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Chopper-Stubilized Op Amp
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A great deal of progress has been made in op amp DC
characteristics. Carefully executed designs currently avail-
able provide sub-microvolt Vog AT drift, low bias currents
and open-loop gains exceeding one million. Considerable
design and processing advances were required to achieve
these specifications. Because of this, it is interesting to
note that amplifiers with even better DC specification
were available in 1963 (Philbrick Researches Model
SP656). Although these modular amplifiers were large
and expensive (=3" x 2" x 1.5" at $195.00 1963 dollars)
by modern standards, their DC performance anticipated
today’s best monolithic amplifiers while using relatively
primitive components. This was accomplished by employ-
ing chopper-stabilization techniques (see Box “Choppers,
Chopper-Stabilization and the LTC®1052”) instead of the
more common DC-differential stage approach.

The chopper-stabilized approach, developed by E. A.
Goldberg in 1948, uses the amplifier's input to amplitude
modulate an AC carrier. This carrier,amplified and synchro-
nously demodulated back to DC, furnishes the amplifier’s

output. Because the DCinputis translated to and amplified
as an AC signal, the amplifier's DG terms have no effect on
overall drift. Thisis the reason chopper-stabilized amplifiers
areabletoachieve significantly lowertime and temperature
drifts than classic differential types. Additionally, the AC
processing of the signal aids low frequency amplifier noise
performance and eliminates many of the careful design
and layout procedures necessary in a classic differential
approach. The mostsignificanttrade-offisincreased com-
plexity. The chopping circuitry and sampled data operation
of these amplifiers require significant attention for good
results. Additionally, the AC dynamics of chopper-stabilized
amplifiers are complex if bandwidths greater than the
chopping carrier frequency are required.

The LTC1052 is a third generation monolithic chopper-
stabilized amplifier. As the table in Figure 1 shows, it is
significantly better than previous monolithic chopper-stabi-
lized amplifiersin several areas. For comparison purposes,
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LTC1052 ICL7652 HA2904/5 LM11 LT1012
CHOPPER- CHOPPER- CHOPPER- AD547 LOW Ig LOW Ig
PARAMETER STABILIZED STABILIZED STABILIZED FET BIPOLAR BIPOLAR
Egs —25°C 5V 5V +50pV +250pV +300pV 35V
Egs AT/°C 0.05pv/°C 0.05pv/°C 0.4pV/°C 1uv/°C 3uv/°C 1.5uV/°C
Noise (1Hz BW) 0.5uVpp Typ 0.2uVp_p Typ* Specified as 4uVp.p 6uVp.p 0.5uVp.p
900nV/\Hz at
10Hz** Rs = 100kQ
Open-Loop Gain 120dB 120dB (25°C) 5x 108 Typ 2.5x10° 2.5x10° 3x10°
Bias Current—25°C 30pA 30pA 150pA Typ 25pA 50pA 100pA
CMRR 120dB 110dB (25°C) 120dB 80dB 110dB 114dB
PSRR 120dB 110dB (25°C) 120dB 100dB 100dB 114dB
Input Common Mode Range V2.3V V1.5V +10V at V=2V V+/-0.5V V1.5V
V/+0V V/+0.7V +15V Supply V/+3V V7/+1.5V V7/+1.5V
Slew Rate 4V/us 0.5V/ps 2.5V/us 3V/ps 0.3V/ps 0.1V/ps
GBW 1MHz 0.45MHz 3MHz 1MHz 0.8MHz 0.8MHz
*Unable to verify by laboratory testing. Measured at 0.7pVp_p
**Measured at 5pVp.p in a 1Hz bandwidth
Figure 1
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Applicution Note 9

conventional FET input and bias current compensated
bipolar types are also listed. Noise has been a particular
concern with previous monolithic chopper designs and
Figure 2 is a strip chart of the LTC1052’s performance at
two measurement bandwidths. Additionally, the LTC1052’s
input common mode range includes V-, making single
supply operation more practical.

Considerableattentionto DC parasitics, particularly thermal
EMFs, is required if the LTC1052’s ultralow drift is to be
fully utilized. Any connection of dissimilar metals produces
a potential which varies with the junction’s temperature
(Seeback effect). As temperature sensors, thermocouples
exploit this phenomenon to produce useful information.
In low drift amplifier circuits the effect is probably the
primary source of error. Connectors, switches, relay con-

tacts, sockets, wire and even solder are all candidates for
thermal EMF generation. It is relatively clear that connec-
tors and sockets can form thermal junctions. However, it
is not at all obvious that junctions of wire from different
manufacturers can easily generate 200nV/°C—four times
the LTC1052’s drift specification! Figure 3 shows a plot
obtained for such a wire junction. Even solder can become
anerrortermat low levels, creating a junction with copper
or Kovar wires or PC traces (see Figure 4).

Minimizing thermal EMF induced errors is possible if judi-
cious attention is given to circuit board layout. In general,
it is good practice to limit the number of junctions in the
amplifier’s input signal path. Avoid connectors, sockets,
switches and other potential error sources to the extent
possible. In some cases this will not be possible. In these
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Figure 3. Thermal EMF Generated by Two Wires
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Figure 4. Solder-Copper Thermal EMFs
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Applicution Note 9

