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Amplifier Frequency Response

O Amplifier Gain Versus Frequency

Coupling and bypass
capacitance effects

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

O 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

O Transfer Function

T(S) — K (S_Zl)(S_ZZ)'“(S_Zm)
(s—p)(s—p,)---(s—p,)

O Zeros
2,25, L, Each capacitor is represented
by its complex impedance
O Poles 1/sC, and each inductor by sL.
pl’ pz,...’ pm
O Frequency
S= Jo= )24

O Magnitude and Phase of the Transfer Function
T(jo)=T(jo)|e "4
| T(Jw) |: magnitude, £d( jw) : Phase
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Time Constant for a Simple Transfer Function

O Time Constant

., e
1+ST1 Tl

LY K .
T(s):Kl( 1 j o

7, IS a time constant

L—l
T(S) = KZ[LJ — K2|:5(t)_iet/rz:|

7, IS a time constant
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Series Coupling Capacitor Circuits

O Series Coupling Capacitor Circuit

V() R,
Vi(s) R;+R,+1/sC,
SR.C,

“1+s(R. +R,)C,
R, s(R.+R.)Cq

"R, +R, 1+5(R, +R,)C,
ST
1+st

=K

Time Constant: 7 = (RS + RP)CS

P B ik 34 ¢

Electronics I, 2010

High-pass
Network

Figure 7.2 Series coupling
capacitor circuit



Capacitor Circuits
O Parallel Load Capacitor Circuit
V.(s)  R.//(1/sC,)
V.(s) R+ (R, /(1/sC,))

1 Low-pass

= . Network

1+ Ry

R, //(1/5C,) K
. v,

B 1 B 1 YW ;

1+R(1/R, +5C;)  Re+Rs SC.R, Vi Rp == Cp

P

R . 1

Ro + R, 1+5(R,//R,)C, -

1 Figure 7.3 Parallel load
— K capacitor circuit
1+s7
Time Constant; 7 = (RS // RP)CP
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Bode Plots for the Series Coupling Capacitor Circuit

O Amplitude Frequency Response

R B .a)T o f(logscal;)
T(jo)=| P | o5
RS + RP _1+ Jo g 2010&0(}%)
_ @
: R 2nft
|T(jf)|:( P j s oy (s
RS + RP _\/1+ (2721:2'3) 20 dBJdecade
‘ f=2"’+fs /(g seale)
: R 27ft
| T(Jf) lie=20log,, [ : j . > v
i RS + RP \/1+ (272{2-8) dB A f=5= f(log scale)
=20 |Oglo F\)Pj + 20 |Oglo (Zﬂf’[g) ) —_20d];'rdec::e
R +R;
—20l0g,, 1+ (277, ) ®

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

the Series Coupling Capacitor Circuit

O Amplitude Frequency Response
v' Break-point frequency, corner frequency, -3dB frequency: f :1/27n'S

f <<1/277,

The capacitor approaches an open circuit, and the output

voltage approaches zero.

f>>1/2nt,

The capacitor approaches a short circuit, and the output

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

1707/ | as 4

0

;

Rp
20log; 4 (—RS -

Asymptotic
approximation

i g \
’I’_.—-""
; | ﬁctua] curve

+ 6 dB/octave |

oo
+ 20 dB/decad
[ | ecade

High-pass
Network

-

1

2mt

s

F= flog scale)

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

O Phase Frequency Response

A+ jB=Ke!’ K=+vA*+B? 0=tan*(B/A)

T(jf) = Re 12775 |_||_Re |a |J'27Tffslej92_
Ry +R, )| 1+ j2rfrg Rs + R, |1+ j2Afrg |
_ KiK; Li@eo-a
K3
0=06+06,—0,
Phase Asympiotic =90° —tan _1(2721: T S)
approximation
N mx\':“‘t\/ -1
| | tan™(0) =0
Ll [ — 174\ _ AEO
I I } ;;:tualcurvc tan (1) = 45
| | e
0 RPN - tan~(o0) = 90°
- e )

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

O Amplitude Frequency Response

o 1 f <<1/2r7,
T(Jf) = P : The capacitor approaches a short circuit,
Rs + R, )| 1+ j24f7, and the output voltage gain isR,, /(R +R,) .
S 1 f >>1/27z,
- P . . .
IT(Jf) = > The capacitor approaches an open circuit,
Rs + Rp _\/1+ (Zﬂffp) and the output voltage approaches zero.
17057 M am A Asymptotic
0 approximation
R
wiegio ) *75 4k
Actual curve I o LOW—paSS
| - 20 dbfdecade Network
-
I — 6 dB/foctave
|
|
| .
= —1 O L)
L 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

