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Texas Instruments (TI) reserves the right to make changes to its products
or to discontinue any semiconductor product or service without notice,
and advises its customers to obtain the latest version of relevant
information to verify, before placing orders, that the information being
relied on is current.

Tl warrants performance of its semiconductor products and related
software to the specifications applicable at the time of sale in accordance
with TI's standard warranty. Testing and other quality control techniques
are utilized to the extent Tl deems necessary to support this warranty.
Specific testing of all parameters of each device is not necessarily
performed, except those mandated by government requirements.

Certain applications using semiconductor products may involve potential
risks of death, personal injury, or severe property or environmental
damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTEND-
ED, AUTHORIZED, OR WARRANTED TO BE SUITABLE FOR USE IN
LIFE-SUPPORT APPLICATIONS, DEVICES OR SYSTEMS OR
OTHER CRITICAL APPLICATIONS.

Inclusion of Tl products in such applications is understood to be fully at
the risk of the customer. Use of Tl products in such applications requires
the written approval of an appropriate Tl officer. Questions concerning
potential risk applications should be directed to Tl through a local SC
sales office.

In order to minimize risks associated with the customer’s applications,
adequate design and operating safeguards should be provided by the
customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product
design, software performance, or infringement of patents or services
described herein. Nor does Tl warrant or represent that any license,
either express or implied, is granted under any patent right, copyright,
mask work right, or other intellectual property right of Tl covering or
relating to any combination, machine, or process in which such
semiconductor products or services might be or are used.
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Data Transmission Seminar

Beside the design of high speed logic circuits, the development of interfaces
to fransmit data between equipment over a long distance at a high data
rate is a challenging task. Various design issues, of only minor interest in simple
logic design, become important.

First, a good knowledge of transmission line theory is needed to understand
the phenomena caused by line reflections and cross-talk. The designer can
then take the right measures to ensure the system operates reliably.

Various standards have been developed to address the needs of specific
applications. Semiconductor manufacturers have developed a wide variety
of devices to support these standards. Beyond the theory and practical
advice found in data sheetfs and standards documents, the system designer
has also to take care of various environmental influences which may affect
circuit function.

To address these topics, Texas Instruments has developed a one-day Data
Transmission Seminar. It comprises the following subjects, illustrated with
recent Texas Instruments products:

The first section - Basics and Practical Examples of Transmission - recalls a few
simple formulae. These are used to analyse the signal wave-form and line
reflections on transmission lines. The key parameters of a transmission system
and expected wave-forms are discussed. A graphic method - the Bergeron
diagram - is presented. This eases the construction of wave-forms and line
reflections when non-linear semiconductor characteristics must  be
considered. Various circuits are explained, to reduce or eliminate signal
distortions caused by line reflections. After discussing the cause of cross talk,
various circuits are shown and theoretical crosstalk is discussed, illustrated by
measurement results in a practical circuit. For longer transmission lines, the
losses of the cable caused by ohmic resistance and the skin effect must be
considered. A simple method to determine the signal quality of an interface -
the "eye pattern "- is presented.

In an interface, the generator and receiver integrated circuits are exposed to
the outside world. This forces the integrated circuit designer to integrate
special Protective Circuits. These are addressed in the second section. The
reliability of integrated circuits may be affected by electromagnetic
interference like electrostatic discharge. The various test models like the
Human Body Model, Machine Model and Charged Device Model are
discussed. Real world stress to the interface circuit is analysed, and a basis
given for possible protection measures by the system designer. Other
phenomena like latch-up and the parasitic effects inside integrated circuits
are also discussed.

The third section - TIL-type Data Transmission - discusses the two interfaces
IEEE 488 (General Purpose Interface Bus) and IEEE 1284. A brief overview of the
IEEE 488 bus is presented followed by a detailed description of a typical GPIB
fransceiver input/output stage, and the transmission line effects which occur
in such an interface. These effects are explained using the Bergeron Diagram
and a Spice simulation. The IEEE 1284 interface, which is a successor to the
well-known parallel Centronix interface, is explained. Then follows a



description of the various IEEE 1284 operating modes between computers and
printers and peripherals. Lastly the necessary line termination in a IEEE 1284
interface is discussed.

The fourth section - Unbalanced Transmission - explains in general the single-
ended interface circuits with their advantages and disadvantages. Various
interfaces like ITU-T V.28 (EIA-RS 232), ITU-T V.10 (EIA-RS 423), IrDA and MeterBus
are presented. In addition, this section includes the Universal Asynchronous
Receive /Transmit (UART) circuits which handle asynchronous protocol in a
data transmission interface. The UART section gives a general description with
hints on interfacing a UART to the ISA bus, and I'DA encoder/decoder
devices. This section also includes a discussion of Plug-and-Play UARTs and a
Plug-and-Play controller for the ISA bus system.

With increasing line length, a differential or Balanced Interface like ITU-T V.11
(EIA-RS 422) or ISO 8482 (EIA-RS485) has advantages. The basic circuit
technique of such an arrangement is presented. The limiting factors of
maximum data rate and line length are discussed. In larger networks the
influence of stub lines connected to the branch cable must be considered. In
interfaces distributed over a large areq, interfering noise affects transmission
quality. Noise is caused by crosstalk from neighbouring equipment. Also,
circulating currents lead to large potential differences between the circuits
connected to an interface. Galvanic isolation is a proven technique to
overcome these obstacles. However this technique often requires more
sophisticated coding schemes to ensure a reliable data transfer. We present
integrated circuits for the Controller Area Network (CAN) used in automotive
systems; and the Low Voltage Differential Data Signalling (LVDS) interface
used for data rates over 100 Mbits/s.

The final section - Advanced High Speed Interfaces - covers the Small
Computer System Interface (SCSI), USB (Universal Serial Bus), and |EEE 1394
(Firewire). SCSI is designed to transfer large amounts of data at high speed
between a computer and its peripherals. In such an environment careful
design of the hardware is essential. The termination techniques in a single-
ended SCSI are discussed. With increasing line length, a balanced or
differential SCSI is required. Skew and power consumption are important
design criteria in these applications. The Universal Serial Bus, which is specified
to be an industry standard extension to the PC architecture simplifies
peripheral expansion. It is a low-cost solution that supports transfer rates up to
12 Mbits/s. For applications requiring very high data rates, like digital video,
the IEEE 1394 standard has been defined. This standard describes a low-cost,
high-performance serial bus supporting data rates of 100, 200 and 400 Mbits/s.
The architecture and protocol of this interface are presented. The interface
between a video camera and a computer is shown as a typical application.
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Data Transmission

Data Transmission as part of Texas Instruments' Linear Products portfolio is concerned with
the standards involving transmitting data at relatively high speeds down long line lengths, the
considerations for which are 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 review single ended transmission standards and differential
transmission standards and high speed data transmission protocols. We will explore the
circumstances under which to select a given standard and review design considerations when
implementing the standard.

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.
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Specialised 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 Schottky 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, the high speed serial data link evolving from the IEEE1394 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.

LinBiCMOS is a trademark of Texas Instruments Incorporated

1-3
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Types of Transmission

Most commonly transmission of data occurs directly from one logic gate to another. Low
power Schottky TTL and HCMOS can operate at clock frequencies of up to 40MHz.
Interconnects must be short ( a few 100s of millimetres) and special care taken to assure
adequate noise margin and minimum line reflections. The higher speeds of Advanced
Schottky TTL and ECL gates place even more emphasis on properly terminated, well
defined lines.

There are limiting factors to directly driving over longer distances using standard logic
devices. The most important of these is the environmental noise level, whether this is directly
radiated or by ground shift potentials. The guaranteed noise margin of standard TTL is +/-
0.4V and is insufficient in most applications.

Many specialised data transmission devices have been developed to overcome this problem,
they work by increasing the signal level on a line and thereby improving the noise margin.
The techniques involved use single ended or differential (balanced) operation with either
voltage mode or current mode drive to the line.

Twisted pair and coax lines are used for single ended drive over longer distances but single
and multi wire can be used where the data rate is low and line lengths are short. For
differential data transmission a twisted pair is normally used.

14
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Single-Ended Transmission

Numerous integrated circuit devices are available for driving single ended data transmission
lines. Some are general purpose and others have been designed to meet specific industrial
standards.

Advantages and disadvantages of single ended drivers :

Advantages
Simplicity : minimum connections
Low cost

Disadvantages
Radiates RFI easily

Poor noise immunity
Coax improves noise but is expensive

Limited line lengths and data rates due to susceptibility to
interference signals

Differential (balanced) Transmission

The ability to transmit data from one location to another without errors requires immunity to
noise. At high data rates, on long lines or under noisy conditions, differential data
transmission has an advantage because it is more immune to noise interference than single-
ended transmission.

Voltages induced onto the data lines by ground noise or switching transients appear as
common-mode signals at the receiver input. Since the receiver has a differential input it
corresponds only to the differential data signal. Differential drivers and receivers can operate
safely within specified common-mode voltage ranges. Differential line drivers and receivers
are designed for general purpose applications as well as specific standards.

