Dr. Nidal ZAIDAN

CHAPTER /3/

FREQUENCY RESPONSE OF AMPLIFIERS




1. Introduction

Frequency Responsef an amplifier is the change in gain or phase
shift over a specified range of input signal frequency
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2. The Decibel

The concept of the decibel (dB) and the associated calculations will become increas-
ingly mmportant in the remaming sections of this chapter. The background surround-
ing the term decibel has 1ts origin in the established fact that power and audio levels
are related on a logarithmic basis. That is. an increase in power level. say 4 to 16 W.
does not result in an audio level increase by a factor of 16/4 = 4. It will mcrease by
a factor of 2 as derived from the power of 4 in the following manner: (4)> = 16. For
a change of 4 to 64 W. the audio level will increase by a factor of 3 since (4)° = 64.
In logarithmic form. the relationship can be written as log, 64 = 3

Power gain is expressed in decibel (DB) by the following formula:

GdB =10 lﬂglﬂ. P

P

1
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Voltage gain is expressed in decibel by the following formula:
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Example 1

The input power to a device 1s 10.000 W at a voltage of 1000 V. The output power
is 500 W. while the output impedance is 20 ().

(a) Find the power gain in decibels.

(b) Find the voltage gain in decibels.

(¢) Explain why parts (a) and (b) agree or disagree.

Solution
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Example 2

An amplifier rated at 40-W output is connected to a 10-{) speaker.

(a) Calculate the mput power required for full power output if the power gain is
25 dB.

(b) Calculate the input voltage for rated output if the amplifier voltage gain i1s 40 dB.

Solution
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For more applications a communications nature (audio,
video), a decibel plot of the voltage gain versus frequency is more
used. Before obtaining the logarithmic plot, however, the curve is
generally normalized as shown below. In this figure, the gain at each
frequency is divided by the midband value, the midband value is

then 1 as indicated. At the half-power frequency, the resulting level
1S0.707 =

| | | | | .
10 £, 100 1000 10,000 100000 f, 1MHz 10MHz £ (log scale)
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A decibel plot can now be obtained by applying the following
equation:

A,
z |dE = 20 nglD -
‘41’mi.:| A'lf‘mid
0 dB -f
-3 dB
-6 dB
=12 dB
-18dB
Y
."1
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3. Low-Frequency Analysis BODE Plot

In the low-frequency region of the single-stage BJT or FET amplifier. it 1s the R-C
combinations formed by the network capacitors Ce. Cg. and C; and the network re-
sistive parameters that determine the cutoff frequencies.

— :
Vi R Y
o °

Our analysis, therefore. will begin with the series R-C combination of Fig. 11.8
and the development of a procedure that will result 1n a plot of the frequency response
with a minimum of time and effort.
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At very high frequencies.

+ +
1
= —— = . V,
Xe 27 fC 0 () : R V

and the short-circuit equivalent can be substituted for the capacitor. The result is that
V, = V,; at high frequencies.

At f=0 Hz.
. * O O
+ +
T I v; RV,
Xe=ome “2me - Y
P o

and the open-circuit approximation can be applied with the result that
Ve =0V
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Between the two extremes. the ratio 4, = V,/V; will vary as shown ha|ow.
As the frequency increases. the capacitive reactance decreases and more of the input
voltage appears across the output terminals.
yA=V,)V,
e

0707 F——————————— e

0 7 7

The output and mput voltages are related by the voltage-divider rule in the fol-
lowing manner:

vV = RV,
¢ R+ Xc¢
with the magnitude of V, determined by
RV;

o= VR = X2
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For the special case where X = R.

,__ R _ RV, _ RG _ RV __1
. R2X2 VoRZ V2R V2
}.-"'

and 4,| = \/— = 0.707|x.—z

The frequency at which this occurs is determined from

] 1
Xe= 27/ C K
1
and h= ST RC

In terms of logs.

1
G, = 20 log;q 4, = 20 log;g W = —3 dB
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while at 4, = V,/V; =1 or V, = V, (the maxunum value).
G, =20 log;o 1 = 20(0) = 0dB
~ If the gain equation is written as

T R 1 1 1

A,

"~ V7V, R—jXe 1-jXJR 1-;j1/wCR) 1 —;127fCR)

and using the frequency defined above.

1
- 1=j(AD

Ay

In the magnitude and phase form.
Vo 1
Vi V1+(Hlf)?

magnitude of 4, phase < by which
V, leads F;
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In the logarithmic form. the gain in dB i1s

Av(dB] —20 IGEIQ vf}
At f=f;: %: 1 and —20 log;p 1 = 0 dB
Atf=3fi: L} = 2 and —20 log,o 2 = —6 dB
At f= 1 fi: %—4311(1 —20 log,p4=—12dB
At f= 1 fi: f? = 10 and —20 log;p 10 = —20 dB
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A plot of these points 1s mdicated helow.

b A (ltar scale)
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The calculations above and the curve itself demonstrate clearly that:
A change in frequency by a factor of 2, equivalent to 1 octave, results in a
6-dB change in the ratio as noted by the change in gain from f/2 to f;.

