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Parameter: Input Offset Voltage (Vog)

Definition: The differential input voltage required for zero output voltage when the

common-mode voltage is zero, power supplies are at the specified level and the
temperature is 25 °C.

See Appendix A for a discussion of the components of the differential input voltage V.

Test Circuit:

See Appendix B for suggested resistor values and a discussion of the assumptions
associated with the circuit below.
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Test Conditions:

- Set the power supplies to the specified value.

- Adjust Vl for VOUT =0V.

- Choose R, to establish the specified load: R;gap = R4lIR;.
-T=25°C



Test Method:

- Measure V,.
- Calculate Vq.
-V,
Vos = }23
1+-2
R3

Special Considerations:

If Vgur is set to OV by grounding V, then the assumption is that Vi due to Ay
is small since the output voltage is nearly zero. This may not be valid for a part with
relatively low Ag;. On the other hand, if Vqoyy is set to zero by adjusting V, then the
Agy contribution to Vi will not be a factor in the Vy measurement.
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Parameter: Input Offset Voltage Drift (due to temperature)

Definition: The change of Vg with temperature:

AV o
AT

DRIFT,,, =

Test Circuit:
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Test Conditions:

- Set the power supplies to the specified value.
- Ad_]ust V1 for VOUT =0V.
- Choose R, to establish the specified load: R;gsp = Ry||R;.

Test Method:

The test procedure outlined below describes a three-point averaging technique of
Vs drift with temperature. Vg is measured at three points; they are the specified hot
temperature, the specified cold temperature and room temperature (25 °C). The
subsequent calculation averages the absolute drift of Vg over two temperature ranges:
room temperature to the specified hot temperature and room temperature to the specified
cold temperature.



- Set T =25 °C.

- Measure V,.

- Calculate Vg(25 °C):

-V
R

1+—%
R,

Vos(25°C) =

- Set T to the specified hot temperature (T,).
- Measure V,.
- Calculate V5(T)).

- Set T to the specified cold temperature (T,).
- Measure V,.

- Calculate V5(T5).

- Calculate the average drift.

Wos | Pos(T) = Vas(25 O #lFos ()~ Vs (25°C)
AT AVERAGE |7_; _ ?12‘

Special Considerations:



Parameter: Open-Loop Voltage Gain (Ag,)

Definition: The change of Vot with V.

AV
AOL = our
AV,
Test Circuit:
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Test Conditions:

- Set the power supplies to the specified value.
- Choose R, to establish the specified load: R;gap = Ry|[R;.
-T=25°C

Test Method:

- Set Vyr to the maximum output voltage condition specified for Ag, (Vouri)-
- Measure V,.
# Ca].CUIate V[Nl'

- Set Vgyr to the minimum output voltage condition specified for Ag; (Voum).
- Measure V,.

- Calculate V.

- Calculate Ag; :

VOUTI - VnUTz
VL’VI = sz

B Ao, =




Special Considerations:
< Burr-Brown Notes >

- Use more than two points to test units known to have a unique Vi versus Voyr
characteristic.

= Detemlining VOUTI aIld VOUTZ‘

Use the test method described for Ay to generate a plot of Vi versus Vgyr.

VIN VS VOUT (VCM = 0)

)

10 15

Draw a line with positive slope equal to the guaranteed minimum Ag; and passing
through Vg at Voyr = 0V. Draw a second line with negative slope equal in magnitude to
the guaranteed minimum A and passing through Vi at Vour = OV. The resulting
“butterfly graph” defines the linear operation of the unit. The output voltage at the points
where the plot exits the allowable error band delimits the A, test conditions.



Parameter: Voltage Output (Positive, Negative)

Definition: Positive Output Voltage: The output voltage when Vpy is 500 mV.
Negative Output Voltage: The output voltage when Vi is -500 mV.

Test Circuit:

Vi /:\
\I_/ A /
|

Test Conditions:

- Set the power supplies to the.specified value.

- Choose R| to establish the specified load.

-T=25°C 5

Test Method:

- Set V, to +500mV.

- Measure Voyr. This is the negative output voltage swing.

- Set V; to -500mV.
- Measure Vgyp. This is the positive output voltage swing.

Special Considerations:

10



Parameter: Common-Mode Rejection Ratio (CMRR)

Definition: The change of Vy with V¢

CMRR = &Vn
A CM
Test Circuit:
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Test Conditions:

- Set V+ and V- to the specified values.
- Choose R, to establish the specified load: R;gap = R4lIR;.
-T=25°C
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Test Method:

- Set -V to the negative of the maximum guaranteed common-mode voltage.
- Set Vgyrequal to -V, by adjusting V. This equivalent to maintaining the condition of
VOUT =0,

- Measure V,.
- Calculate V.
—V.
Viv = }22
1+-2
RB

- Set -V to the negative of the minimum guaranteed common-mode voltage.

- Set Vgyrequal to -V by adjusting V. This is equivalent to maintaining the condition
of Vour =0.

- Measure V,.

- Calculate V.

- Calculate CMRR.

le . sz
V+), -(V+),

CMRR =

Special Considerations:

- Use more than two points to test units known to have a unique V versus Vey
characteristic.



Parameter: Common-Mode Voltage Range

Definition: The maximum and minimum voltage levels common to both the inverting
and noninverting inputs that may be applied without exceeding an error band defined by

the minimum CMRR specification.

Test Circuit:
R1 Va2 R4
Rz
Vi 7y
Rs
i % R4
<

Test Conditions:

- Set V+ and V- to the specified values.

- Adjust V| for Voyp = 0V.

- Choose R, to establish the specified load: R;gap = R4l[R;.
-T=25°C
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Test Method:

-Use the test method for CMRR to generate a plot of AV versus Ve
- Plot the difference between the differential input voltage at a given common-mode
voltage and the initial offset voltage.
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Draw a line with positive slope equal to the guaranteed minimum CMRR and passing
through Vi at V¢ = 0V. Draw a second line with negative slope equal in magnitude to
the guaranteed minimum CMRR and passing through Vyy at Vo = 0V. The resulting
“butterfly graph” defines the allowable error band of the unit. The common-mode
voltage at the points where the plot exits the allowable error band delimits the common-
mode range of the op amp.

