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Amplifier Frequency Response

A Amplifier Gain Versus Frequency

Coupling and bypass
capacitance effects

Load and Transistor
capacitance effects
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Figure7.1 Amplifier gain versus frequency

A Audio Amplifiers and Speakers: Signal frequencies in the range of 20 Hz < f <20 kHz
need to be amplified equally so as to reproduce the sound as accurately as possible.
The frequency T must be designed to be less than 20 Hz and f_, must be designed
to be greater than 20 kHz.
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S-Domain Analysis

A Transfer Function
T(S) - K (S_ 21)(5' 22)7 (S- Zm)
(s- p)(s- pP,)? (s- p,)

A Zeros
Z,2,,? ,Z Each capacitor is represented
A by its complex impedance
Poles 1/sC, and each inductor by sL.
P P2s? 4 Py
A Frequency
S= jw=|2tf

A Magnitude and Phase of the Transfer Function

(W =T(jwe "0
IT(jw) |:magnitudd, G (j¥): Phas
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Time Constant for a Simple Transfer Function

A Time Constant

a 1 @
TO=hg e T
1

t, 1sa timeconstani

a st., 0
T(9=KZ 2§ —
H+st,2

t,1sa timeconstani
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Series Coupling Capacitor Circuits

A Series Coupling Capacitor Circuit

V,(s) _ R,
Vi(s) Rs+R,+1/sGy
SR.Cq
T Irs(R+R,)C
R. ¢ S(Ri+R:)Cs

&+%Jﬁﬂ&+&m
St
1+ st

=K

Time Constant: = (R; + R,)Cq

MY € N €M

Electronics I, 2010

High-pass
Network

Figure 7.2 Series coupling
capacitor circuit



Capacitor Circuits

A Parallel Load Capacitor Circuit

Vi(s) _

R, //(1/sG,)

Vi(s)

Rs +(Ro /(1/5G,))

) 1
) & 1 0
- RS/ SWTETREL:
1

1

TI+RWR+SG) RFR oo

R,
-_ R 4 1
Ro+Rs 1+s(R//R:)Cy
=K 1
1+ st

Time Constant: [ = (RS// RP)CP
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Figure 7.3 Parallel load
capacitor circuit



Bode Plots for the Series Coupling Capacitor Circuit

A Amplitude Frequency Response

: flog geale)
i a w ,@ 0 lo
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CRs + R g1+ (2011 9)" i
’ f=2“LfS 7 (log scate)
% O 201, O ,,
() Le= 2000, 7 80— = o
& - \/1+(2,Ufl‘s) Y dl‘;h f=g:+rs —
= 20log,,&8 RP 8+20|oglo(2pfl-s) e
¢
- ZOIOglo \/1+(2pfl-s)2 ©

Plots of {a) the first term, {b) the second term, and (c) the third term of Egquation
{7.10(b))
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Bode Plots for
A

the Series Coupling Capacitor Circuit

Amplitude Frequency Response

V Break-point frequency, corner frequency, -3dB frequency: f =1/2p ¢

f < 4/ 2p g The capacitor approaches an open circuit, and the output
voltage approaches zero.

f>4/ Zp é The capacitor approaches a short circuit, and the output

voltage gainis R, /(R; + R,).

17 ez 4 Asymptotic
0 approximation
20log; 4 (—R‘EJ ) B J—} \
Rg+ R ”’
S ; T Actual curve
+ 6 dB/octavé | High-pass
o | Network
4 +20 d]l?-fdecadﬂ
|
I "
e f (log scale)

s

Bode plot of the voltage transfer function magnitude for the circuit in Figure 7.2
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Bode Plots for the Series Coupling Capacitor Circuit

A Phase Frequency Response

A+ jB=Ke7 K =+ A2+B?,g=tan*(B/ A

T(if) = ge j2pftg 2_ & Ry | j,2 |2t e
%’JRP%H 20kt ) u|1+ j2pft | e/
_ KiK; piara- o
K3
q=q + q,- 4,
= mpcte =90 - tan*(20ft )
90° EHH\],\/
"\\ _1 _
| tan*(0) = 0
Rl IR 1
I I \ ;;:tualcurvc tan (1) — 45)
I I \xl - - -1 —_
S e [BTE)ZI0

