switch
P(quies) = Interface device bias power dissipation
PT(av )y = Average total power dissipation
R, = Resistance of inductor
Ve =  Clamp voltage
Vgg = Load supply voltage

2.1.3. Thermal Considerations

With the device total power dissipation calculated now a thermal evaluation can proceed. The objective

is to determine if external heat sinking will be required.

Typical Heat Sink Thermal Resistance

Rgsa - Heat Sink Thermal Resistance - °C/W

100

10

0.1

Thermal Consideration for Power Switches

VS.

Heat Sink Total Area
N
10 100

A - Heat Sink Total Area - In?

1000

Max Power Dissipation
Pmax = (Tymax) - Ta) Rasa

Thermmal Resistance
Ty-Ta

SN
A PT(AV) ’ 8JC + MeCS

Res

Where:

Rgsa = Heat sink-to-ambient thermal resistance,
°C/W

Rejc = Device junction-to-case thermal resistance
=3.0°C/W

Recs = Case-to-heat sink thermal resistance, °C/W
= 0.5°C/W typical with thermal joint compound

Pr(av) = Total average power dissipation, W
Ty =Junction operating temperature, °C
Ta = Operating ambient temperature, °C-

Figure 5.2.5 - Thermal Considerations For Power Switches
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The requirement for external heat sinking is calculated based on the device's total average power
dissipation, maximum junction temperature, and ambient operating temperature. The maximum
power which can be dissipated in a device (Pp) can be determined as follows:

Pp = (Tj-Ta)/ (Rgya)
Where, Ty = Maximum device junction operating temp.
Tap = Maximum ambient operating temp.

Junction to ambient thermal resistance, °C/W

Rosa
Ty and Rgj are taken from the device specification and TA is determined by the application
environment.
Is a heat sink required?

If the total power dissipated in the device PT exceeds the maximum power dissipation Py then either a
heat sink must be used or a different device must be selected.

A heat sink size can be determined by first calculating the required heat sink to ambient thermal
resistance Rgga as follows:

Rogsa = [(Tj-TaVPr(Av)]-[Rejc +Recs |
Where, Rgjc =  device junction to case thermal resistance
Rgcs =  case to heat sink thermal resistance, °C/W
= 0.5/W typical with thermal joint compound
Pt (AV) = total average power dissipation, W
Ty = junction operating temperature, °C (from data sheet)
Tpn = operating ambient temperature, °C

The Rggp required can now be compared to heat sink design specifications to determine the design

type and size required.
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Power+ Arrays Thermal Impedence Characteristics

Normalized Transient Thermal Impedence

1
3 Fd = 10— 1 I
g t
2 0.5 To=25°C
< 11 Z
‘g 0.2 i
o oo "
g 0.1 015
[ 0.05 LT 7” ] }
B Single Pulse
[ 7”1 t
% _0I02 / tw—’r_ P__.‘ _ |D
5 | LT,
Z 001 [0
0.01 0.1 1 10 100 1000 10000
Notes: Zgyc(t) = r(t) « Reyc Pulse Width(ms)
tw = pulse width
tc = period

d = duty cycle = ty/t.

Figure 5.2.6 - Power+ Arrays Thermal Impedance Characteristics

duty cycle dependent. This is true if the pulse widths are short in relation to the device thermal time
constant. An example would be a switch that is "on" for one hour in every twenty four hours. the
actual duty cycle is low but your system must be designed to accommodate 100% on time for the
switch. The graph in Figure 5.2.6 gives the times associated with the Power+ Arrays.
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Output Switch Design Flow

Define Output
Select Load

Load Output Specifications

Load Input Specifications System
Power Spec.

Design Interface

Calculate
System Energy Switch Operating Voltage Peak &
I Continuous Current Avalanche Energy
Select Output
Device Junction to Ambient Thermal Resistance
T Junction to Case Thermal Resistance
Thermal Muttisection Coefficient K
Analysis
Excessive Back e.m.f. Energy. + Excessive Junction Temp.
[ |
External External
Snubber Circuit Heat Sink
I P ] Measure
Results

Figure 5.2.7 - Output Switch Design Flow

2.1.4. Conclusion

Summarizing the process, defining the requirements leads to selection of a load based on the load
output specifications. System energy can then be calculated based on the load characteristics, and load
input specifications along with some switch assumptions. A switch device can then be selected on peak
and average power and energy calculations. A thermal analysis based on the selected device thermal
specifications will determine if additional heat sinking and external circuitry for back e.m.f. energy

dissipation will be required.

The design of the switch section will be completed when actual measurements from the system are

used to verify the design.

5.16




Power Drive Circuits

3. Stepper Motor Application

3.1.Introduction

Stepper Motor Application

+ Control Signal Interface LOAD + g v
Serial bus from ASIC Control
CMOS logic levels ASIC

* Load Definition
Stepper motor
Permanent magnet rotor
Unipolar windings
Current 1A peak/winding

\ 4

EEEE

Interface

Design Considerations for Interface

Peak current (1A)
Recirculating current
Power disipation

—{ }—
—{
—{ }—
_E_
\
9
«
Output

Figure 5.3.1 - Stepper Motor Application

Stepper motors are often chosen to provide incremental rotating motion. Some typical applications are
printers, copiers, and industrial robots. Stepper motors present a multiple phase inductive load to the

output circuit.
Figure 5.3.1 shows a block diagram of the application. The motor chosen has unipolar windings which
require a peak current of 1 A.
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3.2.Load Description:

The first consideration in designing this application is to consider the load which in this case is a
Superior Electric stepper motor. The permanent magnet rotor stepping motor has two forms of stator
winding: bipolar and unipolar.

The bipolar stepping motor has a single winding on each stator pole and uses a full bridge to drive each
phase winding. In the unipolar stepping motor, the flux reversal is accomplished by individually
driving a bifilar winding on each pole. The windings are phased such that when current is passed
through one winding, a given flux direction is generated. By passing current through the other
winding, the opposite flux polarity is produced. Thus, the overall magnetic effect is the same as the
bipolar motor, but the phase windings can be more economically driven by interface devices with
open-drain outputs. The motor chosen for this application has unipolar windings. Due to the manner in
which the windings are constructed when one winding is turned off a back e.m.f. voltage will be
induced both in the winding that was turned off and in the other bifilar winding.

Stepper Motor Timing Waveforms

SERIN 10mH
Motor Voltage and Current 3 TPIC659S [1omH 10
Waveforms Word &} |orain3
r w Gen SRCK
1A/dIV L RCK |- AAA—
| SRCLR Drain 2
e =} sy
| Y NAAA—4
™ Drain0 T~ J{ Drain 1
h——”m-‘vw—
\‘_,L Drm _EP Drain 0 ‘L—ID(O)
20V/div ™~ Drain2 \
Step | DrainC Drain1 Drain2 Drain3
Drain 3 1 On off On off
] 2 Off On On Off
20ms/div 3 off on off On
4 On Off Off On

Figure 5.3.2 - Stepper Motor Timing Waveforms
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3.3.Energy Calculations

Figure 5.3.2 shows a timing wave form of the stepping motor. The table in the lower right section
shows the winding switching sequence. Additionally we can see that at any step two windings will be
energized. With the knowledge that the windings are driven two at a time and by observation of the
current wave form we can begin energy calculations. The value of back e.m.f. energy will remain the
same as if it were all returned to one winding.

Observation of the timing diagram indicates t,, = 5 ms and that the winding current approximates a
linear ramp (L/R > ty,). This indicates that the simplified formula will be a good approximation.

Therefore:

Pon
Where, d

1/3 (Ipz) * 'DS(on) *d

0.5 (each winding conducts twice in the four step cycle)

Note that in this example if the motor is stopped the current through each winding will be a steady 1 A.
This brings up an important point. The power calculations are based on an assumed operating
frequency. If the motor is stopped the individual drive currents may exceed the maximum continuous
current rating of the switches. When calculating energy and power Worst-case assumptions must be
considered.