O Phase Frequency Response

Phase = —Ztan*(2afz,)

Phase 4 ,_{1,_1 -1 =10
f‘(m zmp)f
0 F—=

AP

Asymptotic
approximation

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

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

(R, 1
Vi (S) RS T RP 1+ Rp CP +1_|_ ST, Coupling J
R + R, CS ST Capacitor
. . ) Ry Cy
At Low Frequency: CP IS treated as an open circuit —AMA—]{— oV,
Ts = (RS + RP)CS Open-circuit time v, (D %RP Le,
1 constant
f =
L Load
27T = Capacitor
At High Frequency: Cs IS treated as a short circuit
L Vo |A
7o = (R //R,)C,  Short-circuit time v few =fa—fL

1 constant

T (max) s — | |
fL= . _ / .\
e [f,>f =1, <1, | |
|
]

C. >C, (R¢,R, the same order)

R TS AR Electronics I, 2010 13



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

O Input Coupling Capacitor: Common-Emitter Circuit

Vﬂ — RiVi 1 % r7r
R +Rg+— Ri ;
sC B C
c WW—({
V,(s) 16 $x, }
= V R./V.
A\/( ) V( ) Rgm 7' C I T
- ! ) ' 'ngC R; .
R +Rg+-—— b Ry Cel —*
sC. A :
_ _Rrg.R. sCe i
R 1+s(R +R;)C : Ry =
RUGR. s e O ik
Ris(Ri + Rg;) 1+57g

7 =(R +R;)C.  Note: R _Re//Ry R f, =
R, R, R +R, 27(Rg, + R )Cq
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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

16



Coupling Capacitor Effects

O Output Coupling Capacitor: Common-Source Circuit
v' Maximum Small-Signal Gain ( Assume that C. is short)

+V
|Vo |max On gs(R IIR )
Rp =6.7kG
Ce
Vi =V + 9,V Rs = 1+ 9,Rs )V, v
A 0, (R, /IR)) — i
max 1+ gm S " %l—jﬂ Ry= =
S kL2
v Time Constant (High-pass Network) oY
Ce
set V;, =0, thenV =0 oV,
+ Rp= Ry =
7o = (R, + R, )C. R P EnVe 267kQ 310k
Vi 50 kQ il 1
f, =1/27z 11 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%ljﬁ
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.

L - U W Electronics 1l, 2010
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Coupling Capacitor Effects
O Output Coupling Capacitor: Emitter-Follower Circuit

+10V
Y, =0V, + 1,
r +Rg I/ R

Re=0.5k0 Cer ==
0, dieiey
. m'rz V
+Ry IRy " w(@) mewmE R
oe
1+ﬁ VX:IX = =
r +Rg /R

o Vi _LHRJIR, oe T Toe o
RN 1+p Roe Ko
Ry=05kk rp  *+— ~ ,
AN . oV,
ROZRE//rO//{rﬂ—i_RB//RS} ;j’rz_ thi'gz .
1+ 8 JONE +5ROME W Y8 )
Time Constant: Ts = [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

O The model of the load circuit input impedance is 5V
generally a capacitance in parallel with a resistance.
O There is a parasitic capacitance between ground Ry
and the line that connects the amplifier output to the
load circuit. : I
f —> o0, C_:short, V, =0 (Lowpass) N Ro= l v
f — 0, C_:open, A, :const. = = %“D R ICL
_ 5V = -
Vi - _ng _ ngSng
=—(1+9,R; )ng
Vo =9, (Rp 1RV ! ! °¥o
|A\/ | _ gm(RD Il RL) Ep Ry, =G
™ 1+9g. R, 1

Time Constant: 7, = (R, //R_)C,

Pl F ok kA Electronics I, 2010 21



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) !

P B ik 34 ¢

=
-
-

[y
L)

[JT rrrrm

LR
__s':
{v..-"

0.1

T TTTTT

Coorend 1l | |
107 10° f(Hz)

L1l
10°

0.01
107

10
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Coupling and Load Capacitors

O The values of the coupling capacitance and load capacitance differ by orders of
magnitude (C. >>C, ).
O The lower corner frequency fL is dominated by Cc andis given by fL = 1/27[2'3 :

O The upper corner frequency f,, is dominated by C. andisgivenby f, =1/277, .
v

s =[Rs + R /IR, /I R]C, AL%
Ri=r + (1+/8)RE éalz .

