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PRECISION SENSOR SIGNAL CONDITIONING AND TRANSMISSION

SECTION 1

PRECISION SENSOR SIGNAL
CONDITIONING AND TRANSMISSION
James Wong, Joe Buxton, Adolfo Garcia,
James Bryant

PRECISION SIGNALS AND SYSTEM ERROR SOURCES

Managing the total error budget in a Figure 1.1 shows accuracy (resolution)
complex high resolution precision expressed as a percentage, ppm, and
system is extremely difficult. Every voltage (assuming a 10V fullscale signal
component in the system must be range).

examined as a potential source of error.

LEAST SIGNIFICANT BIT WEIGHTS
FOR VARIOUS RESOLUTIONS

RESOLUTION % PPM LSB WEIGHT
FULLSCALE | FULLSCALE (10V FS)

12-bits 0.0244% 244 ppm 2.44mV

16-bits 0.0015% 15 ppm 152uvV

18-bits 0.00038% 3.8 ppm 38uv

20-bits 0.000095% 0.95 ppm 9.5uVvV

22-bits 0.000024% 0.238 ppm 2.38uVvV

Figure 1.1

Consider the industry-standard 741 or The precision OP-07 has an offset
LM348 op amps which have an input voltage specification of 150pV which is
offset voltage specification of 6mV. In a equivalent to 1 LSB absolute error in a
12-bit system, this corresponds to over 2 16-bit system. However, the OP-07
LSBs absolute error (assuming no offset drift over temperature of

system calibration). 1.8uV/°C produces an additional 108V

1-1
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error over a 60°C temperature change
(25°C to 85°C). The resulting total error
over temperature becomes almost 2
LSBs.

For 18-bit accuracy, even the ultra-low
offset voltage OP-177 (its best grade
has 10pV initial offset and 18uV total
Vos drift), barely makes the 1 LSB error
limit of 38uV.

For absolute accuracy at the 18-bit level
and beyond, chopper stabilized amplifi-
ers may be used to meet the DC offset

and drift requirements at the expense
of increased noise levels due to the
chopping action. Additional filtering
must be employed to take full advan-
tage of choppers, and they are gener-
ally more noisy than bipolar op amps
for bandwidths above 0.1Hz.

More and more data acquisition sys-
tems which operate at resolutions of 16-
bits or greater are being designed with
auto-zeroing circuits or with periodic
self-calibration in order to maintain
absolute accuracy.

EFFECTS OF OP AMP OFFSET
AND DRIFT ON SYSTEM ACCURACY

B 741 Amplifer Has Offset Voltage of 6mV:
B OP-07 Has 25°C Offset Voltage of 150uV:

= OP-07 Has Tempco of 1.8uV/°C:

B OP-177 (Best Grade) Has 25°C Offset of 10pV:

B OP-177 (Best Grade) Has Total Vos Drift of 18pV:

2 LSBs at 12-bits
1 LSB at 16-bits

1 LSB at 16-bits,
AT =60°C

1/4 LSB at 18-bits

1/2 LSB at 18-bits

Figure 1.2

Besides evaluating the effects of electri-
cal components on total error, mechani-
cal and environmental issues must also
be considered when designing precision
systems. For example, the parasitic
thermo-electric (bi-metallic) junction

1-2

between copper and Kovar has a
18uV/°C temperature coefficient. There-
fore, a 1°C temperature gradient across
a PC board can generate as much as

2 LSBs error in a 20-bit system.
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OTHER CONSIDERATIONS FOR HIGH ACCURACY SYSTEMS

B Chopper Stabilized Op Amps

Noise

Auto-Zero and/or Self-Calibration

Mechanical Parasitic Thermoelectric Junctions

Figure 1.3

The effects of noise must also be consid-
ered in high-accuracy systems. Perfor-
mance at the 22-bit level is often lim-
ited by noise. For example, the noise of
the OP-177 in a 100Hz bandwidth is
approximately 1pV p-p, 1/2 LSB at 22-
bits. Indeed, even the tempco of the
world’s best reference (1ppm/°C) intro-
duces a temperature drift of 4 LSBs/°C
at 22-bits.

Clearly some extraordinary methods
are necessary to achieve high levels of
absolute accuracy. Some form of auto-

calibration may be correct offset and
gain scaling errors. Averaging data over
long intervals minimizes random noise.
However, these techniques often result
in added cost and complexity.

In any event, all error sources (compo-
nent-related and physical) must be well
understood in order to successfully
design precision systems. Figure 1.4
shows a list of common error sources
and the approximate levels at which
they become significant.

1-3
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ERROR SOURCES AFFECT
ABSOLUTE ACCURACY IN PRECISION SYSTEMS
ERROR SOURCE 12 Bits | 14 Bits | 16 Bits | 18 Bits | 20 Bits | 22 Bits
Vos X X X X X X
Vos Drift X X X X
los X X X X
los Drift X X X X
Avol X X X X X
CMRR X X X
PSRR X X X
Amplifier Noise X X X
Resistor Tolerance X X X X X X
Resistor Tempco X X X X
Parasitic Tempco X X X
Ground Noise X X X X X X
Layout Effects X X X X X X
Long Term Drift X X
Circuit Self-Heating X X X X
Figure 1.4

In a high precision system, all sources

of error must be understood and evalu-

ated. In the following sections of this

seminar, we shall examine the various

elements in the signal path from the

transducer to the ADC. The error
sources associated with each portion
will be examined and appropriate
remedies for them will be suggested.

SENSOR OUuTPUT SIGNAL CONDITIONING EXAMPLES

There are resistive, capacitive, piezo-
electric, and other types of sensors for
different applications. There is no one
universal interface design that can
accommodate all sensor types. Within

1-4

the resistive class of sensors, for ex-
ample, resistances vary over a wide
range, and biasing requirements differ
depending on the individual sensor.
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LOW IMPEDANCE, LOW VOLTAGE TRANSDUCERS

H RTD:100Q

B Thermocouple: Low Resistance, 10uV/°C to 50uV/°C Output Tempco

B Load-Cell, Strain Gauge: 350Q to 10kQ Bridge. Up to
100mV Fullscale Output

B Dynamic Microphone: 150Q to 15000, up to 50 - 100mV Fullscale
Output

Figure 1.5

HIGH IMPEDANCE TRANSDUCERS
B Piezoelectric: 50kQ to >10MQ, pV to mV Output

B Photo-detector: >10MQ, nA to pA Output

H Capacitive: >100MQ

Figure 1.6

1-5
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The following examples illustrate some very low level applications.

A PRECISION WEIGHT-SCALE AMPLIFIER

A precision weigh-scale transducer is
usually configured as a 350Q bridge.
Figure 1.7 shows a load-cell amplifier
that is powered from a single supply.
The excitation voltage to the bridge
must be precise and stable, otherwise it
introduces an error in the measure-

ment. In this circuit, a precision 5V
reference is used as the bridge drive.
The REF-195 reference can supply more
than 30mA to a load, so it can drive the
350Q bridge without the need of a
buffer.

PRECISION LOAD-CELL AMPLIFIER

J\/\/\f VWA VWA VWA

19600 28.7Q
MA Ah A
10kQ 1kQ 1kQ 10kQ

2
Vi our]S_, +5:000V
REF-195
GND = 1uF
.l 4

3500
'BRIDGE

A

Figure 1.7

The bridge signal is amplified by the
two OP-213 op amps connected as an
instrumentation amplifier. The resistor
network sets the gain according to the
formula:

10kQ 20kQ

G=1+ + =
1kQ 196Q+28.7Q

100

1-6

For optimum common-mode rejection,
the resistor ratios must be precise. High
tolerance resistors (+0.5% or better)
should be used.

For zero bridge signal, the amplifier will
swing to within 2.5mV of OV. This is the
minimum output limit of the OP-213.
Therefore, if an offset adjustment is
required, one should start the adjust-
ment from a positive voltage and adjust
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downward until the output stops chang-
ing. This is the point where the ampli-
fier limits the swing. Because of the

single supply design, the amplifier
cannot sense signals which have nega-
tive polarity.

THE TMP-01 TEMPERATURE SENSOR/CONTROLLER

The TMP-01 is a new device that sim-
plifies the job of designing a tempera-
ture controller circuit. As the block
diagram in Figure 1.8 shows, the
TMP-01 combines a temperature sensor
with two comparators in order to pro-
vide a voltage output that is propor-
tional to temperature, and also to
include open collector outputs which
signal if the temperature has exceeded
a high set point or dropped below a low
set point. In addition, a built in hyster-
esis generator adjusts the comparators’

trip points by a programmable amount
to ensure that the outputs do not oscil-
late. The core of the TMP-01 is a tem-
perature sensor and 2.5V bandgap
reference. The temperature sensor
output is 5mV/K, resulting in an output
voltage of 1.49V at 25°C. The amount of
hysteresis and the comparator trip
points are determined by three external
resistors, R1, R2, and R3. The formulae
for choosing these resistors are given in
the TMP-01 data sheet.

TMP-01 TEMPERATURE SENSOR/CONTROLLER

2.5V TEMPERATURE SENSOR
: SENSOR &
VREF | 1 |¢ VOLTAGE [ 8 | V+
REFERENCE
R1

SETHIGH | 2

A 7 | ovER
—1+
R2 WINDOW

COMPARATOR

1S

SETLOW | 3 UNDER
GND | 4 5 | VPTAT
HYSTERESIS
GENERATOR
= TMP-01
Figure 1.8
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The versatility of the TMP-01 is illus-
trated in the temperature controller
shown in Figure 1.9. In this case, the
open collector outputs control a heating
element and a thermal shutdown circuit
to ensure that a piece of equipment is
maintained within a predetermined
temperature range. In this case, R1-R3
are chosen to give a low set point of
20°C and a high set point of 50°C, and
5°C of hysteresis. Thus when the tem-
perature of the TMP-01 drops below
20°C, the negative input of the com-
parator has a higher voltage than the
positive input, causing the open collec-
tor output at pin 6 to turn on. This
brings the gate of the p-channel
MOSFET, M2, low, turning on the

transistor and allowing current to flow
through the heating element. The
heating element stays on until the
temperature rises above 25°C (the set
point plus the hysteresis), when the
output transistor turns off M2 off. The
same process occurs when the tempera-
ture rises above the high set point,
except that here some type of thermal
shutdown or cooling circuit is activated.
Additionally, the temperature output
pin of the TMP-01 can be connected to
an ADC to continually monitor the
system temperature. Overall, the
TMP-01 combines a high degree of
functionality with an easily used, space
saving 8-pin dip or SOIC package.

HIGH/LOW SETPOINTS CONTROL CIRCUIT TEMPERATURE

V+
TMP-01 (4.5VTO 18V)
Q
sev nee | TEMP S&ENSOF( VPTAT . .
1 VOLTAGE
R1 REFERENCE 10kQ
27.4kQ 5%
1% 50°C ) 7 10kQ
5%
R2 ‘g M1 '
4'6‘1m WINDOW
1% 20°C COMPARATOR . |
3 | M2
R3 -
45.3kQ < ' THERMAL
1 SHUTDOWN
Yo 4 5
HYSTERESIS 6
GENERATOR |/ /
N4 HEATING
ELEMENT

B 5°C Hysteresis

B M1, M2: IRFR9022 or Equivalent P-Channel MOSFETs

Figure 1.9

1-8
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SINGLE SupPLY LINEARIZED RTD AMPLIFIER

Linearization of transducer outputs is
more difficult when there is only one
supply available. Figure 1.10 shows a
single supply circuit to correct the
nonlinear behavior of a Platinum
Resistor Temperature Detector (RTD)
device. The RTD operates in one leg of a
full bridge circuit that is excited by a

constant current source established by
1/2 of an OP-295 dual op amp. The
bridge current is regulated by servoing
the bridge current flowing into resistor
RSENSE and comparing with a 200uV
reference voltage derived from the
REF-43.

PRECISION SINGLE SUPPLY
RTD AMPLIFIER WITH LINEARIZATION

R3
BALANCE {

c3
0.1uF *5V R8

R9
50Q

383Q

R10

FULL-SCALE
ADJ

0-+4.00V
(0°C TO 400°C)

LINEARITY
ADJ.
(@1/2FS)

NOTES: ALL RESISTORS =0.5%, +25 PPM/°C
ALL POTENTIOMETERS =25 PPM/°C

Figure 1.10

The temperature-dependent resistance
change is amplified by the instrumenta-
tion amplifier AMP-04. Scaling is such
that for 0°C the amplifier output is OV,
and at 400°C the amplifier output is

+4.00V.

The RTD has an inherent curvature in
its resistance-versus-temperature
transfer function. If uncorrected, the
sensor’s nonlinearity would produce a
20°C error over the 400°C temperature

range. This nonlinearity can be cor-
rected by providing a small amount of
positive feedback to the reference
voltage, which increases the bridge
current at high temperatures. The
amount of positive feedback is suffi-
ciently small as not to cause a stability
problem in the circuit.

Calibration is an interactive three-step
procedure. First set the FULL-SCALE
and LINEARITY potentiometers to the




SYSTEM APPLICATIONS GUIDE

middle of their adjustment ranges. The
first calibration is made with the zero
adjust, and it should be made at a
voltage other than zero since zero-volts
is the negative voltage limit of the
circuit and is indistinguishable from a
zero-volt signal. A convenient zero
calibration point is +5°C. The procedure
is to substitute a known, stable
101.95Q resistor in place of the RTD
and then adjust the ZERO ADJUST
potentiometer for 0.050V at the output.

Next substitute the full-scale (400°C)
equivalent RTD resistance of 247.04Q.
Adjust the FULL-SCALE ADJUST pot

for a 4.000V at the output. Then substi-
tute the resistance corresponding to
half-scale (200°C), or 175.84Q. Adjust
the LINEARITY ADJUST pot for a
2.000V output. Since the FULL-SCALE
and LINEARITY adjustments are
interactive it is necessary to repeat the
calibration routine once or twice until
no further adjustment is necessary.

Once calibrated, the amplifier is accu-
rate to better than +0.5°C within the

0°C to 400°C measurement range. If a
higher supply voltage is available, the
measurement range can be increased.

A SINGLE SuppLY, PRECISION PHOTODETECTOR

A common photodetector circuit is
shown in Figure 1.11. The AD820 is
used as the current to voltage con-
verter. The photodiode is configured in
the photovoltaic mode to prevent “dark
current.” The photovoltaic mode is used
when accuracy is more important than
speed. In this case, the output current
of the photodiode can be well below
100pA. To resolve such low amounts of
current, the op amp should not contrib-
ute a significant amount of bias current.
compared to the photodiode. For this
reason JFET op amps are commonly
used as the current to voltage convert-
ers in such applications.

JFET amplifiers are usually designed to
operate with dual supplies. As a result,
to build a single supply photodetector,
the inputs need to be biased within the
common mode range of the amplifier.

Doing so requires additional compo-
nents, which adds cost as well as intro-
ducing possible error sources. The
AD820 is a JFET amplifier designed to
operate on a single supply over the
range of +3V to +36V, which makes
designing a single supply photodetector
circuit much easier. In the circuit in
Figure 1.11, the AD820’s negative
supply pin is connected to ground, and

- the inputs are biased at ground. The

ADB820 uses p-channel JFETs, which
allows the gate to operate at the nega-
tive supply potential while still main-
taining the input stage in its linear
region. This particular circuit uses a
100MQ resistor to convert the current
output of the photodiode to a voltage.
Care must be taken to minimize leak-
age paths at the inverting input node of
the op amp. (Section 3 of Reference 1.)
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SINGLE SUPPLY, PRECISION PHOTODETECTOR

Figure 1.11

AD820 SINGLE SUPPLY FET INPUT OP AMP FEATURES

Single Supply Operation: +3V to +36V

Dual Supply Operation: +1.5V to +18V
Output Swings Rail to Rail

Low Power: 600pA Supply Current Maximum
Input Offset Voltage: 200uV Maximum

Input Bias Current: 25pA Maximum

Low Noise: 13nV/VHz at 10kHz

Unity Gain Bandwidth: 1.8MHz

Slew Rate: 3V/us
Figure 1.12
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Other features of the AD820 are listed
in Figure 1.12. Another advantage of
the AD820 is that its output stage can
swing from rail-to-rail. In other words,
the output can swing as low as the
negative supply and as high as the
positive supply. This feature provides
the maximum amount of dynamic range
for a given power supply voltage. For
example, in a single +5V data acquisi-
tion system, the ADC probably has a 5V
input range. In order to utilize the full
input swing, the input amplifier needs
to swing from ground to +5V, which is

exactly what the AD820 can do. The
low end accuracy of the photodetector
circuit is limited mainly by the bias
current of the amplifier. The AD820 has
a very low 25pA maximum at room
temperature. In addition, the low noise
and low offset help maximize the low
end resolution of this circuit, all of
which makes the AD820 an ideal ampli-
fier for single supply, precision photode-
tectors.

For further discussion of photodiode
circuits, see Chapter 3 of Reference 1.
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REMOTE SENSOR APPLICATION PROBLEMS

When a sensor is located an appreciable
distance away from its electronics, noise
pickup or ground loop problems fre-
quently occur. The measurement
system’s circuits may be exposed to
potentially damaging electrical levels.
Protection circuits must be provided to

prevent catastrophic failures. It is
important to understand how these
problems arise in order to deal with
them effectively. This chapter discusses
various shielding, filtering, and input
protection techniques which can prove
helpful in the design of a system.

SHIELDING LoNG CABLES AGAINST NOISE Pickup

A cable that is more than a few inches
long may act as an antenna, picking up
extraneous noise from radio frequency
(RF) sources or other electromagnetic
(EM) sources. In a high noise environ-
ment, it is often necessary to shield the
cable. However, shielding alone is not
sufficient to eliminate noise pickup. One
must also ground the shield properly.

It is not always clear where to ground
the shield. Grounding at the wrong
place not only renders the shield ineffec-
tive, it may also introduce unwanted
ground current loops.

To study this problem, the precision
RTD amplifier circuit shown in Figure
1.15 was used as the basis for a series

REMOTE SENSING: AN ENGINEER'S NIGHTMARE

RF Noise Pickup

Where to Ground Shields to Avoid Ground Loops

|
W EMI Noise Pickup
[ |
|

Wire Resistance Introduces Errors

Figure 1.13
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AN IMPROPERLY GROUNDED
CABLE SHIELD IS A POTENTIAL NOISE GENERATOR

SHIELDED
TWISTED PAIR

CHAsms_If

EQUIPMENT

N\
) AMP

Ny
/[ 7
(L_m_,// SIGNAL
| 7 GROUND
2 |/

GROUND =

Figure 1.14

EXPERIMENT: A 1002 RTD
LOCATED 10 FEET FROM INSTRUMENT

+15V =15V
2 16|
+5.000V 14 -
ZERO 15 12
ADJUST l AD588BD (12
1 4
500 (o] 6]

100Q 10 FEET
RTD /7 \

2 825k 2825k

8 [0] of ZL.
0.1uF

% 100Q
]

oh LT

OP-213

Figure 1.15

4.92k0 100Q
W FS
{ Apoust
+15V
Vo 10mVIC
b —o
-1.50V = -150°C
+5.00V = +500°C
A5V
A 2 5kQ
49.9kQ2 LINEARITY
ADJUST
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of experiments. The remote 100Q RTD Measurements were made with the
was connected to the amplifier circuit shield grounded at various places along
using 10 feet of four-wire cable (2 the length of the cable.

twisted pairs twisted inside a shield).

EXPERIMENT 1: UNSHIELDED, OR SHIELD LEFT FLOATING

LONG CABLE RUN ACTS AS ANTENNA EQUIPMENT
TO

RTD 7~
| SCOPE
AMP
7 N/

TWISTED PAIR CABLE

VERTICAL SCALE: 2mV/div.
HORIZONTAL SCALE: 10ms/div.

Figure 1.16

FLOATING SHIELD COUPLES ELECTROMAGNETIC
ENERGY TO CENTER CONDUCTORS '

RADAR
TRANSMITTERS ))

RADIO, TV
TRANSMITTERS

100Q2

Figure 1.17
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In the first experiment, the shield was
left floating. A large amount of noise
was recorded at the output of the ampli-
fier (refer to Figure 1.16). Even though
twisted pair wires are generally much
better than non-twisted ones, floating
the shield is still a poor practice. This is
because the floating shield acts as an
antenna, picking up radiated EM
energy which is coupled to the inner

conductors. Figure 1.17 shows how the
shield forms a capacitance which
couples the signals to the center conduc-
tors.

Figure 1.18 models the equivalent
coupling capacitances that are distrib-
uted throughout the length of the cable,
thereby forming a distributed network.

NOISE COUPLING IS DISTRIBUTED
ALONG THE ENTIRE LENGTH OF THE CABLE

TOoOwWZmwn
H - -
— |-
—7

|

T
T b | Amp

LINE REPRESENTING THE
PARASITIC IMPEDANCES OF
THE SCREEN OF THE CABLE

Figure 1.18

In the second experiment (shown in
Figure 1.19), grounding the far end
(transducer end) of the shield helps
reduce noise pickup but does not re-
move it entirely. It does, however, cause
the circuit to oscillate. Notice the small
amount of high-frequency noise super-
imposed on the lower frequency oscilla-
tion.

1-16

Experiment 3 shows the shield
grounded at the instrument end. This
effectively shunts all radiated noise in
the conductor to ground before it
reaches the preamplifier (see Figure
1.20). Notice that although most of the
high frequency noise is eliminated the
oscillation remains.
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EXPERIMENT 2: GROUNDING SHIELD AT FAR END

Problem: Oscillation and RF Noise Coupling at Near End

0 7 0O
I

EQUIPMENT

TO
SCOPE

%

A7

RF

NOTE RF NOlSE\

VERTICAL SCALE: 200mV/div.
HORIZONTAL SCALE: 1pus/div.

Figure 1.19

EXPERIMENT 3: SHIELD GROUNDED AT NEAR END

Result: RF Noise Eliminated, but Cable Capacitance Induces Oscillation

EQUIPMENT

AN,

VERTICAL SCALE: 50mV/div.
HORIZONTAL SCALE: 200ns/div.

Figure 1.20
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The oscillation is caused by cable ca-
pacitance which appears at the sum-
ming junction of the bridge biasing
amplifier (refer to Figure 1.21) and
increases the phase-lag. Consequently
the amplifier has no phase margin.
Placing a phase-lead compensation

OSCILLATION PROBLEM:

network around the feedback of the
bridge biasing amplifier restores the
phase margin of the amplifier and
therefore stabilizes it. The result is
lower noise and restored stability as
shown in Figure 1.22.

CABLE CAPACITANCE

DEGRADES AMPLIFIER PHASE MARGIN

+15V =15V
Fix: Compensate Amplifier +5.000V 2 I 16 l

. 14 11

ZERO pye 12

ADJUST \L T_ ADs5gsBD 113
1 4
50Q 3 | 6]
CAUSE | 38.25kQ %3_25;@ g H ST
100Q 10 FEET K,_ R
RTD 7\ —> L 4.02kQ 100Q
< RO s
(- ADJUST
% 1000 +15V
| Vour: 10mV/C
p—O
—{— -1.50V = -150°C
- 12+ +5.00V = +500°C
OP-213 -15V
FIX: 1000pF oy S ska
48.9kQ LINEARITY
. ADJUST
Figure 1.21

EXPERIMENT 4: GROUNDING SHIELD AT NEAR END SHUNTS
RF/EMI NOISE EFFECTIVELY BEFORE REACHING AMPLIFIER

EQUIPMENT
RTD — TO
SCOPE
AMP @
N
100Q L %7

VERTICAL SCALE: 2mV/div.
HORIZONTAL SCALE: 10ms/div.

Figure 1.22
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EXPERIMENT 5: AVOID DIFFERENT GROUNDS AT OPPOSITE
ENDS OF THE SHIELD TO PREVENT GROUND LOOPS

EQUIPMENT
RTD 7~ TO
SCOPE
AMP
4 N\,
100iiLn [ <$7

VERTICAL SCALE: 2mV/div.
HORIZONTAL SCALE: 10ms/div.

Figure 1.23

SIGNAL GROUND AND EARTH GROUND HAVE DIFFERENT
POTENTIALS WHICH MAY INDUCE GROUND LOOP CURRENT

EQUIPMENT
RTD . TO
SCOPE
AMP
1000 T IR ATy v
\V4 \V4
GROUND LOOP
- CURRENT
(ve)
i \V/

Figure 1.24
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Without care in shield design, ground-
loop induced noise can be a problem.
For example, Figure 1.23 shows the
effects of grounding opposite ends of the
shield to different grounds. Ground loop
current now flows in the shield which
induce a noise voltage in the center
conductors.

There are often significant AC and DC
voltage differences between various
ground points in a system’s chassis.
Extreme care is necessary when
grounding a cable shield at both ends.
Even a few millivolts difference in the
two grounds may affect the DC and AC
system performance.

In experiment 6, if the two ends of the
shield can be connected to equi-poten-
tial (DC and AC) grounds, virtually all
the noise issues are solved (refer to
Figure 1.25), but such connection is
rarely possible, and long wires are not a
solution since they form loops which can
pick up AC noise by induction.

In practical system designs, therefore, it
is not usually practical to find equi-
potential points which can be used to
ground both ends of the shield. In such
instances, grounding the near-end of
the shield, as in Figure 1.26, is the best
possibility to minimize noise pickup and
EMI.

EXPERIMENT 6: TRY TO GROUND THE SHIELD AT BOTH
ENDS TO THE SAME POTENTIAL TO KEEP NOISE LOW

RTD

1 oos;Jm

VERTICAL SCALE: 2mV/div.
HORIZONTAL SCALE: 10ms/div.

, EQUIPMENT
7~ TO
\ SCOPE
) AMP —i
N4
T

Figure 1.25

1-20



PRECISION SENSOR SIGNAL CONDITIONING AND TRANSMISSION

EXPERIMENT 7: WHERE EQUI-POTENTIAL GROUNDS ARE
NOT POSSIBLE, GROUND SHIELD ONLY AT THE NEAR END

EQUIPMENT
RTD _ TO
SCOPE
AMP
N4
1000 !

VERTICAL SCALE: 2mV/div.
HORIZONTAL SCALE: 10ms/div.

Figure 1.26

FILTERING AND PrROTECTION AGAINST EMI/RFI

Circuit accuracy is affected by nearby
electrical activity. This electrical activ-
ity may generate noise and is referred
to as EMI (electromagnetic interfer-
ence) or RFI (radio frequency interfer-
ence). In this section, EMI will refer to
both electromagnetic and radio fre-
quency interference. EMI can be caused
by:
1. Interference due to

conduction (common-impedance),

Noise Coupling Mechanisms

RF energy may enter wherever there is
an impedance mismatch or discontinu-
ity in a system. In general this occurs at
the interface where cables carrying
sensitive analog signals are connected
to PC boards, and through power sup-

b
—

or inductive coupling (near-field
interference), and

3. Electromagnetic radiation
(far-field interference).

nterference due to capacitive

There are countless ways in which noise
can couple into a sensitive circuit to
ruin its accuracy. There are many types
of noise sources, and some are listed in
Figure 1.27.

ply leads. Improperly connected cables
or poor supply filtering schemes are
perfect conduits for interference. Figure
1.28 shows some of the ways noise can
enter into a circuit.

1-21
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FILTERING AND PROTECTION AGAINST EMI / RFI

B Noise (EMI/RFI) energy can couple into a circuit from anywhere.

B Sources of externally generated noise:

Radio and TV Broadcasts
Mobile Radio Communications
Ignition

Lightning

50/60Hz Power Lines

Electric Motors

Computers

Garage Door Openers
Telemetry Equipment

LA A R K R R R N 2

Figure 1.27

HOW IS INTERFERENCE COUPLED?

B Impedance mismatches and discontinuities
B Common-mode impedance mismatches -> Differential Signals
B Capacitively Coupled (Electric Field Interference)
4 dV/dt - Mutual Capacitance = Noise Current
4 Example: 1V/ns produces 1mA/pF
B Inductively Coupled (Magnetic Field)
4 di/dt = Mutual Inductance = Noise Voltage

¢ Example: 1mA/ns produces 1mV/nH

Figure 1.28
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Conducted noise may be encountered
when two or more currents share a
common path (impedance). This com-
mon path is often a high impedance
“ground” connection. If two circuits
share this path, noise currents from one
will produce noise voltages in the other.
In Reference 5, A. Rich outlines steps
which may be taken to identify poten-
tial sources of interference.

There is a capacitance between any two
conductors separated by a dielectric (air
and vacuum are dielectrics, as well as
all solid or liquid insulators). If there is
a change of voltage on one conductor

Reducing Common-Impedance Noise

Steps to be taken to eliminate or reduce
noise due to the sharing of impedances

there will be change of charge on the
other, and a “displacement current” will
flow in the dielectric. Where capacitance
or dV/dT is high, noise is easily coupled
by this mechanism. (1V/ns gives rise to
displacement currents of 1 mA/pF.)

If changing magnetic flux from current
flowing in one circuit threads another
circuit, it will induce an emf in the
second circuit. Such “mutual induc-
tance” can be a troublesome source of
noise coupling from circuits with high
values of dI/dT. (In a mutual inductance
of 1nH, a changing current of 1A/ns will
induce an emf of 1V.)

are outlined in Figure 1.29.

SOLUTIONS TO EXTERNALLY-INDUCED INTERFERENCE

B Common-impedance Noise

4 Decouple IC power supply leads at LF and HF

4 Reduce the common impedance

4 Eliminate shared paths

B Techniques

4 Tantalum electrolytic (LF) and ceramic (HF) bypass capacitors

¢ Ground and Power Planes

¢ Reconfigure the system design

Figure 1.29
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Power supplies are an example of
impedance shared among several
circuits. Voltage sources may exhibit
low output impedances or may not —
especially over frequency. Furthermore
the wiring used to distribute the power
is inductive and resistive and may also
form a ground loop.

The use of power and ground planes
also reduces the impedance of power
distribution circuits. These dedicated
layers of conductors in a PCB are
continuous and offer the lowest practi-
cal resistance and inductance. However,
they are not perfect conductors, and
there are some applications where
reducing the common impedance using
this method is not sufficient, and others
where it is uneconomic.

Power supply impedance at individual
ICs should be reduced by proper AC
decoupling. A capacitor is connected
between the supply pins of the IC which
has low reactance at all frequencies
present in the IC’s supply current.
Monolithic ceramic capacitors with
short (and therefore low-inductance)
leads are excellent for HF decoupling,

but do not have sufficiently low reac-
tance at lower frequencies, while tanta-
lum electrolytic capacitors have excel-
lent LF and MF performance but are
somewhat inductive at HF. Every
supply pin of every IC should be
decoupled at HF with a 10-100 nF
ceramic capacitor within 1-2 mm of the
supply pin, but it may only be necessary
to use one 10-22 pF tantalum capacitor
for every few ICs, provided the length of
conductor to it is no more than 3-5 cm.
For more details on decoupling see Paul
Brokaw’s articles (References 4 & 7).

In some applications where low-level
signals encounter high levels of com-
mon-impedance noise it will not be
possible to prevent interference and the
system architecture may need to be
changed. Possible changes include:

1. Transmitting signals in
differential form

2. Amplifying signals to higher
levels

3. Converting signals into
currents

4, Converting signals directly

into digital form.

Noise INDUCED BY NEAR-FIELD INTERFERENCE

Crosstalk is the second commonest form
of interference. In the vicinity of the
noise source, interference is not trans-
mitted as an electromagnetic wave, and

Reducing Capacitively-Coupled Noise

Capacitively-coupled noise may be
reduced by reducing the capacity (by
increased separation of conductors), but
is most easily cured by shielding. A
grounded conducting shield (known as a
“Faraday Shield”) between the signal
source and the affected node will elimi-

1-24

the term “crosstalk” may apply to
inductively or capacitively coupled
signals.

nate capacitively-coupled noise by
routing the displacement current di-
rectly to ground (Figure 1.30). It is
essential that a Faraday Shield is
grounded: a floating or open-circuit
shield almost invariably increases
capacitively-coupled noise.
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FARADAY SHIELDING

FARADAY SHIELD iNTERRUPTS THE COUPLING ELECTRIC FIELD

» FARADAY
# SHIELD

L +
24 ; VcoupLeo

EQUIVALENT CIRCUIT ILLUSTRATES HOW A FARADAY SHIELD
CAUSES THE NOISE CURRENTS TO RETURN TO THEIR SOURCE
WITHOUT FLOWING THROUGH Z1

—

O

Figure 1.30
For a brief review of shielding consult Ott (Reference 2) and Morrison (Refer-
the appendix, for more details consult ence 3).

ELIMINATING CAPACITIVELY COUPLED NOISE

M Reduce Noise Sources of High dV/dt
B Proper Grounding Schemes for Cable Shields
B Reduce Stray Capacitance
4 Equalize Input Lead Lengths
¢ Keep Traces Short
4 Use Signal-Ground-Signal Routing Schemes

B Use Grounded Conductive Faraday Shields to Protect Against
Electric Fields

Figure 1.31
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Reducing Magnetically-Coupled Noise

Methods to eliminate interference
caused by magnetic fields are summa-
rized in Figure 1.32.

ELIMINATING MAGNETICALLY COUPLED NOISE

B Careful Routing of Wiring

B Use Conductive Screens against HF Magnetic Fields

B Use High Permeability Shields (mu-Metal)

for LF Magnetic Fields

B Reduce Loop Area of Receiver

¢ Twisted Pairs

¢ Physical Wire Placement
4 Orientation of Circuit to Interference

B Reduce Noise Source

¢ Twisted Pairs
4 Driven Shields

Figure 1.32

To illustrate the effect of magnetically-
coupled noise, consider a circuit with a
closed-loop area A cm? operating in a
magnetic field with an rms flux density
value of B gauss. The noise voltage
induced in this circuit can be expressed
by the following equation:

Vp=2nfB Acosb x 108 V.

In this equation, f represents the fre-
quency of the magnetic field and 0
represents the angle of the magnetic
field B to the circuit with loop area A.
The magnetic field coupling can be
reduced by reducing the circuit loop
area, the magnetic field intensity, or
the angle of incidence. To reduce the
circuit loop area requires arranging the
circuit conductors closer together.

1-26

Twisting the conductors together re-
duces the net area of the loop, which
has the effect of canceling any magnetic
field pickup because the sum of positive
and negative incremental loop areas is
ideally equal to zero. Reducing the
magnetic field directly may be difficult.
However, since magnetic field intensity
is inversely proportional to the cube of
the distance from the source, physically
moving the affected circuit away from
the magnetic field has a very great
effect in reducing the induced noise
voltage. Finally, if the circuit is placed
perpendicular to the magnetic field,
pickup is minimized. If the circuit’s
conductors are in parallel to the mag-
netic field the induced noise is maxi-
mized because the angle of incidence is
zero.
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There are also techniques that can be
used to reduce the amount of magnetic-
field interference at its source. In the
previous paragraph, the conductors of
the receiver circuit were twisted to-
gether to cancel the induced magnetic
field along the wires. If the source of the
magnetic field is large currents flowing
through nearby conductors, these wires
can be twisted together to reduce the
net magnetic field. Another technique is
to use the shield of a cable as a return.
If the shield current is equal to the
current in the center conductor the net
external magnetic field is zero.

Shields and cans are not nearly as
effective against magnetic fields as
against electric fields, but can be useful
on occasion. At low frequencies mag-
netic shields using high-permeability
material such a Mu-metal can provide
modest attenuation of magnetic fields.
At high frequencies simple conductive
shields are quite effective provided that
the thickness of the shield is greater
than the skin depth (at the frequency
involved) of the conductor used. (For
copper the skin depth is 6.6/Nf cm,
where fis in Hz).

Passive Components: Your Arsenal Against EMI

Passive components, such as resistors,
capacitors, and inductors, are powerful
tools for reducing externally induced

interference when used properly. Figure
1.33 summarizes the more popular low-
pass filters for minimizing EMI.

USING PASSIVE COMPONENTS TO ELIMINATE EMI

LP FILTER TYPE ADVANTAGES DISADVANTAGE
R-C Noise Voltage — Heat Thermal Noise
Inexpensive IgR Drop
L-C No Thermal Noise en across L
Bifilar No IR Drop Nonlinear Core Effects
Inexpensive
Pi(C-L-C) Packaged Filters Expensive
Low Resistance Nonlinear Core Effects
Feedthru Capacitors
Low Insertion Loss
High Attenuation

Figure 1.33
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Simple R-C networks make efficient
and inexpensive low-pass filters. The
noise is converted to heat which is
dissipated in the resistor. The fixed
resistor does, however, produce thermal
noise and, if used in the input leads of
an instrumentation amplifier, can
generate input-bias-current induced
offset voltage. These issues affect the
design of high-precision, low-noise
stages.

In applications where signal and return
conductors are not well-coupled mag-
netically, a common-mode choke can be
used to increase their mutual induc-
tance. A common-mode choke can be
constructed by winding several turns of
both conductors together through a
high-permeability (> 2000) ferrite bead.
The magnetic properties of the ferrite
allow differential-mode currents to pass
unimpeded while suppressing common-
mode currents. Capacitors can be used
before and after the choke to provide
additional common-mode and differen-

tial-mode filtering, resnectivelv. The

2RATIIAVAY 224002 ddiny) SUUPTLVAY Ty a 2aT

common-mode choke is cheap and
produces no thermal noise and no bias
current-induced offsets. However, there
is a field around the core. A metallic
shield surrounding the core may be
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necessary to prevent coupling with
other circuits. Also high-current levels
should be avoided in the core as they
may saturate the ferrite.

The third method for passive filtering
takes the form of packaged n-networks
(C-L-C). These packaged filters are
completely self-contained and include
feedthrough capacitors at the input and
the output as well as a shield to prevent
the inductor’s magnetic field from
radiating noise. These expensive net-
works offer high levels of attenuation
and wide operating frequency ranges,
but the filters must be selected so that
for the operating current levels involved
the ferrite does not saturate.

An example of shielding and filtering
techniques against EMI is illustrated in
Figure 1.34. In this circuit, an instru-
mentation amplifier is used to amplify
low-level signals in the presence of high
EMI. The entire circuit is enclosed in a
rigid metallic shield made of copper.
The layout emphasizes symmetry in the
input circuit to maintain high CMR.
Packaged EMI data-line and power-line
filters are used to prevent EMI being
carried by the conductors.
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EXAMPLE DEMONSTRATING
SHIELDING AND FILTERING TECHNIQUES

V4 COM V-
| * POWER LINE
* * PACKAGED EMI
FILTERS, HIGH
LOW DCR R1 CURRENT HANDLING
" V+ TO AVOID
+IN 1+ '17 SATURATION
TRACK LAYOUT
< —> | IN-AMP
IDENTICAL ) OUT
w il —— T
*PACKAGED Ra v
EMI FILTERS SHIELDED
ENCLOSURE ~\,
c
) L: FERRITE BEAD
OR TOROID

C: FEEDTHROUGH
CAPACITORS

Figure 1.34

Application Circuits: EMI Reduction at Work

The circuits illustrated in Figures 1.35
through 1.39 demonstrate some of the
principles outlined in this section. Each
circuit use a different sensor to give the
user some concrete ideas instead of
theoretical remedies on how to handle
interference.

The circuit illustrated in Figure 1.35 is
designed to provide a 10 mV/°C output
for a remotely-located Type T thermo-
couple. The accuracy of the circuit is
+0.4°C over a measurement tempera-
ture range of 0°C to 100°C. The circuit
uses a grounded thermocouple to mini-
mize noise pickup on long leads.

In the middle of the circuit is a low-pass

filter, comprising Ry and Cy, whose

function is to filter any noise along the
thermocouple wires above 1.6kHz. The
filter cutoff can be set lower by increas-
ing CN. (Although larger values for Ry
might be used at the input of the
OP-177, they would cause input bias-
current induced offset and drift effects.)
A resistor, Rp, is used in series with
exposed thermocouples as protection in
the event of contact with some high
voltage. Otherwise, the thermocouple
would be short circuited to ground and
would certainly be destroyed. A capaci-
tor connected across Rp serves to con-
tain interference within the wires of the
thermocouple cable.
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USING A SIMPLE RC FILTER TO REDUCE NOISE

R i

+15V
+1 0V 37.4kQ 43.2Q

|
l
0.1pF REF-01 YW M/‘?
| 806kQ2
| 4 10kQ 3 <—M—rt
|PCB 5000
—
| 9.76kQ ¥
| WA—— MW
|  ISOTHERMAL
| BLOCK AND :
COLD JUNCTION _
SHIELDED, TWISTED | COMPENSATION —_—— v
THERMOCOUPLE | Ry 0
AIR
l Cy I mg e | 10mV/°C
|<— L —————>| 4 | 1 0.1pF
on L | @
1) Apso2 l 0.1uF |
. asv | [T\ SIMPLE RC
—o | LP FILTER
TYPET I c _————
THERMOCOUPLE | ¥,

Figure 1.35

The circuit shown in Figure 1.36 (see

Referance K) illucstratas a linearized

AVUAVATIIVY U)j 23RO VAGARUVUU R 22340 QR1L LT

thermistor in the feedback of an op amp
to provide a 100mV/°C output over a
temperature range of 0°C < TA < 100°C.
Over temperature, the linearized ther-
mistor network ranges from 2.7kQ at
0°C to 1 kQ at 100°C. A 1uF capacitor
is connected across the thermistor
network to form a low-pass filter with
cutoff frequencies between 58Hz and
150Hz. (The cutoff frequency moves as
the thermistor resistance changes over
temperature.) Another technique to
avoid EMI is to limit the signal band-
width. In this circuit, C2 is used across
R4 and P2 and sets a low-pass cutoff at
8.5 Hz.

Figure 1.37 shows a linearized RTD
amplifier that is powered by a single
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+5V supply. The RTD is excited by a

100pA constant current which is regu-

lated by Al. The 0.202V reference used
to generate the constant current is
provided by the REF-43 and resistors
R4 and R5. The AMP-04 is scaled to
give 10mV/°C output. When properly
calibrated, the circuit achieves better
than £0.5°C accuracy within a tempera-
ture measurement range of 0°C to
400°C. Capacitor C3 performs two
functions: it stabilizes the loop around
Al and provides a low-pass cutoff
frequency of 800kHz. C1 works directly
with the RTD and R3 to form a low-
pass filter at 8kHz to prevent any noise
from appearing at the inputs of the
AMP-04.
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USING CAPACITORS TO FILTER NOISE

AND LIMIT BANDWIDTH
| 100Q
: == 132k | |
I | ' +—MA— M —2
* I<—’— _"'>| | I } 1
| p == | 12aD708 | S\ [2APTO8
Ry | " I 7 Vo
|
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I | oV TO 10V
*LINEARIZED I | e O v B S«
THERMISTORS: | e %2.491«2 [ c2,1pF |
YELLOW SPRINGS | | I
#44201 N __|
. O I
—> 18,5kQ 5000
T1 6.25k | pcB +15V WM p2
3.2kQ } H 11.8kQ R4 (i
™ [ oaur[ |REF03 sry-Tammidl Lo
Ry=(-17.115) ¢ T('C) +2768.23 | L—‘;L é :
0°C<T('C)<100°C I
I
Figure 1.36

USING A CAPACITOR WITH AN RTD TO

FILTER THE INSTRUMENTATION AMPLIFIER GUTPUT
1000 | SPAN
ADJUST
50Q

383Q

SRR 5v""—_]= 0.47yF
| e ]
VO

 O-1nF | AMP-04 —0
] 1 2 6 10mv/°C
l p 0°<Tp <400°C

- 4

Al .
1/2 OP-295 LINEARITY
1000 T +sY ADJUST
PtRTD f
121kQ 50k
M A2
0.202v 1/2 OP-295

_-\/W\_
11.5kQ 1.02kQ
R4 R5
S v

Figure 1.37
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In the example illustrated in Figure
1.38 (Reference 9), a two-terminal,
monolithic temperature sensor, the
AD592, is used with an AD624 instru-
mentation amplifier to measure tem-
peratures from —25°C to 100°C. The
output voltage of the circuit is linearly
scaled to register 100mV/°C. With any
remotely-located sensor, noise pickup
along the cables and rectification in the
sensor and the amplifier can be a
problem. In this circuit, resistors and
capacitors are used to confine any
conducted or radiated interference to

the boundaries of the shielded cable.
C1, which is connected across the
AD590, prevents any interference from
being rectified by the AD592 into a DC
offset that would affect accuracy. This
capacitor forms a low-pass corner at
38kHz with the resistors R1 through
R5. C2 forms a low-pass cutoff fre-
quency at 106kHz to divert any inter-
ference along the cable that gets by C3.
Finally, C3 set a low-pass cutoff at
480Hz with R5 to prevent interference
from reaching the inputs of the AD624.

USING RESISTORS AND CAPACITORS TO
CONFINE INTERFERENCE INSIDE A LONG CABLE

SHIELDED
TWISTED PAIR
<«~— L —

1l

PCB
—

+15V
2
+25v_6 1
15V AD680
R3 0 7l

1kQ 909k
WA %

0.1pF

i

1kQ

2

]

c2 200Q S<— \J0

1500pF == 13 o Vo
AD624

Ra 1kQ 3 6 —>
T

2kQ

0.33uF 1kQ G=100 v

25" < Ty, <+100°C
-2.5V<Vg <10V

| NOTE: R51S 0.1%, LOW TCR
Figure 1.38

Strain or flexure can be remotely sensed

with the circuit in Figure 1.39. A 1kQ
strain gauge and an AD620 are used to
provide a linear 1V/1000u€ output. For
remote sensing, current excitation is
used where the OP-177 drives the
bridge with 10mA derived from a
reference voltage of 1.235V. The strain
gauge has an output of 10.25mV per
1000pe. Full-scale strain voltage may
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be set by adjusting the gain potentiom-
eter so that for a strain of —3500p¢, the
output reads —3.500V; and for a stain of
5000u€, the output registers a +5.0000V
output. To prevent any interference
from reaching the inputs of the AD620,
a capacitor is placed directly across
them. This capacitor sets a low-pass
corner at 1.6kHz in conjunction with
the strain gauge’s resistance.

100mV/°C
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USING A CAPACITOR AND A STRAIN GAUGE'S RESISTANCE
TO FILTER NOISE BEFORE AMPLIFICATION

|—> PCB +15V 499Q
| ===
| 1
<——10mA | | 0.1uF —[—_ | Vour
I | ; 3 -3.500V = ~3500p¢
-— L | L +5.000V = +5000L.
| -15V 100Q
i
|
I
|
1kQ BELDEN |
9502 |
|
STRAIN SENSOR: | +1.235V
Columbia Research Labs 2682 |
Range: -3500 to +5000.€ |

Output: 10.25mV/1000pe | '0.1/ i zi
_T—j 1%

Figure 1.39
Reducing Susceptibility to EMI
The examples shown above and the magnetic interference. A summary of
techniques illustrated earlier in this possible measures is given in Figures
section outline the procedures that can 1.40 and 1.41.

be used to reduce or eliminate electro-

REDUCING SYSTEM SUSCEPTIBILITY TO EMI

M Always assume that interference exists!