Advantages and disadvantages of differential (balanced) data transmission relative to single
ended transmission are :

Advantages
High common mode noise voltage rejection
Reduced line radiation - less RFI
Improved speed capabilities
Drive longer line lengths
Disadvantages

Slightly higher costs (sometimes)

Must be used with twisted pair or other types of balanced
transmission lines

Referring to Figure ‘Interface Standards’ we can see the relationship of each transmission
standard when comparing data rate and line length.
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Known Interf ndar
Parameter EIA-232 RS-423-A RS-422-A RS-485
Mode of Operation Single-Ended | Single-Ended | Differential Differential
Number of Drivers and 1 Driver 1 Driver 1 Driver |32 Unit Loads
Receivers 1 Receiver | 10 Receivers | 10 Receivers
Maximum Cable Length (m) 20 1200 1200 1200
Maximum Data Rate (bps) 20k 100 k 10M 10M
Maximum Common-Mode +3 +7 +7 12to -7
Voltage (V)
Driver Output Unloaded t5 +3.6 t2 1.5
Levels (V) Loaded +15 +6 5 5
Driver Load (Q) 3kto7k | 450 (Min) 100 (Min) 60 (Min)
Driver Slew Rate 30 V/us (Max.)|  External NA NA
Control

Driver Output Short Circuit | 500toVoe | 150 to GND | 150 to GND | 250 to -7 or
Current Limit (mA) 12v

Driver Output Power on NA NA NA 12k
Resistance -
High Z state (2) | Power off 300 60k 60k 12k
Receiver Input Resistance (kQ)| 3to7 4 4 12
Receiver Sensitivity 3V +200 mV +200 mV +200 mV

.
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Single Ended Transmission : EIA/TIA-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-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 above 200 kbps, well outside the standard. The 'C' revision defined the maximum
line length as 15 metres however this failed to comprehend the type of 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.

Differential Transmission : RS422-A

The balanced transmission line standard EIA RS-422 was developed in 1975 to interface a
host computer's data, timing or control lines to its peripherals. The standard was revised (RS-
422A) in December 1978 bringing it in line with its present specification.
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A RS-422 line allows for only one way communication (simplex) mode. By using a
differential twisted pair transmission media (not specified in the standard) and a RS-422
receiver with its minimum 7V common mode voltage capacity it is less susceptible to noise
picked up in hostile environments via the long cables allowed by the standard. Each driver
can drive up to 10 receivers. The specification in the standard places no restrictions on
minimum or maximum operating data rates but rather on the relationship of transition speed
to a unit interval. However, data rates up to 10Mbps are supported and a line length up to
1200 metres is given as a guide-line , but not at the maximum data rate.

When operating at low data rates (below 200kps) or at any speed where the ratio of the
driver's output rise time to the one way propagation delay time of the cable exceeds ten, the
cable will not act as a true transmission line and therefore termination is not absolutely
necessary. Under all other conditions, the cable loading can no longer be considered as a
lumped parameter but must be considered as a transmission line.

The characteristic impedance of twisted pair cable is a function of frequency and cable type,
however typical twisted pair cable impedance's lie in the range 100* to 120*.A termination
resistor with an impedance similar to the cable's characteristics impedance should only be
connected at the furthest end of the cable.

Differential Transmission : 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.

Single and Differential Transmission : 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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Texas Instruments
Data Transmission Product Ordering Information

SN 175 |LBC| XXX|DWIR

Prefix

75 - Commercial (0° to 70°C)
Temperature Range 65 - Industrial or extended (-40° to 85°C)
§5 - Military (-55° to 125°C)

LVDS - Low Voltage Differential Signaling
Process Technology LBC - LinBiCMOS

ALS - Advanced Low-Power Schottky

C - CMOS

Device Number

D/DW -SOIC
Package DB/ DL - SSOP
DGG  -TSSOP
FK  -LCCC
N/P  -PDIP
NS -SOP

2 g LE* - Left-end taped and reeled
Optional Carrier Suffix  L* Tape and renied

.
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Circuit Diagram of a Transmission Line

R/2 L/2 L2 RJ/2
o—J——rrr—e ¢—— o
el o
|

[

L' Characteristic inductance per unit length nH/cm
C’ Characteristic capacitance per unit length pF/cm
R’ Characteristic resistance per unit length Q/em

G’ Characteristic conductance per unit length S/em

Line Impedance

.
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Basics and Practical examples of Data Transmission

Circuit diagram of a Transmission Line

The equivalent circuit of a transmission line consists of an inductance L’ - representing the
inductance of the transmission line -, a resistor R’ - representing the ohmic resistance of the
line, a capacitance C’ - representing the capacitance of the line - and the conductance G’
representing the losses in the capacitance of the line. All these values are length dependent
and are therefore specified in unit/length, e.g.: nH/cm, pF/cm, £/cm, and S/cm. By setting up
a set of differential equations, one can:calculate the impedance of a transmission line:

7 - JoL'+R'

° Y joC+G'
In practice this equation is difficult to handle. First the line impedance results in a complex
number which makes the required calculations time consuming. Second the line impedance

is frequency dependent. This fact becomes uncomfortable in digital circuit, where one has to
consider many frequencies simultaneously.
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Loss-free Transmission Lines

At high frequencies the transmission line losses (R', G') can be neglected
compared with the impedance of the inductance ad the conductance of the

capacitance.
L'/2 L'/2

o N ® VY Yo

1.
: 1 .

With R' << joL' and G' << joC"

Line impedance Z,- < (real numbert)

Propagation time tp = \/ L'xC
5 —
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Loss-Free Transmission Lines

In digital circuits low frequencies are not generally of concern. At higher frequencies (above
some 10 kHz) the impedance of the inductance jwL’ becomes large compared to the
resistance R’ of the wire. The admittance joC’ is also much greater than the corresponding
conductance G’. Under this assumption R’ and G’ can be neglected. The impedance of the
transmission line can now be calculated by the simple formula

Z_E
Y

The impedance is now a real number which can be handled like an ohmic resistor. A further
advantage is Z  is now independent of the frequency.

An important parameter in data transmission circuits is the propagation time t of the signal
on a transmission line. This time is also determined by the parameters of the line:

t,=L-C'

On typical cables used in transmission circuits (coaxial cable, twisted pair cable) the
propagation time becomes t = 5 ns/m. This reflects a propagation speed v = 200 000 km/s
(about 60 % of the speed of light)
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Frequency Spectrum of a Digital Signal
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Frequency Spectrum of a Digital Signal

The frequency spectrum of a signal is first determined by the repetition rate of the signal f ;.
Above this frequency the amplitude of the overtones drops with 20 dB/decade until a
frequency f, which is determined by the rise of the signal t:

1
7Tt

fo=

r

Assuming the bit rate to be 1 MBit/s, and the rise time of the signal to be t. = 5 ns, the
frequencies are as follows:

f; = 500 kHz (50 % of the bit rate) and f, = 64 MHz

If electromagnetic interference of a transmission system is of concern, the designer can
improve the compatibility by either reducing the voltage swing, reducing the data rate, or by
selecting interface circuits which provide output signals with a slow rise/fall time.

2-4
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Transmission Line

Transmitter Receiver

Signal line
?J' Signal retum line L?

A transmission line consists of

- a signal line which carries the signal current

- a signal return line (mostly ground) which
carries a return current of the same magnitude.

Any DC interconnect between the GND terminals

of the two circuits (e.g. safety earth) will not

provide a signal return path according to the laws

of the transmission line theory.

The A area between the signal line and the return

line determines the capability of the circuit to 1

radiate RF and also its susceptibility to EMI. E=kxIxAx—xsing

.
I
EH9550/14/005/00/E

Transmission Line

The designer has to keep in mind that a transmission system always has two conductors: the
signal line and the signal return line. Both lines have to be designed carefully to ensure the
required quality of the interface circuit. Some random signal return path (e.g. via the
protective ground wire) is not an adequate signal return line.

Both wires - the signal wire and the signal return wire - act as an antenna which influences
the electromagnetic compatibility of the interface circuit. The larger the area between these
wires, the larger will be the probability that electromagnetic energy is radiated, which may
influence the function of neighbouring equipment. Similarly the area between these wires
also determines the electromagnetic susceptibility of the interface circuit.
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Transmission Line Theory

Rule of Thumb:

The transmission line theory has to be applied when the rise time of the signal
is shorter than twice the propagation time.

E2-
= th=1/c
e P
& e
K] H tp =5 ns/m
[} 1 . .
= h (twisted pair)
- '
T ; L
! Critical line length
. t, = 20 ns/m tr
E backplane) Imax = 2 x tp
/A J
+  Signal rise time t, [ns]
0 T T T T T T T T T T
01 2 3 456 7 8 910

.
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Transmission line theory

Transmission lines have to be treated as lines in accordance with transmission line theory
when twice the signal propagation time becomes longer than the rise time of the signal - i.e.:
when the line reflections no longer fall anymore into the rise time interval. For a given rise
time t = 5 ns and a typical propagation time of the signal t, =5 ns/m, the critical line length
inl .. =1 m. In applications where the propagation time of the signal is much longer - e.g.

max
bus lines - the critical line length is even shorter.
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Waveforms
with Transmission Line and Capacitance Loads
500mV 5ns || 1V 10ns
// 1/ // m 7 — -
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Wave-forms with Transmission line and Capacitance Loads

Transmission line theory says that the line impedance is independent of the line length. As a
consequence, the loading of the integrated circuit connected to a transmission line must be
independent of the line length. The oscillogram above shows the signal wave-forms
measured at the output of an integrated circuit (SN74LS00) when terminated transmission
lines of various lengths (1=0m, 1=1m, 1 =11 m) are connected to the output of the circuit
(the line termination is required to avoid line reflections). The three signals measured are
displayed with a time offset for visibility. In all cases the rise time of the signal - and that
means also the propagation delay time of the integrated circuit - is not influenced by the line
length - say: by the capacitance of the line. The designer however has to consider the
propagation time of the signal on the transmission line: a line length 1 = 11 m results in signal
propagation time t, = 55 ns.