instances, attemptto balance the numberand type of junc-
tionsinthe amplifierinputs so that differential cancellation
occurs. Doing this may involve deliberately creating and
introducing junctionsto offset unavoidable junctions. This
practice, borrowed from standard lab procedures, can be
quite effective in reducing thermal EMF originated drifts.
Figure 5 shows a simple example where a nominally un-
necessary resistor is included to promote such thermal
balancing. For remote signal sources such astransducers,
connectors may be unavoidable. In these cases choose a
connector specified for relatively low thermal EMF activity
andensureasimilarly balanced approachin routing signals
through the connector, along the circuit board and to the
amplifier. If some imbalance is unavoidable, deliberately
introduce an intentional counterbalancing junction. In all
cases maintain the junctions in close physical proximity,
which willkeepthem atthe same temperature. Avoid drafts
and temperature gradients, which can introduce thermal
imbalances and cause problems. Figure 6 shows the
LTC1052 set up inatest circuit to measure its temperature
stability. The lead lengths of the resistors connected to the
amplifier's inputs are identical. The thermal capacity each
input sees is also balanced because of the symmetrical
connection of the resistors and their identical size. Thus,
thermal EMF induced shifts are equal in phase and ampli-
tude and cancellation occurs. Very slight air currents can
still affect even this arrangement. Figure 7 shows strip

DELIBERATE SPLICE MAY BE
DESIRABLE TO BALANCE OTHER

JUNCTIONS
NOMINALLY UNNECESSARY
RESISTOR USED T0 LEAD WIRE/SOLDER/COPPER

THERMALLY BALANCE OTHER TRAGE JUNCTION
INPUT RESISTOR
—— 1 a3 X/ +

RESISTOR LEAD, SOLDER,
COPPER TRACE JUNCTION

p— OUTPUT
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Figure 5. Typical Thermal Layout Considerations

charts of output noise with the circuit covered by a small
Styrofoam cup (HANDI-KUP Company Model H8-S) and
with no cover in “still” air. This data illustrates why it is
often prudent to enclose the LTC1052 and its attendant
components inside some form of thermal baffle.

Thermal EMFs are the most likely, but notthe only, potential
low level error source. Electrostatic and electromagnetic
shielding may be required. Power supply transformer
fields are notorious sources of errors often mistakenly
attributed to amplifier DC drift and noise. A transformer’s
magnetic field impinging on a PC trace can easily gener-
ate microvolts across that conductor in accordance with
well-known magnetic theory. The amplifier cannot distin-
guish between this spurious signal and the desired input.
Attempts to eliminate the problem by rolling off amplifier
gain with a feedback capacitor may work, but often the
filtered version of the undesired pickup masquerades asan
unstable DC term in the output. The most direct approach
is to use shielded transformers, but careful layout may be
equally effective and less costly. A circuit which requires
the transformer to be close by to achieve a good quality
grounding scheme may be distributed by the transformer’s
magnetic field. An RF choke connected across a scope
probe can determine the presence and relative intensity
of transformer fields, aiding layout experimentation.
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Figure 6. Recommended Drift Test Circuit
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Figure 7. DC-to-1Hz Noise Test Circuit

Another source of parasitic error is stray leakage current.
The LTC1052’s 30pA bias current allows operation from
very high source impedances. Insuch cases it is desirable
to prevent stray leakage currents from reaching the inputs.
The simplest way to do this is to connect the amplifier
inputs directly to the signal source via a Teflon standoff.
Because the amplifier inputs never contact the PC board,
stray leakage currents do not affect them. Although this
approach is effective, its implementation may not be ac-
ceptable in production. Guarding is another technique to
minimize board leakage effects. The guard is a PC trace
completely encircling the input. This trace is driven (see
Figure 8) ata potential equal to that of the input, preventing
leakage to the amplifier input terminal. On PC boards, the
guard should enclose the input(s) to be protected, with
signal connections made directly to the amplifier input.

Afinal form of parasitic is on particular to all carrier-based
amplifiers. If the amplifier is operating in a circuit which
contains clocking or oscillation with substantial harmonic
content at or near its carrier frequency (e.g., fromanother
LTC1052), erratic operationis possible. This s particularly
the case if inductors or transformers radiate magnetic
fields related to the clocking or oscillation. The undesired
interaction betweenthe amplifier's chopping sequence and
the externally generated AC signals may cause mixing the
beat frequencies to occur, resulting in errors in the output.
The LTG1052 s not particularly sensitive in this regard, but
synchronizing its internal oscillator with external circuit
clocking precludes this problem. The 14-pin version of
the LTC1052 features a pin which allows the internal clock
to be synchronized to an external signal. Input signals
containing substantial AC content may also cause this
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Applicution Note 9

problem if the AC signal has strong spectral components
related to the chopping frequency. In applications where
such AC input components exist, it may be necessary
to drive the LTC1052 from an external clock source at a
frequency which has no harmonic relationship with the
input signal. For example, a 372Hz clock frequency will
prevent 60Hz input components from affecting amplifier
operation.

Applications

Once alerted to the potential problems previously out-
lined, the engineer is prepared to design circuits around
the LTC1052. The most obvious applications are at low
level DC, where the low drift will improve performance
over other amplifiers. More subtlely, it is possible to
exploit the LTC1052’s low offset uncertainties to extend

GUARD DRIVE

Hi-Z SOURCE

the dynamic range of circuit operation. The circuits
which follow demonstrate these points, using relatively
straightforward examples of improvements in low level,
precision performance. Additional, less obvious, circuits
use the LTC1052 to stabilize and enhance the performance
of a variety of functions including data converters, buffers
and comparators.