M Use conducting enclosures against electric
and HF magnetic fields

B Use mu-Metal enclosures against LF magnetic fields
B Implement cable shields effectively

M Use feedthru capacitors and packaged pi-filters

Figure 1.40
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REDUCING CIRCUIT SUSCEPTIBILITY TO EMI

Reduce or eliminate common impedances
Use HF and LF power supply decoupling
Use ferrite beads, resistors, capacitors
Balance the layout for high AC CMR

imit system

Figure 1.41

Appendix: A Review of Shielding

A lump of metal between an interfer-
ence source and a sensitive circuit will
reduce interference. But why? More
detailed (and more mathematical)
discussions will be found in References
1 through 11, but this appendix is
intended to highlight some basic prin-
ciples for the engineer who is troubled
by interference and thinks a screen
might help.

We have seen in the main text that
interference can be conducted into a
sensitive circuit and that this effect can
be minimized by appropriate filters. We
have also seen that interference can be
coupled by electric, magnetic and
electro-magnetic fields. Shields attenu-
ate these fields and may be considered
as “field attenuators”.

When the interference source is close to
its victim (“near field” conditions) the
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field will be electric or magnetic, de-
pending on circumstances, and when it
is far away (“far field” conditions) it will
be electro-magnetic (“far away” in these
circumstances is usually defined as
>0.16A where A is the wavelength of the
interference, or > ¢/2nf, where fis the
frequency of the interference and c is

the velocity of light).

The characteristic impedance of free
space (the far field case) is 377Q and
the field strength is proportional to the
inverse square of the distance from its
source. In the near field the interference
source may produce a predominantly
magnetic field, which is generally “low
impedance” (this is not a rigorous
definition but is sufficient to enable one
to understand the action of conducting
screens), or may produce an electric
field, which is “high impedance”. Both of
these fields are “dipole fields” which
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have the property of being proportional
to the inverse cube of the distance from
their source, so it is evident that simply
increasing the separation between an
interference source and its victim may
avoid the necessity for a screen. This is
a powerful argument against the trend
to minimize the size of all electronic
assemblies - a small increase in the size
of a noise-critical PCB can often have a

major beneficial effect on its overall
noise performance.

The simplest attenuator consists of two
impedances, Z1 and Z2, arranged as in
Figure 1.42. The larger the ratio Z1:Z2,
the greater the attenuation. A shield is
an attenuator of this type: Z1 is the
“source impedance” of the field and Z2
the impedance of the shield.

A SHIELD IS AN ATTENUATOR

o Z1 o
Viy z2 Vout
(o 0
Vour  _
VIN Z1+22
Figure 1.42

Where electric fields are involved the
impedance of a shield consisting of a
piece of grounded conductor (a “Faraday
Shield” or a “Faraday Cage”) is low, and
the source impedance of the electric
field is high. It follows that the attenua-
tion, and hence the efficiency of shield-
ing, is high in this case. Faraday shields
are almost invariably very efficient at
eliminating the interference effects due
to electric fields - but they must be
connected to ground or some other low

impedance, or they will increase, rather
than attenuate, the noise coupling.
Failure to ground Faraday shields is
one of the commonest engineering
oversights leading to poor interference
protection.

Magnetic fields have low “source imped-
ance” and shields of high-permitivity
magnetic material, such a mu-metal,
have relatively large impedance to
magnetic fields. Magnetic shields are

1-35




SYSTEM APPLICATIONS (GUIDE

therefore much less efficient at sup-
pressing low frequency magnetic field
interference than Faraday shields are
at limiting electric fields (most magnetic
shields are conductors, however, and, if
grounded, will act as very satisfactory
Faraday shields, whatever their defi-
ciencies as magnetic shields).

At high frequencies Faraday shields are
quite effective at attenuating magnetic
fields as well as electric fields. This is
due to the “skin effect”: a high fre-
quency magnetic field induces eddy
currents near the surface of a conductor
which prevent it from penetrating to
any great depth. HF currents in a
conductor, accordingly, flow only in the
thin “skin layer” near its surface.
Therefore, if a grounded conductor is
much thicker than its skin depth at a
particular frequency it will act as an
efficient attenuator to magnetic, electric
and electro-magnetic fields at that
frequency. Skin depth is a function of
bulk resistivity, magnetic permeability

It is rarely necessary to consider far
field effects for low frequency interfer-
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ence since we will rarely be concerned
with sources more than a hundred
meters away and at any frequency
below 500 kHz a hundred meters is
“near field”! The skin depth in copper
for 500 kHz signals is about 0.1 mm
(0.004") so a copper can with a wall
more than 0.25 mm thick will be quite
an efficient shield at this frequency.

Electromagnetic-radiation can enter a
shield through any hole larger than
about 0.1, so at very high frequencies
hole sizes must be considered. At any
frequency a conductor entering a
shielded volume can admit interference
if it is not grounded to the shield, so
filters must be used where there is any
danger of this.

To summarize: Faraday (conductive)
shields are very effective against elec-
tric fields and high frequency fields of
all types, provided they are grounded
and not left floating, but high perme-
ability magnetic shields are less effi-
cient barriers to low frequency magnetic
fields, although they can be useful in
some circumstances. Physical separa-
tion always improves noise isolation.
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INPUT-STAGE RFI RECTIFICATION SENSITIVITY

A well-known, but poorly understood
phenomenon in analog integrated
circuits is RF rectification, specifically
in instrumentation amplifiers and
operational amplifiers. While amplify-
ing very small signals these devices can
rectify unwanted high frequency sig-
nals. The result is dc errors which
appear at the output in addition to the
wanted sensor signal. Unwanted out-of-
band signals enter sensitive circuits
through the circuit’s conductors. These
conductors, which lead into and out of
the circuit, provide a direct path for
interference to couple into a circuit.
These conductors pick up noise through
capacitive, inductive, or radiation
coupling as discussed elsewhere. Re-
gardless of the type of interference, the
unwanted signal is a voltage which

appears in series with the inputs. How
devices rectify signals and methods for
preventing RFI rectification will be
discussed in this section.

All instrumentation and operational
amplifier input stages comprise emitter-
coupled (BJT) or source-coupled (FET)
differential pairs with resistive or
current-source loading. Depending on
the quiescent current level in the de-
vices and the frequency of the interfer-
ence, these differential pairs can behave
as high-frequency detectors. As will be
shown, this detection process produces
spectral components at the harmonics
of the interference as well at dc! It is
the dc component that shifts the bias
levels of to produce errors, which can
lead to system inaccuracies.

WHAT IS RFI RECTIFICATION?

B Source:

B Mechanisms:

Out-of-Band RF Interference, Conducted or Radiated

Input Differential Pairs - HF Detectors

Input and Gain Stages of Instrumentation and
Operational Amplifiers

B Result:

DC Offset Errors = System Inaccuracies

Figure 1.43
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The effect of rectification on instrumen-
tation and operational amplifiers may
be evaluated with the circuits in Figure
1.44. Amplifiers are configured for a
gain of 100, and the outputs connected
to a 100-Hz low-pass filter to prevent
other unwanted signals from interfering
with the measurement. A 20mVp.p
signal at 100MHz is the stimulus and
was chosen to be well above the fre-
quency limits of the circuits under test.
Outputs are monitored with a 3S00MHz
oscilloscope and measurements made
with a digital voltmeter. Five instru-
mentation amplifiers, and 17 single and
12 dual operational amplifiers have
been tested. Devices of both bipolar and

FET technologies were evaluated to
determine any patterns in RFI rectifica-
tion.

Based on the data which is summarized
in Figures 1.46, 1.47, and 1.48, two
patterns appeared. First, device suscep-
tibility to rectification appears to be
inversely proportional to supply cur-
rent; that is, devices biased at low
quiescent supply currents exhibited the
largest amount of output voltage shift.
Second, ICs with JFET-input differen-
tial pairs appeared to be less suscep-
tible to rectification than BJT input
stages.

RFI RECTIFICATION TEST CONFIGURATION

VIN 100Hz
20mVp.p @ LPF VOUT
100MHz
o—W YW
v 100Q2 10kQ
IN
20mV )
p-p >
'~ 100Hz
OP-AMP
100MHz LPF VOUT
o+
Figure 1.44
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OBSERVATIONS

M Correlation: Rectification sensitivity to supply current

B JFET-Input Devices: Lower sensitivity to rectification

Figure 1.45

INSTRUMENTATION AMPLIFIERS

DEVICE Isy AV,

AMP-04 0.9mA 22mV

AD620 1.3mA émV

AMP-02 5mA 0.65mV

AD625 S5mA 21.5mV

AMP-01 5mA 0.5mV
Figure 1.46
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In Figure 1.46, all five instrumentation
amplifiers use BJTs in their input
stages. The AMP-04, biased at 900pA
quiescent supply current, exhibited the
largest output voltage shift of the
group. The AMP-01, biased at a quies-
cent supply current of 5 mA, exhibited
the least amount of error. The AD625,
although biased at a supply current of
5mA, exhibited a larger output shift
when compared to the AMP-01. One
possible explanation for this large
discrepancy could be that super-§§
transistors (used in the input stage of
the AMP-01) exhibit a lower susceptibil-
ity to rectification than standard-
process BJTs.

The results for single operational ampli-
fiers are summarized in Figure 1.47. A
clear pattern in the data is that FET-
input operational amplifiers consis-
tently exhibit a lower susceptibility

than BJT-input operational amplifiers.
Some FET-input devices, such as the
OP-80, the OP-42, and the AD845,
exhibited no observable shift in their
output voltages. Of the bipolar-input
operational amplifiers, the amount of
output shift decreased with increasing
supply current. Of this group, only the
AD797 showed no observable output
voltage shift.

Results of the dual operational amplifi-
ers are illustrated in Figure 1.48.
Again, the pattern is repeated in that
the FET-input devices exhibited little or
no observable shift in their output
voltages, regardless of quiescent supply
current. The OP-200 and OP-297 both
exhibited very little output voltage
shift. This may be due to their use of in
super-p transistors and input bias
current cancellation.

OPERATIONAL AMPLIFIERS -- SINGLES

DEVICE Isy AV, DEVICE Isy AV,
OP-90 0.03mA | 4mV AD711 (FET)| 3.4mA | 0.6mV
OP-20 0.095mA| 58mV AD645 (FET)| 3.5mA | 0.3mV

OP-80 (CMOS) | 0.33mA | NIC AD744 (FET)| 5mA | 0.5mV

AD705 (Super-3) | 0.6mA | 10mV OP-27 6mA 2mV

OP-97 (Super-B) | 0.6mA | 13mV OP-42 (FET) | 6.5mA | NIC
AD795 1.5mA | 2mV AD829 7mA 3mV
OP-177 2mA | 2.5mV AD797 9.5mA | NIC
AD707 3mA 2mV AD743 (FET)| 10mA | 0.1mV

AD845 (FET)| 12mA N/C

N/C = No Change

Figure 1.47
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OPERATIONAL AMPLIFIERS -- DUALS

DEVICE Isy AVq
OP-290 0.02mA 4mV
OP-295 0.175mA 3mV
OP-282 (FET) 0.25mA 1mV
OP-297 (Super-p) 0.63mA 0.14mV
OP-200 (Super-B) 0.73mA 0.19mV
OP-213 2mA 6mV
OP-275 2.5mA 6mV
AD708 2.8mA 2mV
AD712 (FET) 3.4mA 0.3mV
OP-249 (FET) 3.5mA N/C
AD746 (FET) 5mA 0.3mV
ADB827 TmA N/C

N/C = No Change

Figure 1.48

Based on these data and from the
fundamental differences between BJT's
and FETs, we can summarize what we
know. Bipolar transistor action is
controlled by a forward-biased p-n
junction (the base-emitter junction)
whose I-V characteristic is exponential
and quite nonlinear. FET behavior, on
the other hand, is controlled by voltages
applied to a reverse-biased p-n junction
diode (the gate-source junction). The I-V
characteristic of FETs is a square-law,
and, thus more linear than that of
BJTs.

In the case of low current devices,
transistors in the circuit are biased

below their peak fT collector currents.
Although the devices are constructed on
processes whose device fTs can operate
at hundreds of MHz, charge transit
times through the devices increase at
low quiescent collector currents. RF
rectification in these devices is also
exacerbated by the impedance levels
used. In low-power operational amplifi-
ers, impedance levels are on the order of
hundreds to thousands of kQs whereas
in moderate supply-current designs the
impedance levels might be no more
than a few kQ. These factors combine to
affect a device’s sensitivity to RF rectifi-
cation.

1-41



R O e R e O T S R EESis

SYSTEM APPLICATIONS GUIDE

OBSERVATIONS

- Devices with bipolar input transistors do rectify

4 Forward-Biased Base-Emitter Junctions

¢ Exponential I-V Transfer Characteristic

B Devices with FET input transistors are less sensitive

¢ Reverse-Biased p-n Junctions

¢ Square Law |-V Transfer Characteristic

H Low 'sy Devices versus High 'sy Devices

¢ Low 'sy - Higher Sensitivity

¢ Lowl, (Q1,Q2) — Longer Transit Times

¢ Low 'sy - Higher Internal Z Levels
Figure 1.49

RFI Rectification: An Analytical Approach

These experiments have demonstrated
that BJT-input devices exhibit a greater
amount of output voltage shift on
exposure to RFI than devices with FET
inputs. In this section, an analytical
approach will be taken to explain the
phenomenon.

RF circuit designers have long known
that p-n junction diodes are extremely
efficient rectifiers because of their
nonlinear I-V characteristics. Figure
1.50 illustrates the base-emitter junc-
tion diode I-V characteristic of an NPN
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bipolar transistor whose collector cur-
rent, ic(t), as a function of the applied
voltage, Vj(t), is superimposed. The
spectral components of the Fourier
analysis of the current output for an HF
sinewave input reveals that, as the
device is biased closer to its “knee,”
device nonlinearity increases. This, in
turn, makes the detection process more
efficient. This is especially true in low-
power operational amplifiers where the
transistor is biased at very low collector
currents.
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HF MODULATION OF THE BASE-EMITTER
JUNCTION CAUSES RECTIFICATION

ie(t)

I (v — A l\n:\i

VBE - T -
-
—5 I N A N
| | Fourier Coefficients of i. (t
o v @ ic (1)
I : | = vy cos(a,t) DC 21 [lo(x) - 1]
< | o, 2114(x)
| | 20, 21¢15(x)
| | . :
I : .
I
| no, 2l (x)
Where: Ig= Diode Saturation Current
| L

in\Xj= Modified Besse
Function of Order n
X=Vyx/NTt

Figure 1.50

Rectification analysis of an NPN
transistor’s collector current is shown in
Figure 1.51. The analysis begins with
the transistor’'s Ic-VBE characteristic
equation. If a small voltage, given by
AV = V¥ cos(wct), is applied to the
device, then a Taylor series expansion
of the collector current around the
operating point (Ic @ VBE) produces
three dominant spectral components
(terms above the second order are

neglected). These spectral components
are the quiescent collector current, Ic, a
linear term at the input frequency,
cos(wct), and a quadratic term at the
input frequency, cos2(wct). The linear
spectral component is either filtered
(hopefully) or rectified by other gain
stages within the device. It is the qua-
dratic term that contains the primary
rectified information.
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RECTIFICATION ANALYSIS CONTINUED
m Start o i = Is[eqv" Ikt -1}

B Forasmall applied voltage, AV, a Taylor Series Expansion
ic =ic (Ve + AV)

. 2 2. n n
=|c(VBE)+AV-ﬂ AVZ dfip L AvVE di
dV| 2! dv2 n! an
Where VBEg= dc bias voltage
Ilc =dc oraverage bias current
AV = ac voltage across base-emitter junction
B If AV =Vyxcos(oct), then
. 2 2.
ic =lc(Vgg)+ Vy cos(mct)-g—l—‘ + I cos2(0 oty dE
dv | 2 dv2
c Ic
B Thus, a second-order rectified term appears:
VAL d?i
Aig = 21+ cos(20 .t)|—
) “dv?),
C
Figure 1.51

The second-order term can be simplified by using the following trigonometric iden-
tity:

Eq. 1.1
cosz(mct) =-;—|:1 + cos(2coct):| q

Substituting the right-hand side of Eq. 1.1 into the expression for the second-order
term yields:

2 9

. Vv d
Al = Z [1+cos(2mct)}d—v1

Eq. 1.2

Ic

Eq. 1.2 reveals that the original quadratic second-order term can be simplified into a
frequency-dependent term, Aic(AC), at twice the input frequency and a dc term,
Aig(DC), as shown in Figure 1.52. The dc term can be further simplified by evaluat-
ing the second derivative of the collector current with respect to the base-emitter
voltage at the quiescent collector current. The result of this operation yields the final
form for the rectified DC term:

Ve\2 I Eq. 1.
8ig(DC) = (—X-) « =< q-13
Vip 4
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THE CHANGE IN A BJT's COLLECTOR
CURRENT HAS TWO COMPONENTS

W AC Component@ 2o0¢:

2 2.
Al (AC) = Yx” cos (20 )9 :
4 Vg
B DC Component:
2 2.
Al (DC) = Y~ dT
4 dv2
I
2
_ VX ) IS exp[VBE IVT]
4 VT2
2
. Vv I
Alg (DC) =X .L
Vi) 4

B DC Componentis Operating Point Dependent!

Figure 1.52
The result in Eq. 1.3 shows that the dc illustrate the effect of transistor operat-
component of the second-order term is ing point on rectification, Figure 1.53
directly proportional to the square of shows the change in the dc collector
the noise amplitude of the HF noise current of an NPN transistor when a
and, more importantly, to the quiescent 20mVyp.p, high-frequency signal im-
collector current of the transistor. To pinges upon it.

RFI RECTIFICATION VERSUS BJT
OPERATING POINT Ta = 25°C

Quiescent Collector Current, |Rectified Collector Current,
Ic Aig
1 pA 38 nA
10 pA 380 nA
100 pA 3.8 pA
1 mA 38 pA
Figure 1.53
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To reduce the amount of rectified collec-
tor current is therefore a matter of
reducing the quiescent current or the
magnitude of the interference. Since the
input stages of instrumentation and
operational amplifiers do not often
provide access for adjusting quiescent
collector currents, reducing the level of
noise is the best policy. For example,
reducing the amplitude of the interfer-
ence by 50% produces a 75% reduction
in the rectified collector current.

A similar approach can be used for the
rectification analysis of a FET’s drain
current as a function of a small HF
voltage applied to its gate. The results
of evaluating the second-order rectified
term for the FET’s drain current are
summarized in Figure 1.54. Like the
BJT, the FET’s second-order term has
an ac and a dc component. The simpli-
fied expression for the dc term of the
rectified drain current is given in

/Vx\2 I

Ain(DC) = . _DSS
D k Vp ) 2

A quantitative comparison of second-
order rectified dc terms between BJTs
and FETs is illustrated in Figure 1.55.
In this example, a bipolar transistor
with a unit emitter area of 576pm? is
compared to a unit-area JFET designed
for an Ipgg of 20pA and a channel
pinch-off voltage of 2V. Each device is
biased at 10pA and operated at TA =
25°C. Using these parameters, Eq. 1.3
and Eq. 1.4 yield the result that, under
identical quiescent current levels, the
change in collector current in bipolar
transistors is #1500 times greater than
the change in a JFET’s drain current.

Although the rectified dc term for BJTs
and FETs is directly proportional to
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Eq. 1.4, where the rectified dc drain
current is directly proportional to the
square of the amplitude of the offending
signal. However, Eq. 1.4 reveals an
important difference between the
amount of rectification produced by
BJTs and FETs. Whereas in a BJT the
change in collector current has a direct
relationship to its quiescent collector
current level, the change in a FET’s
drain current is proportional to its drain
current at zero gate-source voltage,
IDsS, and inversely proportional to the
square of its channel pinch-off voltage,
Vp — parameters that are geometry-
and process-dependent. Typically, FETs
used in the input stages of instrumenta-
tion and operational amplifiers are
biased such that their quiescent drain
current is approximately 0.5 ¢ IDgs.
Therefore, the change in a FET’s drain
current is independent of its quiescent
drain current; hence, independent of the
operating point.

3]
.f:!

et

e

either the BJT’s quiescent collector
current or the FET’s IDgS, no access to
the internal circuitry is provided to
adjust the operating point of the differ-
ential pair at the input of IC op amps
and instrumentation amplifiers. How-
ever, the analysis showed that, regard-
less of the amplifier type used, RFI
rectification is directly proportional to
the square of the magnitude of the
applied interference. Therefore, to
minimize rectification the interference
should be reduced or eliminated. The
most direct way to reduce or eliminate
unwanted noise is through filtering.
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2
Start » iD = IDSS( — YE)

Vo
2 2.
AiD(AC)=!§—cos(2mct) d '02
dVgs I
2 2. 2
. V d€i Vx< 2l
Aip(DC)=-X-. =D l = : . Dszs
dVgs I|D Ve

Rectified Term Dependent upon Ipss and Vp, not Operating Point

Figure 1.54

COMPARISON: Ai¢ (BJT) VERSUS Aip (FET)

B Bipolar Transistor:

Emitter Area = 576 pm?2

|c=

10 pA

V1 =25.68mV @ 25°C

B BJTs are about 1500 tirhes more sensitive than JFETs

Figure 1.55

JFET
Ipss =20 pA (Z/L=1)
Vp =2V

Ip=10 pA
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Reducing RFI Rectification in Operational Amplifiers

Figure 1.56 shows low-pass filters used
to reduce or eliminate unwanted inter-
ference. For the inverting circuit con-
figuration on the left, the input resistor
was split into two equal halves with the
common point bypassed to ground by
C1. The input resistor should be split
into equal halves to prevent large
values of C1 from appearing directly
across the operational amplifier’s input
terminals. High capacitance at the
input of some operational amplifiers can
lead to loop instability. This is espe-
cially true for high-speed amplifiers. In
general, the input filter’s cutoff fre-

quency should be no greater than 100
times the signal bandwidth to ensure
that the circuit responds quickly enough
to a step change in the input signal. For
non-inverting amplifier configurations,
the R1-C1 combination form the input
filter that prevents noise from coupling
directly into the amplifier’s
noninverting input. C2 limits the band-
width (and hence wideband noise) of an
amplifier but does not greatly assist in
preventing rectification since it is
unlikely to affect RF levels in the input
stage.

ci |

c4 R4 |
INVERTING ———-+- NON-INVERTING

SIGNAL -R3 SIGNAL R3
GAIN =~ —— GAIN = 14—

R1+R2 R2
SIGNAL - 1 . SIGNAL 1 ,
BW 2rnR3C2 BW 2rR3C2

1 i

————— > 100* SIGNAL BW FILTER _

FILTER _ 5 mic1

BW

BW 27R1CT > 100 ° SIGNAL BW

M C1, C2: Low-Inductance Capacitors

M Use Metal-Film Resistors for Low Noise

and Parasitic Reactance

Figure 1.56
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Equations illustrating the relationship
between circuit element values and
filter cutoff frequencies are given in
Figure 1.56. Proper component selection
is as important as the technique itself
for successful noise filtering. Metal-film
resistors should be chosen over composi-
tion or wire-wound ones for their low
excess noise and low parasitic reac-
tances. For best high-frequency noise
filtering, low inductance NPO, COG, or
film capacitors should be used.

Filtering operational amplifier inputs
and limiting circuit bandwidths are
both good techniques for eliminating
noise. However, noise can also couple
into an amplifier’s input stages via its
output (Figure 1.57). This is especially

important in low-power circuits where
operational amplifier output resistance
and external circuit resistance levels
are large.

The output resistance of operational
amplifiers increases with frequency;
thus it exhibits inductive behavior. If
an amplifier has a low output imped-
ance, external noise which finds its way
to the output terminal is effectively
grounded harmlessly. But if the output
impedance rises with frequency then
HF noise at the output is not attenu-
ated so much and may couple to the
amplifier input by passing backwards
through the feedback network (Figure
1.58).

OP AMP OUTPUT IMPEDANCE ALSO
AFFECTS RECTIFICATION SENSITIVITY

R1
V., o—MA YW
IN R2 ?

R 5

Vn Vi Vo

' r_+. Iy
—\
H

B Op Amp Output Impedance Increases With Frequency

M Larger R, Produces More Vv, at Op Amp Input

Figure 1.57
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EQUIVALENT CIRCUIT OF OP AMP FEEDBACK NETWORK

i —MA o
R R2 +
OP AMP R NOISE CURRENT IN R1
(% OF R1 + R2) (% OF i)
0 0
0.1 0.09
1 0.9
10 9

B C2INCREASES NOISE BY SHUNTING R2 @ HF

Figure 1.58

Here the feedback network is viewed
from the source of the interference at
the output looking toward the input.
Noise currents produced are normally
shunted to ground through the
amplifier’s low output resistance. As the
frequency increases, the output resis-
tance of the device also increases. This
causes more noise current to appear as
a noise voltage across R1. For example,
when RQ is expressed a percent of
R1+R2, the amount of noise appearing
at the inputs of the device is directly
proportional to the ratio of RQ to
R1+R2. Although the capacitor con-
nected across the feedback resistor is
used to limit signal bandwidth, it
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unfortunately provides a direct path for
noise at high frequencies by shunting
R2. To prevent output-coupled noise
from appearing at the inputs of a device
would require an operational amplifier
with zero output resistance over fre-

- quency — clearly unrealistic. Therefore,

to prevent noise from coupling into the
inputs via the feedback network, a
resistor (R3) is connected between the
sum node and the inverting terminal of
the operational amplifier and forms a
low-pass filter with the amplifier’s input
capacitance. Details for selecting the
value of the resistor are outlined in
Figure 1.59.
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CURING OUTPUT CIRCUIT INDUCED RECTIFICATION

R1

c2
S

B R3 Forms LPF with C,y (3pF < C,y< 5pF)

M Choose 1kQ <R3 <10kQ

M SetR4=R3+R1|/R2

B Watch for e, (R3)

Figure 1.59

Reducing RFI Rectification in Instrumentation Amplifier Circuits

Filtering techniques used for opera-
tional amplifier circuits can also be
applied to instrumentation amplifier
circuits. As shown in Figure 1.60, low-
pass filters are used in series with the
differential inputs to prevent unwanted
noise from reaching the inputs. Here, a
capacitor, C¥, is connected across the
inputs of the instrumentation amplifier
and forms a differential low-pass filter
with the two resistors RX. An additional
benefit of using a differentially-con-
nected capacitor is that it reduces
common-mode capacitance imbalance
which helps to preserve high-frequency
AC common-mode rejection. Since series
resistors are required to form the low-
pass filter, errors due to poor layout
(CMR imbalance), component tolerance
of RX (input bias current-induced V)
and resistor thermal noise must be
considered in the design process. In

applications where the sensor is an
RTD or a resistive strain gauge, Rx can
be omitted, provided the sensor is close
to the amplifier.

Some instrumentation amplifiers pro-
vide access to the base and emitter
junctions of the input transistors (Fig-
ure 1.61). An external capacitor (Cx)
can be connected across these terminals
to reduce RFI rectification. This base-
emitter bypass capacitor shunts high-
frequency interference away from the
base-emitter junction by forming a low-
pass filter with an external resistance,
Rx; however, a drawback to this tech-
nique is that the loop response of the
amplifier input circuit is affected by the
filter capacitor. As in the previous
example, errors arising from the addi-
tion of a series resistance must be
evaluated.
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USE THE SAME TECHNIQUE FOR INSTRUMENTATION AMPS
EXTERNAL FILTER

{— R x _—_[
+V)y O | W———y—]
|
l 1!
I CX l RG
| Rx |
Vi © i VWA -

Locate as close to
input pins as possible

B C, forms differential RC filter with Ry ; t(LPF)=2RyCy
B Cx reduces common-mode capacitance imbalance — AC CMRR
M Evaluate Ry errors -- CMR, |, ARy, e (Ryx)

B Ry may be omitted if transducer is resistive and close
to the amplifier

Figure 1.60

METHOD 2: BYPASS Q1 AND Q2 BASE-EMITTER
JUNCTIONS WITH A CAPACITOR

Ry Ry
o— o
VIN+H(/:\/:% %:;A:(\/" VIN-
EXTERNAL EXTERNAL

B Must have access to the amplifier's base-emitter junctions
B Cyx shunts interference away from base-emitter junctions

B Cx affects the amplifier's transient response
m Evaluate Ry errors

Figure 1.61
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Since these capacitors can affect the
loop stability of the input stage, they
cannot be arbitrarily large. In fact, each
instrumentation amplifier requires a
specific value of capacitance depending
on the gain setting. Exceeding the
recommended capacitance value will
damage the loop response. Figure 1.62
is a guide to selecting the recommended
value of capacitance for each ADI
instrumentation amplifier that provides
direct access to the base and emitter

terminals. Some, such as the AD625
and the AMP-01, require different
values of capacitance for different gain
settings. On the other hand, the AD626
does not require external R-C networks
for noise filtering. At each input of the
ADG626, an internal 200k resistor
forms a 160kHz low-pass filter with an
internal 5pF capacitor. The AD626 also
provides access to an internal node for
connecting a external capacitor for
additional filtering.

DIFFERENT INSTRUMENTATION AMPLIFIERS
REQUIRE DIFFERENT BASE-EMITTER BYPASSING

DEVICE CONNECT Cx BETWEEN
AD524 <220pF +IN and RG2
AD624 -IN and RG1
AD625 220pF (G<10) +IN and +GS
680pF (G>10) -IN and -GS
AMP-01 220pF (G<10) +IN and pin 1
680pF (G>10) —-IN and pin 2
AD620 <100pF (G>10) +IN and pin 8
—IN and pin 1
AD626 RF1 Filter Built-In

Figure 1.62

Unfortunately not all instrumentation
amplifiers are created equal. In Figure
1.63 are devices that do not provide
direct access to the input transistors.
Therefore, the base-emitter bypass
technique cannot be used, and external

networks for noise filtering must be
considered. Before you use the base-
emitter capacitance bypass technique
do understand the topology of the
amplifier.
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NOT ALL INSTRUMENTATION AMPLIFIERS ARE EQUAL

B Do not use base-emitter bypass on the following devices:

AMP-02
AD365
AMP-03
AD521
AD522
AMP-04
AMP-05

L 2R 2R 2R 2R 2K 28 2

Figure 1.63

Preventing RFI rectification in high-
accuracy circuits requires an under-
standing of the electrical environment
in which the circuit operates and using
passive components (resistors, capaci-
tors, ferrite beads) wisely. Passive
components that exhibit low parasitic
reactances should always be used.
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Always consider the impact of external
filtering networks (input or output) on
the overall performance. Finally, what-
ever methods are used to reduce RFI
rectification, preserve high AC common-
mode rejection by using balanced layout
to maintain input symmetry.
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PREVENTING RFI RECTIFICATION
IN HIGH ACCURACY CIRCUITS

Know your environment

Use your arsenal in filtering:

4 Metal film resistors

¢ Ferrite beads

4 Low-inductance capacitors
Consider the effects of external filtering

Balance input layout for high AC CMR

Figure 1.64
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INPUT OVERVOLTAGE PROTECTION

Op amps and instrumentation amplifi-
ers must often have the interface to the
outside world, which may entail han-
dling voltages that exceed their abso-
lute maximum ratings. Sensors are
often placed in an environment where a
fault may connect the sensor to high
voltages: if the sensor is connected to an
amplifier, the amplifier inputs may see
voltages exceeding its power supplies.
Whenever its input voltage goes outside
its supply range, an op amp may be

damaged, even when they are turned
off. Almost all op amps’ input absolute
maximum ratings limit the maximum
allowable input voltage to the positive
and negative supplies or possibly 0.3V
outside these supplies. A few exceptions
to this rule do exist, which can be
identified from individual data sheets,
but the vast majority of amplifiers
require input protection if over-voltage
can possibly occur.

INPUT OVERVOLTAGE PROTECTION

H Input Overvoltage Occurs When Either Input Exceeds

the Supply Voltage

B Overvoltage May Occur When Supplies Are Turned Off

B Most Amplifiers can be Damaged by Overvoltage

B External Protection may be Required

Figure 1.65

Any op amp input will break down to
the positive rail or the negative rail if it
encounters sufficient over-voltages. The
breakdown voltage is entirely depen-
dent on the structure of the input stage.
It may be equivalent to a diode drop of
0.7V or to a process breakdown voltage
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of 50V or more. The danger of an over-
voltage is that when conduction occurs
large currents may flow, which can
destroy the device. In many cases, over-
voltage results in current well in over
100mA, which can destroy a part al-
most instantly.
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To avoid damage, current should be
limited to less than 5mA. This value is
a conservative rule of thumb based on
metal trace widths in a typical op amp
input stage. Higher levels of current can
cause metal migration, which will
eventually lead to an open trace. Migra-
tion is a cumulative effect that may not
result in a failure for a long period of
time. Failure may occur due to multiple
over-voltages, which is a difficult failure
mode to identify. Thus, even though an
amplifier may appear to withstand
over-voltage currents well above 5mA
for a short period of time, it is impor-
tant to limit the current to guarantee
long term reliability.

Two types of conduction occur in over-
voltage conditions, forward biasing of
PN junctions inherent in the structure
of the input stage or, given enough
voltage, reverse junction breakdown.

The danger of forward biasing a PN-
junction is that excessive current will
flow and damage the part. As long as
the current is limited no damage should
occur. However, when the conduction is
due to the reverse breakdown of a PN
junction, the problem can be more
serious. In the case of a base-emitter
junction break down, even small
amounts of current can cause degrada-
tion in the beta of the transistor (Refer-
ence 15). After a breakdown occurs,
input parameters such as offset and
bias current may be well out of specifi-
cation. Diode protection is needed to
prevent base-emitter junction break-
down. Other junctions, such as base-
collector junctions and JFET gate
source junctions do not exhibit the same
degradation in performance on break
down, and for these the input current
should be limited to 5mA.

OVERVOLTAGE CHARACTERISTICS

B Op Amps Will Conduct to the Positive and Negative Rail

Given Enough Input Voltage

B The Voltage at Which Conduction Occurs Depends on the

Input Stage Construction

B This Voltage may be as Low as a Diode Drop or as High as

30V or More

B Conduction Current Needs to be Limited (Rule of Thumb: 5mA)

M Avoid Reverse Bias Junction Breakdown in Base-Emitter Junctions

M No Two Amplifiers Are the Same

Figure 1.66
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Various factors affect the over-voltage
characteristics of an op amp. Figure
1.67 lists some of the structures com-
monly found in input stages. Such
circuit elements as input protection
diodes usually form a diode from a
supply. When the input voltage goes
more than 0.6V outside that supply,
then a diode from the substrate through
the protection diode conducts current
and limits the input voltage. There are
many different ways of building an
input stage, and, with them, many
different types of over-voltage charac-
teristics. This list gives examples of

various structures and their possible
characteristics, but it certainly not
exhaustive. Sometimes the characteris-
tic of a particular op amp can be deter-
mined from a simplified schematic in
the data sheet by looking for PN-junc-
tions. Often, though, the data sheet
schematic does not contain enough
information to determine over-voltage
characteristics. In these where no
obvious breakdown path exists or the
simplified schematic is not shown, the
best strategy is to measure the perfor-
mance.

FACTORS AFFECTING OVERVOLTAGE CHARACTERISTICS

H INPUT PROTECTION DIODES:
B INPUT SERIES RESISTORS: @ POLY:

® THIN FILM:

Usually Form a Diode from V-
Form a Diode to V+

Provides Current Limiting

B SUBSTRATE CONNECTION: Positive or Negative Supply

® INPUT TECHNOLOGY:

® JFET:

® BIPOLAR: No Inherent Paths to Either Supply

Diode Formed from V- for
P-Channel JFETs

B INPUT STAGE STRUCTURE: Is There a Conduction Path to Either Supply?
Look for PN Junctions

Figure 1.67

A curve tracer can be configured to
measure the over-voltage characteris-
tics of any amplifier by connecting the
part as shown in Figure 1.68. The curve
tracer ramps a DC voltage on the input
and measures the current flowing in the
input stage. The supply voltages can be
configured as desired; however for
simplicity all measurements in this
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section were made with both supplies
connected to ground. For most amplifi-
ers this measurement yields the same
results on both inputs. An exception to
this is found with current feedback
amplifiers, which have different charac-
teristics at their inverting and
noninverting inputs. If a curve tracer is
not available, the measurements can be
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done using a DC voltage source and a
multi-meter. Connect the source to the
input through a 10kQ resistor, and

measure the current as a function of the
input voltage. Both methods yield the
same results.

OVER-VOLTAGE CURVE TRACER TEST SETUP

COLLECTOR

CURVE

TRACER
BASE

Test Both Inputs of Op p Amp -- Results are Identic

—v' ------- \'luls

Voltage Feedb ck Types but Not Current Feedback
Force a Voltage Using the Collector Output
Display Collector Current Versus Voltage

Results May Differ Depending on Whether the Other
Input is Open or Grounded

Figure 1.68

Figures 1.69 through 1.78 show differ-
ent examples of over-voltage character-
istics of various op amps. A varied
sample of devices were tested but this is
certainly not an exhaustive selection of
amplifiers. As mentioned above, two
basic types of over-voltage characteris-
tics are exhibited in amplifiers. Forward
biased junctions are evident because, as
the input voltage rises above the sup-
plies, distinct break points are encoun-
tered when internal diodes turn on. In
most cases, this characteristic occurs
within one or two diode drops of either
supply. On the other hand, reverse
junction breakdown does not occur until
the input goes 4V or more outside either

supply. Breakdown voltages may be as
large as 50V or even more. Such mea-
surements are important because it is
much easier to protect an amplifier
against damage due to over-stress if its
behavior when over-stressed is well
understood.

Figure 1.69 shows the over-voltage
characteristic of an OP-177 precision
amplifier. As the curve tracer shows, an
internal diode turns on and starts
conducting when the input reaches 0.6V
above the positive supply. In the nega-
tive direction, we see that a diode also
turns on, but the input current is lim-
ited by a series resistance. The OP-177

1-59




SyYSTEM APPLICATIONS (GUIDE

input stage’s schematic partially illus-
trates where the parasitic diodes de-
velop. Figure 1.70 shows the cross
section for the process to illustrate more
clearly where the diodes originate.
When the input goes 0.6V below the
negative supply the cathode of the
protection diode forms the cathode of a
parasitic diode from th2 p-type sub-
strate. When this substrate diode turns
on, current flows form the negative
supply through the diode and the 500Q
input resistor, which accounts for the
slope seen in the curve tracer photo.

The actual resistor is fabricated with
diffused p-type material in an n-well as
shown in Figure 1.70. The n-well is
biased to the positive supply potential.
Thus, when the input voltage rises 0.6V
above the positive supply, the diode
formed by the p-type resistor and the n-
well is turned on. In this case the
resistor is not in series with the input,
so the current is not limited. Because
PN-junctions are forward biased when
the input goes outside either supply of
the OP-177, the input current need only
to limited to 5mA to protect the device.

EFFECTS OF INPUT PROTECTION DIODES AND
DIFFUSED RESISTORS FOR THE OP-177

50kQ

Figure 1.69
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OP-177 CROSS-SECTION SHOWS CURRENT PATHS

IVIN V+
~W—p L)
¥

n

Vin> V#

Diffused p-Type Resistor
Forms a Diode to V+

p-sub

Iv.
v, v+ [ T

IN I T + [_—_ Vi< V-

‘—VNNL-p ln+ ) ln+ ] ( n+ )
Input Protection Diodes
. Form a Diode from the
n no Negative Supply
L p-sub 1 }
Ly,
Figure 1.70

The OP-27 is an example of an input
stage without input protection resistors
(Figure 1.71). It still has input protec-
tion diodes, and like the OP-177, these
form a diode from the substrate (Figure
1.72). As is evident in the curve tracer
photo, the current is no longer limited
in the negative direction because there
are no input resistors. In the positive
direction, the base collector junction of
the NPN input transistor is forward
biased at 0.6V above V+, and current
starts to flow through the collector
resistor. This collector resistor is also a

p-type diffused resistor in an n-well.
Thus, when the voltage across the
resistor exceeds 0.6V a second diode
turns on. The curve tracer actually
shows the two diodes turning on. The
first breakpoint occurs at 0.6V, which is
followed by a sloped section due to the
20kQ collector resistor, then a second
breakpoint at 1.2V. Above this point,
current flows with no limit. Since
current is not limited in either direc-
tion, external protection is required to
limit the input current to less than
5mA.
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NO INPUT RESISTORS TO LIMIT OVERVOLTAGE
CURRENT OF THE OP-27

V+

T *8mA :)‘ 20kQ 20kQ
1 I+

+ -8mA

V-
Figure 1.71
OP-27 CROSS SECTION
P " VN> V+

Forward Biases Base-

v . Collector Junction First.
n ; ': Current is Limited By
Collector Resistance.

At 1.4V, Diffused Resistor

TN s ) v

p-sub Also Forward Biases.
v
-VIN-I- IV|N
ViN< V-
Forward Biased Substrate Junction
LNLLE of Input Protection Diodes
p-sub
l V- Figure 1.72
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Another common input stage device is a
p-channel JFET differential pair. The
part used as an example is the OP-42,
but other JFET input devices such as
the AD711, AD712, and OP-282 exhibit
similar characteristics. As the curve
tracer photo shows (Figure 1.73) the
over-voltage characteristic is very
different from those of the previous
amplifiers. There is no over-voltage
conduction path in the positive direction
because there are no PN-junctions from
the gate (Figure 1.74). When a positive
over-voltage is applied to the inputs, the
n-well and n-gate are pulled above V+.

Thus, the PN-junctions (formed by the
gate to drain and n-well to substrate)
are reverse biased and no conduction
occurs. If the input voltage is increased
the input junctions eventually break
down. For the OP-42 this breakdown
occurs at approximately 44V. This
breakdown, unlike base-emitter break-
down, is not damaging to the JFETs as
long as the input current is limited to
less than 5mA. However, to ensure that
the input is not damaged, external
clamping, using a diode, is recom-
mended if the input voltage approaches
the breakdown region.

P-CHANNEL JFET INPUT OF THE OP-42

+ -8mA

o

1.7kQ

Figure 1.73
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OP-42 CROSS SECTION

B V,>V+ No Current Path
Breakdown Voltage > 30V

B Vy<V- P-Channel JFET Forms a Diode

From V-
OVIN
SOURCE
T GATE ‘[DRAIN
p | n p | [n)
P v,
n :
/ p-sub /
Lv.
Figure 1.74

As the cross-section shows, the conduc-

A semaazad e ~<x

M e=rla ~oe 41 = .1 R N
tion path when the input goes below the

negative supply is through the n-well,
which is connected to the input pins.
This is a simple PN-junction from the
substrate. As with the previous two
amplifiers, as long as input current is
limited to 5mA, no damage will occur.

All the parts discussed so far are fabri-

cated on a p-type substrate, which is
biased to the negative supply, but
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amplifiers may also be made on n-type
substrates which are biased positive.
The OP-295 is an example. Figure 1.75
shows that the OP-295 has almost
identical characteristics to the OP-177.
For a negative over-voltage a diode
from V- turns on, and the diffused 5kQ
input resistors limit the over-voltage
current. In the positive direction, a
diode from the p-type resistor turns on
to V+. The process cross-sections are
shown in Figure 1.76.
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OP-295 ILLUSTRATES N-TYPE SUBSTRATE

+ +8mA
o AAA a
T 5kQ )
I-
VIN< V- e VIN> V+ v
-|5vl/)/"r T | T T T T +l5v
5kQ
+ -8mA
Sa6k0 236k
Figure 1.75 V-
OP-295 CROSS SECTION
TVin
Lwww—p J

: VN> V+

Diffused Resistor Forms Diode

; to Positive Supply

n-sub _
Jve
V- ViNe Vi
? 5kQ % 5kQ
y v ViN< V-
p+ n+ n+ +
U LL_"J u b—) Protection Diode
P = y Provides Path from V-
n-epi
p-tub
n-sub o
l V+
Figure 1.76
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The substrate is n-type and biased to
the positive supply. NPN devices are
built in p-wells biased to the negative
supply. The input protection device on
the OP-295 is an NPN transistor with
two emitters which serves as a zener in
series with a diode to clamp the differ-
ential input voltage to approximately
+10V. As the cross-section shows, this
combination forms two diodes when the
input goes below V-. Once these diodes
conduct the input resistor limits the
current. In the positive direction, the
diffused input resistor forms a diode to
the positive supply, which turns on
when the input goes 0.6V above V+. In
this case the resistor is bypassed, no
current limiting occurs, and an external
series resistor is needed to limit current
to less than 5mA.

Zener diodes are sometimes used to
protect PNP input stages from large

differential voltages. The OP-213 input
stage has two pairs of PNP input tran-
sistors (Figure 1.77). The breakdown in
the negative direction is very simple.
The collector-base junction of the PNP
transistor is turned on when the input
goes below V- (Figure 1.78). In the
positive direction, however, the base-
emitter junction of the protection tran-
sistor is reverse biased and experiences
zener breakdown. Current flows to the
positive supply through diode D1. In
this case, the protection transistors are
designed to experience zener breakdown
and no damage occurs as long as the
current is limited. If there is uncer-
tainty about the type of breakdown
occurring, an external diode to the
positive supply will ensure that base-
emitter breakdown does not occur.

OP-213 ILLUSTRATES ZENER DIODE BREAKDOWN

IN+ \

Figure 1.77
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OP-213 CROSS SECTION

Iv_ v+ % | T Vi

CRITICAL

/ JUNCTION

v 7
p+ l n+ ] n+ .

ViN> V+

Reverse Biased
Base-Emitter

n-epi
Junction Breakdown
p-tub
n-sub
Sve
S R
. . { VNS V-
+
Lp—J : LE—J Input Stage PNP Forms
. Diode From V-
n:e.pi
k p-tub )
n-sub
l V+

Figure 1.78

Whenever an op amp may experience
over-voltage it should be protected.
Except for a few amplifiers with inter-
nal protection, most amplifiers will need
external resistors and, in some cases,
diodes, as summarized in Figure 1.79. If
an amplifier has internal PN-junctions
that turn on when the input voltage
goes outside the rail, then the only
protection needed is a resistor to limit
the current to 5mA. This current level
is a safe value based on typical ampli-

fier input stage structures. In cases
where reversed biased junctions break
down external diodes are needed.
Usually breakdown occurs to one of the
supplies only, and only one diode is
needed. A series resistor should be also
included to limit the current through
the diode to safe levels. Whenever there
is doubt about how a particular ampli-
fier behaves, its characteristics should
be checked on a curve tracer.
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OVERVOLTAGE EFFECTS

B Junctions may be Forward Biased if the Current is Limited

M In General a Safe Current Limit is 5mA

B Reverse Bias Junction Breakdown is Damaging Regardless
of the Current Level, Unless the Junction has been Designed
to Break Down

B When in Doubt, Protect with External Diodes

B Curve Tracers Can be Used to Check the Overvoltage
Characteristics of a Device

Figure 1.79

SERIES RESISTOR LIMITS OVERVOLTAGE CURRENT

. V>V
Vi<V L+8ma  INTTF
RG RF
— M WA
<7 V+
o e M s—
i -10V
VN Rs
V- 4
Ra=2kQ
) 1
RS=0
T -8mA
\4 "Vsu |
® PickRg SuchThat: Rg = —"max _Subpy

M For Example, When V,

supply is Turned Off, and V .