A simple capacitive load caused a high input capacitance of the following circuit - e.g. when
driving the gate of a MOS power transistor (Miller effect) - in conjunction with the output
impedance of the gate (R, = 150 Q for a SN74LS00) generates a low-pass filter, which
increases the propagation delay time of the circuit.
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Analysis of Line Reflection

EH9550/14/008/00/E

In data transmission systems the designer has to take care of line reflections caused by
improperly terminated lines. These line reflections may lead to an additional signal distortion
which cause incorrect detection of the value of the signal at the line end (receiver input).
This may result in an false operation of the system.
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Waveforms Caused by Line Reflections

R, S. A Zo,tp, L B
Oo—0
Vo Rt
v Va,la Incident wave at the generator output:
Z
t< Va = Vax—9
i f > @ °Ro*+Z,
; Wave reflected at the line end:
an jF - Ri-Zo
Vr1 = VaXPB pB= —
tp<t<2t, Ri+Z,
Wave reflected at the generator output:
= Ro-Zo
v——=l:;—Trz_ Vi2 = Vrixpa PA= R 37,
2ty<t<3t, Quiescent state: R
> t
= = VA Xe—
Vt-oo O)ho + Rt

.
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Wave-Forms Caused by Line Reflections

The circuit above shows a simple circuit arrangement to analyse the wave-form in
transmission circuits. At the time the switch at the output of the voltage source (generator) is
closed, the effective generator load is the impedance of the transmission line alone. The

voltage of the incident wave V. can be calculated by using the simple voltage divider
formula:

ZD
Ve =V Z 4R,

When the wave with this amplitude arrives at the line end, the energy not absorbed in the
termination resistor - assuming that the line is not terminated correctly (R, # Z ) - will be

reflected back to the generator. The amplitude of the reflected wave at that point is
calculated:

Rt —Zo

Vai=Veps =V, R+Z,
When this reflected wave arrives again at the generator output and the output impedance of

the generator is not equal to the line impedance (R | # Z ), again a reflection occurs, where
the amplitude of the reflected wave has to be calculated:

RO —ZO

Vo=V, -p=V, R +Z,

r
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This process is continued until the energy of the wave is absorbed by the losses of the circuit
(termination resistor R, at the line end, and output resistor of the generator R ). The final
steady-state condition is calculated by the simple voltage divider:

V_ =V R
== "°R +R
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Lattice Diagram

R,=30Q S A 2,=75Q B
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Vo=3.7V Vj JVB Ry=100Q
A B 30-75
Ve PA= 30575 = 0429
Vio=0V Y +
100-75
Vietp=3.02V =290-/0 _p.
= P8 =300+75 0143
Viop=2.857V
" V,=3.70V
Viap =2.835V V, = Vox75Q/(75Q+30Q)=2.64V
Vieatp=2.845V Vi1 =264V x0.14=037V
vh.'np=2-847v V,2 =0.37Vx (‘0.42)= -0.16V
v 2aiEv V,3=-0.16Vx0.14=-0.02V
s V,4 =-0.02V x (-0.42)=0.009 V
Viartp =2.846V
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Lattice Diagram

This example shows the analysis of an actual circuit. The generator with an open loop
voltage V_ = 3.7 V and an output impedance R j = 30 Q represents the simplified equivalent
circuit of a SN74F00 in the high state. The line with an impedance Z =75 Q may be a coax
cable or a printed wire on multi-layer printed circuit board. As one can see, the amplitude of
the reflected wave drops very fast. In most application the calculation of the various
reflected waves can be stopped after the third reflection since the amplitude of the reflected
wave is now so small that it can be neglected (in this example V , =0.02 V).

The Lattice Diagram is a useful tool to simplify handling the many numbers to be considered
when analysing line reflections. In this simple example the diagram consists of two time
scales, each representing the situation at the beginning and at the end of the line. A change of
voltage at the generator output is found at every even multiple of the propagation time, at the
end of the line at every odd multiple of the propagation time. These points are now
connected by lines which represent the forward and backward travelling waves. To each of
these lines the corresponding voltage is assigned. The final task left is to add these voltages
at the left side of the diagram (beginning of line) of the right side (end of line) to calculate
the voltage in the system at a specific time.
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Lattice Diagram

This picture shows a more complex circuit, where two lines of different impedance (Z ;, = 30
Q, Z, = 60 Q) are connected in series. Situations like this can be found where resistors are
not carefully arranged. Another similar situation is found when long stub lines are connected
to a trunk cable. This example shows, that the Lattice Diagram can also handle complex
wave-forms caused by various interfering waves. The transition starts at the generator output
with an incident wave amplitude of 3 V, at the line end an overshoot with an amplitude of 4
V is found, while final steady-state voltage will be 3 V.

To simplify the calculation the output impedance of the generator R /= 30 €2 has been made
equal to the line impedance Z,. Due to this matching the line is terminated correctly
(reflection factor p = 0) for waves travelling backward into the generator. This avoids
reflections at this point of the circuit and eliminates the need also to consider further line
reflection caused by this line reflection.
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Bergeron Diagram
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is independent form line termination.
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Bergeron Diagram

The Bergeron Diagram is a simple tool to analyse line reflections in circuits which show
non-linear characteristics e.g. semiconductor components. For the analysis one has to draw a
voltage/current diagram. Into this diagram the output characteristic of the generator R  (in
this example a linear resistor) as well as the characteristic of the termination at the line end
R, has to be drawn. The point of intersection of these two lines provides already the first
result: the steady state voltage. The steady-state condition on the line before the switch has
been closed (V._, = 0 V, I_;, = 0 mA) is the starting point for the construction of the wave-
form. Through this point (in this example the origin of the diagram) a line with the slope of
the line impedance Z  (tg oo = Z ) is drawn. Where this line hits the line which represents the
output characteristic of the generator (A ), one gets the voltage of the incident wave. By
drawing a line with the negative slope (tg a = -Z ) through the point just constructed, the
point of intersection (By;) with the line representing the termination characteristic R, provides
the voltage at the line end, when the wave arrives there the first time. By further drawing
lines with alternating slopes (Z, -Z)) one finds the voltages in the circuit during the
following building-up. Finally the wave-forms at the begin and the end of the line can be
constructed by using the voltages found during the previous construction.
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Line Reflections - Special Cases