7 = (R. //R,)C, e %m%

Midband: C. :short, C, :open w(® m#Fng |, ]
A\, _ Rl /] R2 /l Ri . gmrﬁ(RC // RL) = | 0.5 k&2
Ry +R /IR, /IR R _ slv

RL =
10 kL2

P A B gk RV Electronics I, 2010 23
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Example 7.7 Objective:

Determine the midband gain, corner frequencies, and
bandwidth of a circuit containing both a coupling capacitor and a load capacitor.

Consider the circuit shown in Figure 7.22(a) with transistor parameters Vpg(on) =

0.7V, =100, and V', = oc.

Solution: The dc analysis of this circuit yields a quiescent collector current of Jrp =

0.99mA. The transconductance is

Icp  0.99
&m —“E = m = 38.1 mA/V

and the base diffusion resistance is

_BVr _ (100)(0.026)

- = 2.63k
"~ Teo 0.99 ¢

The input resistance R; is therefore
Ri=r,+ (1 +B)Rr =2.634(101)0.5) = 53.1kQ
From Equation (7.51), the midband gain is

R R,

0

= gmrn(RC” RL)(

max

Alpax = |—
| ‘i'll'l'ld.x Vf

_ 40]15.7 1
= @8.DE6C 10)((40”5.7) - 53.1) ([0.1 + (40]/5.7153.1)]

or
|4, |max = 6.16
The time constant 7g is

75 = (Rg + R||R;||R))C

1
(RIIRy) + Ri) ([Rs + (R, ”RZHRi)])

)

The lower corner frequency is
1 1
fi = = -
2rntgy 2n(46.6 x 107°)
and the upper corner frequency is
- 1
C 2rtp 27(50 x 1079)
Finally, the bandwidth is
faw =fu —fL =3.18 MHz — 34Hz =~ 3.18 MHz

=3.42Hz

fu = 3.18 MHz

= (0.1 x 10° + (5.7 x 10%)[1(40 x 10%)[|(53.1 x 10*))(10 x 107%) = 4.66 x 10725

or
7g = 46.6 ms

and the time constant tp is
tp = (ReIIR)Cy = (5 x 10%)]1(10 x 10*)(15 x 10713 =5 x 107%
or

p = 50 ns

24



Bypass Capacitor Effects

O The emitter bypass capacitor is often included so that the emitter resistor can be used to
stabilize the Q-point without sacrificing the small-signal gain.

- PRe
R+ +(1+ ,B)(RE /I 1) N

sCe
_ — R. y 1+ sR:C. AV
R, +r +(1+ S)R; 145 Re(Rg +1.)Ce " @

Re+T +(1+ AR | § L.,

- R. 1+sz,

X o]

TR 1 +(1+B)R. ltsr, V-

AV —oV,
_ PR v, (+ b V:% ' &mVr <}>— )
AG) oo R.+r +(1+8)R, @ L éﬁ

R - wome T
‘A\/(S)‘ w—0" RS n rﬂ-

LRI TR Electronics I, 2010 25
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Bypass Capacitor Effects

The Bode plot:
| A, (Jf)|,z=20log,, K +20log,, |1+ j2#f7, |-20lo0g,, |1+ j2Afz, |

f,= 1 7, = R.Ce
27T
1 Re(Rs +1.)Ce R = (R +r) R, +Tr
fg = g = - Ce = ~Ce

271, °© Ry+r.+(1+AR.  (1+A)R. 1+ f3

For typical parameter values, 7, >>7, = f, << fg.

ORI G A2

| 4] &
IAVI.m S I
I
I
I
I
I
IAVIm —0 i I
I I
| | -
fa fe !
Bode plot of the voltage gain magnitude for the circuit with an emitter bypass
capacitor
k<P Electronics 11, 2010 26



Example 7.8 Objective: Determine the corner frequencies and limiting horizontal

Ry

asymptotes of a common-emitter circuit with an emitter bypass capacitor. Vo
Consider the circuit in Figure 7.23(a) with parameters Ry =4k, Rc = 2kQ, /A V+ , v
Ry = 0.5k, Cp=1pF, VT =5V, and ¥~ = —5V. The transistor parameters are: Vi - e Re
B =100, Vgp(on) =0.7V, and r, = o0.
Solution: From the dc analysis, we find the quiescent collector current as Icp = = Rp =xCg =
1.06 mA. The transconductance is and
Icp 1.06 L
gy = 2 =—"—"—408mA/V __ ! -
Vr 0026 I8 = ey = Tmo w1075 ke

and the input base resistance is

_ BVr _ (100)(0.026)
T 106

=2.45kQ

T

Icg
The time constant 74 is
1y = RpCp =@ x 101 x107%) =4 x 107
and the time constant 73 1s