3.4.Choosing an Interface Circuit

Figure 5.3.2 shows a TPIC6595 has been chosen for this application. This device was chosen because it
can meet the power requirements, can drive all four windings from a single integrated circuit, and
includes interface logic.

Figure 5.3.2 shows the TPIC6595 driving the stepper motor. The motor is driven at its rated 1 A by
operating two output DMOS transistors in parallel. In Figure 5.3.2, drain 0 is representative of output
transistors | and 5 in parallel. Similarly, drain | is representative of output transistors 2 and 6, etc.
Anti-parallel source-drain diodes are omitted for clarity. In this example, the input logic which would
normally be provided by the system's microprocessor is provided by a Hewlett Packard HP8180A data
generator.

The antiparallel diodes are used to recirculate the current that is induced in the winding when the
current through the previously activated winding on the pole is terminated. Hence, during each motor
revolution both positive and negative current flows through the power switches which control the
winding.
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TPIC6595 Synchronous Rectification Characteristics

Superior Electric Unipolar Stepping Motor Stepper Motor Windings
T T and DMOS drivers
- R -
- ‘/ ‘ - ‘
200mv/ | L -
div f/ -~ Bt Bt M
- <« -
o
L g /7 | Reverse current flows through windings
200mA/ g .,: _ | at turn-on.
dv | /!
. e . 41 DMOS power transistor conducts in
| I./' Vo 0 | reverse mode, reducing power dissipation.

2IOOus/di:/ High peak reverse currents are possible.
Current and voltage waveforms
at instant of turn-on of winding.

Figure 5.3.3 - TPIC6595 Synchronous Rectification Characteristics

Two features of the Power+ Logic DMOS output structure enhance the performance of the outputs
when switching inductive loads as in the previous stepper motor example. Figure 5.3.3 shows an
expansion of the wave forms of the negative current region of the winding pulse from the stepper
motor application.

As previously mentioned, the anti-parallel diodes of the DMOS output allow the recirculation of
current at winding turn-on. It is the anti-parallel diode which allows the DMOS output to withstand
high peak reverse currents. In contrast, a power bipolar structure does not benefit from an inherent anti-
parallel diode; one must be physically added, either to the integrated circuit design, or externally at the
board level. If negative currents are required of a bipolar power switch which does not include such as
diode, parasitic isolation diodes in the bipolar structure will conduct which may cause system
malfunction. It is for this reason that a DMOS solution is often the most practical and economical for
motor drive applications.

Returning to the stepper motor example, as the winding turns on, the voltage drop across the output
decreases. Once the voltage drop across the output ceases to be at least 0.7 V, the body drain diode no
longer conducts. At this point, the DMOS power transistor turns on in the reverse direction, allowing
continued negative current flow to the inductor.
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Once reverse conduction through the DMOS becomes the vehicle for negative current flow to the
inductor, the power dissipation is given by the product of TDS(on) and the square of the drain current.
Reverse conduction continues through the DMOS transistor until the current reaches zero.

3.5.Why choose a Power+ Logic device for an application

The DMOS output structure is power efficient..

The output structure can withstand high avalanche energy.

System design is simpler than with discrete DMOS or bipolar transistors.

Power+ Logic Output Structure

Typical Schematic - All Drain Outputs

1
D2 A 45V
D3 :

— Ao
D4g 12v

—e- -

DRAIN

« D1 is an integrated body drain diode

» D2 and D3 are added to provide improved
unclamped energy capability

» D4 is added to prevent gate oxide damage

GND

Figure 5.3.4 - Power+ Logic Output Structure

The TPIC6595 device has 8 power DMOS outputs with built-in 45-V voltage clamps for enhanced
inductive energy switching capability. When switching inductive loads, high voltage transients are seen
at the device output when the output is placed in a high impedance state. The voltage generated by the
inductive transient is limited by the breakdown mechanism of the output structure.

For the Power+ Logic devices, the internal dynamic 45-V clamp circuit will eventually conduct during
switching of an unclamped inductive load, allowing current to charge up the gate of the DMOS. Once
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the DMOS gate voltage exceeds the threshold voltage of the device, the DMOS turns back on,
completely dissipating the energy from the inductor. Thus, the entire active area of the DMOS
transistor is used in the forward bias mode to absorb energy from the inductive load. Without the
internal clamp circuitry, the device output would be driven into avalanche breakdown, and would
operate in the much lower energy capability reverse bias mode. The built-in voltage clamps of the
Power+ Logic devices allow the user to switch up to 75 mJ of avalanche energy without the use of
external snubber circuitry.

Each DMOS output of the TPIC6595 can provide 250 mA of continuous current with all outputs turned
on. Individually, the outputs can be pulsed to provide up to 1.5 A of current. Or, multiple outputs can
be paralleled for increased current drive of up to 6 A of pulsed total load current. This rating is
sufficient to drive the stepper motor when operating at the described duty cycle.

3.5.1. Avalanche Energy Capability

Power+ Logic vs Bipolar Output Energy Capability

Energy vs Ly

1000 .
Devices A and B are
comparable bipolar designs
-ty sty
]
— TPIC6259 B R
5 7 ! -1--las
E ] Ips _:A
2 100 / s Ry
I’ ] -l -
5 Vos_i_j_‘— (BR)DSX
&
i i - Voitage and Current Waveforms
- -
Device A 1~ Device B
tav
Energy =[|DS * Vpg dt
10 0
10 1000

Figure 5.3.5 - Power Logic vs. Bipolar Output Energy

In describing the ruggedness of any power output, a key parameter is the avalanche energy capability.
When the maximum energy capability is determined by thermal limitations of the silicon, the energy
that can be dissipated during avalanche is not a constant, but varies with peak switching current and
load inductance. Some power structures, however, may be prematurely limited by secondary
breakdown and will have a constant energy rating. For an inductive switching pulse within the energy
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capability of the device, the energy dissipated in the output is proportional to the product of the current
and voltage wave forms.

Figure 5.3.5 benchmarks the ruggedness of the Power+ Logic devices against two low side bipolar
devices having comparable voltage capability. Device A has a breakdown voltage of 37 V, while
device B has a breakdown voltage of 50 V. Each bipolar device has approximately twice the output
active area as the Power+ Logic devices. The data in the figure reflects the last point of output survival
just prior to its destruction.

It is evident that the Power+ Logic DMOS device is much more rugged that either of the bipolar
structures. While switching a 350 mH inductor, the TPIC6259 dissipates 200 mJ prior to destruction,
more than twice the energy of the bipolar devices. Note that while the energy capability of the Power+
Logic devices decrease to 45 mJ while switching a 30 mH load, this is still significantly more than
comparable bipolar devices.

3.5.2. Power+ Logic Energy Capabilities

Unclamped Inductive Switching Test Data
Maximum Energy Capability Prior to Device Destruction
Tj = Starting Junction Temperature = 25 °C
Device las | tav |Vpsx| VoD | Lett L E Po K Tm | Tipk
Type A | ms)] vy | V) | (mH) | (mH) | (mJ) W) (C) | (°C
DMOS 21 0.8 50 15.1 19 13.2 422 1055 | 269.0 | 378 403
TPIC6259 1.7 14 | 50 15.1 42 29.4 58.1 830 | 269.0 | 394 | 419

Bipolar 1.3 16 | 37 9.0 41 30.7 35.4 488 | 1395 | 122 147
Device A 0.9 26 | 37 128 | 101 66.3 43.9 344 | 1395 | 114 139
0.8 50 | 37 19.0 | 247 120.0 69.4 278 | 1395 | 129 154

Bipolar 0.8 1.3 | 50 11.6 80 61.4 25.6 40.0 | 1395 94 119
Device B 0.7 18 | 50 9.5 125 101.0 30.6 350 | 1395 96 121
0.5 3.4 50 15.0 | 335 335.0 41.9 25.0 | 138.5 95 120

-ty sty

Input_——_1

Jhermally Limited t
ly | : ! ~: -AS av
DS__ .7 1\ Energy = | Ips+ Vps dt

Energy

Secondary VDS_L_'dﬂ(BR)sz A
{Breakdown
200 400 Voltage and Current Waveforms
Temperature

Figure 5.3.6 - Unclamped Inductive Switching Test Data

In addition to peak switching current and load inductance, the energy capability of a power device
varies with temperature. As the junction temperature of the device increases, energy capability
decreases. This temperature-energy relationship was exploited to further understand the avalanche
energy capabilities of the Power+ Logic devices.
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Unclamped inductive switching tests were performed on the Power+ Logic devices in which the
junction temperature of the DMOS output was gradually raised by forcing the device to dissipate
increasingly large amounts of energy. The virtual junction temperature of the device immediately prior
to destruction was calculated. Note that for the purposes of these tests, the 150°C maximum junction
temperature specification of the Power+ Logic devices was violated: these tests do not reflect
recommended operation of the Power+ Logic devices.