Ro,=0 Zotp L
OO~ 2]
v
Generator with 0 Q output impedance
L and unterminated line 0 1 2 3 4 5 6 7 8¢
R, Zy,to L
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= no reflections L 0 1 2 3 4 5 6 7 8¢
~~~~~~~~~~~~~~~~~ Begin of line
Ro=2, Zotp L End of line
[ege,
v]
Shorted line, ; — s
il generator for short pulses 0o 1 2 3 4 5 6 7 8¢

.
I
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Line Reflections - Special Cases

This picture shows various extreme situations in transmission circuits. In the first circuit a
generator with zero Ohm output impedance (R ; = 0 ) drives a loss-free transmission lines,
where is an open circuit at the line end (R, = ). The open circuit may represents the input
impedance of integrated circuits which mostly provide an input impedance of several kilo-
ohm - large compared to typical line impedance. The reflection factor p =-1 at the generator
output and p = 1 at the line end leads to an undamped oscillation at the end of the line. That
would cause a receiver to switch many times, but not once only as desired.

The next circuit shows an interface terminated correctly at the line end. Under this condition
one finds an undistorted signal (no line reflections)

The last circuit shows and interface shorted at the line end. For simpler understanding the
output impedance of the generator has been chosen equal to line impedance (R | = Z ). When
the switch is closed, an incident wave with an amplitude of 0.5 X V_ travels to the line end
and is reflected there with the inverted amplitude (p = -1). When the reflected wave arrives
at the generator output again the steady-state is achieved. This circuit is a pulse generator
which provides a pulse width equal to twice the propagation time of the wave on the
transmission line. Such a circuit can be used advantageously when pulses with a length of a
few nanoseconds only have to be generated.
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Line Reflections - Special Cases
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Line Reflections - Special Cases

The circuits described before have been built up to vary the behaviour. It is not as easy to
design an generator with an output impedance of 0 Q. Therefore an Advanced CMOS circuit
has been used as the generator. Its output impedance R , = 8 €2 leads to a damped oscillation,
where the first undershoot at the line may still be capable to reach the threshold voltage of

the receiver and to cause a false triggering.

The correctly terminated line shows no signal distortion.

In the interface shorted at the end, a coax cable with a propagation time t, = S ns/m and a
length I = 2 m has been used. This circuit generates a pulse with a width t ; =2 X 5 ns/m x 2

m = 20 ns.
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Line Reflections
Terminated Line
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2V

2V

Line reflections are eliminated by correct
line termination.
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Line Reflections - Terminated Line

Transmission lines are terminated at the line end by a resistor between the signal line and the
signal return line. If the termination resistor is chosen equal to the line impedance (R, = Z )
no line reflections are found. In many applications, a mismatch of up to 50 % is acceptable.
Under this condition the resulting reflection factor will be p =0.2.
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Line Termination circuits
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Line Termination Circuits

Single ended or unbalanced transmission lines are usually terminated by a resistor between
the line end and signal ground. If the drive capability of the generator in high state is not
sufficient - e.g. circuits with open collector or open drain outputs - the termination resistor
can also be placed between the line and the positive supply rail. This rail for low frequencies
is shorted to ground via the power supply and for high frequencies via the decoupling
capacitor (typical 0.1 uF).

Particularly in CMOS applications, the designer does not like the continuous current in the
termination resistor. This current increases the power dissipation. The current can be blocked
by placing a capacitor Cy in series to the termination resistor R,. When the time constant R, x
C, is about 4 times the propagation time of the interface circuit, the line is almost sufficiently
terminated.

In TTL systems, a resistor divider is often found at the line end (split resistor or Thevenin
termination). This circuit is adapted ideally to the drive capability of TTL circuit and
performs well in terms of eliminating line reflections. However the disadvantage of this
arrangement is the large DC current through the resistor divider.

In advanced interfaces therefore often a circuit is used, which is called Active Termination.
Here the termination resistor is placed between the line end and the output of an additional
power supply, which provides an output voltage of 2.5 ... 3 V. Since on average 50 % of its
active time the line is in the high state, the supply current is reduced by this amount. This
termination technique is also used in bus applications, where much of the operating time all
bus drivers are in inactive mode (3-state). In this situation the supply current becomes zero.
Last but not least, the pull-up resistor avoids the line floating when all bus drivers are in the
3-state.
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Line reflections
Matching of Generator Impedance
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matching the output impedance of the

line driver to the line impedance by means
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Power dissipation is not increased.

Note: Undefined logic levels along the transmission
line occurs for up to twice the propagation time.
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Line Reflections - Matching of Generator Impedance

An elegant method to avoid under and overshoots at the line end is to match the output
impedance of the driver circuit to the line impedance by placing a resistor in series with the
output. A different output impedance of the driver in the low and the high state mostly does
not allow correct matching. As long as the output impedance of the circuit in question is
chosen to be 60 % to 100 % of the line impedance, a reasonable signal quality can be
expected at the line end (receiver input). This technique is applicable in uni- and bi-
directional point to point interfaces. In multi-point applications, where several stations are
located along the transmission line, this technique is not recommended due to the long
settling time of the signal (up to twice the propagation time).
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Line Reflections
Clamping Diodes
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line absorbe the energy of under- and overshoots
and ensure a clean signal waveform.
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diodes.
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Line Reflections - Clamping Diodes

An effective method to avoid excessive under- and overshoot at the line end is to limit this
by means of clamping diodes. As the picture shows, a negative transition at the begin of the
transmission line causes a negative undershoot at the line end which amplitude is limited to
the forward voltage of the clamping diode at the line end (= 0.7V). The energy stored in the
transmission line is not absorbed totally. Therefor one can observe several waves travelling
forward and backward on the line. However its amplitude is a few 100 mV only.

Due to the positive influence of these diodes, clamping diodes are integrated into all logic
circuits. TTL circuits contain at their inputs clamping diodes to the ground terminal to limit
negative undershoots. In a CMOS environment, where due to the higher voltage swing also
the positive overshoots are of concern, mostly additional clamping diode between the input
and the positive supply rail are incorporated.
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Measurement of the Line Impedance
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Measurement of the Line Impedance

For a correct design of an interface (selection of the generator, termination of the
transmission line), knowledge of the impedance of the transmission line in use is necessary.
One way to determine the line impedance is by means of a L/C bridge where one measures
the inductance of a transmission line shorted at the end (short circuit impedance = inductive
layer L") and capacitance with the line open at the end (open circuit impedance = capacitive
layer C’). This method however mostly requires expensive equipment which often is not
available.

A simpler method is shown on the picture above, where one needs a fast pulse generator and
an oscilloscope only. By applying this method one measures the amplitude of the incident
wave V, caused by the voltage divider ‘output impedance of the generator / line impedance’
(in this example a signal and a ground wire in parallel on a printed circuit board) as well as
the steady-state voltage V . By using the following equation (the voltage divider formula
solved to Z ) one gets the line impedance Z:
R
Z, =3
-1

h‘ IQY

where R is output impedance of the generator. In this measurement set up the output
impedance is made by the two coax cables in parallel, therefore R =25 €.

By measuring the propagation time t, one can also determine the inductance and the
capacitance per unit length:

~
]

L'=t -Z

n o
P o

C=

!

N
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Crosstalk

On long transmission lines (2 x t, > ty) the crosstalk can be calculated as follows:

2, —|—2z, |V2

-Jr 1 Z, = line impedance
2 <
Q ¢ 2 = coupling impedance
\Z
Y
i_ L <
_ Crosstalk:
z C=~2 x100%
v, Zo[| Zof| |V V4 x100%
__05xZ, o 1 o
1 L _0—__.5x2.,+2c x100% = T+2x2.7Z, x 100%

.
[ J—
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Crosstalk

The characteristic of a transmission line can be described by its inductance and capacitance
per unit length. When two transmission lines are placed in parallel, one can now define
inductance and capacitance per unit length between these two circuits, to give the coupling
impedance Z_. Using this assumption, one can easily describe the crosstalk between
interfaces: A signal is transmitted via one line and is coupled via the coupling impedance
into the neighbouring line. At the point of coupling the load for the cross-coupled signal is
half of the line impedance Z  (two lines running in opposite direction). The resulting
crosstalk can now be calculated by using the following formula:

2-21



Basics and Practical Examples

== European Mixed Signal & Logic Products

Crosstalk on Printed circuit Boards

(Typical Values)

Line Impedance Coupling Crosstalk
Z,[Q] Impedance Z, [Q] [%]
200 100 50
80 125 25
100 400 11

Note: line width = line distance

*ip —
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By applying the formula above, the crosstalk between signal lines on printed circuit boards
can be analysed. In the first example two printed wires are running in parallel, with the width
of the wires equal to the distance between the wires e.g. 0.5 mm. This arrangement results in
a coupling impedance Z_ = 100 Q. (In the literature dealing with strip lines and microstrips,
formulas are shown which allow the calculation of the line impedance based on the physical
dimension of the lines). The ground return line is assumed to be far away e.g. 2 cm. This
leads to a line impedance of 200 Q and a crosstalk C = 50 %. Since no logic circuit provides
a noise margin of 50 %, such an arrangement is not applicable.

In the second example a ground plane is placed on the opposite side of the printed circuit
board. By this the line impedance is lowered to Z = 80 Q, the coupling impedance is
increased to Z_ = 125 Q. The resulting crosstalk is now only 25 %. In digital circuits such
value may be acceptable. This example also explains the benefit of a multi layer-board with
a ground plane in terms of lowering the noise level in digital circuits.

In the third example a shielding wire is placed between the signal lines. (Note: The shielding
wire must be connected to ground on both ends.) Again it is assumed, that the line width is
equal to line separation. In such an arrangement the line impedance becomes Z = 100 Q and
the coupling impedance Z, = 400 Q. The resulting crosstalk is lowered to C = 10 %. In
digital circuits such a crosstalk is fully acceptable.

This also explains why also twisted pair cables are used for longer lines. One wire of the pair
is the signal line, and the other the signal return (ground). Similar behaviour is found, if flat
cables are used whith alternate ground and signal lines. Such an arrangement gives a well
defined line impedance (Z_, = 80 to 120 Q ) and a low crosstalk. Last but not least, typical
crosstalk in a well designed interface will be at least 10 %. This is also valid for the
interference between any electrical cable and the interfaces.
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Crosstalk on Transmission Lines
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Crosstalk on Transmission Lines