Special Considerations:
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Parameter: Power Supply Rejection Ratio (PSRR)

Definition: The change of Vp with V+ or V-:

PSRR* = 20
AV +)
PSRR™ = 2w
AV -)
Test Circuit:
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Test Conditions:

- Adjust Vl fOl’ VOUT e OV

- Choose R, to establish the specified load: Rioap = RyIR;.

s T=25 °C

15
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Test Method:

PSRR"

- Set (V-) to the specified value.

- Set (V+) to the maximum guaranteed supply voltage level (V+),.
- Measure V,.

- Calculate Vyy.

- Set (V+) to the minimum guaranteed supply voltage level (V+),.

- Measure V,.
- Calculate V.
- Calculate PSRR":
PSRR+ = Vf:\"] - V.’Nz
V+) —(V+),
PSRR’

T

- Determine PSRR similarly to the method given for PSRR"; keep (V+) at the specified
level while settifig (V-) to the minimum and maximum guaranteed power supply
voltages.

VWI - VL\-’ 2

PSRR™ = 1Nz
V=) --),

16



PSRR

- Determine PSRR similarly to the method given for PSRR” and PSRR"; set both (V+)
and (V-) to the minimum and maximum guaranteed power supply voltages.

PSRR = Vivi =Vina
207+ - +),)

Special Considerations:

- Use more than two points to test units known to have a unique Vy versus (V+) or (V-)
characteristic.

17



Parameter: Power Supply Operating Voltage Range

Definition: Text to come from Bruce Trump.

18



Parameter: Input Bias Current (I" and Iy)

Definition: I": The current that flows into the noninverting input of the op amp.
Ig": The current that flows into the inverting input of the op amp.

Note: Two approaches are given to measure bias current. One implements a capacitor
integration technique and the other uses a large resistor to establish a measurable voltage
drop. The integration method should be used for FET-input amplifiers and the large
resistor method should be used for bipolar-input amplifiers.

Test Conditions:

- Set the power supplies to the specified value.
- Choose Ry to establish the specified load: R;gap = Ry/|R;.
-T=25°C

Test Circuit (Ig"):(Integration method)

| ¥
X
L s = \\ VOuT
VIN DUT ‘ -
i n ,,__///
,//'
VC . SWITCH $
| CT 2 RL
v <

VOUT = -(VC + VIN)

19



Test Method (I") (stopwatch integration):

- Select a proper value for Cr.

- Close switch and measure V).

- Open switch and start timing simultaneously.
- Stop timing when V1 reaches Voym.

- Calculate I™;

IB+ = “CT Vowz‘;tVourl

Note: The negative sign in this equatior serves to yield the correct polarity of the input
bias current. Also, the above equation ssumes that the voltage across capacitor Cy
increases linearly with time. Further, A hould be large, possibly 60 seconds, in order to
reduce reaction time error. The comm<  10de input voltage should be kept small in the
case of parts that show a significant ris  input bias current with increasing common-
mode voltage. C; must be chosen in oraer to meet these conditions. For instance, an op
amp with an input bias current of four picoamps, an integration time of 60 seconds and a
AV oyt of approximately 50 mV would require the value of C; to be about 4,800 pF.

Test Circuit (Ig)

VvC il
Ty

SWITCH

cT
. \‘\-\
) a VOUT
VIN DUT > mm—
g //
e VOUT = VC - VIN
-

RL

VAV AL

20



Test Method (Ig) (stopwatch integration)
- Determine Iy similarly to I except for the final calculation:

. Pours =¥,
17 =C, ounm OuTI

Special Considerations:

A more precise method for measuring the input bias currents of an op amp makes
use of a storage oscilloscope. The output voltage of the circuits used in the stopwatch
integration method can be used to monitor the change of the voltage across the capacitor.
The bias currents can then be calculated from the output voltage trace:

oV, AV
= . 2rour _ o SVopr
BT ot T At

21



Test Circuit (Ig"): (Large resistor method)

R1 V2 R1

V1

|
|
£

L

—_— —

Test Conditions:

- Set the power supplies to the specified value.

- Adjust V, for Vour = 0V.

- Choose R, to establish the specified load: R gap = Ry4|IR;.

-T=25°C

- Choose Ry that results in a measurable change in V.

- Choose C, and C, to maintain stability. A suggested R-C time constant is 1 ms for the
Ry and C combinations.

Test Method (Ig" and Ig)(Large resistor method)

- Close switches S, and S,.
- Measure V,:V,,

- Open switch S,.
- Measure V21V2+
- Close switch S,.

22



- Calculate I5":

- Open switch S,.
- Measure V,:V,_
- Calculate Ig:

Special Considerations:

23



Parameter: Input Offset Current (Iog)

Definition: The difference between I and I

Calculation: I is found by a simple calculation:

Ios = 13+ - 13_

24



Parameter: Quiescent Current

Definition: The current delivered to the amplifier by one of the power supplies when
the output current of the amplifier is zero.

Test Circuit:

<3

— e

Test Conditions:

- Set the power supplies to the specified value,
-T=25°C

Test Method:

The quiescent current flows into the V+ terminal and out of the V- terminal. In
order to determine the quiescent current, only one measurement of the current in the V+
terminal or V- terminal is needed since they are equal.

- Place an ammeter in series with the either the positive power supply or negative power
supply to measure the quiescent current.

Special Considerations:

25



Parameter: Short Circuit Current

Definition: The output current of the amp!ifier when the output is shorted to ground.

Test Circuit:

\\
i o VIN DUT \/\ e
N sl _// ™
< < v
Test Conditions:

- Set the power supplies to the specified value.
=l=35 20

Test Method:

- Set V,; to -500 mV.

- Measure the current flowing out of the output terminal of the amplifier with an ammeter
as shown. This is the positive output current.

- Set V, to 500 mV.

- Measure the current flowing into the output terminal of the amplifier with an ammeter
as shown. This is the negative output current.

Special Considerations:

26



Parameter: Gain-Bandwidth Product (GBW)

Definition: The product of the specified de gain and the -3 dB frequency at the
specified gain.

Test Circuit:
R Rz
i |
| \‘VOUT
|
 DUT LA
& R /
/ ‘)
Vi /\_\ 2 Ra
v S

Test Conditions:

- Set the power supplies to the specified value.

- Choose Rj to establish the specified load: R oup = R,|IR;.
-T=25°C

Y

Test Method:
- Choose R, and R, to establish desired gain:

DC_GAIN =1+22,

Note: The de gain of the test circuit should be 100 V/V when testing a unit where the gain
bandwidth product specification does not include a specified gain.

27



- Use a function generator to set V.

