Intersil High-Rellability Products

ICL7605/I1CL7606
High Reliability

Commutating Auto-Zero (CAZ)

GENERAL DESCRIPTION

The ICL7605/ICL7606 CMOS commutating auto-zero
(CA2Z) instrumentation amplifiers are designed to replace
most of today’s hybrid or monolithic instrumentation amplifi-
ers, for low frequency applications from DC to 10Hz. This is
made possible by the unique construction of this Intersil de-
vice, which takes an entirely new design approach to low
frequency amplifiers.

Unlike conventional amplifier designs, which employ
three op-amps and require ultra-high accuracy in resistor
tracking and matching, the CAZ instrumentation amplifier
requires no trimming except for gain. The key features of
the CAZ principle involve automatic compensation for long-
term drift phenomena and temperature effects, and a flying
capacitor input.

The ICL7605/1CL7606 consist of two analog sections —
a unity gain differential to single-ended voltage converter
and a CAZ op amp. The first section senses the differential
input and applies it to the CAZ amp section. This section
consists of an operational amplifier circuit which continu-
ously corrects itself for input voltage errors, such as input
offset voltage, temperature effects, and long term drift.

The ICL7605/ICL7606 is intended for low-frequency op-
eration in applications such as strain gauge amplifiers which
require voltage gains from 1 to 1000 and bandwidths from
DC to 10Hz. Since the CAZ amp automatically corrects it-
self for internal errors, the only periodic adjustment required
is that of gain, which is established by two external resis-
tors. This, combined with extremely low offset and tempera-
ture coefficient figures, makes the CAZ instrumentation am-
plifier very desirable for operation in severe environments

Instrumentation Amplifier

FEATURES

© Exceptionally Low Input Offset Voltage — 2.V

® Low Long Term Input Offset Voitage Drift — 0.2.V/
Year

® Low Input Offset Voltage Temperature Coefficient —
0.05.V/°C

® Wide Common Mode Input Voltage Range — 0.3V
Above Supply Rail

¢ High Common Mode Rejection Ratio — 100 dB

* Operates at Supply Voltages As Low As +2V

® Short Circuit Protection On Outputs for +5V
Operation

¢ Static-Protected inputs — No Special Handling
Required

© Compensated (ICL7605) or Uncompensated
(ICL7606) Versions
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(temperature, humidity, toxicity, radiation, etc.) where equip- 0133-1
ment service is difficult. Figure 1: Pin Configuration
ORDERING INFORMATION
Order parts by the following part numbers:
Part Number Compensatian Temperature Range Package
ICL7605MJN INTERNAL -55°Cto +125°C 18-PIN CERDIP
ICL7606MJN EXTERNAL —55°Cto +125°C 18-PIN CERDIP
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ABSOLUTE MAXIMUM RATINGS

Total Supply Voltage (V* toV™) .........ooiiiinn 18v Continuous Total Power Dissipation (Note 4) ..... 500mwW

DRinputVoltage ............... (Vt—8)to(V*t +0.3)V Operating Temperature Range:

Input Voltage (Cq, Cp, C3, C4 +DIFF IN, —DIFF IN, ICL7605/ICL7606M ............... —55°Cto +125°C
—{INPUT, BIAS, OSC), Storage Temperature Range .......... —65°Cto +150°C
(Note1) .........ocvvvnennn (V- —03)to(Vt +0.3)V Lead Temperature (Soldering, 10sec) ............. 300°C

Differential Input Voltage (+ DIFF IN to —DIFF IN)

(Note2) ..........oovnnnnn V- —03)to(Vt +0.3)V

Duration of Output Short Circuit (Note 3) ........ Unlimited

NOTE: Stresses above those listed under “Absolute Maximum Ratings” may cause permanent damage to the device. These are stress ratings only and functional

operation of the device at these or any other conditions above those indi d in the op X jons of the ifications is not implied. Exposure to absolute

maximum rating conditions for axtended periods may affect device rokiability.

Note 1: Due to the SCR structure inherent in all CMOS devices, exceeding these limits may cause destructive latch up. For this reason, it is recommended that no
inputs from sources operating on a separate power supply be applied to the 7605/6 before its own power supply is established, and that when using
multiple supplies, the supply for the 7605/6 should be turned on first.