Assuming mechanical limitations of the package are disregarded, the maximum avalanche energy
capability of a power device operating in the forward bias mode is limited by the thermal capabilities
of silicon. However, the actual avalanche energy dissipated by a given power structure may be
prematurely limited by a secondary breakdown mechanism. In the case of the Power+ Logic outputs,
the absence of forward secondary breakdown can be shown. The calculated virtual junction
temperature of the Power+ Logic output structure at the point of device destruction was greater than
400°C. Since silicon is thermally limited at approximately 400°C, silicon thermal limitations were the
probable cause of device destruction.

For comparison, similar tests were performed on the bipolar devices A and B. Bipolar device B (50 V
clamp) had a calculated maximum virtual temperature of approximately 120°C immediately prior to
destruction, clearly illustrating a secondary breakdown limitation. Bipolar device A (37 V clamp) had
improved characteristics, but still - clearly experienced secondary breakdown limitations with
destruction temperatures ranging from approximately 140°C to 150°C.

The following terms and definitions apply to Figure 5.3.6:

I, =  Peak current reached during device avalanche
taqy =  Time duration of device in avalanche
L = Load inductance
Lesf =  Effective load inductance; accounts for supply voltage
E = Energy absorbed by device under test Lggr X Iasz/Z
Vada =  Output supply voltage
Vgsx =  Effective device avalanche voltage
T, = Case temperature
TpM = Maximum junction rise which occurs in inductive switching
P, = Power=1I;x Vyex
K = 139.5 = A thermal constant where the area of active

silicon = 1k mils square.
= 2/(A(p ko)l/2)

Where, A =  Area of power generation silicon
p = density of silicon
k = thermal conductivity of silicon
¢ = thermal capacity of silicon
TmM = (205)/3 Pok(tav)0-5
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Peak junction temperature at point of destruction
TM + TC

Typk

3.5.3. Low Quiescent Currents

Power+ Logic Features Low Quiescent Current

lcc vs Frequency
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Figure 5.3.7 - Power+ Logic Features Low Quiescent Current

The Power+ Logic devices integrate performance power output structures with high-density sub
micron CMOS logic. Figure 5.3.7 shows I.. versus SRCK frequency for the TPIC6595 with the
outputs static and an alternating bit pattern on the SER IN pin. This example demonstrates the high
logic frequency capability of the Power+ Logic devices, as well as the low V. power consumption. A
high logic speed capability allows the information to be transferred from the microprocessor interface
very quickly even though the switch and load operation occurs at a much slower repetition rate. This
would especially be important when cascading several devices for a large number of outputs all
controlled be a single serial interface.

The power described in this graph is the term pquies used in calculating the total average power
dissipated in a device.
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Layout Precautions for the TPIC6595

nterface = -9 ’
Logic zé _I_
Ground ™1 TalLLLLLl T
0.1uF T S
Ve ik Power Ground
Logic > wi
Interface g
« Creation of a power ground buss on the board which
eliminates crosstalk between logic and power loads
* Bypass capacitor of 0.1uF placed close to the device
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Figure 5.3.8 - Layout Precautions for the TP1C6595

When using the TPIC6595, or any of the Power+ Logic devices, there are several PCB layout
considerations which should be kept in mind. High frequency layout rules should be used when
designing power switching systems as mutual inductance (i.e. capacitance between the drive circuit and
load circuit) can cause coupling of erroneous signals resulting in false operation. The following
precautions are offered:

Use of a power ground bus on the PCB to eliminate crosstalk between the power loads and
input logic.

Addition of a 0.1 uF bypass capacitor between V. and the logic ground line, placed close to
the device to dampen any stray signals experienced by the drive circuit.

Separate power and logic ground circuits.

Figure 5.3.8 shows an example implementation of these board layout considerations using the
TPIC6595.
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4. Bi-directional Motor Drive
Application

4.1.DC Motors

DC motors play an important role in a wide variety of electronic systems. Efficient control of motor
speed and torque is an important issue for many system designers.

Bi-directional D.C. Motor Application

Vpp = 14.5V

Pre-Drive Pre-Drive
— b—9¢ |
Input A Circuit U Circuit Input B

Figure 5.4.1 - Bi-directional DC Motor Drive

Figure 5.4.1 shows a bi-directional DC motor being driven from a 14.5-V supply by two dual DMOS
switch devices arranged in a full H-bridge configuration. This circuit uses 20 kHz PWM input signals
that are 180 degrees out of phase. In most systems, these signals would be supplied by a micro
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controller. A 50% duty cycle on both input signals produces a net zero voltage across the motor,
creating a stall condition. Control of the motor's speed and direction of rotation is achieved by varying
the duty cycle of one of the input signals while keeping the other fixed at 50% duty cycle. This
variation between the input signals results in a net dc voltage across the motor, providing the drive
current needed to meet the torque requirements of the motor.

4.2.Motor Operation

D.C Motor Operation

Motor Drive Current Paths

Input Voltage Waveforms
2 r 1 s
A Input A
St l ‘
m’:- — 11 —i : 1 S—
T T —
2} i t3 i
21 | 2 |
? ; || InputB l
- ABus/div

(b)

Figure 5.4.2 - Motor Operation

Motor operation is shown in Figure 5.4.2. In this example, the motor is driven in the forward direction,
and the motor speed is controlled by varying the duty cycle of input signal B. While input signal A is
high and input signal B is low, there is a net negative voltage across the terminals of the motor and
current through the motor ramps up. Once input A goes low, a net positive voltage appears across the
motor terminals and the motor current ramps down. When both input signals are low, there is no net
voltage across the motor terminals, and the H-bridge recirculates a relatively constant current through
its upper stages. To drive the motor in the reverse direction, input signal B is held to a 50% duty cycle,
while the duty cycle of input A is varied.
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D.C. Motor and H-Bridge Current

H-Bridge Current Waveforms
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Figure 5.4.3 - Motor and H-Bridge Currents

Figure 5.4.3(a) shows the current through the transistors on one side of the H-bridge during time
periods t[, t7, and t3. Operation of the other side of the H-Bridge is similar.

Figure 5.4.3(b) shows the motor voltage and currents during the same time periods.

In this example, the pulse width of the input signal is approximately 25 pus at a 50% duty cycle. It is
important to note that when switching both the upper and lower transistors on the same side of the
H-bridge, a brief delay must occur to allow the conducting transistor to turn off before the non-
conducting transistor is allowed to turn on. Without this delay, excessive cross conduction current may
result. Cross conduction is a condition in which the upper and lower FETs on one side of the H-bridge
are on simultaneously, providing a low impedance path between the source voltage and ground. While
small cross conductance currents can actually be used to enhance system performance, uncontrolled
cross conduction can result in excessive heat dissipation and degradation of the device.

4.3.System Power Considerations

The motor drive current shown in Figure 5.4.3(b) has a peak value of slightly less than 6 A with a
minimum value of 4 A. Energy calculations must be based on the condition when one of the input
signals is at the minimum duty cycle. The motor current during time t3 is due to back e.m.f. and must
be included in power dissipation calculations.
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4.4.Choosing an OQutput Switch

The device required for this application must be capable of conducting at least 5 A continuous and as
shown in the previous diagrams must be configured in an H-Bridge.