- Sweep the frequency of V, and use an oscilloscope or Gain-Phase analyzer to determine
the 3 dB frequency of the configuration.

- Calculate the Gain-Bandwidth Product:

GBW = DC_ GAIN x —3dB_FREQ

Special Considerations:

- The amplitude of V, must be selected such that slew limiting is avoided at higher
frequencies.

28



Parameter: Slew Rate
Definition: The rate of change of the output for a large-signal input.

Test Circuit:

R1 Rz

Test Conditions:

- Set the power supplies to the specified value.
- Choose Rj to establish the specified load: R;gsp = Ry[R;.
-T=25°C )

Test Method:

- Choose resistor values R; and R; to establish the specified gain or otherwise unity gain.
- Establish V, to be a square wave with a peak to peak amplitude as specified or typically
£5V, ‘

- Monitor Voyr with an oscilloscope.

- Use the 10% and 90% points of the output wave form to calculate the slew rate:

SLEW _RATE = LA
At

- Measure the slew rate for both positive and negative-going voltage transitions.
- Choose the lowest slew rate measurement, either the slew rate found on the positive
transition or on the negative transition, to specify the slew rate of the op amp.

Special Considerations:

29



Parameter: Settling Time

Definition: The time from the occurrence of the input step until the output enters and
remains within the specified error band. The specified error band is given as a percentage

of the output voltage step.

Test Circuit:

V2
L
!
D K D E CF
' I
i 11
S & R
i —X ot it
Vi y —
DUT \> S
N i
. i DR
// e
v ~ T
About the Test Circuit:

- The voltage gain Vqy/Vy equals -1.

- V, equals (VourtVn)/2. This is a subtraction since Vi is the negative of V.

30



- The two diodes clamp the voltage V, in order to avoid overloading the oscilloscope
when measuring very small voltages. The diodes should be fast reverse recovery diodes
such as the HP-5082-2835.

- Cg may need to be used to achieve optimum settling of the output. Cy, is chosen to
compensate for test fixture parasitic capacitances and parasitic input capacitances of the
amplifier. Consult the PDS for recommendations.

Test Conditions:

- Set the power supplies to the specified value.

- Choose C_ as the specified capacitive load.

- Choose R to establish the specified load: R;gsp = R/2.
-T=25°C

Test Method:

- Establish V, as a square wave with the specified voltage step.

- Monitor Vp and V, on an oscilloscope.

- Determine the settling time from the point that V| transitions to the time V, enters and
remains within the specified error band divided by two. The factor of two is a result of
V, being half of the output.

31



Vi VOUT
_-'7\_ 5 I', .":\.r""“—

= ftseft e

deltaV — ,

| V2
|
! IIII.
/ III|
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.-"/ -'II
' V2= VOUTR
|
One half of the \
specified error : S .
band given as i ek el B emb-Sa , o= R? ______ |
apercentageof ~ T~ - T T~~~ LA f——=A A =
the output voltage ¢ |
step | 4% \ |
I N2 |
_ L The output voltage

has entered to remain
I within the error band.

Special Considerations:

- V, must be measured with a very low capacitance probe. A 10 pF scope probe
generally has too much capacitance to make this measurement.

32



Parameter: Common-Mode Input Capacitance (Ccy)

Definition: The equivalent capacitance from an input terminal to ground. As shown in

the circuit diagram below, common-mode input capacitance is one of several specified
input impedances.

a 7 V+

ccM  — ﬁRCM M~ 1

-In - ' [ ! —\
COIFF — < RDIFF AMPLIFIER\\“‘ 5

+n | | |
ccm  — gRCM | J_
o | | V-
i
<~
Test Circuit:
T VOUT
RT DUT > O
/ g
!ﬁm’;'—"___: T
| P
Vi 7~ :‘\
\\:/.
!
7
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Test Conditions:

- Set the power supplies to the specified value.
-T=25°C

Test Method:

- Choose Ry so that the 3-dB frequency will be well within the bandwidth of the
amplifier.

- Establish V, as a sinusoidal wave form.

- Monitor Vot with an oscilloscope or a gain-phase analyzer.

- Determine the 3-dB frequency, foom.

- Calculate Ceyy:

1
c., =——
M 20t con Ry

Special Considerations:

The capacitance that is being measured is comparable to typical parasitics found
on bread boards or other test boards. Capacitance in parallel with Ry and C¢y, will add
with C¢y, to establish the 3 dB frequency. Low capacitance boards should be used or else
accounted for in the calculation. Similarly, the parasitic capacitance contributed by Ry

1

should not be neglected. This parasitic introduces a zero at f = ——.
21R, Copasimc

T
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Parameter: Differential Input Capacitance (Cpypg)

Definition: The equivalent capacitance between the input terminals of the operational

amplifier. As shown in the circuit diagram below, differential input capacitance is one of
several specified input impedances.

B sl
| i 7
ccm %RCM | |
| |
-In - | | i
CDIFF —— éRDIFF " AMPLIFIER
+In i ‘(/
Pk
= |
ccM  — éRCM P
V-
T 7
Test Circuit:
Rz Ra
S T MV

2
g Ra
i
R4 l
\\‘\ v |
- o VOUT
| DUT b1 P
V1 T X !
[ | |
L~
|
=~ 7
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About the Test Circuit:

A high-gain, high-impedance op amp circuit configuration is required to observe
the effect of the differential input capacitance on the transfer function, Vq/V;. Resistor
values can be chosen for the “T-Configuration” test circuit above to achieve both high
gain and high impedances.

The test described here measures the sum of the differential input capacitance and
the common-mode input capacitance. In order to determine the value of the differential
input capacitance, the common-mode input capacitance must be measured and then
subtracted from the result found using the following method. As shown below, Cpy
represents one common-mode input capacitance plus the differential input capacitance.

Rz R4
AVAVE NN
) |
% Ra '
| a
i i
R1 i |
. <7
= o vouT
CIN —_— DUT i o
\V1 2N | //_/
_ E
e //
=l
=7 5
Cin=Ccm * Cpire (1
Analysis of the Test Circuit:
Classic feedback theory states that the closed-loop gain, Vqy1/V, is given by:

v, T 1+ 4P

36



where A¢ is the closed-loop gain, A is the open-loop gain and P is feedback factor. The
closed-loop gain can be rewritten as

_1 4B
AC*_B 1+ AB

. 3)

AP is termed the “loop gain” of the feedback configuration. The term, 1/B, is the gain of
the circuit in the case that the open-loop gain is infinity. This is the value that is
calculated when analyzing an ideal op amp circuit. One consequence of the ideal op amp
assumptions is that any impedances between the terminals of the amplifier are ignored
since it is assumed that both terminals are at the same potential and there is no current
flow between them. As a result, the impedance that is to be measured in this case, Cpy,
will only appear in the loop gain terms.

