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On Determining Loop Gain
through Circuit Simulation

Loop gain is a fundamental parameter for electronic circuits
that employ either positive or negative feedback. This article
discusses how to determine loop gain through circuit simulation.

Amplifiers employing positive or nega-
tive feedback are fundamental building
blocks in electronic circuits. Negative feed-
back is employed to linearize amplifiers
in order to reduce distortion of the input
signal and improve amplifier bandwidth.
Conversely, applying sufficient positive
feedback to an amplifier results in an oscilla-
tor because an output signal occurs when no
input signal is present.!

Figure 1 depicts a block diagram for a
simple amplifier with positive feedback. The
gain of the amplifier is A while the gain (or
loss) of the feedback network is K. The input
and output voltages of the overall circuit are
v; and v, respectively, while the voltage at the
output of the feedback network is v;. Again
referring to Figure 1, the output voltage is
obtained from the amplified sum of the input
and feedback voltages, or

vozA(vi+vf) Eq. 1
while the voltage at the output of the feed-
back network is found from
ve= Kv, Eq. 2
Combining Equations 1 and 2 in order to
eliminate the feedback voltage term allows
the voltage at the output of the amplifier to
be expressed in terms of the input voltage as
A 1 1
S .
.y Eq.3

T TAK K 1
AeK
In Equation 3 the term AK is referred to

as the loop gain T.
In order for the positive feedback ampli-

Notes appear on page 7.
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Figure 1 — Block diagram of positive
feedback amplifier depicting input voltage
v;, output voltage v,, and feedback voltage
V.
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Figure 2 — Positive feedback amplifier
redrawn to emphasize the feedback loop.
Each “X” indicates locations where it is
possible to break open the loop in order
to determine loop gain.

fier to sustain oscillations the Barkhausen
criteria requires that the magnitude of T
is equal to unity at a frequency where the
phase of T is equal to O degrees or radi-
ans (or some integer multiple of 360°
or 27 radians). In order for oscillations to
start the loop gain must be greater than unity
at a frequency where the phase is 0 degrees
or radians (or some integer multiple of 360°
or 27 radians).? Thus, the loop gain provides
critical information concerning whether an

gmvx<T> 2 v,
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Figure 3 — Alternative model of a

positive feedback amplifier consisting of
a dependent current source with current
OmVyx in parallel with a feedback impedance
Z.. Each “X” indicates locations where it is
possible to break open the loop in order
to determine loop gain.

electronic circuit will actually function as
an oscillator.

In order to develop a method to deter-
mine the loop gain, consider Figure 2, which
is redrawn to emphasize the feedback por-
tion of the loop from Figure 1. If the loop is
opened at either “X” and a test voltage vy
is applied to the side of the loop that leads
to the amplifier input, what voltage vcasure 15
measured at the other side of the loop open-
ing? Obviously Vieue = AKVie SO that the
loop voltage gain is Vieasure/Viess = AK = T.

Figure 3 shows a circuit model of the pos-
itive feedback amplifier, Figure 2. As shown
in the figure the circuit consists of a depen-
dent source, in this case a voltage controlled
current source that represents an ideal trans-
conductance amplifier and an impedance Z;
that represents the load of the feedback net-
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work on the controlled source. In general it is
possible to define either a loop voltage gain
T, or a loop current gain 7;. The procedure
for determining either one is the same—the
loop is opened, a test voltage (current) is
applied and a response voltage (current) is
determined and then their ratio is obtained.
But now a second load impedance Z; is con-
nected across the source in order to maintain
the same load impedance on the source
with the loop open as with the loop closed.
This is shown in the two circuits shown in
Figure 4. For the circuit on the left side of the
figure applying a test voltage of v, results in
a voltage of v, and the loop voltage gain is
T, = v, = g VZ/V, =gnZs. For the circuit
on the right side of the figure applying a test
current of i, results in a current of i, and the
loop current gain is 7; = i/i, = g,.(v/Z) =
8wZy. In this simple example T, =T = g.Z; =
T which is the overall loop gain, but this
result holds only if the output impedance of
the dependent source is ignored as we shall
see.

Although the technique of opening the
loop appears simple in theory there are a
number of factors that complicate its appli-
cation to a practical circuit. For example
opening the loop may remove the dc bias
current for the active device so that it no lon-
ger functions. Another problem is precisely
duplicating the value of the load impedance
that appears in parallel with the dependent
source once the loop is broken.