TPIC5201 Power+ Array

GATE 2
« Two independent N-channel DRAIN 1 DRAIN 2
enhancement-mode DMOS
transistors
« 7.5A continuous current
per channel GATE 1
* Lowr DS(on) * * - 90mQ typical

« 60V maximum output voltage
« 15A pulsed current per channel

« High avalanche energy
rating - 120mJ

SOURCE1 gNp  SOURCE 2

Figure 5.4.4 - TPIC5201 Power+ Array

The device chosen for this application is a TPIC5201 Power+ Array. This device contains two
uncommitted high performance DMOS transistors in a single power package. The uncommitted
transistors allow for an H-Bridge configuration. The low DS(on) minimizes the device dissipation.
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4.5.Pre-Drive Circuit

Pre Drive Circuit Detail

Vpp = 14.5V
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Figure 5.4.5 - Pre-drive Circuit Detail

In this application, two symmetrical pre-drive circuits are used to drive the gates of the upper and
lower FETs. The pre-drive circuit schematic is shown in Figure 5.4.5. Drive to the upper transistors is
achieved through the use of an HCPL2531 optocoupler followed by an emitter-follower stage. The
high speed optocoupler isolates and level shifts the upper stage FETs from the input, while providing a
reference to ground. The emitter-follower provides low impedance drive for fast charging of the
intrinsic gate-source capacitor to enhance switching times.

A 0.1 pF bootstrap capacitor is used to allow the gates of the upper FETSs to rise above the supply
voltage rail. The bootstrap must be at least 10 times larger than the parasitic gate capacitance of the
TPIC5201, typically 18 nF. Inclusion of the emitter-follower and the bootstrap capacitor allow the
upper transistors to be turned on hard when the input signal transitions high.

The low gate capacitance of the TPIC5201 allows for improved efficiency in the motor control circuit.
In a power switching application, as the switching frequency increases, switching losses due to the
continuous charge and discharge of the gate capacitor become the dominating component of the power
loss. By minimizing typical gate capacitance, the TPIC5201 reduces switching losses, which results in
reduced system power consumption, and improved system efficiency.
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The pre-drive circuit includes a delay RC network to insure that cross conduction does not occur. the
time constant of this RC network must be greater than the 0.8 us propagation delay associated with the
switching times of the HCPL2531 optocoupler. By delaying the turn-on drive to the gates of the power
MOSFET, cross conduction currents are eliminated.

External under-voltage lockout protection is added to the circuit to keep the lower stage FETS turned
off until a pre-defined threshold voltage is obtained. This threshold voltage is determined by the
threshold of the zener diode coupled with the threshold of the TP4050 buffer. In this circuit, the lower
FETs remain off between 2 V and 6.2 V.

4.6.Advantages Over Discrete Transistors

Since the two power MOSFETS of each TPIC5201 are fabricated monolithically, the FETs within each
device are inherently well-matched. As a result, there is little variation in the switching times and
transconductance of the upper stage transistors. This device-matching aids in system design by
significantly reducing the need for feedback circuitry to compensate for potential switching time
mismatches. As a result, the necessary pre-drive circuitry is greatly simplified.

Each power transistor in the TPIC5201 feature a low on-resistance of 90 m€. By minimizing on-
resistance, the power consumption of the H-bridge is reduced, increasing the power available to the
motor. Motor control systems built with low on-resistance power switches allow more efficient motor
performance.

The energy capabilities of the TPIC5201 have been characterized over its entire range of operation.
The specifications for the TPIC5201 include peak avalanche current versus avalanche time rating
curves. Unlike the single point energy specifications typical of discrete MOSFETs, designers using the
TPIC5201 can accurately monitor compliance with active safe operating area design constraints.
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5. Solenoid Application

5.1.Introduction

Solenoids are used to provide linear motion. Solenoid applications include electric locks on
automobiles, mechanism actuators in tape recorders, and air control valves.

Solenoid High Side Drive Application

V+
TPIC5201
ﬁ :1 I
Input —— Pre-Drive T i EL
Vg L
R

Features
* High side drive
« Back emf conduction through DMOS switch

« Solenoid
L =300mH
R =20Q

Figure 5.5.1 - Solenoid Application

Figure 5.5.1 shows a solenoid with a high side driver. The high side drive places the control switch
between Vc and the load. Selection of a switch device for this application must include an energy
evaluation and a device which can operate as a high side switch. The solenoid load is inductive like the
stepper motor, however instead of having cross coupled signals the solenoid has a dynamically

changing impedance.
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When the current reaches a level sufficient to cause the solenoid to operate the armature begins to
move. When the armature moves relative to the coil the coil inductance changes. The amount of change
is a function of the solenoid design. Conventional relays also exhibit this change in inductance since
they are solenoids which operate switches.

Energy and power considerations are similar to the stepper motor. The interface circuit must drive an
inductive load with a peak current. The solenoid winding inductance and resistance must be considered
to evaluate the avalanche energy. Just as with any inductive load the total avalanche energy must be
considered as well as the peak avalanche current.

5.2.Choosing an Interface Device

Solenoid Voltage and Current Waveform

5V/div 0
Vg

V solenoid

5V/div 0 / /

|
02A/div 0 :
f '.\ | solenoid !
0 T
|
!
|
ST~ S — :
ten toft 20ms/div

Figure 5.5.2 - Solenoid Voltage and Current

The voltage and current waveforms for the solenoid are shown in Figure 5.5.2. This particular solenoid
was shown because of the drastic inductance change during operation. The inductance change causes
the discontinuity seen in the inductor current during t.,.

Notice that Vg, the output from the predrive circuit, is at -5 V during tygr. The circuit as shown relies
on the DMOS transistor to provide the conduction path for the back e.m.f. current from the inductor
when drive is turned off (top). This was described in the stepper motor application (Section 5.3).
When the switch is turned off the solenoid voltage goes negative. When the solenoid voltage reaches
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approximately -7.5 V (V4 - 2.5 V) the DMOS transistor is turned on, effective clamping the inductor
voltage. If Vg =0V at tygr then the solenoid voltage would be clamped at 2.5 V and the time required
for the solenoid current to reach zero would be longer.

Using the current waveforms from Figure 5.5.2 the energy dissipated in the switch can be calculated.
A TPIC5201 Power+ Array has been chosen as the switch for this application.

5.3.Energy Calculations:

Power & Energy Calculation

Ex = 3(Ly-*lp Vel
T 7 6(VoL-Ves) +4RIp
= 1M13mJ
Pot = ET*f
= 0.94W
Pon = %— IP@ * Rps o) d (Pulsed)
= 1.5mW
Pt = Pofi + Pon + Pquires
= 094 W
Pon = IP2*Rps (Continuous)
= 324
Where ton = 25ms Ly = 300mH
tof = 95ms Ipk = 0.5A
Vgg = 12V Rps(on) = 90 mQ
VeL = 8V l:’quires =0

Figure 5.5.3 - Solenoid Energy Calculation

Using the calculations presented in section 5.2:

Er = 3(Ly* Ip2 *Vep/[6(VeL-Vss) + R * 1p]
= 113mJ
Poff = Er*f
=0.94 W
Pon = 1/31IpgZ *rpg(on) * d
= 75mW
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Praavy = P%ff ;Vpon + Pquies
= 094

Assuming that the solenoid could be turned on for an extended period of time the power dissipated in
the switch would be :

PT = 12#rDS(on)
I = VCCR
= 06A
PT = 062*%0.09 W
= 324mW
Closing the Loop

Measured

Calculations
Performance

TPIC5201
Specifications

TPIC5201 A?,g',ﬁ;g’;gn
Ip 15A 0.5A
lconT 7.5A 0.6A
Eas 120mJ 113mJ
Cont Power W 0.94W

Ta=25°C

Figure 5.5.4 - Closing the Loop

Closing the design loop and comparing calculations, results and specifications will verify the design
and indicate changes when necessary.