Re(Rs +r2)Ck
[Rs + 7z + (1 + B)RE]
(4% 10°)(0.5 x 10° +2.45 x 10°)(1 x 107%)

g =

[0.5 x 103 + 2.45 x 10° + (101)(4 x 10%)]
or
Tp = 2.90 x 107"

The corner frequencies are then

1 1

_ 1 —39.8H
A= e T T x 10 ‘

P B ik 34 ¢

The limiting low-frequency horizontal asymptote, given by Equation (7.60(a)) is

A o= g7 Re _ (40.8)(2.45)(2)
MmO T IR+ + (14 BRE] ~ [0.5+2.45 + (101)(4)]

or

14| o0 = 0.49
The limiting high-frequency horizontal asymptote, given by Equation (7.60(b)) is
_ gmrzRc  (40.8)(2.45)(2)

14y so0 = - =678
oo = B T 0.5+ 245
|4yl &
100 =
2 -
= //'
10 ,//
E /
B J,;’/
104 /
/4
0.1 I RRTT| I SER WAL 111 N N S M RUTT | MRS N A 51) B AW R -
1 10 102 103 104 10% ¢ (Hz)
Electronics I, 2010 27



Expanded Hybrid-77 Equivalent Circuit for Frequency Response of BJTs
O Common-Emitter NPN BJT

E B C

| L
+« B’ I_\ Cﬂ
+B’ Iﬁ— N J P
¢ (. C,
Co '

n' buried layer é

(@) (b)

Figure 7.31 {a) Common-emitter npn bipolar transistor with small-signal currents and
voltages and (b) cross section of an npn bipolar transistor, for the hybrid-z model
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Expanded Hybrid-77 Equivalent Circuit for Frequency Response of BJTs

O Equivalent Circuit with Parasitic Capacitors

I, I, I, . the series resistance between the external terminal and internal region

I'_ . forward-biased junction diffusion resistance

I’u . reverse-biased junction diffusion resistance, on the order of MegaOhms and
can be neglected

Cﬂ . forward-biased junction capacitance
C u . reverse-biased junction capacitance, Cﬂ < Cﬂ
Cs . collector-substrate junction capacitance
gy
AN
."E? E, c _r-c

Z
i1
+ | L
I

-
AMAN
?’]‘1
HQ
1l
il
-=lf—

5
=
AN
61
i
2

E.»

(=34

E
Hybrid-= equivalent circuit
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Short-Circuit Current Gain

O Small-Signal Current Gain for Frequency Effects

] =V{%+ jolC, +cﬂ)} v, = Ib/ Lﬂ jo(C, +C,,>}
Vv

——+I1,=0,V,
1/ jaC,
- gm_ja)C
I, =V, (9, — jeC,) =5 l,
r+ja)(Cﬁ+Cﬂ)
B " c
I C+> Vr_rérrr == Cr *gmv érp

E T
L

Simplified hybrid-z equivalent circuit for determining the short-circuit current gain

L - U W Electronics 1l, 2010



Short-Circuit Current Gain

O For typical parameter values, a)Cﬂ << 0,

| g | A |
A _ Ic ~ gm _ ﬂ B, 3;_3
l, r1+ jw(C, +C,) 1+ jor, (C,+C,)
O Beta cut-off frequency: f, = L
O Cutoff Frequency 27,(C, +C))
At the cutoff frequency f., A goes to 1. 1 f
— IBO _ IBO -1 rhese fa f
|A|f:fT_1 f I fNl ~ = Of—==— -
S (CYR P N \\;
|
45—
15 ﬁo _ :Bo fIB \
\/( fr/ f/)’)z fr 90° |- o
1 O . .
fr=p51,= IBO|:27ZI’ (C +C )} = 22(C. +C) (Small Sizes => High Freq.)
Vs T 7 T u
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Example 7.9 Objective: Determine the 3 dB frequency of the short-circuit current
gain of a bipolar transistor.
Consider a bipolar transistor with parameters r, = 2.6kQ, C, =2pF, and C, =

0.1pF.
Solution: From Equation (7.67), we have

1 1
8= 5 1 C)  2m(2.6 x 1052+ 0.1)(10712)

or
f3=29.1 MHz

Example 7.10 Objective: Calculate the bandwidth f5 and capacitance C; of a

bipolar transistor.
Consider a transistor that has parameters f;r = S00 MHz at I = 1mA, g, = 100,

and C, = 0.3pF.
Solution: From Equation (7.73), the bandwidth is

_ fr _ 500 _
fﬁ-ﬂo = 1OO_SMHZ
The transconductance is
Ie 1

_lC______1g
Em =7 =002 SmA/V

The C, capacitance is determined from Equation (7.72). We have

_ 8m
Jr= 21(C, + C,)
or
-3
500 x 10° — 38.5 x 10
2n(C, + 0.3 x 10712) , 2010

which yields C, = 12.0 pF.