For this test circuit,

L (R+R)(,. R,
e ®

For the typical case where R; is relatively small compared to R, and Ry,

R3
and
sk (6)
B ‘RI‘RS
The loop gain, A, is given by:
A= RJ|(R, + R) R4, 1 7

T RI(R,+R)+R, R+ R, 1+ % 1+s(RII(R, + Ry||R))C,y
where Ag, is the open-loop gain of the op amp, and fj is the low-frequency pole of the op
amp. Again, in the typical case where R; is relatively small compared to R, and R,,

R A 1
" R,+R, R+R 1+ % 1+ (R R,)C,,

®)
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Two poles appear in the loop gain expression; one is contributed by the op amp and is
located at fy, and the other is a result of Cpy and it is located at fpy where 1y is given by:

1
2n(R|I(R, + BRI R)C)y

Jew = 9

A graphical technique can be used to determine AB/(1+Ap). The loop gain is shown in
plot #1. Frequency fopy must occur after the loop gain crosses 0 dB so that it appears in
the complete closed-loop gain of the circuit. Plot #2 demonstrates the graphical
technique of determining AB/(1+Ap). First, AP is redrawn. Next, 1+Af is shown to
follow AP until 0 dB where it levels off and remains at 0 dB for high frequencies.
1/(1+Ap) is the same shape as 1+Af, only it is mirrored about 0 dB. Finally, since the
plots are on the log scale, AB/(1+Ap) is found graphically by subtracting the 1/(1+Ap)
function from the AP function. The result is shown in plot #3 as AB/(1+AB). To
determine the overall closed-loop response of the test circuit, 1/f is multiplied with
AP/(1+AB). This closed-loop gain function of the test circuit is indeed what can be
observed on a gain-phase analyzer.

- j\\ PLOT #1

: \ ‘ log Hz
M

PLOT #3
1B
k3 - fm .,
\_ fen
PLOT #2 Aa=1/B(ABI(1 +AB)}"\\
Y
e "'-\..faue
——\ kY

| ABI(1+AB) \
| g \\ kY 5,

—1(1+AB) e \

! 'y
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[t remains to determine fiy from the closed-loop response function. An
approximation using the ratios of gains and frequencies can be used to find fy. Inthe
case where the frequencies of interest are widely separated, the following approximation
is sufficient for determining fepy:

Jow = @ (10)

SrasAct _pC

where fy4p is the frequency at which the closed-loop gain of the amplifier reaches 0 dB,
f34p is the 3 dB frequency of the circuit configuration and A¢p pc is the dc closed-loop
gain of the circuit. Once fpy has been determined, a simple back calculation for Cp can
be performed since the resistor values of the circuit are known:

Co - 1
" 20y (RIH(Rz + R3HR4)).

(11)

Test Conditions:

- Set-the power supplies to the specified value.
=T=25°C .

Test Method:

Key to implementing this test circuit for measuring input capacitance is a proper
choice of resistor values: Ry, Ry, R; and R,. These resistor values must be chosen such
that fcy is significantly greater than f345 and significantly less than ;5. For this to be
true, the dc gain of the circuit must be high, about 1000 V/V, and the impedance seen by
Cn must be significantly large, on the order of 50 kQ to 500kQ2. A typical choice of
resistor values might be:

R, = 500 kO
R,=1MQ
R, =2kQ

and R, = IMQ.

The parasitic capacitance associated with R, introduces a zero at high frequencies.
[f this zero affects the placement of fjg, an erroneous Cy measurement will be made.
The value of R, should not be greater than 500 kQ in order to avoid this situation.

39



With the resistor values shown above, 1/B, which is approximately the dc gain of
the circuit , is 1004 V/V. The resistance seen by Cpy, given in equation 11, is 334 kQ,
This would place fqpy at 119 kHz for an op amp with Cppp + Co = 4 pF such as the
OPAI131.

Once resistor values have been chosen, the circuit transfer function can be
determined by the use of a gain-phase analyzer. A small input voltage must be used to
avoid slew limiting. An input voltage level of 500 uV to 1 mV is typical. Values from
the transfer function are used directly in equations 10 and 11 to calculate Cyy .

Since equation 10 is an approximation that is valid for widely separated pole and
zero frequencies, the resistor values R, R,, R; and R4 must be chosen in order to place
fony at a frequency where the approximation is satisfactory. The accuracy of the
measurement can easily be verified by artificially placing a small known capacitance
across the inputs of the op amp. A 1 pF capacitor works well. With the extra capacitance
in place, the test procedure can be repeated to observe how well the extra 1 pF is
resolved. If foy is not significantly greater than f;45, an increase of less than 1 pF will be
observed and it can be concluded that the original Cp measurement was lower than the
actual value of Cpy. In this case, an appropriate adjustment of R; and R; to increase fy
and maintain a gain of 1000 V/V should be made. On the other hand, if an increase of
greater than 1 pF is observed, foy should be decreased by choosing new values for R, and
R, while maintaining a gain of 1000 V/V. The test procedure can be repeated until the
added capacitance is resolved with an acceptable amount of error. Finally, once Cpy has
been determined, equation 1 can be used to calculate the differential input capacitance of
the amplifier.

COOKBOOK TEST PROCEDURE:

- Measure resistors Ry, R,, R; and R,.

- Measure the dc gain of the circuit: Aqp pe.

- Measure fip. . b

- Measure fj45.

- Calculate Cpy using equations 10 and 11.

- Measure a 1 pF capacitor.

- Add the 1 pF capacitor across the input terminals of the op amp.
- Measure the dc gain of the circuit: Aq pc.

- Measure f34g.

- Measure fy4g.

- Calculate Cyy using equations 10 and 11.

- Make appropriate adjustments to R, and R; and repeat this procedure until the
additional 1 pF capacitor is resolved with an acceptable error.

- Calculate Cpgp using equation 1.
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Special Considerations:

The capacitance that is being measured is comparable to typical parasitics found
on bread boards or other test boards. Perf board without metal traces or possibly air-
wiring should be used to build the test circuit.