The results of this comparison are not what would be expected. The avalanche energy is high (113 mJ)
while the power dissipation is quite low (0.9 W). This indicates that no heat sinking is required and that
a device with a lower power and current rating could be used in this application. It also illustrates the
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importance of doing thorough energy calculations. In this case a quick look at current handling alone
might suggest the device chosen is overkill, but when avalanche energy is considered we can see the
TPIC5201 is a good match for the application (a similar device rated at a lower peak current value
would probably not be able to handle the avalanche energy, possibly resulting in repeated "mysterious"
device failures!).
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6. Incandescent Lamp Application

6.1.Introduction

Incandescent lamps are found in many industrial applications as well as automotive, marine and
aeronautical applications. Incandescent lamps provide high output energy with rugged construction.

Incandescent Lamp App

5V e e o o o o
|§7lTP|czeo1
s |
"1 il
Ka OB
Sl r
Gsmon—":
SCLKI
|
so~—
| -
Rl
| &
|
]
|
|
|
|
L

Figure 5.6.1 - Incandescent Lamp Application

The circuit in Figure 5.6.1 shows an application driving eight automotive lamps from a 15-V source.
Incandescent lamps present a varying resistive load. The filament resistance increases dramatically as
the lamp warms up to operating temperature.
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Incandescent lamps are often operated with extended on time which results in a very low duty cycle
time for the inrush current. If inrush current duty cycle is very low then the power dissipation could be
ignored. If the high peak current is ignored premature failure of the switch transistor is likely. If the
switch transistor is selected to accommodate the lamp peak current then circuit size and cost are
sacrificed.

One solution is to current limit the inrush current. A conventional linear current limiting circuit would
require dissipation of a large amount of heat during the warm up time. The choice of an Intelligent-
Power device such as the TPIC2801 allows the output circuit to be implemented with a single
integrated circuit. The TPIC2801 contains eight 1-A/30-V low-side switches packaged in a 15 pin
Single-In-line Package (SIP). The eight switches are controlled with a single input, SI (Serial Input), by
an 8-bit serial word. Diagnostics are also provided through the output, SO (Serial Output).
Independent over-voltage and over-current protection is provided to all eight switches.

6.2.Circuit Operation

The rising edge of the SIOE- pulse following the data word is when shift register data is latched into
the parallel latch and the output switches are activated by the new data. However, to allow the part to
overcome high in-rush current, such as the lamp cold filament current, an internal 100 ps delay timer is
started at the SIOE- pulse rising edge during which time the switch over voltage fault shutdown circuit
is inhibited. During this 100 ps interval the switch is protected by an internal current limiter, which is
set to regulate the current to approximately 1.5 A. Once the 100 ps timer period has elapsed, the output
voltages are sensed by comparators and any output switch with output voltage greater than 1.5 V is
latched off. It is important to note that these current-limited, 100 ps, soft start bursts of power not only
protect the TPIC2801, but also protect the lamp filament from an otherwise filament degrading high in-
rush current.
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TPIC2801 Timing Waveforms

0 0.5 A/cm

IO , ..

Initial Lamp in-rush Current Pulses

j I
SIOE — 5 V/cm
1 111kl Lkl
scu.Klh LYA 'h 1i1 5V/cm
sl §V/cm'
SO 5V/cm

Horizontal = 5 ms/cm
World Generator And SO

Figure 5.6.2 - TPIC2801 Timing Waveforms

The lamp current wave form shows the initial lamp in-rush current decrease from a value slightly
greater that 1.5 A to a value of less than 0.5 A during a period of approximately 120 ms. The current
initially presented to the lamps is a series of pulses. The first pulse is a 1.5 A/100 us pulse that is

coincident with the rising edge of the first SIOE- pulse that follows the data word.
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6.2.1. TPIC2801 Power & Thermal Considerations
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TPIC2801 Power and Thermal Considerations

ON-SITE POW\E;E DISSIPATION
LOAD CURRENT

Ty=125°C

/

/
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I - Load Current

TPIC2801

Power Dissipation
(Continuous Lamp Operation)
= 05A
150 mW (from chart)
P(YOY7) + Pquir%
8*0.15+1.25
= 245W

|
P
Pr

TPIC2801 Ratings
IconT = 1A/Ch
PconT(TA=25°C) = 3575 W

Figure 5.6.3 - TPIC2801 Power and Thermal Considerations

Figure 5.6.3 The On-State Power Dissipation vs. Load Current chart can be used to determine the
dissipation of each output. This chart takes into consideration the bipolar transistor saturation voltage
and the internal resistor 2R power dissipation.

Calculation of the switch power dissipation for continuous duty:

Output Switches Y0...Y7: I=0.5 A, duty cycle=1.0

From figure 5.6.3:
Piyo..v7)

P(QUIES)

1

PTAV)

0.15Wx1.0x8 =12W

025Ax5V
1.25 W (per TPIC2801 data sheet)

P(v0...Y7) + P(QUIES)
2.45 W

The maximum power dissipation for the TPIC2801 at T = 25°Cis 3.45 W
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The self-protection capability of the TPIC2801 along with the power handling capability make this a
good selection for this design .

Additional features include the ability to switch high currents and inductive loads. This device is well
suited to switching high energy unclamped inductive loads since each of the eight power switches is
equipped with an internal 35-V collector-to-base voltage clamp. The current capability of a single
switch can be extended by parallel switch operation. This application utilized one of a series of
intelligent power devices.

Other Intelligent Power devices are available with different configurations and feedback features
providing effective system solutions for output systems.
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7. Power+ Product Summary

7.1.Power+ Product Family

Power+ Product Configuration

Power+ Arrays  Multiple MOSFET in a Single Package

TPIC2202 2 Channel Common-Source Power DMOS Array
TPIC2301 3 Channel Common-Source Power DMOS Array
TPIC5201 Dual Power DMOS Array
TPIC2701 7 Channel Common-Source Power DMOS Array

Power+ Logic Multiple MOSFET and Interface Logic in a Single Package
TPIC6259 Power+ Logic 8--Bit Addressable |_atch

TPIC6273 Power+ Logic  Octal D-Type Latch
TPIC6595 Power+ Logic 8--Bit Shift Register

Intelligent Power Power Outputs, Interface Logic and Diagnostics in a Single Package

TPIC2801 Octal intelligent Power Switch with Serial Input
TPIC2404 Intelligent Power Quad Low-Side Switch
TPIC2406 Intelligent Power Quad MOSFET Latch

Figure 5.7.1 - Power+ Product Configuration

Power+ products are available in many configurations. The table in Figure 5.7.1 shows the Phase 1
products for Power+ Arrays and Power+ Logic plus some of the Intelligent Power products. This chart
can serve as a starting point in choosing the product which functionally fits an application.
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7.1.1. Power+ Product Performance

Power+ Product Performance

Power+ Arrays

Pkg IconT IMAX TDS(on) EAS VDS
TPIC2202 KC
TPIC2301 7.5A 15A 90me 120mJ 60V
TPIC5201
TPIC2701 N 0.5A 2.5A 0.5Q 22mJ

Power+ Power
Pkg  IcoNT IMAX  TDS(on) EAS VDS

TPIC6259
TPIC6273 N 250ma 15A 1.3Q 75mJ 45V

TPIC6595

Intelligent Power
Pkg IconT  IMAX  'DS(on) EAS VDS

TPIC2801 | KV 1A__| Bipolar 3V
TPic2ao4 | kN | A [isA xstr aomJ ey
TPIC2406 | NE | 07A | 3A | 050 | 50mJ | 60V

* |conT & ImAXx are per channel

Figure 5.7.2 - Power+ Product Performance

Selecting a Power+ Product includes choosing a product that meets the application performance
requirements. The chart in Figure 5.7.2 compares some of the key specifications all three product
families. These are the parameters most often used for an initial product selection.