32



Miller Effect
O Consider that the frequency is sufficiently high for R,
the coupling and bypass capacitors to act as short §RL C}jﬁ ,
circuit. - |) 1% | l @
V7Z -V i k
Iy =—2—2=(V, -V, )(jeC,) ~ R
1/(JQ)C#) : G) i §R é L
=g,V, +V,/(R./IR,) $Re G

V.(JaC, - 9,) =V [1/(R. /IR ) + JaC ] | L

For typical parameter values,
0, >>| JoC, | and 1/(R; // R ) >>|
o gmvﬂ' zVo /(RC /1 RL)
=V, =V,)(JaC))
=V, JaC 1+ 9,(R. //R)]
:Viz 'ZA
ZA = ja)Cﬂ[l‘F gm(RC I RL)]

LI T W I

f‘fﬁt:
' H ¢ o Vo
* I i
. RB: 1 | |
jec, | = %a"wz E L OR L %
| | gmv.q:
| |
' T
® ¢
Ll Y — I
_l_l i I{ . . o | /A ____I 1
|
le # %Rc %RL T Zy
Znn
|
___£ J___ | ——
(a) (v

{a) Output portion of small-signal eguivalent circuit; (b) eguivalent impedance
of this portion of the circuit
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Miller Capacitance

O Miller Capacitance
Cy = Cy[l"' On(Rc//R)]

O Miller Effect: the multiplication effect of C,
O Output Voltage

Vo ~ _ngﬂ'(RC Il RL)

O Input Capacitance

C,=C, +C,

+

)

V. (jaC, —8,) =Vo[L/(R. /IR ) + jC, ]
z—Vﬂgm
) 9,V,
° 1/(RC //RL)+ja)C,U
9,V,
1 1
+ ;
R./IR. 1/ jaC,
——g,V. -[(Re /IR (1] juC,)]

I

|

[

|

I C‘D ReSVeSre Col
- I

|

i

|

Small-signal eguivalent circuit, including the eguivalent Miller capacitance

P B ik 34 ¢
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Example 7.11 Objective: Determine the 3dB frequency of the current gain for
the circuit shown in Figure 7.39, both with and without the effect of Cy,.

The circuit parameters are: R- = R; = 4kQ, r, =2.6kQ, Rz =200k, C, =
4pF, C, =0.2pF, and g,, = 38.5mA/V.

Solution: The output current can be written as : : +—o V,
' . o
R¢ I G Rﬂg’k’m re Cpz!| ::CM'<,|, gR. R
I, = (g, V| —— ! T | © ot
Also, the input voltage is ) : L :
i 1 1
VJT =1S RB“rJ'r iwC iwC ]
- JOLalJOb M Neglecting the effect of C,(Cy, = 0), we find that
—/ RB”rn :| 1
LI+ jeo(Rpllra)(Cr + Cay) J348 = 3200 % 10926 x 109)]d x 103 — | >SMHz
Therefore, the current gain is The Miller capacitance is
4 = 1, _ g ( Rc )[ Rjllr, } Cu = Cul1 + gn(RclIRL)] = (0.2)[1 + (38.5)(4[|4)] = 15.6 pF
| - i .
I Re+ Ry ) L1+ /e Rpllr)(Cr + Cay) Taking into account the Miller capacitance, the 3dB frequency is
The 3 dB frequency is foun = 1
1 BT 2Ryl Cr + Ca)
Sfrdap = 1
2n(Rpllr X Cr + Car) ~ 27[(200 x 10%)[1(2:6 x 10%)][4 + 15.6](10~2)
or

frap = 3.16 MHz
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FET High Frequency Equivalent Circuit
O N-channel Common Source MOSFET

@ ng Fo @
v = C F Cte
gr o ¥ Vs o :I:
Vg&' o —
3
&

Eguivalent circuit of the n-channel common-source MOSFET

O Effect of the Source Resistance

Vo =V + 0.Vl = 1+ 0,6V '
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Unity-Gain Bandwidth

l; =V /(1] JaC ) +V /(1] jaC )

:Vgs[ja)(Cgs +ng )]
Vs I jeaCyq) + 14 = 9,V @ — %{d
I, =V (9, — JaC ) Ve Cor == <*> V
_ Om — ja)ng | ; @ o
j0(Cy+Cy) L
l, O

A=-t~-
Ii Ja)(Cgs +ng)

The unity-gain frequency fT is defined as the frequency at which the magnitude

of the short-circuit current gain goes to 1.