An Experimental Method for
Determining the Loop Gain

In 1975 R.D. Middlebrook proposed a
method to overcome these limitations for
negative feedback amplifiers.> Middlebrook
applied this method to measure the loop gain
of negative feedback amplifiers. It is also
possible to apply the method to determine
the loop gain of negative feedback amplifiers
through circuit simulation.*

In general Middlebrook’s method deter-
mines the loop voltage gain 7, by inserting
an arbitrary voltage source v, into the loop
as shown by the circuit on the right side
of Figure 5. Because practical dependent
sources contain an internal impedance Z; this
impedance, as well as the load impedance Z;
due to the feedback network, is shown in the
circuits in Figure 5.

Because the internal impedance of the
voltage source v, is a short circuit the load
impedance seen by the dependent source is
unchanged and bias currents are unaffected.
All that remains is to obtain the voltages v,
and v,, through either measurement or circuit
simulation, and then determine the loop volt-
age gain T, =v,/v,.

The loop current gain 7; may be obtained
by the dual of the previous method as shown
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in the left side of Figure 5. This time an arbi-
trary current source i, is added in parallel
with the dependent source and feedback net-
work. Because the internal impedance of the
current source is infinite the load impedance
seen by the dependent source is unchanged
and the bias currents are unaffected. In this
case it is necessary to obtain the currents i,
and i, through either measurement or circuit

overall loop gain T from the loop voltage
gain T, and loop current gain 7;. This is
demonstrated in Appendix 1, which modi-
fies Middlebrook’s result for the case of a
positive feedback amplifier (oscillator). As
shown in Appendix 1, once the loop volt-
age gain T, and the loop current gain 7; are
obtained the overall loop gain 7 can be found
from

simulation, and then determine the loop cur- T,T, -1
rent gain T, = i/iy. . = T, +7, -2
Next it is necessary to determine the Eq. A-1
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Figure 4 — In order to obtain loop voltage gain break loop at “X”, insert a test voltage
source, and then determine T, = v,/v, (left circuit). In order to obtain loop current gain
break loop at “X”, insert a test current source, and then determine T, = i//i, (right circuit).
In each case after the loop is broken it is necessary to insert a replacement feedback
impedance Z; in order to maintain a constant load for the dependent current source.
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Figure 5 — Determine loop voltage gain by inserting an arbitrary voltage source v, and
then obtaining T, = v,/v, (right circuit). Determining loop current gain by inserting an
arbitrary current source i, and then obtaining T; = i//i, (left circuit).

v =1006/5.618 = 179.1
;=1006/ 5.618 = 179.1
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Figure 6 — Circuit simulation to determine loop voltage and current gain for the circuits
shown in Figure 5 for the case of Z,= R, =18 Q and Z;= R; = 18 Q.



For large values of T, and T; Equation A-1
can be approximated as

LT
I +4

T

IR

which demonstrates that, like the formula for
two parallel resistors, the overall loop gain
T will be smaller than the smallest of either
the loop current gain 7; or the loop voltage
gain T,.

The balance of this article will demon-
strate how to apply Equation A-1 through cir-
cuit simulation in the case of dc, audio, and
radio frequency positive feedback amplifiers.

Example: Determining the Loop
Gain for DC Circuits

Because Equation A-1 was derived by
applying general circuit laws, it applies
equally to either time varying (ac) or con-
stant (dc) voltages. Thus before applying
the method to determine the loop gain of
an oscillator it is instructive to review sev-
eral dc simulations to demonstrate that
Equation A-1 is correct, as well as illustrate
the method of obtaining the loop gain T
through simulation.

Figure 6 presents a circuit simulation of
a positive feedback amplifier. In this case R,
= R; = 18 Q so the load and feedback resis-
tances are equal and the theoretical loop gain
is T'= gm R.q = 10S(180Y|180)=90 V/V. The
function of the two 1 pQ resistors is to sense
the currents i, and i, without perturbing the
results. As shown in the figure in the case of
equal load and feedback resistance T, = T,
= 179.1. Applying Equation A-1 with these
values yields T = 90.05 V/V, so excellent
agreement is obtained between the simulated
and theoretical values of the overall loop gain
T. Notice that the value of either the test volt-
age or current source in Figure 6 is immate-
rial since only the ratio of i, and i, or v, and v,
is of interest rather than the individual values
of voltage or current.

Figure 7 presents a circuit simulation for
the case of R, =10 Q and R; = 90 Q so the
theoretical loop gain is unchanged because
T = gn Ry = 10S(10Q|[9002) = 90 V/V. In
this case the source resistance is much less
than the feedback resistance so the depen-
dent source approximates a voltage source
because of its relatively low resistance and
the loop voltage gain dominates the overall
loop gain T because T; = 890.6 while T, =
99.90. Applying these values to Equation
A-1 again results in T = 90.00 V/V, so
excellent agreement is once again obtained
between the simulated and theoretical values
of the loop gain and since T, << T}, T= T,.