The applications and design information presented in the previous sections has relied on some
assumptions about device parameters in order to simplify the analysis while still arriving at a
meaningful evaluation.
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7.1.2. Power+ Array On Resistance

Power+ Arrays On-Resistance Characteristics

On-Resistance vs Temperature On-Resistance vs Drain Current
0.30 T T 1 T
Ip= 7.5A — Tc =250C
0.25
Ves =8V Vgs =5V ]
0.20 N AN
— — b
g 4+ g Vs = 10V
$0.15 - ; € 01
7] L—"1 Vgs = 10V 1
n P GS /// [%2] T T —]
9 o T = V
0.10 — — Vas = 20V Vas = 15V
p— //
.——-__"::——’7 Vgs =15V
0.05 —Vgg =20V
0 I 0.01
50 25 0 25 50 75 100 125 0 3 6 9 12 15
Case Temperature (°C) Drain Current (A)

Figure 5.7.3 - Power + Arrays On-Resistance Characteristics

The two graphs in Figure 5.7.3 show the excellent on resistance stability for Power+ Array DMOS
transistors. This also shows the type of device information available in the data sheet. Complete device
characterization is provided in the data sheets for Texas Instruments Power+ products.

5.47




1993 Linear Design Seminar

7.1.3. Power+ Logic Output Characteristics

Power+ Logic Output Characteristics

rbs(on) VS Vas rps(on) VS Temperature
26 28 T . >
2.4 2.6 VC°=3x/
2.4
|
22 ”s A Vet =45V
g 20 2 59 / Vg = 5.5V
L E v 7
O 18 S 18 / /] L
§ 16 \ S 16 ] v
a \\ 8 144 f/f/7/ Vee =7V
= 14
N 12— é;
1.2 AN ] 1.0 k2
T ——
1.0 0.8 =
2 3 4 5 6 7 8 9 10 40 20 0 20 40 60 80 100 120 140
Vgs (Volts) Temperature (°C)

Figure 5.7.4 - Power+ Logic Output Characteristics

Figure 5.7.4 shows device on resistance performance for Power+ Logic output transistors. Note that
while the 'DS(on) 18 higher than for power arrays the power handling for these outputs is still
substantial as shown in the chart of Figure 5.7.2.
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7.1.4. Safe Operating Area

Power+ Arrays SOA Characteristics

Maximum Drain Current

' Maximum Peak Avalanche Current
vs Drain-Source Voltage

o0 vs Time Duration of Avalanche
1

=T Z100
Tc = 25°C H <
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= o i T
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Figure 5.7.5 - Power+ Arrays Safe Operating Area Characteristics

The Safe Operating Area (SOA) characteristics are presented in graphical form to include peak
currents and absolute times. Avalanche energy capability depends on many factors and cannot be
adequately described by a single number. The graphs in Figure 5.7.5 indicate the relationship between
safe avalanche operating conditions and time, temperature, and current for Power+ Arrays. Similar
information is included in the data sheets for the other Power+ products.
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8. Speech Application

8.1.Introduction

Speech and sound applications are another type of output system. Although speech systems have very
little in common with the power output systems described previously they do serve to demonstrate the
variety in design and function of output systems.

Speech Application
Speech .
Control Processor —r-b Amplifier
8Q
Control 0.5W
Signal
Control ana Interface Load
Circuit

* 500 mW of electronic speech
« Battery operation
+ Minimum size/component count

Figure 5.8.1 - Speech Application

Figure 5.8.1 shows a block diagram of a speech application. Speech or actually sound is another form
of control system output.
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This speech application includes a control and signal processing along with an output system which
includes filtering and amplification and a loudspeaker as a load.

The control signal in this application is an analog signal, making the design "care abouts" different than
those for the previous examples. A speech output system design must consider power, impedance and
frequency response.

This application will include a special purpose speech processor and an amplifier/filter designed for
speech applications.

Loudspeaker Output

500 k

B
Data Bus — 3 Volume

wP 07

Select TSP53C30A TLC247X

Logic - 7 6
Cst ‘

csi Loudspeaker
16 cs2

8 Q 05W

T

RDWR OSCO[—_
WRDY = T R 3y
T T

T

|
)

INIT 0osCl

lll—‘
2

L

IN4001

RESET

110 o
Ul

Figure 5.8.2 - Speech Application Circuit

Figure 5.8.2 shows the circuit diagram for a consumer type speech application. The overall system
operation such as what words and sounds to speak and what sequence is controlled by a general
purpose microprocessor. The microprocessor also sends the encoded speech data to the TSP53C30A
speech synthesizer circuit. The TSPS3C30A uses the encoded speech data to reproduce the speech
sound. The output from the speech synthesizer is a high impedance differential signal generated by a
DAC circuit. This output signal can directly drive a 50 ohm speaker, however best speech quality is
achieved by filtering the signal and then amplifying it.
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8.2.Choosing the components:

The choice of components was based on these requirements:
Maximum data compression (minimum memory requirement)
Quality speech reproduction (either LPC or PCM encoding)
Single battery operation.

The choice of Linear Predictive Coding (LPC) will provide an excellent trade off between data
compression and quality. Quality is also enhanced by the use of filtering in the output circuit. Filtering
and amplification can be accomplished with conventional op-amps and active filter circuits, however
an integrated approach to this is the TLC247X circuits.

8.2.1. TLC2470/1

TLC247X Functional Block Diagram

Voo 2%5kQ
W Vees
5pF
My 1 ; 3-Pole 50 kQ
Ai-Aias ] | Switch-Cap LPF

@2 kHzto 7 kHz)

GND —————— Ve 5
> Ve — OUT-

3 OUT+

VRer

7
IN+ ~— Power
0!
g I A } SC555

All component values shown are nominal

Figure 5.8.3 - TLC24701 - Differential Audio Filtered Amplifiers

The TLC24701 Differential Audio Filter Amplifier (DAFA) is designed for speech applications. The
block diagram shows that the basic configuration is an amplifier with differential input and output.
Low pass filtering is provided to filter the switching noise from the input signal. This circuit also
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includes automatic power up/down control. This is an example of integrating the complete interface
circuit into a single device to provide a very cost effective system solution for a consumer application.
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9. Fluorescent Lamp Applications:

9.1.0verview

The following section focuses on a range of power products for fluorescent lighting applications.
50-60 Hz fluorescent lighting has been extensively used in industrial and commercial environments for
many years now. Compared with conventional incandescent bulbs, fluorescent lamps offer many
advantages including lower energy consumption and longer life for the same light output. With these
benefits it is hardly surprising fluorescent lighting has become prevalent in the above mentioned
environments. On the other hand, due to their size, the need for extra control gear and the higher initial
cost, they have not yet achieved extensive penetration of the domestic market. However, all this is now
beginning to change.

In the last decade, advances in power semiconductor technology and the desire to produce cheaper and
more efficient lighting sources has led to many innovations to both further improve fluorescent lighting
and to replace household incandescent lighting. Many new products, such as new. semi-intelligent
starters and higher efficiency ballasts have begun to penetrate the market. An additional influence,
becoming more important by the day, is that of the Greenhouse Effect. The concern for the
environment and the desire to conserve the earth's resources has intensified the drive towards more
energy efficient lighting and enabled the producers to look further afield to new market opportunities.
All of these combined, has led to the rapid introduction of semiconductors into lighting systems in
recent years and produced a market enjoying sustained growth for these new products.

Texas Instruments has been a leading supplier of power products for many years and now offers a
range of products specifically targeted to the fluorescent lighting market. The following pages will
look at two of these high growth areas, namely the electronic starter for 50 Hz fluorescent lamps and
the high frequency electronic ballast. The latter can be further sub-divided into standard high
frequency ballasts used to control the conventional 2 to 8 foot (60-240 c¢m) linear lamps and compact
fluorescent ballasts recently introduced to replace the incandescent light bulb.

Emphasis will be placed on giving the reader a brief overview of the systems, what benefits can be
attained, what are the key design constraints and finally a look at Texas Instruments product offerings
and their key characteristics and benefits.