O
JZﬂfT (Cgs + ng)

f p— gm
.
27z(CgS + ng)
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Miller Effect and Miller Capacitance

Ii — ja)Cgngs + jCOng (Vgs _Vds)
— ja)(Cgs + ng )Vgs — ja)ngVds © C;gd

ja)ng (Vgs _Vds) — gmvgs +Vds / RL
(j(()ng B gm)vgs = (jC()ng +1/ RL)Vds ;

<V, IR,

l; = Jo(Cys +C g )Vys — JCy Vs
= jw(cgs +Cy )Vgs - ja’ng ( ja)ng - gm)RLVgs
= Jol[Cy +Cyy(1+9,R. — JoC R )V
~ Jo[Cy +Cyy (1+9,R )V

The Miller Capacitance: Cy;, =C_4(1+9,R.)

L - U W Electronics 1l, 2010
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Cutoff Frequency with Load Resistor

Ii — ja)(Cgs + CM )Vgs

I 4
| _
wC i C) Cy =Cya(1+G,R))

A= I It R =0,then Gy =Cy

Id — gmvgs =

~

J

2721: (Cgs + CM ) %
f=—dn

Cutoff Frequency: T; = 27(C..+C)
gs M

© Ja D)
— —
I
v Cor o Crp == R v
f&' g M @ nggf L _.g:;
i < 3
1

MOSFET high-freguency circuit, including the eguivalent Miller capacitance

L - U W Electronics 1l, 2010
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Example 7.12 Objective: Determine the unity-gain bandwidth of an FET.
Consider an n-channel MOSFET with parameters K, = 0.25 mA/Vz, Vin =1V,
A =0, Cpy =0.04pF, and C,; = 0.2 pF. Assume the transistor is biased at Vgg =3V.

Solution: The transconductance is
gn =2K,Vgs — Vry) =2(0253 -1)=1mA/V

From Equation (7.90), the unity-gain bandwidth, or frequency, is

fr= Em _ 1073 PP
i 271(Cgs + ng) B 27(0.2 + 0.04) x 10-12 X z
or
fr =663MHz

Example 7.13 Objective: Determine the Miller capacitance and cutoff frequency

of an FET circuit.
The n-channel MOSFET described in Example 7.12 is biased at the same current,

and a 10kS2 load is connected to the output.

Solution: From Example 7.12, the transconductance is g, = 1 mA/V. The Miller
capacitance is therefore

Cyr = Coa(1 + gRy) = (0.00)[1 + (1)(10)] = 0.44pF
From Equation (7.99), the cutoff frequency is

& 1073

- = =249 x 10°H
I 271(Cys + Car) ~ 27(0.2 +0.44) x 10712 % g

or

fr = 249 MHz
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Common-Emitter Amplifier
O High-Frequency Equivalent Model

Cy =C, 1+, (RRNT)) I

f, = L
27T,

7p = Ry G

R =T, /I Ry Il R

r /IR
— R’ T B
A F R r /IR, + R,

EmVi

P B ik 34 ¢

(@) (b)

{a) High-frequency equivalent circuit of common-emitter amplifier; (b) high-
freguency eguivalent circuit of common-emitter amplifier, including the Miller capacitance
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Example 7.14 Objective:
gain of a common-emitter circuit.

Determine the upper corner frequency and midband

For the circuit in Figure 7.47, the parameters are: V" =5V, V™ = -5V, Ry =
0.1kQ, Ry =40k, R, = 5.72kQ, Ry = 0.5k2, R = 5k, and R; = 10k<2. The tran-
sistor parameters are: 8 = 150, Vpg(on) =0.7V, V= o0, C, = 35pF, and C, = 4pF.

Solution: From a dc analysis, we find that [y = 1.02mA. The small-signal pa-

rameters are therefore
_BVy (150)(0.026)

— 3.82kQ
" Teo 1.02
and
Ip 102
_ o _ —39.2mA/V
& = T 0.026 mA/

The Miller capacitance is then

Cy =Co(1 +gnRy) = C,[1 + gn(RcIIRL)]
or

Cyr = D[1 4+ (39.2)(5]|10)] = 527 pF
and the upper 3dB frequency is therefore

P B ik 34 ¢

or

1

Jh = S IR IRSIC, & Cop)

]
~ 27[3.82]140115.7210.1](10%)(35 + 527)(10~12)

£y = 2.96 MHz

Finally, the midband gain is

or

|Av‘M - ngil:

RB”rrr ]
Rpllrz + Rs
40(|5.72|13.82 ]

= (39.2)(5]|10
(39.21 )[40||5.72||3.82+0.1
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Common-Base Amplifier

V+
O Equivalent Input Circuit T
R —Z"‘: I +V_[r +sCV_+9.V §R

V(l/r +sC +gm) V -V

T e

g
e ) Yo
_ 'm 1 1 I 1+ L ==y,
Z Ve rﬂ, CBI N
Z =

‘ r 1 &, =
< ) : &,
. 1+ sC, [
I
fH7z = 4 = - E S C v
pr T
272' Tp o 1 + IB Figure 7.51 Common-base amplifier

O Equivalent Output Circuit

oV,

= 7. = (R /IR)C,
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Example 7.15 Objective: Determine the upper corner frequencies and midband
gain of a common-base circuit.