Only those units that show a two-pole response in the closed-loop gain can be
measured using the technique described above. For example, the OPA627 exhibits the
two-pole response, however, the OPA27 does not.
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Parameter: Common-Mode Input Resistance (Rcy)

Definition: The equivalent resistance from an input terminal to ground. As shown in
the circuit diagram below, common-mode input resistance is one of several specified
input impedances. Mathematically, Rcy is defined as the incremental change in

common-mode voltage with an incremental change in bias current:

o [ I

§
CDIFF gRDIFF AMPLIFIER/k:-

-

+ =
n . e ,./:/

>
CCM — S RCM .~
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Test Circuit:

T VOouT

VOUT = -(VC + VIN)

Test Conditions:
- Set the power supplies to the specified value.
-T=25°C

Test Method:

The common-mode input resistance is measured by calculating AV ¢y /Alg.
The test circuit used for finding I is a convenient way to measure both a change in
common-mode voltage and a change in input bias current. The bias current can be
calculated at twa.common-mode voltage levels. Using the integration method, however,
a calculation of Iy must be made while allowing the common-mode voltage to vary a
small amount.

- Measure [ at a given common-mode voltage: Vp.Ip;.

For example, measure I, at a common-mode voltage of -100 mV by measuring
the integration time needed for the output to decrease from -50 mV to -100 mV. Use the
equations given in the Test Method section of input bias current for calculating Ig;.
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- Measure Iy at a second common-mode voltage: Vy,Ip,.

Continuing with the example, measure I, at a common-mode voltage of -500 mV
by measuring the integration time needed for the output to decrease from -450 mV to -
500 mV. Use the equations given in the Test Method section of input bias current for
calculating Ig,.

- Calculate the common-mode differential input resistance:

= AVer — Vo = Vo .
Al Iy =1y,

Special Considerations:
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Parameter: Differential Input Resistance (Rpr)

Definition: The equivalent resistance between the input terminals of the operational
amplifier. As shown in the circuit diagram below, differential input resistance is one of
several specified input impedances. Mathematically, Ry pr is defined as the incremental
change in differential input voltage with an incremental change in bias current:

CCM
-In -

CDIFF
+n .

CCM

57
Test Circuit:
R V2 R4
-—\/ :

N e xR VOuT
Vi ' : \
VIN DUT

LN e :
R /_// >
LR L~ R2
R —— et
S N T
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Test Conditions:

- Set the power supplies to the specified value.
- Choose R, to establish the specified load: R;gsp = R,|[R;.
-T=25°C

Test Method:

- Set Vy to the maximum specified Ay, condition by adjusting V.
- Measure Vi Vi
- Measure I, using the integration method for determining Ig,: I;.

- Set Vyr to the minimum specified Ay condition by adjusting V.
- Measure Vi V.
- Measure I, using the integration method for determining Ig,: Ip,.

- Calculate RD IFF-

R _ AV!N Vm - sz
DIFF — Al T o ]
B Bl B2

Special Considerations:

Measuring differential input resistances that are typically specified for FET-input
amplifiers is very difficult. For a given change in the Vy, a very small change in I must
be resolved. For an amplifier with 120 dB of Ag; where the output is moved from 10 V
to-10 V. change of 20 uV will be observed. If, for example, the differential input
resistance is 10'° Q, a change of 2 fA results. Equipment that measures picoamps with
femptoamp resolution would be required for a typical FET-input amplifier.
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Parameter: Input Voltage Noise Density

Definition: The input voltage noise is the time varying component of the input offset
voltage. As shown in the figure below, the input voltage noise, €,(t), can be modeled as
one of several input noise sources.

Amplifier with noise

In-t) N

+ | ./'/
5 // Nolseless Amplifier
In+(t) L

\.
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Test Circuit:

Spectrum Analyzer O\‘\

N
N
R1 Rz
4
i II
| |
| |
i i '
R
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About the Test Circuit:

The test circuit including relevant noise sources is shown below.

eri(t) era(t)
R1 Ra2
——— NN+ {| +F——
I\h\_// : :

eo(t)

e ()= en(f)(l * %} +1, ()(R,) + em(‘)(%] +egy(8)

The objective in selecting resistors Ry and R, is to minimize the relative input-referred
contribution of the noise sources that are not being measured. In this case, they are I, (t),
ery(t) and ep,(t). The contribution of I (t) can be minimized by selecting a small value of
R,. The contribution of eg,(t) can be reduced by placing the amplifier in a high gain.
Since e,(t) and eg,(t) are gained up by approximately the same amount for high gains,
resistor R; must be selected such that the noise contribution from R, is at least four times
less than the predicted value of e (t), the value to be measured. eg,(t) is given by:

e (1) = \JAKTR, .

For

e,(t)=4dey(t),

resistor R, is given by:

Ro= __(e”(r))z
"7 64kT
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Test Conditions:

- Set the power supplies to the specified value.
- Select R, and R, per the discussion given above.
-T=25°C

Test Method:

- Connect the test circuit to a spectrum analyzer as shown.
- Measure e(t) at the specified frequency.
- Divide the value obtained by the noise gain to obtain e,(t). The noise gain is given by:

R,
Noise _ gain = [1 + E-J .

1

Special Considerations:
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Parameter: Input Current Noise Density

Definition: The input current noise is the time varying component of the input bias
current. As shown in the figure below, the input current noise can be modeled as one of
several input noise sources.

Amplifier with noise

i '}—|—-—| v
i |
-
In-(t) Ty
| -
¥ S
{ ST Noiseless Amplifier
[ty ™ -
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Test Circuit:

|
| ¥
|
’ |
|
O

| Spectrum Analyzer

Rz
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About the Test Circuit:

The test circuit including relevant noise sources is shown below.

erz(t)
Rz
=
NSl P =y

NI
en(t) |

| S F eo(t)
In-(t) {,/i:\J | DUT>_‘_<,

=

7

¢

e(f) =e,(1)+ 1, (1)(R;)+ep (1)

The objective in selecting resistor R, is to minimize the relative input-referred
contribution of the noise sources that are not being measured. In this case, they are e,(t)
and eg,(t). The contribution of I, (t) can be made much larger than that of e (t) by
selecting a large value of R,. R, should be selected so that the contribution of eg,(t) to
the output voltage is at least four times less than I, .(t)(R,). This I, (t)(R,) contribution is
given by:

I ()(R,)=x/2q], (R,). B e
For
“ 1,(1)(R,) 2 dey (1),
R, must be given by:

R, 2 o -
_qfs— \ O+
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Test Conditions:

- Set the power supplies to the specified value.
- Select R, per the discussion given above.
-T=25°C

Test Method:

- Connect the test circuit to a spectrum analyzer as shown.
- Measure e(t) at the specified frequency.
- Divide the value obtained by R, to obtain e,(t).