9.2.Fluorescent lamp starters

The control gear of any fluorescent lighting fitting provides two functions for the fluorescent tube,
namely control and tube striking. In the running condition the gear provides a ballast function (series
impedance from the supply source) to stabilize the electrical discharge in the gas. Under 50 Hz ac
conditions, the voltage across the tube is approximately a square wave, which can range between 40 V
and 200 V depending on tube type and length. The voltage difference between the sinusoidal supply
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voltage and the "square" tube running voltage is thus developed across the ballast. In ac applications,
an inductive ballast or choke performs this function with relatively little loss, although the lagging
current often necessitates using a further capacitor to ensure a unity power factor.

The gear must also provide the correct sequence and conditions for starting the discharge. Normally,
the tube cathode will be heated for a period in order to produce electrons for easy starting. This is
termed "preheating” time. Then a sufficiently high voltage must be applied to initiate the discharge,
this operation being termed "striking."

The simple series arrangement of a ballast and tube across the ac supply is possible when the maximum
tube running voltage is below 60% of the peak supply voltage. Higher running voltages would create
an unstable discharge condition. The tube running voltage strongly depends on the tube length. Thus
in the UK (240 V ac), tubes of 6 and 8 feet are common, whilst in the rest of Europe (220 V ac), the
limit tends to be 5 feet (150 cm), In countries where 110 V ac is used, such a series arrangement would
severely limit tube length. As a result, control gear in these countries often incorporate a step-up auto
transformer to boost the supply voltage.

50 Hz Solid State Lamp Starter

O~ o= i
A A
x|y
T
o ) 4
Gilow Start Electronic Start
Benefits Benefits
* Lowest cost starter * Low life/No replacement
« Established technology * Intelligent operation
— consistent performance
— failed tube shutdown
—flicker free

* Retrofit replacement

Figure 5.9.1 - Fluorescent Lamp Starters

Figure 5.9.1 shows the glow switch start configuration, which represents the lowest cost control gear
system. The glow switch comprises a glass tube filled with a mixture of gases, such as helium and
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hydrogen, in which is mounted a contact pair. One of the contacts is fixed and the other is mounted on
the free end of a moveable bimetallic strip.

When power is first supplied to the terminals, the full ac voltage is applied to the glow switch, which
starts a glow discharge in the gases (the ballast reactance limits the maximum current). After a short
period, the heat from the discharge causes the bimetallic strip to bend, closing the contacts. This shorts
out the discharge and starts the cathode preheating. A heavy current, limited mainly by the ballast
reactance, flows through a series circuit composed of the ballast, tube upper cathode heater, closed
glow switch contacts and the tube lower cathode heater. This condition continues until the bimetallic
strip cools sufficiently to separate the contacts. The random nature of the contact opening means that
current will normally be flowing at the instant of opening. Interrupting the current flow results in a
back electromotive force (EMF) spike from the ballast inductance which, if large enough, will initiate a
discharge in the fluorescent tube. If the generated voltage spike is not sufficient to strike the tube, the
glow switch cycle repeats until the tube does eventually strike.

The gas reaction time of the fluorescent tube is faster than the glow switch. Thus, during striking, the
glow switch does not limit the voltage applied to the fluorescent tube. When the fluorescent tube is
running, its discharge voltage is lower than the level necessary to activate the glow switch. Hence,
tube running prevents further operation of the glow switch. The glow switch circuit shown in figure
5.9.1 is for a "lagging" ballast. To improve efficiency further, power factor correction has to be
introduced and this can be achieved via a shunt capacitor connected across the supply terminals.

The virtues of the glow switch are simplicity and low cost. However, several problems arise from its
electromechanical nature. The first is that its random operation relative to the supply conditions means
that several pulses may be necessary to strike the fluorescent tube. This not only serves to reduce the
lifetime of the tube but can be extremely annoying, particularly in environments where the light source
is continually switched on and oft. Tubes nearing the end of there lifetime will continually flash as the
glow switch attempts to strike the failed tube over and over again. This can be disruptive to the work
environment and will require immediate replacement of tube to correct the problem.

9.3.The Fluoractor

To overcome the problems associated with the glow switch starter, Texas Instruments have introduced
a solid state device, the Fluoractor™, (Y1112), which enables the construction of a solid state starter
with greatly enhanced functionality. The right hand side of figure 5.9.2 illustrates a typical
applications circuit for this starter.

Electronic starters built around the Fluoractor allow flicker free start up of the fluorescent tube,
extended tube lifetime and permanent shutdown of faulty tubes. Furthermore, it is often the glow
switch itself that fails prematurely, so the extended lifetime of the electronic starter will considerably
reduce maintenance costs. All of this circuitry for the Fluoractor based starter is small enough to fit
into the glow switch starter canister, therefore making it a retrofit replacement requiring no redesign of
existing systems.

It should be noted that the Fluoractor is a unidirectional device and requires being inside a full-wave
diode bridge to become bi-directional for ac operation. When power is first applied a low level current
path will supply enough current to the fluoractor gate to trigger the device into conduction. Once turn
on occurs, the lamp cathode preheating period starts. During this period the Fluoractor is "on" and
passing the full-wave rectified current. The ballast current, flowing through the Fluoractor cathode
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diodes, develops a voltage which forms the charging source for the capacitive timing network.
Preheating ends and pulsing begins when the peak voltage reached at the turn off SCR gate is sufficient
to cause triggering. Pulsing provides the back electromotive (EMF) spike which will strike the
fluorescent tube, in this case , on the first attempt. Pulse duration is a function of zener voltage, supply
voltage, choke inductance and Fluoractor holding current. At the end of the pulsing period, reached
when the turn off SCR is triggered before the latched conduction in the Fluoractor is achieved, GTO
action occurs. This results in the shutdown of the Fluoractor.

The Fluoractor™ "Yi1112"

G FT?K

A

« Darlington connected thyristor ~ — High sensitivity minimizes circuit power loss.
Well defined current gives consistent first
time starting and longer tube life.

* 1500 V, 300 W Zener diode — Limits maximum pulse voltage > longer tube life
— Defines max insulation stress of fitting
— Self protects against spikes
* 1500 V current mirror — Powers external control circuit which reduces
component count

Figure 5.9.2 - The Fluoractor - Y1112

9.3.1. Fluoractor construction

In order to minimize the drive power requirement, the Fluoractor is constructed using a high sensitivity
darlington connected thyristor. Figure 5.9.2 illustrates both the device cross section and the lumped
equivalent circuit of the Fluoractor. Once triggered, the Fluoractor will remain on until the anode
current is reduced to a critical value called the holding current, Iy;. Below the holding current, the
Fluoractor will turn off unless gate drive is re-applied. The high sensitivity of the device is controlled
by the 1 k ohm gate-cathode resistor of the driver thyristor section. The lumped equivalent of gate-
cathode resistor of the output thyristor section is of the order of 2 ohms. This means the triggering
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sensitivity of this section is about 200 mA. More importantly, the holding current will be of the same
order and it is this that defines the minimum switch breaking current which in turn leads to tube
ignition.

The integral zener diode has a maximum voltage rating of 1500 V. This ensures sufficient volts are
applied to the tube to ensure first time starting, but limits the maximum voltage seen in the circuit,
therefore keeping the voltage ratings of the control circuitry down to about 1750 V.

A previously unmentioned function of the Fluoractor is the current mirror which considerably
simplifies the required control circuitry. Once the Fluoractor is carrying current, a proportion of this
flows out of the gate terminal. This current can be used as a power supply for the control circuit or a
maintaining current if the Fluoractor is driven from an SCR type turn off device.

It is the Planar process used for the construction of the Fluoractor which allows very precise control of
the holding current. This, along with the 1500-V rating of the zener are critical in determining the
pulse duration. A precisely controlled pulse duration in turn leads to a soft start up with no tube
flicker. An obvious benefit of soft start up is that of reduced stress on the tube cathodes and therefore,
extended tube life.

A more detailed explanation of the Fluoractor, of both its construction and application can be found in
the published application note.

9.3.2. High frequency electronic ballasts

As mentioned earlier, standard fluorescent lights are used extensively in industrial and commercial
environments as a result of the many benefits they offer in terms of cost and energy consumption.
Compared to a standard incandescent light bulb, 50 Hz fluorescent tubes offer the same light output for
approx. one quarter of the power consumption and have longer life expectancy.