When analysing the crosstalk in more detail, one finds that it induces two currents into the
affected line: A current I caused by the capacitive crosstalk and a current I, caused by the
inductive crosstalk. When looking from the generator standpoint, the currents travelling
down the affected line subtract (I - I}). This results at the end of this line in a relatively
small negative noise pulse with a width equal to the rise time of the original signal (forward
crosstalk at B in the picture above). In the reverse direction the currents add (I . + I, ), which
leads at the line end near to the generator to a pulse which width is equal to twice the
propagation time of signal (Backward crosstalk at A in the picture above). This noise pulse is
reflected at the point A and arrives after one propagation time at the far end (Reflected
backward crosstalk at B in the picture above).
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Crosstalk on Transmission Lines
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Crosstalk on Transmission Lines, 3-wire Cable

In the following, the behaviour of various circuits arrangements will be analysed. In the first
example a transmission line with length 2 m is used which consists of three wires running in

parallel (not twisted). The crosscoupled signal at the point B has again a relatively small
amplitude which is superimposed on the noise caused by the reflected backward crosstalk at
B. Since the generator output impedance at A is smaller than the line impedance, the

reflection factor at A becomes negative. This results in a negative amplitude of the forward

crosstalk at B.

Note that the three wire circuit used in this application has a similar characteristic to the
printed wire circuit with a shielding wire between these two lines (discussed above). The
crosstalk is relatively small. In a multi core cable, where only one or a few ground return
wires are available, the crosstalk becomes much larger. Under these conditions, reliable
operation of the interface can no longer be guaranteed.
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Crosstalk on Transmission Lines
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Crosstalk on Transmission Lines, Twisted Pair Cable

The same circuit arrangement, but using twisted pairs, shows a similar behaviour. The
crosstalk at the far end (the receiver at the induced line) again is relatively small. When
using twisted pair cables the shielding effect of the many signal return wires keeps the
crosstalk at moderately low level even if many pairs are running in parallel in cable.
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Crosstalk on Transmission Lines
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Crosstalk on Transmission Lines, Near End Impedance = 0

It has been shown that the forward crosstalk at the point B is determined to a large degree by
the crosstalk reflected at the point B. In the picture above the output impedance of the
generator of the affected line is made to zero. Therefore the resulting reflection factor at this
point becomes p = -1. Due to a higher amplitude reflected at this point, the forward crosstalk
at the point B also becomes larger. However this example shows an extreme situation. In
practise the output impedance of the generator is between 10 and 100 % of the line
impedance. This will results in a reflection factor p < -1, and therefore to a crosscoupled
voltage which is significantly smaller.
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Crosstalk on Transmission Lines
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Crosstalk on Transmission Lines, Near End Impedance = o

If the output impedance of the generator at the affected line becomes very large (e.g.
generator output in 3-state), the reflection factor becomes p = 1 (positive!). Thus the
crosscoupled signal has a large positive amplitude at the point A. This leads also to a positive
amplitude of the noise voltage at the pint B. Note the magnitude of the noise voltage at the
point B is the same as in the previous example, only the sign of the voltage is different.

Consider also the following situation: Assuming a receiver is located at B where the line is
not terminated, the function of the receiver may be affected by the large noise voltage there.
(Backward crosstalk at A in the picture above)
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Losses on Transmission Lines

2xZ,
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Due to the skin effect at frequencies above some hundred kHz only the outer
layer of the wire conducts. Thus the losses increase by a factor Vf.

f(MHz) | 9 (um)

1 68 3
100 6.8
10,000 0.68

.
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EH9551/14/027/00/E

Losses on Transmission Lines

Owing to the ohmic resistance of the wires R’, and to a lower degree the conduction G’ of
the transmission lines, the amplitude of the signal is degraded with increasing line length.
The voltage at the line V, can be calculated by using the following formula:

—R'~I+—G'-I-Zo
V2 = Vl -e 22, 2

with G” — 0 one can simplify the equation:
-R"l

Vy=P-e*%

As an example, a transmission line with impedance Z = 100 €2, length 1 = 1000 m and
resistance per unit length R’ = 0.1 Q/m, reduces the voltage at the line end by about 40 %.

The formula shown above does not consider the so-called Skin Effect. This causes the
current to flow only on the surface of the conductor at higher frequencies. This becomes of
importance at frequencies > 100 kHz.

Therefore above this frequency the resistance of the wire increases with Vv S .
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Frequency Response of a Transmission Line
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Frequency response of a Transmission Line

Due to the skin effect, a transmission line has a characteristic similar to a low-pass filter. To
analyse the actual behaviour of a transmission line, we measured a twisted pair cable of
length 1 = 20 m and conductor diameter d = 0.6 mm. As can be seen in the picture above, up
to a frequency of 1 MHz the losses of the cable remain small. Above 1 MHz however, the
attenuation increases considerably.
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Pseudo Random Pattern Generator
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Pseudo-Random Pattern Generator

In data transmission circuits we have to consider not only discrete frequencies, but a wide
frequency band determined by the bit pattern of the data transmitted. Long sequences of ones
or zeros represent a low frequency, alternating bit carrying ones and zeros represent a high
frequency. Due to the DC content in longer steady states and the filter characteristic of
longer lines a DC shift of the average voltage is generated on the transmission line. This DC
shift causes the effective amplitude of the signal and the required threshold voltages of the
receiver to fluctuate.

To analyse the characteristic of transmission lines therefore a random pattern bit stream has

to be applied to the input of the cable while observing the response at the end of the lines. A

pseudo random pattern generator can be made easily by a shift register with a feedback from

some of the outputs to the serial inputs via an Exclusive OR function. When selecting the

correct feedback path the repetition period of this generator is 2 -1 shift clock cycles, where
n is number of bits in the shift register. The picture above shows such a pseudo ransom

pattern generator with an 8-bit shift register. The repetition period in this examples is 2 8-1 =
255 shift clock cycle.
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Eye Pattern

Using the pseudo random pattern generator described above, the transfer characteristic of a
twisted pair cable has been tested. The cable has length 1 = 1000 m and wire diameter d = 0.6
mm. The data rate is r = 300 kBit/s (bit duration = 3.5 s). The signal at the beginning (upper
trace in the above picture) is a square wave. At the line end the low-pass filter performed by
the cable slows down the rise time as well as the amplitude (lower trace). The ohmic
resistance of the wire has only a minor influence when comparing the peak voltages at the
beginning and the end of the line.

The majority of the signal quality degradation is caused by the frequency-dependent losses
(skin effect). The voltage swing and the time interval left for recovering the transmitted
information is the eye-shaped window in the signal flow. The height of the window gives the
effective signal amplitude which has to be detected by the receiver circuit. The width of the
eye determines the final time interval in which the information has to be sampled. This
picture shows also that the point of transition between the single bits varies depending on the
previous bit sequence. This transition time variation is called jitter. Therefore in many
receiver systems one can find a sophisticated clock recovery circuit to regenerate the original
timing (clock) of the information for correct sampling of the data.
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Protective Circuits

ESD and Latch up

.
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Electrostatic Discharge 1
Human Body Model (MIL Std 883)

E=0,4...4 WS
100MQ 1,5kQ
l_—{:}—_—\ {1}

The Human Body Model simulates the discharge of a human body into
an electronic device.

Questions: - Voltage? - Resistor?
- Capacitance? - Rise time (5 ... 10 ns)?

Note: When it tickles the finger, the voltage is >4000 V.
The real rise time during an electrostatic discharge is <1 ns.

.
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Electrostatic Discharge 1, Human Body Model

Various test methods have been developed to analyse the immunity of electronic components
to damage by an electrostatic discharge. One popular test circuit is the so-called Human
Body Model, which simulates the situation where the electric charge stored in a human body
is discharged into the device under test. To simulate that a capacitor C = 100 pF (capacitance
of the human body) is charged up to a voltage of V =+2000 V and is discharged thereafter
via a resistor R = 1.5 kQ into the circuit. Despite the question as to how far this test circuit
really simulates the situation mentioned some comments are necessary to explain the
different modes of destruction:

1) Short transition time of the discharge: The transition time of the current in the circuit
under test at the beginning of the discharge is extremely short: t <1 ns. During this short
time interval only a small area of the total protection network inside the integrated circuit
starts to conduct. This small area in some cases is not capable of dissipating the total power.
The silicon melts and the device is destroyed. This phenomenon explains also that if the
discharge does not occur in immediate neighbourhood of the circuit but at a certain distance
the device will survive: the inductance of the interconnect between the point of discharge
and the integrated circuit slows down the rise time. Now the total area of the integrated
protection network can conduct and short the current to ground.

2) High current: The protection network must be able to carry the relative high currents
during the discharge. In the test circuit shown above the peak currentis =1.5 A.

3) High energy: The protection network must capable to handle the energy during a
discharge. Mostly however the energy is not of concern. Most of the power stored in the
capacitor is dissipated in the series resistor. Assuming the breakdown voltage of the device
under test to be V, =20 V (in most applications only the forward voltage of the clamping
diode V=1 to 2 V has to be considered), the resulting Energy E, to be absorbed by the
device under test can be calculated as follows:

E, =V, -V -C=20V-2000V -100 pF = 4 uWs
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Electrostatic Discharge 2
Machine Model

E = 50 yWS
100MQ >500nH

The Machine Model is a modified Human Body Model to simulate the
discharge of a human body into an electronic device.

Questions: - Voltage? - Resistor?
- Capacitance? - Rise time (20 ns)?

Today integrated circuits withstand a discharge with a voltage of 200 ... 300 V.

.
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Electrostatic Discharge 2, Machine Model

Another test circuit had been developed in Japan called the Machine Model. In this test set
up a capacitor of C = 200 pF is charges up to a voltage V = £500 V, thereafter the capacitor
is discharged into the device under test without any current limiting series resistor. Because
of this, the energy Ea to be absorbed in the device under test becomes much larger:

E,=05V-C=500*V2-200pF = 50 uWs

On the other hand, the test specification allows a relatively high inductance in the discharge
circuit (up to 500 nH). This inductance slows down the rise time of the discharge current.
Finally, this test mostly addresses the capability of the device under test to absorb a certain
amount of energy. That a fast reaction time of the protection circuit is required for fast slew
rates is not so much of concern.

Last but not least, state-of-the-art integrated circuits withstand without damage a Human