Standard Grade Variable Voltage Reference

Figure 9 diagrams a standard lab grade variable voltage
reference. This circuit combines a pair of LTG1052s with
high grade saturated standard cells and other components
to produce anextremely stable reference source. The circuit
may be used to calibrate 6 1/2 digit voltmeters, ultrahigh
resolution data converters and other apparatus requiring
high order traceability to primary standards.
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Figure 9. Standard Grade Variable Voltage Reference
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Applicution Note 9

The SCO-106 saturated cells furnish a reference voltage
which is buffered and amplified to precisely 10V by A1.
A1’s output drives a seven place settable Kelvin-Varley
divider with 1ppmaccuracy. A2’s low bias currentand high
CMRR allow it to unload the divider without introducing
significanterror. To calibrate this circuit, adjust A1’s output
for exactly 10V by selecting the feedback resistor and fine
trimming the 20M<Q potentiometer. A1’s output should
be measured with equipment having order traceability to
primary NBS standards. Once calibrated, this circuit will

provide worst-case 0.0014% accuracy over one year’s
time and +5°C temperature excursions. Figure 10 details
error sources. Note that the amplifiers contribute only
about 1.3ppm (0.00013%) of the total.

Ultra-Precision Instrumentation Amplifier

An ultra-precision instrumentation amplifier appears in
Figure 11. This circuit offers greater accuracy and lower
driftthanany commercially available IC, hybrid or module.

SC0-106 Reference/2ppm/Year =2ppm
A1-0.05pV/°C x A=3x5°C =0.75pV =0.075ppm
A2 -0.05pV/°C x A=1x5°C =0.25pV =0.025ppm
A1 + A2 Time Drift/Year = 2uV =0.02ppm
KVD - 0.5ppm/°C x 5°C + 1ppm/Year = 3.5ppm =3.5ppm
Resistors — 0.1ppm/°C Ratio 5°C + 2ppm/Year = 2.5ppm =2.5ppm
A2 CMRR Error =1ppm 1.2ppm =1.2ppm
A2 Loading Error  =0.2ppm 9.32ppm

Figure 10. Error Sources for Ultra-Precision Voltage Reference
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Figure 11. Ultra-Precision Instrumentation Amp
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Applicution Note 9

Additionally, it will run from a single 5V power supply.
The LTC1043 switched-capacitorinstrumentation building
block provides a differential-to-single-ended transition
using a flying capacitor technique. C1 alternately samples
the differential input signal and charges ground referred G2
with this information. The LTC1052 measures the voltage
across G2 and provides the circuit’s output. Gain is set by
theratio of theamplifier's feedback resistors. Normally, the
LTC1052’s output stage can swing within 15mV of ground.
If operationallthe way tozerois required, the circuit shown
in dashed lines may be employed. This configuration uses
the remaining LTC1043 sectionto generate asmall negative
voltage by inverting the diode drop. This potential drives
the 10k pull-down resistor, forcing the LTC1052’s output
into class A operation for voltages near zero. Note that
the circuit’s switched-capacitor frontend forms a sampled
datafilterallowing common mode rejection ratio to remain
high, even with increasing frequency. The 0.0047pF unit
sets front-end switching frequency atafew hundred hertz.
The chart details circuit performance.

High Performance Isolation Amplifier

Instrumentationamplifiers cannot be used to signal condi-
tion all differential signals. In factory and process control
environments, severe grounding and common mode volt-
ages often mandate the requirementforisolationamplifiers.
Isolation amplifiers feature inputs which are galvanically
isolated from their output and power connections. This
allows the amplifier to ignore the effects of ground loops
and operate at input common mode voltages many
times the power supply voltage. Implementing a precise,
low drift isolation amplifier is not easy, and commercial
units are quite expensive. Figure 12 shows a circuit with
0.03% transfer accuracy and the 50nV/°C input drift of the
LTC1052. As shown, the circuit provides a gain of 1000
and will operate at 250V input common mode levels.

The circuit works by amplitude modulating the output of
a signal conditioning amplifier through a transformer. A
synchronous demodulatorfilter reconstructs the amplifier’s
original outputandfurnishesthe circuit’s output. Aseparate
oscillator and transformer provide power to the amplifier,
preserving galvanic isolation between the circuit’s input
and output ports.

Three 74C04 gates and their associated components form
an oscillator which provides complementary drive to Q5

and Q6. These devices energize L1, which generates float-
ing power on the input side of the dashed barrier shown.
Simultaneously, the oscillator provides slightly delayed
complementary drive to the Q1-Q2 FET switches via the
330Q-100pF network and the additional inverters. The
floating power produced by L1 is rectified and filtered
and drives the LTC1052 (A1) via the Zener drops of the
transistors. The 15V floating power is brought out so it
can be used to power transducers or other loads. Inter-
action between the transformers chopping carrier and
A1’s internal oscillator is avoided by synchronizing the
amplifier to the carrier via the two decade counters. Q3
and Q4, driven by opposing phase carrier signals derived
from L1, chop A1’s output into L2. This modulated signal
information is received at L2’s other winding. Because
Q1 and Q2 are driven synchronously with Q3 and Q4,
they demodulate the amplitude and phase (e.g., plus
or minus polarity) information in the carrier. The 330Q-
100pF network compensates for the slight skew in switch
drive signals on opposing sides of L2, minimizing gain
error. L2’s output (Pin 2) is RC filtered at A2, which also
provides the circuit’s output. Slight switching errors in
the modulator-demodulator result in very small gain dif-
ferences between positive and negative outputs at Pin 2
of L2. This effect is compensated by the diode-resistor
network in A2’s output, which provides a small decrease
in gain for negative outputs.