Bode plot of the voltage transfer function phase for the circuit in Figure 7.2
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Bode Plots for the Parallel Load Capacitor Circuit

A Amplitude Frequency Response

8 s 1 g f<d/2p ¢
T(jf) =28 R & _ 0 The capacitor approaches a short circuit,
E: + Ry -%H | 20t U and the output voltage gainisR, /(R; + R,) .
IT(Jf) F %__\)S 8% > u The capacitor approaches an open circuit,
¢ R +@\/1"' (20ft p) B and the output voltage approaches zero.
17057 M am A Asymptotic
0 approximation
R y
wiegio ) - 4k
Actual curve I o LOW—paSS
| _rf?_dB‘frmde Network
I — 6 dB/foctave
|
|
| .
= —1 O L)
1= 5, f (log scale)

Bode plot of the voltage transfer function magnitude for the circuit in Figure 7.3
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Bode Plots for the Parallel Load Capacitor Circuit

A Phase Frequency Response

Phase= - Itan *(20ft,)

Phase 4 f=(1 1)f=i F=t0
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Figure 7.9 Bode plot of the voltage transfer function phase for the circuit in Figure 7.3
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Example 7.1
magnitude asymptotes of the Bode plots for a specified circuit.

Objective: Determine the corner frequencies and maximum-

For the circuits in Figures 7.2 and 7.3, the parameters are: Rg = 1k, Rp = 10k€2,

Cg=1uF, and Cp = 3pF.
Solution: (Figure 7.2) The time constant is _
s = (Rg + Rp)Cs = (10° + 10 x 10°)(107%) = 1.1 x 107%s
or
1g = 11 ms

The corner frequency of the Bode plot shown in Figure 7.5 is then

1 1
f_?.nrs T )11 x 1073

= 14.5Hz

The maximum magnitude is

Rp 10

R = Ty10= "%

or

Rp
20log,o[ =——— ) = —0.828dB
og‘O(RS + R,,)

Solution: (Figure 7.3) The time constant is

1p = (RgIRp)Cp = (10°[1(10 x 10*))(3 x 107'%) =2.73 x 10775
or

7p = 2.73 ns

The corner frequency of the Bode plot in Figure 7.8 is then

1 1

_ 8.3 MH
S = e T Gmam 10 z

The maximum magnitude is the same as just calculated: 0.909 or —0.828 dB.

V, (j) R

Figure 7.2 Series coupling
capacitor circuit

Figure 7.3 Parallel load
capacitor circuit
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Short-Circuit and Open-Circuit Time Constants

A Circuit with both a series coupling and a parallel load capacitor

Vo(s) _a R g 1
V.(s + T e & OF 0 %) -
(s) C Rs 2 e’]_+a Re %%CP§+1+SI‘PQ goupllqg J
a %Q + Rp—g <= St i apacitor
At Low Frequency: CP IS treated as an open circuit _,\:;i& ? . oV,
= (Rs + RP)CS Open-circuit time v, (D %RP L c,
1 constant
1:L = 2,0 é Load

Capacitor

At High Frequency: Csis treated as a short circuit

=(R.//R,)C,  Short-circuit time

constant

P
_ 1 T (max)gg |~ | |
f, =—— i / |\
Pt (f,>F Y t,<ts | |
|
2

C; >C, (R;,R, thesameorder)
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Example 7.2 Objective: Determine the corner frequencies and bandwidth of a
passive circuit containing two capacitors.

Consider the circuit shown in Figure 7.10 with parameters Rg = 1k, Rp = 10k€2,
Cg = 1pF, and Cp =3 pF.

Solution: Since Cp is less than Cg by approximately six orders of magnitude, we can
treat the effect of each capacitor separately. The open-circuit time constant is

g = (Rg + Rp)Cs = (10° + 10 x 10°)(10™%) = 1.1 x 107"
and the short-circuit time constant 1s

7p = (Rs|Rp)Cp = [10°[(10 x 10°))(3 x 107%) = 2.73 x 105

The corner frequencies are then |1"ﬁt 1 dB fy=145Hz
e
1 I 61 1 10l ¢ 100
f == = 14.5Hz LoF 0 R
2ty 2m(1.1 x 107%) 3dB
and 0.1 —20f Asymplotes

T

Su : ! = 583MHz 001 | —40 /

~2rr, 27(2.73 x 1079)