Note 2: No restrictions are placed on the differential input voltages on either the +DIFF IN or —DIFF IN inputs so long as these voltages do not exceed the power
supply voltages by more than 0.3V.

Note 3: The outputs may be shorted to ground (GND) or to either supply (V*+ or V—). Temperatures and/or supply voltages must be limited to insure that the
dissipation ratings are not exceeded.

Note 4: For operation above 25°C ambient temperature, derate 4mW/°C from 500mW above 25°C.

ELECTRICAL CHARACTERISTICS

Test Conditions: v+ = +5v,v—= -5V, Ta= +25°C, DR pin connected to V+ (fcom = 160Hz, fcom1 = 80Hz),
Cy=Cp=Cg=C4=1uF, Test Circuit 1 unless otherwise specified.

Symbol Parameter Test Conditions Vaiue Units
Min | Typ | Max
Vos Input Offset Voltage Rs<1kQ2 Low Bias Setting +2 Ny
Med Bias Setting +2| t5 pv
High Bias Setting +7 nv
MIL version over temp. Med Bias Setting +30 nv
AVpg/AT | Average Input Offset Low or Med Bias Settings —55°C>Tp> +25°C 001]| 02 | uv/°C
Voltage Temperature +25°C>Tp> +125°C 0.05| 0.2 | pv/°C
Coefficient (Note 5)
AVos/At | Long Term Input Low or Med Bias Settings 0.5 uV/Year
Offset Voltage Stability
CMVR Common Mode Input Range -53 +53 \
CMRR Common Mode Cosc=0, DR connected to V+, Cg=C4=1pF 94 dB
Rejection Ratio Cosc= 1p.F, DR connected to GND, 100 dB
C3=Cy=1pF
Cosc = 1uF, DR connected to GND, 104 dB
Ca=Cyq=10puF
PSRR Power Supply Rejection Ratio 110 dB
—lglas —INPUT Bias Current Any bias setting, fo=160Hz 0.15| 1.5 nA
(Includes charge injection currents)
Equivalent Input Noise Low Bias Mode 40 nv
én(p-p) | Voltage peak-to-peak Band Width Med Bias Mode 40 Y
0.1 to 10Hz High Bias Mode 5.0 uv

2-291




Intersil High-Reliability Products

ICL7605/ICL7606

ELECTRICAL CHARACTERISTICS

Test Conditions: v+=+5v,v—=-5v, T,= +25°C, DR pin connected to V+ (fcom = 160Hz,

C1=C2=C3=Cy=1pF, Test Circuit 1 unless otherwise specified. (Continued)

fcomt = 80Hz),

Symbol Parameter Test Conditions Value Units
Min Typ Max
en Equivalent Input Band Width
Noise voltage 0.1to 1.0Hz All Bias Modes 1.7 nv
AvoL Open Loop Voltage Gain RL=10kQ Low Bias Setting 90 105 dB
Med Bias Setting 90 105 dB
High Bias Setting 80 100 dB
Vo Maximum Output Ry =1MQ 149 v
Voltage Swing R =100k} +4.8 \
Ry =10k Positive Swing +4.4 v
Negative Swing —45 \
GBW Bandwidth of input C3=C4=1uF Al Bias Modes 10 Hz
Voitage Translator
fcom Nominal Commutation Cosc=0 DR Connected to V+ 160 Hz
Frequency DR Connected to GND 2560 Hz
fcomt Nominal Input Converter Cosc=0 DR Connected to V+ 80 Hz
Commutation Frequency DR Connected to GND 1280 Hz
VBH Bias Voltage Low Bias Setting v+t-03 | v+ v++03 v
Vam required to set Med Bias Setting V-+14 | GND | V+-14 \
VBL Quiescent Current High Bias Setting V--03 ' V-+03 v
IBlas Bias (Pin 8) Input Current +30 pA
DR Division Ratio Input V+—8.0<Vpr<V+ +0.3 volt +30 pA
Current
VDRH DR Voiltage required to Internal oscillator division ratio 32 vV+-0.3 V++0.3 \
VDRL set Oscillator division ratio | Internal oscillator division ratio 2 v+-8 vVt—14 v
Effective Impedance of
Ras Voltage Translator 30 kQ
Analog Switches
Isupp Supply Current High Bias Setting 7 15 mA
Med Bias Setting 1.7 5 mA
Low Bias Setting 0.6 1.5 mA
V+—V— | Operating Supply High Bias Setting 5 10 \
Voltage Range Med or Low Bias Setting 4 10 \'