In max

=10V, Rg =2kQ

Figure 1.80
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Figure 1.80 shows the difference be-
tween a protected and an unprotected
input stage. The curve tracer photo
shows the OP-27 over-voltage charac-
teristic without a series resistor. The
current reaches 10mA with less than
1V on the input. With a 2kQ resistor in
series with the input, the current is
limited to £5mA for input voltages up to
10V outside the supply voltages. Rq is
chosen so that at maximum over-
voltage the current is limited to 5 mA.
Most op-amp applications require over-
voltage protection at only one input, but
there are a few (differential amplifiers,
for example) where both inputs can
experience over-voltage and both must
be protected. The need for both inputs
to be protected is much commoner with
instrumentation amplifiers.

It is evident that whenever resistance is
added in series with an amplifier’s
input, its offset and noise performance
is slightly degraded. In Figure 1.81, the
additional noise and offset are calcu-
lated. The thermal noise of the resistor,
the voltage noise due to the amplifier
noise current ﬂowing in the resistor and
the input noise voltage of the amplifier
are added together (using root sum of
squares addition, since the noise volt-
ages are uncorrelated) to determine the
total input noise and may be compared
with the input voltage noise in the
absence of the protection resistor.

A protection resistor in series with an
amplifier input has a voltage drop due

to the amplifier bias current flowing in
it. This drop appears in the system as
an increase of offset voltage (and, if the
bias current changes with temperature,
offset drift). In amplifiers where bias
currents are approximately equal a
resistor in each input will tend to
balance the effect and reduce the error.

If large resistors are necessary for
adequate protection these noise and
offset effects may become intolerable. In
such a case it may be possible to use
external Schottky diodes to clamp at
higher current levels than the 5 mA
limit on internal currents.

Figure 1.82 shows the benefit of adding
an external diode to clamp the input
over-voltage. The OP-213 with its 10V
positive breakdown is used as an ex-
ample. As the curve tracer shows, the
clamp diode turns on when the input
exceeds V+ by 0.6V, and the series
resistor limits current in both direc-
tions. Two configurations are shown.
The upper configuration offers lower
leakage for small input voltages be-
cause the reverse bias on the diode is

1N haaé + hha s A exrithh 3 .
smaii out cannot be usea witn andua

>50mV as the diode turns on and the
leakage goes up. In the lower configura-
tion the cathode of the diode is con-
nected to V+. The diode will not turn on
until the input exceeds V+. This ar-
rangement has higher leakage. A series
resistor is still needed to limit the
current.
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SERIES RESISTOR EFFECTS

B Increases Noise:

- 2 2 . 2
En Total "\/en opamp” *enRs” * (RS in op amp)

B Voltage Offset Increases Due to Bias Currents:
® Vos Total =Vos *+ Ib Rs

® Balance Input Impedance to Minimize Ip Errors, Rs =R1|| R2

® Vos Total = Vos + los Rs

Figure 1.81

DIODE CLAMP PREVENTS REVERSE BIAS BREAKDOWN

5\}; Lower Leakage if Vjy < 50mV
in Normal Operation
RG V+
W / Rg=0
‘%7 T +8mA
OP-213 —0
Rs V<V + ViN> v+

-8mA

—O0

Lower Leakage if Vjy > 50mV
in Normal Operation

Figure 1.82
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The choice of diode is important in
applications where low bias current is
important. Any component added to the
input pin contributes some leakage. The
choice of the diode depends on the bias
current requirement for the application.
The table in Figure 1.83 shows various
protection diodes and their leakage
currents. The common 1N914 or
1N4148 diode typically has 10nA of
leakage current and is not a very good
choice when using a JFET amplifier. A
good choice for a protection diode is the
base-collector junction of a 2N3906
transistor which is inexpensive and has
leakage currents on the order of 10pA.
For the most demanding applications,
low leakage FETs may be required.
Such parts as the 2N4117A and PAD1,
from Siliconix, provide protection with
leakage currents under 1pA. Tempera-

ture effects must also be considered, as
the leakage current of diodes and JFET
junctions doubles for every 10°C tem-
perature rise.

The parts discussed do not have inter-
nal over-voltage protection. However,
there is a small group of amplifiers that
are designed to handle input voltages
which exceed their supplies (Figure
1.84). Some of these parts have thin
film resistors in series with their inputs.
These resistors are isolated from the
silicon and do not form a diode to a
supply. They limit current as an exter-
nal resistor does. The AMP-02 and the
AD524 have protection JFETs in the
input stage that turn on during over-
voltage and allow the inputs to reach
+60V without damage.

DIODE CLAMP LEAKAGE AFFECTS BIAS CURRENT
B Diode Leakage May Be Significant Compared To Ip

M If Important:

Pick A Low Leakage Diode

B Remember JFET Leakage Doubles for every 10°C Rise

Diode Leakage @ 25°C
1N914 10nA
1N4148 10nA
2N3906 10pA
(Base-Collector Junction)
2N4117A* 1pA
PAD1* 1pA
* Siliconix JFETS

Figure 1.83
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SOME AMPLIFIERS HAVE BUILT-IN PROTECTION

Thin Film Input Resistors Allow the Input Voltage to

Exceed the Supplies By 20V

N OP-90:

E AMP-02:

B AD524, :
ADG626

B AMP-03, :
SSM-2141

B SSM-2143:

Protection FETs Allow 60V Inputs

Thin-Film Input Resistors Allow 60V Inputs

25kQ Thin-Film Input Resistors

12kQ Thin-Film Input Resistors

Figure 1.84

Input over-voltage is a common prob-
lem. It can cause serious damage if
suitable protection is not provided by
the circuit designer. To provide such
protection it is necessary to identify the
values of over-voltage to be expected,

and to understand the behavior of the
amplifier used under over-voltage
stress. Armed with this information the
designer can provide suitable protection
for his circuit.

AMPLIFIER OuTPUT PHASE REVERSAL

Some amplifiers exhibit output voltage
phase reversal when their input exceeds
their common mode range. Phase
reversal is usually associated with
JFET input amplifiers, but some bipo-
lar devices (especially single supply
amplifiers) may also be susceptible.
Phase reversal does not harm the
amplifier, but it may be disastrous in a
servo loop! Once the amplifier inputs
return within the correct operating
range, output phase reversal ceases.
Although a number of op amps suffer
from phase reversal it is, surprisingly,
rarely a problem in system design. It
may also be necessary to consult the
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amplifier manufacturer, since phase
reversal information rarely appears on
data sheets.

Phase reversal in a BiFET op amp may
be prevented by adding an appropriate
input series resistance to limit the input
current. Biplolar input devices may be
protected by using a schottky diode to
clamp the input to within a few hun-
dred millivolts of the appropriate,
usually negative, rail. For more infor-
mation on phase reversal and how to
prevent it, refer to Reference 1, Section
XI, pages 1-10.
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AMPLIFIER LATCH-UP

Destructive latch-up on power-up is
rare in modern ICs. The typical trigger
mechanism for latch-up is a signal
which is present at an input of a device
before power is applied. This may cause
a parasitic SCR to fire, large currents
flow between the supply pins and the
device is damaged. This was common in
older CMOS devices, but most IC op
amps do not behave in this way.

If latch-up is a concern, the amplifier
may be easily checked easily for suscep-
tibility. Apply an input to the amplifier

and, using current-limited supplies so
that no damage is done if latch-up does
occur, apply power to the device. If the
device has more than one supply, it
should be tested with every possible
sequence of supply turn-on (i.e., VoC
then Vgg then V]ggic; Vgg then Voo
then Ve etc., through ALL combina-
tions). The test should be performed
with all possible inputs as well. All op
amps discussed in this section of the
book have been checked in this way and
are free from latch-up.

BEWARE OF AMPLIFIER OUTPUT PHASE REVERSAL

B Sometimes Occurs in FET and Bipolar Input (Especially Single-
Supply) Op Amps when Input Exceeds Common Mode Range

B Does Not Harm Amplifier, but may be Disastrous in Servo Systems!

B Not Usually Specified on Data Sheet, so Amplifier Must be Checked

B Easily Prevented:
BIiFETs:

Bipolars:

Add Appropriate Input Series Resistance

Use Schottky Diode to Clamp Input Within the

Supply Rails. Note: Some CB Process Devices
Exhibit Phase Reversal with POSITIVE, and not
Negative Inputs.

Figure 1.85
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OP AMP LATCH-UP RARELY OCCURS, BUT:

M [fit does occur, it usually occurs when power is applied in the
presence of an input signal (common occurrence in older

CMOS devices)

Large currents due to SCR action may destroy device
Carefully observe all Absolute Maximum specifications
If in doubt, consult manufacturer and test amplifier for latch-up

"Catch" diodes (Schottky) from input to positive and negative

supply rails may be added for additional protection against

latch-up

Figure 1.86

TRANSMITTING PRECISION SIGNALS IN Noisy ENVIRONMENTS

Signal integrity is often compromised in
the interconnections between portions
of electronic systems (Reference 16) . In

industrial applications, precision signals

must often be transmitted long dis-
tances to other signal conditioning or
A/D conversion circuitry without loss of
accuracy. Balanced transmission and
reception techniques can reject both HF

and LF interference and maintain
accuracy. There are many ways of
implementing balanced signal transmis-
sion and reception, but not all of them
are suitable for the transmission of high
precision DC and LF signals. Most of
the viable techniques use op-amps and
instrumentation amplifiers.

PARALLELING AMPLIFIERS FOR A PRECISION LINE DRIVER

[REFERENCE 16]

One of the more important tasks of any
signal conditioner is preserving signal-
to-noise ratio. The circuit in Figure 1.87
illustrates a method of preserving
signal-to-noise ratio in a system where
two instrumentation amplifiers are
connected together to form a precision
differential line driver. The signal-to-
noise ratio of the circuit is improved by
V2 over a single amplifier because the
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output signals add differentially and
are multiplied by 2, while the input
noise only increases by V2.

In this circuit, the inputs of a pair of
AD621s are connected in anti parallel
while the outputs signal appears differ-
entially between the outputs of the
AD621s. Even though each instrumen-
tation amplifier can be configured to
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gains of 10 or 100, the circuit gain is even when the output is 40 Vp.p (Figure
twice this because of the differential 1-_88)- Its performance is summarized in
output connection. The line driver Figure 1.89.

exhibits an excellent transient response

STACKING TWO INSTRUMENTATION AMPLIFIERS
MAKES A PRECISION DIFFERENTIAL LINE DRIVER

3
8
10pF
1
I 2
ACCMR ~_
ADJUST K
4 - 40pF
8
3

-IN o—

+15V

+IN O—

|
+15V %

G=100
Figure 1.87

STACKED INSTRUMENTATION AMPLIFIER EXHIBITS
EXCELLENT TRANSIENT RESPONSE

Horizontal Scale: 10ps/div.
Vertical Scale: 10V/div.

G=10
Vin = 2V peak-to-peak

Figure 1.88
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PERFORMANCE OF PRECISION STACKED LINE DRIVER

Nonlinearity:
Gain =10 0.0002 %
Gain =100 0.004 %
Slew Rate: 2.4 V/ips
Maximum Output Level: 40 Vp.p (14.2 Vims)
~3 dB Bandwidth:
Gain=10 650 kHz
Gain =100 170 kHz
CMRR:
f=60Hz 95 dB
f=1kHz 73 dB
Input Noise Spectral Density @ 1 kHz:
G=10 16.2 nVA/Hz
G =100 10.5 n\VA/Hz
Figure 1.89

A HicH-PRECISION, BALANCED LINE RECEIVER [REFERENCE 17]

As important as the line driver is the op amp, the AD708. The AD708’s tight
differential line receiver. A line matching of Vog, TCV0s, IB, and
receiver’s primary function is to reject CMRR yield a design that achieves
common-mode noise. Figure 1.90 is an 95 dB CMR from dc to 1 kHz. The
example of a high-precision, balanced common-mode performance of the

line receiver built with a precision dual circuit is shown in Figure 1.91.
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USING A HIGH PERFORMANCE DUAL OP AMP
AS A PRECISION DIFFERENTIAL LINE RECEIVER

R2*, 10kQ
R1*, 10kQ l \ W
¢) h
Vin Al : Vour
R3*, 10kQ 3
(+) O——\ +
10kQ
_ R2
B GAIN = 2R1

*VISHAY #158 NETWORK
**VISHAY #212 NETWORK

M DIFFERENTIAL Ry = R1+R3

" oy = (14 -2—2 Wey (A1)

A1, A2 =1/2 AD708 </

Figure 1.90

USING A PRECISION DUAL OP AMP WITH
MATCHED CHARACTERISTIC YIELDS HIGH CMRR

’ 3"310 PRECISION AHPL(dBr) vs FREQ(Hz) 11 DEC 92 23:57:@3
. Ap

-16.00

-206.00
-36.00
-408.08
-50.09
-66.00

-36.68 L

-98.80 =

-160.9
26

10@ 1k 18k 58k |

Vin = 2V peak-to-peak
Figure 1.91
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The circuit uses a balanced topology
that equalizes the signal currents in the
two inputs, which is important in
applications where a number of twisted
pairs are bundled together. In a bundle
the risk of crosstalk is high — balancing
the signal currents in each pair of
cables greatly reduces it by minimizing
interfering magnetic fields. A2 provides
a push-pull feedback arrangement to
drive R4, the previously grounded
reference terminal, in antiphase to
Vour. This circuit provides a single-
ended output with a gain of one-half,

assuming that R2 = R1. The common-
mode range of the circuit is equal to the
common-mode range of conventional
line receivers, but common-mode rejec-
tion at VOUT is about double. A2’s
feedback network ratio, R5/R6, affects
the balance in the circuit and not its
CMR but the matching of R1 and R3,
and R2 and R6 is critically important to
the CMR. The large-signal behavior of
this balanced line receiver is shown in
Figure 1.92, and its performance is
summarized in Figure 1.93.

PRECISION DIFFERENTIAL LINE RECEIVER EXHIBITS
EXCELLENT LARGE SIGNAL TRANSIENT RESPONSE

Vertical Scale: 5V/div.
Horizontal Scale: 50us/div.

Vin = 20V peak-to-peak

Figure 1.92
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PERFORMANCE OF PRECISION LINE RECEIVER

Nonlinearity 0.00045
Slew Rate 0.3 Vius
Common-Mode Input 28V
Range

-3 dB Bandwidth 660 kHz
CMRR 95 dB

Figure 1.93
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ISOLATING TRANSDUCERS

There are many applications where it is
desirable, or even essential, for a trans-
ducer to have no direct (“galvanic”)
electrical connection with the system to
which it is supplying data, either in
order to avoid the possibility of danger-
ous voltages or currents from one half of
the system doing damage in the other,
or to break an intractable ground loop.
Such a system is said to be “isolated”
and the arrangement which passes a
signal without galvanic connections is
known as an “isolation barrier”.

The protection of an isolation barrier
works in both directions, and may be
needed in either, or even in both. The
obvious application is where a sensor
may accidentally encounter high volt-
ages and the system it is driving must

be protected, but it is equally possible
that a sensor may need to be isolated
from accidental high voltages arising
downstream, in order to protect its
environment:- examples include the
need to prevent the ignition of explosive
gases by sparks at sensors and the
protection from electric shock of pa-
tients whose ECG, EEG or EMG is
being monitored. The ECG case is
interesting as protection may be re-
quired in both directions: the patient
must be protected from accidental
electric shock, but if the patient’s heart
should stop the ECG machine must be
protected from the very high voltages
(>7.5 kV) applied to the patient by the
defibrillator which will be used to
attempt to restart it.

WHERE IS ISOLATION USED?

M Transducer is at a High Potential Relative to other Circuitry
(or may become so under fault conditions)

M Transducer may not Carry Dangerous Voltages, Irrespective

of Faults in other Circuitry

(e.g. Patient Monitoring and Intrinsically Safe Equipment for use

with Explosive Gases)

B To Break Ground Loops

Figure 1.94
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Opto-isolators, which consist of an LED
and a photocell, provide isolation by
using light, a form of electro-magnetic
radiation. Different isolators have
differing performance: some are suffi-
ciently linear to pass high accuracy
analog signals across an isolation
barrier, with others the signal may
need to be converted to digital form
before transmission if accuracy is to be
maintained.

Just as interference, or unwanted
information, may be coupled by electric
or magnetic fields, or by electro-mag-
netic radiation, these phenomena may
be used for the transmission of wanted
information in the design of isolated
systems. The commonest isolation
amplifiers use transformers, which
exploit magnetic fields, and another
common type uses small high voltage
capacitors, exploiting electric fields.

TECHNIQUES FOR ISOLATION

Electric Field Capacitive Signal Coupling

Magnetic Field Transformer Coupling

Electromagnetic Optical Coupling

Sometimes a Technique will not have Adequate Linearity--
In Such Cases There are two Possibilities:

¢ Voltage-Frequency Conversion / Transmission /
Frequency-Voltage Conversion

¢ Analog-Digital Conversion Before Transmission
Across the Isolation Barrier

Figure 1.95

Transformers are capable of analog
accuracy of 12-16 bits and bandwidths
up to several hundred kHz, but their
maximum voltage rating rarely exceeds
10 kV and is often much lower. Capaci-
tively coupled isolation amplifiers have
lower accuracy, perhaps 12-bits maxi-
mum, lower bandwidth and lower
voltage ratings - but they are cheap.
Optical isolators are fast and cheap,
and can be made with very high voltage

ratings (although 4-7 kV is one of the
commoner ratings), but they have poor
linearity and are not usually suitable
for direct coupling of precision analog
signals (although there are some excep-
tions to this generalization they tend to
be expensive).

Linearity and isolation voltage are not
the only issues to be considered in the
choice of isolation systems. Power is
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essential. Both the input and the output
circuitry must be powered and unless
there is a battery on the isolated side of
the isolation barrier (which is possible,
but rarely convenient) some form of
isolated power must be provided. Sys-
tems using transformer isolation can
easily use a transformer (either the
signal transformer or another one) to
provide isolated power, but it is imprac-

ticable to transmit useful amounts of
power by capacitive or optical means
and systems using these forms of isola-
tion must make other arrangements to
obtain isolated power supplies - thisis a
powerful consideration in favor of
choosing transformer isolated isolation
amplifiers: they almost invariably
include an isolated power supply. An
example is the AD210 (Figure 1.96).

AD210 3-PORT ISOLATION AMPLIFIER

OUTPUT
FB
T
-
-IN (17) MOD DEMOD
FILTER (1) Vo
+IN (19) |
ICOM 18 2 OCOM
T2 POWER i
- .
+Viss 14 inpuT T output F(3) +Voss
POWER POWER
—-Viss @ SUPPLY u ags SUPPLY ~Voss
POWER
OSCILLATOR AD210
C—)
PWR  PWR COM
Figure 1.96

The AD210 is a 3-port isolation ampli-
fier: the power circuitry is isolated from
both the input and the output stages
and may therefore be connected to
either - or to neither. It uses trans-
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former isolation to achieve 3500 V
isolation with 12-bit accuracy. Key
specifications for the AD210 are sum-
marized in Figure 1.97.
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AD210 ISOLATION AMPLIFIER KEY FEATURES

M Transformer Coupled

B High Common-Mode Voltage Isolation:

2500V RMS Continuous
* 3500V Peak Continuous

Wide Bandwidth: 20kHz (Full-Power)
£ 0.012% Maximum Non-Linearity
Input Amplifier: Gain 1 to 100

Isolated Input and Output Power Supplies, * 15V @ * 5mA

Figure 1.97

A typical isolation amplifier application
using the AD210 is shown in Figure
1.98. The AD210 is used with an AD620
instrumentation amplifier in a current-
sensing system for motor control. The
input of the AD210, being isolated, can
be connected to a 110 or 230 V power
line without any protection, and the
isolated +£15 V powers the AD620,
which senses the voltage drop in a
small current sensing resistor. The 110

or 230 V rms common-mode voltage is
ignored by the isolated system. The
ADG620 is used to improve system
accuracy: the Vg of the AD210 is

15 mV, while the AD620 has Vg of

30 pV and correspondingly lower drift.
If higher DC offset and drift are accept-
able the AD620 may be omitted and the
AD210 used directly at a closed loop
gain of 100.



SYSTEM APPLICATIONS GUIDE

MOTOR CONTROL CURRENT SENSE

HIGH VOLTAGE
‘[ AC INPUT +15V
3 Y ol INPUT OUTPUT
T
0010 ss00 3. | AD620"8 ) mop oren
8 ANG—+ FILTER
- 5 —] | I—
2 4 leon S8 —_J
T2 POWER
15V +15V° +V,gs 19— INPUT j: B
POWER
G =100 A5V -V|ss (15)—{ SUPPLY - ﬁ
POWER
OSCILLATOR

30, 9)
PWR PWRCOM

+15V

Bl High Accuracy/Low-Drift of AD620
B AD620 Powered By AD210
M Floating, Isolated, Senses Up To 2000V

Figure 1.98

breakdown voltages (as high as 3.5 kV),
and, using transformer isolation, all of

ADTI’s range of transformer coupled
isolation amplifiers is listed in Figure

1.99. There are a variety of devices with
differing accuracies, bandwidths and

ISOLATION AMPLIFIER FAMILY

them have isolated power supplies,
which simplifies system design.
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Part Peak Isolation | Gain Range | Gain Nonlinearity Frequency
Voltage VIV % Maximum Response, kHz
AD202 1000 - 2000 1- 106 | 0.025 - 0.05 2
AD203 2000 1-100 0.025 10
AD204 1'000 - 2000 1-100 0.025 - 0.05 5
AD208 1000 - 2000 1-1000 0.015-0.03 04-4
AD210 3500 1-100 0.012 - 0.025 20
Figure 1.99




L ]
PRECISION SENSOR SIGNAL CONDITIONING AND TRANSMISSION

Optical isolators using optical fibers
may be made with isolation voltages of
tens of MV. More general purpose
devices consist of an LED and a photo-
cell, electrically isolated but in a single
DIL package, and having a breakdown
voltage in the range 3.5 - 10 kV. The

coupling between the two elements is
not linear, so they cannot be used in
simple analog isolation amplifiers,
although they will carry digital signals
and hence the results of A-D or V-F
conversion very efficiently.

FOR HIGHER VOLTAGE BARRIERS USE OPTO-ISOLATORS

B Uses Light for Transmission Over a High Voltage Barrier

B An LED is the Transmitter, and a Photodiode or Phototransistor

is the Receiver

B High Voltage Isolation is in the Range of 5000V to 7000V

B Usually Not Linear -- Best for Digital or Frequency Information

|
N — I — °lour
|
AVA M SZ
|
RETURNo0——-— !  ——)

HIGH VOLTAGE
BARRIER

Figure 1.100

The Siemens IL300XC is an opto-
coupler which contains two carefully
matched photodetectors (they are
actually matched at a sensitivity ratio
of 0.7:1). By using one in a feedback
system it is possible to linearize the
response of the other when it is used as
an isolation element. The linearity of
such a system depends on accuracy of
the matching of the photodetectors, and
an optical design which ensures that
both photodetectors receive the same
amount of light from the LED.

Figure 1.101 shows an isolated tem-
perature measuring scheme using such
a device. The TMP-01 has a voltage
output of 5 mV/K. Between -40° and
+85°C its output is 1.16 - 1.8 V. This
output voltage is applied to R1, and
negative feedback in the OP-90 forces a
current through the LED of the
IL300XC such that a current flows in
detector D1 to force pin 2 of the OP-90
to 2.5 V. Since D1 and D2 are matched
at a ratio of 0.7:1 and operating in
similar circuitry, 0.7 times this current
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will flow in D2 ard, as resisior R1 is 0.7
times the feedback resistor R2 (which
may be trimmed for exact calibration),
the output of the second OP-90 will be

equal to the output of the TMP-01. The
circuit is simple and uses a single +5V
supply. The TMP-01 may be replaced
with other voltage sources <2.5V.

HIGH VOLTAGE ISOLATION USING SINGLE-SUPPLY

V+

REF-
4 43 6

l REF-

| (2]

1‘;1—?— 43 4_‘%7

2.5V

|
|
| V+
3 | D1 D2| |,
2 ™P- F— AN L—ﬂ A{/lﬁQx 116 TO
3] o1 |6 1N4148 | Jav
i 5 j\‘;\r 4 4 | I 5, 2 5mV/°C
470kQ
TEMPERATURE | -
SENSOR | 604kQ  100kQ
' WM
5000V ]
IC1: IL300XC, ISOLATION |
SIEMENS OPTO- BARRIER 1
ELECTRONICS DIVISION 680pF

Figure 1.101

Voltage-Frequency Converters (VFCs)
are valuable in systems requiring
isolation. The analog signal is converted
to a frequency in a VFC and may then
be transmitted across an isolation
barrier by very simple means with no
risk of non-linearity and greatly re-
duced susceptibility to noise. At the
receiver there are two options: the
signal may be applied to a counter for a
fixed period and the count read by a
digital processor, the combination of
VFC and counter acting as an ADC, or
the frequency may be converted back to
a voltage in a Frequency-Voltage Con-
verter (FVC). FVCs are quite simple
circuits and may generally be built with
VFC ICs. (Reference 19)
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The AD650 is a charge-balance VFC

- which is well suited for use in isolated

VFC applications (Figure 1.103). The
input to the AD650 charges a capacitor
in an integrator. When the integrator
output pass a threshold it fires a preci-
sion monostable (one-shot) which
switches an accurate 1 mA current
source into the integrator for a
precisely-timed interval, removing a
precise amount of charge from the
integrator. It is obvious that the rate at
which the monostable fires (which is the
output frequency) is proportional to the
current flows into the integrator, and
hence to the voltage at the input termi-
nal.
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ISOLATION USING VOLTAGE-TO-FREQUENCY (VI/F)

CONVERTERS
M Converts A DC Voltage to a Frequency
B Frequency Information is Immune to Offsets and Noise
B V/F Output Can Be Transmitted Over Non-Linear Transmission Media
B Long Distance Transmission Over Twisted Pair or
Fiber Optic Links
B A Frequency-to-Voltage (F/V) Converteris Used as the Receiver

B Accuracy is Determined by the V/IF and F/V Conversion Process

Figure 1.102

THE AD650 CONNECTED AS A VIF CONVERTER

0.01pF == Cinr 2om%
Rin
Vin
0-10V 250k
—0 + 15V
R3 R1 .
0.1nF
5kQ 97kQ I
ANALOG
GROUND
1nF
-15V O _1 —r‘ Vioaic
0.1nF =
DIGITAL
GROUND R2
Cos
1000pF % O four

Figure 1.103
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If the integrator of an AD650 is config-
ured as a “leaky integrator” by connect-
ing a resistor in parallel with the inte-
gration capacitor, and a pulse train is
applied to the comparator to fire the
precision monostable then the circuit

will behave as an FVC: the more often
the monostable fires the faster charge
must leak out of the integration capaci-
tor, and hence the larger the voltage on
the integrator (see Figure 1.104).

THE AD650 CONNECTED AS AN F/V CONVERTER

Vout
o 0-10vV

5kQ R3

97kQ J R1

-15V O
0.1pF

(D

Cos
1000pF %

250k{2

O +15V

0.1uF

ANALOG
'GROUND

2200pF
50002

2k

Figure 1.104

Such an FVC is very accurate at DC,
but circuit constraints prevent indepen-
dent adjustment of different time
constants, and it is not very practical
for demodulating VFC signals with
wideband modulation. For such an
application a phase-locked loop, using a
VFC as an oscillator for linearity (this is
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very important), allows the design of
much more flexible systems (Reference
19). Nevertheless a simple system using
two AD650 devices and a 4N26, a
common digital opto-isolator, can make
a very efficient and accurate analog
isolator (Figure 1.105).
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ADG650 IN A V/F, F/V OPTO-ISOLATED SYSTEM

Vo 0-10V
0.01pF
VN R3 Ri
w +15V
97kQ
Sk 45V
15V gsoog

1000pF

1000pF

Vin, 0-10V
2200pF
e
7000V | ISOLATION BARRIER
Figure 1.105
The accuracy of this circuit depends on sured linearity of a prototype of the
the accuracy of the VFC and FVC circuit, which is 0.006%, or better than
conversions - the opto-isolator is not 12-bits.
involved. Figure 1.106 shows the mea-
VIF, FIV LINEARITY
0.01
0.009
0.008
0.007
E 0.006
"ﬁ;g? 0.005 \\
2é 0.004
0.003 \
0.002 /
0.001
0
0 1 2 3 4 5 6 7 8 9 10

Input Voltage (V)

Figure 1.106
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Despite the preceding discussion of
analog isolation techniques, there is no
doubt that the most accurate technique
is analog to digital conversion before
transmission across the isolation bar-
rier (VFC-FVC is, after all, one version

of this technique). If the signal will
eventually be required in digital form
the technique is particularly attractive,
especially as there is no serious limit on
the distance the data may be transmit-
ted (Figure 1.107).

FOR HIGH ACCURACY ISOLATION, DIGITIZE FIRST

SERIAL

TRANSMISSION
ADC

ISOLATORS

OPTO- CONTROL

SYSTEM

® Accuracy Limited Only By ADC

m Digital Transmission Relatively Immune To Noise

Figure 1.107

In the past the limitations of ADCs may
have discouraged this approach, but
inexpensive modern high-resolution,
low-power ADCs with serial data output
and cheap digital opto-isolators may
make the technique attractive even
when the output signal required is
analog and a digital-analog conversion
is necessary after transmission.

1-90

Despite evolution in the techniques
available the need for galvanic isolation
will remain for the foreseeable future.
Each technique has its advantages and
disadvantages and engineers must
choose the most appropriate for the
particular application.
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ISOLATING TRANSDUCERS SUMMARY

TECHNOLOGY ADVANTAGES DISADVANTAGES

Fully Self-Contained Lower Breakdown Voltage
AD20x-Family 3-Port Isolation

Transformer Coupled | High Linearity :

Wide Bandwidth (20kHz)

Opto-Isolators High Voltage Immunity Separate Power Needed
External Amplifiers Required
Poor Linearity

VIF and F/V High Linearity Separate Power Needed
Isolation Long Distance Transmission | DC Inputs Only
High Noise Immunity

Digitize First Highest Accuracy Separate Power Needed
Best Linearity

High Noise Immunity

Long Distance Transmission

Figure 1.108
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MULTIPLEXING SIGNALS WITH ANALOG SWITCHES

SECTION 2 n

MULTIPLEXING SIGNALS WITH ANALOG
SWITCHES, James Wong, Jerry Whitmore

Analog signals can be switched, multi- circuitry, their parasitic latchup mecha-
plexed, and easily connected using nisms, and effective protection methods.
analog switches. With sufficient care It also discusses AC switch characteris-
there will be little or no degradation of tics and how they affect the perfor-
signal quality. This section is devoted to mance of a system, and some applica-
CMOS technology in analog switch tion circuits.

MULTIPLEXING CONCEPTS

B Advantages of CMOS Technology in Analog Switch Circuitry

M Parasitic Transistors/Latchup and Protection Methods

M Switch Equivalent Circuit dc and ac Analysis

B Applying the Analog Switch

Figure 2.1

The ideal analog switch has no ON- CMOS switches have an excellent combi-
resistance, infinite OFF impedance nation of attributes. In its most basic
and zero time delay, and can handle form, the MOSFET transistor is a volt-
large signal and common-mode volt- age-controlled resistor. In the ON state,
ages. Real CMOS analog switches its resistance can be less than 1000,
meet none of these criteria, but if we while in the OFF-state, the resistance
understand the limitations of analog increases to several hundreds of mego-
switches, most of these limitations can hms, with nanoamp leakage currents.

be overcome.
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CHARACTERISTICS OF THE IDEAL ANALOG SWITCH

B On Resistance: Zero

B Off Impedance: Infinite at All Frequencies

B Switching Time: Zero

B Switch Leakage: Zero

B Power Dissipation: Zero

B MTBF: Infinite

Figure 2.2

CMOS technology is compatible with MOSFET transistors are bilateral. That
logic circuitry and can be densely is, they can switch positive and nega-
packed in an IC. Its fast switching tive voltages and conduct positive and
characteristics are well controlled with negative currents with equal ease.

minimum circuit parasitics.

ADVANTAGES OF MIXED SIGNAL CMOS TECHNOLOGY

B A Great Logic Technology

2
L 2
4

High Density
Moderate to High Speed
Low Power Dissipation

B An Excellent Switch Technology

2
L 4
L 4
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MOSFETSs are Voltage Controlled Resistors

MOSFETs Lose No Current to the Control Input (Gate)
MOSFETs are Electrically Bilateral -- Can Switch Positive
or Negative Voltages or Steer Positive or Negative Current
with Equal Ease

No Offset Voltage in Series With ON MOSFET

(Unlike Bipolar Transistor)

Figure 2.3
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A MOSFET transistor has a voltage tary P-channel and N-channel MOS
controlled resistance which varies devices connected in parallel. This
nonlinearly with signal voltage as reduces the ON-resistance and also
shown in Figure 2.4. Figure 2.5 shows produces a resistance which varies less
a basic CMOS switch using complemen- with signal voltage.

MOSFET SWITCH ON-RESISTANCE
VERSUS SIGNAL VOLTAGE

Ron

PMOS A NMOS

0—4%0 o~
S~

- -
~ +
SIGNAL VOLTAGE

Figure 2.4

BASIC CMOS SWITCH USES COMPLEMENTARY PAIR TO
MINIMIZE Ron VARIATION DUE TO INPUT SIGNAL SWING

Vop (+

)

—=O0 S

4|Q1 P~ CHANNEL P- CHANlN_EfJ—""ﬂ_'_ICHANNEL
I'_1 Q3 | +15V  ~15V Qa4

Q2
—l II !N—CHANNEL

Vss (-)

Figure 2.5
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Figure 2.6 shows the ON-resistance
changing with channel voltage for both
N-type and P-type devices. This
nonlinear resistance can causes errors
in DC accuracy as well as AC distortion.
The bilateral CMOS switch solves this

problem. ON-resistance is minimized
and its linearity is also improved. The
bottom curve (Figure 2.6) shows the
improved flatness of the ON-resistance
characteristic of the switch.

CMOS SWITCH ON-RESISTANCE VERSUS SIGNAL VOLTAGE

PMOS

CMOSs

Ron
A NMOS

>~

SIGNAL VOLTAGE +

Figure 2.6

PArasiTic LATCHUP

Most CMOS analog switches are built
using junction-isolated CMOS pro-
cesses. A cross-sectional view of a single
switch cell is shown in Figure 2.7.
Parasitic SCR (silicon controlled recti-
fier) latchup can occur if the analog
switch terminal has voltages more
positive than Vpp (+15V) or more
negative than Vgg (-15V). Even a
transient situation such as power-on
with an input voltage present can
trigger a parasitic latchup. If the con-
duction current is too great (several
hundred milliamperes or more), it can
damage the switch.

The parasitic SCR mechanism is shown
in Figure 2.8. SCR action takes place

2-4

when either terminal of the switch
(source or the drain) is either one diode
drop more positive than Vpp or one
diode drop more negative than Vgg. In
the former case, the Vppy terminal
becomes the SCR gate input and pro-
vides the current to trigger SCR action.
In the case where the voltage is more
negative than Vgg, the Vgg terminal
becomes the SCR gate input and pro-
vides the gate current. In either case,
high current will flow between the
supplies. The amount of current de-
pends on the collector resistances of the
two transistors, which can be fairly
small.
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CROSS SECTION OF JUNCTION-ISOLATED CMOS SWITCH

N-CHANNEL P-CHANNEL
0 GATE (Sf GATE
~15V f ! I
CheJ CheJ CeeJ P
Rs P J N-

Negative than Vgg are Applied to an Analog Switch Terminal

B Problems Occur if Voltages More Positive Than Vdd or More

Figure 2.7

BIPOLAR TRANSISTOR EQUIVALENT CIRCUIT OF CMOS
SWITCH SHOWS PARASITIC ACTION (A CLASSIC SCR LATCH)

Figure 2.8
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In order to prevent this type O_f SCR low beta (usually less than 10) and
latchup, a series diode can be inserted require a comparatively large gate

into the Vpp and Vgg terminals as current to fire the SCR. The diodes limit
shown in Figure 2.9. The diodes block the reverse gate current so that the

the SCR gate current. Normally the SCR is not triggered.

parasitic transistors Q1 and Q2 have

DIODE PROTECTION SCHEME FOR CMOS SWITCH

s D LA Vss

= Protection Diodes CR1 and CR2 Block Base Current Drive to Q1 and
Q2 in Event of Overvoltage at S or D

Figure 2.9
If diode protection is used, the analog series resistor to limit the current to a
voltage range of the switch will be safe level, generally less than 25mA.
reduced by one V. at each rail. This method works only if the switch
drives a high impedance load (Figure
Analog switches must also be protected 2.11).

from possible overcurrent by inserting a

2-6
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PROTECTING CMOS SWITCH / MUX
FROM LATCHUP USING DIODES

Voo
CR1
o——t—0 §
VINf O memmmm e e e m e = = \
JUNCTION-ISOLATED —O D
CMOS
DEVICE o—+—0 S
ViNg Ot = e mmmme === ==
bo———o0 D
i
Vss
Figure 2.10
NPATEANATIAMS AARANANC CQI\AIITAHL]
PROTECTING CMOS SWITCH / MUX FROM OVERCURRENT

RuMTING g / o D

\
~4000Q JUNCTION-ISOLATED

CMOS RL>400Q

DEVICE

Vss

W External Resistor Limits Current to Safe Value

Figure 2.11
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Latchup protection and overcurrent a system, then both protection protec-
protection schemes are mutually exclu- tive diodes and resistors should be used.
sive. If both fault conditions can exist in

"LATCHPROOF" VERSUS "OVERVOLTAGE PROTECTED"

B Latchproof only means the device won't go into an SCR mode.

B It does not guarantee Overvoltage Protection.

Figure 2.12
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THE ANATOMY OF THE ANALOG SWITCH n
It is important to understand the error shows the equivalent circuit of two

sources in an analog switch. Many adjacent switches. It includes leakage

affect AC and DC performance, while currents and junction capacitances.

others only affect AC. Figure 2.13

Vss N-—CHANNJVSS
DIODE

—— Css = Cpp

Cbs

S2

Figure 2.13
DC performance is affected mainly by high resistance circuits are affected by
the switch ON-resistance (Rgp) and leakage currents. Figure 2.14 shows
leakage. Low resistance circuits are how these parameters affect DC perfor-

more subject to errors due to Rgny while  mance.
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FACTORS AFFECTING DC PERFORMANCE FOR
ON SWITCH CONDITION: Ron, RLoaD, AND ILkG

SWITCH

1

1 1

] ]

: ILkg =Ip OR Is ON

] .

Rg S ! 1 D
1

T M T Vour
Vin 1 Ron H

: - RLoAD

1 ]

] 1

] 1

] 1

1

i R R Ron +R
Vour = Vin LOAD J“L [ oap (Ron G):!

| Re +Ron +RLoaD Rg +Ron +RLoaD
IF Rg - 0,

[ Rioap :,“‘IL [RLOADRONJ

Vout = VIN
| Ron +RLoaD Ron +RLoaD

Figure 2.14

When the switch is OFF, leakage current can introduce errors. (Figure 2.15)

FACTORS AFFECTING DC PERFORMANCE
FOR OFF SWITCH CONDITION: ILkg, AND RLoAD

SWITCH

-

B Leakage Current Creates Error Voltage at VoyT Equal to:

VouT = ILKG X RLOAD
Figure 2.15
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Figure 2.16 illustrates the parasitic
components that affect the AC perfor-

mance of CMOS switches. Additional
external capacitances will further

degrade performance. These capaci-
tances affect feedthrough, crosstalk and
system bandwidth.

DYNAMIC PERFORMANCE CONSIDERATIONS:
TRANSFER ACCURACY VERSUS FREQUENCY

I

Ron
Vin

SRONCDS +1

A(s)= { RLOAD

R R ]
LOAD *FoN 5(—-—-RL°ADR°N )(CLOAD +Cp +Cps) +1
RLoap +Ron

A(dB) = 2o|og[_M__
RLoap +Ron

RLoap +Ron

2
}+10|og[m2(R0Nch)2 +1]—10Iogmzl:(MJ (CLoap +Cp +Cps)? +1

Figure 2.16

The signal transfer characteristic is
dependent on the switch channel ca-
pacitance, Cpg. This capacitance
creates a frequency zero in the numera-
tor of the transfer function A(s). This
zero usually occurs at high frequencies
because the switch ON resistance is
small. The bandwidth is also a function
of the switch output capacitance in
combination with Cpg and the load
capacitance. This frequency pole ap-
pears in the denominator of the equa-
tion.

The composite frequency domain trans-
fer function may be re-written as shown
in Figure 2.17. In most cases, the pole
breakpoint frequency occurs first be-
cause of the dominant effect of the
output capacitance Cpy. Thus, to maxi-
mize bandwidth a switch must have low
input and output capacitance and low
ON resistance.
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DYNAMIC PERFORMANCE CONSIDERATIONS:
TRANSFER ACCURACY VERSUS FREQUENCY

A-dB dc GAIN

Vd

-POLE

M Bandwidth and DC Accuracy is
Affected By External R and C

SLOPE =-20dB / DECADE

LOG FREQUENCY - Hz

1

A(s)=l: RLOAD
RLoap +Ron

DC GAIN = —LoADRON
Rroap +Ron

jl[sRONCDs +1] s[

0.1
ZERO =5 —=—»  fpOLE =
RonCps [ RioapRon

RioapRon )(
== |(C oap +Cp +Cps ) +1
RLoap +Ron

0.159

](CLOAD +Cp +Cps)

Rioap +Ron

Figure 2.17

The series-pass capacitance, Cpg, not
only creates a zero in the response in
the ON-state, it degrades the
feedthrough performance of the switch
during its OFF state. When the switch
is off, Cpg couples the input signal to
the output load. (Figure 2.18)

Large values of Cpg will produce large
values of feedthrough, proportional to
the input frequency. Figure 2.19 illus-
trates the drop in OFF-isolation as a
function of frequency. The simplest way

to maximize the OFF-isolation is to
choose a switch that has as small a
Cpg as possible.

Figure 2.20 shows typical CMOS analog
switch OFF-isolation as a function of
frequency. From DC to several kilo-
hertz, the switch has over 100dB isola-
tion. As the frequency increases, an
increasing amount of signal reaches the
output. However, even at 1IMHz, the
switch still has nearly 70dB of isolation.
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DYNAMIC PERFORMANCE CONSIDERATIONS:
OFF ISOLATION

M OFF Isolation is Affected by External R and C Load

S ‘ - D
O Oj Vour
Vs CAE T Co -I- CLoap %:]

LOAD

A(s) = S(Ry0ap)(Cps)
S(Roap (Croap + Cp + Cps) +1

Figure 2.18

DYNAMIC PERFORMANCE CONSIDERATIONS:
OFF ISOLATION VERSUS FREQUENCY

OFF ISOLATION - dB
A

SLOPE = -20 dB / DECADE

7

CORNERATf= 0.159

(RLoap) (Croap + CD + CDS)

o

LOG FREQUENCY - Hz

Figure 2.19
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TYPICAL CMOS SWITCH OFF ISOLATION PERFORMANCE

(ADG511/ADG512)
120
Voo =|+sv
Vgs = -5V
100 b\J\\

\\

N\

OFF ISOLATION - dB
@
o

N

\

100 1k 10k 100k ALY 10M
FREQUENCY - Hz

g

Figure 2.20

DYNAMIC PERFORMANCE CONSIDERATIONS:
CHARGE INJECTION MODEL

B Step Waveforms of +/- (Vdd - Vss) are Applied to Cq, the
Gate Capacitance of the Output Switches

A
jc
!

L]

Q
o II> : T T o =~ CLoap >

CONTROL
INPUT

Figure 2.21
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Another AC parameter that affects
system performance is the charge injec-
tion that takes place during switching.
Figure 2.21 shows the equivalent circuit
of the charge injection mechanism.

When the switch control input is as-
serted, it causes the control circuit to
apply a large voltage change (from Vpp
to Vgg, or vice versa) at the gate of the
MOSFET switch. This fast change in
voltage injects a charge into the switch
output through the gate-drain capaci-
tance CQ. The amount of charge coupled
depends on the gate-drain capacitance.

The charge injection introduces a step
change in output voltage when switch-
ing (refer to Figure 2.22). The change
in voltage is a function of the amount of
charge injected, which is in turn a
function of the gate-drain capacitance.

Another problem caused by switch
capacitance is the retained charge when
channel switching which can cause
transients in the switch output. Figure
2.23 illustrates the phenomenon.

EFFECTS OF CHARGE INJECTION

v
vYDD

I

Voo
r=—--- E il | v
1 S s D ouTt
| V—r O\l\C L 2 O
| | 1
1 Vs = 1 ! —I-CL
L__é__-.J IN >: gwnF
GND Vss

v o

S
T/ !

AVour
Qing = CL X AVgyr

Figure 2.22

Vour
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CHARGE COUPLING CAUSES DYNAMIC
SETTLING NOISE WHEN MULTIPLEXING SIGNALS

SCOPE
Vv
s ADG412
ov +
A ¢ O O
- ov S1

A AND B ARE 1/2 OP-213

B o\o

/ | -5V
-5V O————rif +/1 S2 -L
15V CSZ l
Figure 2.23

Assume that initially S2 is closed and Cg1 and Cgg and settles to OV. The
S1 open. Cg1 and Cgg are charged to scope photo in Figure 2.24 depicts this
-5V. As S2 opens, the -5V remains on transient. The amplifier’s transient load
Cg1 and Cgg, as S1 closes. Thus the settling characteristics will be an impor-
output of Amplifier A sees a -5V tran- tant consideration when choosing the
sient. The output will not stabilize until right device,

Amplifier A’s output fully discharges

OUTPUT OF OP AMP SHOWS DYNAMIC
SETTLING DUE TO CHARGE COUPLING

SWITCH CONTROL
5Vidiv.

AMPLIFIER A OUTPUT
500mV/div.

HORIZONTAL SCALE: 200ns/div.

Figure 2.24
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Crosstalk is related to the capacitances between two switches. This is the Cgg shown
in Figure 2.25.

CHANNEL-TO-CHANNEL CROSSTALK CONSIDERATION:
EQUIVALENT CIRCUIT FOR ADJACENT SWITCHES

Figure 2.25
Figure 2.26 shows typical crosstalk performance of a CMOS analog switch.

CROSSTALK PERFORMANCE OF ADG511 SWITCH

110 I
Vpp = +5V
VSS =5V

T~

. \\\
. N\
m \

\

CROSSTALK -dB

60
100 1k 10k 100k iM 10M

FREQUENCY - Hz

Figure 2.26
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Finally, the switch itself has a settling Figure 2.27 shows the dynamic transfer
time that must be considered. function.

DYNAMIC PERFORMANCE CONSIDERATIONS:
SETTLING TIME

B Settling Time is the Time Required for the Switch Output Voltage
to Settle to Within a Given Accuracy Band of the Final Value.

S

D
ViN O— 0’(0—' OT Vour
LOGIC ['> 5 ==cp

INPUT O~ CrLoaD
RrLoap

OFF-TO-ON: tggrr=ton+ [_R"O—NFM)(CLOAD +Cp )("l

n %ERROR)
Ron +RLoaD

100

%ERROR)

ON-TO-OFF: tgerr = torr +(RLoapn)(CLoaD +Cp )(—'n 100

Figure 2.27

The settling time can be calculated is a single-pole system and calculate the
because the response is a function of the number of time constants required to
switch and circuit resistances and settle to the desired system accuracy
capacitances. One can assume that this (Figure 2.28).

