Instrumentation

General-purpose technique is accurate, easy to use, ' e e

gives direct meter readout and handles wide va riety of tests

By Robert Calkins
Philbrick/Nexus Research, Dedham, Mass.

Static tests for operational amplifiers are readily
available in low-cost testers but dynamic tests—
particularly for linear integrated-circuit op amps
are more difficult, and suitable testers are hard to
"come by. The instrument must give accurate re-
sults for tests of open-loop gain, common-mode
range and rejection, output swing, and power sup-
ply rejection. The user wants a unit that’s easy to
operate and, further, he’d like a direct readout. His
requirements can be satisfied with an operational
amplifier tester that uses low-frequency square
waves and synchronous demodulation.
In the new synchronous detection method, the
. amplifier operates in a stable, closed-loop mode
and thus is assured of operation in its linear region.
~ In most test methods, the output depends on the
gain and when large signals are applied, there is a
chance that the amphﬁer will be operating out of
its linear region. .

Three test methods

The advantages of the synchronous detection
method are best demonstrated by first considering
the drawbacks, of three other test schemes.

One is specified in the new military standard,
MIL Std 883, as method 4004, section 1. In this
method, an auxiliary amplifier is used to keep the
amplifier under test zeroed for offset. To accom-
plish the zeroing the circuit, on top page 119, has
two resistors, Ry and R.. The source resistor, R,, is
made large in comparision with Ry to assure that
only a small signal is applied to the circuit under
test. Feedback capacitor, C;, around the auxiliary
amplifier, essentially opens the loop at the input
signal frequency, which is typically in the range of
10 to 30 hertz. The output voltage and gain of the
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amplifier under test for this circuit are:

R. R.

=R IR Rt R e
where
1
Ao = e,,. S
g__ R R,

Ra + R: Rl + R&
If the input and output voltages of the amplifier

‘under test are displayed as a Lissajous pattern the,

slope of the line, when properly scaled, represents
the open-loop gain.

The two diodes clip the output of the amplifier
so that no input offset voltage results because of
an unsymmetrical output swing if the amplifier is
overdriven. Such a condition can be observed on
the oscilloscope and the linearity of the amplifier
under test can be evaluated. )

This method thus has the advantage of displaying
gain, output swing and linearity simultaneously,
with the additional benefit that all signals are high
level, which eliminates any noise problems. How-
ever, it has some serious disadvantages.

First, the output level is directly dependent on
the open-loop gain, which makes programing of
output test conditions extremely difficult.

With the high gain, internally damped IC ampli-
flers now available, capacitor C; must have an
extremely large value to open the loop 'xdequatcly
at the signal frequency.

The R;-R, attenuator must be very accurate and
variable 1f IC amplifiers with wide variations in

~
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Gain measurement. To determine the open-loop voltage gain for an integrated circuit op amp, A, must keep the IC
under test (ICUT) zeroed for offset via resistors Re and R,.- However, because C:'s value must be extreme|y large,

the circuit is impractical.

parameters are to be tested. Hand programing
is mandatory.

Finally, the readout dewce——the oscilloscope—
is not easily adaptable to a direct reading meter.

The second method, below left, is far simpler
than the first but has all its drawbacks. It consists
of a simple feedback circuit with an attenuated
input applied to the amplifier under test. For an
a-c signal, the gain will be

Bt R e
Ao__ Rs .ein

This circuit does not allow the amplifier under
test to be overdriven as the square wave output
tends to rebias the IC, changing its response.
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Voltage gain. Output e, at d-c is equal to the input offset
voltage plus the drop across the feedback resistor, ’
ln1ssRe. Circuit cannot be overdriven because the output
tends to rebias the IC, thus changing its open-loop
response. .
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The third method, given in the new military
standard, is also simple, see below right. The signal
is applied to the amplifier under test through a volt-
age divider, coupling capacitor, and feedback re-