As noted by the change 1 gamn from 7,/2 to f;:
For a 10:1 change in frequency, equivalent to 1 decade, there is a 20-dB
change in the ratio as demonstrated between the frequencies of [;/10 and f;.
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Example 3 ¢

o
For the network + E(HF +
(a) Determine the break frequency. ‘
(b) Sketch the asymptotes and locate the —3-dB point. Yi Rk ¥
(¢c) Sketch the frequency response curve. _ _
o =
Solution
15 Electronic Circuits 2 17 April 2017



The gain at any frequency can then be determined from the frequency plot in the
following manner:

Vo
Ayamy = 20 logyg 7.

A
w(dB) v,
but o0 logg v
e
V
and A, = ?ﬂ = l{][ = )

For example. if 4,4gy = —3 dB.

Vg M N o . !
A, = T 1007220 = 100791 = 0,707 as expected

Ayapy = —1 dB at f= 2f; = 637 Hz. The gam at this point 1s

[ A am)
20

7, [ ]
=10 =100 =107 =089] == ¥, = 08917,

V;
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The phase angle of # 1s determuned from

HZtan_“%

For frequencies f < f;.

.
6 =tan ! 2= — 90°

f

For instance. 1if f; = 100/,

1 i _
= tan ! ?‘ = tan” (100) = 89.4°

For f = f;.

J1 —
' =tan 'l = 45°

f

8 = tan
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For /= f;.

For mstance. if / = 100/,

O=tan * f?l =tan ' 0.01 = 0.573°

.5: __________________ £

I L1 i I L YPaa )

“.I
0y, 02 03, 0% fi o M Y, Wy
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4. Low-Frequency Response — BJT Amplifier

The analysis of this section will employ the loaded voltage-divider BJT bias config-
uration. but the results can be applied to any BJT configuration. It will simply be nec-
essary to find the appropriate equuvalent resistance for the R-C combmation. For the
network hea|gyy - the capacitors C;. Cc. and Cr will determine the low-frequency
response, We will now examine the mmpact of each independently in the order listed.
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C,

Since C. 1s normally connected between the applied source and the active device. the
general form of the R-C configuration 1s established by the network ha|gyy

I{
. +
R_
g % — ] System
7. N\ :
— | T
The cutoff frequency is,
1

fLS =
27(Rs + R)Cq
The voltage Vi will then be related to Vs by,

\/i :VSL
Rs +R
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The value of R, 1s determuned by

——

o —
]
L8]

_|_
=
5
=
ol
Il
>
&

":\‘II

24"
~1 )

R; = JI‘_':IHJ‘;?:

Pre

The voltage V,; applied to the i{:tput of the active de*ice can be calculated using the
voltage-divider rule:

V=V
RS+R+JXCS
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C
Since the coupling capacitor 1s normally connected between the output of the active
device and the applied load. the R-C configuration that determines the low cutoff fre-

quency due to C¢ appears

I
i

System e R, ¥,

Thévenn
1
The cutoff frequency due to Cc is deterﬁlmg—];)(ﬁ +R)C
C

c: I

The ac equivalent network for + C, +
the output section with Vi =0 . 7.QRe R, T,
v R, = Rcll". R
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&

To determine f; . the network “seen” by Cr must be determined he|ow.

]

s

System el

Once the level of R, is established. the cutoff frequency due to Cy can be de-
termined using the following equation:

1
J1z= 27R,Cx
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The ac equivalent network as ‘seen’ by CE appears in
following Fig R;

] .
—= +r,

p E
AAA ~
RE
Rg

—
CE
w L J I

The value of Re Is therefore
determined by

R
R-?. == REH(_ﬁ o '-"’é)

where R; = R4||R1||R>.
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Example 4

Ry
GVQ

C

\l

I—
R.E
+ Vi R
14
. 0 i

(a) Determine the lower cutoff frequency fm'ff@ﬁgwing network using the fol-
lowing parameters:
C; = 10 uF. Cz =20 uF. Ce=1uF
R, =1k, R, = 40 k(. R, = 10 k(. Ry = 2 K1), Re= 4 K.
R; =22KkQ
B = 100. re = % f), Vec =20V

(b) Sketch the frequency response using a Bode plot.
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Solution
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Composite Bode plot of a BJT amplifier response for
three low-frequency RC circuits with different critical
frequencies. Total response Is shown by the blue
curve.
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4. Low-Frequency Response — FET Amplifier

The analysis of the FET amplifier in the low-frequency region will be quite similar
to that of the BJT amplifier

Voo
Rp
I’ ™
T It N
Cc
I_C "I: t—
+ R:1g CG i Eﬂ Hl r
) — iy Rk
L 3 = w B
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Ce

For the coupling capacitor between the source
lent network will appear as the following

and the active device. the ac equiva-

1l

[} |

R

S ‘ .
4

: "\J =

System

The cutoff frequency determined by Cc will then be:

f = 1

(=)

¢ 2wRge + R)Cq

REZRG
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C,
For the coupling capacitor between the active device and
the load the following network will result.