Consider the circuit shown in Figure 7.51 with circuit parameters V" =5V, V™ =
-5V, R¢ =0.1kQ, R, =40kQ, R, =5.72kQ2, R =0.5kR, R =5kQ, and R; =
10kQ. (These are the same values as those used for the common-emitter circuit in
Example 7.14.) The transistor parameters are: 8= 150, Vpg(on) =07V, V= oo,
C,=35pF, and C, = 4pF.

Solution: The dc analysis is the same as in Example 7.14; therefore, Iog = 1.02mA,
g = 39.2mA/V, and r, = 3.82kQ. The time constant associated with C is

rT[
Tpr = [(1 n ,3) ”RE”RS] - Cy The time constant associated with C,, in the output portion of the circuit is
3.82 =[RclR.]- C, =[5]110] x 10°(4 x 107'%) = 13.3
- [(—151)”(0.5)”(0.1)] x 10°(35 x 1072 o = [RRL] - G = BIOT 1076 1075) »
The upper 3 dB frequency corresponding to C,, is therefore
or 1 1
Jap = = —- = 120MHz
Tpy = 0.679 ns ZJ’TTpPV 2."'7.'(133 x 107%)

So in this case, f3, is the dominant pole frequency.

The upper 3dB frequency corresponding to C, is therefore The magnitude of the midband voltage gain is

1 1
_ _ =5 234 MHz :
S 2ntp,  27(0.679 x 1077) o (l ; )
|AviM = &m (RC ”RL)
IAV[A— R Vo R

i ] ) o EN\T B + Rg

: \ N, Ceo = (39.2)(5/110) 323 =253

: Cp =5pF '":';:‘L\ Crand Cy, 05” (Tg—l_) + 01
ik C; =150 pF Ny, only
0.1 Ll Lol Lol Lol Ll I~ EleCtroniCS “! 2010 44
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Cascode Circuit

V+
O Input Impedance to the emitter of Q2
R
3
Ry Cu “he2 | — v
CCZ
| 2
+ = Cp
V(™) Re 2V, 2n, L mev,e Lo T I
i B g Vel 2l T, ol S TLE T 2 il §R2
' Zm1VieL +
R, Ca
J_ ) EVVVV_'(—_i &1
r 1 = éRS R ]—c
Z., =—"22_|[f T
ie2 =
1+ sC_,
o
Figure 7.54 Cascode circuit
&) G
J_ 1% oV,
= 4
ZMVM CESRG v Re gﬁ_r, =
11 I
| L
+ oy @ =
vi Ryte v, 2 N r.
R”Rg Tl TL al
: = @ 2 V1
+
P B ik 34 ¢ Electronics I, 2010 45



Q1 and Q2 are biased with essentially

the same current,

Cascode Circ

R

uit

M _
CMl = Cy1(1+ I 5 j ) CD "3 TCELTCEJL<% v, T C';:l Hﬂé lr':zﬂ &
l_|_'6 ml¥rl ¥
Ono" o =
~C 1+MJz2C Ot = Oz §
”1( 1+ “ B G Q. .
5 IPTTTTT TP O A% T o
o1 = (Rs I/ Rgy /I 7,1)(C,, +2C ) Jf_ |-§ § g
r;, I;r i V2 S1q ‘_":,-. 1} R SR ==CL
Tpr2 = (Cyl + an)(rol I 1+2ﬁj ~ (Cul + C;zz) ) 1+2ﬂ i '5 I - Rl gm?-p}fﬂé
. > Tpﬂz, fHﬂl < fHﬂz L' @ ........ ? .......
1
fH;r = fH;rl = Vo - _ng(RC I RL)Vﬂ'Z
27rrpﬂ1 )
________________________________________________________ - . w2
Z_plu —_ (RC // RL)CIU2 Cqu >> CL - ng(RC // RL) gml 1+ ﬂvﬂ'l
1 R../l'r
=f. = =—g (R./R,)- BL'! 'z1 _
H H m?2 C L i
g Y 2nr,, . Ray /11 +Rs,
~
Pk B ik kv Electronics I, 2010 /A\/ 46



Example 7.16 Objective: Determine the 3dB frequencies and midband gain of a
cascode circuit.