Figure 13 shows the response of the isolation amplifier to
a sine wave input. For this test, the floating common and
circuitgroundsaretied together. Trace Ais the inputapplied
to A1. Trace B, taken at Pin 4 of L2, shows A1’s amplified
output being modulated into the transformer. Trace C,
obtained at Pin 1 of L2, depicts the received modulated
waveformasitis synchronously demodulated. The filtered
andfinal output of A2 appears in Trace D. The 25kHz carrier
limits full-power bandwidth of this circuit to about 500Hz,
adequate for process control and transducer applications.
The transformers used set a voltage breakdown specifica-
tion of 250V, although higher levels are achievable with
different devices. As shown, circuit gain is 1000, allowing
amplification of a £5mV signal riding on 250V of common
mode to a 5V output. Gain accuracy is 0.03% with a gain
drift of typically 50ppm/°C. Input referred drift is set by
the LTC1052’s 50nV/°C specification.

anof

LY N

ANO-7



Applicution Note 9
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Figure 13. Waveforms for Isolation Amplifer
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Applicution Note 9

To trim this circuit, tie A1’s input to floating common and
adjust the zero trim for OV output. Next, connect Al’s
input to a 5mV source and adjust the gain trim at A2 for
exactly 5.000Vqy7. Finally, connect A1’s input to a -5mV
source and select the 10MQ value in A2’s feedback path
fora-5.000V output reading. Repeat this procedure until
all three points are fixed.

Stabilized, Low Input Capacitance Buffer (FET Probe)

A recurring requirement in automatic semiconductor
testing and probing equipment is for a highly stable unity-
gain buffer amplifier with low input capacitance. Such an
amplifier is also useful for other circuit chores where it is
desirabletoaccurately monitorapoint withoutintroducing
any significant AC or DC loading terms. Figure 14 shows
such a circuit. Q1 and Q2 constitute a simple, high speed
FET input buffer. Q1 functionsas asource follower, with the
Q2 current source load setting the drain-source channel

l 5V

——— Ilalm
INPUT ——¢—— ON5486
W 1N4148

p— OUTPUT

current. The LT®1010 buffer provides output drive capabil-
ity for cables or whatever load is required. Normally, this
open-loop configuration would be quite drifty because
there is no DC feedback. The LTC1052 contributes this
function to stabilize the circuit. It does this by comparing
the filtered circuit output to a similarly filtered version of
the input signal. The amplified difference between these
signals is used to set Q2’s bias, and hence Q1’s channel
current. This forces Q1’s Vgg to whatever voltage is re-
quired to match the circuit’s input and output potentials.
The diode in Q1’s source line ensures that the gate never
forward biases and the 2000pF capacitor at A1 provides
stable loop compensation. The RC network in A1’s output
prevents it from seeing high speed edges coupled through
Q2’s collector-base junction. A2’s outputis also fed back to
the shield around Q1’s gate lead, bootstrapping the circuit’s
effective input capacitance down to less than 1pF.

5V

TO POINT A

8Q TO POINT B
FERRITE BEAD /

FERRONICS p——— OUTPUT
#21-110J P S
:;SQ

ANO9 F14
NPN = 2N3866 v
=  PNP=2N5160 -5
ALTERNATE BUFFER

Figure 14. Fast, Stabilized FET Buffer
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The LT1010’s 15MHz bandwidth and 100V/ps slew rate,
combined with its 150mA output, are fast enough for most
circuits. For very fast requirements, the alternate discrete
component buffer shown will be useful. Although its out-
put is current limited at 75mA, the GHz range transistors
employed provide exceptionally wide bandwidth, fast
slewing and very little delay. Figure 15 shows the LTC1052
stabilized buffer circuit’s response using the discrete stage.
Response is clean and quick, with delay inside 4ns. Note
that rise time is limited by the pulse generator and not
the circuit. For either stage, offset is set by the LTC1052
at 3p\V, with gain about 0.95. It is worth noting that this
circuit performs the same function as commercial FET
probes in the $1,000.00 range.

BOTH TRACES
0.5V/DIV

ANO9 F15

HORIZONTAL = 10ns/DIV

Figure 15. Stabilized Buffer Delay

Chopper-Stabilized Comparator

It is often desirable to use a reasonably fast voltage com-
parator with low input offset drift. Such a device is useful
in high resolution A/D converters, crossing detectors and
anywhere else a precise, stable, high speed comparison
must be made. Unfortunately, obtaining reasonable com-
parator speed and low input drift in a design is difficult
and monolithic comparators must be constructed around
this trade-off. Figure 16 shows a way to use the LTC1052
to eliminate the offset and drift in a comparator without
sacrificing speed or differential input versatility. This circuit
is applicable only in situations where some dead time is
available for zeroing action to occur.

The circuitfunctions by periodically shorting the compara-
tor inputs together and forcing the comparator into its
linear region via its offset pins. The voltage at the offset

pins required to do this is stored. When the comparator
inputs are returned to their normal states, the stored
voltage is maintained at the comparators offset pins,
effectively controlling the device’s offset. Periodic updat-
ing ensures long-term stability of the correction. In this
circuit, A1 is the stabilizing amplifier for C1. G1’s inputs
are controlled by a dual DPDT switch section furnished by
the LTC1043. When LTG1043 Pin 16 is high, Pins 12 and
11 are connected to Pins 13 and 7, respectively. Pin 3 at
C1’s output, is connected to Pin 18. Under these condi-
tions, A1 is effectively connected in a negative feedback
loop between C1’s output and its offset Pin 5 (see detail
of LT1011 input stage in Figure 16). This forces C1 into its
linear region and its output oscillates at a high frequency
betweentherail voltages. A1, connected asalow frequency
integrator, filters this action, compares its DC equivalent
value to ground (its positive input potential) and drives
C1’s offsets to zero. When Pin 16 of the LTC1043 goes
low, all switch states reverse and C1’s inputs are free to
compare the signals present at LTC1043 Pins 14 and 8
in the normal fashion. During this interval, A1’s output
remains fixed at the voltage stored in its feedback capaci-
tor. A1’s low bias current allows long durations between
correction cycles—periods of seconds are practical—while
maintaining effective comparator offset well within 5pV
with negligible temperature drift.