Figure 8 presents a circuit simulation
for the converse of the previous case in
that now R, = 90 Q and R; = 10 Q. In this
case the feedback resistance is much less

T, =1010/10.11 =99.90
T;=1001/1.124 = 890.6
T =90.00
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Figure 7 — Circuit simulation to determine loop voltage and current gain for the circuits
shown in Figure 5 for the case of Z;= R, = 10 Q and Z;= R; = 90 Q.
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Figure 8 — Circuit simulation to determine loop voltage and current gain for the circuits
shown in Figure 5 for the case of Z;= R, =90 Q and Z;= R; =10 Q.

than the source resistance so the dependent
source approximates a current source. The
theoretical loop gain is unchanged because
T = gu R, = 10S(90Q[10Q) = 90 V/V.
The results obtained here are the reverse
of the previous results and the loop current
gain dominates because 7, = 890.6 while
1;=99.90. Applying these values to Equation
A-1 once again results in T = 90.00 V/V, so
excellent agreement is obtained between the
simulated and theoretical values of the loop
gain and since T;<< T, T=T,.

Example: Determining the Loop
Gain of a Wein-Bridge Oscillator

The results in the previous section are
instructive because they point out that if the
feedback amplifier can be approximated as
either an ideal voltage or current amplifier the
overall loop gain 7 may be obtained from a
single circuit simulation. In order to illustrate
this concept consider Figure 9 which presents
the schematic diagram of an audio frequency
Wien-bridge oscillator. Referring to the
figure, the oscillator consists of an opera-
tional amplifier with two feedback paths.
The upper negative feedback path through
the 1kQ and 5kQ resistors has a gain of
1 + 5k/1k = 6 V/V. This path provides nega-
tive shunt feedback to the amplifier output
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Figure 9 — Circuit simulation to determine
the loop voltage gain for the Wein-bridge
oscillator. The upper network provides
negative feedback and controls the amplifier
gain. The lower network provides positive
feedback and controls the frequency of
oscillation. In this case the loop is broken
and an arbitrary voltage source is inserted
between the output of the amplifier and the
input of the feedback network.
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Table 1
Calculated versus simulated results for Colpitts oscillator loop gain and oscillation frequency.
The error is obtained from (Calculated-Simulated)/Calculated x 100%.

Loop Gain (V/V) Oscillation Frequency (MHz)

C (pF) Calculated Simulated % Error Calculated Simulated % Error
340 1.00 1.06 -6.00% 1.0184 1.0157 0.27%
373 1.07 1.13 -5.61% 1.0160 1.0135 0.25%
426 1.17 1.22 -4.27% 1.0124 1.0102 0.22%
470 1.24 1.28 -3.23% 1.0097 1.0076 0.21%
556 1.34 1.38 -2.99% 1.0049 1.003 0.19%
800 1.50 1.52 -1.33% 0.9929 0.9913 0.16%
which reduces the amplifier output resis- 10
tance by the factor of 1 + AK so the circuit ’ ~—— '
very closely approximates an ideal voltage _ ~—— |
amplifier.’ g -00 — \f\ —

The lower positive feedback path through - | \\
the RC network controls the frequency of : - 1.0 |
oscillation. In the special case where the ’ ! ~——_
two resistors are of equal value and the two |
capacitors are of equal value it is possible to - 20 L
show that the oscillation frequency is

1 2.0000
fo= 2nRC — !
while the gain of the lower feedback network > / | \
is 1/3 V/V3. Thus for the circuit in Figure 9, — 1.9996 ™
the oscillation frequency is = : \
I AN
fozm:]59.]5 Hz 1.9992 |
155 156 157 158 159 160 161 162 163 164 165
and the loop gain is QX1103-Post10 Frequency (Hz)

6-i=2V/V.
3

Figure 10 shows the phase in degrees
(top) and magnitude in V/V (bottom) of 7, =
vy/vy, where v, and v, were obtained by con-
ducting an ac sweep between the frequencies
of 155 Hz and 165 Hz of the circuit shown
in Figure 9. The cursor in the top plot in
Figure 10is positioned to show that the phase
is 0° at f, = 158.92 Hz while the bottom plot
shows the loop voltage gain 7, = 1.999 V/V
at that same frequency. A separate simulation
(not shown) reveals that the loop current gain
is T, =44.175 kKA/A at the same frequency
so the circuit is an almost perfect voltage
amplifier as claimed previously. Thus 7, <<
T,,so T=T,=1.999 V/V. In this case the theo-
retical and simulated loop gain and resonant
frequency differ from each other by no more
than a few tenths of a percent in either case.
These results further confirm the utility of
this method to determine oscillator loop gain
through simulation.