Body Model (2000 V; 200 pF; 1.5 k), while most circuits in a Machine-Model test, they
withstand only voltages up to 200...300 V.




Protective Circuits

== European Mixed Signal & Logic Products

Electrostatic Discharge 3
Charged Device Model

Printed
circuit board

The Charged Device Model simulates the discharge of a component charged
during handling (e.g. transportation).

.
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Electrostatic Discharge 3, Charged Device Model

Even after continuos improvement of the capability of protection networks inside integrated
circuits, damaged components were still found after assembly on a printed board. A detailed
investigation showed that this destruction could be explained by the following situation: In
an automatic assembly equipment during assembly the integrated circuit in question slides
through the plastic tube (the container during transportation and storage) and is charged up.
When the circuit lands on the printed circuit board the capacitance of the device is
discharged again. By this discharge, the circuit may be destroyed.

To test the immunity against discharge the device under test is placed on a metal plate (see
the above figure). The circuit is charged up to a voltage V = 1,5 to 2 kV. Thereafter the pin
of the device to be investigated is shorted to the metal plate. It has been demonstrated that
integrated circuits which withstand a test with a voltage V = 1,5 to 2 kV, are not degraded
during the assembly cycle. Circuits which withstand a lower voltage, may be degraded. It has
to be mentioned that until now no correlation has been found between the test results of the
human body model test and the charged device model test. Circuits which show a good
performance in one test environment, may fail in the other one.
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Real World ESD Test

Connection of a Charged Cable

E=500uWs

: +1000V TOOOPF
A cable with a length of 10 m (C = 1000 pF) is connected to an electronic

equipment. The energy stored in the capacitance of the cable is
discharged into the electronic components of the interface circuitry.

.
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Real World ESD Test

All the tests shown above by far do not show the rough treatment which may happen to
interface circuits. At typical situation is the following: A modem needs to be connected to a
personal computer. The modem is placed at one end of the room, the computer at the other
end, with 10 m between these two equipments. The man who installs the cable walks through
the room over carpet, which as is well-known, generates high electrostatic charge. By
keeping one end of the cable in his hand, the cable may be charged up to a voltage V = 1000
V. When the cable is now connected to the equipment, the capacitance of the cable C = 1000
pF is discharged into the interface circuits. The energy to be absorbed under this condition is
far higher than that found in the previous test standards:

E,=05-V*-C=05-1000V?*-1000pF = 500 uWs
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Temperature in a Protection Circuit
Connection of a Charged Cable

AS = E
Vg x Cg
2pm )
500uWs
A8 = —
80 x10 mm" x 1,631 Ws/Kcm3
A8 = 3830 K

Due to the slow propagation speed of the heat (1 pm/us), the energy of an
electrostatic discharge heats up mainly the relatively small volume of the
protection circuit only.

The high temperatures generated by the high discharge energies lead to
melting of the silicon and immediate destruction of the component.

.
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Temperature in a protection circuit

The protection network inside an integrated circuit has to absorb the energy during the

electrostatic discharge described above. The discharge time is relatively short. In the case of
the charged cable the discharge time is twice the propagation time of a wave on the cable = 2

x 10 m x 5 ns/m = 50 ns. During this time energy is injected into the protection circuit. It is

further assumed that the protection circuit occupies an area of 200 x 200 mm? (four times the
size of a bond pad), and that the depth of the junction is 2 pm, which results in a volume Vg
= 80 x 10-6 mm3. Considering, that the thermal propagation time of the heat wave in the

silicon crystal is about 1 wm/us., one can say that during the first microseconds the total heat
will stay in the protection circuit. By knowing the thermal capacitance of silicon C = 1.631
Ws/Kcm3, the temperature increase A9 in the protection network can be calculated:

ngo_Eo _ 500 uWs
T V,-C, 80-10°mm’-1.631Ws/ Kem®

=3830K

The melting temperature of silicon is about 1600°C. The aluminium metallization - already
melted at much lower temperatures - will diffuse into the silicon. The normally high
impedance ESD protection circuit becomes a short circuit.
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Protective Circuits in HCMOS circuits

{]Vee

Internal
Input ot | ]output

- — [JenD

Clamping diodes at inputs and outputs
[ P ] L":’" NJ [N"l withstand ESD at:

>l‘ - '>| P Inputs typ: 4 - 4,5 kV

| I Outputs typ: 2.5 - 3 kV

N substrate
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Protective Circuits in HCMOS Circuits

The protection circuits in integrated components are of different kinds depending on the
actual requirements. Bipolar integrated logic circuits for example in most cases do not
require any special measures at the outputs due to the high current capability of the output
transistors. These components already guarantee sufficient protection against damage by an
electrostatic discharge. In CMOS circuits additional measures are required. At the output we
find diodes to the positive (V_) and negative (GND) supply rails, which in a case of a
discharge lead the current to these supply rails. A second diode shown at the output and the
Vcc terminal is a so called parasitic diode generated by the p-doped diffusion of the drain of
the output transistor located in the n-doped substrate.

At the inputs of CMOS circuits we mostly find diodes to the V_ rail to limit positive
voltages. The limiter for negative voltages in the above circuits diagram looks like a
transistor with a resistor in parallel. The original design goal was a resistor - to limit the
current - and a diode - to limit the voltage -. The result is shown in the picture above: The
resistor is an n-doped diffusion area placed in a p-doped tank (for isolation purpose). The
total circuit again is located in a n-doped substrate. Beside the desired resistor and diode this
structure also produces a so-called parasitic PNP transistor. In the case of the protection
circuit this will not be any disadvantage. During an electrostatic discharge a certain amount
of the current will flow via the parasitic collector also to the V rail. That however will not
degrade the quality of the circuit.

The circuit described here shall be an example only. In practice one finds a wide variety of
circuits adapted to the application requirements as well to the process capabilities of the
semiconductor structure.
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Latch-up Protection in CMOS Circuits

4 Guard Rings
A

N
4

Vee
ot

s GTD

\ lN+J P+ P+

3

S
Y,

Guard rings act as additional collectors of the parasitic transistors.
Via these collectors most of the substrate current is led to the V¢ and
GND terminals of the circuits. That reduces the sensitivity of the thyristor.

{:’ —
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-Substrate

Latch up Protection in CMOS Circuits

Whenever a semiconductor manufacturer produces complementary MOS circuits (CMOS),
PNPN structures are generated on the silicon chip. In the above picture the p-diffusion of
drain and source of the p-channel transistor are located in an n-doped substrate. The n-doped
source and drain of the n-channel transistor are placed in a p-doped well for isolation
purpose. This well is again located in the substrate. This arrangement acts as a thyristor
where the anode and the cathode are connected to the supply terminals of the circuits, while
all inputs and outputs are the gates of the thyristor. By driving a sufficient current into any
input or output the thyristor will be fired causing a short circuit between the supply terminals
(latch-up). This overload will immediately destroy the integrated circuit.

To avoid latch-up semiconductor manufacturers place guards rings inside the integrated
circuits. These p- or.n-doped areas connected to the positive and negative supply rails
respectively surround the critical parts of the circuits. They provide additional collectors for
the parasitic transistors which short most of the current which may fire the thyristor to the
supply rails. This technique reduces the sensitivity of the thyristor in such way that under
normal operation latch-up will be avoided.




Protective Circuits

= European Mixed Signal & Logic Products

Latch-up Test Circuit

(A
o[ T
O

Vccmax I Vccmax

GND

Family |, @ 125°C ' & u
SN74HC 300mA i
SN74AC 500mA
SN74BCT 500mA R
SN74ABT 500mA t

t,/t=5us ty=10us

.
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Latch up Test

During the characterisation process of an integrated circuit a latch-up test is also performed,
to check the efficiency of the protection circuits. For this purpose a high positive and
negative current is driven into any input or output terminal of the integrated circuit to check
if there is any way to fire the thyristor and to cause latch-up. The current pulse in this test has
to have a certain length (several microseconds) since the transit frequency of the parasitic
transistors is very low (f, = 1 MHz). A very short pulse is thus hardly able to generate latch-
up. Note, that this test is a destructive test. The test is performed at T, = 125°C since the

current oa_m of the parasitic transistors. and thus the qpnmhv:fv the fhvrl stor increases with

parasillL A0S, allC S A0 SRl 20 YR AARITAStS WAld

temperature. As the table above shows, currents of the order of several 100 milliamperes will

not cause latch-up. Therefore in practice state-of-the-art integrated CMOS circuits are
immune against latch-up.
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Parasitic Transistors

Schott )
clamping c‘;i):)de Guardring Transistor

P-substrate

« High negative input currents can influence the function of the circuit
via parasitic transistors.

“"  Guard rings form additional collectors which lead the critical current
to GND.

.
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Parasitic transistors

The picture above shows the structure of a typical bipolar integrated circuit. On the left side
is found the Schottky clamping diode (n-metal junction). This diode limits negative
undershoots caused by line reflections. With low negative input currents at this diode the
forward voltage of this diode is about 0.5 V. With increasing current the forward voltage of
the diode also increases. At a certain current amplitude the forward voltage of the diode
becomes higher than 700 mV. At this point the n-p junction to the substrate also starts to
conduct. This n-p junction is the base emitter diode of a parasitic transistor, while all n-
doped areas in the neighbourhood are the collectors of the parasitic transistors. With a
sufficiently high current into the clamping diode and the substrate the parasitic transistor will
be turned on. By this the collector of the transistor in the right side in the picture above is
pulled to a low level. Due to this undesired effect, the integrated circuit may not function
correctly, again.

To avoid these parasitic effects, guard rings are again placed around the input circuitry - in
this case the clamping diode. These guard rings perform as an additional collector of the
parasitic transistor which shorts most of the current in the substrate to ground. This technique
again does not eliminate the parasitic transistor, but it reduces its current gain so far, that
under normal operating conditions no malfunction of the integrated circuit will occur. For
example, the guard rings of logic circuit of the series SN74xx are designed so that a negative
input current I, = -60 mA for a duration t; = 100 ns will not cause a malfunction of the
integrated circuit. '
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IEEE 488 - General Purpose Interface Bus (GPIB

+ The |IEEE 488 specification describes an universal interface bus; which consists
of 8 parallel control lines and 8 parallel data lines.

+ This interface is used for communication between a processor and
programmable measurement and similar equipment.

¢ The 8 bit parallel data bus works with a data rate of max. 1.5 MByte/s

.
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IEEE 488 Interface-Bus-Structure
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IEEE 488 Interface-Bus-Structure

The figure illustrates a typical application of a complex GPIB system. The figure shows the 8
bit data-bus and the 8 bit control bus. Texas Instruments offers in the SN7516x family
several transceivers, that meet the IEEE 488 standard.

Careful attention must be paid to the 8 signal lines DAV, NRFD, NDAC, IFC, ATN, REN,
and SRQ. Each of the signal line must be twisted with one of the logic ground wires to
minimize crosstalk.