Special Considerations:
A typical bipolar-input amplifier with 5 nA of input bias current would require R,

to be greater or equal to 20 M. On the other hand, a typical FET-input amplifier with 5
pA of input bias current would require R, to be greater than or equal to 20x10° Q.
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Parameter: Total Harmonic Distortion Plus Noise (THD + Noise)

Definition: The ratio of the rms value of the harmonic components of the output and

the rms value of the noise at the output to the rms value of the fundamental component of
the output.

Test Circuit:
I AUDIO PRECISION
| . |
_ NOTCH FILTER | i
L SWEPT i ! TONOTCH THE | DISPLAY
| SINEWAVE 1| FUNDAMENTAL | i
| | GENERATOR i s ;
|
| : i —I f
: / K_\ y l r | |I i % | /
I“\ ....\_/;I J.:I : I 7‘ . —'_'_FF///
\¥/ | | f i
SINE OUTPUT INPUT FILTERED OUTPUT
f
/ 5,
R1 R2 N, A
l A~ / 5, \\...

Sy __:_// . &;
)
S e < RL
2 50 ohm terminator for :)
impedance matching
~ g =

Test Conditions:

- Set the power supplies to the specified value.
- Choose R; to establish the specified load: R g4p=R([[((R,*+R,)
-T=25°C
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Test Method:
- Choose R, and R, to establish the specified gain.

GAIN=I+£
R

1

- Connect the test circuit and Audio Precision THD meter as shown.

- Measure THD and Noise at the specified frequency.

- Use the scope as shown to monitor the filtered output of the amplifier as a check against
other noise or distortion contributors such as line cycle noise.

o oA

| B
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Higher Frequency Measurements

To make THD measurements at frequencies beyond the range of the Audio Precision
THD meter, the following method can be used to measure THD with a spectrum analyzer.

Test Circuit:
' |
|
|
il
i
|
| |
H Iirlk
| '
Spectrum Analyzer C__"_"““m.\
\'.
Ri R2 |
CLEAN SINE | DUT J
WAVE T vout
GENERATOR N R /// |
-, < L™ < RL
i d 2 50 ohm terminator for D
L impedance matching ]
= | Lo
Test Method:

- Connect the test circuit and spectrum analyzer as shown.
- Set the function generator to output a sine wave at the specified frequency.
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- The output of the spectrum analyzer will show a peak at the fundamental frequency and
smaller peaks at the harmonic frequencies:

The THD equation can be rewritten as follows:

Er a4 B 4. B %... 2 2 2
rup o VE T E Y E (B BB
El EI El El

A new variable can be defined to aid in the calculation of THD:

e dBc, =20 log[%) =20log(E )-201log(E,)

Since the output of the spectrum analyzer is given in decibels, dBcy can be found simply
by calculating the difference in dB between the magnitudes of the peaks of Ey and E,.
Finally, since

the THD equatic;n can be rewritten as:

J dBc, dBey dBe,
THD=|\V101" +101'" +101°0 +...J(IOO)%

Once all of the dBcy values have been found using the spectrum analyzer, THD can be
calculated.

Special Considerations:
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APPENDIX A: Differential input voltage.

Vs is one of several components that comprise the differential input voltage of
an op amp. Vpy can be written as the sum of the contributions due to the initial Vg, the
temperature-dependent drift component of Vg, input voltage required due to finite open
loop gain (Agy ), errors due to finite common-mode rejection (CMR) and power supply
rejection (PSR):

Ve =Vos + 6;/;5 (AT)+ Z’—m +CMRR %V, + PSRR™ x A(V+)+ PSRR™ x A(V-).
oL

Vour - the output voltage of the amplifier.

Agy - the open-loop gain of the amplifier.

T - the temperature of the amplifier.

AT - the difference between the temperature of the amplifier and 25 °C: (T - 25 °C).
CMRR - the common-mode rejection ratio which in this case has units of V/V.

Veum - the voltage common to both inputs of the amplifier.

PSRR" - the positive power supply rejection ratio which in this case has units of V/V.
A(V+)=the difference between the positive power supply voltage and the specified power
supply voltage: (V+) - (VH)speciriep)-

PSRR'’ - the negative power supply rejection ratio which in this case has units of V/V.
A(V-) - the difference between the negative power supply voltage and the specified power

supply voltage: (V-) - (V-)speciFiep)-
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Appendix B: False Summing Junction Test Circuit
The test circuit shown below is essentially a unity gain, inverting op amp

configuration. Resistors R, and R; simply gain up the input voltage Vy such that the
voltage V, is given by:

Vz = "Vm(l +£?"]
R,

The node labeled “V,” is the summing junction of the circuit configuration. As in

standard op amp configurations this node is approximated to be at ground for purposes of
calculating the load:

Rioap = RIIR,

R1 V2 R1

|
i |
| < V+ :
J\ R2 ¢ s I
Vi /0N < M \i
- G o = | VouT
| = VIN  DUuT | -
. - )
=R
i ' s / > Ra
AR L V-
" .

N

The armount of error introduced mto the circuit by R, and R; is proportional to the amount
by wh. h Vyy is gained up.

Suggested resistor values:

R, = 10kQ
R, =100 Q

R, = 2.5 kQ for Ry gap = 2 k.

- A note about the power supplies: 3.3 pF tantalum capacitors are typically used to bypass
both of the supplies to ground.
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Op Amp Glossary of Terms
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Thatcher Klumpp, Aug. 22, 1995
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Performance Curve: Open-Loop Gain/Phase versus Frequency

Test Circuit:
GAIN/PHASE ANALYZER
o
] By |
LN
|
| OUTPUT REFERENCE TEST i
| \\\ ) o i
R1 } RZ k&
\ 1
I aASN——
| | \
| | \
] | \
— I [\\ |
| | \\ |]
TN | /
~.. | A
VlN[ DUT /_/“— — T — —OC Vout
. = /./ 5
L /\ Ra
s
N

Test Conditions:

- Set the power supplies to the specified value.

- Choose R, and R, to establish an arbitrary gain.