Figure 17 shows the circuit’s response to a sine wave
(Trace A) applied to C1’s positive input at LTC1043 Pin
14. C1’s negative input, LTC1043 Pin 8, is grounded. With
the circuit’s zero command low (Trace B), C1’s output
(Trace C) responds in the normal fashion. During this
period, the status output (Trace D) is low, indicating C1
is in its normal mode. When the zero command occurs
(Trace B, just to the right-center of the screen), C1 is
forced into its linear region, where it oscillates. During
this time, A1 updates the correction voltage stored in its
feedback capacitor. When the zero command pulse falls,
normal comparator action is seen to resume. Note that
the circuit’s status output reflects the true operating mode
of the circuit, because its timing includes the 50ns delay
of the LTG1043 switch. For this reason the status output,
and not the zero command, should be used to indicate
the circuit’s actual operating state.
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Figure 16. Offset Stahilized Comparator

A =2V/DIV

B =20V/DIV

C=10Vv/DIV

D =20v/DIV

ANO9 F17

HORIZONTAL = 50ps/DIV

Figure 17. Stabilized Comparator Waveforms
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Applicution Note 9

Stahilized Data Converter

Amplifiers and comparators are not the only elements
which can benefit from chopper-stabilization by the
LTC1052. Figure 18 shows a way to offset-stabilize a data
converter, thereby doubling its dynamic range of operation,
eliminating the necessity for an offset trim and reducing
zero drift to negligible levels. In this circuit, the LTC1052
corrects for offset deficiencies in the AD650 V—F con-
verter. Although specified for 1MHz full-scale operation,
this device’s 4mV input offset limits untrimmed dynamic
range of operation to only 3 1/2 decades of output fre-
quency. Under normal operating conditions, the AD650’s
positive input is grounded and its negative input is driven
via the resistor string shown. Obtaining more than 3 1/2
decades of operation requires an offset trim at Pins 13
and 14. Even after trimming, the input amplifier's 30pV/°C

drift contributes a 3Hz/°C zero point error. The LTC1052
corrects these problems by measuring the offset voltage
atthe circuit’s summing node, comparing it to ground and
driving the AD650 positive input (normally grounded inthe
manufacturer’s recommended circuit configuration) with
the appropriate stabilizing correction voltage. The dual
FETs eliminate bias current caused errors. The LTG1052’s
integrator configuration keeps its gain at low frequency
and DG, preserving the AD650’s fast dynamic response
while eliminating its offset errors. The divider network in
the LTC1052’s output is scaled to allow enough correction
rangetozerothe AD650’s offsets without causing overdrive
during start-up and transients. With this scheme in use,
the circuit does not require any zero trim to achieve full
6 decade operation. To calibrate, apply 10V and trim the
output for exactly 1MHz.

INPUT AMPLIFIER'S +4mV OFFSET CAUSES

400Hz OFFSET. LIMITING DYNAMIC RANGE

TO 3 1/2 DECADES OFFSET HAS A 30pV/°C
DRIFT. CONTRIBUTING 3Hz/°C DRIFT IN

THE OUTPUT
1
14
—— 0000 OFFSET
o e \ 13 TRIM PINS
b
> + —
100k 15V \
| 2
>
S100k =
i .
LTC1052 OFFSET CORRECTING
AMPLIFIER
14.3k Uago | 502
3
5K
FULL-SCALE N
TRIM >
6 INTERNAL 8
— FREQUENCY OUTPUT
En V—F
v 1o ov 500 1 CIRCUITRY
- ANO9 F18
-15V ADB50 V—F CONVERTER
(SEE DATA SHEET FOR

COMPLETE INFORMATION)

Figure 18. Offset Stabilizing a V—F Converter
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Wide Range V—F Converter

Figure 19 shows another stabilized V—F converter. It
features 1Hz to 1.25MHz operation, 0.05% linearity,
and a temperature coefficient of typically 20ppm/°G, all
substantially better than Figure 18’s circuit. Additionally,
it is less expensive and runs from a single 5V supply.
Trade-offs include slower step response and a larger

component count. This circuit uses a charge feedback
scheme to allow the LTC1052 to close a loop around
the entire V—F converter, instead of simply controlling
offset. This approach enhances linearity and stability but
introduces the loop’s settling time into the overall V—F
step response characteristic. Figure 20 shows waveforms
of operation.

10k
FULL-SCALE TRIM 2k

74004

! four
1Hz T0 1.2MHz

3.3pF 9

» (1.25MHz
vy 30tk )
0V TO5V |
I
*TRW MTR-5/+120ppm/°C =
**POLYSTYRENE-WESCO #32-P/~120ppm/°C =
£0.05%  LINEARITY I
>120dB  DYNAMIC RANGE I
0.01Hz°C  ZERO POINT DRIFT I
20ppm/°C GAIN DRIFT I
I
I
@
I
I
L
A=1v/DIV
B = 5y/DIy | I R
C=5V/DIV
D = 10mA/DIV

E =5V/DIV

L

HORIZONTAL = 500ns/DIV

O b

ANOY F19

..................