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GPIB Input/Qutout Port

Typical of all I/O Ports except SRQ, NDAC and NRFD GPIB I/O Port Typical of SRQ, NDAC and NRFD GPIB I/O Port
[11 'I‘R(eq) 1_7|@{IJ i0 kﬂ[[lj ’]1 |l| L.Tkﬁ{lj 0k [I] |l|

i 0¥ - y i

° Id- ° Id-

El T
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x X
Input/Output Port Input/Output Port
Totem Pole Open Collector
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GPIB Input/Output Port

The typical input/output stages are illustrated in this figure. Outputs are either totem pole or
open collector. A totem pole output is required for faster data rates. Open collector outputs
must be used, if parallel polling is required (wired-and, wired-or function with multiple
lines). The output stages SRQ, NDAC and NRFD are configured as open-collector output
stages. All driver outputs feature active bus-terminating resistor circuits, designed to provide
high impedance to the bus when Vcc = 0V. The two different input stages are similar. Each
of the inputs consists of a clamping diode to limit the negative undershoots at the end of the
line. A further termination is therefore not required.
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Measurement of Low-High Transition
Totem Pole/Open Collector
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Measurement of Low-High Transition Totem Pole/Open Collector

The figures show the low-high transition of the totem pole and open collector output stage. It
is obvious that due to the misterminated line the low-high transition of the open collector
output stage is substantial slower than the low-high transition of the totem pole output. The
energy to charge the capacitance of the line has to be provided via the high impedance
resistor network in the bus interface circuits.
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Totem Pole/Open Collector
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Totem Pole Open Collector

The simulation of both output stages show the same result as the measurement.
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Simulation of Low-High Transition Totem Pole/ Open Collector

The simulation of both output stages show the same result as the measurement.
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rement of High-Low Tr: ition
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The high-low transition is similar for the totem pole and open collector output stage. The
negative undershoots at the end of the line are limited through the internal clamping diode.

{i;_

-DATA TR N

Measurement of High-Low Transition

The high-low transition is similar for the totem pole and open collector output stage, because
the output impedance in the low case of the open collector- and of the totem pole output
stage are the same. The negative undershoots at the end of the line are limited through the
internal clamping diode. A further clamping diode is therefore not required.
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Simulation of High-Low Transition
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The simulation of the high-low transition confirms the measurement.

HPB9610/4/008/00E - DATA TRANSMISSION
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Bergeron Diagram Totem Pole
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Bergeron Diagram Totem Pole

As already mentioned in the section ‘Basics and Practical Examples of Transmission’, the
Bergeron Diagram is a simple tool to analyse line reflections in circuits which show
nonlinear characteristics as in semiconductor components. The picture above shows the
Bergeron Diagram for the totem-pole output stage with its voltage/current diagram, the
output characteristic of the driver for the low and high case, and the input characteristic of
the receiver. The drawing lines with the alternating slopes show the voltages at the end and
at the beginning of the line. The Bergeron Diagram confirms the results of the measurement
and simulation.




TTL-type Data Transmission

== European Mixed Signal & Logic Products

rgeron Diagram en Collector
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Bergeron Diagram Open Collector

The Bergeron Diagram confirms that the low-high transition of the open collector output
stage is very slow.
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IEEE 1284
+ Adds bi-directional capabilities to the existing “Centronics Parallel Interface”
¢ Multiple bi-directional operating modes
+ Advanced operating mode can reach speeds of 2 to 4 Mbyte/s

+ New electrical interface, cabling and connector for improved performance and
reliability while retaining backward compatibility.

‘ .
’
1/00E - DATA TR. ION

IEEE 1284

The IEEE 1284 standard, “Standard Signaling Method for a bidirectional Parallel Peripheral
Interface for Personal Computers” was created because there existed no defined standard for
bidirectional parallel communications between personal computers and peripherals. Pre-
existing methods used a wide variety of hardware and software products, each with unique
and incompatible signaling schemes. This standard was developed to provide an open path
for communications between computers and more intelligent printers and peripherals.
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74ACT1284 and SN74LVC161284
IEEE1284 - 1/O Transceivers

... more than just a bi-directional parallel data interface!

* 50 to 100 times faster than the original parallel port (Centronics)
* fully backwards compatible
* supports 5 modes of data transfer (Centronics; Nibble; Byte; EPP; ECP)

Host Computer Possi ions: Parallel Peripheral
new 1284 port new 1284 port Printer/Device
G 36-pin conductor
old parallel port new 1284 port
25-pin DB25 . 36-pin conductor
new 1284 port old parallel port
36-pin conductor 36-pin centronics plug

HPB9703/4/012/00E - DATA TRANSMISSION

IEEE 1284 - 1/0 Transceivers

The release of the IEEE1284 standard answers the demand for an industry-wide, high-speed,
high-integrity parallel port standard for a bidirectional peripheral interface. Already widely
adopted by both computer and peripheral manufacturers, the ‘1284 standard can
communicate more than 50 times faster than conventional parallel port interfaces.

Texas Instruments now offers two discrete bus driver solutions to the IEEE1284
specification. The devices, designated SN74ACT1284 and SN74LVC161284, are
respectively a 7-bit and 19-bit bus interface that directly drive the communications channel.
Both are compatible with the complete IEEE1284 electrical specification and support
reliable data transfer over cables up to 10 meter (30 feet) in length at speed of 2 Mbytes/sec.
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N74ACT1284

* Can be used on either the HOST or PERIPHERAL side

* Outputs can be switched from Totem-Pole to Open-Drain
« Backwards compatible with “Centronics” standard interface
e Meets IEEE1284 Level 1 and Level 2 interfacing requirements

* Live insertion capability (supports “Plug-n-Play”)
* Reliable data transfer in cables up to 10 meter (30 feet) long; Speeds of 2 Mb/s

* 7-bit bus interface with 3-state outputs
o 4 bidirectional bits available for data transfer
« 3 unidirectional bits available for:Control - when located on the host
Status - when located on the peripheral
* 20-pin SOIC or SSOP packages available

.
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SN74ACT1284 IEEE 1284 - I/O Transceiver

The SN74ACT1284 was the industry’s first discrete bus driver solution available on the
market. It uses 4 bits for data signals and 3 bits for control or status functions.

It allows the printer or other peripherals to be connected to the host PC while the system is
active. This hot insertion capability is needed to support the plug-and-play initiative
supported by current systems, such as Microsoft Windows™ 95. The SN74ACT1284
provides a reliable transfer of data over cables of up to 10 meters in length and at speeds of
up to two megabytes per second.

The SN74ACT1284 is available in 20-pin SOIC or space-saving SSOP.
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* *

* ¥ * *

€A S CONTROL =

Replaces two ‘ACT 1284
Can be used on either the HOST or PERIPHERAL side
Outputs can be switched from Totem-Pole to Open-Drain with Integrated Pullup resistors
« Backwards compatible with “Centronics” standard interface
« Meets IEEE1284 Level 1 and Level 2 interfacing requirements
Live insertion capability (supports “Plug-n-Play”)
The Cable side operates at 5V or at 3.3 V (5 V tolerant)
Reliable data transfer in cables up to 10 meter (30 feet) long; Speeds of 2 Mb/s
19 -bit bus interface with 3-state outputs
« 8 bidirectional bits available for data transfer
« 5 unidirectional cable drivers for Status signals - special threshold voltages designed at these inputs
« 4 cable receivers for Control signals
« 1 cable driver dedicated to the “Peripheral Logic High” signal - 84 mA driver
« 1 receiver dedicated to the “Host Logic High” cable signal - special threshold designed at this input
48-pin SSOP package available

HPB9703/4/014/00E
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SN74L.VC161284 IEEE 1284 - 1/O Transceiver

The new SN74LVC161284, a 19-bit bus driver, is the next generation of parallel port
interface device, with twice the functionality and greater performance than the ACT1284. It

supports

8-bit data, 5-bit status and 4-bit control signals. In addition, 1 bit each is available

for the "Peripheral Logic High" signal and the "Host Logic High" cable signal.
Noise, which severely affects data integrity, is one of the problems associated with high-
speed transmission. To reduce the chance of faulty signals being transferred over the

system's

parallel port, both devices features a finely-tuned Output Edge-Rate Control circuit

(OEC™) and an enhanced input hysteresis circuit. For compatibility with the older

Centroni

cs standard interface, the devices’ outputs can be switched from Totem-Pole to

Open-Drain.
The SN74LVC161284 is available in a 48-pin SSOP.
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SN74ACT1284/LVC161284 Application

The picture above shows the typical application with the SN74ACT1284 and the
SN74LVC161284.

By using the SN74ACT1284, which uses 4 bits for data signals and 3 bits for control or
status functions, two chips are required for the solution.

The two SN74ACT1284 can be replaced by using the new 19-bit bus driver
SN74LVC161284.
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Logic Diagram SN74ACT1284

HD
DIR

A1, A2, A3, A4

TV

B1, B2, B3, B4

7
A

A5, AB, A7 BS, BS, B7

\b<>

.
[/ JE—
-DATA TR ON

Logic Diagram SN74ACT1284

Since some systems must remain backward compatible with the older Centronics standard
interface, the SN74ACT1284’s outputs can be switched from its normal totem-pole output to
an open-drain output. The output drive for each mode is determined by the high drive (HD)
control pin. When HD is high, the high drive is delivered by the totem-pole configuration,
and when HD is low, the outputs are open-drain. This meets the drive requirements as
specified in the IEEE 1284-1 (level 1 type) and the IEEE 1284-II (level 2 type) parallel
peripheral specification.

Furthermore the device allows data transmission in either the A-to-B or the B-to-A direction
for bits 1, 2, 3, and 4, depending on the logic level at the direction control (DIR) input. Bits
5, 6, and 7, however, always transmit in the A-to-B direction.
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IEEE1284-C Wiring Diagram
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IEEE 1284-C Wiring Diagram

The picture above shows the IEEE 1284-C (host) to IEEE 1284-C (peripheral) wiring
diagram. It can be seen that each signal line should be twisted with Signal Ground to
minimize the crosstalk and to achieve a high data rate.
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Original Parallel Interface (Centronics)

An official standard has never been defined for the original ‘Centronics’ printer port. This
causes problems in circuit designs, because of unknown hardware design elements, such as
termination resistors or driver output impedances. Therefore for safe data transmission, only
a short cable between host and peripheral (1 to 2 m) is allowed.
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IEEE1284 C Driver iv rmination
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IEEE 1284 C Driver/Receiver Termination

The intent of the termination is to match the characteristic impedance at the source and have
a high impedance at the load. This will cause half the source voltage to be injected into the
cable and a doubling of voltage at the load. Because of component tolerance, the matching
source impedance is slightly lower than the nominal characteristic impedance of the cable to
guarantee proper voltage levels at the load.

Referring to the figure, R, is the output impedance of the circuitry of the active driver. Ry is
a series resistor used for matching. R, represents the combined output impedance of the
driver and impedance matching resistor (the sum of Rg and R,). R, should be 45-55Q. This
causes the driver to generate an incidént wave of amplitude slightly in excess of one-half