‘sistor, Ry, with a shunted resistor from one terminal

of the amplifier to ground. Under the condition that

(Ao + 1) (Rs]|R: — j Xa)
R:

the open-loop gain is

<01

) R; -+ Ry
A= TR,
R; > Ry

- The imposed condition requires that the cIoéed-

Ry

v
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{
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Cour

Voltage divider method. Closed-loop gain must.
approximate the open-loop gain by 909, for this test
setup to be effective. However, this means that the
circuit will be unstable, and therefore, is not a practical
measurement scheme.
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Synchronous detections system. Error voltage, ek, develéped at input of integrated circuit under test is ampliﬁea and
.demodulated by switching circuit S.. Both S; and S. are synchronized, causing C. to charge to V:es.

loop gain approaches the open-loop gain within
90%. Thus the stabilizing effect of the feedback has

been lost, makmg the output sgnal gain depend on

the gain again.

The method is thus an‘impractical way of charac-
terizing the open-loop response of an amplifier. For
example, suppose that the amplifier has an open-
loop gain, A, of 100,000 volts,/volt, a unity gain-
bandwidth product, f;, of 1 megahertz, and a feed-
back resistor, R; of 10 kilohms. For conditional
equation to hold,

R: || Ry — j X < 0.01

Suppose R; is much greater than R; so that the
parallel combination is approximately equal to Rs

and that X, < 0.1 Rq
~ then - Ry < 0.01 ohm
and X < 0.001 ohm

With a 6 decibels/octave roll-off, the first open- -

Joop break occurs at a frequency of 10 hertz.
~ Thus to get an accurate determination of the gain,
- the measurement must be performed at or below

this frequency. At 10 hertz, the value of C; must

be'

1
C = 52-10.0.001 — 16 farads

which is hard to come by.

Synchronous detection

In the synchronous detection method, the input
to the test circuits is a square wave produced by
switching between two stable d-c references. This
allows a-c¢ coupling in the system. The voltage
signal from the unit under test is amplified further

L L. 7. -

with precision, and then band-limited to reject d-c
drift, very low frequency noise (flicker), and high
frequency noises. '

The amplified signal is demodulated or converted
back to a d-c signal with a peak-to-peak detector
switching in synchronism with the input signal.

‘Because synchronous demodulators inherently pro-
~vide improved signal-to-noise ratios,

low level
signals on the order of microvolts can easily be
detected.

The operation of a synchlonous detection system
is detailed above. The magnitude of the d-c refer-
ence voltages should be at least as great as the larg-
est voltage encountered when testing the unit for the
amplifier to operate with a small closed-loop gain
or in a common-mode configuration, requiring a
large signal to swing the amplifier over its full
range.’ -

The output of the amplifier under test is

4

R
- Rl 'zlvrell

€o.p-p

As the amplifier is running in a closed-loop mode,
a gain-error signal (eg)

E~ —eo/Ao

appears between the negative input terminal and
common, where A, is the open-loop gain of the
amplifier under test.

This error is a-c coupled, and amplified to an
appropriate level before being demodulated by
switching circuit S., since the signal source drives
S. in synchronism with S,. Capacitor C, charges to
V..¢ in a negative direction with respect to ground
on one half cycle. On the next half cycle, C» charges '
in a positive direction.
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After a few cycles, a d-c signal appears across Ce
“equal to the peak-to-peak value of the gain error
signal multiplied by the appropriate a-c gain. This
d-c signal is

Vi = exAy

Where Aj=gain of the a-c amplifier.
Thus

. 2 l \rref!
Vd-c

‘This d-c signal could be used to drive a logarith-
mic amplifier for direct readout in decibels with a
DVM, go-no-go discriminator, or analog-to-digital
converter, however, this basic circuit reqmres some
precautions.

The switching signal must be of low enouoh fre-
quency that the transient spikes on the detected

“signal introduce minimal error. The maximum
repetition rate will be determined by the low-
frequency open-loop characteristics of the amplifier
under test. Some form of protection is needed for
the input terminals of the amplifier under test.