Recognizing the need for smaller, lighter and more efficient forms of lighting, lamp manufacturers
turned their attentions to high frequency operation of the ballast. By increasing the operating
frequency of the ballast from 60 Hz to approximately 30 kHz, one is able to achieve in the region of a
20% energy saving for the same light output. Along with this very obvious financial enticement, many
other benefits such as reduced weight, increased lamp life, the elimination of stroboscopic effects and
flicker free start up are also achievable. It is hardly surprising then, in recent years the industry has
experienced considerable growth as manufacturers vie for market share with their new product
offerings.

Even newer to the market, is the relatively recent introduction of the compact fluorescent high
frequency ballast. Compact meaning suitable for direct replacement of the incandescent household
light bulb. Compacts can come in two forms; firstly where the ballast and fluorescent tube are
combined as a single unit and secondly, where the tube is removable and consequently replaceable
when it fails. These new ballast/lamp combinations offer an 80% energy saving over the incandescent
light bulb for the same light output and, at the same time, are claimed to have eight limes the life
expectancy.

9.3.3. High frequency lamp operation

When a fluorescent lamp is running at a frequency of 50 or 60 Hz, the relatively slow rate of operation
means that the conducting gas reacts faster than the ac line rate. This results in two phenomena.
Firstly, when the lamp current falls to zero as the current polarity changes, the lamp stops conducting
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and has to re-strike on the opposite current polarity. Second., is that the conducting gas has a negative
impedance characteristic. To control the lamp current, the lamp must be connected in series with
higher positive impedance (ballast). At ac line frequencies the ballast is usually an iron cored wound
component.

When a fluorescent tube is operated at frequencies higher than a few kilohertz both these effects
disappear. In this case, the lamp can be approximated to a resistive load. At these high frequencies, the
persistence of the light emitting phosphor smoothes out any possible flicker. Some studies claim that
the lack of flicker from high frequency operation reduces the incidence of headaches. The absence of
flicker also removes the stroboscopic effects of conventional ac line powered fluorescent lamps. These
stroboscopic effects can be highly dangerous as they can make rotating machinery appear stationary.
frequency operation reduces the tube power required for a given light level. A 58 W, 50 Hz rated tube
might only need 50 W at high frequencies to produce the same light output. At the system level the
total power drawn from the ac supply might be 68 W for a 50 Hz ballast and only 55 W for a high
frequency ballast. So generally an electronic ballast system draws less power than the 50 Hz
equivalent.

9.3.4. Basic operation

The basic function of an electronic ballast is to convert ac at line frequency to a much higher
frequency, usually in the 30 kHz region. It is overly complex to do a direct low frequency to high
frequency conversion, so normally a two stage process is used. The ac supply is first rectified to dc
and then this dc is chopped at high frequency to produce the ac to power the lamp. Most European
electronic ballasts are based on the principle of full wave rectifying the 50 Hz ac supply to produce a
dc supply voltage, Vy, in the range of 250 to 370 V. ( Where a boost converter is used to provide
electronic power factor correction the dc rail voltage is higher, typically in the region of 400 V.)) This
dc supply then feeds a half "H" bridge inverter switching at 20 to 30 kHz. The high frequency square
wave then powers one or more fluorescent tubes via an LC filter network.

9.3.5. Transistor operation

This section looks in detail at the transistor operation. In normal operation, the transistor is expected to
switch efficiently, but not turn-off the current so fast that an EMC problem is generated. These two
requirements are conflicting, so the turn-off speed has to be a compromise between efficiency and
possible EMC problems. Start-up and fault conditions increase the current levels and, to be reliable
under these conditions, the transistor needs to has an adequate high current performance. Inverters
which use the storage time of the transistor switches to determine the oscillation timing will need
transistors with consistent storage times.
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Striking
or
Typical Single Lamp
Electronic Ballast e
[] ]QE e =1 Preheat
Rosstor DC Blocking p1c
Smoothing % Capacitor Preheat
_| Capacitor 4 — L Np, BalamL Capacttor
W st
Capactor DIAC
* iator X
lor
Supply Volts 240 V rail voltage Vceo > 370V
Tube Power Defines min current rating 25A<50W,4A<125W
EMC Restricts switching speed toff not too fast
Efficiency Must minimise losses Fast switching, low on losses
Start Up/Fault Conditions 4 X normal running current High current gain (hgg)
Tube Output/Lifetime Balanced transistor operation hrgftot matched pairs

Figure 5.9.3 - High Frequency Ballast Design

9.3.6. Efficiency

Electronic ballasts are very efficient. Typically efficiencies in the 90% plus region are achieved. A
ballast with 91% efficiency driving a 20 W lamp would have losses of about 2 W. Something like 0.5
W of these losses might be due to the inverter power switching transistors. This equates to a power
loss of 0.25 W per transistor. It is important the characteristics of the transistors are chosen to
minimize this power loss. These losses associated with the inverter transistors can be broken down into
on-state and switching losses. The on-state losses are a combination of base-emitter and collector-
emitter losses. Together, they constitute approx. 40% of the transistor losses, with collector-emitter
accounting for two thirds of these. Switching losses account for approx. 60% of the overall losses and
in particular, the 90% - 10% collector current fall time, tg, is the prime contributor to this.

It is possible to estimate the fall time switching loss, Py, by using straight line approximations to the
wave forms. The current wave form will start at a value of Iy and decrease to zero in time 1.25 * tg;.
Correspondingly, the voltage will start at zero and ramp at dv//dt during the fall time. At any instant, t,
after the start, the instantaneous power, pg, will be :-
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t dv,
k| 1= — t
.25t ) dt

Pf=I

Integrating this power over the switching period and averaging at the operating frequency, f, gives:-

dv
= 0.261 f(t,) ==
pf ( h) dt

cpk
This shows that the power is proportional to the square of the fall time.

9.3.7. Start-up and fault conditions

In addition to normal running the transistor will also experience start-up and possibly fault conditions.
Start-up can be considered a short term fault condition. Often for the start up condition, the operating
transistor current is twice the normal running current until the lamp strikes. Under these conditions it
is prudent to ensure the transistor has sufficient gain at twice the normal current to control the
transistor's start up power loss. In the failed tube condition, the high current condition is not terminated
by the tube striking. Further, when the PTC resistor switches, the circuit begins to develop much
higher levels of voltage and current. If this condition persists, the transistor heating will lengthen the
storage time resulting in further increases of the voltage and current. Hence, there will need to be some
sort of fusing mechanism which will ultimately terminate the over load condition. More sophisticated
systems will have electronic or electromechanical shut down, which will prevent damage to the circuit
components.
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Figure 5.9.4 - High Frequency Ballast Transistors

9.3.8. BUL770/BUL791

The high voltage transistor requirements for electronic ballasts are different to those in the switching
mode power supply. Recognizing this, Texas Instruments have introduced the BUL770 and BUL791
specifically for electronic ballast applications. By careful analysis of electronic ballast systems and
their requirements, it has been possible to develop products to satisfy these needs exactly.

These transistors have low power loss under the relatively low base turn-off current conditions typical
for this application. Veqq; Characteristics are specified at 0.25 V and 0.3 V for the BUL770 and
BUL791 respectively (typical operating conditions). The collector current fall times of 190 ns and
180 ns ensure the optimum balance between fast switching for low loss and potential EMC problems.

Both devices have a V ¢, of 400 V which is driven from the full wave rectification of the 50 Hz,
240V ac supply. Voltages of up to 370 V are often seen and where a boost converter is used to
provide electronic power factor correction, the dc rail voltage is higher, typically in the region of
400 V.

Inverters which use the storage time of the transistor switches to determine the oscillation timing will
need transistors with consistent storage times and high current gains. Otherwise, an unbalanced circuit
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will reduce light output and increase power loss. Both the BUL770 and the BUL791 have tightly
controlled gains (also related to storage times) between 8 and 24 for typical circuit conditions.
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