- Choose Ry to establish the specified load: Rioap = RyJR;.
«T=25°C



Test Method:

- Connect the Gain/Phase analyzer to the test circuit as shown and plot the test channel
divided by the reference channel on a log scale.

Special Considerations:

- The cable used to connect the summing junction voltage to the reference channel must
have low capacitance. A large amount of parasitic capacitance between the inverting
terminal and ground may cause the amplifier to oscillate.



Performance Curve: Power Supply Rejection versus Frequency

Test Circuit:
+PSR:
GAIN/PHASE ANALYZER
ok
L
| |
" ——
! 7 \
| g
| OUTPUT//’/. REFERENC:_E// \..\ TEST o
2 el o] x\
A
7
!
| i
L BN
= \‘\._
G
VIN o[
} & |
B le s |
S 3
: §
0
T V_ I
. < L

VOuT



-PSR:

f/

GAIN/PHASE ANALYZER
i

™

-

ou-y/
(

I

REFERENC'E)Q\ TEST

s

Test Conditions:

- E\
\ \u
I
| I'
ve |
N
! f b
- J\ ~d i i
— \\\\ | .
VIN‘ i — VOuUT
e ! ////
+ A ”

- Set the power supplies to the \sp;eciﬁed value.

- Choose R, to be the specified load.
~T'= 25°C

Test Method:

- Connect the Gain/Phase analyzer to the test circuits as shown and plot the test channel
divided by the reference channel on a log scale for both +PSR and -PSR.

Special Considerations:



Performance Curve: Common-Mode Rejection versus Frequency

Test Circuit:

GAIN/PHASE ANALYZER

N

N |

T

-m--"'x__‘ i
| oureur REFERENCE “\TEST |
= |
i |
| = ST

~ 2 |

| o

e

g h"‘x._\
|| R e
\.\ AT — .
| | |
A R M | |
\ —_— AN — L ‘ —\ ! /
S VIN | DUT T / vout
1 R " ! | ///
AN s

About the Test Circuit:

The op amp is connected in the difference amplifier configuration. Since all of
the resistors are equal, the output is twice the differential input voltage. The input signal
voltage is two times the common-mode voltage. Plotting the test channel voltage divided
by the reference channel voltage accomplishes the CMR plot of Vp/Vpy versus
frequency.



Test Conditions:

- Set the power supplies to the specified value.
- Select R such that 2R is equal to the specified load.
-T=25°C

Test Method:

- Connect the Gain/Phase analyzer to the test circuit as shown and plot the test channel
divided by the reference channel on a log scale.

Special Considerations:



Performance Curve: Input Bias and Input Offset Current versus Temperature
Test Circuit:

- Use either the integration technique or the large resistor method described for measuring
input bias current.

Test Method:

- Measure the input bias current at various temperatures within the absolute maximum
rated operating temperatures.

- Calculate the offset current at each data point.

- Plot both input bias and input offset current as a function of temperature.

Special Considerations:
- Parasitic capacitances contributed by the test fixture and the input capacitances of the

amplifier make this test difficult to carry out. Perf board or air-wiring may be required to
obtain an acceptable plot on the Gain/Phase analyzer.



Performance Curve: Input Bias Current versus Input Common-Mode Voltage

mi P
Test Circuit:
‘ s ™ VOUT
>~ 1 5
i

DUT
+/ RL

V1

)

Test Conditions:

- Set the power supplies to the specified value.
- Choose R; to be the specified load.
=Lz 23°C

Test Method:

- Use a semiconductor parameter analyzer to source the voltage V| and monitor the bias
current.

- Sweep V, over the entire common-mode input voltage range.

- Plot the input bias current versys the common-mode voltage.



Integration Technique
Test Circuit:

- Use the integration technique described for measuring the input bias current flowing
into the noninverting terminal of the amplifier:

_ ﬂ _ \ vOouT

VIN | DUT s o
7
— . e o

‘ - | = i///// i

! | CT RL

; i

1 b !
< v

VOUT = -(VC + VIN)

Test Method:

Changing the common-mode voltage of this circuit configuration can be
accomplished by changing the'supply voltages while maintaining the specified voltage
difference between V+ and V-. For instance, if V+ and V- were +15V and -1 5V, the
common-mode voltage would be 0V, To make the common-mode voltage +10V, V+
would be 5V and V- would be -25V. To make the common-mode voltage -10V, V+
would be 25V and V- would be -5V.

- Measure the input bias current at various points over the common-mode input voltage
range.

Note: The integration capacitor, Cy, should be chosen such that change in common-mode
voltage is not significant during the integration time. 0-50mV should be sufficient.

- Plot I versus V¢ over the common-mode input voltage range.



Performance Curve: Open-Loop Gain versus Temperature

Test Circuit:

- Use the circuit described for measuring dc open loop gain.

Test Method:

- Measure the open-loop gain at various temperatures within the absolute maximum rated
operating temperatures.

- Plot the open-loop gain as a function of temperature.

Special Considerations:



Performance Curve: Quiescent Current and Short Circuit Current versus
Temperature

Test Circuit:
- Use the circuits described for measuring quiescent current and short-circuit current.

Test Method:

- Measure the quiescent current and short-circuit current at various temperatures within
the absolute maximum rated operating temperatures.
- Plot the quiescent current and the short-circuit current as a function of temperature.

Special Considerations:
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Performance Curve: Maximum Output Voltage versus Frequency

Definition: The maximum output voltage without slew-rate induced distortion. The
maximum voltage is defined by the dc Ay test conditions. For a given slew rate, the
maximum frequency and maximum output voltage are related by:

. _SLEW_RATE
MAX — *
2“V0UT_W
Test Circuit:
e |
_— |
| . . VOuT
DUT \/ﬁ:_._ 5
- -
SR | _/./ ” |
V1 ;G-\-\'\ ‘// % RL
7 S
‘ !
| |
< V4

Test Conditions:

- Set the power supplies to the specified value.
- Choose R; to be the specified load.
-T=25°C
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Test Method:

- Set the amplitude of the sinusoidal input voltage, V|, to the Ay, output voltage
condition.

- Adjust the frequency of V, and observe the output voltage of the amplifier on an
oscilloscope.

- Record the frequency at which the wave form begins to become distorted due to slew
limiting.

- Repeat this procedure for various output voltage levels in order to generate a plot of the
maximum output voltage versus frequency.