The a-c amplifier must be able to pass the low
frequency square waves encountered and its output

impedance must be relatively low to allow C; and
C: to charge quickly. Finally, the d-c follower must
have a very high impedance input (preferably a
field-effect transistor type) so not to discharge Ce
on alternate half cycles.

The system can be improved and some of the
above problems overcome by modifying the circuit
to include a clock signal and sequential logic
-as shown below. The input signal operates a flip-

- flop whose output drives an electronic switch. The

electronic switch output drives the modulator which
in turn feeds the square-wave signal to the test
circuit. The electronie switch allows the modulating
signal to be put into or out of phase with the
ongxml switching signal in order that the output
may be of the desired polarity. The clock signal
also drives a monostable whose output is g'lted
with the flip-flop outputs.

The flip-flop causes the modulating frequency
to be one-half the clock frequency. The flip-flop -

~is designed to trigger on the negative slope and

the monostable on the positive slope of the clock
output. This causes gates G; and G. to function
only on the latter half of each switching period,
by which time, nearly all transients on the error
signal (to be demodulated) have damped out.

1 JL
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Modified synchronous system. Adding a clock signal and sequential logic to the basic synchronous system eliminates
the need for a low output impedance for the a-c amplifier and a high input impedance for the d-¢ follower.
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Synchronous demodulation. Because of its wide dynamic range, this demodulator is used to drive a logarithmic
amplifier and display. Charging period of each capacitor is contro!led independently of the detected signal, and

sampling occurs only when a signal is present

When gate G, is turned on, C; is grounded by
Sas. At the same instant, G: is off, openmg switch
SZB :

We now have a synchronous sample-and- hold

peak-to-peak detector, where the sampling period

is set by the timing cycle of the monostable multi- |

vibrator. -
To allow direct measurement of d -¢ levels as
. well as peak-to-peak amplitudes, one may direct
couple the a-c amplifier and short-circuit capacitor

C; with S;. Now the system is a synchronous peak

reader. By changing the phase of the modulating

signal with the electronic switch, signals of either.

polarity from the amplifier under test can be meas-
ured under dynamic conditions. This feature allows
the measurement of maximum output under load
as well as common-mode range.

Demodulation

The demodulator circuit consists of two junction
field-effect transistors operated in a shunt-series
chopper configuration, is shown above. The gate
signal for the shunt FET is referenced to ground;
the gate signal for the series FET is referenced to
the d-c follower output. This assures that the FET’s
will be either on or off. Using a good FET input

- operational amplifier for the follower, signals rang-
ing in level from a few millivolts to 10 volts are
accurately demodulated. The only significant error
of this circuit is that produced by the follower’s
offset and drift. This circuit has a wide dynamic
range that is used to advantage to drive a logarith-
mic amplifier and display.

The circuit has several advantages over a con-
ventional diode voltage doubler. The charging
period of each capacitor can be controlled inde-
pendently ‘of the magnitude of the signal being
detected. This permits sampling only when a signal
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is known to be present—the circuit ignores tran-
sients. Second, the reaction or settling time at slow
sampling rates is much faster than with diodes for
several reasons:—charging is better controlled
because small capacitors can be used due to low
FET leakage during the hold interval; and dis-
charging is better controlled because the path is
through the relatively low impedance of a turned-on
FET, and not through the exponentially varying
impedance of a diode. Third, a large dynamic range
is possible. This is in contrast to a conventional
doubler circuit where diode leakage during the
hold period causes ripple, which introduces signif-
icant errors, especially at low signal levels.