NUMBER OF TIME CONSTANTS REQUIRED
TO SETTLE TO GIVEN ACCURACY BAND

RESOLUTION % REQUIRED FOR 1/2 # OF TIME CONSTANTS
LSB
8 Bits 0.1953 6.24
10 Bits 0.0488 7.63
12 Bits 0.0122 9.01
14 Bits 0.0031 10.38
16 Bits 0.0008 11.74
18 Bits 0.0002 13.12
Figure 2.28
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TRENCH-ISOLATED LC2MOS ANALOG SwiTCH FAMILY
OFrrERSs MANY BENEFITS

Analog Devices uses trench-isolation the junction capacitances, increases
technology to produce its LCZMOS switching time and leakage current,
analog switches. The process reduces and extends the analog voltage range to
the latchup susceptibility of the device, the supply rails.

ADG411/ADG511 FAMILY OF
TRENCH-ISOLATED LC2MOS ANALOG SWITCHES

W Latch-Up Proof

B Analog Signal Range to Supply Rails

M Fast Switching Times

M Break Before Make Switching

M Low ON-Resistance

M Low Leakage

Figure 2.29

Figure 2.30 shows the cross-sectional Therefore, no reverse-biased PN junc-
view of the complementary CMOS tion is formed. Consequently the band-
structure. The buried oxide layer and width-reducing capacitances and the
the side walls completely isolate the possibility of SCR latchup are greatly
substrate from each transistor junction. reduced.
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TRENCH-ISOLATION LC2MOS STRUCTURE

NMOS

LOCOs

PMOS

SUBSTRATE (BACKGATE)

Figure 2.30

APPLYING THE ANALOG SWITCH

Switching time is an important consid-
eration in applying analog switches, but
switching time should not be confused
with settling time. ON and OFF times
are simply a measure of the propaga-
tion delay from the control input to the
toggling of the switch and are largely
caused by time delays in the drive and
level-shift circuits.

When a CMOS multiplexer switches
inputs to an inverting summing ampli-

2-20

fier, it should be noted that the ON-
resistance, as well as its nonlinear
change as a function of input voltage,
will cause errors (refer to Figure 2.32).

. If the resistors are large the switch

leakage current may introduce error.
Small resistors minimize leakage
current error but increase the error due
to the finite value of RoN.



MULTIPLEXING SIGNALS WITH ANALOG SWITCHES

APPLYING THE ANALOG SWITCH: . n
DYNAMIC PERFORMANCE CONSIDERATIONS

B ton and toff should not be confused with settling time.

D
o —0

ow

INPUT

CONTROL _ I\
l/

LEVEL
SHIFTER

B ton and toff are simply a measure of the propagation delay from
control input to operation of the analog switch. It is caused by time
delays in the drive / level-shifter logic circuitry.

Figure 2.31

APPLYING THE ANALOG SWITCH:
UNITY GAIN INVERTER WITH SWITCHED INPUT

B Problem: Effect of ARgy versus AVg on Circuit Linearity.

B Roy variation due to AV degrades linearity of Vo relative to V|y

QUAD
SWITCH

+10V Vin1 © (c Ika

HOV Vi © 9’( o ® 10k

10k
10V Vig O—A——0"" 0—

Vour

10V Ving O——0AWNo-
RoN =
1000

Figure 2.32
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To minimize the effect of RgN change
due to the change in input voltage, it is
advisable to put the multiplexing
switches at the op amp summing junc-
tion as shown in Figure 2.33. This

ensures the switches are only modu-
lated with about £100mV rather than
the full £10V - but a resistor is required
for each input leg.

APPLYING THE ANALOG SWITCH:
MINIMIZING THE INFLUENCE OF AVg (AND THUS ARQN)

QUAD
SWITCH

MAY BE REQUIRED

FOR STABILITY

TO COMPENSATE
¢ EFFECT OF Cs

|—‘+ Vour
Cs

10k
+10V  o—AMA o’( o Ika
10k
+10V  O—AN O’ o ®
10k
10V 0—AMN o
10k = 4
10V 0—AMN oMo 1 v
Ron = clq
100Q \

M Connecting the Switch at the Summing Point

M The switch only sees + 100mV, not + 10V. Rop variation is
minimized, and Vo1 accuracy is improved.

Figure 2.33

It is important to know how much
parasitic capacitance has been added to
the summing junction as a result of
adding a multiplexer because any
capacitance added to that node intro-
duces phase shift to the amplifier closed
loop response. If the capacitance is too
large, the amplifier may become un-
stable and oscillate. A small capaci-
tance, C1, across the feedback resistor
may be required to stabilize the circuit.
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The finite value of Ry is a significant

error source. The gain-set resistors
should be at least 1,000 times larger
than the switch ON-resistance to guar-
antee 0.1% gain accuracy. Higher
values yield greater accuracy, but the
proper selection of C1 is critical to
maintain stability.
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APPLYING THE ANALOG SWITCH:
MINIMIZING THE INFLUENCE OF AVg (AND THUS ARQN)

+0V o oo

+10V © o l M

™
+10V © o

Vout

$10V o——0-MAN-0—

Ron=
100Q

M Using Larger Values of Resistance

B RON Variation due to Input Signal is Small Compared to the

B Bias Current and Leakage are now very important

Figure 2.34
A better method of compensating for chip, are well-matched in absolute
RN is to place one of the switches in characteristics and tracking over tem-
series with the feedback resistor of the perature. Therefore the amplifier closed
inverting amplifier as shown in Figure loop gain stable at unity gain, since the
2.35. It is a safe assumption that the total feedforward and feedback resistors

multiple switches, fabricated on a single are matched.
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APPLYING THE ANALOG SWITCH:
MINIMIZING THE INFLUENCE OF Ron AND ARON
VERSUS TEMPERATURE ON CIRCUIT ACCURACY

RF
10k

My
ALWAYS ON PHASE COMPENSATION
| TO CANCEL EFFECT OF Cg
SW1 * \\ "
oMA-0 il ®
R1 10k SwW2
O—MN 7 o—
R2 10k
sw3
o—A\WN 7o h
R3 10k Sw4 + Vour
o—MN oMA-o
CMOSSWITCH | _1_ CsOF
~T~ SWITCHES
!“J'.I

\Y4

B Switch in Series With Feedback Resistor Compensates for
Gain Error.

Figure 2.35

The best multiplexer drives the non-
inverting input of the amplifier. The

high input impedance of the non-invert-

ing input eliminates the errors due to

RoN. (Figure 2.36)

When multiplexing signals into an
ADC, particularly the successive-

approximation (SAR) type, it is advis-

able to place a buffer between the
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switch output and the input of the
converter. The transient currents at the
ADC input produced by the conversion
process (DAC switching) are absorbed
by a drive amplifier of sufficiently low
output impedance and high bandwidth.
Driving the ADC directly with the
switches will produce significant conver-
sion errors due to the finite Rgpy resis-
tance.
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APPLYING THE ANALOG SWITCH:
MINIMIZING THE INFLUENCE OF AVg (AND THUS ARQON)
NON-INVERTING SOLUTION

+10V Vg O o

+10V Vin2 © :/C 4

Vour
+10V VN3 © Q’C \ 4 +
0V Ving O~+—0MArO

Ron =
100Q

Figure 2.36

APPLYING THE ANALOG SWITCH:
BUFFER THE MUX OUTPUT INTO AN
ADC TO MINIMIZE GAIN ERROR
AND PROVIDE ISOLATION

I I

| I

| |

| R + I

OP-177 I VYW [
—0\0 . | -|comP SAR | |
I R I

| |

I I

I I

| I

I I

Figure 2.37
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SECTION 3

PROGRAMMABLE GAIN AMPLIFIERS

PROGRAMMABLE GAIN AMPLIFIERS

Joe Buxton

Most systems with wide dynamic
range need some method of adjusting
the input signal level to the analog to
digital converter. The ADC compares
the input signal to a fixed voltage
reference (+5V or +10V are typical
values). To achieve the rated precision
of the converter, the input should be
fairly near its full scale voltage. How-
ever transducers have a wide range of
output voltages. High gain is needed

for a small sensor voltage, but with a
large transducer output a high gain will
cause the amplifier or ADC to saturate.
So some type of controllable gain device
is needed. Such a device has a gain that
is controlled by a DC voltage or, more
commonly, a digital input. This device is
known as a programmable gain amplifier
or PGA. Programmable gain amplifiers
have a variety of applications, and Figure
3.2 lists some of them .

PROGRAMMABLE GAIN AMPLIFIERS (PGAs)

When Are They Needed?

How is the Gain Switched

What Are the Important Design Considerations?

Tradeoffs Between Integrated and Home-Made Solutions

Figure 3.1
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PGA APPLICATIONS

B [Instrumentation

Sonar

Photodiode Circuits

Ultrasound Preamplifiers

Wide Dynamic Range Sensors

Automatic Gain Control (AGC) Loops

Figure 3.2

A PGA is usually located between a
sensor and its ADC, Additional signal
conditioning may take place before or
after the PGA, depending on the appli-
cation. For example, a photodiode needs
a current to voltage converter between
it and the PGA. In other systems, it is
better to place the gain first, and condi-
tion a larger signal. This reduces errors
introduced by the signal conditioning
circuitry.

To understand the benefits of variable
gain, assume an ideal PGA with two
settings, gains of one and two. The
dynamic range of the system is in-

3-2

creased by 6dB. Increasing the gain to
four results in a 12dB increase in
dynamic range.

If the LSB of an ADC is equivalent to
10mV of input voltage, the ADC cannot
resolve smaller signals but when the
gain of the PGA is increased to two,
input signals of 5mV may be resolved.
Thus, the processor can combine gain
information with the digital output of
the ADC to increase its resolution by
one bit. Essentially this is the same as
adding additional resolution to the
ADC.
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PROGRAMMABLE GAIN AMPLIFIERS (PGAs)

GAIN
CONTROL
TRANSDUCER DIGITAL

ouT
ADC #

m Used to Increase Dynamic Range of Circuit

m A PGA With a Gain From 1 To 2 Theoretically Increases the
Dynamic Range by 6dB, A Gain of 1 To 4 Gives 12dB Increase, etc.

Figure 3.3

In practice PGAs are not ideal, and expensive, while silicon switches, as
their error sources must be studied. The discussed in the section on switches and
most fundamental problem with PGA multiplexers, have quite large RQN;,
design is accurate gain programming. which is both voltage- and temperature-
Electromechanical relays have minimal variable, and stray capacities which
RQN but are otherwise unsuitable for may affect the AC parameters of a PGA
gain switching, being slow, large and using them.
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PGA DESIGN ISSUES

Gain Accuracy

Gain Linearity

Offset

How to Switch the Gain

Effects of Switch On-Resistance

Bandwidth versus Frequency versus Gain

Temperature Effects on Gain and Offset

Settling Time After Switching

Figure 3.4

To understand how Ry can affect the
performance of a PGA, let us consider a
poor PGA design (Figure 3.5). An op
amp is configured in the standard non-
inverting gain circuit with 4 different
gain setting resistors, each grounded by
a switch. Most silicon switches have ON
resistance in the range of 100Q-500Q.
Even if the ON resistance were as low
as 25Q), the error for a gain of 16 would
be 2.4%, much worse than 8-bits. Fur-
thermore RQy drifts over temperature,
and varies from switch to switch. If the
value of the feedback and gain setting
resistors were increased, noise and

3-4

offset would become a problem. The
only way to achieve accuracy with this
circuit is to replace silicon switches with
relays which have virtually no ON
resistance.

It is better to use a circuit where Ron
is unimportant. In Figure 3.6, the
switch is placed in series with the
inverting input of an op amp. The input
impedance of an op amp is very large,
the RQN of the switch is irrelevant. The
gain is now determined by the resistors.
The Ron may add a small offset error if
the op amp bias current is large.
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HOW NOT TO BUILD A PGA
JC\;;
10kQ

625Q %1.43k§2 3.33kQ %10&

G=16 \G=8 G=4 \G=2
_ (L7+
va Vin

Gain Accuracy Limited by Switch's On Resistance, Rgy and R, Modulation

—O Vour

Ron Typically 100 - 500Q for a CMOS Or JFET Switch
Even With Ry, = 25Q, There is a 2.4% Gain Error for Ay =16
Ron Drift Over Temperature Limits Accuracy

Only Solution is to Use Very Low R g Switches (Relays)

Figure 3.5

ALTERNATE CONFIGURATION MAKES Ron NEGLIGIBLE

VINO——————-——+
—o VouT
G=1 5000
e —ANA—
c=2 1kQ
1KQ

® R, isNotin Series With Gain Setting Resistors

o
® Ry is Very Small Compared to Input Impedance

® Only a Slight Offset Error Occurs Due to the
Bias Current Flowing Through the Switch

Figure 3.6
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The AD526 amplifier uses this method gain resistors are laser trimmed. The
of building a PGA and integrates it onto maximum gain error is only 0.02%, far
a single chip. The AD526 has 5 binary better than the 2.4% error in Figure
gain settings from 1 to 16 and its inter- 3.4. The linearity is also very good at

nal JFET switches are connected to the 0.001%. The AD526 is controlled by a

inverting input of the amplifier. The

latched digital interface.

AD526 MONOLITHIC SOFTWARE PROGRAMMABLE PGA

r AMPLIFIER 1
| wvs |
| et |
I |
" | lour
i LN [Force o
" " L
| | |
L “Ys _Jour !
SENSE
a'y
ao—] ! ’
|
A7l I g : 14k
Ly | S S PP |
A2 =y <
Tl8 ;: 34k RESISTOR
ﬁ | L NETWORK
8 — 4 G=2
E
S | (L) < K
Tk— |G ]}_[ !
l c L $G=16 L
5 — I 317k
4 TT G=4
DIGITAL S S
GND 3k S

1
ANALOG {t7 :& ANALOG
GND2 GND1

Figure 3.7

AD526 PGA KEY FEATURES

3-6

Software Programmable Binary Gains From 1 to 16
Low Bias Current JFET Input Stage

Worst Case Gain Error is 0.02% (12 Bit Performance)
Gain Nonlinearity is 0.001% Maximum

Latched TTL Compatible Control Inputs

Figure 3.8
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This same design can be used to build for low drift over temperature. The

the discrete PGA shown in Figure 3.9. 20pF ensures stability and holds the

It uses a single op amp, a quad switch, output voltage when the gain is

and precision resistors. The low noise switched. The control signal to the

AD797 replaces the JFET input op amp switches turns one switch off a few

of the AD526, but almost any voltage nanoseconds before the second switch

feedback op amp could be used in this turns on. During this break the op amp

circuit. The ADG412 was picked for its is open-loop. If the capacitor was not

low ON resistance of 35Q. used the output would start slewing.
Instead, the capacitor holds the output

The resistors were chosen to give gains voltage during the switching. Since the

of 1, 10, 100 and 1000, but if other time that both switches are open is very

gains are required the resistor values short, only 20pF is needed. For slower

may easily be altered. Ideally, a switches a larger capacitor may be

trimmed resistor network should be necessary.

used both for initial gain accuracy and

A VERY LOW NOISE PGA USING THE
AD797 AND THE ADG412

]—+1 5V
ViN +

100Q
A/¢/ e

D797
) 20pF
-15V
| |___
|

GAIN 0:——
CONTROL ¢
o —

VconTtroL| SWITCH

ov OFF
5V ON

ADG412 é"“

Figure 3.9
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Figure 3.10 shows the noise and switch-
ing performance of the circuit. The
spectral noise density is only
1.65nV/NHz at 1kHz, only slightly
higher than the noise performance of
the AD797 alone. The increase is due to
the noise of the ADG412 and the cur-
rent noise of the AD797 flowing through
the ON resistance. The noise was
measured at a gain of 1000. The second

photo shows the output as a function of
the gain setting. The top two traces
show the switch control changing the
gain from 1 to 10 and back to 1. The
AD797 has a constant 1 V input during
this time, and as the bottom trace
shows, the output changes from 1V to
10V. The circuit is well behaved with no
unexpected glitches, and minimal
overshoot and ringing.

AD797, ADG412 PGA NOISE AND SWITCHING TIME

Spectral Noise Density

2.15nV/VHz @ 10Hz
1.65nVINHz @ 1kHz
G =1000

Vertical: 1uV/VHz/div.

Horizontal: SHz/div., BW = 0.726Hz

Switching Time for 1V Input
FromG=1t0oG=10to G =1

Top Trace: G =1 Switch Control
Middle Trace: G = 10 Switch Control

Vertical: 5V/div.
Horizontal: 2us/div.

Figure 3.10

The accuracy of the PGA is important
in determining the overall accuracy of a
system. The AD797 has a bias current
of 0.9uA, which, flowing in 35Q Ron,
results in an additional offset error of
31.5pV (Figure 3.11). Combined with
the AD797 offset, the total Vos becomes
71.5uV (max). Offset temperature drift
is affected by the change in bias current
and ON resistance. Calculations show
that the total temperature coefficient

3-8

increases from 0.6uV/°C to 1.6uV/°C.
These errors are small and may not
matter, but it is important to be aware
of them. Input characteristics such as
common mode range and input bias
current are determined solely by the
AD797. The circuit could be converted
to single supply simply by changing the
op amp. The switches do not need to be
changed.
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AD797 PGA ACCURACY

- Ron Adds Additional Input Offset And Drift:

AVos = IbRon = (0.9pA)(35Q) = 31.5uV (max)

Total Vos =40uV + 31.5uV = 71.5uV (max)
(Note: 40uV is Due To The AD797B)

B Temperature Drift Due To Ron :

At +85°C, AVpg = (2pA)(45Q2) = 90pV (max)

B Temperature Coefficient Total:

AVog | AT = 0.6uV/°C + 1.0uV/°C = 1.6uV/°C (max)
(Note: 0.6uV/°C Is Due To The AD797B)

Figure 3.11

Another PGA configuration uses a DAC
in the feedback loop of an op amp to
adjust the gain under digital control
(Figure 3.12). The digital code of the
DAC controls its attenuation. Attenuat-
ing the feedback signal increases the
closed-loop gain. A non-inverting PGA
of this type requires a multiplying DAC
with a voltage output (a multiplying
DAC is a DAC with a wide reference
voltage range which includes zero). For
most applications of the PGA the refer-
ence input must be capable of handling

bipolar signals. The AD7846 is a 16-bit
converter that meets these require-
ments. In this application it is used in
standard 2-quadrant multiplying mode.
The OP-213 is a low drift, low noise
amplifier, but the choice of amplifier is
flexible and depends on the application.
The input voltage range depends on the
output swing of the AD7846, which is
3V less than the positive supply and 4V
above the negative supply. A 1000pF
capacitor is used in the feedback loop
for stability.
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ACCURATE BINARY GAIN PGA

TT TZS T22 T25 T24

DBO ***DB15 CS R/W LDAC CLR

1kQ 5
VWV Vour AD7846 VRer,
Re S \R IN Vier-
Vss Voo Ve  DGND ‘
-15v  +15V +5V
1000pF ||
il

+15V
2| 7
v

12 6 ouT

OP-213 —O
Vin 3 { 0TO 5V
O +
15V

B Multiplying DAC in Feedback Loop Adjusts Gain

16

m G- 2
Decimal Value of Digital Code
Figure 3.12
The gain of the circuit is set by adjust- square wave input. The bandwidth is a
ing the digital inputs of the DAC ac- fairly high 4MHz. However, this does
cording to the equation given in Figure reduce with gain, and for a gain of 256
3.12. D(y.15 represents the decimal the bandwidth is only 600Hz. If the

value of the digital code. For example, if gain bandwidth product were constant,
all the bits were set high the gain would the bandwidth in a gain of 256 should

be 65,536/65,535 = 1.000015. If the 8 be 15.6kHz; but the internal capaci-
least significant bits are set high and tance of the DAC reduces the band-
the rest low the gain would be 65,536/ width to 600Hz.

255 = 257.

Figure 3.13 shows the small signal
response at a gain of 1 with a 100mV
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BINARY GAIN PGA PERFORMANCE

SMALL SIGNAL RESPONSE

Top Trace: Input, 50mV/div.
Bottom Trace: Output, 50mV/div.
Horizontal Scale: 10us/div.

Bandwidth (G=+1) =4MHz
Bandwidth (G=+256) = 600Hz

Nonlinearity (G=+1) =0.001%
Offset =100pV
Noise =50nV/VHz

Gain Accuracy (G=+1) = 0.003%
Gain Accuracy (G=+256) = 0.1%

Figure 3.13

The gain accuracy of the circuit is
determined by the resolution of the
DAC and the gain setting. At a gain of 1
all bits are on, and the accuracy is
determined by the DNL specification of
the DAC, which is +1 LSB maximum.
Thus, the gain accuracy is equivalent to
1LSB in a 16-bit system, or 0.003%.
However, as the gain is increased, fewer
of the bits are on. For a gain of 256 only
bit 8 is turned on. The gain accuracy is
still dependent on the +1 LSB of DNL,
but now that is compared to only the
lowest 8 bits. Thus, the gain accuracy is
reduced to 1 LSB in a 8-bit system, or
0.4%. If the gain is increased above 256,
the gain accuracy is reduced further.
The designer must determine an accept-

able level of accuracy. In this particular
circuit the gain was limited to 256.

There are often applications where a
PGA with differential inputs is needed
instead of the single ended types dis-
cussed so far. The AD625 combines an
instrumentation amplifier topology with
gain switching capabilities to accom-
plish 12 bit gain accuracy (Figure 3.14).
An external switch is needed to switch
between different gain settings. In the
example shown, resistors were chosen
for gains of 1, 4, 16, and 64. Other
features of the AD625 are 0.001% non-
linearity, wide bandwidth, and very low
input noise.
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A SOFTWARE PROGRAMMABLE GAIN AMPLIFIER

AD7502

TTUDTL TO CMOS LEVEL TRANSLATOR l

Vss O @ . I

DECODER/ORIVER —I

G=1,4,16,64
Differential Input Stage

12 Bit Gain Accuracy

+INPUT =INPUT
[E -
16

+GAIN

RTI NULL RTO NULL
RTI NULL RTO NULL

+GAIN DRIVE

NC

~ c-!u-
S
>
QE
>
~

A3

v [e] AD625

-GAIN

ENSE D SENSE

-GAIN DRIVE

10k ' S 10kid Vour
10
10Kk42 10k$2
9 | +Vs

Nonlinearity = % 0.001%
(G =1 to 256)

Low Noise: 4nV/VHz

B 25MHz Gain-Bandwidth
Product

Figure 3.14

Consider the circuit in Figure 3.15. The
gain is set to 64 with Rg=634Q and the
two resistors Rp=20kQ. Since transis-
tors Q1 & Q3, and Q2 & Q4 have 50pA
current sources in both their emitters
and their collectors, negative feedback
around Al and A2 respectively will
ensure that no net current flows
through either gain sense pin into
either emitter. Since no current flows in
the gain sense pins no current flows in
the gain setting switches and their Ry,
does not affect either gain or offset. In
real life there will be minor mismatches
but the errors are well under the 12-bit
level.
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If no current is to flow in the gain sense
pins the voltages at the ends of Rz
must equal the voltages on the pins,
and the voltages are determined by the
voltages on the outputs of A1 and A2
and the voltage drops due to current
flowing in the two R resistors. The
differential gain between the amplifier
inputs and the outputs of A1 and A2 is
therefore set by the ratio Rp+Rp):RG.
The unity gain subtractor amplifier
formed by A3 and four matched resis-
tors removes the common-mode and
drives the output.
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SIMPLIFIED CIRCUIT FOR AD625

B Zero Current Flow

Through Switches.

B Differential Input Voltage
Appears Across RG.

SENSE
10k(2

502
-IN

A3 Vo =63.2mV
+
10ks2
—'\MP—%REF
—VWA—O +IN
=1mV

B The Current Through RG
Flows Through Both
RF Resistors For Gain.

Figure 3.15

Noninverting PGA circuits using an op
amp are easily adaptable to single
supply, but the instrumentation ampli-
fier topology does not lend itself to
single supply applications. However,
the AMP-04 can be used with an exter-
nal switch to produce the single supply
instrumentation PGA shown in Figure
3.16. This circuit has selectable gains of
1, 10, 100, and 500, which are con-
trolled by an ADG511. The ADG511
was chosen as a single supply switch
with a low RonN of 45Q. The gain of this
circuit is dependent on the Roy of the
switches. Trimming is required at the
higher gains to achieve accuracy. At a
gain of 500, two switches are used in
parallel, but their resistance causes a
10% gain error in the absence of adjust-
ment.

As will be discussed in Chapter 6 cer-
tain ADCs have PGAs built in. Circuit
design is much easier because an exter-
nal PGA and its control logic are not
needed. Furthermore, all the errors of
the PGA are included in the specifica-
tions of the ADC, making error calcula-
tions simple. The PGA gain is controlled
over the same serial interface as the
ADC, and the gain setting is factored
into the conversion, saving additional
calculations to determine input voltage.
This combination of ADC and PGA is
very powerful and enables the realiza-
tion of highly accurate system with a
minimum of circuit design.
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3-14

SINGLE SUPPLY (+5V TO +10V) INSTRUMENTATION PGA

10uF 0.1uF
53 e

r—— GAIN CONTROL ——

V+
13

I ADG511

B G=100kQ/RG

v

M RgG Is a Combination of

o1 A
mnyl 8 {>_'

Switch Rop and the
?.E | External Resistor
SRR oF 186 o> M Trim Required at High G
2 Aa_ Due to Uncertainty
GAIN OF 10 O ! ! Of Ron
WR o—ap———12 1 B Relays Can Be Used

to Avoid Trim

Figure 3.16

THE AD7710 ADC HAS A BUILT-IN PGA WITH GAIN
CONTROLLED BY A SERIAL INTERFACE

REF REF
AVpp DVpp ING)  IN(s) Vains REF OUT
ra" )\
AVpp
2.5V REFERENCE
$100nA
CHARGING BALANCING A/D
CONVERTER

AIN1(+)

» D e——
AIN1(-) AUTO-ZEROED | | airad | |- 5vre

2-4 ™ FILTER
AIN2(+) MODULATOR
AIN2(-) 1} MCLK

CLOCK IN
GENERATION MCLK
200A / ouT
SERIAL INTERFACE
lour C CONTROL OUTPUT
REGISTER REGISTER
AD7710

AGND DGND Vss RFS TFS MODE SDATA SCLK DRDY A0

Figure 3.17
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SECTION 4

HIGH ACCURACY

SAMPLE AND HOLD CIRCUITRY

James Wong

The “sample and hold” amplifier or
SHA is a critical part of many data
acquisition systems. It captures an
analog signal and holds it during some
operation (most commonly analog-
digital conversion). The circuitry
involved is demanding, and unex-
pected properties of commonplace
components such as capacitors and
printed circuit boards may degrade
SHA performance.

ot

b el
il

+]n naa a

the past the co

f a SHA was to maintain the input to
an ADC at a constant value during
conversion (with many, but not all,
types of ADC the input may not
change by more than 1 LSB during
conversion lest the process be
corrupted - this either sets very low
input frequency limits on such ADCs,
or requires that they be used with a
SHA to hold the input during each

t+ t
v L

188+

[e]

conversion). Today, high density IC
processes allow the manufacture of ADCs
containing an integral SHA. Wherever
possible such ADCs with integral SHA
(often known as sampling ADCs) should
be used in preference to separate ADCs
and SHAs. The advantage of such a
sampling ADC, apart from the obvious
ones of smaller size, lower cost and fewer
external components, is that the overall
performance is specified and the designer
need not spend time ensuring that there

are no specification, interface or timing

issues involved in combining a discrete
ADC and a discrete SHA.

While both AC and DC specifications are
important in determining the accuracy of
a SHA, the AC specifications are gener-
ally the most difficult to achieve. The
dynamic behavior, and typical dynamic
imperfections, of a SHA are shown in
Figure 4.2.
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SAMPLE-AND-HOLDS ARE DEMANDING CIRCUITS

B Where Possible use ADCs with Built-In SHAs
(Sampling ADCs)

B Understand SHA Parameters
B Select the Hold Capacitor Carefully

B Take Great Care with Board Layout

Figure 4.1

KEY SHA DYNAMIC PERFORMANCE CHARACTERISTICS
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/ P/ |
' HOLD/SAMPLE DELAY
SETTLING FEEDTHROUGH |
TIME — Vo I'
— : SLEW RATE
) ,_'//r‘l i LIMITED
=" ! ! !
T I T
d ' | l
DROOP | , |
| | |
| | I' SETTLING TIME
be- APERTURE | i !
Il UNCERTAINTY | , ! ,
—_——d !_ _____ J L .._.....//
} LAy ACQUISITION
DELAY -
- TIME
'HOLD
SAMPLE LOGIC INPUT SAMPLE
Figure 4.2
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The input signal is illustrated as a
dotted line and the SHA output as a
solid line. When the sample/hold control
is in sample mode the output follows
the input with only a small voltage
offset. (There do exist SHAs where the
output during “sample” does not follow
the input accurately and the output is
only accurate during the “hold” period
these are uncommon and will not be
considered here. Strictly speaking a
sample and hold with good tracking
performance should be referred to as a
“track and hold” circuit, but in practice
the terms are used interchangeably.)

Ideally, when the “hold” signal is as-
serted the SHA output is locked at its
value at the instant of assertion. In
practice there is a delay, known as the
aperture time, before the hold command
takes effect, and there is an uncer-
tainty, which varies from sample to
sample, in the exact value of the aper-
ture time - this is known as the aper-
ture jitter. In a sampled data system it
may be demonstrated that phase noise,
or jitter, on the sampling clock is a
major cause of loss of system resolution
(Reference I). In early sampled data
systems the major cause of sampling
clock jitter was the aperture jitter of the
SHA in the system - today SHA perfor-
mance has improved and other sources
of jitter (noisy clocks, digital interfer-
ence, etc.) are at least equally impor-
tant.

Switching to hold disturbs the system.
There will be a short interval, known as
the settling time, while it settles down
to its proper value again. Settling time
is defined as the delay between the hold
edge and the SHA returning within and
remaining within some error band.
Different SHAs have widely different
settling times, but for a given SHA the
settling time will be longer if a tight
error band is chosen.

Ideally the output of a SHA immedi-
ately before and immediately after the
hold transition should be identical. In
practice the transients generated by the
sample-hold transition inject a small
amount of charge into the capacitor
which stores the signal and produce an
offset between the sample and hold
states. This offset is called the pedestal.
In some SHAs the pedestal amplitude
varies with signal and is a source of
non-linearity.

Almost all SHAs use a capacitor to store
the voltage which is being “remem-
bered”. If a leakage current flows in or
out of this capacitor it will slowly
charge or discharge, and its voltage will
change. This effect is known as “droop”
in the SHA output. Droop can be caused
by leakage across a dirty PCB if an
external capacitor is used, or by a leaky
capacitor, but is most usually due to
leakage current in semiconductor
switches and the bias current of amplifi-
ers connected to the capacitor. Droop is
expressed in V/uS. An acceptable value
of droop is where the output of a SHA
does not change by more than % LSB
during the conversion time of the ADC
it is driving. Where droop is due to
leakage current in reverse biased
junctions (switches or FET amplifier
gates) it will double for every 10°C
increase in chip temperature - which
means that it will increase a thousand
fold between 25°C and +125°C. Droop
and pedestal can be reduced by increas-
ing the value of the hold capacitor, but
this will also increase acquisition time
and reduce bandwidth in sample mode.

Stray capacity in a SHA may allow a
small amount of the AC input to be
coupled to the output during hold. This
effect is known as feedthrough.

SHAs which are built into sampling
ADCs do not require very good droop
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specifications, since the ADC conversion
takes place quite quickly and once the
conversion is complete the SHA need
not store accurately any longer. Such
SHAs generally use a small hold capaci-
tor built on the chip itself. Where long
hold times and low droop are required a
separate discrete hold capacitor will be
required.

Hold capacitors for SHAs must have low
leakage, but there is another character-

istic which is equally important: low
dielectric absorption. If a capacitor is
charged, then discharged, and then left
open circuit it will recover some of its
charge. The phenomenon is known as
dielectric absorption, and it can seri-
ously degrade the performance of a
SHA, since it causes the remains of a
previous sample to contaminate a new
one, and may introduce random errors
of tens or even hundreds of mV.

DIELECTRIC ABSORPTION - CHARGE RETENTION

MODEL l T %RS
Ve ——cC N
| T
CAPACITOR Ve
VOLTAGE | I
|
|
<—DISCHARGE—>l RESIDUAL
| CHARGE
e Lo
|
ov \ J
T TIME

Figure 4.3
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Different capacitor materials have polystyrene and polypropylene capaci-

differing amounts of dielectric absorp- tors may be affected. It is therefore wise

tion:- electrolytic capacitors are dread- to pay 30-50% extra when buying

ful (their leakage is also high) and some capacitors for SHA applications and buy

high-K ceramic types are bad, while devices which are guaranteed by their

mica, polystyrene and polypropylene manufacturers to have low dielectric u
are generally good. Unfortunately absorption, rather than types which

dielectric absorption varies from batch might generally be expected to have it.

to batch and even occasional batches of

THE CHOICE OF HOLD CAPACITOR AFFECTS ACCURACY

B Must Have: Low Leakage and Low Dielectric Absorption
M Best: Polystyrene
Polypropylene

Teflon

Polycarbonate

B Worst: Mylar

Glass

Electrolytic

Figure 4.4
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Even quite small leakage currents can
cause troublesome droop when SHAs
use small hold capacitors. Leakage
currents in PCBs may be minimized by
the intelligent use of guard rings. A
guard ring is a ring of conductor which
surrounds a sensitive node and is at the
same potential. Since there is no volt-
age between them there can be no
leakage current flow. In a non-inverting
application, such as is shown in

Figure 4.5, the guard ring must be
driven to the correct potential, whereas
the guard ring on a virtual ground can
be at actual ground potential. The
surface resistance of PCB material is
much lower than its bulk resistance, so
guard rings must always be placed on
both sides of a PCB - and on multi-layer
boards guard rings should be present in
all layers.

DRIVE THE GUARD SHIELD WITH THE SAME VOLTAGE AS
THE HOLD CAPACITOR TO REDUCE BOARD LEAKAGE

SWITCH
IN /
O+

/GUARD SHIELD

——

+

+~—7 o OUT

Note: Be Sure a Guard Shield is in Each Layer of the PCB

Figure 4.5

We have mentioned that modern ADCs
frequently contain integral SHAs.
Figure 4.7 shows how a venerable old
ADC, the AD574 (the most widely sold
12-bit ADC ever manufactured), has
been redesigned as a sampling ADC,
the AD1674. The AD1674 is identical to
the AD574 in most respects, including

4-6

pinout and power requirements, al-
though it outperforms it on a number of
specifications, but contains a high
performance SHA to extend its utility.
The AD1674 may be used in any AD574
socket but will also handle much faster
input signal changes.
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USING A GUARD SHIELD ON A
VIRTUAL GROUND SHA DESIGN

VW
SHIELD
\r—_ﬁucﬂow
N 1 SWITCH _! '__jll
el
— |, ouT

Figure 4.6

MANY LATEST GENERATION ADCs HAVE ON-CHIP SHAs

128 f———]
O e
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AD1674
Figure 4.7
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SECTION 5

VOLTAGE REFERENCES FOR
HIGH ACCURACY SYSTEMS

James Wong

Voltage references have a major
impact on the performance and accu-
racy of analog systems. A £5mV
tolerance on a 5V reference corre-
sponds to +£0.1% absolute accuracy—
only 10-bits. For a 12-bit system
choosing a reference that has a +1mV
tolerance may be far more cost effec-
tive than performing manual calibra-
tion, while both high initial accuracy
and calibration will be necessary in a
system making absolute 16-bit mea-
surements. (Many systems make
relative measurements rather than
absolute ones and in such cases the
absolute accuracy of the reference is
not important, although noise and
short-term stability may be.)

Temperature drift or drift due to aging
may be an even greater problem than
absolute accuracy. The initial error
can always be trimmed, but compen-
sating for drift is difficult. Where
possible references should be chosen to
have a temperature coefficient and
aging characteristics that preserve
adequate accuracy over the operating
temperature range and expected
lifetime of the system.

Long-term stability is rarely specified
on data sheets. Where a figure is given
it is usually drift expressed in ppm/
1000 hours. There are 8766 hours in a
year and many engineers multiply the
1000 hour figure by 8.77 to find the
annual drift - this is incorrect. Long
term drift in precision analog circuits

is a “random walk” phenomenon and
increases with the square root of the
elapsed time (this supposes that drift is
due to random micro-effects in the chip
and not some over-riding cause such as
contamination). The 1 year figure will
therefore be about V8.766 ~ 3 times the
1000 hour figure and the ten year value
will be roughly 9 times the 1000 hour
value. In practice things are a little
better even than this, as devices tend to
stabilize with age.

Only three things in life are certain:
death and taxes - and noise. Noise in
voltage references is often overlooked,
but it can be very important in system
design. It is generally specified on data
sheets, but system designers frequently
ignore the specification and assume that
voltage references do not contribute to
system noise.

There are two dynamic issues that must
be considered with voltage references:
their behavior at start-up and their
behavior with transient loads. Voltage
references do not power up instantly (this
is true of references inside ADCs and
DACs as well as discrete designs). Many
early designs took tens, or even hun-
dreds, of milliseconds to deliver any
output at all and as long again before
reaching full accuracy - modern designs
tend to start up more quickly (but read
the data sheet) but still need time to
reach thermal equilibrium. It is rarely
possible to turn on an ADC and refer-
ence, whether internal or external, make
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a reading, and turn off again within a
few microseconds, however attractive
such a procedure might be in terms of
energy saving. (There are also issues,
which we shall not consider here, of
anomalous ADC logic states on start-
up. Irrespective of reference accuracy
the first, and sometimes even the
second, result from an ADC after pow-
ering up may be in error because of
misbehavior arising from the state of its
logic immediately after power is ap-
plied.)

Many reference have low power, and
therefore low bandwidth, buffer amplifi-
ers. This makes for poor behavior under
fast transient loads, which may degrade
the performance of fast ADCs, espe-
cially successive approximation and
flash ADCs (Reference 2). Suitable
decoupling can ease the problem (but
some references oscillate with capaci-
tive loads), or an additional external
broadband buffer amplifier may be used
to drive the node where the transients
occur.

CHOOSING VOLTAGE REFERENCES
FOR HIGH RESOLUTION SYSTEMS

Tight Tolerance Improves Accuracy, Reduces Costs
Temperature Drift Affects Accuracy

Long-Term Stability Assures Repeatability

Noise Limits System Resolution

Dynamic Loading Causes Errors

Figure 5.1

There are two common types of voltage
references: bandgap and buried zener.
Both make good stable references, and

each has particular strengths and
weaknesses which are listed in Figure
5.2.
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ATTRIBUTES OF
REFERENCE ARCHITECTURES

BANDGAP

BURIED ZENER

B Low Reference Voltage

B Low Noise

B Low Quiescent Power

B Good Long-Term Stability

Figure 5.2

'R:andrrnn references make

Bandgap references make use of the
bandgap voltage of silicon: 1.230 V.
Properly designed bandgap references
compensate PTAT and CTAT (“Propor-
tional to Absolute Temperature” and
“Complimentary to Absolute Tempera-
ture”) voltages to obtain a stable output
near this value (Reference 3). Other
voltages may be obtained by using this
as the input to a precision amplifier
with suitable gain.

Buried zener diodes are zener diodes
fabricated beneath the surface of a chip.
The surface of a chip is prone to con-

noisy and less stable than “burled”
ones. Buried zener diodes may be made
with a range of voltages, they all have
good low noise performance (better than
bandgap references) but ones which, in
combination with their temperature
compensating diodes, have a breakdown
voltage just below 7V have the best
temperature performance. Figure 5.3
shows a range of voltage references,
both bandgap and buried zener, with
high initial accuracy and low drift.
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VOLTAGE REFERENCE CHARACTERISTICS

PART NUMBER OUTPUT INITIAL MAXIMUM SUPPLY
VOLTAGE ACCURACY TC CURRENT
AD780 +2.50V *1mV 3 ppm/°C 1mA
REF-195 +5.00V +imV 4 ppm/°C 40pA
AD588 +10V, +5V, *1mV 1.5 ppm/°C 10mA
15V, -5V, -10V
REF-43 +2.50V +1.5mV 10 ppm/°C 450pA
AD584 +10V +2.5mV 5 ppm/°C 1mA
AD581 +10v *5mV 5 ppm/°C 1mA
AD680 +2.5V 5mV 20 ppm/°C 250pA
Figure 5.3

If the output of a voltage reference
must be trimmed, it is important that a
single trim potentiometer be used in
order to preserve the low drift of the
reference. As shown in Figure 5.4, the
output voltage is amplified from the
reference. The gain of the amplifier is
set by resistors, and gain stability
depends on the matching of their tem-
perature coefficients (TCs). If the resis-
tors are thin film types on the reference
chip the matching will be excellent, but
if external resistors are used to trim
gain the TCs will not match and the TC
of the adjusted reference voltage will be
degraded. The circuit shown in Figure
5.4 is the best way to trim the output of
a voltage reference, since the TC of the

5-4

external resistors has least effect on the
reference TC. Of course a better, but
more complex, technique would be to
use a second trimmable amplifier after
the output of the untrimmed voltage
reference - if the TC of this amplifier
can be kept low enough then the TC of
the system will not be degraded.

Reference voltage drift makes maintain-
ing 14-bit accuracy over temperature
especially difficult. Figure 5.5 illus-
trates the accuracy that can be expected
as a function of drift. Even the best
available reference, at 1 ppm/°C, is only
14-bit accurate over the temperature
range of +25°C to +85°C. Special tech-
niques are required for better accuracy.
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IF YOU MUST TRIM:

W Use single trim potentiometer

B Do not insert fixed resistors in the trim leg -- this causes poor tempco match

° VOUT

TRIM

Figure 5.4

EFFECTS OF DRIFT ON SYSTEM ACCURACY

DRIFT TOTAL CHANGE IN OUTPUT, EQUIVALENT

10V FS ACCURACY
(25°C TO 85°C)
10 ppm/°C 6émV 10 bit
5 ppm/°C 3mVv 11 bit
4 ppm/°C 2.4mV 12 bit
1 ppm/°C ** 0.6mV 14 bit
0.25 ppm/°C 0.15mV 16 bit

** Best Reference Available Commercially

Figure 5.5
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Figure 5.6 shows the allowable refer- 18-bit accuracy. The reference voltage
ence voltage drift in ppm/°C as a func- specification becomes more demanding
tion of total system temperature span. as resolution and temperature range
Curves are shown for 12, 14, 16, and increase.

EFFECT OF REFERENCE DRIFT ON SYSTEM ACCURACY

257 \

20 4-
REFERENCE
DRIFT 5L
(ppm/°C)

10 T

5 L

0 i ] i i

25 35 45 55 65 75 85 95 105 115 125
OPERATING TEMPERATURE SPAN (°C)
Figure 5.6

Maintaining absolute 16-bit accuracy 1ppm/°C, so continuous self-calibration
requires reference voltage TCs of less must be used to maintain the required
than 1ppm/°C. The best commercially accuracy.

available references are only about
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FOR APPLICATIONS GREATER THAN 16-BITS, IT IS
DIFFICULT TO RELY ON REFERENCE DRIFT BELOW 1 ppm/°C E

Use System Calibration Technique
Temperature Drift Compensation
Buffer Heavy Loads to Minimize Drift Due to Self-Heating

Reference Noise May Limit Repeatability

Figure 5.7

Heavy loads at the reference output
induce self-heating of the die. Self-

AR MUY ST aa"aaT QR Vaiip Va ValT RRavT

calibration cycles cannot always be
synchronized to the self-heating time
constants and consequently, thermal
drift will modulate the output despite
self-calibration. But buffer amplifiers
will not necessarily overcome the prob-
lem, since they too will have errors due
to self-heating. Careful design, self-
calibration, plus heat sinking and study
of thermal time constants will be neces-
sary to meet the requirements of 16-bit
systems.

Reference noise is often overlooked as a
source of error. Reference voltage noise
is usually specified as a peak-to-peak
value in the bandwidth of 0.1Hz to
10Hz. However, many references have
no provisions for limiting bandwidth, so
the actual rms noise will be much larger
unless steps are taken to limit the
bandwidth externally. Figure 5.8 illus-

trates how wideband noise (lOOkHz

bandwidth) can limit resolution.

QaalaWalavad;, VQRaa adaiaiv a©

The benefit of limiting noise bandwidth
is illustrated in Figure 5.9. A terminal
is provided on the AD587 for noise
filtering. The capacitor Cy forms a low
pass filter with the internal resistor Rg
that limits the noise bandwidth at the
output of the zener diode. A 1pF capaci-
tor gives a 3dB bandwidth of 40Hz. The
photo shows noise measured in a 1MHz
bandwidth with and without the filter
capacitor. Even lower noise can be
achieved by increasing the filter capaci-
tor at the expense of longer turn-on
time. But the external filter capacitor,
CN» does not eliminate the wideband
noise in the output buffer of the AD587,
and this sets a limit to the possible
improvement. Noise may be reduced
further by placing another filter at the
output terminal of the AD587.
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EFFECTS OF REFERENCE NOISE ON SYSTEM ACCURACY,
- RULE OF THUMB: KEEP NOISE < 1/4 LSB

NOISE SPECTRAL NOISE VOLTAGE EQUIVALENT
DENSITY (BW = 100kHz) ACCURACY

322 nVIWHz 610 puV p-p 12 bits

80 nVIWHz 153 pV p-p 14 bits

20 nVIWHz 38 pV p-p 16 bits

5 nV/VHz 10 pV p-p 18 bits

1.3 nVIWHz* 2.4 yV p-p 20 bits

* LESS THAN JOHNSON NOISE IN A 100Q RESISTOR

Figure 5.8

LOW REFERENCE NOISE IS CRITICAL

FOR HIGH ACCURACY

+V
Q Solution: Bandwidth Limiting
<\1D AD587
Ry e T T e
W e
Y v A A
o O S I
v 4 I TCAT LAYt "3’,.;9« AL
1 VERTICAL SCALE: 200uV/div.
yCN HORIZONTAL SCALE: 50us/div.
Figure 5.9
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A Low NoiseE DiscrReTE BANDGAP REFERENCE

Monolithic voltage references have
better stability but can rarely achieve
the noise performance of a well-de-
signed discrete circuit. An example of a
reference circuit with excellent noise
performance appears in Figure 5.10. Its
performance parameters is summarized
in Figure 5.11. The circuit’s 100kHz
wideband noise is 20pV rms.

The circuit uses low noise matched
transistors (MAT-04) operating at high
collector currents to minimize noise.
Three of the transistors are connected
in parallel to reduce noise further. The
fourth forms the other leg of the
bandgap core. Being monolithic, the
four matched transistors also maintain
identical temperatures, and therefore
good drift characteristics. Biasing the
bandgap core with high current mini-
mizes the noise contribution from R3.