Special Considerations:
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Performance Curve: Small-Signal and Large-Signal Step Response

Test Circuit:

VOouT

2 |
Vi | // \L !
N RL > — CL
(1 ) & =
G g
.
| |
v S <

Test Conditions:

- Set the power supplies to the specified value.

- Choose R to be the specified resistive load.

- Choose C; to be the specified load capacitance.
-T=25°C

T

Test Method:

- Establish V| to be a square wave with the specified amplitude and frequency. For the
small-signal case, the amplitude is typically 100 mV with a frequency of 500 kHz. For
the large-signal case, the amplitude is typically £10 V with a frequency of 100 kHz.

- Monitor Vgyr on an oscilloscope.

Special Considerations:
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Performance Curve: Settling Time versus Closed-Loop Gain

Test Circuit:
V2
R1 R2
[— AN
|
| Dby NMD  CF
| —
| R1 <
| ' 73 T
' ‘ R2
e
| S
Vi1 = | '“-\\\ | VOouT
E - out >t —0
N g 2 !
7 b L i
| i
‘ ’ L// cL

About the Test Circuit:

- The VOltage galn VOUTNIN Cquals -Rzl{Rl.
- The voltage V, is given by a weighted subtraction of the input and output:

R R
- l Vour o o
R+ R, R + R,

V.

- The two diodes clamp the voltage V, in order to avoid overloading the oscilloscope
when measuring very small voltages. The diodes should be fast reverse recovery diodes
such as the HP-5082-2835.
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Test Conditions:

- Set the power supplies to the specified value.

- Choose C, as the specified load capacitance.

- Choose R, to establish the specified load: Rypap = R,/2.
- Choose R; to establish the desired closed-loop gain:

-T=25°C

Test Method:

- Establish V, as a square wave.

- Monitor Vi and V, on an oscilloscope.

- Determine the settling time from the point that Vyy transitions to the time V, enters and
remains within the specified error band multiplied by the factor, R,/(R,+R;). The factor
is a result of V, being Vgt reduced by the voltage divider formed by R, and R,.

- Repeat the test method for various closed-loop gains. Plot settling time versus closed-

loop gain.



The specified

error band multiplied
by R1/(R1+Rz2)given
as a percentage of
the output voltage
step

- YN,

7 T _\\_ _/_ ‘__!
|

The output voltage

has entered to remain
within the error band.
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Special Considerations:

- [t becomes very difficult to measure the settling time of the circuit described above for

gains of 10 V/V and greater. As the gain increases, the voltage level at V, becomes very
small. In order to avoid this problem the following circuit can be used:

W2
D | \ D
X VA
r 4
| <
Ra | Ra
| —— IR S
‘ ., CF
R4 i
| | Ty . . A
| ' : Ri1 i I
| 2 | I\“\\ f
B ™ | | .
Vi / —i_\‘. § Rs ‘ ‘\\ VOUT
- | e
e - | -
e s
W v e L ¢l
| E
!
s "% v

About the Test Circuit:

hd *

- The circuit is essentially the same as the previously described circuit except that R, and
R; have been added.
- R, and R, set the gain of the amplifier:

- The gain of the complete circuit should be chosen to be -1 V/V.
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- Resistors R4 and Rs must be chosen to divide V by the amount that resistors R, and R,
gain up the signal. An example choice of resistor values would be:

R, =1kQ
R,=10kQ
Ry =2.5kQ
R,=90Q
Ry=10 Q.

- Resistors R4 and R are chosen to be small compared to R, so that V, is divided by the
resistor divider: Rs/(Rs+R,).

- These choices of resistors place the DUT in a gain of -10 V/V. The complete circuit is
in a gain of -1 V/V and V, is one half of the small signal output voltage. The load is
approximately R,4||R, =2 kQ.
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Performance Curve: Small-Signal Overshot versus Load Capacitance
Test Circuit:

Use the standard noninverting configuration for positive gains:

s g VOUT
DUT>_-
. _.{_ g

o R1 Rz
AN AN ———————
G AN | Sag . vouTt
| DUT 1 | 5
L - |
o o !
1
| 7 == L
; |
Test Conditions:

- Set the power supplies to the specified value.
- Choose R; to be the specified resistive load.
- Choose C; to be the load capacitance.
-T=25°C
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Test Method:

- Establish V, to be a small-signal square wave. The amplitude of Vyy is typically +100
mV with a frequency of 500 kHz.

- Observe Vo1 on an oscilloscope. Measure the amount that Voyy overshoots the target
output voltage.

- Repeat the test method for various closed-loop gains and load capacitances.
- Plot the percentage overshot as a function of load capacitance for various gains.

Special Considerations:
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Performance Curve: Channel Separation versus Frequency. This performance test is
for characterizing dual and quad-packaged amplifiers.

Definition: The gain measured from the input of one amplifier to the output of a second

amplifier in the same package.

Test Circuit:

GAIN/PFHASE ANALYZER

,” i TR & \

\ .
Y |
\ | |
% M
\.\\ '\._\_‘\ "
AMP1 .
J % et /
1P Il.l-'ll
-— }I{
R Rz ./
S ATA A — NS
| i\“\ ’f.
| o I x\\\\ . //
’ AMP2 T
A !
‘ | o - vouT
| 5 _
| L~ 7 Rs
| | 0
7
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Test Conditions:

- Set the power supplies to the specified value.

- Choose R, and R, to establish a gain of 100 V/V.

- Choose R; to establish the specified load: Ryoap = R,|[R;.
w T =25 90

Test Method:

- Connect the Gain/Phase analyzer to the test circuit as shown and plot the test channel
divided by the reference channel on a log scale.

- Normalize the plot to a gain of one.

Special Considerations:

- The choice of gain for this test is only to make the output easier to measure. Care must
be taken when selecting the gain of AMP #2 so that the channel separation versus

frequency plot is not dominated by the bandwidth limit of the gain configuration of AMP
#2.
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Performance Curve: Input Voltage and Current Noise Spectral Density versus
Frequency

Test Circuit:

Use the circuits described to measure input current and noise density.

Test Method:
- Determine the voltage and current noise density over the specified frequency and plot

them on the same graph.

Special Considerations:
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Performance Curve: Total Harmonic Distortion and Noise versus Frequency
Test Circuit:

- Use the circuit described to measure total harmonic distortion.

Test Method:

- Measure THD over the specified frequency range.
- Repeat the test method for various closed-loop gains.
- Plot THD for each closed-loop gain configuration versus frequency.

Special Considerations:
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