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10. Multiple Feedback Audio Pre-amplifier Example 
In this example, we will use feedback analysis techniques to evaluate a multiple-feedback circuit2. The 
circuit, seen in Figure 10.1, is an audio pre-amplifier circuit with non-inverting feedback through Rf. The 
circuit consists of two shunt-feedback amplifiers in series. The output of the second shunt-feedback 
amplifier stage feeds back to the emitter of the first stage through a feedback resistor. The output of the 
second stage is buffered by an emitter-follower. 

 

Figure 10.1. Audio Preamplifier with Non-inverting Feedback 

For this analysis, we will use find the quasi-static gain for the above circuit, as well as the input and 
output resistance. For the static analysis, we will assume the circuit is operating at room temperature 
(VT = 25.8 mV), the resistors are all the same type with saturation current, Is, of 15 fA, and current gain, β, 
of 99 A/A. We will also assume a source resistance of RS = 50 Ω and a load resistance of RL = 10 kΩ. 
Using static analysis, we find the operating point parameters for the transistors are re1 = 43.90 Ω, 

                                                      
2 Taken from Feucht, Page 206 
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re2 = 30.95 Ω, and re3 = 14.95 Ω. A quasi-static model of the circuit using the BJT T-model is shown in 
Figure 10.2. 

 

Figure 10.2. Quasi-static model of multiple-path feedback amplifier 

We begin by selecting the feedback nodes in the circuit. For this circuit, we will choose vS, vb1, ib1, vc1, vc2, 
and vL as the nodes. The next step is to identify what the paths in the circuit are. We can see that changing 
vin has a direct affect on the current ib1 and the voltage vc1. We also see that changing ib1 has a direct affect 
on vc1. On first glance, one might be led to believe that a path exists from ib1 to vc2. For such a direct path 
to exist, a change in ib1 would affect ve2 when the nodes vin and vc1 are zeroed; however, zeroing these 
nodes also zeroes ib1, so no such path exists. A path does exist from vin to vc2. After finding all the paths in 
the circuit, we can create a flow-graph of the system, which is shown in Figure 10.3. 
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Figure 10.3. Flow-graph diagram of audio preamplifier 

We will make the following definitions to make the feedback analysis simpler. 

 ( ) ( )1 1 1 3 2 21b e E f b C fr r R R r R R = β + + +   

 
(10.1) 

 ( )( )2 2 21b e Er r R= β + +  (10.2) 

 ( )( )3 3 31b e E Lr r R R= β + +   (10.3) 

To find the path gain A, we null the H path by setting vc1 to zero. 
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S S b B f

r R Rv
v R r R R
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 
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(10.4) 

To find the path gain B, we null the K path by setting vc2 to zero, and then apply Ohm’s law. 

 
  ( )( )

1
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b
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(10.5) 

To find the path gain C, we null the D and J paths by zeroing vb1 and vc2, and then apply Ohm’s law. 

 
  ( )1

1 1 2 2 2
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f C f b B

b
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i
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(10.6) 

To find the path gain D, we null the C and J paths by zeroing ib1 and vc2, and then apply the voltage 
divider equation. 
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(10.7) 

To find E, we have to consider two separate paths from vc1 to vc2, which we will call E1 and E2.  The path 
E1 goes through Q2, and the path E2 goes through Rf2. To find the path gain for one of these paths, the 
contribution of vc2 from the other path must first be nulled. To null E1, the bottom led of resistor Rf2 is 
disconnected from node vc1 and grounded. To null E2, the base of the transistor Q2 is disconnected from 
node vc1 and grounded. The path gain E is the sum of the gains for the two individual paths, E1 + E2. To 
find either path, the F path must be nulled by setting vb1 to zero. The path gain E1 is solved for using the 
transistor gain equation for a common emitter amplifier. The path gain E2 is found using the voltage 
divider equation. 
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(10.15) 

To find the path gain K, we null the B path by zeroing vb1. We then Thévenize vc2 using the same 
technique we used for finding the F path gain, then apply Ohm’s law. 
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(10.16) 

For such a complicated feedback system, it is helpful to reduce the flow diagram to a typical single-path 
feedback amplifier. To begin, let’s collapse the ib1 node. 

 

Figure 10.5. Feedback system after collapsing ib1 node 

In the above figure, we see that our feedback system consists of two distinguishable intermediary 
feedback loops. The first loop is the first shunt-feedback stage, consisting of nodes vb1 and vc1. The second 
loop is the second shunt-feedback stage, consisting of nodes vc1 and vc2. When finding the open-loop 
output resistance at the nodes vb1 and vc2 for the entire system, we will first need to calculate the closed-
loop resistance into the intermediate feedback loops. 