Voy minus Vg, into an infinitely long 62Q transmission line as measured at the driver/cable
interface, for transitions in either direction.

All input signals provide pullup resistors to + SV to ensure operation with Level 1 and
compatible devices.

The 1kQ resistor in series of the receiver input is recommended for ESD protection.
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IEEE 1284 C Transceiver Termination

The IEEE 1284 transceiver termination is in principle similar to the driver/receiver
termination. However, in this termination it is not possible to implement the 1k€2 resistor in
series for ESD protection of the receiver input, without having a mismatching at the driver
output.
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I/O Characteristic of the SN74ACT1284 B-Port

The 1/O characteristic of the SN74ACT184 B-Port is shown in the figure above. It gives an
indication of the actual behavior of the component in a system and is also useful to predict
the waveforms (Bergeron Diagram, Lattice Diagram) resulting from line reflections.
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Examples: Interface ITU-T V.28 (RS-232), (ITU-T V.10 (RS-423))
+ Advantages Disadvantages
Noise and crosstalk

¢ Low system cost

.
« Simple to implement ¢ Ground shifts
¢ Low data rates
I’

Low line length
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Advantages of single ended transmission

The advantages of single ended transmission are simplicity and low cost of implementation.
Obviously a single ended system requires one line per signal and is therefore ideal for parallel
communication where many lines are required e.g. PC parallel printer port or serial
communication with many handshaking lines e.g. EIA-232. Cabling costs can be kept to an
absolute minimum with short distance communication requiring no more than a low cost ribbon
cable. For longer distances or/and noisy environments, shielding is essential and cabling costs
begin to increase.

Disadvantages of single ended transmission

The main disadvantage of the single ended solution is its poor noise immunity. Because the
ground wire forms part of the system, transient voltages or shifts in voltage potential may be
induced (from nearby high frequency logic or high current power circuits), leading to signal
degradation. This ultimately leads 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 its 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 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.
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RS-232 INTERFACE

'0' (Space)

+12V +5V +5Vto 15V

-3V
5Vto-15V
max 1 ms

¢ Unbalanced circuitry ¢ Output slew rate max 30V/uS (EMI 1)
¢ Output drive voltage: + Maximum data rate: 20kbps

Space = 5...15V; ¢ Load capacitance < 2500 pF

Mark = -5...-15V includes receiver input
¢ Receiver level: (approx. 20 m cable length)

Space > 3V: Mark < -3V
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EIA-232 Specification

All circuits in accordance to EIA-232 carry bipolar voltage signals which must not exceed +/-
25V at the connector pins. 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 k€ 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 '1' of between -5 V and -15 V. At the
receiving end a voltage of between +3 V and +15 V represents a '0' and a voltage of between -3
V and -15 V represents .a 'l'. Voltages between +3 V are undefined and lie in the transition
region.

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.

The maximum slew rate of the signal at the output of the driver is 30 V/us. 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 that the
driver and receiver use a common signal ground and the associated noise introduced by the
ground current severely limits the maximum data throughput.

For this reason the EIA-232 standard specifies a maximum data rate of 20 kbps.
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The transmission line theory can be ignored when the rise time of the signal is longer
than twice the propagation time.
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The section ‘Basics and Practical Examples of Transmission’ comprised the topics termination
and line reflections. In the case of the RS-232 interface the receiver input impedance is between
3k - 7 kQ. A termination resistor is not necessary, because of the slow rise time of the signal.
This effect is shown in the figure above, the line reflections occuring during the rise time of the
signal.
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If the rise time of the signal is longer than twice the propagation time, all the line
reflections occur during the rise/fall time of the signal. In this case we assume a
capacitive load and coupling.
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Capacitive Crosstalk

The capacitive crosstalk in a RS-232 interface can be treated as shown in the figure. If the rise
time of the signal is longer than twice the propagation time, all the line reflections occur during
the rise/fall time of the signal. In this case it is allowed to assume a capacitive load and
coupling. The coupling capacitor is between 0.2 and 1 Cw. This value depends on the type of
cable.
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The driver may be considered as a voltage limited current source |1 (+/- 10 mA).
In conjunction with the line capacity (Cw = 0,5...1pF/cm). This slows rise and fall
times, which are dependent on the line length.
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The simulation and the measurement show a similar result. The crosstalk doesn't disturb the sytem due to the
slew rate limited signals.
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The DB9S Connector

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. The figure shows the pins assignments
for the interconnect cable into the DTE connector. An explanation of the function of each signal
is given below:

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.
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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.

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.
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EIA-232 Null Modem

The majority of equipment uses the Data Terminal Equipment (DTE) interface and makes use
of the null modem as a means of communication between DTEs, without intermediate Data
Circuit-terminating Equipment (DCE). The null modem makes use of feeding back the RTS
signal to the CTS line on each interface. The figure details the connections for implementing a
full null modem for the DB9S connector.
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ElA-232 Port
+ Contains five receivers and
three drivers - replaces 2xSN75189
and 1xSN75188 = 35% board saving

¢ Easy Interface between UART and
serial port connector (flow through
pin out)

DB9S Connector

¢ Less than 9 mW power consumption
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SN75C18S: Optimised PC Interface

The DB9S DTE interface consists of 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 SN75C18S is just that. The SN75C185 integrates three
drivers and five receivers and 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. 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.

5-11



Unbalanced Data Transmission

= European Mixed Signal & Logic Products

SN75C185 vs '188/89 Current Flow
) Vbb (12v) Vee 5v)
Device ‘SN751 89x2 SN75188x1
Total 188/189 ™
SN75C185 x 1 | oo
0 300 600 900 1200 . I
Power Dissipation - P, (mW) Vss (-12v)

Iss
Basic Equation
Pdis = l:,q + npis + mPos

l .
l
1/00E - DATA TR, ON

Low Power with the SN75C185

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.

Auvailable 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.

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 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 5 V and +12 V supplies. The power
dissipated, P, within each device is the quiescent power of the device, Pq, plus the power
dissipated in the input stage, P,, and the power dissipated in the output stage, P, (when it is
driving the line).

is?

Hence,
1:.dis = Pq + nPis + mPos
Where n is the number of active input stages and m is the number of active output stages.
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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, Pisd:-
Pia =VeeX Iy
=12x 1.6 mW
=192 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, P_;, is:

Von

osd = - *
Posa = (Vcec — Von) Re

=(12-9)*% mwW

=9 mW.

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

P =576+4%x192+3%x9 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.
Posr = VOL X IOL
=045x10 mW
= 4.5mW

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. (Vom?

=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 5 V 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:

Py =130+4%x27+3%x45 mW
=233 mW.
The power dissipated in the second receiver is:-
P =130+4x27+2x45 mW
=210 mW.
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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:-

P, =Vpp X Ipp + Vgs X Igs + Ve X Iec
=12x200+-12x-200 + 5 x 750 uWw
= 8.55mW

The power dissipated in the input stage of the driver is:-

Pia =Vpp X I,
=12x 1 pyW
=12 pW.
This is multiplied by three to take into account all of the drivers.

The power dissipated in the output stage of the driver, Posd, is:
VoH
RL

=(12-10)x1§mw

Posd = (Vcc — Vor)*

=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 IOL
=04%x32 mW
=1.28 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 thie interface system. The power dissipated within the chip will however
cause the junction temperature to rise.

The power dissipated in the input stage, P
_ (Vony?
Pisr =
L

2
=E—mW
3

=333 mW

This power dissipation will also require multiplying by five. Giving a total input power
dissipation of 167 mW.

s €Quals:

Summing all the power contributors the total power dissipation is given by;

Py =P, + 3P+ 3P + 5P + 5P
=8.55+3x12x103+3x6.67+5x 33.3+5%x1.28 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.
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ElA-232 Port

¢ Pinout compatible with the SN75C185

« Easy Interface between UART and

5 DSR serial port connector (flow through
s RX pin out)
c RTS
s ™
(&} s ¢ Support rates up to 120 kbps with
9 - lower capacitive loads (shorter cables)
m DTR
o Ri . .
¢ Three external capacitors are required
to meet a slow slew rate of 30 V/us.
The value depends upon the line
length, but typically 330 pF
5 —
SN75185; Low Cost PC Interface

The SN75185 combines, like the SN75C18S, 3 drivers and 5 receivers. The pinout matches the
flow through design of the SN75C185 to decrease the part count, reduce the board space
required, and allow easy interconnection of the UART and serial port connector. The bipolar
circuits and processing of the SN75185 provides a rugged low-cost solution for this function at
the expense of quiescent power and external passive components relative to the SN75C185.

The switching speeds of the SN75185 are fast enough to support up to 120 kbps with lower
capacitive load (shorter cables).
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N75LBC187; imi for Portabl

5V
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cs ¢ Robust bipolar I/O structures
cze 2. - +/- 30 V receiver input range
_[ LH'] - 6 kV ESD protection
T ¢ SSOP packaging
4 —

SN75LBC187; Optimised for Portables

The SN75C18S5 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 inverters can be made.

The SN75LBC187 integrates the charge pump on the same IC as the EIA-232 drivers and
receivers. It is fabricated in Texas Instruments' proprietary LinBiCMOS™ technology and
contains. three independent drivers and 5 independent receivers together with the switched-
capacitor voltage converter. The SN75SLBC187 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.

5-16



Unbalanced Data Transmission

The switched-capacitor voltage converter of the SN7SLBC187 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 Texas Instruments' 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 'LBC187, 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 uF and

you have the ideal single supply solution for space restricted applications.
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SN75LBC187; 116 kbps operation

As discussed earlier, 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, IOS, is higher than
say the SN75C185 and is therefore able to drive longer line lengths at higher data rates. The
figure 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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Crosstalk in a 116 kbps Operation

Due to the fact that the output current of the SN7SLBC187 is higher, it is important to ensure
that the crosstalk of the transmission system is low. The figure illustrates the crosstalk with the
SN75LBC187 in a 116 kbps operation. The crosstalk is similar to the investigation with the
SN75C185 in a 20 kbps operation.
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SN75LV4737; 3.3/5 V EIA-232 PC Interface

The SN75LV4737A consists of three drivers and five line receivers, and charge pump circuitry.
This combination matches, like the SN75C185 and SN75185, the typical serial port. The charge<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>