ANO9 F20

Figure 20. V—F Waveforms
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Applicution Note 9

A positive input voltage directs A1’s output to go negative,
biasing the Q1 current source. Q1’s collector puts cur-
rent into the 330pF capacitor, causing it to rise in voltage
(Trace A, Figure 20). The low input current CMOS inverter
changes state when the ramp crosses 1/2 of the supply
voltage. This causes all of the inverters to switch. The
two paralleled inverters at the end of the chain go low
(Trace B), simultaneously supplying positive feedback at
the 10k-3.3pF junction (Trace C) and forcing the 330pF
capacitor to a lower voltage by removing current from
it (Trace D) via the diode connected 2N3904. During the
ramping interval, LTC1043 switch Pins 11 and 12 are con-
nected to Pins 8 and 14 discharging the 100pF capacitor
into Pin 14. When the outputinverters golow, the LTC1043’s
control pin (Pin 16) also switches, placing the charged
100pF capacitor across Pins 7 and 13. Thus, each time the
inverters switch, a fixed quantity of charge is dispensed
into the 2k-0.22uF-10k potentiometer junction (Q = GV).
The LT1043’s switching is arranged so that this charge
is of opposite polarity to the positive input current. The
0.22pF capacitor integrates the discrete charge dumps to
DC. A1 servo controls the Q1 inverter oscillator to run at
whatever frequency is required to force its negative input
to OV. In this manner, drift and nonlinear response in the
Q1 inverter oscillator are compensated by A1’s closed-
loop control. The circuit’s frequency output is delivered
by another LTC1043 section (Trace E).

Several factors contribute to this circuit’s performance.
Thelow input current to the CMOS inverter, combined with
the low leakage of the 2N3904 base-emitter diode and the
circuit’s servo action, allows operation to well below 1Hz,
despite the small 330pF integrating capacitor. In the lower
frequency ranges, currents at this junction are small and
board leakage can cause jitter. A clean board will work
well, but the best approach is to mount the capacitor,
Q1’s collector, the inverter input and the transistor base
connection on a Teflon stand-off, using short connec-
tions. The resistor and capacitor specified in the figure,
both gain terms, have opposing temperature coefficients,
aiding gain drift performance. The LTC1052’s low offset
eliminates the need for a zero trim while preserving the
circuit’s >120dB dynamic range of operation. To trim the
circuit, apply 5.000V and adjust the 1.25MHz trim for
1.2500MHz out.

1Hz to 30MHz V—F Converter

Although Figure 19’s circuit is impressive, it still does not
tax the LTC1052’s dynamic range of operation. Figure 21
shows a highly modified version of Figure 19. It has a
1Hz to 30MHz output (150dB dynamic range) for a OV
to 3V input. This is by far the widest dynamic range and
highest operating frequency of any V—F discussed in the
literature at the time of writing™. It is a good application
of the extremely wide signal processing range afforded by
the LTC1052. The circuit maintains 0.08% linearity over its
entire 7 1/3 decade range with a full-scale drift of about
20ppm/°C. Zero point error is 0.3Hz/°C and is directly
related to the LTC1052’s 50nV/°C drift specification.

Togettheadditional bandwidth, Figure 19’s CMOS inverters
are replaced with a fast JFET buffer driving a Schottky TTL
Schmitt trigger. The Schottky diode prevents the Schmitt
trigger from ever seeing negative voltage at its input.
The diode connected 2N3904 is retained for resetting the
capacitor, which has a smaller value. Figure 19's positive
AC feedback, with its attendant recovery time constant, is
avoided in this circuit. Instead, the Schmitt’s input voltage
hysteresis provides the limits which the oscillator runs
between. The 30MHz full-scale output is much faster than
the LTC1043 can accept, so the digital divider stages are
used to reduce the feedback frequency signal by a factor
0f20. Remaining Schmitt sections furnish complementary
outputs. Good high frequency wiring techniques should be
used when constructing the current source-buffer-Schmitt
trigger sections.

Figure 22 shows the key waveforms with the circuit loaf-
ing at 20MHz. Trace A is the Schmitt trigger input, which
is seen to ramp between two voltage limits, while Trace B
is the Schmitt output. The closed-loop approach results
in very low output jitter and noise over the entire 150dB
operating range. Figure 23 plots this, showing frequency
jitter versus output frequency. Jitter does not rise above
0.01% until 20kHz, which is only 0.05% of scale. Even at
1ppm of scale (30Hz), jitter is still about 1%, finally rising
to 10% at 1Hz (0.000003% of full scale). As V—F operat-
ing frequency decreases toward the LTC1052’s feedback
loop roll-off, the loop dominates the jitter characteristic.
In the high frequency ranges the loop poles are not a

*1Hz to 100MHz circuit is under development and will be discussed in
AN14, “Designs for High Performance V—F Converters.”
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factor and current source and Schmitt trigger switching  trim this circuit, ground the input and adjust the 1Hz trim
noise dominate. As with Figure 19’s circuit, the feedback  until oscillation just starts. Next, apply 3.000V and set the
loop slows step response. Figure 24 shows this, witha  30MHztrim fora 30.00MHz output. Repeat this procedure
full-scale input step requiring almost 50ms to settle. To  until both points are fixed.

STABILIZING

AMP
0.1yF | CURRENT SOURCE

FET BUFFER NC
2N5486 I)
RESET DIODE

ks 2N3904
5V ouT
745132 1Hz TO 30MHz
D] et Do
2% %
30MHz HP5082-2810 =
. TRIM < 10k 922 TRIGGER =
N 162
VT v_‘WV_'W/“'_"_l I__I
ovTo3 — CHARGE
PUMP SV
% -5V *TRW MTR-5/+120ppm/°C
TWESCO #32-P -120ppm/°C
0.3Hz/°C ZERO DRIFT
LT1004 +0.08% LINEARITY
A 1o 20ppm/°C GAIN DRIFT
150dB DYNAMIC RANGE
—1 7
5V 5V
Is |14
¢
21 a0 P2 1274574 io( Y/l .