Note 5: For Design only, not tested.
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS (Continued)
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Figure 4: Test Circuit 1
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Figure 5: Test Circuit 2
DC to 10Hz Unity Gain Low Pass Filter

DETAILED DESCRIPTION

CAZ Instrumentation Amp Overview

The CAZ instrumentation amplifier operates on principles
which are very different from those of the conventional
three op-amp designs, which must use ultra-precise
trimmed resistor networks in order to achieve acceptable
accuracy. An important advantage of the ICL7605/ICL7606
CAZ instrumentation amp is the provision for self-compen-
sation of internal error voltages, whether they are derived
from steady-state conditions, such as temperature and sup-
ply voltage fluctuations, or are due to long term drift.

The CAZ instrumentation amplifier is constructed with
monolithic CMOS technology, and consists of three distinct
sections, two analog and one digital. The two analog sec-
tions — a differential to single-ended voltage converter, and
a CAZ op amp — have on-chip analog switches to steer the
input signal. The analog switches are driven from a self-
contained digital section which consists of an RC oscillator,
a programmable divider, and associated voltage translators.
A functional layout of the ICL7605/ICL7606 is shown in Fig-
ure 6.
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Figure 6: Simplified Block Diagram

The ICL7605/ICL7606 have approximately constant
equivalent input noise voltage, CMRR, PSRR, input offset
voltage and drift values independent of the gain configura-
tion. By comparison, hybrid-type modules which use the tra-
ditional three op amp configuration have relatively poor per-
formance at low gain (1 to 100) with improved performance
above a gain of 100.

The only major limitation of the ICL7605/ICL7606 is its
low-frequency operation (10 to 20Hz maximum). However in
many applications bandwidth is not the most important pa-
rameter.

CAZ Op Amp Section

Operation of the CAZ op-amp section of the ICL.7605/
ICL7606 is best illustrated by referring to Figure 7. The ba-
sic amplifier configuration, represented by the large trian-
gles, has one more input than does a regular op amp — the
AZ, or auto-zero terminal. The voltage on the AZ input is
that level at which each of the internal op amps will be auto-
zeroed. In Mode A, op amp #2 is connected in a unity gain
mode through on-chip analog switches. It charges external
capacitor Co to a voltage equal to the DC input offset volit-
age of the amplifier plus the instantaneous low-frequency
noise voltage. A short time later, the analog switches recon-
nect the on-chip op amps to the configuration shown in
Mode B. In this mode, op amp #2 has capacitor Co (which
is charged to a voltage equal to the offset and noise voltage
of op amp #2) connected in series to its non-inverting (+)
input in such a manner as to null out the input offset and
noise voltages of the amplifier. While one of the on-chip op
amps is processing the input signal, the second op amp is in
an auto-zero mode, charging a capacitor to a voltage equal
to its equivalent DC and low frequency error voltage. The
on-chip amplifiers are connected and reconnected at a rate
designated as the commutation frequency (fcom), so that at
all times one or the other of the on-chip op amps is process-
ing the input signal, while the voltages on capacitors C4 and
Co are being updated to compensate for variables such as
low frequency noise voltage and input offset voltage chang-
es due to temperature, drift or supply voltages effects.
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Compared to the standard bipolar or FET input op amps,
the CAZ amp scheme demonstrates a number of important
advantages:

d Effective input offset voltages can be reduced from

1000 to 10,000 times without trimming.

. Long-term offset voltage drift phenomena can be
compensated and dramatically reduced.

* Thermal effects can be compensated for over a
wide operating temperature range. Reductions can
be as much as 100 times or better.

*  Supply voltage sensitivity is reduced.

CMOS processing is ideally suited to implement the CAZ
amp structure. The digital section is easily fabricated, and
the transmission gates (analog switches) which connect the
on-chip op amps can be constructed for minimum charge

injection and the widest operating voltage range. The ana-
log section, which includes the on-chip op amps, contrib-
utes performance figures which are similar to bipolar or FET
input designs. The CMOS structure provides the CAZ op-
amp with open-loop gains of greater than 100dB, typical
input offset voltages of +5mV, and ultra-low leakage cur-
rents, typically 1pA.