Finally, the bandwidth is 0,001 - —60

few =fu —fi. = 58.3MHz — 14.5Hz = 58. 3 MHz

Comment: The corner frequencies in this example are exactly the same as those deter-
mined in Example 7.1. This occurred because the two corner frequencies are far apart.
The maximum magnitude of the voltage transfer function is again

Rp 10
R¢+Rp 1+10

= 0.909 = —0.828dB



Coupling Capacitor Effects

A Input Coupling Capacitor: Common-Emitter Circuit

V. = RV 3 1p
’ R+RS.+1 Rb
- sG ot
vic R, B,
A»(S)=V‘_’((:)):-ngPRC/Vi ) £ }
B R 1 OED_@mRC —R;—J Ry, )
R+RSi+S Rb Ry C};Jl —J-il ,
= ROy S& T | TeE, Q
R BRGSO R L
" Ry(R+Ry) Ll+stg ke
L
f=(R+R)C. Note:=Fe//Ro__Rs 1

R, R, R+R, ' 2p(R;+R)C
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Example 7.3 Objective: Calculate the corner frequency and maximum gain of a
bipolar common-emitter circuit with a coupling capacitor.

For the circuit shown in Figure 7.16, the parameters are: R, = 51.2kQ, R, =
9.6kQ, Ro =2k, R =0.4kQ, R; =0.1kQ, Cr = 1 uF, and Vi = 10V. The tran-
sistor parameters are: Vgg{on}) = 0.7V, =100, and V4 = oc0.

Solution: From a dc analysis, the quiescent collector current is Icp = 1.81 mA. The
transconductance is therefore

Icp 181
8m —‘“I‘"/“; —m = 696mA/V

and the diffusion resistance is
. BVr _ (100)(0.026)

" Tee 181 = 1.44kQ

The input resistance is

Ri = Ri||Ry|l[rz + (1 + B)Rg]
= 51.2[19.6]|[1.44 + (101)(0.4)] = 6.77kQ

and the time constant is therefore

7g = (Rg; + R)Ce = (0.1 x 10° +6.77 x 10°)(1 x 107%) = 6.87 x 10735
or

g = 6.87ms

The corner frequency is
1 1
T 2ntg 2m(6.87 x 107%)
Finally, the maximum voltage gain magnitude is

_ gmIxRe Ry
|4, max =
(Rsi+ R)) \Rg+ Ry,

fr = 23.2Hz

where
Ry=r,+(1+ B8R =144+ (101)(0.4) = 41.8kS2

Therefore,

(69.6)(1.44) /  8.08 )
Aylmax = =
[ lmar = 675 6.77) (8.08 +aig) =47
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Coupling Capacitor Effects
A Output Coupling Capacitor: Common-Source Circuit

V. Maximum Small-Signal Gain ( Assume that C. is short)

Vo hrex= 9Vgs(Ro /T R)

Rp=67kQ
\/i :Vgs + gmvgsRS = (1+ ngS)Vgs Yo
I
1A | =R /TR)

. | RL:
| 100
, R~=
1+ ngS " SSHE .’;i;! =

V Time Constant (High-pass Network)

-5V
Ce
setV, =0, thenV, =0 [V,
+ Rp = Ry =
[ =(R, +R)C. N R P EnVe 267kQ 310k
‘ 50 kQ L 1
f,=1/2p ¢ | | B2
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Design Example 7.4 Objective: The circuit in Figure 7.17(a) is to be used as a

simple audio amplifier. Design the circuit such that the lower corner frequency is
f; = 20Hz.

Solution: The corner frequency can be written in terms of the time constant, as
follows:

1
_ +3V
Ji 2ntg T
The time constant is then Rp=6.7kQ é
1 = 7.96 ms i —0
ST T 2m20) I
Therefore, from Equation (7.37) the coupling capacitance is I gfl%l;ﬁ
Tg 7.96 x 107> i v (* Rg=
Cc = = =477 x 107'F = Ry= =
CTRp+R, 67x10°+10x 10° 8 © P 250
or = =
-5V
Cc =0477pF

Comment: Using the time constant technique to find the corner frequency is substan-
tially easier than using the circuit analysis approach.
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Coupling Capacitor Effects
A Output Coupling Capacitor: Emitter-Follower Circuit