Example: Determining the Loop
Gain of a Colpitts Oscillator

As an example of a more general and
sophisticated application of this method
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Figure 10 — Loop gain phase (top) and magnitude (bottom). The loop voltage gainT, =
1.9999 V/V and T, = 0° at 158.92 Hz.
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Figure 11 — Circuit simulation to obtain the loop current gain T; of the Colpitts oscillator.
In this case an arbitrary current source is connected between the input of the amplifier
and the output of the feedback network.




consider the SA/NE 602 IC Colpitts oscilla-
tor circuit that appeared in the March/April
2010 issue. In Appendix 1 of that article I
argued that the impedance looking into the
base of the transistor was so high that it could
be approximated as an open circuit. For this
reason it was possible to open the loop at the
base of the transistor and ignore the load-
ing effect of the base of the transistor on
the feedback network, which simplifies the
analysis of the oscillator circuit. The method
presented here of determining loop gain
through circuit simulation provides a means
for verifying that assumption and validating
the results presented in that article.

Figures 11 and 12 depict the schematic
diagram of the Colpitts oscillator shown in
Figure 2 of the previous article using the
component values for the MF band oscilla-
tor shown in Table 1 of the previous article.
The 2N2222 transistor is not the device used
internally in the SA/NE 602 IC, but it is
satisfactory for the purpose of conducting a
circuit simulation to determine the loop gain
in the MF band. The 1.75 pA current source
was chosen to set the emitter current to
0.25 mA in order to provide the proper
bias for the transistor. For the circuit in
Figure 11 an ac sweep was conducted to
obtain the loop current gain T; = i,/i, while
for the circuit in Figure 12 an ac sweep was
conducted to obtain the loop voltage gain
T, = v,/v,. Then the overall loop gain T was
obtained through application of Equation
A-1 and the phase and magnitude of 7 plotted
as shown in the top and bottom plots respec-
tively in Figure 13.

It is possible to examine the plots in
Figure 13 in order to determine the resonant
frequency f, and the loop gain T at that fre-
quency in the same way as was done for the
loop gain results that were obtained from
the Wein-bridge oscillator. These results are
shown in Table 1 which compares the val-
ues of loop gain and oscillation frequency
obtained through circuit simulation for the
six values of the voltage boosting capacitor
C with those presented in Table 3 of the pre-
vious article. As shown in the table the error
between the calculated and simulated results
for the loop gain are in error by no more than
a few percent while the error between the
calculated and simulated results for the oscil-
lation frequency are in error by no more than
a few tenths of a percent.

These results validate the assumptions
detailed in the March/April 2010 article and
confirm the accuracy of the formulas that
were derived in Appendix 1 of that article.

Conclusion

This article demonstrates that it is pos-
sible to apply circuit simulation techniques in
order to determine the loop gain for feedback

QX1103-Post12
DC =1.75 pA DC=8V —
+
Vy v,
b Ty
vyt n,
Al o U 6
AC Sweep
° L Magnitude = 0.1 mV Q2N2222
340p ==
Phase =0
+
= 5880.6 pF § 24793k ) 4.1322 pH
+ +
T~ 340p 20k §

Figure 12 — Circuit simulation to obtain the loop voltage gain T, of the Colpitts
oscillator. In this case the loop is broken between the input of the amplifier and the
output of the feedback network and an arbitrary voltage source is inserted in the loop.
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Figure 13 — Plot of Colpitts oscillator loop gain found by applying Equation A-1 to
obtain the phase (top) and magnitude (bottom) of the loop gainT.

amplifiers that apply positive feedback. These
results are useful to either investigate a feed-
back amplifier’s performance or to confirm
analytical results. This method was applied to
determine the loop gain through simulation
of dc, audio, and radio frequency circuits. In
each case the error between theoretical pre-
dictions and the results obtained from simula-
tions are no worse than a few percent.
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trical and computer engineering with Embry-
Riddle Aeronautical University in Prescott,

AZ. He holds an Amateur Extra class license,
KAS5GSQ, and has BS, MS, and PhD degrees in
electrical engineering.

Notes

'Comer, David J., Modern Electronic Circuit
Design, Addison-Wesley, Reading,
Massachusetts, 1976.