————————— JT_10|1|11 JTZ

Figure 21. 1Hz to 30MHz V—F Converter
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Figure 22. Fast V—F Ramp-Reset Detail Figure 23 Figure 24. Fast V—F Step Response
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Applicution Note 9

16-Bit A/D Converter

V—F converters are not the only types of data convert-
ers which can benefit from the LTC1052’s performance.
Figure 25 shows a 16-bit A/D converter (overrange to
100,000 counts is provided).

The A/D converter, made up of A2, a flip-flop, some
gates and a current sink, is based on a current balancing
technique. Once again, the chopper-stabilized LTC1052’s
50nV/°C input drift is required to eliminate offset errorsin
the A/D. Figure 26 details key A/D waveforms. Assume the
flip-flop’s Q output (Trace B) is low, connecting LTC1043
Pins 3 and 18. The current sink switch directs its output
to ground.

74C00

Do

820pF

A=200mv/DIV [
AC-COUPLED 8l

B =10V/DIV

C=10v/DIV

ANO9 F26

HORIZONTAL = 200ps/DIV

Figure 26. 16-Bit A/D Waveforms
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Figure 25. 16-Bit A/D Converter
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Applicution Note 9

Underthese conditions, the only currentinto A2’s summing
point is from the input via the 95k resistor. This positive
current forces A2’s output (Trace A, Figure 26) to integrate
in a negative direction. The negative ramp continues and
finally passes the 74C74 flip-flop’s switching threshold. At
the nextclock pulse (clock s Trace C), the flip-flop changes
state (Trace B), causing the LTC1043 switch positions to
reverse. Pin 3 connects to Pin 15, allowing the current
sink to bias A2’s summing point.

This results in a quickly rising, precise current flow out of
A2’s summing point. This current, scaled to be greater than
the maximum input derived current, forces A2’s output
movement to reverse and integrate in the positive direc-
tion. At the first clock pulse after A2’s output has crossed
the flip-flop’s triggering threshold, switching occurs and
the entire cycle repeats. Because the reference current is
fixed, the flip-flop’s duty cycle is solely a function of the
inputsignal currentinto A2’s summing point. The flip-flop’s
output gatesthe clock, producing the “frequency output A”
output. The 10k-10pF RC slightly delays the clock signal,
eliminating spurious output pulses due to flip-flop delay.
The circuit’s data output, the ratio of output A to the clock
frequency, may be extracted with counters. Because the
output is expressed as a ratio, clock frequency stability
iS unimportant.

Slight parasitic charge pumping at the current switch
introduces an error term which varies with loop operat-
ing frequency. This effect will cause a small nonlinearity
in the A/D’s transfer function unless compensated. The

10M

20k* vy 20k*

Y MV~ 5V .4| |7

10°C TRIM

10k*
A

UNSHIELDED CONNECTING
WIRE

AD547J

— M —————AMA——————

remaining LTC1043 sections accomplish this by inverting
the reference and returning a very small, compensatory
charge to the current sink output each time circuit switch-
ing occurs. The charge delivered is scaled by the linearity
trim to cancel the parasitic term. To calibrate this circuit,
apply 5.00000V and adjust the full-scale trim for 100,000
counts out. Next, set the input to 1.25000V and adjust the
linearity trim for 25,000 counts out. Repeat this procedure
until both points are fixed. Converter accuracy is +1 count
withatemperature coefficient of typically 15ppm/°C. Better
TC is possible by employing a more stable reference. The
high offset stability of the LTC1052 at A2 eliminates zero
errors and trimming.

Simple Remote Thermometer

Although many remote thermometer circuits have ap-
peared, few allow the temperature transducer’s output
to be directly transmitted over an unshielded wire. The
relatively high output impedance of most temperature
transducers make their outputs sensitive to noise on the
line and shielding is required. The low offset drift of the
LTC1052 permits the circuit of Figure 27, which offers one
solution to this problem. Here, the low output impedance
of a closed-loop op amp gives ideal line noise immunity,
while the op amp’s offset voltage drift provides a tem-
perature sensor. Using the op amp in this way requires no
external components and has the additional advantages of
ahermetic package and unit-to-unit mechanical uniformity
if replacement is ever required.

*1% FILM RESISTOR
0.01 M = OpA TO 100pA MOVEMENT

1N933 l 1N933
206"
1N933 f 1N933

ANO9 F27

+

Figure 27. High Noise Rejection Thermometer
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Applicution Note 9

The op amp’s offset drift is amplified to drive the meter by
the LTC1052. The diode bridge connection allows either
positive or negative op amp temperature sensor offsets to
interface directly with the circuit. In this case, the circuit is
arranged fora 10°Cto 40°C output, although other ranges
are easily accommodated. To calibrate this circuit, subject
the op amp sensor to a 10°C environment and adjust
the 10°C trim for an appropriate meter indication. Next,
place the op amp sensor in a 40°C environment and trim
the 40°C adjustment for the proper reading. Repeat this
procedure until both points are fixed. Once calibrated, this
circuit will typically provide accuracy within £2°C, evenin
high noise environments.