Care must be taken to shield the entire
circuit thermally to minimize drift due
to ambient temperature gradients -
which may produce parasitic thermo-
electric voltages. The circuit layout
should also be compact. All resistors
should be of the same type, with
matched temperature coefficients.
RN55C (1%, +£50 ppm/°C) type resistors
work well. R1 and R2 are particularly
sensitive because any mismatch

changes the current ratio in the core,
and produces a higher drift. Similarly,
the ratio R4:R3 amplifies AV by the
current ratio. Mismatch due to tem-
perature coefficient variation in R3 and
R4 introduces drift by affecting the Q1
and Q2 Vgg. Finally, R6, R7, and R8
amplify the 1.23V bandgap voltage to
5.000V. Mismatch in them will cause
additional errors.

To calibrate the circuit, adjust R5 for a
bandgap voltage of 1.230V at 25°C.
Then adjust R7 for a +5.000V at the
output. Despite its low noise the circuit
has poor temperature stability com-
pared to the AD588 monolithic device.
The designer must decide which is more
important: noise or stability.

The basic bandgap reference is not self-
starting. Resistors R9 and R10 plus an
NPN transistor (Q3) start the circuit.
When the supply is turned on, there is
no current in the bandgap core, and the
op amp output is at OV. The base volt-
age of Q3 reaches 3.9V, and its emitter
rises to 3.2V pulling up the op amp
output. At this point the core starts to
conduct, the op amp moves to its linear
operating point, and the output stabi-
lizes at 5V. This turns off transistor Q3,
so that it no longer affects the circuit.
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DISCRETE DESIGN PROVIDES ULTRA LOW NOISE

+C1>5V Q3, 2N2222 »
Ry, N/ +15V0  10pF
11kQ R, C R 1
— MA—{ 2 +I8
4990

5.0000V

2.49kQ | 150pF
.__“__.j.
R1o . RN 01pF — v,
3.9kQ SuE = out
OP-177FP O
14 - Re
3.01kQ
1 R7
| 50Q
l
T
|

VBG

Rg
1kQ

Figure 5.10

DESIGN EQUATIONS AND PERFORMANCE
OF DISCRETE BANDGAP VOLTAGE REFERENCE

i)

WHERE A4 =EMITTERSINQq =3
A, =EMITTERSINQ, =1

Vq = [[R—‘*J('AHAV =7.0AV, Vgg =V4+Vge(Q2)=1.23V @ 25°C

5-10

Ra A l4
B Output Voltage: 5.000V
B Output Noise Voltage (0.1 to 10Hz) 1.6uV p-p
B Noise Spectral Density @ 1kHz: 63nV/VHz
B Wideband Noise (BW = 100kHz): 20pV rms
B Drift (40°C < TA < +85°C): 14 ppm/°C
B Line Regulation (6 to 40V): 2 ppm/V
B Load Regulation (0 to 10mA): 6 ppm/mA
B Supply Current @ 15V: 8mA

Figure 5.11
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AN ULTRA LOW NOISE REFERENCE CIRCUIT (REFERENCE 4)

Another approach to achieving ultra- AD797, to buffer the AD587 10V refer-
low noise is to use extensive external ence. It also acts as low-pass filter with
filtering. The circuit in Figure 5.12 uses a 1Hz corner frequency. The combina-
an ultra-low noise amplifier, the tion produces exceptionally low noise.

COMBINING LOW-NOISE AMPLIFIER WITH EXTENSIVE
FILTERING YIELDS EXCEPTIONAL NOISE PERFORMANCE

+15V
2 +15V
Vin 1kQ
- o w _I_ — 100Q  +10.000V
= " _
0.1pF AD587 7 c1 AD797>% A
10kQ 100uF 2
—Ta
GND
4 100uF R2
1.05kQ
\? —|v7 VWA
Ml
|
c3
100pF +
E 10pF
Figure 5.12
The unconventional arrangement of For frequencies less than 1Hz, the
capacitors in the low pass filter ensure output noise of the circuit is that of
that the leakage currents of the capaci- the AD587. For higher frequencies,
tors and the bias current of the AD797, the rms output noise is that of the
both of which are quite large, do not AD797, or approximately 1.5nV/VHz.

contribute to the DC errors in the
system. C2 is biased to Vg by R1 so that
the voltage on C1 is minimal, as is its
leakage. R2 is a bias current compensa-
tion resistor and C3 acts as an AC
bypass to it.
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HEAVY LOADING AFFECTS REFERENCE DRIFT

B Load Regulation Limitations

B Self-Heating

B Solutions: Isolate Very Heavy Loads

Use References Designed for Driving
Medium Loads

Figure 5.14
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Avoip HeEavy Loaps ON REFERENCE OUTPUTS

For high precision applications, it is not
advisable to put very heavy loads
directly on the reference output. In-
creased output current will cause the
reference to lose accuracy and also
increases drift due to self-heating.

The simplest way to minimize reference
voltage drift in the presence of very
heavy loads is to buffer the reference
output with an accurate current-booster
amplifier.

For moderately heavy loads there are
special references which have been

developed to drive currents of several
tens of mA without loss of accuracy. An
example is the REF-195, whose key
specifications appear in Figure 5.15. It
will deliver at least 30mA and still offer
high precision, it has very low drop-out
(the voltage between input and output
terminals) and can be shut down into a
“sleep” mode with no output (and a
graceful shutdown, and power up again
afterwards) and a standby consumption
of <5pA. It only draws 30nA of power
(plus the load current, of course) when
powered up.

THE REF-195 LOW POWER,
- HIGH OUTPUT, PRECISION REFERENCE

Ultra Low Power:

Low Drop-Out @ 10 mA Load:

Designed to Deliver High Current: 30 mA
Tight Output Tolerance: + 1mV max.
Low Drrift: 4 ppm/°C max.

30 pA

0.3 V max.

Has 5 pA Power Drain in Sleep Mode

Figure 5.15
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The REF-195 makes an excellent refer-
ence / regulator for powering a 4-20mA
current loop (Figure 5.16). The REF-195
provides the power to the amplifier
circuit as well as the bias voltage for

the strain-gauge bridge. The bridge
signal is amplified by the AMP-04
single-supply instrumentation amplifier
with a gain of approximately 40.

REF-195 POWERS 4-TO-20mA LOOP
PLUS BRIDGE EXITATION

REF-195

4mA NULL
6 Uy 2

3500Q STRAIN
GAGE BRI:\GEAd

50mVv

Fs Sk

10-TURN 97.6k 3

*—o out IN
L 50k GND
R4 a 1N4002
L 976k

HP
5082-2810
+Vg
+12V
T0
+36V
o ¢ ! .
R g LOAD
UNLESS OTHERWISE SPECIFIED, ALL RESISTORS +1% SENSE 2mA V2 oo
OR BETTER POTENTIOMETER TEMPCO < 50 PPM/ °C 15.8k 202 < %
\ ®
—

INnuLL + Ispan

Figure 5.16

When the bridge signal output is zero,
the AMP-04’s output is also OV relative
to the floating reference. The 4mA
output current is derived from the ratio
of R1 to R2, the feedback resistor. This
develops a 80mV across RgENSE, the
20Q2 current sense resistor (correspond-
ing to 4mA output current). The low
power consumption of the circuit allows
the entire circuit to operate on the 4mA

5-14

loop current so the entire circuit can be
powered from a remote loop supply.

Pulse techniques to reduce power are
made simple with the REF-195’s shut-
down ability. The circuit in Figure 5.17
is powered only during measurement.
The bridge amplifier powers up and
settles to better than 12-bits in under
400pus.
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A PULSED STRAIN-GAUGE MEASUREMENT
CIRCUIT HAS LOW POWER DRAIN AND PRECISION

T +5.6 TO +16V

2 6 +5.000V
V+ V.

5 .
= +

_jEF195 I mm o ae

SD GND 0Q 1 N v

2 / Veer Vop |12-BIT
3|4 \ﬁ JK 5 4 Vins DATA
N AD626 >——V,,, AD7880 >

8

== 01uF AGND DGND
3 10

\Y4
SHUTDOWN (TTL LEVEL)
o]
Figure 5.17
The AD680 is another reference which tures are shown in Figure 5.18.

requires less than 250pA, and its fea-

THE AD680 LOW POWER, LOW COST 2.5V REFERENCE

Low Power Drain: 250 pA max.
Low Drift: 20 ppm/°C max.

Laser Trimmed Accuracy: *5mV max.

Low Cost

Figure 5.18
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Driving the reference input of an ADC
or DAC improperly can create noise
which causes errors during conversion
because ADC or DAC reference input
impedance may change rapidly during

conversion, disturbing the reference
driving it. The user must evaluate the
dynamic response characteristics of the
reference driving such converters.

DRIVING ADC AND DAC REFERENCE INPUTS:
IS THE REFERENCE VOLTAGE STABLE ENOUGH?

EVALUATE:

M Initial Accuracy

M TC Drift

B Noise

B Dynamic Settling Characteristics

Figure 5.19

For example, the reference input to a
Sigma-Delta ADC may be the switched
capacitor shown in Figure 5.20. The
dynamic load causes current spikes in
the reference as the capacitor is charged
and discharged. As a result, noise may
be induced on the ADC reference cir-
cuitry.

Although sigma-delta ADCs have an
internal digital filter, transients on the

5-16

reference input can still cause appre-
ciable conversion errors. An example of
sampling noise on a sigma-delta ADC
reference is shown in Figure 5.21. The
bottom trace shows the noise that is
generated if the reference source imped-
ance is too high. The dynamic load
causes the reference input to shift by
more than 5mV.,
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DYNAMIC LOAD EFFECTS OF DRIVING SIGMA-DELTA ADCs

— e ——— s — ———— — —— . — =

X

IN

l
|
I
|
l
|
I
|
Cexr : ) — Cn
|
I
l
I
|
|

Figure 5.20

TYPICAL NOISE INDUCED AT THE
REFERENCE INPUT OF A SIGMA-DELTA ADC

VOLTAGE
REFERENCE

L=y | [ 1

VERTICAL SCALE: 5mV/div.
HORIZONTAL SCALE: 200ns/div.

Figure 5.21
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A bypass capacitor on the output of a
reference may help it to cope with load
transients, but many references are
unstable with large capacitive loads,
and it is important to verify that the
one chosen will drive the capacitance

required. (The input to all references
should always be decoupled - with
0.1uF in all cases and with an addi-
tional 5-50uF if there is any LF ripple
on its supply.)

BYPASSING REFERENCE OUTPUT WITH LARGE CAPACITOR
HELPS TO MINIMIZE TRANSIENT LOAD DISTURBANCES

Vpy © IN ouT o
REFERENCE
0.1uF == — Cg
< < CAUTION: LARGE
IMPORTANT TO ﬁﬁ‘;‘gﬂ;’g LOAD
BYPASS INPUT
S v OSCILLATION, BUT
NOT WITH THE
AD780
Figure 5.22

Since references do misbehave with
transient loads, either by oscillating or
by losing accuracy for comparatively
long periods, it is advisable to test the
pulse response of voltage references
which may encounter transient loads. A
suitable circuit is shown in Figure 5.23.
In a typical voltage reference a step
change of 1mA produces the transients
shown. Both the duration of the tran-
sient, and the amplitude of the ringing

5-18

increase when a 0.01pF capacitor is
connected to the reference output.

Where possible a reference should be
designed to drive large capacitive loads.
The AD780 is designed to drive unlim-
ited capacitance without oscillation. The
features of the AD780 are shown in
Figure 5.24. It has excellent drift and
an accurate output in addition to low
power consumption.
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MAKE SURE REFERENCE IS
STABLE WITH LARGE CAPACITIVE LOADS

TOP TRACE: NO LOAD

VIN 50mV/div.
ouT
REFERENCE
UNDER
TEST
e, A e
EvNEEaEEN
AR v BOTTOM TRACE: C, = 0.01uF
PULSE 200mV/div.

GENERATOR  BOTH TRACES: 5ps/div.

Figure 5.23

AD780 2.5V/3.0V HIGH PRECISION VOLTAGE REFERENCE
DESIGNED TO DRIVE UNLIMITED CAPACITIVE LOAD

MW Ultra Low Drift: 2 ppm/°C max.
B Output Accuracy: +1 mV max.
B Low Noise (0.1Hz to 10Hz): 4 yV p-p max.
B Low Power: 700 A max.
Hm Source and Sink Capability

Figure 5.24
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A reference device that can drive a AD7710. At this resolution, even a little
large capacitive load can be used to noise or drift can cause bad measure-

minimize_ ADC refe.aren.ce noise. An ments. The 100pF reference bypass
example is shown in Figure 5.25, where ;4 citor provides an exceptionally
the AD780 is shown driving the refer- stable output.

ence pin of a 21-bit A/D converter, the

THE AD780 IS IDEAL FOR DRIVING
PRECISION SIGMA-DELTA ADCs

+5V (ANALOG)
V| N AVDD
e Yo REF IN(+)
—T1— 1uF
AD780 e AD77XX
1 >AADC
GND 100pF
100nF——
REF IN(-)
AGND
NOTE: ONLY REFERENCE
CONNECTIONS SHOWN
Figure 5.25
Large reference bypass capacitors are not provide sufficient charge storage to
also useful when driving the reference keep the reference voltage stable during
inputs of successive-approximation conversion, and errors may result.
ADCs. Figure 5.26 illustrates reference Decoupling with a >1pF capacitor
voltage settling behavior immediately maintains the reference stability during
following a “Conversion Start” com- conversion.

mand. A small capacitor (0.01uF) does

5-20
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SUCCESSIVE APPROXIMATION ADCs CAN PRESENT A
DYNAMIC TRANSIENT LOAD TO THE REFERENCE

Solution: Bypass Reference Adequately

<}~ scope

Vo <
VReF
AD780 +
p— SAR
GND Ce ADC
\Y%
START CONVERT TOP TRACE VERTICAL SCALE: 5V/div.
© °) SCOPE ALL OTHER VERTICAL SCALES: 5mV/div.
HORIZONTAL SCALE: 1ps/div.
Figure 5.26
Where voltage references drive large the reference reaches full accuracy, but
capacitances it is important to realize it will certainly be much longer than
that their turn-on time will be pro- the time specified on the data sheet for
longed. Experiment may be needed to the unloaded reference.

determine the delay before the output of
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SECTION 6

HicH Accuracy A/D CONVERSION

HIGH ACCURACY A/D CONVERSION

Joe Buxton

S1eNAL CoNDITIONING TRANSDUCER INPUT ADCs

The AD7710, AD7711, AD7712, and
AD7713 are the first members of a
family of sigma-delta converters de-
signed for high accuracy, low frequency
measurements. They have no missing
codes at 24-bits and useful resolution of
up to 21.5-bits. They all use the same
ences are in their analog inputs, which
are optimized for different transducers.

The digital filter in the sigma-delta core
may be programmed by the user for
output update rates between 10Hz and
1kHz. The resolution is inversely pro-
portional to the bandwidth. For ex-
ample, for 21.5-bits of effective resolu-

tion, the output update rate cannot
nnnnn A10Ts Tha AN771v famaily ie

TCALTUTWU 1LV1ll4, L1110 L3101 1 1A LQAakLiLy 20O
ideal for such sensor applications as
those shown in Figure 6.1.

SIGNAL CONDITIONING, TRANSDUCER INPUT ADCs:
THE AD7710, AD7711, AD7712, AD7713

H Ultra-High Resolution Measurement Systems

M Implemented Using A Conversion

W Ideal for Applications Such As:

Weigh Scales
RTDs

Strain Gauges

L 2K 2R 2K 2R 2 2% 2

Medical

Thermocouples

Process Control
Smart Transmitters

Figure 6.1
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The AD771x family has a high level of
integration which simplifies the design
of data acquisition systems. The
AD7710 (Figures 6.2 and 6.3) has two
high impedance differential inputs that
can be interfaced directly to many
different sensors, including resistive
bridges. The two inputs are selected by
the internal multiplexer, which passes
the signal to a programmable gain
amplifier. The PGA has a digitally
programmable gain range of 1 to 128 to
accommodate a wide range of signal
inputs. After the PGA, the signal is
digitized by the sigma-delta modulator.
The digital filter may be adjusted from
10Hz to 1kHz which allows various
input bandwidths. To achieve this high
accuracy, the AD771x family has four
different internal calibration modes,
including system and background
calibration. All of these functions are
controlled via a microcontroller compat-
ible serial interface. A benefit of this
serial interface is that the AD771x fits
into a 24-pin package, giving it a small

footprint for its high level of integra-
tion. All of the parts except the AD7713
can operate on a single +5V or dual £5V
supplies. The AD7718 is designed for
single supply (+5V) low power applica-
tions only. The AD771x family has
<0.0015% non-linearity.

All four devices in the AD771x family
have identical structures of PGA,
sigma-delta modulator, and serial
interface. Their main differences are in
their input configurations. The AD7710
has two low level differential inputs, the
AD7711 two low level differential
inputs with excitation current sources
which make it ideal for RTD applica-
tions, the AD7712 has one low level
differential input and a single ended
high level input that can accommodate
signals of up to four times the reference
voltage, and the AD7713 is designed for
loop-powered applications where power
dissipation is important, the AD7713
consuming only 3.5mW of power from a
single +5V supply.

THE AD771X-SERIES PROVIDES
A HIGH LEVEL OF INTEGRATION IN A 24-PIN PACKAGE

REF REF
AVpp DVpp IN(-) IN(+)

Vaias REF OUT
)

O
I 2.5V REFERENCE

CHARGING BALANCING A/D

CONVERTER

AIN1(+)
AIN1(-) AUTO-ZEROED | |\ cirar -0) SYNC
S-aA ™ FILTER
AIN2(+) MODULATOR
AIN2(-) A MCLK
CLOCK IN
GENERATION MCLK
A ouT
SERIAL INTERFACE
lout g CONTROL OUTPUT
REGISTER REGISTER

AD7710 I ! I ’ ! I I

AGND DGND Vss RFS TFS MODE SDATA SCLK DRDY A0

Figure 6.2
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KEY FEATURES OF THE AD7710

10.0015% Nonlinearity

Two Channels with Differential Inputs
Programmable Gain Amplifier (G = 1 to 128)
Programmable Low Pass Filter

System or Self-Calibration Option

Single or Dual 5V Supply Operation

Microcontroller Serial Interface

Figure 6.3

SUMMARY TABLE OF AD771X DIFFERENCES

AD7710:

AD7711:

AD7712:

AD7713:

2-Channel Low-Level Differential Inputs

1-Channel Low-Level Differential Input
1-Channel Low-Level Single-Ended Input
Excitation Current Sources for 3 or 4-Wire RTDs

1-Channel Low-Level Differential Input
1-Channel High-Level Single-Ended Input

2-Channel Low-Level Differential Inputs
1-Channel High-Level Single-Ended Input
Excitation Current Sources for 3 or 4-Wire RTDs
Single 5V Operation Only

Low Power (3.5mW)

No Internal Reference

L8 2 28 2R R JEEER 2K R 2R 2R JEEER 4

Figure 6.4
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Because of the differences in analog
interfaces each device is best suited to a
particular sensor application. In other
words, the sensor determines which

converter should be used. Figure 6.5
lists the converters, and the sensors or
applications to which they are best
suited.

AD771X APPLICATIONS
B AD7710: ¢ Weigh Scales
¢ Thermocouples
¢ Chromatography
¢ Strain Gauge

B AD7711:

B AD7712:

B AD7713:

o066 o6 o

RTD Temperature Measurement

Smart Transmitters
Process Control

Loop-Powered Smart Transmitters
RTD Temperature Measurement

Process Control
Portahle Instruments

A LA B R

Fig_urc_e 6.5

Although the AD7710 is used as an
example the following discussion ap-
plies to all the converters in the family
(Figure 6.6). The modulator balances
the signal input current to the integra-
tor (derived from the input voltage
applied to a resistor in the diagram, but
quite often obtained by switched capaci-
tor techniques in practical monolithic
sigma-delta ADCs) with feedback
current from the 1-bit DAC (a resistor

and a changeover switch between
+VREF & -VREP so that the net input
current to the integrator, averaged over
a long period, is zero. On each clock
cycle the clocked comparator at the
integrator output determines whether
the output is above or below zero, and
sets the DAC to bring the output back
towards zero - the DAC only changes
state on a clock.
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THEORY OF OPERATION
INTEGRATOR

Ang PGA } I

°7] R c CLOCKED
Apy | MIX T COMPARATOR

N2 L Kig DIGITAL

J— DIGITAL DATA
FILTER

O +Vpee

© -VRger

1-BIT
DAC

Sigma-Delta Modulator Loop

Figure 6.6

The output is therefore a synchronous
bit stream. If it is fed to a counter,
rather than to a digital filter, and
integrated for an accurately timed
period, we have a classical charge-
balance ADC (which is closely related to
the VFC plus frequency counter ADC),
but very long integration periods are
required for high resolution.

The sigma-delta ADC is also a
charge-balance device, but the digital
filter in the bit stream looks at rates of
change as well as absolute numbers of
Os and 1s and thereby yields a high
resolution conversion with a wider
signal bandwidth and a higher output
data rate. Understanding of the de-
tailed operation of a sigma-delta ADC
involves considerations of oversampling,
noise shaping, and decimation and the
interested reader should refer Section
14 of this book and References 1 & 3.

Up to this point the PGA has been
shown as separate from the modulator.
In fact it is part of the integrator. The
differential signal input charges C2,
which is then discharged into the inte-
grator summing node (Figure 6.7). This
is done by closing S1 and S2, and then,
after opening them, closing S3 and S4.
When the PGA has a gain of 1 this
happens once per cycle of the basic
19.5kHz clock, but for gains of 2, 4 and
8 respectively it happens 2, 4 or 8 times
per cycle. The integrator charge is
balanced by switching charge in the
same way from the reference into C1
and thence to the integrator summing
node. The polarity of reference switched
depends on the state of the comparator
output.
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At a gain of 8 the sampling rate is
156kHz. Higher switching rates than
this would not allow C2 sufficient time

A MODULATOR INCLUDES A PGA FUNCTION

+ C Q‘31OR!320

COMPARATOR

f = 19.5kHz

Qz C3
v OR @ |
REF @92 } 1|
- O
9, -
S1 g
3
IN 94 g
-0 Qi) S4
S2 1) INTEGRATOR
S3 3
9,
o, |
D3 |
94

’ f = 39kHz

TIMING FOR GAIN OF 2

Figure 6.7

gains of 1-8 is about 20pF, so for a gain

to charge, so for PGA gains greater

than 8 the value of the reference capaci-
tor, C1, is reduced, rather than the
sampling rate being increased. Each
time C1 is halved the gain of the system

is doubled. The original value of C1 for

6-6

fnotch = (—_) (Decimal Value

felkin
512

1

of 16 it is 10pF and for a gain of 128 it
is 1.25pF.

The digital filter has the sinc3 response
illustrated in Figure 6.8.The first notch

" in the filter response is programmable
according to the formula:

of Digital Code

)
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DIGITAL FILTER FREQUENCY RESPONSE

0

-20
o [—)

JA\

-60

-80

-100

-120

GAIN - dB

-140

-160
~180

-200

-220
~-240

] 10 20 30

40

50 60 70

FREQUENCY - Hz

B Response Follows a sinc3 = (

sin x 3
X

M First Notch Frequency is Programmable and given by:

£ _{ felin
notch = 512

|

1
Decimal Value of Digital Code)

B For fclkin = 10MHz, 9.76Hz < fhotch < 1.028kHz

Figure 6.8

The notch frequency is 3.82 times the
-3 dB frequency, so the notch frequency
must be chosen so that the maximum
signal frequency falls within the filter
passband.

The lower the notch frequency the lower
the noise bandwidth and therefore the
higher the resolution of the converter.
Moreover, the PGA gain will also set
limits on the achievable resolution.
With a 5V span 1 LSB in a 24-bit
system is only 300nV - with a gain of
128 it is 2.3nV!

As is evident from their pipeline archi-
tecture, sigma-delta ADCs have a
conversion time which is related to the
bandwidth of the digital filter:- the
narrower the bandwidth, the longer the
conversion. For a 10Hz notch frequency
the AD7710 has a 10Hz output data
rate.

When the input to a sigma-delta ADC
changes by a large step the entire
digital filter must fill with the new data
before the output becomes valid, which
is a slow process. This is why sigma-
delta ADCs are sometimes said to be
unsuitable for multi-channel multi-
plexed systems - they are not, but the
time taken to change channels can be
inconvenient. In the case of the AD771X
four conversions must take place after a
channel change before the output data
is again valid (Figure 6.9). The SYNC
input pin resets the digital filter and, if
it used, data is valid on the third output
afterwards, saving one conversion cycle
(when the internal multiplexer is
switched the SYNC is automatically
operated). The SYNC input also allows
two AD771X ADCs to be synchronized.
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THE RATE OF CONVERSION AND
SETTLING TIME DEPENDS ON THE FILTER SETTING

FILTER NOTCH FREQUENCY (Hz)

SETTLING TIME (ms)

10 25 50 60 100 | 250 | 500 1k
CONVERSION TIME 100 40 33.3 20 16.7 10 4 2 1
(ms)
MUX SWITCHING OR | 300 120 | 100 60 50 30 12 6 3
FULLSCALE WITH
SYNC, SETTLING
TIME (ms)
ASYNCHRONOUS 400 160 | 133.3| 80 66.7 | 40 16 8 4
FULLSCALE

1

W Conversion Time = Fjjter Notch Frequency

B Digital Filter Requires Settling Time for Input Step Changes
B Use SYNC Input to Decrease Settling Time

Figure 6.9

Although the AD771X sigma-delta
ADCs are 24-bit devices, it is not usu-
ally possible to obtain 24 bits of useful
resolution, because noise limits the
amount of useful data available. We
thus confront the concept of “Effective
Number of Bits” or ENOB. This is a
measure of the useful signal-noise ratio
of an ADC.

The full scale signal is the voltage
difference between the most negative
input the ADC will accept without
overloading and the most positive one.
The RMS noise is the amount that the
output varies from conversion to conver-

sion when a fixed input is applied to the
ADC.

Noise may be generated by signal
leakage and components (resistors and
active devices) in the ADC. There is also

- intrinsic quantization noise which is

inescapably linked to the analog-digital
conversion process. Sigma-delta ADCs
use special techniques to shape their
quantization noise and thus reduce
their oversampling ratio for a given
ENOB, but they cannot eliminate
quantization noise entirely. (Section 14
of this book and References 1 & 3)
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DETERMINING EFFECTIVE RESOLUTION

B Effective Number of Bits (ENOB) = '092(

Full Scale Signal
RMS Noise

B Output RMS Noise = Effective Noise in the Digital Output Code

B ENOBs is Greatest at Low Filter Frequency and Low Gain

Figure 6.10

Figure 6.11 shows how RMS noise in an
AD7710 varies with gain and notch
frequency. Figure 6.12 gives the same
results in terms of ENOB. Voltage noise
drops with increasing sampling rate
(remember that at gains of >8 the
sample rate does not increase further)
but rises, as we should expect, with
increasing filter bandwidth. At higher
bandwidths the dominant noise is the
quantization noise, which occurs after
the PGA and is therefore independent of

gain. In general both noise and ENOB
drop monotonically with increasing gain
and increasing bandwidth (there is a
small ENOB anomaly at 1kHz and
gains between 2 and 32) but the drops
are not linear for the reasons we have
discussed: in some regions (e.g.,

10Hz / gain = 1-8) ENOB does not vary
much with gain, in others (e.g.,

10-60 Hz / gain = 128) it does not vary
much with bandwidth. In others it does
vary with both.
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NOISE VARIES AS A FUNCTION

OF GAIN AND FILTER CUTOFF FREQUENCY

First Typical OQutput RMS Noise (uV)
Notch of
Filter and
O/P Data -3dB Gain of | Gain of | Gain of | Gain Gain | Gain of | Gain of | Gain
Rate Frequency 1 2 4 of 8 of 16 32 64 of 128
10 Hz 2,62 Hz 1.7 1.0 0.5 0.36 0.36 0.36 0.36 0.36
25 Hz 6.55 Hz 4.9 2.2 1.2 0.6 0.36 0.36 0.36 0.36
30 Hz 7.86 Hz 6.1 2.4 1.2 0.84 0.5 0.36 0.36 0.36
50 Hz 13.1Hz 7.5 3.8 2.0 1.0 0.6 0.5 0.5 0.45
60 Hz 15.72 Hz 8.5 4.0 2.0 1.0 0.6 0.5 0.5 0.45
100 Hz 26.2 Hz 13 6.4 3.7 1.8 1.1 0.9 0.65 0.65
250 Hz 65.5 Hz 130 75 25 12 7.5 4 27 1.7
500 Hz 131 Hz 600 260 140 70 35 25 15 8
1 kHz 262 Hz 3100 1600 700 290 180 120 70 40
B Quantization noise arises from digitization.
After PGA, so it is independent of gain.
B Device noise is determined by kT/C noise.
Decreases for gains up to 8.
Figure 6.11
EFFECTIVE RESOLUTION VERSUS
GAIN AND FIRST NOTCH FREQUENCY
First Effective Resolution (ENOBs) ]
Notch of
Filter and
O/P Data -3dB Gain of | Gain of | Gain of | Gain of | Gain of | Gain of | Gain of | Gain of
Rate Frequency 1 2 4 8 16 32 64 128
10 Hz 2.62 Hz 21.5 21.5 215 20.5 19.5 18.5 17.5 16.5
25 Hz 6.55 Hz 20 20 20 20 19.5 18.5 17.5 16.5
30 Hz 7.86 Hz 19.5 20 20 19.5 19.5 18.5 17.5 16.5
50 Hz 13.1 Hz 19.5 19.5 19.5 19.5 19 18.5 .| 17.5 16.5
60 Hz 156.72 Hz 19 19.5 19.5 19.5 19 18.5 17.5 16.5
100 Hz 26.2 Hz 18.5 18.5 18.5 18.5 18 17.5 17 16
250 Hz 65.5 Hz 15 15 15.5 15.5 15.5 15.5 15 14.5
500 Hz 131 Hz 13 13 13 13 13 12.5 12.5 12.5
1 kHz 262 Hz 10.5 10.5 11 11 11 10.5 10 10
log 2 x VRef . 1
W ENOBs=""%2 "GAIN  RMS NOISE

B Highest resolution occurs at low gains and low frequency

Figure 6.12
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It is important to distinguish between
RMS and peak-to-peak noise. Noise in a
sigma-delta ADC has a gaussian (or
near gaussian) distribution. This means
that if you wait long enough any value
of peak noise will eventually occur and
it is not possible to write a specification
absolutely prohibiting a specified value
of noise peak. For practical purposes the
peak-to-peak noise is defined as

6.6 times the RMS noise, since such
peaks occur less than 0.1% of the time.
The noise specified in the ENOB table
in Figure 6.12 is expressed in RMS
terms. If a figure for “noise-free” code is

HicH Accuracy A/D CONVERSION

required it will be 3-bits worse: 20-bits
ENOB becomes 17-bits noise-free code,
etc. Since most applications are con-
cerned with noise power, however, the
RMS ENOB figure is the more com-
monly used.

This does not mean that the original
24-bit resolution is pointless, however.
Additional filtering, to narrower band-
widths than the internal filter is ca-
pable of, can further improve the resolu-
tion and ENOB at the expense of very
long conversion times.

ESTIMATING NOISE-FREE CODES

Determined Using Peak-to-Peak Noise
Output RMS Noise x 6.6 = Peak-to-Peak Noise
Factor of 6.6 is Approximately Equal to 3 bits

Subtract 3 bits from Effective Resolution Given in Figure 6.12

to Determine Noise Free Codes

W Further Digital Filtering Will Realize Figure 6.12 Values

Figure 6.13

The results in Figures 6.11 and 6.12
assume that the input and reference
signals are noise free. Noisy inputs (and
the reference is an input) reduce the
effective resolution. For this reason,
careful attention must be paid to exter-
nal noise sources. Figure 6.14 lists
aspects of board layout which may
affect system noise and hence the

ENOB of the AD7710. Many of these
issues are discussed in detail in the
1992 Amplifier Applications Guide. If
external amplifiers are used, low noise
devices such as the OP-213 and AD797
should be chosen.

To determine if external amplifiers will
lower the AD7710 system resolution,
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the total additional noise (in the band-
width 0.1 Hz to the cutoff frequency set
in the AD7710) should be calculated
and compared with the RMS noise
figures given in Figure 6.11.
(Uncorrelated noise adds by root sum of

squares, so if the additional noise is
<50% of the AD7710 noise it may be
ignored, but if it exceeds this level its
effect on system performance must be
studied carefully.)

OPTIMIZING NOISE PERFORMANCE

Use Low Noise Amplifiers (AD797, OP-213, OP-177, AD707)

Connect Analog and Digital Grounds of Converters

Together at the Device and Connect them to Analog Ground

Route Digital PCB Tracks Clear of Analog Tracks

B Pay Attention to Layout!

B Use Ground Planes

B Keep Analog PCB Tracks Short

B

|

|

M Filter Signal and Reference Inputs
B Minimize Reference Noise

|

The Evaluation Board is an Example of Good Layout

Figure 6.14

An anti-aliasing filter on the input of
the AD7710 will improve its noise
performance because the modulator
does not reject noise at integer mul-
tiples of the sampling frequency. (Fig-
ure 6.15) The internal analog front end
does provide some filtering at these
frequencies (the attenuation at 19.5kHz
is approximately 70dB) but high level
wideband noise can degrade system
ENOB. A simple RC low-pass filter,
ideally with a cut-off well below
19.5kHz, is generally sufficient, but the
resistor must not be so large that it
affects gain accuracy of the AD7710.

A simplified model of the analog input
of the AD7710 is shown in Figure 6.16.
It consists of a resistor of approximately
7kQ connected to the input terminal
and to an analog switch which switches
an 11.5pF capacitor between the resis-
tor and ground with a mark-space ratio
of 50%. The switching frequency de-
pends on f;]kin and the gain which is
being used: with a gain of unity and the
standard clock frequency of 10MHz the
switching frequency is 19.5kHz, and at
gains of 2, 4 and 8 or more it is 39, 78
and 156kHz respectively.
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ANTIALIASING FILTER HELPS REDUCE NOISE

o} VWA A

AD77XX

IN

B Digital filter does not reject noise at integer multiples of fs
(n x 19.5kHz, wheren=1,2,3,...)

M RC Low Pass filter on the inputs prevents aliasing and limits noise

B Select R small enough to prevent gain error

Figure 6.15

T tha aanuvantaw 1a wanlkine urith
41 LVIIT LUILIVOLILOL 10 wulnlllg wiuil

accuracy of 20-bits the capacitor must
charge with an accuracy of 20-bits. The
input RC time constant is 80ns. If the
charge is to achieve 20-bit accuracy it
must charge for at least 14x the time
constant, or 1.13us. Any external
resistor in series with the input will
increase the time constant, and the
chart in Figure 6.16 shows acceptable
values of series resistance necessary to

maintain 20-bit performance.

To determine the minimum charge time
for 20-bit performance with an external
resistance Ryt we use the equation:

The minimum charge time must be less

than half the period of the switching
signal used (it has a 50% duty cycle).
The fastest switching frequency with
the standard 10MHz clock is 156kHz

b

and half of that clock period is 3.2 ps,

which allows a maximum Rgy¢ of
12.8 kQ. At lower gains Rgy¢ may be
larger.

Minimum Charge Time = 14(Rgxt + 7kQ) x 11.5pF
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ANALOG INPUT STRUCTURE

INT I~ HIGH

Rexr R
O M—O—— W |
( 7kQ

SWITCHING FREQ
DEPENDS ON
f cLkiny AND GAIN

| IMPEDANCE
>1GQ
[ =

L CInNT

1.5p
V 1yp AD7710

B R.,; increases Cy charge time and may result in gain error
B Charge time dependent on the input sampling rate and therefore gain
B Use following Ry, values to maintain 20 bit accuracy:

GAIN: 1

R EXT - <145kQ

<70.5kQ> <31.8kQ

4 8-128

<13.4kQ

Figure 6.16

It is not practical to use Rgy¢ in con-
junction with a capacitor to ground
from the input pin of the AD7710 to
make an anti-aliasing filter, unless the
capacitor is dramatically larger than
the 11.5pF Cjpt. This is because Cjpy is
discharged on every sampling clock
cycle and will recharge from the filter
capacitor. Therefore, either the filter
capacitor must be so large that charg-
ing Cjpt from it changes its voltage by
less than an LSB at 20-bits (i.e. it is
larger than 11.5uF), or the time con-
stant RgxtCext must be short enough
for Cgxt to recharge before the next
clock cycle - in which case RgyCext
does not make an anti-aliasing filter.

Some successive approximation and
sub-ranging ADCs draw transient

currents at their analog inputs which
load their analog drive circuitry and
cause errors. Often special drive ampli-
fiers with low output impedance at the
conversion clock frequency are neces-
sary to avoid this problem, but these
problems do not occur with the very
small transient loads of the AD771X
devices. The oscilloscope photograph in
Figure 6.17 shows the transient current
in an AD7710. It was taken with a 1kQ
resistor in series with the input to
measure the change in current. This
circuit produces a 15mV spike of less
than 1ps duration. The peak pulse
current is only 15pA, which permits the
use of quite high impedance signal
sources with no risk of degrading the
ENOB.
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INPUT TRANSIENT LOADING
DOES NOT CAUSE CONVERSION ERRORS

AD77XX

VERTICAL SCALE: 5mV/div.
HORIZONTAL SCALE: 5ps/div.

B Transient settles quickly and does not affect conversion

M Inputs can accommodate high bridge resistances

Figure 6.17

The AD771x family was designed to
simplify transducer interfacing. Many
types of transducer can be connected
directly to the input of one of the
AD771x family without additional
circuitry, but some care is necessary to
achieve the best possible

accuracy:- noise needs to be minimized
(a simple capacitor across a resistive
sensor may be all the filtering that is
needed, but this must be checked - noise
is particularly important because noise

cannot be removed by the system
calibration which eliminates gain and
offset errors); transducer source imped-
ance may affect charge times (as men-
tioned above); and bias currents flowing
in high impedance transducers may
cause errors, although these can be
removed by system calibration. In
general system calibration can remove
most DC errors in systems using the
AD771X family.
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TRANSDUCER CONNECTION CONSIDERATIONS

B Filter Noisy Signals

B DC Leakage (bias ) Current = 10pA can cause offset

with Rsource

-
I

B To Maintain Accuracy:

4 Minimize Rsource

his causes drift over temperature

¢ Use differential inputs and balance Rgource

4 Use system calibration

Figure 6.18

As discussed in Section 1, circuitry
connected to transducers must gener-
ally be protected against over-voltage
from ESD or noise pickup. If signals are
likely to go outside the positive or
negative supplies some form of clamp is
necessary to keep them within them.
Figure 6.19 shows a suitable circuit for
protecting AD771X devices. The
AD7710 has internal ESD protection
diodes between the input and both
supplies which conduct when the input
exceeds either supply by more than
about 0.6V. Excessive current in these
diodes will vaporize metal tracks on the
chip and damage the circuit, so an
external resistor, R,,, 1s necessary to
limit current to a safe 5mA during
over-voltage events. Rp may be deter-
mined by a simple calculation:

R. = Vmax - Vsup ply
p=
5mA

R, will contribute noise to the system
(tEe basic Johnson noise equation
applies:

en =/4kTBR,

where k is Boltzmann’s Constant, T is
the absolute temperature and B is the
bandwidth). If the noise due to Rp is too
high, R,, can be reduced if external
schottky diodes are used in addition to
the diodes on the chip.
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INPUT OVERVOLTAGE PROTECTION

AVpp I o+5V

IN Rp HIGH
o—W IMPEDANCE
>1GQ
*IN5712
OR SD103C AD7710

c 1 Vss .

Internal ESD protection diodes clamp input to within 0.6V of either supply.

Limit current due to overvoltage to less than 5maA.

Ainmax - AVpp ‘Ainmin - Vssl . .
Rp = , or , whichever is greater.
5mA 5mA
B External Schottkys can be added to reduce the size of R_..
B Include Cpto filter noise due to Rp.
Figure 6.19
REFERENCE VOLTAGE CONSIDERATIONS
REF IN |~

HIGH

BT 5] o ™M IMPEDANCE
- >1GQ
i | Cint

A AD77XX

PGAGAIN} 1 |2 ‘4 |8 116 ‘32‘64 |128

Cint (PF) ’ 20 |20 l20 ‘20 '10 ‘ 5 ‘2.5 ‘1.25
M Antialiasing filter needed if reference is noisy

B Minimal transient load is similar to analog input

Figure 6.20
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There are no special requirements for
these schottky diodes, as long as they
have low leakage current and can
handle the necessary fault current
levels while maintaining a low turn-on
voltage.

As important as the analog signal input
is the reference input. Figure 6.20
shows a simplified model of the refer-
ence input, which is very similar to that
of the analog input. The series resistor
is 5kQ and the value of the capacitor
depends on the gain setting. For gains
of 1-8 the capacitor is 20pF. Above 8 the
capacitor’s value is halved for each
doubling of gain.

An important consideration in choosing
a reference for the AD7710 is noise.
Many references have output noise
which exceeds that of the AD7710 and
causes reduced accuracy. Filtering will
help in such cases but a low noise
reference should be selected wherever
possible.

The AD7710 has an internal 2.5V
reference, which may be connected to
its positive reference input. This inter-
nal reference is more than adequate for
use in applications with filter cut-off
frequencies above 60Hz but at the
higher resolution of the lower settings,
where reference noise becomes critical,
its noise of (typically) 50uV pk-pk
(8.3pV rms) in the 0.1 to 10Hz band-
width is too high.

If the noise is 8.3uV (rms) in a 10Hz
bandwidth it is 3.4V in the 2.62Hz
bandwidth associated with a 10Hz
update rate. Since the AD7710 has an
effective noise of 1.7pV rms this refer-
ence noise will increase the effective
noise to 3.8uV rms and reduce the
ENOB from 21.5 to 20.5. A low noise
external reference is evidently neces-
sary to improve resolution. (Actual
measurements show that the degrada-
tion, though real, is a little less than
this, but a better reference is still
necessary.)

INTERNAL REFERENCE VOLTAGE NOISE CONSIDERATIONS

B Specified Output Noise

8.3uV rms typical (0.1 to 10Hz)

3.4pV rms (0.1 to 2.62Hz, for 10Hz
Output Rate)

B Noise adds to device noise shown in Figure 6.11

AD7710 Noise = 1.7uV rms (G = +1)

Total Noise = y(1.7uV)2 + (3.4uV)2 = 3.8,V rms, or 251V p—p

B This reduces ENOB from 21.5 to 20.5 bits

Figure 6.21
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The AD780 2.5V reference has noise of cutoff frequency of 262Hz, the noise of

670nV rms in the range 0.1 to 10Hz. the AD780 may be reduced by 50% if a
This gives 0.35uV rms noise in the 100uF capacitor is connected to its
2.62Hz bandwidth associated with a output (unlike many IC voltage refer-
10Hz update rate, which is negligible ences the AD780 is stable with all
compared to the noise of the AD7710. values of capacitive load).

With output rates of 1kHz or more, and

USE A LOW NOISE EXTERNAL
REFERENCE FOR OPTIMUM RESOLUTION m

AD771X

i T 1 INc SELECT 22—
2 NC |7__

' Vin
AD780

100nE——TEMP Vour oREFy
100N} oo
-1 1 — |
4_|GND TRM [5_H )

Y% \Y%

0.1uF 6 15

B AD780 has 215nV/4/ﬁz noise at 1Hz

M Total noise for AD771X Notch Frequency of 10Hz:
RMS Noise = (215nV/4Hz) 4/2.62Hz = 0.35pVrms

B Well below noise of AD771X

Figure 6.22

DC errors also affect conversion accu- Calibration, System Calibration,

racy, but AD771X devices can calibrate System-Offset Calibration, and Back-
themselves to correct DC errors. Every ground Calibration. Each calibration
member of the family has four different cycle contains two conversions, one each
calibration modes. These are summa- for zero-scale and for full-scale calibra-
rized in Figure 6.23 and comprise Self tion.
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AD771X OFFERS 4 CALIBRATION OPTIONS

SELF- SYSTEM SYSTEM OFFSET | BACKGROUND
CALIBRATION | CALIBRATION CALIBRATION CALIBRATION
1st Cycle | Internally Short | Externally Short| Externally Short | Internally Short
Inputs to Inputs to Inputs to Zero- Inputs to
Ground Ground (Zero- Scale Ground
Scale)
2nd Cycle | Internally Short | Externally Short | Calibrate for Span | Internally Short
Input to VREF Input to from AV|N to Inputs to VREF
Fuliscale VREF
Duration | 9 + Output Rate | 4 + Output Rate | 9 + Output Rate | 6 + Output Rate
Each Step
Figure 6.23

To initiate a calibration cycle the appro-
priate code must be sent to the control
register, After the code is sent, the
AD7710 automatically conducts the
entire operation, and clears the control
register of the calibration command so
that a separate command to stop cali-
bration is not necessary. Since the filter
in the sigma-delta converter must purge
itself of its previous result for four
output update cycles whenever the
input sees a full-scale step the total
calibration operation takes nine such
cycles.

Self Calibration removes errors in an
AD771X by connecting the input to
ground and performing a conversion,
and then connecting the input to Vref
and performing another. The results of
these conversions are used to calibrate
the device.

6-20

Background Calibration is a variation
of Self Calibration. The only difference
is that when an AD771X is placed in
Background Calibration mode, it con-
tinually calibrates itself at regular
intervals without further instructions.
This ensures that the AD771X remains
calibrated regardless of drift. The
Background Calibration cycle alter-
nates calibration conversions with
signal conversions: zero calibrate/
convert signal/full-scale calibrate/
convert signal/zero calibrate/etc. This
provides continuous calibration but
reduces the output data rate by a factor
of six.

System Calibration is intended to
calibrate all the elements prior to the
ADC which may contribute to system
errors, as well as the ADC itself. (For
example an instrumentation amplifier
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introduces errors into a system due to
its own offset, drift and gain error.
These errors can be removed by System
Calibration.) However, System Calibra-
tion requires additional analog switches
to connect system inputs to ground and
a reference as well as to the original
signal source. The first step in System
Calibration requires external grounding
of the system input terminal to cali-
brate out offsets. The second step
requires that the input be connected to
a reference, which calibrates gain error
at full-scale. The System Calibration
cycle requires the sending of two sepa-
rate instructions to the control register
as well as control of the analog switches

Hicu AccuracYy A/D CONVERSION

at the system input. It must be re-
peated regularly to correct for drift with
time and temperature.

The final calibration mode is System-
Offset Calibration. This calibrates
system offsets, and the AD771X gain.
Again, it requires external analog
switches at the system input, and
separate instructions for zero and gain
calibration. For the first cycle, the
system input is connected to ground
and the AD771X calibrates for system
offsets. During the second cycle, the
ADC input is connected to the reference
for ADC gain calibration.

CALIBRATION ISSUES

B Always calibrate on power-up!

B Background calibration sequence: (Zero-Scale, Convert,
Fullscale, Convert, Zero-Scale, Convert, ...)

This reduces the data rate by a factor of 6.

| DRDY signals when calibration cycle is complete by going

low.

B DrDY may already be low if a conversion is taking place.

CAL
COMMAND |

DRDY }
I | | VALID DATA
LAST e CAL
CONVERSION I<"cYcLlE 1™ NexT! NEXT CONVERSION
CONVERSION
Figure 6.24

When calibration is complete DRDY
goes low - but it does not necessarily go
high as soon as the calibration com-
mand is sent to the ADC, there may be
a delay of up to one output data cycle
before it does so. Controllers should
therefore look for a 0—1 transition,

rather than the presence of a 0, on
DRDY to signal the completion of a
calibration after it has been com-
manded.