V
: = gmvp + Ix
rp + RB// RS Re=05k Cor—+
g.r —AWN—
m' p V. o+ Cea

rp+RB//RS o 1’:(1') RB:]mkﬂ§

1+ 5 |
r+@ﬁ& X

R :VX :rp+RB//RS
“ 1+ b R, 5

AAMA ' —{——V,
R =R/, //. RB//RSU M N
1+0 y Vi éléjum <+ v = émEk_n 10kE)

Time Constant; s = [Ro + RL]CCZ 1
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Example 7.5 Objective: Determine the 3dB frequency of an emitter-follower
amplifier circuit with an output coupling capacitor.

Consider the circuit shown in Figure 7.18(a) with transistor parameters g = 100,
Veelon) = 0.7V, and V4 = 120 V. The output coupling capacitance is C = 1 pF.

Solution: A dc analysis shows that /oy, = 0.838 mA. Therefore, the small-signal pa-
rameters are: r, = 3.10kQ, g,, = 32.2mA/V, and r, = 143kQ.
From Equation (7.39), the output resistance R, of the emitter follower is

_ [t + (RslIRp)]
R, = REnrou{ o
1 0.5]1100
— 10]/143|| {[3 0 +1(01 | )]] — 10//143]0.0356 k2
o | Ayl A
R, = 3559 10 - e
: &
From Equation (7.38), the time constant 1s - // I
_ |
s = [R, + R;]Cer = [35.5+ 104(107%) = 1 x 107%s I |
|
The 3dB frequency is then 0.1 I
1 1 i |
- - = 15.9Hz - |
i 2ntg 2m(1072) I |
- |
|
0.01 covorvpnl o il Ll -
1 10 77 100 1000 f(Hz)
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Load Capacitor Effects

A The model of the load circuit input impedance is 5V
generally a capacitance in parallel with a resistance.
A There is a parasitic capacitance between ground Ry
and the line that connects the amplifier output to the
load circuit. : I
f- o, C :short,V, =0 (Lowpass) v Ro= l v
f- 0O, C, :open, A :const = = %“D R ICL
\/i = _ng - ngSng =Y
=- (1+9,Rs)Vy
Vo = gm(RD 2 I:\)L)\/sg 1 ' oV,
|A/| — gm(RD// RL) Ep Ry, =G
max
1+9,Rs 1

Time Constant: f, = (R, // R )C,
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Example 7.6 Objective:
asymptote of a MOSFET amplifier.

Determine the corner frequency and maximum gain

For the circuit in Figure 7.20(a), the parameters are: Rg = 3.2kQ, Rp = 10k€2,
R; =20k, and C, = 10pF. The transistor parameters are: Vyp=-2V, K, =

0.25mA/V?, and A = 0.

Solution: From the dc analysis, we find that Ipg =0.5mA, Vggo =3.41V, and

Vspp = 3.41 V. The transconductance is therefore

gm = 2K,(Vsg + Vp) = 2(0.25)(3.41 — 2) = 0.705mA/V

From Equation (7.40), the time constant is

7p = (Rp||R.)C, = ((10 x 10%)]](20 x 10*))(10 x 107'%) = 6.67 x 10755

or
Tp = 66.7ns

Therefore, the corner frequency is

1 1

L 2.39MH
Ity 2m(66.7 x 10°9) ?

fu

Finally, from Equation (7.41), the maximum gain asymptote is

_ &m(RplIRy) _ (0.705)(10]20)

Al = _ = 1.4
I 1|de 1 +ngS 1+ (0.705)(3-2) !

MY € EM
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Coupling and Load Capacitors

A The values of the coupling capacitance and load capacitance differ by orders of
magnitude (C. > >C, ).

A The lower corner frequency fL is dominated by Cc and is given by fL =1/ 20 L.
A The upper corner frequency fH is dominated by C, andis given by fH =1/2p L.

5

ts=[Rs +RIIRITR]C,
R =1, +(1+ )R, g

l‘p - (Rc // RL)CL zi:j_.:t.‘lu|=-,Q\1L‘41i %RL J‘_C::a
Midband: C. :short, C_ : open v[. mﬁg& 1_‘15 .
A =- RIRIR Gty (R /I R) J;
R.+R/RI/R R 1

RL=
10 kL2
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