The CMOS transmission gates connect the on-chip op
amps to external input and output terminals, as shown in
Figure 8. Here, one op amp and its associated analog
switches are required to connect each on-chip op amp, so
that at any time three switches are open and three switches
are closed. Each analog switch consists of a P-channel
transistor in paraliel with an N-channel transistor.
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DIFFERENTIAL-TO-SINGLE-ENDED
UNITY GAIN VOLTAGE CONVERTER

An idealized schematic of the voltage converter block is
shown in Figure 9. The mode of operation is quite simple,
involving two capacitors and eight switches. The switches
are arranged so that four are open and four are closed. The
four conducting switches connect one of the capacitors
across the differential input, and the other from a ground or
reference voitage to the input of the CAZ instrumentation
amp. The output signal of this configuration is shown in Fig-
ure 10, where the voltage steps equal the differential volt-
age (Va-Vp) at commutation times a, b, ¢, etc. The output
waveform thus represents all information contained in the
input signal from DC up to the commutation frequency, in-
cluding commutation and noise voltages. Sampling theory
states that to preserve the information to be processed, at
least two samples must be taken within a period (1/f) of the
highest frequency being sampled. Consequently this
scheme preserves information up to the commutation fre-
quency. Above the commutation frequency, the input signal
is translated to a lower frequency. This phenomenon is
known as aliasing. Although the output responds to inputs
above the commutation frequency, the frequencies of the
output responses will be below the commutation frequency.

OIFFERENTIAL
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voLTAGE 27 'c\

NG

OUTPUT GND OR
VOLTAGE

L3
VOLTAGE

A A
INPUT COMMUTATION
PERIOD (Vicom)
0133-23
Figure 10: Input to Output Voltage
waveforms from the differential to single
ended voltage converter. For additional
information, see frequency characteristics in
Amplitude Response of the Input Differential
to single ended voltage converter graph on
page 5.
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The voltage converter is fabricated with CMOS analog
switches, which contain a parallel combination of P-channel
and N-channel transistors. The switches have a finite ON
impedances of 30k}, plus parasitic capacitances to the
substrate. Because of the charge injection effects which ap-
pear at both the switches and the output of the voltage
converter, the values of capacitors C3 and C4 must be
about 1uF to preserve signal translation accuracies to
0.01%. The 1uF capacitors, coupled with the 30k} equiva-
lent impedance of the switches, produce a low-pass filter
response from the voltage converter which is down approxi-
mately 3dB at 10Hz.

APPLICATIONS

Using the ICL7605/1CL7606 to Build a
Digital Readout Torque Wrench

A typical application for the ICL7605/ICL7606 is in a
strain gauge system, such as the digital readout torque
wrench circuit shown in Figure 6. In this application, the
CAZ instrumentation amplifier is used as a preamplifier, tak-
ing the differential voitage of the bridge and converting it to
a single-ended voltage referenced to ground. The signal is
then amplified by the CAZ instrumentation amplifier and ap-
plied to the input of a 3-1/, digit dual-slope A/D converter
which drives the LCD panel meter display. The A/D con-
verter device used in this instance is the Intersil ICL7106.

In the digital readout torque wrench circuit, the reference
voltage for the ICL7106 is derived from the stimulus applied
to the strain gauge, to utilize the ratiometric capabilities of

2-298

the A/D. In order to set the full-scale reading, a value of
gain for the ICL7605/ICL7606 instrumentation CAZ amp
must be selected along with an appropriate value for the
reference voltage. The gain should be set so that at full
scale, the output will swing about 0.5V. The reference voit-
age required is about one-half the maximum output swing,
or approximately 0.25V.

In this type of system, only one adjustment is required.
Either the amplifier gain or the reference voltage must be
varied for full-scale adjustment. Total current consumption
of all circuitry, less the current through the strain gauge
bridge, is typically 2mA. The accuracy is limited only by re-
sistor ratios and the transducer.