Calibration is crucial to achieving the
rated accuracy of AD771X devices and

6-21
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should be performed immediately after
power-up and repeated regularly. A
2.5uV/°C temperature coefficient of
input offset and a 2°C temperature
change causes an Isb of error in a 20-bit

5V system. Any reference drift adds to
the error. Frequent calibration ensures
that temperature changes do not de-
grade the accuracy of conversions.

CALIBRATE OFTEN TO MAINTAIN ACCURACY

B Temperature Drift can cause errors

| Unipolar offset drift of 5uV is

1 LSB in a 20 bit system (5V fullscale)

M Reference voltage drift adds to this error

B Therefore, to minimize drift errors, calibrate often.

Figure 6.25

When the AD7710 executes a calibra-
tion cycle, it saves two coefficients in
internal registers. One register stores
the full scale calibration coefficient,
FSC, and the other stores the zero scale
calibration coefficient, ZSC. Adjusting
the calibration coefficients manually
may be useful in some applications. For

6-22

example, in a weigh scale application it
may be necessary to insert an offset to
account for a fixed weight. It is possible
to read from and write to the calibra-
tion registers of members of the
AD771X family, making adjustment of
calibration coefficients a trivial task.
(Figure 6.26)
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MANUALLY ADJUSTING CALIBRATION COEFFICIENTS

Perform a Self-Calibration Cycle for Desired Gain and Filter Settings
Read Calibration Coefficients from Register

Calculate New Coefficients Using Formulas in Figure 6.27

Use Different Formula for Bipolar Case

Write New Coefficients Back into Calibration Registers

Reading and Writing to the Calibration Registers is Controlled

by Operating Mode Bits, MDO - MD2

Figure 6.26

The equations for adjusting calibration
coefficients are given in Figure 6.27.
The terms used are defined in Figure
6.28. The equations use the old calibra-
tion coefficients, the old data, and the
desired new data. Before calculating
new coefficients, a self calibration cycle
should be performed at the gain and
filter settings to be used to ensure that

the old internal coefficients are current.

To calculate the new full scale calibra-
tion coefficient, FSCNEW the old full
scale calibration coefficient, FSCq1.p
must first be read from the register. Its
value is multiplied by the ratio of the
required full scale range to the old full
scale range. The FSC is a gain coeffi-

cient. The formula to calculate the new
zero scale calibration coefficient,
ZSCNEW is a little more complex, but
the calculation is still straightforward
and again based on the old coefficient,
ZSCQL,D - plus the old data and the
desired new data. Using these two
simple formulas, the system software
can quickly determine new calibration
coefficients for a particular application,
which may then be written into the
calibration registers to replace the old
coefficients. Reading and writing data
in the calibration registers is controlled
by the operating mode bits, MDO-MD2,
in the control register.
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CALCULATING CALIBRATION COEFFICIENTS

FSR -ZSR
e e

M Unipolar:
( )

FSC
*—ZT?LD—(FSRNEW ~ZSRyEw)

ZSCNew =ZSCo_p -

M Bipolar:

ZSRNew -FSRoLp —ZSRoLp - FSRNEwW

FSC
—’ﬁ)‘(FSRNEW ~ZSRnew )

ZSCnew =ZSCoLp -

Figure 6.27

CALIBRATION COEFFICIENT TERMS DEFINED:

FSCNEw = New Fullscale Calibration Coefficient, Load into Register
FSCoLp = Old Fullscale Calibration Coefficient, Read from Register
ZSCNEw = New Zero Scale Calibration Coefficient, Load into Register
ZSCoLp = Old Zero Scale Calibration Coefficient, Read from Register
FSRNEw = New, Desired Fullscale Output Reading (Code)

FSRoLp = Old Fullscale Output Reading (Code)

ZSRNEW = New, Desired Zero Scale Output Reading (Code)

ZSRoLp = Old Zero Scale Output Reading (Code)

Figure 6.28
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A typical application of the AD7710 is
in a weigh scale (Figure 6.29). These
generally use a resistive bridge as their
sensing element and require resolution
of at least 16-bits and often more. The
AD7710 dramatically simplifies the
design of such a system: the bridge is
connected directly to its differential
inputs, making an external instrumen-
tation amplifier unnecessary. The

HicH Accuracy A/D CONVERSION

excitation for the bridge, and the refer-
ence for the AD7710, are provided by an
AD780, whose low noise helps to pre-
serve the system ENOB. Because the
system bandwidth is limited (both by
the conversion rate selected and the
filter capacitors on the bridge) the
ENOB achievable is quite high (~ 20-
bits) but the conversion (and output
data) rate is rather low at 10Hz.

WEIGH SCALE APPLICATION USING THE AD7710

+5V 42,5V

|1 100uF
|

o— AD780

3 +5V ——,| I———<
m 1 J l | 0.1uF <

REF REF V AVpp, DV
R R $° NG IN@E) RS op
Q AIN1(+)
AD7710
> AIN1(-)
AGND DGND Vss
O O

i 1 ]

A 4

High impedance differential input interfaces directly to bridge
External reference used for accuracy
Wide range of impedances can be used for bridge

Add capacitors to input to filter noise

Figure 6.29

The converters in the AD771x family all
have the same serial interface, which is
described in detail in the data sheet.
They have a 24-bit control register that
controls all their operations. Changing
the PGA gain, starting a calibration,
and changing the filter parameters are
all accomplished by writing a 24-bit
word to this register. On the other
hand, data can be read either as a
16-bit or a 24-bit operation - one of the

bits in the control register controls the
size of the data word. The DRDY output
indicates when a conversion is complete
and valid data is available in the output
register.

The output register is continually
updated as new conversion take place,
and if the data is not read it is overwrit-
ten by new data. However, if a conver-
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sion finishes while data is being read
from the output register, the new
conversion results are lost. The benefit
of this feature is that the data can be
read slowly without any danger of its
being corrupted by new conversion
results. In fact, until all bits have been

read from the output register, no new
conversion results will appear, so a
controller can read 8-bits from the
register, service an unrelated interrupt,
and return to read the remaining word
of data without it being corrupted by
the results of new conversions.

SERIAL INTERFACE ISSUES

B Configurable for 16 or 24 bit Read mode

DRDY low indicates valid data in Output Registers

Must complete read or toggle A0 for output register to be updated

|

m DRDY stays low until data read is complete

B Continually updates output register if no read occurs
B During slow read, new data is lost

|

M SCLKcan run as slow as desired, remembering above

Need to write ali 24 bits to controi register

Figure 6.30

Figure 6.31 shows an isolated 4-wire
interface to the AD7713 using common
opto-isolators. Over 6kV of isolation is
possible. The TFS, A0, and SYNC lines
are tied together at the converter to
minimize the number of control lines.
Tying TFS to AO causes a write to the
device to load data to the control regis-
ter, and any read accesses the data
register. The only restrictions of this
method of control is that the controller
cannot write to the calibration registers

6-26

and cannot read from the control regis-
ter. In many applications these capa-
bilities are unnecessary. Four
opto-isolators carry data and instruc-
tions from the controller to the ADC
and a fifth, with a 74HC125 on each
side of the isolation barrier, carries data
to the controller. The AD7713 is ideal
for this particular application because
its low supply current minimizes the
load on the isolated power supply.
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ISOLATED 4-WIRE INTERFACE
HIGH VOLTAGE BARRIER

4250 [~ 17— 1 10kQ
+V o | | M 0 +5V
] % | SCLK
l —_ AD7713
C [SCLK | 925Q | wpn | = 10kQ
o] I i —_
TFS
N TFS AN A
T 4250 | | | = 10k °
R —wW | : SYNC
—_ N
O |&rs T K | _
. 4250 |
E |SDATA 1 17 ALy
L1 9asv |
47 | 10kQ SDATA
._...._{___
<Ji }“ s, 1| 425Q -
7aHC125 ] | J§f{?¥ | =
|
L ——}—— 1 1LQ1: SIEMENS 6000V OPTO-ISOLATOR

Figure 6.31

The AD771X family generally interfaces at the end of this section. The SPI serial
with some type of microprocessor. Their port of the 68 HC11 handles the sending

data sheet includes circuits and micro- and receiving of data to the AD771X,
code for interfacing to the 8051 and pins PCO through PC3 control the
microcontroller and the ADSP-2105 different logic inputs. The 68HC11
DSP processor. Figure 6.32 shows how should be configured in the master
they may be interfaced to the 68HC11 mode, as is explained in the assembly

microcontroller, and the code is included code at the end of this section.
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INTERFACING TO THE 68HC11

68HC11 AD7710
PCO RFS
PC1 TFS
PC2 DRDY
PC3 LAO
(MISO) PD2 SDATA
(Mosl) PD3 SCLK
(SCK) PD4 %mkn %ka Y'7__ N—
(SS) PD5 |-\~ l SYNC
10kQ 4 sy
Figure 6.32

The AD771X sigma-delta converters are
powerful tools for building high accu-
racy systems. Every one of them com-
bines high resolution, system calibra-
tion, a programmable gain amplifier,
and high impedance differential inputs
with great ease of design. Their adjust-

6-28

able digital filters provides flexibility in
the choice of data rates and resolution
and their serial interface minimizes
their pin count, so that they fit in a 24-
pin skinny DIP package, providing a
high degree of functionality in a small
space.
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MICROCODE FOR READING AND WRITING TO THE AD771X
FAMILY FROM THE 68HC11 MICROCONTROLLER

PCO
PC1
PC2
PC3
PD2

PD4
PD5

* % ok ok ok ok Ok ok ok o ok F k% *

*

portc
portd
ddrd
spcr
spsr
spdr
ddrc

*

, PD3

equ
equ
equ
equ
equ
equ
equ

This program contains subroutines to read and write
to the AD7710 family of ADCs from the 68HC11
microcontroller. These subroutines were developed for the
68HC11 Evaluation board, which is where the references to BUFFALO
come from, in conjunction with the AD7710 Evaluation board.
The following connections need to be made.
68HC11

AD7710
RFS
TFS
DRDY
A0
SDATA 10K pull-up resistor
PD2 and PD3 attached together

SCLK 10K pull-up
10K pull-up, no connection to AD7710

$1003
$1008
$1009
$1028
$1029
$102a
$1007
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org $C000
read 1ds #SCFFF subroutine to read from the AD771X

ldaa #$fb initialize port c ouputs: 11111011
staa ddrc Set up drdy as input (PC2) and
* A0, RFS, TFS (PC3,PC0,PCl) as outputs
ldaa #$30 00110000
staa ddrd MOSI is low for input,
* MISO is high, SCK as output
*
ldaa #$37 00110111
staa spcr SPI system off, resets itself
*
ldaa #$77 01110111
staa spcr Interrupts disabled, SPI system on,
* DWOM mode, 68hcll is master,
* CPOL 0, CPHA 1, SCK=ECK/32

1ldy #s$1000
bset portc,y $03 TFS and RFS set high

bset portc,y $08 A0 high to read data

* set A0 low to read control regq.
*
ldaa spsr Initial dummy read to clear port
ldaa spdr and SPIF
*
ldab #$03 b counts to 0 when read finished
1dx #s$00 X points to memory location where
* the data is stored. (24 bits wide)

pause ldaa #$04
anda portc
bne pause Wait until DRDY is low

bclr portc,y $01 Clear RFS for read

gol staa spdr Start SCK
waitl 1ldaa spsr
bpl waitl wait until SPIF flag is clear
ldaa spdr and then read.
staa 0,x And then put in memory
*
decb
beq finl if b=0 then finished reading
inx increment memory location for next byte
jmp  gol

finl bset portc,y $09 set RFS and A0

jmp $e000 Return to BUFFALO
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write 1lds HScfff subroutine to write to AD771X

ldaa #$fb
staa ddrc Set up drdy as input (PC2) and
* A0, RFS, TFS (PC3,PC0,PCl) as outputs
ldaa #$37
staa spcr SPI system off, resets itself
*
ldaa #$73
staa spcr Interrupts disabled, SPI system on,
DWOM mode, 68hcll is master,
* CPOL=0, CPHA=0, SCK=ECK/32
ldaa #$38
staa ddrd MOSI is high for output,
* MISO is low, SCK is high

1dy #$1000
bset portc,y $03 Set TFS and RFS

bclr portc,y $08 Set A0 low to write

* to control register

ldab #$03 b is 0 when write finished

1dx #s$00 X points to memory location of
* start of 24 bit to be written

bclr portc,y $02 clear TFS

go2 ldaa O0,x
staa spdr write byte to serial port

wait2 1ldaa spsr
bpl wait2 wait until SPIF flag is clear

decb
beq fin2 if b=0 then finished
inx points to memory location of next byte
jmp go2
*
fin2 bset portc,y $0a set TFS and A0
*
jmp $e000 Return to BUFFALO
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SiNGLE SuprprLY ADCs

Single supply ADCs are an important
type of Analog to Digital Converter.
There are many systems where only
one power supply is available, and it is
convenient if the converters in the
system can be run from that supply,
rather than necessitating special,
additional, power supplies. Single
supply circuits are most commonly
found in portable, battery powered
devices, but do have many other appli-
cations. In the past, analog integrated
circuits for complete single supply data

acquisition systems were not available
and designers were forced either to
provide a second supply or work with
artificial center rails or other ground
substitutes. Today, however, ADI has a
complete range of suitable analog
integrated circuits, including ADCs,
DACs, op amps and instrumentation
amplifiers, that operate from a single
supply. Single supply ADCs are gener-
ally either Sigma-Delta or Successive
Approximation types.

SINGLE SUPPLY ADCs

Often Required in Portable/Battery Powered Applications
Simplify Power Supply Requirements

Single Supply ADCs are Usually Either ZA or SAR Type
Have Reduced Input Signal Range

What About 3V Operation?

Figure 6.33

Whenever single supply circuitry is
used, the input signal range is reduced,
and frequently halved. If a negative
supply is unavailable signals within the
circuit cannot drop below ground poten-
tial (inputs, under some circumstances,
can do so0). The dynamic range is
thereby reduced and careful circuit
design is necessary to ensure that
accuracy is not lost.

Battery technology often dictates the
supply possibilities in portable systems.
The designer must choose the battery
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type and the number of cells, but his
choices are limited. Despite this there
are sufficient possibilities that single
supply ICs may have to work over a
wide range of supply voltages. In the
past single supply systems have gener-
ally operated in the +5V to +12V range
but today there is a growing demand for
+3V operation. Analog ICs operating at
+3V are still quite scarce, but ADI does
offer ADCs, DACs and amplifiers that
are fully characterized for +3V opera-
tion.



A comprehensive range of single supply
ADCs is available from ADI, with a
wide variety of accuracies and speeds.
(Figure 6.34) The AD771X family,
which we have just discussed, employs
sigma-delta techniques in a high accu-
racy, single supply converter. Other
devices, such as the AD1878/79 and
AD1848/49 were designed for computer
audio applications. In a computer there
is almost always a single +5V supply,
and frequently +12V or +12V supplies
are available as well. However, all of
these supplies are extremely noisy, due
to the digital environment. For any

HicH Accuracy A/D CONVERSION

analog circuitry in the computer the
noisy +12V supply is often reduced to
+5V and heavily filtered to provide a
noise-free analog supply. So the
AD1878/9 and the AD1848/9 operate
from a single +5V supply to provide
high performance, high resolution audio
A-D and D-A conversions. The AD7880
and AD789X converters are 12-bit high
speed converters which operate from a
single +5V supply, and the AD7883 is a
12-bit converter designed to operate
from a +3V supply. There are also
numerous 8 and 10-bit converters.

ADI OFFERS A WIDE SELECTION OF SINGLE SUPPLY ADCs

PART# | RESOLUTION SUPPLY THROUGHPUT DIGITAL COMMENTS
(BITS) RANGE (V) | (SAMPLES/SEC) | INTERFACE
AD7710 21 +5to +10 10 - 1,000 Serial TA
AD7711 21 +5 to +10 10-1,000 Serial TA
AD7712 21 +5 to +10 10- 1,000 Serial TA
AD7713 21 +5to +10 2-200 Serial TA
AD1879 18 +5 48,000 Serial Stereo Audio A
AD1878 16 +5 48,000 Serial Stereo Audio TA
AD1848 16 +5 5,500 - 48,000 Parallel Stereo ZA Audio
Cndar
AD1849 16 +5 5,500 - 48,000 Serial Stereo XA Audio
Codec
AD776 16 +5 100,000 Serial TA
AD7880 12 +5 66,000 Parallel
AD7890 12 +5 100,000 Serial 8 - Channel
AD7891 12 +5 100,000 Parallel 8 - Channel
AD7892 12 +5 100,000 Parallel
AD7893 12 +5 100,000 Serial 8-Pin Package
AD7883 12 +3to +3.6 50,000 Parallel Lowest Supply
Voltage
Figure 6.34

An important consideration in the
design of a single supply data acquisi-
tion system is the input range of the
converter. Ideally, the input range
should be as wide as possible to maxi-
mize the dynamic range of the system.
ADCs operating from dual supplies
frequently have a bipolar input signal
range:- the input is symmetrical about

ground. However, in single supply
circuits the input range is often limited
to positive signals. To achieve the same
resolution the magnitude of an Isb must
be halved. For example a dual supply
16-bit converter with +5 V inputs an
LSB is 2-16 x 10V or 153uV, while a
single supply converter with an input
range of 0-5V has an Isb of 76uV and
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any errors such as DC offset,
non-linearity, or noise must be halved
to maintain resolution. High perfor-
mance single supply amplifiers are
necessary to do this:-the OP-213 offers
extremely low drift and low noise; in
addition to excellent DC accuracy, the
OP-295 has a rail-to-rail output swing,

which increases the dynamic range; the
AD820 combines a rail-to-rail output
with an FET input, making it an excel-
lent amplifier for high impedance signal
sources; and the OP-90/290/490 family
are DC precision amplifiers that operate
with only 10pA of supply current per
amplifier.

SINGLE SUPPLY ADC INPUT RANGE
MAY BE LIMITED BY THE SUPPLY VOLTAGE

H Input Range Often Limited to the Supply Voltage

For a +5V Supply, Input Range = 5V
Smaller Input Ranges Reduce the Size of the LSB
More Attention Needs to be Given to Input Errors

If an Input Amplifier is Needed, Use a Single-Supply Op Amp

Such as the OP-213, OP-295, AD820, or OP-90

Figure 6.35

The AD789x family of ADCs (Figure
6.36) achieves a signal span outside its
supply by using thin film resistors in
the input stages to attenuate the input
signal by a factor of 8. These converters
accept inputs of 10V despite operating
from a single +5V supply. The actual
input range for the internal sample and
hold amplifier and ADC is 0-2.5 V at
the “SHA IN” pin and the internal ADC
is no different from many other 5V
ADCs, but the attenuator (signal scal-
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ing) network allows much higher input
signals. External resistors can be
employed with any ADC to reduce the
signal range to the range of the con-
verter; but by including accurate, thin
film resistors on chip, the AD789x
family ensures 12-bit accuracy and
simplifies external circuit design. Not
only does the input scaling attenuate
the signal, it also attenuates any exter-
nal errors by the same ratio, maintain-
ing a constant signal to noise ratio.
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AD789X-FAMILY UTILIZES INPUT
SCALING FOR WIDE INPUT RANGE

Vpp MUXOUT SHAIN REFIN NC
O O O

SIGNAL (
Vini SCALING
SIGNAL AD7890 Cext
Vinz SCALING [~
SIGNAL
Ving SCALING CONvST
SIGNAL M
ViNg SCALING u
SIGNAL X
Vins SCALING 12-BIT
ADC
SIGNAL
Vine SCALING [P TRACK/ ] I
v SIGNAL HOLD
IN? SCALING OUTPUT CONTROL
v SIGNAL REGISTER
IN8 SCALING CLOCK

AGND AGND DGND CLK IN SCLK TFs RFs DATA DATA
OouT IN
B Thin Film Resistors on Input Allow £10V Inputs
B Internal Signal to ADC is 0 to +2.5V

B Input Scaling Also Attenuates Such Input Errors as Noise and Offset

Figure 6.36
The most common reference for single current and transient specifications of
supply ADCs is +2.5V, but +3V is also the ADC reference input. Of the single
used. To be compatible with the ADC supply ADCs listed in this section of the
the reference must also operate from a seminar, the sigma-delta converters
single +5V supply (most 2.5V references have the simplest reference require-
meet this requirement, including the ments. The main considerations are the
AD780 which can supply +2.5V or +3V). noise and accuracy, not the drive capa-
The reference chosen must meet the bilities.
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REFERENCES FOR SINGLE SUPPLY ADCs

B Most Single Supply ADCs Require a +2.5V Reference
B The Reference Must Operate With a Single +5V Supply

B As With All ADCs, Consider the Reference Voltage Drive
Requirements

B 2.5V References from ADI:

AD580, AD680, AD780, REF-03, REF-43

Figure 6.37
Digital ICs that operate from +3V are +VREF and it will operate with +2.5 or
increasingly common. This creates a +3V references, but as it draws less
demand for analog circuits which will than 3mA from its supply it is often
operate from the same supplies. ADCs operated with a common +3V supply to
which operate from +3V are still scarce, Vpp and reference inputs. It has also a
but are becoming more common. The power saving mode where it consumes
AD7883 is a +3V 50kSPS successive "~ less than 1ImW. A suitable op-amp to
approximation ADC with an integral use with the AD7883 is the OP-295
track and hold amplifier (Figure 6.38 with its rail-to-rail output swing and
and 6.39). Its input range is VREF or guaranteed specifications at 3V.
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THE AD7883 12-BIT, 50kSPS ADC
GUARANTEES 3V OPERATION

Voo
e

SAMPLING T
COMPARATOR | LOW POWER -ﬁ) MODE

VINA
CONTROL

CIRCUIT

VINB

J R —
< 12-BIT DAC

VREF
AGND

cs
CLKIN
CONVST
RD
BUSY

CONTROL
LOGIC

" SAR+

COUNTER

=

A

~ 7

THREE

> STATE AD7883

BUFFERS

58 O

DB11 DBO D

D

Figure 6.38

AD7883 12-BIT, 50kSPS, 3V ADC KEY FEATURES

Guaranteed Specifications for 3V to 3.6V Supply Voltage
12-Bit SAR Converter

50kSPS Throughput Rate

On-Chip SHA

DC and AC Specifications

Low Power: 8mW Typical, 1ImW in Power Save Mode

24-Pin SOIC Package

Bipolar or Unipolar Inputs

Figure 6.39
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The block diagram of a +3V four chan- ered instruments as their power re-

nel data acquisition system (DAS) is quirement is only 3uW and their signal
shown in Figure 6.40. The ADG511 and range includes their supply rails. Their
ADG512 quad CMOS analog switches leakage currents are typically 50pA,
are fully specified for +3V operation. and Ron <200Q.

They are ideal for use in battery-pow-

FOUR-CHANNEL, SINGLE-SUPPLY (+3V)
DATA ACQUISITION SYSTEM

Voo - - . .
3.3V +10% © ! —t |
Voo Vrer Voo
DO——N
CHlo—— o a 2 .| Data | ADSP-2103
CH2 o a . v ‘| BuUS 3v
CHANNELS ren - 3 0P INA~ D7 —————| PROCESSOR/
CH3o o 4 ? Ving L N CONTROLLER*
N = CONTROL
e ADOG; 1* AD7883" | BUS
AGND DGND [N v GND

{7 R2
Voo R1 %7
74HL155*

2TO 4 LINE _‘17
DECODER

CHANNE! A0 I *ADDITIONAL CIRCUITRY OMITTED FOR CLARITY

SELECT A1,

Figure 6.40
The input multiplexer coplprises an in series with 250Q or by using one
ADG511 quad analog switch and a AD589 in series with 1kQ and a buffer
74HL155 two-to-four line decoder. The amplifier with a gain of 2 made from
digital inputs AO and A1 select the half of an OP-295 and two 10k( resis-
input channel. The signal on the input tors.)
channel is amplified by an OP-295, used
in the non-inverting mode with a gain The gain resistors, R1 and R2, should

of [1+ R2/R1], and the amplifier output be chosen to amplify the input signal
drives the AD7883, which performs the sufficiently to use the entire dynamic

12-bit A-D conversion. Figure 6.40 range of the ADC - but without clipping.
shows the same +3V used for both the »
supply and the reference, but a 2.5V The overall bandwidth of the system is

reference could equally well be used if it limited by the op amp:- the multiplexer
is available. (A 2.5V reference could be and the ADC have much higher band-
provided from a 3V supply by using two  widths. Many low-power amplifiers
ADS589 two-terminal 1.235V references have limited bandwidths and slew rates
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and the OP-295 is typical. When pow- a slew rate of 3V/ps, a full power band-

ered with +3V its slew rate is only width of about 380kHz and a gain

0.03V/us, its full-power bandwidth is bandwidth-product of 1.5MHz.

about 3.8kHz, and its small-signal

gain-bandwidth product is only 75kHz. Figure 6.41 shows the results of an

As many transducers have very limited evaluation of the circuit. An FFT shows

bandwidths the 3.8kHz full-power that with an input of 1.11kHz and an

bandwidth is rarely an important amplitude of 2.2V pk-pk, and a sam-

limitation. pling rate of 61.44kSPS, the signal/
(noise plus distortion) ratio was 67dB

For wider bandwidth applications, the over the 30.7kHz Nyquist bandwidth

single-supply AD820 op-amp may be and the THD was -72dBc.

suitable. It has an FET input stage and

SINGLE-SUPPLY DATA ACQUISITION SYSTEM
FFT OUTPUT FOR 1.11kHZ INPUT SAMPLED
AT 61.44kSPS YIELDS SNR OF 67dB

fg/2

0

-30

dB

. “....l o
- MMMwMHMMZ%MMLJM :

FREQUENCY - kHz

0

Figure 6.41
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SErIAL Outputr ADCs

ADCs with a serial, rather than a
parallel, interface are valuable when
board space is limited, because their
packages have fewer pins, and are
therefore smaller, and because fewer
PC tracks and fewer components are
required to interface with them. Both
sigma-delta and successive approxima-
tion ADCs produce serial data during
the conversion process, and may be said
to be inherently serial. The AD771X
family of 24-bit sigma-delta ADCs
provides a clear example of the benefits
of serial interfaces:- despite their high
resolution and complex functionality
they are supplied in small 24 pin pack-

aorng

ages.

Of course intrinsically serial conver-
sions are not always convenient, since

the output data rate may be set by the
conversion process and not by system
requirements. It is often necessary to
have complex logic in an inherently
serial ADC with a serial output in order
to alter the output data rate, to prevent
update during readout, or to perform
other necessary housekeeping functions.

Despite their advantages of size and
convenience, there is no doubt that
serial interfaces are slower than paral-
lel ones, and in the fastest ADCs (which
are usually flash or subranging types,
which have a more parallel type of
architecture) only a parallel interface
will be fast enough. The system de-
signer must make the final choice
between simplicity and small size, and
speed.

SERIAL OUTPUT ADCs SAVE BOARD SPACE

Cause Less Digital Noise

Reduce Pin Count to Save Board Space

Reduces the Amount of PC Tracks to Save More Space

A and SAR Architectures are Inherently Serial

Reading From Serial ADCs Requires Multiple
Clock Cycles so is Slower

Figure 6.42
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Figure 6.43 shows the wide selection of
serial ADCs available from ADI. They
range from 12-bits of effective resolu-
tion to 21 or more. They are all smaller

than the corresponding parallel parts (if
they exist). The ADC-170 and the
AD7893 are conspicuously smaller,
being 12-bit ADCs in 8 pin packages.

ADI OFFERS NUMEROUS SERIAL ADCs

PART # | RESOLUTION | THROUGHPUT | NUMBER OF SUPPLY COMMENTS
(BITS) (SAMPLES/SEC) PINS VOLTAGE (V)
AD7710 21 10 - 1,000 24 +5 ZA
AD7711 21 10 - 1,000 24 +5 A
AD7712 21 10- 1,000 24 +5 ZA
AD7713 21 10 - 1,000 24 +5 ZA
AD7703 20 4,000 20 +5 A
AD7701 16 4,000 20 15 A
AD1879 18 48,000 28 +5 Stereo A Audio
AD1878 16 48,000 28 +5 Stereo A Audio
AD1849 16 5,500 - 48,000 44 +5 Stereo A Audio
Codec

AD1876 16 100,000 16 *12 Sampling ADC

AD677 16 100,000 16 +12 Switched Capacitor

AD776 16 100,000 20 +5 ZA
AD7872 14 83,000 16 5 Complete SAR
AD7890 12 100,000 24 +5 8 - Channel
AD7893 12 100,000 8 +5 Small Package
ADC-170 12 175,000 8 +5, -12 Small Package

Figure 6.43

CoMPLETE DATA ACQUISITION SYSTEMS ON A CHIP

VLSI mixed-signal processing allows
the integration of large and complex
data acquisition circuits on a single
chip. Most signal conditioning circuits
including multiplexers, filters, PGAs

and SHAs, may now be manufactured
on the same chip as the ADC. This high
level of integration permits data acqui-
sition systems to be specified and tested
as a single complex function.
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ADVANTAGES OF AN INTEGRATED
SOLUTION TO DATA ACQUISITION

Built-In Signal Conditioning and ADC
Multiple Input Channels with Multiplexer
All System Errors are Characterized

System Calibration is Easily Performed Internally or Externally

Reduced Component Count

Figure 6.44

INTEGRATED DATA ACQUISITION SYSTEMS
ARE USUALLY PROGRAMMABLE

B Gain Adjustment
M Filter Characteristic Adjustment

B Input Channel Selection

Figure 6.45
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Such functionality relieves the designer
of most of the burden of testing and
calculating error budgets. The DC and
AC characteristics of a complete data
acquisition system are specified as a
complete function, which removes the
necessity of calculating performance
from a collection of individual worst
case device specifications. A complete
monolithic system should achieve a
higher performance at much lower cost
than would be possible with a system
built up from discrete functions. Fur-
thermore, system calibration is easier
and in fact many monolithic DASs are
self calibrating.

With these high levels of integration, it

. . .
1 "\I\"‘\ naaxr 0“(‘] mavnanaiuva +n I‘Y\O‘I‘D
A0 UUVIL TAY)Y il LIITAPYTIIOIVO W 1lliano

many of the parameters of the device
programmable. Parameters which can
be programmed include gain, filter
cutoff frequency, and even ADC resolu-

THE AD7800 12-BIT  8-CHANNE

Il MWIVUJV 1 aTJIIy

HicH Accuracy A/D CONVERSION

tion and conversion time, as well as the
obvious digital/MUX functions of input
channel selection, output data format,
and unipolar/bipolar range.

The AD7890 is an example of a highly
integrated monolithic data acquisition
system. It has 8 multiplexed input
channels with scaling, a SHA amplifier,
an internal voltage reference, and a fast
12-bit ADC. Its block diagram is shown
in Figure 6.46 and key specifications
are summarized in Figure 6.47. Both
AC and DC parameters are fully speci-
fied, simplifying the preparation of an
error budget, and three types are avail-
able with three different standard input
ranges:-

AD7890-10 10V
AD7890-5 0 to 5V
AD7890-2 0 to +2.5V

w2l 1 1Nl L

SAMPLING ADC WITH SERIAL OUTPUTS

\

DD MUX OUT SHAIN REF OUT/REF IN
) N Tan raY
|9 \9
ki
v SIGNAL 2Ka +2.5V AD7890
IN1 SCALING* REFERENCE

SIGNAL
SCALING*

SIGNAL
SCALING* r

SIGNAL
SCALING*

SIGNAL
SCALING*

SIGNAL
SCALING*

Vin2

Vina

ViNg

xXcZ

Vins

v TRACK/HOLD
IN6

O Cexr

12-8IT
I > ADC QO TonvsT
[ |

SIGNAL
SCALING*

Ving

SIGNAL
SCALING*

Ving CLOCK

ol

OUTPUT/CONTROL REGISTER

O Oo—0O0—=0

AGND AGND DGND CLKIN

SIS

SCLK TFS RFS DATAOUT DATAIN SMODE

Figure 6.46
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AD7890 SPECIFICATIONS

ADC Conversion Time:

SHA Acquisition Time:

Single +5V Operation

Low Power Drain:
Operational:

Power Down Mode:

B Standard Input Ranges:

AD7890 - 10:
AD7890 - 5:
AD7890 - 2:

100kSPS Throughput Rate
AC and DC Specifications

Sus
2us

30mwW
1mwW

+10V
0 to +5V
0 to +2.5V

Figure 6.47

The input channel selection is via a

............. A tntal ~Ff K hita AF
bcu.cu uxpub yuxu £ Total 01 O 01tS 01

data control the AD7890 via a serial
port:- 3 address bits select the input
channel, a CONV bit starts the A-D
conversion, and 1 in the STBY register
places the device in a power-down mode
where its power consumption is under
1mW. All timing takes place on the chip
and a single external capacitor controls
the acquisition time of the internal
track-and-hold. A-D conversion may

also be initiated externally using the
CONVST pin.
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The AD7890 acquires a signal in under

..... e o dm o~ Sdo PR .

épb, anu LUHIPIULBD its l.é Ull/ COUILVEIS10IL
in under 5ps. This allows a 100kSPS
conversion. The AD7890 draws 30mW
from a +5V supply.

A single channel version of the AD7890
data-acquisition system having similar
performance, and available in an 8-pin
DIP (dual-in-line) package is known as
the AD7893. Its functional block dia-
gram is shown in Figure 6.48 and its
similar performance characteristics are
listed in Figure 6.49.
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AD7893, A SINGLE-CHANNEL
VERSION OF THE AD7890 IN AN 8-PIN PACKAGE

REF IN : Voo
N\ 7\
A\
AD7893
TRACK/
(O] SIGNAL HOLD ,\ |
Vin O scaLinGg* 12-BIT
ADC
— L OUTPUT
convsT O > REGISTER
\J/ W/ \ \J/
AGND DGND SCLK SDATA

*AD7893-10 ONLY

Figure 6.48

KEY FEATURES OF THE AD7893

Conversion Time: 6us

SHA Acquisition Time: 1.5us

117kSPS Throughput Rate

Complete AC and DC Specifications
- Single +5V Supply Operation

Low Power Drain: 30mwW

Small 8-Pin Minidip or SOIC Package

Figure 6.49
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Another useful circuit which may be
made with monolithic mixed signal
VLSI technology is an analog I/0 (Input/
Output) port, which contains A-D and
D-A converters on a single chip. The
AD7869 is a good example. It comprises
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a 14-bit sampling ADC (i.e. with a SHA)
and a 14-bit DAC together with an
integral reference. Both ADC and DAC
have update rates of up to 83kSPS. The
AD7869 has a 12-bit version, the
AD7868.

THE AD7869 14-BIT ANALOG 1/0 PORT

VDD
D)
\J
(j) RI DAC
R R
. ——CO Vour
14-BIT ;
LDAC DAC
TES DAC 3V
oLk DAC SERIAL REFERENCE () RO DAC
INTERFACE
DT
ADC 3V
CONTIE— L REFERENCE
RFS ADC SERIAL
RCLK INTERFAGE ¢——) RO ADC
DR L
1T 3R
CLK cLOCK 14-BIT R Ny
IN
CONVST Ape
AD7869 TRACK/HOLD
) D) D)
\J /" U/
DGND Vss AGND
Figure 6.50
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AD7869 1/0 PORT KEY FEATURES ﬂ

H 14-Bit ADC with SHA, 83kSPS Throughput Rate

B 14-Bit DAC with On-Chip Output Amplifier, 3.5us Settling Time
MW <+ 5V Supply Operation
||

Fully Specified for SNR and THD

Figure 6.51

The highest resolution monolithic DAS the digital filters (which may be
circuits available today have resolutions changed during operation, but only at

of well over 20-bits. The AD7716 is a the cost of a loss of valid data for a
quad sigma-delta ADC with 22-bit short time while the filters clear) is
resolution and an over-sampling rate of programmed by data written to the
570kSPS. A functional diagram of the DAS. The output register is updated at
AD7716 is shown in Figure 6.52 and a rate which depends on the cutoff
some of its key features in Figure 6.53. frequency chosen. The AD7716 contains
The device does not have a “start con- an auto-zeroing system to minimize
version” control input but samples input offset drift.

continuously. The cutoff frequency of
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AD7716 22-BIT QUAD SIGMA-DELTA ADC

AVpp DVpp AVgs RESET A0 A1 A2

AD7716 cLock oLKIN
GENERATION CLKOUT
LOW PASS MODE
ANALOG —
ANT @ mobuLaTor [ UCITAL 1 Ry CASCIN
CASCOUT
LOW PASS !
ANALOG B ==
A2 O > DIGITAL
IN MODULATOR FILTER [ _N OUTPUT RFS
SHIFT SDATA
REGISTER
— owrass ] [ SCLK
A3 @ moouLator [ 2SITAL | [ DRDY
LOW PASS CONTROL |
ANALOG = REGISTER O TFS
AiN4 @ mopuLaTOR [ ?:',f!r?; — )
Veerg AGND DGND DO D1 D2
Figure 6.52

AD7716 QUAD SIGMA-DELTA ADC KEY FEATURES

B 22-Bit Resolution, 4 Input Channels
B XA Architecture, 570kSPS Oversampling Rate

B On-Chip Lowpass Filter, Programmable from
36.5Hz to 584Hz

M Serial Input/ Output Interface
MW 5V Power Supply Operation

B Low Power: 50mwW

Figure 6.53
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SECTION 7

THE AD1B60: AN INTELLIGENT,
DIGITIZING SIGNAL CONDITIONER

Adolfo Garcia

The design of signal conditioning cir-
cuitry for industrial markets places
extraordinary demands on the analog
circuit designer. Customers frequently
require levels of precision and stability
that are difficult to obtain at the best of
times to be obtained from low level
signals contaminated with high levels of
noise and interference. Over the years,
engineers familiar with the require-
ments of these applications have devel-
oped a number of methodologies and
techniques to meet their customers’
demands.

Illustrated in Figure 7.1 is a block
diagram of a typical measurement/
control loop used in industrial pro-
cesses. These processes vary and can
range from setting and controlling
temperature (the most frequently
conditioned parameter) to robotics.
These systems, programmed for autono-
mous operation, operate in a closed-loop
under the control of computers. At the
heart of the system is the sensor which

is used to measure a variety of physical
quantities: temperature, pressure,
flow, humidity, or strain. While some of
these sensors are active and generate a
voltage or current (for example, thermo-
couples), most sensors are passive and
require external excitation in the form
of applied voltages (strain gauges) or
currents (RTDs). Nearly all sensors
share one feature — their outputs are
low-level and vulnerable to interference
when operating in high interference
environments. In these applications, the
sensor output must be conditioned by
analog means (filtering, offset, and
amplification) before A/D conversion.
Galvanic isolation may also be required
because of high potential differences
between the sensor and the signal
conditioning circuitry. Since systems
are often controlled by a master com-
puter, provisions for local data process-
ing and communications may also be
required. All these issues make the
system designer’s task challenging.
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BLOCK DIAGRAM OF A MEASUREMENT/CONTROL
PROCESS LOOP

SIGNAL A/D
L
SENSOR CONDITIONING ISOLATION CONVERSION
73
|
I
LOCAL DATA COMMUNICATION
PROCESSING INTERFACE
SIGNAL D/A
ACTUAT ISOL
CTUATOR CONDITIONING SOLATION CONVERSION
Figure 7.1

THE ANALOG STATE-OF-THE-ART

Classic analog signal conditioners are
designed to accept signals from sensors
such as thermocouples and RTDs,
perform all necessary signal condition-
ing functions, and deliver an accurate
representation of the physical input to
the sensor as an output. The necessary
signal conditioning functions may
include: input fault protection, filter-
ing, amplification, zero (or offset) sup-
pression, linearization, cold-junction
and/or lead wire compensation, scaling,
et cetera.

To keep circuit costs down, the design of
these measurement/control loops often

7-2

use a single A/D converter to convert
the outputs of a number of sensors. As
shown in Figure 7.2, analog condition-
ers may include the following circuits:
an analog multiplexer, a programmable
gain amplifier (PGA), a precision volt-
age reference, an analog-to-digital
converter, and a microcontroller to
control the analog circuits and to facili-
tate the digital interface between itself
and the host computer. The analog
signal conditioner requires, at a mini-
mum, half a dozen integrated circuits,
passive components, custom software,
and PC board. These are expensive.
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PREVIOUS STATE OF THE ART

| _o— CURRENT
ouTt SOURCES
v VOLTAGE
REF© REF.
CHO O—
CH1 0—
CH2 0—— §-CH PARALLEL OR
H3 0 MUX SERIALO/P /> WC  |—/> HOST
CH4 0— Ape
CH5 o—
CH6 o—
CH7 o—

CONTROL

LOGIC
Figure 7.2

The nature of the signal conditioning
art is being changed by the introduction
of small, inexpensive single-chip
microcontrollers. These devices have
become inexpensive enough to incorpo-
rate into signal conditioning circuitry as
an integral element of the component
design. Incorporating these
microcontrollers adds the advantages of

lower cost, greater flexibility, and
higher accuracy when compared to
traditional analog signal conditioning
approaches. A new class of signal
conditioning products, called digital
signal conditioners, have appeared in
the marketplace as a result of this
change of philosophy.

WHAT ARE DiIGITAL SIGNAL CONDITIONERS?

Digital signal conditioners are identified
by their use of a digital output format
where an RS-232, RS-485, or even a
frequency output replaces the usual
analog 4-20mA or 0-10 volt output
signal. The use of a digital output
format may be an advantage over more
traditional analog output formats.
Because digital interfaces can be more
readily isolated and multiplexed and
are far more resistant to the noise and

interference often found in industrial
environments. However, the real ad-
vantage of digital signal conditioning
lies not in the form of the interface, but
in the ability of digital circuitry to
augment or supplant many of the
functions heretofore accomplished
exclusively by analog means.

To reflect this change in signal condi-
tioning philosophy, Analog Devices has
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designed a first-generation digital
signal conditioner in a 44-pin SOIC, the
AD1B60. As shown in Figure 7.3, the
design of the AD1B60 encompasses
signal conditioning and high-resolution
A/D conversion with local data process-

ing and a communications interface.
The ADC in the AD1B60 is an integrat-
ing type. Its output is the mean of the
input during the conversion process - it
does not contain a sample and hold
(SHA).

HOW DOES THE AD1B60 FIT INTO THIS SCHEME?

................................... ADIB6O. o,
SENSOR § SIGNAL . AD LOCALDATA; COMMUNICATION
; CONDITIONER CONVERSION PROCESSING INTERFACE
A :
| RSN AU S
I
e SIGNAL D/A
s ,(___.
ACTUATOR CONDITIONER ISOLATION CONVERSION
Figure 7.3

As shown in Figure 7.4, the AD1B60 is
a single part which contains a mask-
programmed microcontroller (with
EEPROM memory) and a front-end
analog/digital ASIC. The primary
application of the AD1B60 is a user-
configurable digitizing signal condi-
tioner for RTDs, thermocouples, and
low- and high-level voltage signals. The

7-4

custom BiCMOS ASIC includes a 9-
channel multiplexer, a low-drift voltage
reference, a programmable-gain ampli-
fier, a charge-balancing converter, and
all the required logic circuitry to permit
communication and control via a serial
digital interface. Key features of the
AD1B60 are summarized in Figure 7.5.
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AD1B60 SIMPLIFIED BLOCK DIAGRAM

SENSOR EXCITATIONS
VOLTAGE
REF.
16-BIT
SERIAL
clC o——
62170128 DATA OUTPUT

CHO o——

CH1 o— b CHARGE INTERFACE

MUX PGA BALANCING [— — K —F>

CH2 o— | ADG LoGIC

CH3 o—«——] ]
ATTEN 0————
GND EEPROM
SENSE l

LOCAL CONTROL LOGIC
TEMP
SENSOR
44-PIN PLCC
Figure 7.4
FEATURES OF THE AD1B60

"INTELLIGENT DIGITIZING SIGNAL CONDITIONER"

M User-configurable inputs (Thermocouples, RTDs, etc.)
Four modes of CJC for TCs - including open TC detection
Lead compensation for 3 and 4-wire RTDs plus excitation
Accuracy: 1°C for TCs and 0.2% for RTDs

Embedded micro-controller and EEPROM

Digitally controlled configuration and calibration

Output in Engineering Units (°C, V)

Asynchronous and synchronous communication ports

Figure 7.5
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The AD1B60 requires a small amount
of external circuitry to perform its
function: an 11.0592MHz crystal clocks
the microcontroller and controls the
asynchronous communications port; and
the internal A/D converter (a charge-
balancing type), requires an external
0.0022pF integration capacitor. For

highest performance capacitors with
low dielectric absorption, such as NPOs
(COGs) or X7Rs, should be used. Inte-
gration capacitor stability is not neces-
sary because the AD1B60 is auto-
calibrated. The device pinout configura-
tion for the AD1B60 is shown in Figure
7.6.

AD1B60 PIN-OUT DIAGRAM

+5VANA
3 H23

~5VANA

-

exerr ()
ReFOUT (24)

REFIN (25 ]._’__1
cHo (38)
CH1 @
cHz (36)

cH3 (35)
ATTEN (28)

cJC

GNDSNs (34)

xcz

ATTENUATOR

TEMP. SENSOR

AGND

AD1B60

cc

+5VDIG NC (TEST)

?‘%
BROWNOUT/
WATCHDOG

DGND
6\?

MICROPROCESSOR

IN OUT
XTL

Figure 7.6

AN EMBEDDED MICROCONTROLLER
GiveEs THE AD1B60 “INTELLIGENCE”

Circuit drift over time and temperature,
circuit effects over the full-scale span,
variation of resistors over time and
temperature, and many other issues
must be addressed if an industrial
sensor circuit design is to be a success.
In addition, such a design must provide
cold-junction compensation in thermo-
couple applications and lead-wire
compensation in remotely-located RTD
applications.
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The microcontroller internal to the
AD1B60 contains custom software for
controlling the individual analog func-
tions and scaling and linearizing the
sensor data — the chart in Figure 7.7
outlines the built-in routines pro-
grammed into the AD1B60. Details of
the techniques and algorithms used for
the built-in functions can be found in
the Appendix.
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THE AD1B60'S INTERNAL
MICROCONTROLLER BUILT-IN ROUTINES

Data Scaling (°C, V)

Zero Compensation, Span Compensation
Lead-Wire Compensation for RTDs

Cold Junction Compensation for Thermocouples

Data Linearization for RTDs, Thermocouples, etc.

Addressing and CRC

Figure 7.7

The output from this part is a com-
pletely conditioned digital representa-
tion of the input, and includes lineariza-
tion and scaling. The output data is
represented directly in engineering
units (for example, °C, V, etc.) using
single-precision IEEE floating point
format. A 16-bit integer format result is
also available. By combining analog
signal conditioning and local intelli-
gence in the form of a microcontroller,
the AD1B60 can used in remotely-
located applications. These applications
include industrial temperature mea-
surement systems, process control
systems, multi-channel thermocouple
systems, and analytical instruments
where signal conditioning at the sensor
is desired.

