
第十二章 回授與穩定度

回授的觀念
理想回授系統
四個理想回授電路之組態

串-並(電壓)回授放大器
並-串(電流)回授放大器
串-串(轉移電導)回授放大器
並-並(轉移電阻)回授放大器

回授電路之迴路增益
回授電路之穩定性準則
頻率補償技術
(藉由補償使得不穩定之回授電路能穩定)



12.1 回授的觀念
兩種回授
正回授－輸入信號加上部份的輸出信號
負回授－輸入信號減掉部份的輸出信號

負回授的優點
1) 減少增益的敏感度
2) 擴增電路的頻寬
3) 減少雜訊的敏感度
4) 減少非線性失真
5) 控制電路的輸入/出阻抗
負回授的缺點
1) 減少電路的增益
2) 減少電路的穩定性
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A  ：開迴路增益(open-loop gain)
β ：回授因子(feedback factor)
Af ：閉迴路增益(closed-loop gain)
T  = βA 為迴路增益(loop gain)
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12.2 理想回授系統
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非反相放大器(Non-inverting amplifier):



增益的敏感度
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上式顯示出閉迴路增益 Af之改變量相較於開迴路增益之改變量約小(1+Aβ)倍
→負回授減少增益的敏感度
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AA s s1
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+
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A0 為低頻或中頻增益
ωH 為上限3分貝轉角頻率

閉迴路增益為

低頻閉迴路增益與閉迴路頻寬的乘積為
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低頻閉迴路增益

閉迴路頻寬乘積為
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減少電路的增益與擴增電路的頻寬



降低雜訊的敏感度

負回授可降低放大器的雜訊準位(更精確來說負回授可增加信號對雜訊比值)

輸入之信號對雜訊比值為
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由圖 (a)

由圖 (b)
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由圖 (c)

由圖 (d)
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圖 (a) 為基本放大器(開迴路)轉換特性。式子中
顯現增益隨輸入信號改變而改變。

第十二章 回授與穩定度
減少非線性失真

圖 (b)閉迴路轉換特性
開迴路增益變動 2倍時，其閉迴路增益只改變1%及2% 。



依照放大參數(電壓或電流)與輸出參數
(電壓或電流)的不同，回授技術可分為
四類：
(a) 串-並 => 電壓放大器
(b) 並-串 => 電流放大器
(c) 串-串 => 轉導放大器
(d) 並-並 => 轉阻放大器
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12.3 四個理想回授電路之組態



串-並組態(電壓放大器)

( )

o v ε

fb o v o

ε i fb

o v
vf

i v v

V = A V
V = βV = β V
V = V - V

V A
A = =

V 1+β A
閉迴路電壓增益

( )

( )

( )
( )

i ε fb ε v o

ε v v ε

i
ε

v v

ε i
i

i i v v

i
if i v v

i

V = V + V = V + β V

= V + β A V
V

V =
1 + β A

V V
I = =

R R 1 + β A
V

R = = R 1 + β A
I

輸入電阻↑

第十二章 回授與穩定度



( ) ( )

( )

ε fb ε v x

ε fb v x

x v v x x v vx v ε
x

o o o

ox
of

x v v

V + V = V + β V = 0
V = -V = -β V

V - A -β V V 1+ β AV - A V
I = = =

R R R
RV

R = =
I 1+ β A

輸出電阻↓

第十二章 回授與穩定度



串-並回授電路或電壓放大器之等效電路
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閉迴路電流增益

輸入電阻↓
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並-串回授電路或電流放大器之等效電路

第十二章 回授與穩定度
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串-串組態(轉導放大器)
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串-串回授電路或轉導放大器之等效電路

第十二章 回授與穩定度
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並-並組態(轉阻放大器)
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並-並回授電路或轉導放大器之等效電路

第十二章 回授與穩定度
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12.21 Consider the noninverting op-amp circuit in Figure 
P12.20. The input resistance of the op-amp is Ri=∞
and the output resistance is Ro=0, but the op-amp has 
a finite gain A. 

(a) Write the closed-loop transfer function in the form

(b) What is the expression for β? 
(c) If A=105 and Avf=20, what is the required β and R2/R1?
(d) If A decreases by 10%, what is the % change in Avf?

)1( A
A

v
vA

s

o
vf β+

==





12.24 Consider the op-amp circuit in Figure P12.24. 
The op-amp has a finite gain, so that io=Aiε, and 
a zero output impedance.

(a) Write the closed-loop transfer function in the form 

(b) What is the expression for βi?
(c) If Ai=105 and Aif=25, what is the required βi and 

RF/R3?
(d) If  Ai decreases by 15%, what is the % change in 

Aif?
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12.4 串-並回授組態
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Draw the circuits of basic blocks A and β, 
and find the value of β.