To measure open-loop gain, the ratio of the
change in output voltage to the change in input, a
more smtable test circuit is the one at the top left
of page 123. The output voltage is

_ R, 1
€out = — R‘ + R, . + -Vrel
: Ao B )
where
: 1
B =
R Ry R¢
(1 + Rz) (1 + Ri+R, + R1+R2)
and

— _B«l_ . €out
(i)

A,=open-loop gain= Aeg,:/Aeg

R,=source impedance of synchronous modulator
By a careful choice of values, one can make

1/A,B small, less than 0.01, resulting in less than

1% error for the following approximation:
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Gain circuit. Because the output signal, e, is
predictably set and measured by the synchronous
demodulator, the gain is easily computed logarithmically
and can be displayed on a read-out device.

= 2|V,

e % : {[_R—f.
ou -
= AR R,

Keeping this in mind, one can easily program
the output level of the amplifier under test with a
single precisely-calibrated resistor (R;) on a pro-
gram card. This will allow the same basic circuit
to measure gain of different devices having differ-

ent swing capabilities.
The gain equation is:

()

Because e, is predictably set and e is measured by
the synchronous demodulator, the gain can be
easily computed logarithmically and displayed in
db on a read-out device. The purpose of voltage
divider R; and R. is to increase the measured error

e -
Ao - out p-p_
epp

signal and eliminate the need for additional a-c’

gain. Also, by attenuating any applied inputs, it
limits the signal that can appear differentially
across the IC’s inputs, thus affording a degreec of
protection. These resistor values are restricted
somewhat by the maximum bias and offset voltage
of the device under test as well as the gain-error
criteria stated in the gain-error equation. :

. Common-mode rejections ratio (CMRR) is defined
‘as the ratio of the peak-to-peak input common-
mode voltage to the peak-to-peak change in input
offset voltage that it produces. The test circuit is
at the above right. In the circuit,

R.

%= = R + Re

€in
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CMRR tester. Common-mode rejection ratio, CMRR is
dependent on the input commen-mode voltage and the .

change in offset voltage that results from a common-
mode swing. '

3

The common-mode input offset voltage, (eos)
resulting from a common-mode swing is now de-
fined as that voltage needed between input termi-
nals to drive the amplifier. output to zero when the
inputs are swinging together.

The common-mode rejection is

€in Rf
MRR = —/—/— = —/.—
CL R 1 Aeos eout Rz

where ecn is the actual common-mode voltage, and
e, is the driving function. This last expression for
CMRR is-valid provlded the followmcr condition is
satisfied:

R_Re
.Rl - Rg

For imbalances in the resistor ratio, the actual
expression for ey, vs Ej, becomes

. ‘R R, _ R,

Soue _ Re HR 1 __ R R
— T R N

€in R, 1+ “CMRR 14 gl

From this equation, one is able to determine how
closely the resistor ratios must be matched for the

first equation to be valid with any given CMRR and

allowable error. Ways to achieve the required bal-
ance are to use precision resistors and to make R
adjustable by inserting a variable resistor in series.

The voltage divider R, allows programing the
common-mode voltage desired. The driving signal
again comes from the synchronous modulator, and
the output of the test circuit is detected by the
synchronous demodulator circuit.
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Periorms mm e fes
withnoa ‘;" aima—ms
than any « cther IC

or discrele op amp tester

Philbrick/Nexus Model 5102 Integra ted Circuit Tester performs
all tests automatically without calibration or manual -
programming. The only time you touch a dial is to select the
desired test and for a minimum of scale changing for offset
voltage and current measurements. Everything else is automatic,
including offset zeroing. What's more, it is the only tester

that performs CMRR and PSRR tests.

Foronly $1400 you get all these additional featuresin a

single instrument: direct reading meter displaying values of

all parameters including large signal DC gain, external terminals
for displaying 1C output, selection of output resistors to match
load, oscillation indicator, internal supply of =15 VDC
programmable for =6 VDC — plus many more features.
Contact your Philbrick/Nexus sales representative for complete
details and specifications. Or write Philbrick/Nexus Research,
22 Allied Drive at Route 128, Dedham, Mass. 02026.

“VISIT US AT WESCON IN BOOTH 1723

j\ >\ PHILBRICK/NEXUS RESEARCH N
l A TELEDYNE COMPANY
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