One function of particular importance is
automatic span compensation. The
AD1B60 measures both the input signal

and the voltage reference with respect
to ground at the appropriate gain. The
result is a function of the ratio of the
two measurements. This eliminates
ADC drift terms. The voltage reference
may be the internal reference or an
external precision reference.

The AD1B60 also compensates for
temperature drift of the RTD current
excitation source. During the AD1B60
manufacturing process the temperature
drift of the current source is measured
along with an on-board temperature
sensor. The correction coefficient is
stored in EEPROM, and all RTD read-
ings are adjusted to eliminate thermal
drift.

Since the intended use for the AD1B60
is to provide a complete sensor-to-
digital interface, the analog front end of
the device was designed to work with a
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number of passive and active sensors.
The AD1B60 accepts a wide range of
input signals from devices which in-
clude seven types of thermocouples and
two types of RTDs. Low-level voltage
sources up to 2 V can be applied to
input channels CHO through CH3 while
high-level signals up to £10 V can be
applied to the device through the
AD1B60’s internal 5:1 attenuator. The
AD1B60’s high input impedance of

> 10MQ allows almost any sensor
source impedance level.

As previously mentioned, the AD1B60
provides the algorithms required for
scaling and linearizing sensors of the
types shown in Figure 7.8. Summarized
in Figure 7.9 are the ranges, accuracies,

and resolutions for each of the built-in
sensor routines.

One clear advantage of the AD1B60
over traditional analog signal condition-
ers is its flexibility in handling different
sensor types. For sensors not included
in the built-in routines, a linearization
algorithm can be created for any sensor.
The sensor’s characteristic polynomial
coefficients are coded into a custom
linearization algorithm which can be
downloaded on command into the
AD1B60’s EEPROM. Thus, for sensors
such as Type N thermocouples and
subranges, the AD1B60 is the ideal
signal conditioning device. The AD1B60
can accommodate two user-defined
linearization algorithms.

THE AD1B60 ACCEPTS A MULTITUDE
OF SENSORS AND INPUT RANGES

M Thermocouples: Type J,K, T,E,R, S, B

W Platinum 100Q RTD: o =3.85 x 10-3, o = 3.92 x 10-3

B Low-Level Vin: +10mV, +20mV, £50mV, £+100mV,
+200mV, £500mV, +1V, +2V

B High-Level Vin: 5V, +10V

B Downloadable Ranges:

Two User-Defined Ranges

Figure 7.8
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THE AD1B60'S BUILT-IN ALGORITHMS
LINEARIZE THERMOCOUPLE AND RTD OUTPUTS

Thermocouple Type | Temperature Range |Accuracy/Resolution (Typ)

J 0°C < T<760°C +0.25°C/ +0.15°C
K 0°C < T<1000°C +0.55°C/+0.2°C
T -100°C < T<400°C +0.25°C/+0.15°C
E 0°C < T<1000°C +0.2°C/+0.1°C

R 500°C < T<1750°C +1.00°C/+ 0.55°C
S 500°C < T<1750°C +1.15°C/+0.6°C
B 500°C < T<1800°C +1.15°C/+0.7°C

100Q2 RTD Type

Temperature Range

Accuracy/Resolution (Typ)

a = 3.85 mQ/Q/I°C

~200°C < T<800°C

+0.2°C/£ 0.15°C

o =3.92 mQ/Q/°C

-200°C < T <800°C

+0.2°C/£ 0.15°C

Figure 7.9

BuiLT-IN CircuiTs MAKES ACQUIRING THE SENSOR SIGNALS SIMPLE

Besides its multiplexer, PGA, and A/D
converter, an analog signal conditioner
must also provide ancillary circuits.
Outlined in Figure 7.11, the ancillary
analog circuits include digitally-con-
trolled current sources for RTD and
thermistor excitation, open thermo-
couple detection, and an internal 5:1
attenuator for high-level input signals.
The AD1B60 digital functionality is
enhanced by the addition of a brownout
detector and a watchdog timer.

To add current sources to an analog
signal conditioner requires precision

resistors and operational amplifiers.
The AD1B60 simplifies the process by
incorporating digitally controlled cur-
rent sources. Accuracy is guaranteed for
all sensors due to the sequential cali-
bration process.

High-level signals are applied to the
AD1B60 through a 5:1 attenuator
whose nominal resistance is 50kQ. To
avoid source loading errors, the source
impedance in this case should be low: it
may be advisable to buffer the source
with a precision operational amplifier to

ensure low source impedance.
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ADDITIONAL FUNCTIONALITY
USING THE AD1B60'S BUILT-IN CIRCUITS

Figure 7.10

CJC Thermistor Exitation

RTD Current Source Excitation

Open Thermocouple Detection
5:1 Attenuator for High Level Signals

Brownout Detector / Watchdog Timer

BUILT-IN CIRCUITS REDUCE OVERALL COMPONENTS COUNT

AD1B60 0 +Vg
*R1 RECOMMENDED FOR
RTD APPLICATIONS ONLY 200pA ¢
RTD 10nA DIGITAL
OPEN — | CONTROL
R-‘* TC
33
EXCOUT O —MA — : 20pA ¢ -
10k cJc
cic o 825 .
TO
28 40kQ2 MUX
ATTENIN © 5 MM -
10kQ
ANALOG
GROUND | L 0000y 000000000000
Figure 7.11
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To enhance the digital functionality of
the AD1B60, a brownout detector and a
watchdog timer were added to the
internal control circuitry. These func-
tions force the device to a power-up
default configuration and are very
useful in the event of a power failure or
other abnormal operating condition.
The brownout detector is designed to
reset the AD1B60’s microcontroller if
the supply voltages to the device drop
below the following trip points:

+5 V Digital = +3.5V
+5V Analog ~ +3.9V
-5V Analog ~ -3.9V

The operation of the brownout detector
is illustrated in Figure 7.12. The trip

points are intentionally set well below
the customary —5% range to avoid
nuisance trips due to noise. Digital
output data is valid after resets when
the Data Valid flag in the AD1B60’s
ADSTAT byte is set to logic “1”. How-
ever, the amount of time before data
becomes valid depends on the input
sensor range and integration time.

The watchdog timer automatically
resets the AD1B60 in the event of a
microcontroller failure. During normal
operation, the microcontroller is pro-
grammed to strobe the watchdog timer
every 20ms. In the event that the
microprocessor stops for any reason (for
example, a power glitch), the watchdog
timer initiates a reset sequence.

BROWNOUT DETECTOR TIMING DIAGRAM

RESET

«

)

Watchdog Timer Diagram

uP Stopped for
Unknown Reason

Watchdog Timer

Strobe I I I | l I

RESET

¢ > > >

96 ms 96 ms 96 ms

Figure 7.12
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Normally, the AD1B60’s RESET OUT
(pin 40) is connected to its RESET IN
(pin 18); however, there are some
applications where an asynchronous

reset may be required. In those applica-
tions, an OR-gate can be inserted
between these two pins to provide
asynchronous, system-level reset.

ADDING AN OR GATE PROVIDES A RESET INPUT

AD1B60
EXTERNAL RESET IN
(ACTIVE HIGH) 40 )
o RESET OUT
Y2 74HC32
18
r RESET IN

B THE AD1B60 IS INITIALIZED WHEN RESET OUT
OR EXTERNAL RESET IN = "HI"

Figure 7.13

CoMMUNICATION PORTS

By offering both a serial communication
port and a high-speed data port, the

AD1B60 provides easy access to the

sophisticated programmable functions

Asynchronous Communications Port

The asynchronous communication port
is a two-wire input/output port through
which all the functions of the AD1B60
can be accessed. The port can be con-
nected to a host using its industry-

7-12

and features which make the device
easy to use. The following subsections

a datail
descrlbc thc psrto in more Gevail.

standard serial interface or using level
translation to RS-232 or RS-485 com-
munication standards. A summary of
the asynchronous port features is given
in Figure 7.14.
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FEATURES OF THE AD1B60
ASYNCHRONOUS COMMUNICATION PORT

Command Set

Simple Binary Protocol

Fast, 2-wire, Input/Output -- Up to 19.2 kBaud
Direct connection to embedded microcontrollers
Communication to PCs via RS-232 and RS-422/485
User Selectable Baud Rates

Supports up to 32 AD1B60s with CRC

16-bit Integer and 32 Bit Floating Point Data Formats

Figure 7.14

The asynchronous port operates at
2400, 4800, 9600, or 19200 baud using
the following convention: eight bits, no
parity, one stop bit. The baud rate is
user-selectable, and break detection is
supported as an absolute means of
resetting the communications routines.

The asynchronous port supports
addressability and cyclic redundancy
error checking (CRC) which allows up to
32 AD1B60s to share a “party line” and
to exist in remote locations from the
host system. Addressing and error
checking can be enabled by setting the
state of the Advanced Communication
Mode (ACM) on pin 15 to logic “1.” If

the state of the ACM pin is logic “0,”
address and CRC values are ignored.

The host computer system initiates all
communication with the AD1B60:
messages are sent over the asynchro-
nous port using a simple binary proto-
col. Reading converted data, changing
configuration parameters in memory, or
calibrating the device can be done using
the AD1B60 Command Set which is
based on this binary protocol. Com-
mands can be sent to the device
through the RxD pin (pin 19). Data and
device status can be retrieved from the
TxD pin (pin 20).

7-13




SYSTEM APPLICATIONS GUIDE

High-Speed Data Port

The high-speed data port is a fast, 3-
wire, output-only synchronous port. It is
double-buffered and completely inde-
pendent of the asynchronous port. This

allows access to both ports simulta-
neously, if required. Features of the
high-speed data port are summarized in
Figure 7.15.

FEATURES OF THE AD1B60 HIGH-SPEED DATA PORT

Double buffered

16-bit data at 200ns/bit

Fast, 3-wire Output-Only Port

Independent of Asynchronous Port

Output Buffer Updated at Start of Every Conversion

Figure 7.15

The data port consists of two CMOS
inputs (CS and CLK, pins 42 and 43,
respectively) and one CMOS output
(DATA, pin 44). The data port becomes
active when CS is set to logic “0”. Data
can retrieved from this port in 16-bit
integer format as fast as 200ns/bit. The
timing diagram of the data port is
illustrated in Figure 7.16. The AD1B60
updates the buffer at the start of every
conversion, thus data can be read at
any time. To read data from the high-
speed port, both CS and CLK must be
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initially set to logic “1.” At this time,
the state of the DATA output is the
MSB of the output word. This is useful
for checking the sign bit without read-
ing the entire sixteen-bit word. To read
each bit, CS is set to logic “0,” and then
CLK is cycled. A new bit shifts out on
each rising edge of CLK. After the 16-
bit data has been read, CLK is set to
logic “1” and then the port is disabled
by setting CS to logic “1.” Whenever CS
changes state, CLK must be at logic

"1" to avoid metastability problems.
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AD1B60 HIGH-SPEED DATA PORT TIMING DIAGRAM

+ CS and CLK are CMOS Inputs

+ DATA is a CMOS Output

+ State of DATA when CS = Hl is the MSB
- Datais Recirculated @ 16th Clock Edge

» Update Has Up to 400 ps Latency

Figure 7.16
For bipolar analog inputs, converted thermocouple and RTD applications,
data from the port is represented in 16- the converted data is represented in 16-
bit, twos complement format. For bit, offset binary format.

DiciTtaAL CoMMAND AND CONTROL

The AD1B60 can be configured through mand set, in this way input ranges can

the asynchronous port using its com- be calibrated and converted data/device
mand set or in hardware by setting the status can be read. Figure 7.18 lists the
appropriate inputs. The AD1B60’s AD1B60 Command Set. Where appli-
power-up default settings are shown in cable, the numerical format for commu-
Figure 7.17. For more detailed informa- nicating with the AD1B60 is based on
tion regarding the operation of the the 4-byte IEEE floating point stan-
AD1B60 under hardware configuration, dard. For more detailed information
consult the AD1B60 Data Sheet. regarding the command set and ex-

amples of the floating point format,
The most flexible way to configure and consult the AD1B60 User’s Guide.
control the AD1B60 is to use the com-
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CONFIGURATION OF AD1B60 CAN BE
HARD-WIRED OR SOFTWARE DRIVEN

Device Address (0 to 31, 0 default)

Baud Rate (9600 Baud, default)

Channel Selection (Channel 0, default)
Input Range (Type J Thermocouple, default)
Integration Time (100ms, default)

CJC Mode (Thermistor, default)

RTD Configuration Mode (3-wire)

Figure 7.17

THE AD1B60s COMMAND SET ALLOWS CONFIGURATION
AND CONTROL VIA SOFTWARE

Command Function

WR_EPM_PARS |Alters Default Values in EEPROM

WR_RAM_PARS |Alters the Current Value of the Configuration Parameters

RD_RAM_PARS |Reads Back the Current Values of the Configuration
Parameters

LOAD_RNG Loads Input Range into EEPROM (Requires 8 bytes)

GET_RNG Reads Back Input Range from EEPROM (Requires 8 bytes)

WR_CJC Downloads External CJC into RAM

RD_CJC Reads Back Current Value of the CJC from RAM

SEL_CH Selects an Input Channel

CAL Initiates Calibration Cycle

RD_INTDATA Reads Converted Data in 16-bit Integer Format and
Conversion Status

RD_FPDATA Reads Converted Data in Floating Point Format and
Conversion Status

B Floating Point Format Used Is 4-Byte IEEE Standard

7-16
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CoNVERSION MODES

The AD1B60 allows the designer con- logic “1.” In this mode, the AD1B60
trol over the conversion process. Two converts continuously with an updated
modes of operation are available: a result available every 2 integration
continuous conversion mode and a times. Conversions continue until CC is
triggered conversion mode. There are cleared to logic “0.” When CC is

three signals involved in the conversion cleared, the AD1B60 completes the
process: the convert command input current signal and background conver-
(CC, pin 21), integration status output sions at which time it waits (in “idle”
(RDY, pin 16), and conversion status mode) for CC to go high before starting
output (STATUS, pin 13). For continu- another conversion.

ous conversions, the CC input is set to

AD1B60 CONTINUOUS CONVERSION MODE

cC
Continuous conversions while CC is set. » . .
“Suspended
1 AD1B60In
| tS'gn?-l Integration Integration ¢ 'ldle” Mode
i Integration =+ Time H Time : :
!'< >;< >;< i E RDY = "HI"
:
:
[}
RDY :
: A :
] ]
Signal ' : :
Conversion —» t— '
(Computation) P ~5ms 1 '
L] L]
: a
. .
] 1]
STATUS : 1 STATUS = "LO"
A
Conversion Result Available via 1t Conversion Result Available
Asynchronous Communications Port ‘ I via High-Speed Data Port
Figure 7.19
In the triggered conversion mode, the input signals until CC is cleared. This
AD1B60 is in its “idle” state. In this conversion mode is particularly useful
state, the integration status output, in applications where synchronous data
RDY, is at logic “1” and the conversion conversion is required. The ADC in the

status output, STATUS, is at logic “0.” AD1B60 is an integrating type. Its
When CC goes to logic “1,” the AD1B60 output is the mean of the input during
integrates and converts the input data. the conversion process - it does not
The device continuously converts its contain a sample and hold (SHA).
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AD1B60 TRIGGERED CONVERSION MODE

ccC
c , <@——— Trigger
onversions

Suspended Csouns\;)eerrs'nl!oe%s
' [}
' 1

AD1B60in ! Signal '

"Idle" Mode v Integration '
1
: ' : RDY

RDY = "HI" ' :
L]
! :
: :
! :
]
; A :
! . : :
' signal — :
' Com?erslon ' ! E
! (Computation) ' H
L} 1 :
1 1 '
1] 1 '
: : -
STATUS = "LO" ! ! i
A ' STATUS
]
Conversion Result Available via Conversion Result Available
Asynchronous Communications Port via High-Speed Data Port
Figure 7.20

During conversion, there are two meth-
ods by which the state of the AD1B60
can be determined. The first requires
polling the states of RDY and STATUS.
During conversion, RDY is set if the
AD1B60 is integrating the input signal.
At the end of signal integration, RDY is
cleared and signal conversion com-
mences. At this time, STATUS is set to
indicate this condition. The STATUS
output remains set until the conversion
process is over. When both RDY and
STATUS outputs are at logic “0,” the
result of the conversion is available at
the asynchronous communication port of
the AD1B60. When RDY goes high
again, the output data is then available
at the high-speed data port.

The second method to determine the

status of the conversion process is by
polling the status of the ADSTAT byte
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returned by the RD_INTDATA or
RD_FPDATA commands via the asyn-
chronous communications port. Al-
though delays due to this communica-
tions protocol are normal, they are
small compared to the programmed

. integration time. If this is a concern,
directly polling RDY and STATUS
outputs provides real-time conversion
information.

The rate at which the conversions take
place depends upon the input range and
the integration times programmed into
the AD1B60. Figure 7.21 illustrates the
relationship between conversion rate
and integration time for various sensor
configurations. For integration times of
33ms or longer, the conversion rate is
constant regardless of input sensor
configuration.
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CONVERSION RATE IS USER-SELECTABLE

INTEGRATION | CONVERSIONS/SEC | CONVERSIONS/SEC | CONVERSIONS/SEC
TIME CJC = THERMISTOR WITHOUT CJC K TYPE+THERMISTOR
2ms 90 100 48
5ms 78 87.5 44
33ms 14.8 14.8 14.8
40ms 12.3 12.3 12.3
50ms 9.9 ; 9.9 9.9
60ms 8.3 8.3 8.3

100ms* 5* 5* 5*
200ms 2,5 2.5 2.5

* Factory default setting

Figure 7.21
CALIBRATING THE AD1B60
Although the AD1B60 is calibrated at tion depends upon the accuracy of the
the factory prior to shipment, the user reference excitation or resistance.
may choose to calibrate the device for Although calibration accuracy of the
the desired application. The calibration AD1B60 does not depend on integration
procedure, outlined in Figure 7.22, is time, using a 200ms integration time
sequence-dependent and requires a for the calibration procedure is recom-
precision voltage source and two preci- mended to ensure the best resolution
sion resistors, a 2502 resistor for RTDs and noise rejection. This is the pre-
and a 100kQ resistor for thermocouples. ferred method even though the applica-
The accuracy of the AD1B60’s calibra- tion may use a shorter integration time.
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CALIBRATION OF AD1B60 IS PERFORMED
OVER THE ASYNCHRONOUS PORT

Step Input Range Reference Excitation Circuit Configuration
1 2V + 2.00000 V CHO to Analog GND
2 1V +1.00000 V CHO to Analog GND
3 £ 500 mV +0.50000 V CHO to Analog GND
4 + 200 mV + 0.20000 V CHO to Analog GND
5 +100 mV +0.10000 V CHO to Analog GND
6 £ 50 mV +50.000 mV CHO to Analog GND
7 +20 mV + 20.000 mV CHO to Analog GND
8 +10 mV +10.000 mV CHO to Analog GND
9 10V +10.00000 V Attenuator to Analog GND
10 Type J TC 100.000 kQ CJC Input to Analog GND
11 100Q Pt RTD, 250.000 © 4-wire RTD Configuration
a =0.00385 Q/Q/°C (CH1 to CH3)

B AD1B60 is Factory Calibrated
B Calibration Sequence is Sequence Dependent

B Not All Calibration Steps Are Required

Figure 7.22

Since the calibration procedure is
sequence-dependent, calibration for
certain input ranges depends on the
prior calibration of one or more voltage
ranges. For example, if the AD1B60 is
intended to be used in thermocouple

applications, calibration step #11 can be

skipped; however, steps #1 through #10
cannot be skipped. The following steps
illustrate the calibration sequence:

1. Configure the AD1B60 for each
calibration step using the
WR_RAM_PARS command. For ex-
ample, to calibrate the AD1B60 for Step
#1, set the input range RAM value to
+2V.

2. Apply the specified reference excita-
tion for that particular calibration step.
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For example, apply a +2.00000V refer-
ence to Channel 0.

3. Wait until the Data Valid flag in
ADSTAT goes high.

" 4. Wait 1 second to allow the AD1B60

to acquire a stable reading.

5. Execute the CAL command.

6. Wait until the CAL flag in ADSTAT

goes low.

7. Repeat Steps 1 through 6 for the
remaining input ranges, as necessary.
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THE AD1B60 IN THERMOCOUPLE APPLICATIONS

The commonest temperature sensors in
industrial applications are thermo-
couples. Their rugged construction and
low cost explain their popularity. How-
ever, the outputs of these sensors are
nonlinear and require cold-junction, or
ice-point, compensation to produce the
correct measurement. The AD1B60
includes cold-junction compensation as
one of its internal routines and offers
four options for cold-junction compensa-
tion (CJC):

1. A 10kQ, NTC Thermistor
(Betatherm 10K3A1)

2. An external ImV/K temperature
sensor (AD592 + 1kQ resistor)

3. An analog cold-junction compensator
(AC1226)

4. A downloaded cold-junction tempera-
ture value

Figure 7.23 shows how the thermo-
couple, and the thermistor used for cold-
junction compensation, are connected to
the AD1B60 for temperature measure-
ment. The thermocouple is connected
between CHO and GNDSENSE with the
thermistor and the thermocouple’s cold
junction in close thermal proximity.
Thus, if the ambient temperature of the
cold junction changes, the thermistor
registers the change in temperature,
allowing the AD1B60 to compensate for

it. In this mode of cold-junction compen-
sation, the AD1B60 provides the excita-
tion current for the thermistor from
CJC IN (pin 32). For open thermocouple
detection, a 15nA current source is
available at EXCOUT (pin 33) where it
can be connected to the thermocouple’s
positive (+) lead. In the event of an open
thermocouple, the output of the PGA
saturates, and the AD1B60’s output
data stream will indicate an upscale
fault condition. To avoid errors, the
thermocouple’s negative (-) terminal
and the GNDSENSE pin should form a
“star” connection with the analog
ground. This is because GNDSENSE is
actually an input.

In the second example, illustrated in
Figure 7.24, the AD592, a monolithic
temperature sensor whose output
current exhibits a temperature coeffi-
cient of 1pnA/K, works with a 1kQ preci-
sion resistor to provide the cold-junction
compensation. For optimum perfor-
mance, the TCR of the precision resistor
should be no greater than + 10 ppm/°C.
Like the thermistor, the AD592 must be
in close thermal proximity to the
thermocouple’s cold junction to avoid
measurement error. Again, a “star”
connection to the analog ground should
be formed with the thermocouple’s
negative terminal, the return end of the
1kQ precision resistor, and the
AD1B60’s GNDSENSE pin.

7-21



SYSTEM APPLICATIONS GUIDE

USING A THERMISTOR
FOR COLD-JUNCTION COMPENSATION

ISOTHERMAL AD1B60
BLOCK 33
§ EXCOUT
— g___]! 38 | cHo

. | | 2] cuc
e~ | l | BETATHERM
10 A ; UKLZ «—— 10K3A1

] |

34/ GND SENSE

[

27

USE "STAR"

JAGND

CONNECTION

Figure 7.23

USING THE AD592 TEMPERATURE SENSOR
FOR COLD-JUNCTION COMPENSATION

ISOTHERMAL r—— T _— — 1 S8 vcouT
BLOCK \l § 58
CHo

|
| l
]
* |
l
| AD592 | AD1B60
Tc & l - 1pAK |
| | 32
| 1
| |
| |
| |
|

cJC
1kQ*
34| GND SENSE
et ———— 27| pGND
USE "STAR"
CONNECTION

*PRECISION RESISTOR: 0.01% OR BETTER.
TCR < 10ppm/°C

Figure 7.24
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When either the thermistor CJC mode
or the mV/K mode is selected, the
AD1B60 reads the cold-junction sensor
voltage during one of its background
conversion cycles and from that reading
obtains temperature of the cold junc-
tion. It then calculates the required
correction voltage for the currently-
active thermocouple range. This correc-
tion is digitally combined with the
actual thermocouple sensor voltage to
produce a cold-junction compensated
value.

The third method for cold-junction
compensation is illustrated in Figure
7.25. In this configuration, an AC1226,
a micropower analog cold-junction
compensator, produces an analog out-
put voltage proportional to the tempera-
ture of the cold junction. This voltage is
then subtracted from the
thermocouple’s terminating junction
voltage at the input of the AD1B60.
Since the subtraction occurs at the
input to the AD1B60, no algorithmic
correction is required, and the internal
CJ compensation is disabled in this
mode. To ensure accurate compensa-
tion, the negative (-) terminal of the
thermocouple is directly connected to
the corresponding pin on the AC1226 at
the cold junction. The AC1226 compen-
sator is specifically designed for use
with type E, J, K, R, S, and T thermo-
couples, and is packaged in an 8-pin

DIP. The compensator contains special
curvature circuitry and resistive divid-
ers to provide the requisite Seebeck
coefficient for each thermocouple type.
The special “bow” correction circuitry
allows the AC1226 to maintain accu-
racy over a wider temperature range
than other temperature sensors. In fact,
over an ambient temperature range of
30°C (+20°C < TA < +50°C), the error is
less than 0.5°C. Connections between
various thermocouples and the AC1226
are outlined in Figure 7.26. In applica-
tions where the ambient temperature of
the AC1226 might be below 0°C, an
external pull-down resistor (R1) is
required for proper operation. A 150kQ
resistor connected to — 5V ensures
proper operation of the AC1226 when
the ambient temperature is below 0°C.

The fourth method of providing cold-
junction compensation is to download a
value into the AD1B60’s RAM through
the asynchronous port using the
WR_CJC command from the command
set. This mode is useful in applications
where a single cold-junction compensa-
tor is used for multiplexing a number of
sensors or where a higher accuracy
device is used for CJC sensing. In this
mode, acceptable values for user-de-
fined CJC range from —25°C < TcJC
<+85°C, and the CJ variable is initial-
ized to 0°C upon power-up/reset.
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USING THE AC1226 COLD-JUNCTION
COMPENSATOR WITH THERMOCOUPLES

+5V
ISOTHERMAL i 33
A N o EXCOUT
- |_38icHo
| |
+ | |
& | | AD1B60
TYPEJ | i
TC | |
| 1
Y | GND SENSE
USE "STAR" | AGND
CONNECTION
“R1 NOT REQUIRED IF AC1226 TEMPERATURE > 0°C
Figure 7.25
CIRCUIT CONNECTION BETWEEN THE
AC1226 AND VARIOUS THERMOCOUPLES
Thermocouple Type Connect TC (~) to AC1226 Pin #
. E 1
J 8
K 7
R 6
S 6
T 7

Figure
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When the AD1B60 is used in thermo-
couple applications, the issues in Figure
7.27 must always be remembered. In
applications where more than one
thermocouple may be used the AD1B60
may be configured for different thermo-
couple input ranges. For example, CHO
could be configured for a Type T ther-
mocouple while CH1 is configured for a
Type K thermocouple. Up to 12 integra-

tion times are needed for valid data in
these applications. Data may be verified
by checking the status of the DATA
VALID bit in the ADSTAT byte. If the
application requires multiplexing
between like thermocouples ( therefore
equal input ranges), then up to 3 inte-
gration times are needed for valid data.
The channel bits in the ADSTAT byte
may be used to check for valid data.

ISSUES TO CONSIDER
WHEN MEASURING THERMOCOUPLES

HE Up to 4 thermocouples can be multiplexed

B One CJC can be used for 4 thermocouples

BH Open thermocouple detection using internal 15nA

current source

B CJC readings updated every 5 signal conversions
(10 absolute conversions)

B Open thermocouple detection on 1 thermocouple only

Figure 7.27

In applications where a number of
thermocouples are used, open thermo-
couple detection can be applied to only
one channel. To provide open circuit

detection for all thermocouples, the
circuit illustrated in Figure 7.28 can be
used.
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THREE RESISTORS MAKE A SIMPLE OPEN TC DETECTOR

R1 R2
+5V +0.5V

45KkQ 5kQ
33| excout
®/ 381 cHo

ns% R4% ng
S—— 37! CH1

. \ AD1B60

\ 36! cH2
\\ 35| cHs

R3, R4, R5 = 22MQ TO 47MQ J7—_

34| GND SENSE
27 | AGND

Figure 7.28

In this circuit, R1 and R2 form a volt-
age divider whose output is set to
+0.5V. For each thermocouple, a resis-
tor between 22MQ to 47MQ is used to
inject a very small current into the
positive terminal. In the event of an

open thermocouple, that input channel
goes towards +5V — a potential suffi-
ciently high to saturate the output of
the PGA. This sets the overflow flag in
the AD1B60’s ADSTAT byte.

CoNFIGURING THE AD1B60 For VOLTAGE INPUTS

The AD1B60 can be configured with
low- or high-level input signals. Figure
7.29 shows how to configure the device
for low-level voltage inputs. Low-level
signals are signals in the range of
+10mV < VIN < £2V. To minimize
errors, a “star” connection is used to
connect all the signal returns together
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at one point to the analog ground.
When the AD1B60 is configured in this
mode, the CJC IN channel remains
active, therefore it can operate as a
“phantom” 5th temperature channel
when a thermistor or a mV/K source is
connected to it.
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CONNECTING LOW LEVEL
(< +2V) INPUT SIGNALS TO THE AD1B60

38

S CHo
VIN1 {
O LI
ViN2 {
AD1B60
USE "STAR"
CONNECTIONS Q ut 36 | cH2

AT GND SENSE ViN3

-
FOR RETURNS i .
S CH3
e { ®J \__
34
:} GND SENSE

PHANTOM 5TH 32

TEMPERATURE __ ”r cJe

SENSOR — T ATHERM AGND

10K3A1
Figure 7.29

Configuring the AD1B60 for operation signal is applied to the internal 5:1
with a high-level input is also straight- attenuator at the Attenuator Input pin
forward and is illustrated in Figure (pin 28) of the AD1B60; hence, only one
7.30. A high-level input is any signal in high-level voltage input source is al-
the range of +5V < VN £+10V. The lowed to the AD1B60.

CONNECTING HIGH LEVEL
(< =10V) INPUT SIGNALS TO THE AD1B60

AD1B60

®———-§ ATTEN

40kQ

TO
Vv o——! CH1 MULTIPLEXER

IN
5V OR =10V N 10

GND SENSE

J AGND

Figure 7.30
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When configured for a high level input,
all other channels of the AD1B60 are
disabled including EXCOUT and CJC
IN. The AD1B60, in other words, be-

comes dedicated to this single input.
Figure 7.31 outlines the issues to con-
sider when the AD1B60 is configured
for voltage inputs.

ISSUES TO CONSIDER WHEN USING VOLTAGE INPUTS

M Low-level inputs

¢ All 4 sources must share 1 AGND

¢ If multiplexing, all input ranges must be the same

¢ CJC output active: Phantom 5th temperature channel

M High-level inputs

¢ Multiplexing low-level inputs: Not Allowed

4 Multiplexing RTDs: Not Allowed

¢ 50kQ Input Impedance

¢ Dedicated

Figure 7.31

CoONFIGURING THE AD1B60 ror RTD APPLICATIONS

The AD1B60 can accommodate both 3-
and 4-wire RTD applications, as shown
in Figure 7.32. For three-wire RTD
applications, the internal current source
excitation is connected directly to the
RTD’s FORCE (+) lead wire through a
10kQ resistor. This external resistor
need not be a precision type — it serves
only to reduce current source self-
heating. Without this resistor, a gain
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error of approximately 0.2°C would be
introduced. The RTD’s FORCE (+) lead
is directly connected to the AD1B60’s
CHO input. Only in 3-wire applications
is a “star” connection required to mini-
mize any additional errors generated by
ground loops, it is formed with the
RTD’s FORCE (-) lead wire and the
AD1B60’s GNDSENSE input connected
to the analog ground.
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CONFIGURING THE AD1B60 FOR RTDs IS EASY

3-WIRE RTD CONFIGURATION

R1 44
10kQ

EXCOUT

38
4 CHO

AD1B60

35
S—@————— CH3

GND SENSE
AGND

4-WIRE RTD CONFIGURATION

F+ R1 33
— EXCOUT
10kQ
38
CHO
37
O o
S+
Pt RTD AD1B60
s 35
S—@———— CH3
F- 34
S GND SENSE
27
AGND
v

Figure 7.32

In four-wire applications the RTD
FORCE(+) lead goes to the 10k( resis-
tor, its SENSE(+) to CH1, and its
SENSE(-) to CH3. There is no star
connection, and FORCE(-) goes to
GNDSENSE and AGND.

When the AD1B60 is configured for
RTD applications, issues to consider
during the design are outlined in Figure
7.33. Although the AD1B60 provides
compensation for lead resistances up to

40Q, total, the lead-wire resistances in
3-wire RTD applications must match; in
fact, every 38.5mQ mismatch in lead
resistance will introduce an error of
0.1°C in the reading. No such lead-wire
resistance matching is required in four-
wire applications. To calibrate the
AD1B60 for RTD applications, the 4-
wire configuration is used with a preci-
sion 250Q resistor substituted for the
RTD.
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ISSUES TO CONSIDER WHEN USING RTDs

RTD is biased by an internal 200pA current source

R1 is recommended to protect against self-heating
3-wire RTD applications: Lead lengths (Rg) must match
4-wire RTD applicétions: Lead lengths (Rg) can differ
Calibration procedure requires 4-wire configuration

Lead wire compensation is updated every 5 signal conversions

Figure 7.33

UsING THE AD1B60 IN AN INDUSTRIAL ENVIRONMENT

The circuit illustrated in Figure 7.34
shows how the AD1B60 might be used
in an industrial environment where
remote operation is required. The
application requires that the AD1B60
be close to the thermocouple cold junc-
tion to minimize ground sense errors. In
this circuit, an isolated power supply is
used to provide power for the AD1B60
and the optocouplers. The low supply
currents of the AD1B60 make the
design of the isolated power supply
undemanding. To communicate with
the host system, optocouplers provide a
high-speed, galvanically isolated digital
interface.

In general, industrial environments
place difficult requirements on inte-
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grated circuits. It is well known that
these environments, where large volt-
age transients generated by heavy
machinery or power failures are com-
monplace, wreak havoc on integrated
circuits. It is also well known that
devices constructed on CMOS-based
processes are generally more suscep-
tible to damage from these large tran-
sients than integrated circuits built
with bipolar devices. Even though the
ASIC in the AD1B60 is a custom CMOS
device, it was designed to be
“protectable”; that is, the design of the
AD1B60’s analog input circuitry allows
for the addition of input protection
circuitry without sacrifice of accuracy.
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AN ISOLATED THERMOCOUPLE
SIGNAL CONDITIONING APPLICATION CIRCUIT

11.0592MHz +5VA +5Vp

[ 7

= ExcouT *Vs *Vpp
I S——— CHO
| | S— cJC
TC | TyD
| | ’ AD1B60
‘ |
LT LS GND SENSE R, D
AGND DGND -Vg

ISOTHERMAL l_‘ )_J 47 i
BLOCK
- -5V

I
+5Vp INT | «—— HIGH VOLTAGE
100 | +5V | ISO
+5V —WA LATION
A e REG |
10p.F| |0.1 uF
com 1 T 5 |
-5Vp BE: 10uF| |0.14F L |
T ) Y :
REG
Figure 7.34

OPERATING THE AD1B60 IN HOSTILE ENVIRONMENTS

B Industrial environments wreak havoc with ICs
B CMOS is more susceptible than bipolar

B The AD1B60 is designed to be protected easily

Figure 7.35
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Illustrated in Figure 7.36 is the equiva-
lent circuit of one AD1B60 input chan-
nel. Each multiplexer input is a CMOS
transmission gate (T-gate) which is
constructed with an N-channel and a P-
channel MOSFET. The purpose of the
gate drivers is to apply either +5 V or
-5V to each gate to ensure an “ON” or
an “OFF” condition. When the T-gate is

turned on, the parallel combination of
the N-channel and P-channel’s drain-
source resistance is 3kQ. This resis-
tance and the 7kQ resistor form a
1.6MHz low pass filter with the 10pF
capacitor. This minimizes the need for
an external noise filter — another
advantage of the AD1B60.

EQUIVALENT CIRCUIT OF THE ANALOG FRONT END

MULTIPLEXER
PGA T END
(ONE CHANNEL) 5y o GA FRON .
INTERNAL QTD 50nA
CLAMP DIODES GATE
+5V DRIVE [~ oV ci c2
1pF 1pF
1 =
cJe . NMOS
CHX 7kQ N
ATTEN ° A Wl Q2
GNDSENSE 10pF
REFIN T PMOS l P
GATE 5V o0—é . . _—
-5V DRIVE [ © -5V

B Multiplexer switch: NMOS/PMOS T-gate, Ron = 3kQ
B Ron + Low-Pass Filter: f3ds = 1.6MHz

B PGA input bias current < 3na

B C1, C2 added to reduce RF rectification

Figure 7.36

The input signal is then applied to the
PGA whose input circuitry consists of a
resistively-loaded PNP differential pair.
To minimize input bias currents (and,
thus, increase the input impedance), the
differential pair is buffered by PNP
emitter followers biased at 50nA. As a
result of buffering the input differential
pair, the AD1B60’s input bias currents
are typically 0.5nA (8nA, maximum).
These low input bias currents permit
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the use of external fixed resistors for
filtering or current limiting, if required.
Capacitors C1 and C2 bypass the base-
emitter transistor junctions of Q1 and
Q2 at high frequencies. This high
frequency bypass technique prevents
the input emitter followers from rectify-
ing high frequency noise. As discussed
earlier in the seminar, RF rectification
in bipolar transistors depends upon the
ambient temperature and quiescent
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current levels. Shunting the high fre-
quency away from the junction proved
to be an effective measure against high
frequency interference. The values for
C1 and C2 were determined empirically
to limit high frequency interference
without causing circuit instability. This
technique worked well to filter noise up
to 20MHz. Above that frequency the
low pass filter formed by the T-gate’s
ON resistance, the 7kQ resistor, and
the 10pF capacitor rejects any high
frequency interference. Last, clamp
diodes connected to the analog supplies
protect the input multiplexer channels
against small transient overvoltages.
However, in hostile environments
where large transients could be applied

to the AD1B60’s inputs, additional
external protection circuitry must be
used.

The circuit illustrated in Figure 7.37 is
an example of an inexpensive circuit for
protecting the AD1B60’s analog inputs
against transient overvoltages. Exter-
nal diodes, D1 and D2, clamp the inputs
safely to the supply voltages. To pre-
vent parasitic transistor action, D1 and
D2 should be low-leakage schottky
diodes or low-leakage FETs. Low-
leakage devices are required here
because leakage currents double for
every 10°C rise in ambient temperature
and leakage currents generate offset
errors.

PROTECTING THE AD1B60 ANALOG INPUTS
FROM OVERVOLTAGE CONDITIONS

Rs
FROM O AR
SENSOR

Cs =/

V

+5V
D1
__TO AD1B60
CHX
D2 INPUTS
-5V

B D1, D2: Low leakage Schottky diode, Type 5082-2835, or
Low-Leakage JFETS, Type J201

Limit diode current < 10mA
Choose Rs =V, /10mA; Pp =V, 2/Rs
For filtering, limit Cs + Cpq + Cpa < 47pF

Figure 7.37
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To limit diode current to 10mA, a
resistor, RS, can be used in series with
the AD1B60 input. The value and
power rating of the resistor depend
upon the level of overvoltage protection
required. If a series resistance is used in
any of the AD1B60’s inputs, an equal-
valued resistance must be added to the
GNDSENSE input to avoid errors due

SupPLYING POWER TO THE AD1B60

There are no special requirements for
power supplies for the AD1B60 since it
only dissipates about 120mW. However,
the AD1B60 does contain both analog
and digital circuitry in the same pack-
age, and it is important to prevent any
digital interference from coupling into
the analog supply lines. Also, the digital
+5V supply must not be allowed to
exceed the analog +5V by more than
200mV. Otherwise, parasitic transistor
action will occur.

to resistive imbalance. For additional
high-frequency filtering, an external
capacitor, Cg, can be used. When an
external capacitor is added to any
AD1B60 input the sum of the diode
capacitances plus the external capacitor
should be less than 47pF, otherwise
measurement errors may result from to
multiplexer charge pumping.

The circuit shown in Figure 7.38 illus-
trates the techniques used to generate
an analog-quality power supply from a
+5V switching regulator. Switchers
have a well-earned reputation for
generating a great deal of noise over a
wide range of frequencies. Ideally they
ought not be used; however, their small
size, high efficiency, and low cost have
made them very popular and it is hard
to avoid them.

SUPPLY POWER TO THE AD1B60
FROM A +5V SWITCHING REGULATOR

+5V DIGITAL
15mA
DIGITAL
GND
+5V FB1
AR — +5V ANALOG
SWITCHING . + :'s“n‘:‘;\“;':;x
REGULATOR | PWR c , max.
GND FB2 C1 c3 S
I . ANALOG
= SRRV
- ca
ssvTosv | OV FBI c2 co -5V ANALOG
CONVERTER 7mA, typ.
15mA, max.

FB1, FB2, FB3: 2 Turns, Fair-Rite #2677006301 Ferrite Beads
C1, C2: 0.1uyF Ceramic

C3, C4: 10 - 22uF Tantalum

C4, C6: 100uF Low ESR Electrolytic

Figure 7.38
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The -5V supply is generated from a DC/ filter can easily handle 100mA of load

DC converter, and the filter topology is current without saturating the ferrite
a differential L-C type with separate cores. For lowest noise, all electrolytic
power supply feeds for +5V, -5V, and capacitors should be low a ESR-
common. With the values shown, the (Equivalent Series Resistance) type.

LAyouTt TECHNIQUES FOR MAXIMUM PERFORMANCE

Oftentimes overlooked, the physical layout is not well thought out. Summa-
layout of a circuit plays almost as rized in Figure 7.39 are the techniques
important a role as properly filtering to follow to achieve maximum perfor-
the supply feeds. The performance of an mance from an AD1B60 or from any
AD1B60 can be compromised if the other high performance analog circuit.

USE PROPER LAYOUT TECHNIQUES
TO MAXIMIZE PERFORMANCE

Keep Analog Input Lead Lengths Short
Bypass +Vs and -Vs with 10uF/0.1uF to AGND
Bypass +Vd with 10puF/0.1uF to DGND

Use Separate AGND and DGND Planes

Tie AGND to DGND at One Point Only

2-Layer PC Board Works Best

AD1B60 Evaluation Board Available

Figure 7.39
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THE AD1B60 EvALUATION BOARD

A device such as the AD1B60 requires direct connection to an IBM PC™, PC/
great care to achieve the highest level of =~ XT™, PC/AT™, or compatible host
performance. Analog Devices offers an computer system running PC-DOS™
evaluation kit for the AD1B60. The operating system. Figure 7.41 is a
evaluation package includes an evalua- simplified schematic diagram of the
tion board, a menu driven program, and AD1B60 evaluation board used in a
an extensive users guide. The self- thermocouple application. Details for
contained, ready-to-use evaluation operating the evaluation board can be
board includes an AD1B60 IC and an found in the AD1B60 Users Guide.

RS-232 serial communications port for

EVALUATION BOARD MAKES THE AD1B60 EASY TO USE

RS-232 Serial Port Connector Provided For Easy PC Hookup
Menu Driven Program Included

Extensive AD1B60 Users Guide Available

Downloadable Range Library Included

Figure 7.40
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APPENDIX

UsiNG Di1cITAL ALGORITHMS IN SIGNAL CONDITIONING CIRCUITRY

The marketplace for signal conditioners
for thermocouples and RTDs for use in
industrial environments requires that
they have high accuracy, stability, and
resolution. Since thermocouples and
RTD sensors have output spans of well

Analog Offset Compensation

Although a number of good quality, low-
drift amplifiers can be found on the
market today, it is still desirable to
have a “chopper” style front end; i.e., an
input with some form of servo control
for offset, as illustrated in Figure 7.42.
Conventional linear amplifiers with
sub-microvolt offset drifts can be expen-

under 100 millivolts full scale, a good
signal conditioner must have carefully
designed input structures in order to
achieve the kind of low offset and gain
drift necessary for high performance.

sive and may require trimming for
initial offset error. Their long-term
stability may be suspect, but monolithic
“chopper” op amps are comparatively
expensive, relatively narrow band, and
may exhibit other undesirable charac-
teristics.

ANALOG OFFSET COMPENSATION

R1

IN

SW1 E}—D_CJQ sw2 ==C3
! —

VOUT

CHOPPER STABILIZED AMPLIFIER

Figure 7.42
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In a digital signal conditioner where
A/D conversion is provided, the stability
of a “chopper” op amp can easily be
achieved by the addition of a simple
multiplexer at the input. Instead of

continuously chopping the input signal,
a digitizing conditioner can alternately
convert the input signal and a sample of
true ground, as shown in Figure 7.43.

DIGITAL OFFSET COMPENSATION

ADC [ uP

Vo= VIN - VeND

Figure 7.43

As long as the source impedances are
reasonably well-matched, the
microcontroller can simply subtract the
value of the reading obtained at the
ground sense input from the reading
obtained at the signal input. Thus:

Vour = VIN - VGND.

Since the offset is continuously
sampled, the amplifier need not exhibit
particularly good offset performance.
Furthermore, the relatively slow offset
sampling rate in this kind of system is
not important, because whatever op
amp is used it will drift quite slowly.

The same concept can be extended to
include a servo control of the span. In
most A/D converters, there are at least
two separate components of span drift:
the first is the drift of the voltage
reference used by the converter, and the
second is the drift of gain elements (i.e.,
resistors) within the converter itself.

As shown in Figure 7.44, an additional
multiplexer input by which the refer-
ence voltage can be sampled allows all
span error terms other than that of the
reference to be canceled.
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SPAN AND OFFSET COMPENSATION

VREF

VIN _—°—"1 ADC 7 uP
v - N VenD
0~ )
Vrer~ VGND
Figure 7.44

When this technique is employed, A/D

conversion architectures which exhibit
good linearity but poor offset and span
stability can be considered. ADC archi-

Digital Calibration

Since most industrial measurements
require absolute, rather than relative
accuracy, all signal conditioners must
contain some provision for calibration.
In the simplest case, some means of
adjusting the gain will be required,
either at the factory or in the applica-
tion.

Conventional analog signal conditioners
can be calibrated in a number of differ-
ent ways. Signal conditioners sold with
a specified accuracy limit, and without
any user-accessible trims, may be
calibrated at the factory with fixed
resistors, potentiometers, or even with
laser-trimmed resistors networks. Some
types of analog signal conditioners have
user-accessible trim potentiometers,

7-40

tectures of the “charge-balancing” type
are natural candidates for this ap-
proach.

usually beneath a cover or other type of
access panel.

However, trim controls can be a prob-
lem in the actual application. In par-
ticular, potentiometers can lose their
precise setting under vibration and may
also be susceptible to contamination by
the environment.

Digital signal conditioners avoid the use
of explicit calibration hardware via the
use of digital calibration. The equation
in Figure 7.44 can be modified to incor-
porate a span calibration factor,
KgPAN, which allows for the correction
of full-scale error when multiplied with
the output as shown in Figure 7.45.
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DIGITAL SPAN CALIBRATION

ViNn — VeND )

Vout =KspaN ( Veer —VeND

VREF(NOMINAL)

Kspan =
REF(ACTUAL)
Figure 7.45

Once this algorithm has been imple- single conversion on a full-scale refer-
mented in the design, the voltage ence standard, the resulting output will
reference need not be precise since the simply be the reciprocal of the required
nominal error can be compensated. calibration value.
However, to prevent measurement
errors, the reference voltage must be The value for KSpPAN is stored in
stable. EEPROM (Electrically Erasable Pro-

grammable Read Only Memory). The
The actual value of KSpAN can be use of EEPROM allows for KSpAN to be
derived automatically. By forcing changed to compensate for any long
KSPAN to unity and by performing a term drift of the reference.
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Gain Correction for Gains Greater Than Unity

Although the algorithms described
above were applied to unity-gain appli-
cations, the same techniques can be
extended to applications requiring
higher gains (such as thermocouple and
RTD applications).