SOME HELPFUL HINTS

Testing the ICL7605/ICL7606 CAZ
Instrumentation Amplifier

Figure 4 and 5 (Test Circuits) provide a convenient means
of measuring most of the important electrical parameters of
the CAZ instrumentation amp. The output signal can be
viewed on an oscilloscope after being fed through a low-
pass filter. It is recommended that for most applications, a
low-pass filter of about 1.0 to 1.5Hz be used to reduce the
peak-to-peak noise to about the same level as the input
offset voltage.

The output low-pass filter must be a high-input imped-
ance RC type — not simply a capacitor across the feedback
resistor Rp. Resistor and capacitor values of about 100k
and 1.0pF are necessary so that the output load impedance
on the CAZ op-amp is greater than 100k,
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Figure 12: Effect of a load capacitor on output voitage waveforms.
Bias Control tic in the direction of the auto-zero voltage and a high-im-

The on-chip op amps consume over 90% of the power
required by the ICL7605/ICL7606. For this reason, the inter-
nal op amps have externally programmable bias levels.
These levels are set by connecting the BIAS terminal to
either V+, GND, or V—, for LOW, MED or HIGH BIAS lev-
els, respectively. The difference between each bias setting
is about a factor of 3, allowing a 9:1 ratio of quiescent sup-
ply current versus bias setting. This current programmability
provides the user with a choice of device power dissipation
levels, slew rates (the higher the slew rate, the better the
recovery from commutation spikes), and offset errors due to
“IR"” voltage drops and thermoelectric effects (the higher
the power dissipation, the higher the input offset error). in
most cases, the medium bias (MED BIAS) setting will be
found to be the best choice.

Output Loading (Resistive)

With a 10k load, the output voltage swing can vary
across nearly the entire supply voltage range, and the de-
vice can be used with loads as low as 2kQ.

However, with loads of less than 50k(2, the on-chip op
amps will begin to exhibit the characteristics of transcon-
ductance amplifiers, since their respective output imped-
ances are nearly 50k2 each. Thus the open-loop gain is
20dB less with a 2k load than it would be with a 20k
load. Therefore, for high gain configurations requiring high
accuracy, an output load of 100k or more is suggested.

There is another consideration in applying the CAZ instru-
mentation op amps which must not be overlooked. This is
the additional power dissipation of the chip which will result
from a large output voltage swing into a low resistance load.
This added power dissipation can affect the initial input off-
set voltages under certain conditions.

Output Loading (Capacitive)

In many applications, it is desirable to include a low-pass
filter at the output of the CAZ instrumentation op amp to
reduce high-frequency noise outside the desired signal
passband. An obvious solution when using a conventional
op amp would be to place a capacitor across the external
feedback resistor and thus produce a low-pass filter.

However, with the CAZ op amp concept this is not possi-
ble because of the nature of the commutation spikes. These
voltage spikes exhibit a low-impedance characteris-

pedance characteristic on the recovery edge, as shown in
Figure 12. It can be seen that the effect of a large load
capacitor produces an area error in the output waveform,
and hence an effactive gain error. The output low-pass filter
must be of a high-impedance type to avoid these area er-
rors. For example, a 1.5Hz filter will require a 100k resistor
and a 1.0puF capacitor, or a 1MQ resistor and a 0.1pF ca-
pacitor.

Oscillator and Digital Circuitry
Considerations

The oscillator has been designed to run free at about
5.2kHz when the OSC terminal is open circuit. If the full
divider network is used, this will result in a nominal commu-
tation frequency of approximately 160Hz. The commutation
frequency is that frequency at which the on-chip op amps
are switched between the signal processing and the auto-
zero modes. A 160Hz commutation frequency represents
the best compromise between input offset voltage and low
frequency noise. Other commutation frequencies may pro-
vide optimization of some parameters, but always at the ex-
pense of others.

The oscillator has a very high output impedance, so that a
load of only a few picofarads on the OSC terminal will cause
a significant shift in frequency. It is therefore recommended
that if the natural oscillator frequency is desired (5.2kHz)
the terminal remains open circuit. In other instances, it may
be desirable to synchronize the oscillator with an external
clock source, or to run it at another frequency. The
ICL7605/ICL7606 CAZ amp provides two degrees of flexi-
bility in this respect. First, the DR (division ratio) terminal
allows a choice of either dividing the oscillator by 32 (DR
terminal to V+) or by 2 (DR terminal to GND) to obtain the
commutation frequency. Second, the oscillator may have its
frequency lowered by the addition of an external capacitor
connected between the OSC terminal and the V+ or sys-
tem GND terminals. For situations which require that the
commutation frequency be synchronized with a master
clock, (Figure 13) the OSC terminal may be driven from TTL
logic (with resistive pull-up) or by CMOS logic, provided that
the V+ supply is +5V (+10%) and the logic driver also
operates from a similar voltage supply. The reason for this
requirement is that the logic section (including the oscillator)
operates from an internal —5V supply, referenced to V+
supply, which is not accessible externally.
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ICL7605/ICL7606