Ans:



12.36 Consider the series-shunt feedback circuit in 
Figure P12.36, with transistor parameters: 
hFE=120, VBE(on)=0.7V, and VA=∞. (a) Determine 
the small-signal parameters for Q1, Q2, and Q3. 
Using nodal analysis, determine: (b) the small-
signal voltage gain Avf=vo/vi. (c) the input 
resistance Rif, and (d) the output resistance Rof.
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12.5 並-串回授組態



o ε i FEI / I A h= =

基本放大增益為

第十二章 回授與穩定度

閉迴路電流轉換方程式或增益可表示為
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圖(a)中為更實際的共基極電流增益電路
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圖(a)為離散電晶體並-串回授電路的例子;
圖(b)為交流等效電路。

其中負載電流 Io及回授電流 Ifb 正比於射極電
流Ie 。
下圖為小信號等效電路。
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12.46 The circuit in Figure P12.46 is an example of a 
shunt-series feedback circuit. A signal proportional 
to the output current is fed back to the shunt 
connection at the base of Q1. However, the circuit 
may be used as a voltage amplifier. Assume 
transistor parameter of hFE=120, VBE(on)=0.7V, and 
VA=∞. (a) Determine the small-signal parameters 
for Q1 and Q2. (b) Using nodal analysis, determine 
the small-signal voltage gain Av=vo/vs.
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12.6 串-串回授組態
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12.8 迴路增益

迴路增益推導：
1. Si = 0
2. 切斷迴路
3. 推導迴路增益
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考慮切斷迴路之影嚮
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例： Ir → Vr=Irrπ;  It → Vt=Itrπ

( )[ ]

( )[ ]eqFC
eqF

eq
m

t

r

O
eqF

eq
r

eqFCtmO

t

r

t

r

RRR
RR

R
g

V
VT

V
RR

R
V

RRRVgV
V
V

I
IAT

+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

+
+=−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

+
=

+−=

−=−==

||

||

β



The transistor 
parameters for the 
(transresistance
amplifier) circuit are: 
hFE=80, VEB=0.7V, 
and VA=100V. 

Find the loop gain T.
(Calculate rπ, gm, and 

then T)



12.64 The transistor parameters for the 
circuit shown in Figure P12.54 are: 
→hFE=50, VBE=0.7V, and VA=100V. Find 
the loop gain T.





第十二章 回授與穩定度
12.9 回授放大器之穩定性
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回授放大器之穩定性：
• T(jω) > -1 卽 ∠ T(jω)=180 °時， ∣ T(jω) ∣<  1 → 穩定 (放大器)
• T(jω)≦ -1 卽 ∠ T(jω)=180 °時， ∣ T(jω) ∣≧ 1 → 不穩定(振盪器)

若回授電路為電阻性電路(卽β(jω)=β)
→ ∠ T(jω)= ∠ A(jω)

使用T(jω)的Blode plots判斷回授放大器之穩定性

回授放大器之穩定性為迴路增益T(jω)之函數



A. 放大器為簡單之單級共射極電流放大器
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圖 (a) 電流增益大小之波德圖
圖 (b) 電流增益相位之波德圖
低頻時，輸出電流與輸入電流同相
低頻時，輸出電流與輸入電流之相位差為90O
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B. 放大器為二級放大器
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二級放大器之
小信號等效電路



圖 (a)電流增益大小之波德圖
圖 (b)電流增益相位之波德圖
低頻時，輸出電流與輸入電流同相
低頻時，輸出電流與輸入電流之相位差為180O
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C. 放大器三級放大器
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圖 (a)電流增益大小之波德圖
圖 (b)電流增益相位之波德圖
低頻時，輸出電流與輸入電流同相
低頻時，輸出電流與輸入電流之相角差為-270O
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當∠T(jω) = -180操作頻率時，
若 ∣T(jω)∣< 1 → 系統穩定
增益邊限 = 0 -∣T(jω)∣(dB)

= - ∣T(jω)∣(dB)

第十二章 回授與穩定度
相位邊限(phase margin)與增益邊限(gain margin):

1. 增益邊限:

2. 相位邊限:

當∣T(jω)∣= 1操作頻率時，
若 ∠T(jω) > -180° → 系統穩定
相位邊限 = ∠T(jω)-(- 180°)

= ∠T(jω)+ 180°
(典型所需之相位邊限落在45至60度)



12.66 The open-loop voltage gain of an amplifier is 
given by

(a) Assuming the feedback transfer function is not a 
function of frequency, determine the frequency at 
which the phase of the loop gain is 180 degrees. 
(b) At what value of β will the feedback amplifier 
break into oscillation? (c) Using the value of β
found in part (b), what is the low-frequency closed-
loop gain? (d) Is the closed-loop feedback system 
stable for smaller or larger values of closed-loop 
gain?
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10.69 A three pole feedback amplifier has a loop 
gain given by

Sketch Bode Plots of the loop gain magnitude and 
phase for (a) β=0.005, and (b) β=0.05. (c) Is the 
system stable or unstable in each case? If the 
system is stable, what is the phase margin?
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1. 在回路增益中引入一個頻率很低的新極點 fPD
→ 致 |T(f)| = 1時，使|ø(f)| < 180° 。

2. 在引入新極點 fPD 時，假設原始的三個極點不會變動
→ 新的回路增益大小與相位波德圖將如圖中之虛線所示。
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12.10 頻率補償
A. 引入新極點
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CF 稱為補償電容

M F

P1
2 M

C C (1 A)
1f

2 R C

= +

=
π
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B. 米勒補償技術



1. 米勒補償技術:
移動極點 fP1 → fP1’

2. 在移動極點 fP1時，
假設其它兩個極點不會變動
→使得 |T(f)|=1 之頻率較低，

且 |ø| > -1800 (放大器穩定) 。
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12.77 A loop gain function is given by

(a) Determine the frequency f180 (to a good 
approximation) at which the phase of T(f) is -180°. 
(b) What is the magnitude of T(f) at the frequency 
f= f180 found in part (a)? (c) Insert a dominant pole 
such that the phase margin is approximately 60°. 
Assume the original poles are fixed. What is the 
dominant pole frequency?
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