We can further reduce the system by removing the node vc1. Doing this, we result in a flow-graph diagram 
of a single-path feedback amplifier similar to the flow-graph in Figure 2.1. 

 

Figure 10.6. Feedback system converted into equivalent single-feedback path model 

 

( )
h

1
i

T  null

AT 99.34 mV V
1 BH I BC D

b

S

v
v

= = =
+ + +  

(10.17) 

 ( )
( )

2
g

1

E BC D F
T 20.99 V V

1 E J CK
c

b

v
v

+ +
= = =

+ +  
(10.18) 



28 

 
 ( )

( )
i

1
h

2 T  null

H K I J CK
T 744.6 V V

1 BH I BC D
b

c

v
v

+ +
= − = − = − µ

+ + +  
(10.19) 

 
o

2
T G 996.8 mV VL

c

v
v

= = =
 

(10.20) 

The total gain can be found by using the following equation. 
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(10.21) 

The loop gain can be found by Tg Th, or -15.63 mV/V. 

The simplest method for finding the input resistance is to use equation (5.6). 

 
  

i

g h i
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1 T T Tin SR R
 
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(10.22) 

The other approach to finding the input resistance involves using equation (5.4). To do this, we must first 
find the open-loop resistance. Caution must be taken when computing the open-loop input and output 
resistance because of intermediary feedback loops in the system. To find the input resistance, we begin by 
grounding the node vc2. Looking at vc2, we see a closed-loop shunt-feedback amplifier with Q1. We can 
therefore apply equation (9.6) to find the open-loop input resistance of the feedback loop. 
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(10.23) 

 , 2.217 kin olR→ = Ω  (10.24) 

The next step is to divide the open-loop resistance by one plus the loop gain, or 1 + Tg Th.. Since we want 
to eliminate the effect of RS on the input resistance, we must first recalculate the path gains H and I so that 
RS is infinitely large. This in turn changes Th, so the overall loop gain of the system changes. 

 
  1 1H 9.091 V mA

S
B fR R R→∞ = =

 (10.25) 
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The loop gain of the system with RS removed is therefore -708.5 mV/V. 
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(10.28) 

Another way of finding the input resistance is by noticing in Figure 10.5 that the nodes vb1 and vc1 form a 
feedback loop. We can find the closed-loop input resistance of this loop by first finding the open-loop 
resistance by zeroing the node vc1, then dividing that quantity by one plus the loop gain of the loop. 
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(10.29) 
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(10.30) 

Finally, the results in equation (10.31) are divided by 1 + Tg Th to find the closed-loop input resistance. 
Similarly, when finding the output resistance, we are faced with a challenge of looking back into a 
complicated feedback loop. Because the K path is not cancelled after grounding the error node vb1, the 
circuit topology does not exactly match the shunt-feedback amplifier in Figure 9.1, so equation (9.7) will 
not help us find the output resistance. However, we have already determined the loop gain of the shunt-
feedback amplifier with Q2, which is -E (J + C K). This is apparent in Figure 10.5. To begin, we will 
remove the emitter-follower stage from the circuit by letting ib3 be 0. The following path gains are 
affected by removing the output stage. 
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(10.32) 

 
3 0E 13.50 V V

bi →→ = −
 (10.33) 

 
3

2 21
0

1 1 1 1 2 2
F 558.0 mV V

b

C fE
i

e E f e E C f

R RR
r R R r R R R→ = ⋅ =

+ + +



 

 
(10.34) 
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The loop gain of the entire system with the emitter-follower stage removed, Tg Th, is therefore -
15.63 mV/V, and the loop gain of the feedback amplifier with Q2 is 16.35 V/V. The open-loop resistance 
looking into the node vc2 with the emitter follower stage removed is therefore given in equation (10.36). 
We then find the closed-loop output resistance by dividing by the loop gain Tg Th. 
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(10.37) 

Finally, we calculate the output resistance looking into the emitter of the common collector stage after 
first removing RL. 
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(10.38) 

11. Conclusion 
In this paper, we discussed various techniques for analyzing feedback circuits. We saw how feedback 
theory can apply for simple circuits including only resistive elements as well as more complicated ones 
with discrete BJT transistors and multiple feedback paths. We saw what effects the loop gain had on the 
input and output resistance of circuits. The core concepts discussed in this paper can be carried further, 
and be used to evaluate the stability and bandwidth of circuits with reactive components such as inductors 
and capacitors. 
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