Output Stages

In some circumstances it may be required to obtain
more output current or swing from the LTC1052 than it
can provide. The CMOS output stage cannot provide the
current levels of bipolar op amps. Additionally, it may
be necessary to run the device off £15V supplies and to

10k
INPUT —AMW

OUTPUT

LOAD ‘ OUTPUT SWING

5k +4.92V
25k +4.84V
1k +4.65V
220Q +3.65V

2000pF

= AN09 F28

>
§E100g2
-

Figure 28. Increasing Output Current

obtain increased voltage and current outputs. Figure 28
parallels a package of CMOS inverters to obtain 10mA to
20mA output current capability. The inversion in the loop
requires the feedback connection to go to the amplifier's
positive input. The RC damper eliminates oscillation in
the inverter stage, which is running in its linear region.
The local capacitive feedback at the amplifier gives loop
compensation. Figure 29 shows a way to run the LTG1052
from 15V supplies while obtaining the increased current
and voltage output capabilities of the LT318A amplifier.
The transistors run in Zener mode, dropping the supply
to about £7V at the LTC1052. The LT318A serves as an
output stage with a voltage gain of 4. The output swing
is that of the LT318A, typically, +13V into 2kQ with a
short-circuit current of 20mA. This circuit is dynamically
stable at any gain in either the inverting or noninverting
configuration, althoughthe LTC1052’s input common mode
range (=7V to 5V with the £15V power supply used) must
not be exceeded.

OUTPUT
— +12V AT 20mA
CURRENT LIMIT

2N3904

-7V
— —01pF
- I

= NC

= ANO9 F29

STABLE FOR ALL GAINS, INVERTING AND NONINVERTING.
OBSERVE LTC1052 COMMON MODE INPUT LIMITS

Figure 29. Increasing Output Current
and Voltage (Vsyppry = 15V)
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Box Section—Choppers,
Chopper-Stabhilization and the LTC1052

Allchopper-stabilized amplifiers achieve high DC stability
by converting the DC input into an AC signal. An AC gain
stage amplifies this signal. After amplification it is con-
verted backto DC and presented as the amplifier's output.
Figure B1 shows a conceptual chopper amplifier.

The AC amplifier's input is alternately switched between
the signal input and feedback divider network. The AC
amplifier's output amplitude represents the difference
between the feedback signal and the circuit’s input. This
output is converted back to DC by a phase sensitive de-
modulator composed ofasecond switch, synchronously
driven with the input switch. The output integrator stage
smooths the switch output to DC and presents the final
output. Drifts in the output integrator stage are of little
consequence because they are preceded by the AC gain
stage. The DC drifts in the AC stage are also irrelevant
because they are isolated from the rest of the amplifier
by the coupling capacitors. Overall DC gain is extremely
high, being the product of the gains of the AC stage and
the DC gain of the integrator. Although this approach
easily yields drifts of 100nV/°C and open-loop gains
of 100 million, there are some drawbacks. The ampli-
fier has a single-ended, noninverting input and cannot
accept differential signals without additional circuitry
added at the front end. Also, the carrier-based approach
constitutes a sampled data system and overall amplifier
bandwidth is limited to a small fraction of the carrier
frequency. Carrier frequency, in turn, is restricted by AC

_____ OSCILLATOR |_____
! SWITCH DRIVER 1

|_

OUTPUT
INTEGRATOR

I
ourPut |
CHOPPER SWITCH-|
I
i
I

DEMODULATOR

p— OUTPUT

< FEEDBACK
% RESISTORS
AA

amplifier gain-phase limitations and errors induced by
switch response time. Maintaining good DC performance
involves keeping the effects of these considerations small
and carrier frequencies are usually in the low kilohertz
range, dictating low overall bandwidth.

The classic chopper-stabilized amplifier solves the chop-
per amplifiers low bandwidth problem. It uses a parallel
path approach (Figure B2) to provide wider bandwidth
while maintaining good DC characteristics. The stabiliz-
ing amplifier, a chopper type, biases the fast amplifier's
positive terminal to force the summing pointto zero. Fast
signals directly drive the AC amplifier, while slow ones
are handled by the stabilizing chopper amplifier. The low
frequency cut-off of the fastamplifier must coincide with
the high frequency roll-off of the stabilizing amplifier to
achieve smooth overall gain-frequency characteristics.
With proper design, the chopper-stabilized approach
yields bandwidths of several megahertz with the low drift
characteristic of the chopperamplifier. Unfortunately, be-
cause the stabilizing amplifier controls the fastamplifier's
positive terminal, the classic chopper-stabilized approach
is restricted to inverting operation only.

The LTC1052 uses a differentapproach which permits full
differential input operation, good bandwidth and retains
ultralow drift. It relies on an autozero technique.

During the LTC1052’s autozero cycle, the inputs are
shorted together and a feedback path is closed around

FEEDBACK

RESISTORS
SUMMING
POINT
M

INPUT =AM\

FAST

AMPLIFIER — OUTPUT

ANO9 FB2

STABILIZING
AMPLIFIER

Figure B1. Chopper Amplifier

ANO9 FB1 "=

(SIMILAR TO CHOPPER AMPLIFER
OF FIGURE B1)

Figure B2. Classic Chopper-Stabilized Amplifier
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Applicution Note 9

the input stage to null its offset. Switch S2 (Figure B3)
and capacitor Cgxta act as a sample and hold to store
the nulling voltage during the sampling cycle.

In the sampling cycle, the now almost ideal amplifier
is used to amplify the differential input voltage. Switch
S2 connects the amplified input voltage to Cgxrg and
the output gain stage. Cgpxtg and S2 act as a sample
and hold to store the amplified input signal during the
autozero cycle. By switching between these two states
at a frequency much higher than the signal frequency,
a continuous output results.

MODULATOR

IN+ Og |
S1
O

MODULATOR

Notice that during the autozero cycle the inputs are not
only shorted together, but are also shorted to the nega-
tive input. This forces nulling with the common mode
voltage present. The same argument applies to power
supply variations and accounts for the extremely good
CMRR and PSRR specifications on the LTC1052.

The complete amplifier contains stabilizing elements,
feedforward for high frequency signals, and antialiasing
circuitry, butthe superior DC performance is completely
described by this simple loop.

DEMODULATOR

Vour

Figure B3. LTC1052 Conceptual Amplifier (Simplified)
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