It is possible to use the circuit of Figure
7.44 with a fixed high gain amplifier
preceding the A/D converter. However,
scaling the voltage reference is neces-
sary to match the effective full-scale
input voltage. As a result, two drift
error terms appear:

1) The drift of the reference attenu-
ator, and

2) The drift of the gain-setting
resistors in the amplifier.

An improved approach is to use a
programmable gain amplifier in place of
the fixed-gain amplifier, as shown in
Figure 7.46. The lower limit of the
PGA’s gain range is set to unity. In this
arrangement, two measurements are
taken of the ground potential: one at
unity and one at desired signal gain.

By applying both of these measure-
ments, the algorithm now relates the
measurements at the desired signal
gain to the ratio of the span at the
signal gain to the span at unity. Only
one uncompensated drift term remains:
the relative temperature coefficient of
resistance of the thin-film network used
in the PGA.

MULTIPLE GAIN COMPENSATION

FOR G = 1: VOUT= KSPAN x

FORG=>1: VOUT= K

Vv
REF 15GSGMAX

span X Kgain

ADC / uP

Vin ~ VGNDeuNITY

Veer -~ VGND@UNITY

Vin~ VeND@sIGNAL GAIN

Veer - VeNDeuNITY

Figure 7.46
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This equation requires the introduction
of a second calibration factor, KGAIN,
which accounts for the absolute gain
error of the PGA at the signal gain. In
practice, KSPAN and KGAIN can be
combined into a single calibration factor
to conserve both EEPROM space and
execution time.

Analog Linearization

Thermocouples and RTD sensors re-
quire linearization if the desired output
is scaled into engineering units. Al-
though there are a small number of
applications where the desired operat-
ing span of the sensor is narrow enough
to be assumed linear, many applications
include some form of linearization.

Analog signal conditioners accomplish
linearization using hardware tech-
niques. There are many ways to per-

This concept can now be extended to
any number of separate gain settings,
with K-factors for each and forms the
basis for “configurable” signal condition-
ers which can be programmed to handle
a wide range of sensor inputs.

form this task, each with varying
degrees of complexity and conformance
to the standard equations governing the
sensor.

RTD sensors are easier than thermo-
couples to linearize. The nonlinearity of
an RTD is a relatively gentle parabolic
effect which can be canceled with fair
accuracy by a circuit shown in Figure
7.47.

ANALOG RTD LINEARIZATION

lExc ) %
+
YouT
RTD z
——AA—
Figure 7.47
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In this circuit, a portion of the amplified
transducer output is fed back to the
excitation circuit. This feedback, if
properly scaled, warps the signal with a
“bow” that is opposite in shape to that
of the sensor output, yielding a linear
result.

Thermocouples are more difficult to
linearize since their nonlinearity is not
a simple second-order function. The
most common analog method of thermo-
couple linearization is the segment
approximation method. This technique
approximates the thermocouple transfer
function as a connected series of
straight line segments. With careful
placement of the “breakpoints” (the
junctions of the segments), a reasonably
good fit to the thermocouple character-
istic can be obtained.

The circuit in Figure 7.48 is a very
simplified example of a passive

breakpoint linearizer. At input voltages
near zero, the circuit has unity gain and
presents an impedance equal to Rg to
the load. As the input voltage rises to
VBP1, diode D1 begins to conduct, and
the circuit gain is reduced due to the
shunting effect of the impedance at
VBP1. As the input voltage continues to
rise to VBp2, the second breakpoint
activates (via diode D2) which further
reduces the gain of the circuit. Each of
the shunt elements in the circuit repre-
sents an additional breakpoint, whose
turn-on point, as well as its effect on
gain, can be arbitrarily chosen. The
main drawback to this particular circuit
is that the breakpoints are unidirec-
tional; i.e., they can only reduce the
gain, they cannot increase it. In practi-
cal applications, a more complex circuit
with op amps is used so that the gain of
the system can increase or decrease at
each breakpoint.

ANALOG THERMOCOUPLE LINEARIZATION

Rs
N
Vin U ° Vour
D)) o
(¢ © Veer
RDD" A 3 R-._'. ; L)
BP1A % BP2A % BPXA 5
D1 DX
—D—tep1  —DH—tBr2 —PH1BPX
Ropias Rgpas 3 Rgpxe3
\V4 AV \V4
Figure 7.48
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The drawback to hardware linearizers
is their inflexibility — they must be
designed for a specific sensor and oper-
ating range; they consume a great deal

Digital Linearization

In signal conditioners that incorporate
both A/D conversion and “intelligence”
(i.e., a microcontroller), linearization by
digital means is the best approach.
Apart from providing almost unlimited
accuracy, digital implementations of
linearization algorithms are flexible —
accommodating a different sensor type
involves no more than changing the
coefficients of the linearization algo-
rithm. Thus, the conditioner can be
programmed for a variety of sensor
transfer functions without altering its
circuitry; hence, the term “configurable
conditioner” is used.

There are tradeoffs when choosing an
algorithm for implementing digital
linearization. Microcontrollers can be
exceedingly slow when asked to perform
complex mathematical operations; thus,
one such tradeoff is the complexity and
precision of the required computation.
Another tradeoff is memory which can
be in short supply. Fast algorithms that
depend upon lookup-tables can use a
large amount of memory.

In general, implementing mathematical
functions requires some margin of
resolution to allow for truncation error.
For example, sixteen-bit integer calcu-
lations could be employed in systems to

of circuit board area; and they usually
require precision components because
they are extremely difficult to trim.

produce a 14-bit result. However, the
dynamic range of the mathematics
must also be taken into account. For
example, if polynomial approximation
techniques are used, then the dynamic
range of the coefficients may demand
24- or 32-bit computation to prevent
saturation. Therefore, the selection of
the mathematical approach will depend
upon the nature of the linearization
algorithm. In most cases, if dynamic
range requirements call for 32-bit
mathematics, IEEE single-precision
floating-point routines are more effi-
cient than integer routines. The
memory requirements for each variable
and/or constant are identical, but the
dynamic range of IEEE floating-point
routines is far less limited, and execu-
tion times are roughly comparable for
most microcontrollers. Linearization
techniques can take many forms, but
the most common techniques are shown
in Figure 7.49.

The simplest form of digital piece-wise
linear approximation method is illus-
trated in Figure 7.50. The sensor output
span is broken into a number of equal
length segments, and a lookup table
containing a set of offset and span
correction values for each segment is
stored in memory.
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SENSOR
OUTPUT

7-46

DIGITAL LINEARIZATION

Single Polynomial (Used in AD1B60)
Piecewise Linear Approximation

¢ Equal Length Segment

4 Optimized Segments

Segmented Polynomial Splines

Figure 7.49

BREAKPOINT LINEARIZATION

Bem Bl W A W

WITH EQUAL LENGTH SEGMENTS

TEMPERATURE

Figure 7.50
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The algorithm determines the position
of the sensor output relative to the
table, retrieves the appropriate coeffi-
cients, and performs an “mx + b” opera-
tion on the sensor output to produce a
linearized result. This approach has the
advantage of high speed because only a
single multiplication and addition are
required to produce the result. How-
ever, it requires a large amount of
memory to store coefficient table.

The disadvantage of the “equal length
segment” method is that the error of
approximation is different in each
segment. One technique which can be
used to minimize the error in each
segment is the “optimized segment

length” method. This is an advanta-
geous approach because some portions
of the thermocouple’s curve are more
nonlinear than others. Hence, the
algorithm can choose the exact length of
the segment to minimize the error, as
shown in Figure 7.51. For example,
shorter segments can be used to mini-
mize the approximation error on por-
tions of the curve where the sensor’s
output characteristic is curving sharply.
Conversely in regions where the trans-
fer function is linear, the segments can
be longer. With this “optimized segment
length” method, the coefficient table can
have fewer entries for an equivalent
worst-case error.

BREAKPOINT LINEARIZATION
WITH OPTIMIZED SEGMENT LENGTHS

SENSOR
OUTPUT

| | |

TEMPERATURE

Figure 7.51
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This particular method does have one
drawback: the separations of the
breakpoints vary. The coefficient table
must contain the positions of the
breakpoints, and the algorithm must
search to locate the segment by compar-
ing the sensor output to the breakpoint
entries in the table. This segment
search can be time consuming, and may
negate the speed advantage.

In cases where memory conservation is
more important that execution speed,
polynomial linearization is a better
choice. Only a modest number of coeffi-
cients must be stored, and the code for
evaluating a polynomial is a simple
recursive routine. In some cases, a
polynomial approach may actually be

Cold-Junction Compensation

For a signal conditioner to perform
linearization on thermocouples, it is
necessary to provide for cold-junction, or
ice-point, compensation. In analog
signal conditioners, cold-junction com-
pensation is usually performed by the
use of an analog temperature sensor
whose output is scaled to track the
thermocouple’s Seebeck coefficient at
the terminating junction. This is illus-
trated in Figure 7.52. The signal pro-
duced by the temperature sensor is
subtracted from the thermocouple
signal at the signal conditioner’s input,
thereby compensating for the cold
junction voltage.

This type of analog compensation is
limited in both performance and flex-
ibility. One performance limitation is
the temperature span over which the
compensation circuitry remains accu-
rate. Since thermocouple response at
the cold junction is nonlinear, most
circuits of this type use a straight-line
approximation to the thermocouple
curve. Depending upon the particular

7-48

faster than the optimized segment
length method because no search for
breakpoints is necessary.

The accuracy of the polynomial approxi-
mation is limited by the degree of the
polynomial used which, in turn, is
limited by the resolution and dynamic
range of the mathematical capabilities
of the microcontroller. If single-preci-
sion IEEE mathematics is used, the
polynomial is constrained to 9th order
or less. Fortunately, reasonable perfor-
mance can usually be achieved with
polynomials ranging from 5th to 7th
order. The exception is the more
nonlinear thermocouples when they are
used over a wide temperature range.

thermocouple chosen, this approxima-
tion will have a useful temperature
span of only 5°C to 45°C. Outside these
limits, the nonlinearity of the thermo-
couple will result in a inaccurate com-
pensation. This kind of compensation is
also notoriously inflexible in that each
thermocouple type has a different
Seebeck coefficient. Scaling and trim-
ming the CJC circuit for each thermo-

" couple type is essential.

In a digital signal conditioner, both the
performance and the flexibility of the
CJC can be greatly enhanced. Instead
of utilizing physical hardware to add or
subtract the cold junction compensation
voltage from the input signal, a digital
signal conditioner can acquire the cold-
junction temperature, perform a “re-
verse linearization” using polynomial
techniques to match the actual thermo-
couple curve, and combine the result
digitally with the input signal after the
conversion process. A block diagram for
such an operation is shown in Figure
7.53.
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ANALOG COLD JUNCTION COMPENSATION

+ A Vout

TC =

CJC j7

COLD JUNCTION ———/
TEMPERATURE SENSOR

Vout =AMVTc -Vou)

Figure 7.52
DIGITAL COLD JUNCTION COMPENSATION
VREF
ISOTHERMAL
BLOCK _
TCc * | o | 0
@Q | | : ADC |-+ uP
| \Y "
| |
: ' -/
| cJc l REVERSE
IL Jl LINEARIZATION
——————— ALGORITHM
COLD JUNCTION

TEMPERATURE SENSOR (CJC)

Figure 7.53
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The functional advantages of this
scheme are flexibility and simplicity,
since no analog circuitry is required to
combine the compensation voltage with
the input signal. Thus, any thermo-
couple can be compensated by simple

RTD Lead Compensation

RTD sensors require lead compensation
in order to reject the effects of the
resistance of the interconnecting leads.
In some cases, the sensor is a four-wire
device where the leads supplying the
excitation are separate from those used
to sense the voltage across the element.
More commonly, the RTD is supplied
with only three leads: two are used to
sense the element, and only one excita-

tion lead is attached. One of the sensing
leads is used as a return for the excita-

tion current.

Circuits designed to interface to three-
wire RTD sensors must contain some
provision for reading the excitation drop
across one side of the device, and sub-
tracting this voltage drop from the
sensor output to compensate for the
other, unsensed, side. In analog RTD
signal conditioners, there are a number
of approaches to solving this problem:

some involve the use of multiple current

sources and instrumentation amplifiers
to affect the subtraction process.

In digital conditioners, this subtractive
process can be achieved by an algorithm
rather than in hardware. Referring to
Figure 7.54, the digital conditioner can
be configured to read two separate
voltages with respect to the circuit
common. V] represents the “top” of the
RTD and contains the effects of voltage
drop on both sides of the RTD. Vg
senses the voltage drop on the lower
side of the element.
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substitution of coefficients in the lookup
table. This scheme can maintain com-
pensation accuracy over the entire
operating range of the signal condi-
tioner.

Assuming that the lead resistances are
equal (a requirement for three-wire
RTD applications), the effect of lead-
wire resistance can be eliminated, and
the voltage at the RTD calculated. The
expression for this operation is given
by: Vour = V1-(2-Vy).

Apart from hardware savings, the
digital approach to lead-wire compensa-
tion also yields a significant perfor-
mance advantage. The lead-wire resis-
tance rejection capability of an RTD
signal conditioner is often quoted as a
ratio. In analog RTD conditioners, a
typical specification might be 0.01Q/Q
which means that a 1Q difference in the
lead resistance is perceived as 0.01Q in
the RTD. The rejection ratio depends
upon the matching and tracking of
current sources and/or precision analog
trims. The digital lead compensation
has a much better rejection ratio be-

. cause it does not depend upon precision

analog hardware. The full accuracy and
resolution of an A/D system is used to
measure and compute the required
compensation. In digital RTD signal
conditioners, infinite rejection is pos-
sible and no significant error is intro-
duced into the measurement by lead
resistance until the excitation current
source saturates (providing-in the 3
wire case-the lead resistances match).
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DIGITAL LEAD RESISTANCE COMPENSATION

RL1
A v,
RTD Rio v
2
Ri3

R 1

i
EXC

out="Yq "2V

ADC /| MP

AND R 5 MUST BE EQUAL

Figure 7.54

Conclusion

Although additional enhancements and
corrections are theoretically possible,
they have not been implemented due to
memory and execution speed con-
straints. As microcontroller functions
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AUDIO APPLICATIONS
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David Fair

AuDIO PREAMPLIFIERS, LINE DRIVERS,

AND LINE RECEIVERS
Walt Jung

AUDIO PREAMPLIFIERS

Audio signal preamplifiers (preamps)
represent the low-level end of the
dynamic range of practical audio cir-
cuits using modern IC devices. In
general, amplifying stages with input
signal levels of 10 mV or less fall into
the preamp category. This section
discusses some basic types of audio
preamps, which are:

M Microphone - including preamps for
dynamic, electret and phantom powered
microphones, using both transformer
and transformerless circuits operating
from dual and single supplies.

B Phonograph - including preamps for
moving magnet and moving coil phono
cartridges using a variety of topologies,
with detailed frequency response analy-
sis and discussion.

M Tape - including preamp designs
useful for a wide range of playback
standards including NAB and IEC,
covering various time constants/tape
speeds.

In general, when working signals drop
to a level of 1 mV, the input noise
generated by the first system amplify-

ing stage becomes important for wide
dynamic range and good signal-to-noise
ratio. For example, if the internally
generated noise voltage of an input
stage is 1uV and the input signal volt-
age 1mV, the very best signal-to-noise
ratio possible is just 60 dB.

In a given application, both the input
voltage level and impedance of a source
are usually fixed. Thus, for best signal-
to-noise ratio, the input noise generated
by the first amplifying stage must be
minimized when operated from the
intended source. This factor has definite
implications to the preamp designer, as
a “low noise” circuit for low impedances
is quite different from one with low
noise operating from a high impedance.

Successfully minimizing the input noise
of an amplifier requires a full under-
standing of all the various factors which
contribute to total noise. This includes
the amplifier itself as well as the exter-
nal circuit in which it is used, in fact the
total circuit environment must be con-
sidered, both to minimize noise and to
maximize dynamic range and general
signal fidelity.
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A further design complication is the fact
that not only is a basic gain or signal
scaling function to be accomplished, but
signal frequency response may also need
to be altered in a predictable manner.
Microphone preamps are an example of

MICROPHONE PREAMPLIFIERS

The microphone preamplifier (mic
preamp) is a basic low level audio
amplification requirement. Mic preamps
can assume a variety of forms, consider-
ing the wide range of possible signal
levels, the microphone types, and their
impedances. These factors influence the

wideband, flat frequency response, low
noise amplifiers. In contrast, preamps
for phonograph and tape circuits not
only scale the signal, they also impart a
specific frequency response characteris-
tic to it.

optimum circuit for a specific applica-
tion. In this section mic preamps are
discussed which work with both high
and low impedance microphones, both
with and without phantom power, and
with transformer as well as
transformerless input stages.

Single-Ended, Single-Supply High-Impedance Mic Preamp

A very simple form of mic preamp is
shown in Figure 8.1. This is a non-
inverting stage with a single-ended
input, most useful with high-impedance
microphones such as dynamic and

piezoelectric types. As shown it has an
adjustable gain of 20-40 dB via variable
resistance RGAIN, and is useful with
microphones (or other sources) with
impedances of 600Q2 or more.

HIGH IMPEDANCE SINGLE SUPPLY MIC PREAMP

W —0 +V o= +5V
R7, 64.9kQ . I S
‘ U Vaias c5
c4 s K 100pF
- 4 R8 I R1 25V
R3 c2
22.1kQ |1+
1% | v
100pF/25V ouT
VWA + 100yF
DYNAMIC OR CRYSTAL 22% 100Q / 25V
mic c1 |BealN Ul=
|+ 1/2 SSM-2135,
— 11l | ADB822,
100pF/25V AD820 3 47kQ
Z>600Q R2b i
g R4
< 2.5kQ
21ka REV LOG Vg
Z -=-0
o]
A4
Figure 8.1



The op amp used for U1l greatly affects
the overall performance, both in general
amplification terms but also in suitabil-
ity for single supply operation, as shown
here. In terms of noise performance, Ul
should have a low input noise with
>500Q2 sources, with the external circuit
values adjusted so that the source
impedance (microphone) dominates the
overall source resistance. For very low
noise on a single 5V power supply, very
few devices are suitable. Among these
the dual SSM-2135 and AD822 as well
as the single AD820 stand out, and are
recommended as first choices. Many
other low noise devices can work well in
this circuit when the total supply volt-
age is 10V or more, for example the OP-
275, and OP-270/470 types. The circuit
can also be easily adapted for dual
supply use, as noted below.

RGAIN) are scaled such that thelr total
resistance is less than the expected
source impedance, that is 1kQ or less.
This minimizes the contribution of the
gain resistors to input noise at high
gain. As noted, gain of the circuit is
adjusted in the feedback path via
resistor RgGAIN. Control of a micro-
phone or other low level channel signal
level is preferably done after it has been
amplified, as here.

Because of single supply operation,
input and output coupling is of neces-
sity via capacitors, three in the circuit
itself and 2 more for bypassing. These
should preferably be low ESR types
(which is a byproduct of the higher

voltage rating).

For lowest noise in the surrounding
circuit, the amplifier biasing must also
be noiseless, that is free from noise
added directly or indirectly by the

AuUDIO APPLICATIONS

biasing.m Resistors with DC across
them should have low excess noise, or
be AC-bypassed. Thus R1, Rg, Rg, Ry,
and Rg are preferably metal films, and
R7-Rg are bypassed. A 2.2V bias source
is provided from R7- Rg, which biases
the output of Ul about mid-supply. If
higher supply voltages are used, R7-Rg
can be adjusted for maximum output
swing for a particular amplifier.

While the SSM-2135 is optimum for U1l
when operating from low impedance
sources, the FET input AD820 (or
AD822) is preferable when using high
impedance sources, such as crystal or
ceramic mics. To adapt the circuit for
such sources, Rg and Ry4 should be 1MQ
or more, and Cq can be a 0.1pF film
capacitor.

Bandwidth is about 30kHz at maximum
gain using the SSM-2135, or about
20kHz for similar conditions with the
AD822 (or AD820). Distortion and noise
performance will reflect the device
chosen for Ul and the source imped-
ance. With a shorted input, the
SSM-2135 has an output noise of about
110uVrms at a gain of 100, with a 1kHz
THD+N of 0.022% at 1Vrms into a 2kQ
load. The AD820 measures about
200pVrms with 0.05% THD+N under
similar conditions. For either device,
these figures will improve at lower
gains.

The circuit of Fioure 8.1 is

4 22T Viivwa vua..n.;bu

modest performance and simplicity are
required, but will require attention to
details for best results. The input cable
to the microphone must be shielded,
and should be no longer than required.
Similar comments apply to any cable
used for RGAIN- To adapt the circuit for
dual supply use, R3 is returned to
ground, and Ul is operated on symmet-
ric supplies (Vs = +5V, £15V, etc.)

8-3




S e e e e e TS

SYSTEM APPLICATIONS GUIDE

Although microphones with impedances
of less than 600Q2 can be used with this
circuit, noise performance will not be
optimum, and many such microphones
also require a balanced input interface.

Electret Mic Interface

A popular microphone for speech record-
ing and other non- critical applications
is the electret. This is a polarized con-
denser microphone, typically with a
built in FET amplifier. The amplified
output signal is taken from the same
lead which supplies the microphone
with DC power, typically from a

5-10V DC source.

Figure 8.2 illustrates an interface
circuit which is useful in powering and
scaling the output signal of an electret
mic for further use. In this case the

Circuits which show methods of opti-
mizing noise performance with low
impedance, balanced output micro-
phones are illustrated below.

scaled output signal from this interface
is fed into the LEFT and RIGHT inputs
of an AD1848 or AD1849 16 bit CODEC
for digitization and processing. DC
phantom power is fed to the two mic
capsules by the RA-Ca- Rp decoupling
network from the +5V supply, and the
AC output signal is tapped off by CyN-
Ry, and fed into a scaling amplifier, U1l.
The Rp resistors may of course vary
with different electret mics and DC
supply voltages, and the values shown
are typical.

ELECTRET MIC INTERFACE FOR AD1848 OR AD1849 CODEC

+5V
Ra , 470Q

10pF TO
y AD1848
10k [10ke | N Co AD1849
Q‘/ il I k0 47uF CODEC
o 4&751 F v U1A |L LEFT IN
[ : / o NP (20k0Y)
+
CONDENSE s R CM ouT
miC lNPU?‘SR l'wF [|C 20kQ OR
jl Vogp= 225V
R1 .
—— s
011N R2 Co
L j;\;v\ - 4.7yF
RIGHT 4.7uF 2 UiB __1 RIGHT IN
NP (20kQ)
B Rg WILL VARY WITH MIC + NP
M R1=20kQ, R2 = 20kQ/G (G = 4 VALUE SHOWN) U1 = SSM-2135
B C =220pF OR AD822

Figure 8.2
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The U1 scaling amplifier is a dual SSM-
2135 or AD822, and is used here to
normalize the mic signal to either a
1Vrms line level or 100mVrms mic level
required by the CODEC inputs, and
also to low pass filter it prior to digitiza-
tion. With a wide variety of electret
mics and operating parameters, some
scaling or normalization of signal level
is often required.

Here the scaling gain is simply R1/Ro,
and resistor Rg is selected as noted, to
provide the gain “G” so as to yield
1Vrms at the line inputs (or .1Vrms at
the mic inputs) of the CODEC, with the
rated output from the mic. Note that
since the U1l stages are inverting, G can
be greater or less than unity. For ex-
ample, it can be 4, as is shown here, or
as required to normalize any practical
input signal to an optimum level for the
CODEC. The amplifier’s low pass corner
frequency is set by the time constant
R1-C, resulting in a -3dB point of
36kHz. DC bias for the two U1 stages is

AUDIO APPLICATIONS

provided from the CODEC, via the
VREF or CMOUT pins, which provides
a filtered 2.25V reference voltage.

The low frequency time constants Cyy -
Rp/Rg and C( - 20kQ are wideband, to
minimize LF phase shift. For speech or
other narrowband uses, these (non-
polar) capacitors can be reduced to 1pF
or less.

If a more stable and quiet supply volt-
age for mics than the system 5V supply
is desired, a filtered and scaled version
of VR can be generated by the optional
U2 connnected as shown. The output
from U2, rather than the output volt-
age from Rp-Cp feeds the two Rps
directly. When an AD820 is used for
U2, resistors Ro-Rp scale VR up to 4V
for the values shown. Note that if
output voltages within 1V of the 5V
supply are required, the U2 op amp
must be a rail-rail device, such as an
AD820 or AD822.

Transformer-Coupled Low-Impedance Mic Preamps

For any op amp, the best noise perfor-
mance is attained when the characteris-
tic noise resistance of the amplifier, R,
is equal to the source resistance, Rg.
Examples of microphone preamps that
make use of this factor are discussed in
this section. They utilize an input
matching transformer to optimize an
amplifier to a source impedance which
is not equal to the amplifier R,.

A basic circuit operating on this prin-
ciple is shown in Figure 8.3. In order to

select an optimum transformer turns
ratio to match a given source resistance
(Rg) to the characteristic Ry, of the op
amp in use, R, must first be calculated
from data for e, and i, as follows:

Eq. 8.1

where e is in VAHz and iy, is in A/VHz.
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TRANSFORMER INPUT MIC PREAMP WITH 28 TO 50dB GAIN

+48V PHANTOM POWER U1 = SSM-2134
(OPTIONAL) OR OP-275
6.81kQ 6.81kQ +Vg
. 1] |5 Rp U1 Il
3 | 100kQ
1 4 l I { 8 c -Vs 25V R3
I l n 4.99kQ
! S 56pF R1, 2.49kQ
6| 7 WA
' C2, 150pF Av4
mIC T1 v T
INPUT JT-110K-HPC . )

. 1. 1000uF, —— +Vg +18V
: JENSEN TRANSFORMERS o +—0
10735 BURBANK BLVD. _LO-wF +1470uF

N. HOLLYWOOD, CA 91601 R2b, 61.9Q 25V
+ [470uF

USE FACTORY SUGGESTED R2 R2a ?5 E"“‘F }:25%
VALUES FOR: R ,Rp,Cp, 1kQ, REVLOG Vs T T o
GAIN -18V
Figure 8.3

Then, a turns ratio for T1 may be
calculated as:

Ns _
-

Ra
P Rq

Eq. 8.2

where Ng/Nj, is the transformer second-
ary/primary turns ratio. For the
SSM-2134 amp, the values of e, and iy,
are 3.5nV/VHz and 0.6 pA/VHz, respec-
tively; thus,

Since both ey, and ij, vary with fre-
quency, R, will also vary with fre-
quency. Therefore, a value calculated
for Ry, from the data sheet (such as
above) is most accurate at the specified
frequency. If the amplifier is to be
optimized for a specific frequency, then
the ey and iy, values should be for that
frequency. However audio amplifiers
are wideband circuits, so some compro-
mise is likely. When available, a mini-
mum- noise-figure plot for the amplifier
will allow graphical determination of
the optimum source resistance for least
noise.

For this case, an optimum transformer
turns ratio can be calculated to provide
the optimum R}, to the op amp, working
from a given Rg. For example, if Rg is
1509, then an optimum turns ratio for
an SSM-2134 (or other amplifier) with
an R, of 5.8kQ will be:



Ns _ fﬁg
P Rq
3

= 5.8 x10"
1.5x102

~ 6.2

Other devices with similar ej/i,, (and
thus Rp) can also be so applied, for
example the OP-275, the OP-27 or
OP-37, and the OP-270/470 types, etc.

Since transformers are catalogued and
stocked in fairly narrow and specific
impedance ranges, a unit with a rated

nnnnv\r‘nw:r 'mnc\rlo 1
secondary impedance in the range of

5kQ to 10k will be useful (since the
amplifier minimum noise impedance is
reasonably broad). Suitable units for
this purpose are the Jensen

JT- 13K7-A, JT-110K-HPC, and the
JT-115K-E. Of course, T1 must be
adequately shielded and otherwise
suitable for operation in low-level
environments.

The use of a matching transformer
allows the circuit to achieve an equiva-
lent input noise (referred to the trans-
former input) that is only a few decibels
above the theoretical limit, or very close
to the thermal noise of the source
resistance. For example, the thermal
noise of a 150Q resistor in a 20kHz
noise bandwidth at room temperature is
219nV. An actual circuit will have a
total input referred noise higher than
this ideal, due to the noise-degradation
of the transformer plus the op amp.

An additional advantage of the trans-
former lies in the effective voltage gain
that it provides, due to the step up
turns ratio. For a given circuit total
numeric gain, Ggtq], this reduces the
gain required from the op amp Ul,

G1) to:

AUDIO APPLICATIONS

G

G - total Eq. 8.3

(UD "N, /N,
Thus, in the composite circuit of Figure
8.3 gain Gygtq] is the product of the
transformer step up, Ns/Np, and
(R1 + Rg)/Rq, which is G(yy1). This has
advantages of allowing more amplifier
loop gain, thus greater bandwidth and
accuracy, lower distortion, etc.

The transformer input mic preamp
stage of Figure 8.3 uses the
JT-110K-HPC transformer for T1 with
a primary/secondary ratio of about 1/8
(150€/10k<Y). The op amp section has a
variable gain of about 3.3-41 times,
which, in combination with the 17.8dB
transformer gain, yields a composite
gain of 28 to 50 dB (26 to 300 times).
Transient response of the composite
amplifier (transformer plus Ul) is
excellent.

The amplifier used as Ul is either a
unity gain compensated SSM-2134, or
an OP-275 section. U1l operates here on
supplies of +18V (up to +22V maxi-
mum), and can drive 600Q. The power
supplies used should be well regulated
and decoupled close to Ul, particularly

when low impedance loads are driven.

For best results, passive components
should be high-quality, such as 1%
metal film resistors, a reverse log taper
film pot for Ro,, and low ESR capaci-
tors for C; & Cg. Microphone phantom
poweringﬂz’?’] can be used, simply by
adding the £0.1% matched 6.81kQ
resistors and a 48V DC source, as
shown. Close matching of the DC feed
resistors is recommended by the trans-
former manufacturer whenever phan-
tom power is used, to optimize CMR
and to minimize the transformer’s
primary DC current flow.[4] Note that
use of phantom powering has little or
no effect on the preamp, since the
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transformer decouples the CM DC
variations at the primary. CMR in an
input transformer such as the
JT-110K-HPC is typically 85dB or more
at 1kHz, and substantially better at
lower frequencies. Lower impedance
ratio types such as the JT-16A (below)
have even higher typical 1kHz CMR,
i.e. 100dB.

Performance of this mic preamp for
THD+N is shown in the family of curves
in Figures 8.4 and 8.5, reflecting use of

the OP-275 and SSM-2134 devices,
respectively. The test conditions are
35dB gain, and successive input sweeps
resulting in outputs of 0.5, 1, 2, and
5Vrms into 600Q. For these distortion
tests as well as most of those following
throughout these sections, THD+N
frequency sweeps at various levels are
used for sensitivity to slewing related
distortions[5‘7], while output loaded
tests are used for sensitivity to load
related non-linearities.

TRANSFORMER INPUT MIC PREAMP WITH OP-275
THD + N (%) VERSUS FREQUENCY (Hz)
FOR Vout = 0.5, 1, 2, AND 5V rms, GAIN = 35dB, R| = 600Q
!

Ap
0.1
\\
AN /7
0.010 N 4
- —c
5 05V S
I = 1V P aE
e 2V 24—t
I TITTIT 5V »
0.001
20 100 1k 10k 20k
Figure 8.4
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TRANSFORMER INPUT MIC PREAMP WITH SSM-2134
THD + N (%) VERSUS FREQUENCY (Hz)
FOR Vout = 0.5, 1, 2, AND 5V rms, GAIN = 35dB, R = 600Q
I |

Ap
0.1
N,
A
0.010 ¥
s 05V
\,: T--—-- -+ =t 1V ==t ——
\ R 4
NIT—-+- - H v - T -7
T .,.J_. -5V — — L
0.001
20 100 1k 10k 20k
Figure 8.5

For the OP-275, as shown in Figure 8.4,
there exist three regions of interest, a
low frequency region below 100Hz
where distortion is largely due to the
transformer, a mid-band region from
100Hz-3kHz where distortion is lowest,
and the region above 3kHz where the
distortion rises. Over most of the fre-
quency spectrum THD+N is 0.01% or
less for medium output levels, becoming
slightly higher at high frequencies. For
the SSM-2134 performance shown in
Figure 8.5 there is the same rise at low
frequencies due to the transformer, but
THD+N is below 0.01% at all frequen-
cies above 50Hz, and at all levels.

The -3dB bandwidth of this circuit is
about 100kHz, and is dominated by the
JT-110K-HPC transformer and its
termination network, assuming a 150Q2
source impedance. Conversely, for
higher or lower source impedances, the
bandwidth will lower or rise in propor-

tion, so applications of this circuit
should take this into account. Some
provision should be made to control the
source impedance with a build-out pad
prior to the transformer, if it is to be
used with source impedances lower
than 1500.[4] One such example is
capacitor microphone capsules with
emitter follower outputs, which appear
as a =15Q source.

A circuit functioning similarly to

Figure 8.3 but with servo control of
offset could also be an option, by using a
second op amp as a servo amp. Alter-
nately, the mic preamp in Figure 8.6
shows an optimized servo stage used for
this purpose, which allows elimination
of capacitors C1/Cg and direct coupling
to the load.

Finally, although this transformer
input preamp has been discussed in
terms of a low impedance source

8-9




R L N e SO S A
SYSTEM APPLICATIONS GUIDE

(microphone), the transformer-matching The noise figure is at a minimum when

technique is applicable to other trans- Rp = Rg; therefore, it is only necessary
ducers of any impedance. It is only to verify the source resistance for mini-
necessary to know the characteristic mum noise figure, which will be very
noise resistance of the op amp. If this close to Ry,. This resistance can then be
data is not given in terms of e, and iy, used in the transformer selection pro-
it is usually implicit from the curves of cess.

noise figure versus source resistance.

Very Low Noise Transformer Coupled Mic Preamps

A high performance low noise mic resistance amplifiers such as the
preamp is shown in Figure 8.6, using a AD797. The general topology is similar
lower ratio transformer, the Jensen to the previous transformer coupled
JT-16A. This transformer has a lower preamp, but detailed differences allow
nominal step up ratio, about 2/1, and is for higher levels of performance.

optimized for use with lower noise

LOW NOISE TRANSFORMER INPUT MIC PREAMP

U2 = AD706JN +Vg HIV
+48V PHANTOM o— ¢ 0
i ﬂ v @ Y Do e
(OPTIONAL) R14 25V

R10 Cf
—YW—s {l 0.1uF +A70pF
0.1uF R9 i vk

+—WWH
6.81kQT 36.81kQ e e
T1, JT-16A TP1  DR12,10ka ) Mo .y 25V
JI. | | (ENSEN) O_?m@sm €2 500F o= T T o
MIC | |RED YEL _ ‘ INE R8 A7V
2 | ® lee ! i 4980 ©
2 | I RL Rn ut ' Yout
4 0 I, S
1 :l 6.19kQ 53k | 2 Re, 100 I ©
”’L’ BRN ORG Ch Ri, 2.5kQ
§]7 620pF W U1 = AD797JN ® ®
e | fr—
10%1 Re RS R3 100Q 220pF
107 499kQ _| _499kQ 100 T2, JT-11-DM
FILM Vg * (JENSEN)
OFFSET OPTIONAL
TRANSFORMER-
COUPLED
OUTPUT
S1 GAIN, 20-50dB
SHORTING TYPE
Figure 8.6
This preamp has switch selected vari- Figure 8.7. The range chosen is 20-
able gain, using switch S1 to alter Rg of 50dB, suitable for a wide range of uses,
the feedback network to vary U1’s gain and gain is selected in 5dB increments.

(and thus overall gain) according to
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R2 VALUES FOR 20 TO 50 dB GAINS

TOTAL GAIN, dB| U1 GAIN, dB |R2 (TOTAL), Q| "R2N", Q
50 44.4 15.15 15.0
45 39.4 27.07 11.8
40 344 48.56 21.5
35 29.4 87.68 39.2
30 24.4 160.3 73.2
25 19.4 300 140
20 14.4 588.5 287

B T1 Provides a Fixed 5.6dB Gain
B R2N isindividual R2A, R2B, etc.
B Closest Standard Values are Shown

Figure 8.7

Inasmuch as the AD797 has high DC
precision as well as low distortion audio
characteristics, this circuit can be DC
coupled quite effectively. Initial device
offset of the AD797 is 80pV(max),
allowing a simple trim by R7 to null
output offset. Offset is trimmed out
with the servo temporarily defeated by
grounding test point TP1, and trimming
the output DC to less than 1mV, while
at a mid-range gain setting of 35dB.
Offset shift with gain is only a few mV,
and is of little concern, as the servo
circuit composed of U2A and U2B holds
longer term DC offset to 100uV or less,
with very little gain interaction.

Performance of this mic preamp for
THD+N is shown in Figure 8.8, for
conditions of 35dB gain, and successive
input sweeps resulting in outputs of 0.5,
1, 2, and 5Vrms into 600Q. From these
data it is clear that essentially the only
distortion in the circuit is due to the
transformer, and this is quite small and
only present at the lowest frequencies.
Above 100Hz, the apparent distortion is
noise limited, continuing through to the
highest frequencies.
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LOW NOISE TRANSFORMER INPUT MIC PREAMP
THD + N (%) VERSUS FREQUENCY (Hz)
FOR Vout = 0.5, 1, 2, AND 5V rms, GAIN = 35dB, R, = 600Q
!

Ap |

A
0.010 \\\ 05V
o
A 23 Y P ---‘1 V...
‘Q

T — A — - FFFF 2V = =
s S N2 O S T 0 B

0.001 : ==
20 100 1k 10k 20k

Figure 8.8

The -3dB bandwidth of this circuit is
just under 150kHz, and while essen-
tially dominated by the JT-16A trans-
former and termination, reduces
slightly at the highest gain (50dB). Like
the previous transformer coupled cir-
cuit, this circuit also assumes a 150Q
source impedance, and similar caveats
in application are true. Reference [4]
includes information on both build out
and fixed loss input pads, and other
practical interfacing considerations for
transformers.

The basic circuit as shown is single-
ended with Vo taken from Rg, but a
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transformer can be added to drive
balanced lines. If used, T2 is a
JT-11-DM (or similar) nickel core type
for lowest distortion, and is coupled to
U1 as shown.

If very high levels of output drive are
necessary or long lines are to be driven,
a dedicated high current output driver
should be used with Ul, as described in
the “Line Drivers” section. This can be
most easily implemented by making U1l
a composite amplifier employing an
AD797 input section plus a unity-gain
follower output stage, using the AD811.
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Transformerless Input Low-Impedance Mic Preamp

Another method of amplifying low level
balanced mic signals is the use of a
transformerless differential input stage,
using an instrumentation amplifier (in-
amp) as the preamp. The in-amp (in IC
or other form) is configured for gain
with just one resistor. It provides
transformerless gain with good rejection
of CM noises such as hum, and has low
operating noise with commonly used
mics.

Figure 8.9 is an example of a low noise
transformerless mic preamp, using the
SSM-2017P (U1) and an OP- 275GP op
amp (U2). This circuit is a mic preamp
with gain variable over a range of 6-
66dB with an optional phantom power

feature.[8]

TRANSFORMERLESS INPUT MIC PREAMP

{mmsmmmmmmme—meae————— +Vs O O +21V
i 8V | dcs Jtes
H —AA | PHANTOM POWER SUPPLY T~ 0.1uF T~ 100uF/25V
I ca J: R10 | CONNECTIONS, .
L aTuF 1002 ! INTERLOCKED WITH +/-Vg (SEE NOTE 5). <7 A
63V < L Lt Atcs
I e 28an S ok ! TS 0.F T 100425V
| SR, AR ] = -
| 21 22 cs Vs O O =21V
: 33pF
1 It
jm==beng D] N me
[ N o AAAL 20k
TV AMA
Cin1 Rpl <Rgl -Vg
TO MICROPHONE | 47uF/ 49.9Q |<,1:k
! 83V U2A
s N 1| en OP-275GP -
1 aTnfl 2
_ ; ] b = 49.90
V ! F FLM]_ 3 ! OUTPUT
1 L b +
! S Rg2 1k 8
I_____L___‘q'10k ::R4
>
N . WA \V/ R6 <£ +Vs T2 OUT COMMON
, Cin2 Re2 23 24 10k c1
| A7uF/ 49.9Q 1 1pF FILM \
! 63V ! 4 1 D1,
______ ! | i
u2B p2 1N4s8
OP-275GP i¢
NOTES: : 1N4s8
1) 21-24 1N752 (SEE TEXT). 6 RS
2) Cnx Cox LOW LEAKAGE ELECTROLYTIC TYPES (SEE TEXT). 7 R
3) GAIN = G = 2 x ((10k/Rg ) +1) (SEE TEXT). +12e——AA
4) ALL RESISTORS 1% METAL FILM.
5) DOTTED PHANTOM POWER RELATED COMPONENTS OFTIONAL (SEE TEXT). —
c2
1pFFILM

Figure 8.9

The SSM-2017 IC preamp is suitable
for use in transformerless mic preamps,
with an input noise of less than
1nVVHz, high CM rejection and low
distortion. Gain of this 8 pin IC is set by
one external resistor, “Ry’, and is
adjustable over a range of 1-1000 (0 to
60dB). Differential inputs at pins 2-3
allow balanced input signals, with a

single- ended output signal developed
between the output (6) and reference (5)
pins.

The SSM-2017 is used here in a gain-
programmable input stage, which then
drives a fixed gain of 2 OP- 275 high
current output buffer and DC servo.
The buffer provides low distortion drive
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into 600Q loads, with the second half of
U2 used as a servo, for low output DC
offset (< 2mV).

In the U1 stage, gain is set by resis-
tance Ry. Combined with the gain of
two in the U2 stage, the overall preamp
numeric gain “G” is:

10,000Q2
G=2f:—R_+1" Eq. 8.4
g

Rg can be either a reverse log pot, or a
switch controlled resistance used as a

gain control for the entire circuit. The

Rg value for a given gain G is:

_ 20,0000

Eq. 8.5
€ G-2

R

Figure 8.10 gives R, values for various
gains, using the closest standard 1%
resistor values.

GAIN TABLE FOR TRANSFORMERLESS MIC PREAMP

GAIN GAININ dB RG () *
2 6 Open
4 12 10,000
10 20 2,490
20 26 1,100
31.6 30 681
40 32 523
100 40 205
200 46 100
316 50 63.4
400 56 49.9
1000 60 20
2000 66 10

* R@ is rounded to closest 1% value

Figure 8.10

Another important requirement for
transformerless preamps is that they
must be immune to transient damage
related to phantom power supplies.
With the use of microphone phantom
powering, 48V DC power is fed CM to a
remote mic capsule, while the balanced
audio signal received back from the mic
must be amplified cleanly with no side
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effects from the DC. For steady state
conditions this is simple, but switching
transients from the DC power can kill
an amplifier input stage if it is not
protected. Transformerless mic preamps
must be protected against power
surges, yet must also operate with best
performance.



Normally coupling capacitors C;j,1 and
C;in2 decouple the phantom power DC
level, passing the balanced audio signal
to Ul. But, when the phantom power is
switched on/off, or the mic cable is
plugged in/out, potentially destructive
transients of up to +48V are coupled
through C;,1 and C;,9, and appear
across Ry 1 and/or Ry 9. If these tran-
sients are not safely dissipated, they
can cause destruction of Ul. This ap-
plies to virtually any amplifier input
stage, not just the SSM-2017, since
energy stored in the coupling capacitors
can develop peak discharge currents of
several amperes.

Here CM voltage limiting is used on
each of the differential input lines, with
pairs of back-to-back low voltage
zeners, Z1-Z2 and Z3-Z4, standard
400mW, Vz=5.1V units from the 1IN750
series. Peak current limiting for tran-
sient discharge is provided by the
protection resistors Rpj and Rpo.

This preamp can be operated with or
without phantom power, so it is logical
to optimize input connections so that
those portions of the circuit not essen-

R B R R,

lidl 1UI plialllviil power are nov 111 Lue
signal path and the 48V DC power
being switched off when phantom power
is not in use. When phantom power is
used, the 48V supply should be inter-
locked with the bipolar power supply of
the amplifier to prevent switching on
phantom power with the amplifier
circuitry off.

AUDIO APPLICATIONS

Another source of problems with high
gain preamps is radio frequency inter-
ference (RFI). Input capacitor Cy, filters
frequencies above 135kHz before they
reach the preamp input. In addition,
further filtering is provided in the
second stage by R9-Cs, at 241kHz.

Additional RFI filtering can use several
methods. Separate low resistance inline
RF chokes or a single common mode
choke can be used in series with the two
inputs. RF bypassing of the SSM-2017
input transistors can also be used, from
pins 1-2 and 3-8 (shown on the sche-
matic as Cpfl/Cp2).

This amplifier’s performance is quite
good over gain ranges of 6-66dB

(2/1 to 2000/1). For a typical audio load
of 600Q2, THD+N at various gains and
an output level of 10Vrms is consistent
and well below 0.01%, for all but the
highest gains, where it becomes more
limited by noise, as shown in Figure
8.11. Noise performance is quite good,
at an operating gain of 1000 it is
equivalent to 1nV/VHz referred to the
preamp input. Maximum output is a
function of the power supplies, and can
be as uxsh as 10Vrms. Note that output
resistor Rg limits available swing
driving 600, but should be retained for
short circuit protection. Supply voltages
on the order of +20V are appropriate for
highest output into 600%, but the
circuit can also be operated on lower
supply voltages with lower maximum
output.
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THD + N PERFORMANCE OF TRANSFORMERLESS MIC
PREAMP VERSUS GAIN FOR Vout = 10V rms, R = 600Q

0.1
G=2000 )
o N Z /-—/
.c el .
= 0.010
3
T //
— A 7
////
1
n / \\’
G=200 G=20
0.001 L Ll
20 100 1k 10k 20k

FREQUENCY - Hz

Figure 8.11

The SSM-2017 device architecture is
basically similar to family predecessors
SSM-2015 and SSM-2016, but without
access to the internal gain resistors
(because of the 8 pin package). Both the
SSM-2015 and SSM-2016 can be ap-
plied in circuits similar to Figure 8.9
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with phantom powering, and have
virtues in their own right. For example,
the SSM-2016 can use supplies of up to
+36V, and has a high current output
stage (:40mA minimum). This enables
it to drive low impedance audio loads to
high levels.
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RIAA PHONO PREAMPLIFIERS

An example of an audio range preampli-
fier application requiring equalized
frequency response is the RIAA phono
preamp. While present day LP record
sales are quickly fading with the estab-
lishment of new digital media, for
completeness equipment will still be
designed to include phono playback
stages 