Thermoelectric Effects

The ultimate limitations to ultra-high-sensitivity DC amplifi-
ers are due to thermoelectric, Peltier, or thermocouple ef-
fects in electrical junctions consisting of various metals (al-
loys, silicon, etc.) Unless all junctions are at precisely the
same temperature, small thermoelectric voltages will be
produced, generally about 0.1uV/°C. However, these volt-
ages can be several tens of microvolts per °C for certain
thermocoupie materials.
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Figure 13: ICL7605 being clocked from external
logic into the osciliator terminal.

In order to realize the extremely low offset voltages which
the CAZ op amp can producs, it is necessary to take pre-
cautions to avoid temperature gradients. All components
should be enclosed to eliminate air movement across de-
vice surfaces. In addition, the supply voltages and power
dissipation should be kept to a minimum by use of the MED
BIAS setting. Employ a high impedance load and keep the
ICL7605/ICL7606 away from equipment which dissipates
heat.

Component Selection

The four capacitors (C4 thru C,) should each be about
1.0pF. These are relatively large values for non-electrolytic
capacitors, but since the voltages stored on them change
significantly, problems of dielectric absorption, charge
bleed-off and the like are as significant as they would be for
integrating dual-slope A/D converter applications. Polypro-
pylene types are the best for C3 and C4, although Mylar
may be adequate for C4 and C».

Excelient results have been obtained for commercial tem-
perature ranges using several of the less-expensive, small-
er-size capacitors, since the absolute values of the capaci-
tors are not critical. Even polarized electrolytic capacitors
rated at 1.0uF and 50V have been used successfully at
room temperature, although no recommendations are made
concerning the use of such capacitors.
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Commutation Voltage Transient Effects

Although in most respects the CAZ instrumentation ampli-
fier resembles a conventional op amp, its principal applica-
tions will be in very low level, low-frequency preamplifiers
limited to DC through 10Hz. The is due to the finite switch-
ing transients which occur at both the input and output ter-
minals because of commutation effects. These transients
have a frequency spectrum beginning at the commutation
frequency, and including all of the higher harmonics of the
commutation frequency. Assuming that the commiutation
frequency is higher than the highest in-band frequency, then
the commutation transients can be filtered out with a low-
pass filter.

The input commutation transients arise when each of the
on-chip op amps experiences a shift in voltage which is
equal to the input offset voltages (about 5-10mV), usually
occurring during the transition between the signal process-
ing mode and the auto-zero mode. Since the input capaci-
tances of the on-chip op-amps are typically in the 10pF
range, and since it is desirable to reduce the effective input
offset voltage about 10,000 times, the offset voltage ‘auto-
zero capacitors Gy and Co must have values of at least
10,000 X 10pF, or 0.1uF each.

The charge that is injected into the input of each op amp
when being switched into the signal processing mode pro-
duces a rapidly-decaying voltage spike at the input, plus an
equivalent DC input bias current averaged over a full cycle.
This bias current is directly proportional to the commutation
frequency, and in most instances will greatly exceed the
inherent leakage currents of the input analog switches,
which are typically 1.0pA at an ambient temperature of
25°C.

The output waveform in Figure 4 (with no input signal) is
shown in Figure 14. Note that the equivalent noise voitage
is ampiified 1000 times, and that due to the slew rate of the
on-chip op amps, the input transients of approximately 7mV
are amplified by a factor of less than 1000.
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Figure 14: Output waveform from Test Circuit 1.
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Layout Considerations

Care should be exercised in positioning components on
the PC board particularly the capacitors Cq, C,, C3 and Cg,
which must all be shielded from the OSC terminal. Also,
parasitic PC board leakage capacitances associated with
these four capacitors should be kept as low as possible to
minimize charge injection effects.