For the circuit in Figure 7.54, the parameters are: V' =10V, V'~ =~10V,
Rg=0.1kQ, R =42.5kQ, R, =20.5kQ, R; =28.3kQ, Ry =54kQ2, R =5kQ,
R; =10k, and C; = 0. The transistor parameters are: §= 150, Vgg(on) =0.7V,
Vi=00, C, =35pF, and C, = 4pF.

Solution: Since B is large for each transistor, the quiescent collector current is essen-
tially the same in each transistor and is /¢y = 1.02mA. The small-signal parameters are:
tg=rtn=r,=382kQand g,,; = g,» =g, = 39.2mA/V.

From Equation (7.112(a)), the time consant related to the input portion of the
circuit is

Tpr = [R5l Rp1 171 (Cr1 + Cant)

Since RB] = R2||R3 and CM] =2 Culﬂ

5, = [(0.1)]120.5]128.3]13.82] x 10°[35 + 2(4)] x 107'? = 4.16ns

then

The corresponding 3 dB frequency is

1 1
szz

_ - 38.3MH
rtp. | 2416 x 10°°) z

From Equation (7.113(a)), the time constant of the output portion of the circuit is
7p, = [RelRL]C oz = [51110] x 10°(4 x 107'%) = 13.3ns

and the corresponding 3 dB frequency is

fo o I 1
M= 2mtp, — 27(13.3 x 1079)

= 12MHz

From Equation (7.118), the midband voltage gain is

R |7z }
Rpillre1 + Rs

(20.528.3(|3.82) ]: 126
(20.5]128.3]13.82) + (0.1)

|Aylp = ng(RC”RL)[

= (39.2)(5] 10)[

| ; ;
%]
b3

el

]

2

=
%zﬁ”
W
"k
s

Cr

RE:L

V-

Cascode circuit

a7



Emitter-Follower Circuit

O The arranged high-frequency equivalent model v
Zy | o
Rj —p.-l FE;- R.S C}:l |~

Ry 4 Rg B < C
g g BV . . U rf D

TERRE 1), “
Vb:lb(rﬁllaj—'_RL |b+gm(rﬂ//£)lb §RE %RL 4 c;
L
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Emitter-Follower Circuit

Zb—\ﬁ—r//i+R’+gm //i
l, sC. sC. %
3

=R/ +(1+ ng’)Kr [ —

i J

L

. LT sC
1 "
=r (1+9g,R)/ +R]{ ,
sC_/(1+g,R)) Zero Point: =
1
’ ' ' V: VR’+I'R’: + R,V
r(1+g.R)=r + AR >>R!/ o = GnV LT B (gm rﬁ//(l/sCﬂ)j o
C. 1 ,
r, ~[Rg IRy llT,(1+9,R))] C, +T =0, +—+sC, |-RV,
m rﬂ
1
fH 272_ . (3dB frequency or pole) =|1+sC, 5 j'“ﬂ'RﬁV
1+ r
1
1+SCE( z j: = f, =
+p orC | T
"1+ p
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Example 7.17 Objective: Dectermine the frequency of a zero and a pole in the
high-frequency response of an emitter follower.

Consider the emitter-follower circuit in Figure 7.57 with parameters VT =5V,
V-=-5V, Rg =0.1kQ, R, =40kQ2, R, =5.72kQ, Ry = 0.5k, and R; = 10kS.
The transistor parameters are: 8= 150, Vgg(on) =0.7V, V, = x, C, = 35pF, and
C,=4pF.

Solution:  As in previous examples, the dc analysis yields Iy = 1.02mA. Therefore,
gn=39.2mA/V and r, = 3.82kQ.
From Equation (7.125), the zero occurs at

fo= ! = ! = 180 MHz

I 3.82 x 10°
2nC | —— -12

To determine the time constant for the high-frequency pole calculation, we know
that

l+g,R, =1+g,(RglRy) =1 +(39.2)0.5]10) = 19.7

and
Rg = R|||R; = 40]|5.72 = 5kQ

The time constant is therefore

! CJT
7p = [Rs|| Rpll(1 + ngL)rrr](Cu + —)

l +gnR;
35
= [(0.1)[|5]/(19.7)(3.82)] x 10° (4 +W) x 10712 = 0.566 ns
The 3 dB frequency (or pole) is then
)\ 1
fu = 281 MHz

T2, 27(0.566 x 1079)
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