2Young, Paul H., Electronic Communication
Techniques, 5" Edition, Pearson Prentice
Hall, Upper Saddle River, New Jersey, 2004.

3Middlebrook, R.D., “Measurement of Loop
Gain in Feedback Systems”, International
Journal of Electronics, vol. 38, no. 4,
pp. 485-512, 1975.

“Tuinenga, Paul W., SPICE: A Guide to Circuit
Simulation and Analysis Using PSpice,
Prentice-Hall, Inc. Englewood Cliffs, New
Jersey, 1988.

5Alexander, Charles K. and Sadiku,

Matthew N.O., Fundamentals of Electric
Circuits, 4" Edition, McGraw Hill, Boston,
Massachusetts, 2009.

QEX — March/April 2011 7



We are your #1 source for 50MHz
to T0GHz components, kits and
assembilies for all your amateur

radio and Satellite projects.

Transverters & Down Converters,
Linear power amplifiers, Low Noise
preamps, coaxial components,
hybrid power modules, relays,
GaASFET, PHEMT's, & FET's, MMIC's,
mixers, chip components,
and other hard to find items
for small signal and low noise
applications.

We can interface our transverters
with most radios.

Please call, write or
see our web site
www.downeastmicrowave.com
for our Catalog, detailed Produc
descriptions and
interfacing details.

Down East Microwave Inc.
19519 78th Terrace
Live Oak, FL 32060 USA
Tel. (386) 364-5529

NATIONAL RF, INC.

VECTOR-FINDER
Handheld VHF direction
finder. Uses any FM xcvr.

Audible & LED display
VF-142Q, 130-300 MHz

ATTENUATOR
Switchable,
T-Pad Attenuator,
100 dB max - 10 dB min
BNC connectors

$239.95 AT-100,
VF-142QM, 130-500 MHz $89.95
$289.95

TYPE NLF-2
LOW FREQUENCY
ACTIVE ANTENNA

AND AMPLIFIER
A Hot, Active, Noise
Reducing Antenna System

DIAL SCALES
The perfect finishing touch
for your homebrew projects.
'/,-inch shaft couplings.
NPD-1, 3¥/,x2 3/4,

that will sit on your desk 7;323\519
and copy 2200, 1700, and NPD-2 5;, X35/
600 through 160 Meter 81 drisve &
Experimental and Amateur 7344 95
Radio Signals! NPD-3 5]/ X3 5.:
Type NLF-2 System: 6-1, drisve o
$369.95 f$4g_95

NATIONAL RF, INC
7969 ENGINEER ROAD, #102
SAN DIEGO, CA 92111

858.565.1319 FAX 858.571.5909
www.NationalRF.com

Appendix 1

Referring to the circuit on the right side of Figure 5, summing currents entering

the bottom node gives

—gva+&+5= 0.
Zg

> Eq. A-2

Then, rearranging Equation A-2 and solving for the loop voltage gain results in

1% Z,

T_Y s

V_v_ngS .
X

= Eq. A-3

The overall loop voltage gain is T = g,,(Zs||Zs). Modifying Equation A-3 to

introduce this factor yields

_ Yy _ ImZsZe(Zs+Zf) _Zs _ Zs\ _Z%s -
Ty = vy Ze(Zs+Zp) Ze (1 + Zf) zs Eq. A-4
Solving for the impedance ratio Z/Z, gives
Zs _ Ty—T -
Z_f = —T—l . Eq. A-5

Now referring to the circuit on the left side of Figure 5, by equating currents it is
possible to express i, as

ly = gmVx — ;—’S‘ Eq. A-6

Then, applying Equation A-6 in order to solve for the loop current gain results in

. ImV. vx
i mVx—
—_ Y _ Zs
Ti___—

Ix

= ImZf—

Zf
Z Eq. A-7

Zf
Again, the overall loop voltage gain is T = g,(Zs||Z5). Modifying Equation A-7

to introduce this factor yields

_ l_y _ ImZZs(Zs+Zs) _ ﬁ _ ﬁ _ ﬁ K
hi= = a7z ! (1 + Zs) 7 EQAS
This time solving for the impedance ratio Z/Z_gives
Zg _ Ti-T i
7. - T-1° Eq. A-9

Equating Equation A-5 and the reciprocal of Equation A-9 in order to eliminate
the impedance ratio Z/Z, produces
(T-1)?2=(T,-T)T,—T). Eq. A-10

Finally, solving Equation A-10 for the overall loop gain T gives the desired result.

_ TyTi—1
T Ty+Ti-2

Eq. A-11
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