[

System e Ry
R

&

The resulting cutoff frequency is:

. 1
Jre = 2m(R, + R;)Cec

R, = Rp||ra




C.

For the source capacitor Cs. the resistance level of importance is defined by

llowing network

il
1

System f—
eg

The cutoff frequency will be defined by

_ 1
 2WRCs

Jrs

R
Rea = TF R + g )l + Ro|RD)
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Example 5

- O

|
L1
Cc
e«
-— R:1g Ce E’a
R v

£ I\J —— V. g

(a) Determine the lower cutoff frequency for f@dlowmg network using the fol-
lowing parameters:

Co=00luF. Co=05puF  Cs=2uF
Ri;=10kQ, Rc=1MQ, Rp=47kQ, Rs=1kQ, R =22k

Ipss = 8mA, Ve =—4V ) Vop = 20 V

(b) Sketch the frequency response using a Bode plot.
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Solution
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5. High-Freguency Response

You have seen how the coupling and bypass capacitors affect the voltage gain of an
amplifier at lower frequencies where the reactances of the coupling and bypass capaci-
tors are significant. In the midrange of an amplifier, the effects of the capacitors are
minimal and can be neglected. If the frequency is increased sutficiently. a point is
reached where the transistor’s internal capacitances begin to have a significant effect
on the gain.”

In the high-frequency region. the capacitive elements of importance are the inter-
electrode (between terminals) capacitances internal to the active device and the wiring
capacitance between leads of the network. The large capacitors of the network that
controlled the low-frequency response have all been replaced by their short-circuit
equivalent due to their verv low reactance levels.

For inverting amplifiers (phase shift of 180° between mput and output resulting
in a negative value for 4,). the mput and output capacitance 1s increased by a capac-
itance level sensitive to the interelectrode capacitance between the input and output
terminals of the device and the gain of the amplifier.
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BJT Amplifier

Vee
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The Thévenin equivalent circuit for the input network

Ry =R Ry || Ry | R,

o ™

Em, r\l

—— L

1
fry =
27R,C

Rrn, = R||R1||Ro|[R;

(__.} = (_ﬁn—r! + (-_'*.'_’Je + C.__JHI. — Crﬂ + (_.EJ‘E + (]. — -AI*}C.EJC

The Thévenin equivalent circuit for the output network

Ry =R R I 7,

\

Em, ,\I

*I"
——

B 1
S, = 2R, C,

Rrn, = Rcl||Rz|Ir,

(-.G — C-iT"ﬂ + Ck{‘é + {:—-_M'G




h (or B) Variation

The variation of /i, (or B) with frequency will approach. with some degree of accu-
racy. the following relationship:

hee
LT

The only undefined quantity. fg. 15 determined by a set of parameters employed
in the hvbrid  or Giacoletto model frequently applied to best represent the transis-
tor in the high-frequency region.

Pree
— A
B b E
=% [|n >
I
b ]

Vie=EmTpelpy=hg I
Em Fboe=EmTbelp Je .d b

o

M

I
1

\l
1
o
=

I
=

—— - —%

by o
te o
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Epe
EW(CFE + Cﬁr‘c}

/g (sometimes appearing as f;, ) =

or since the hybrid parameter /g, 1s related to g, through g, = /i, gs%.

fo= 1 Em
P ‘I‘{ﬁ?mid 2W(Cﬁp + Cﬁ'c)

Taking it a step further.

= = 1 ;{f"'mm ~ Pmia 1
Em — JEa'rj"f"é?::uu.w:l:1 Eb'e = ;{fénud J — — —

b'e Nie Bmid’ e Fe
and using the approximations
(_HE:"E = (__\'&E:_! ﬂ].].d (__‘b'c = Cbr_"
will result in the following form
1

I8 = 2B (Cre + Co)

[5 Is a function o] the bias conditions.
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A quantity called the gain—bandwidth product 1s defined for the transistor by the
condition

hfemid _ 1
1+ j(flifp)
h
femid
so that hzlas = 20 logio T 20 logio 1 =0 dB
1+ 7(flfp)

] A ARIN
hfgm.id

40dB -

e Midband value for kfe
Ho -3dB
0.707 30 dB
O
\(Ihﬁ.l
N,
20dB —
o
10 dB — 60@%
%
_ T
| hf*‘\l‘ ! - Midband value for J,
0dB "
-3dB I
N
_10dB
Jg- () 5/
e | |'8 ” TB fT\| bt |
0.1 MHz 1.0 MHz 10.0 MHz 100.0 MHz 1 KMHz 10 kKMHz
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The frequency at which [fiz|qs = 0 dB is clearly indicated by f7in Fig.above The
magnitude of /i, at the defined condition point ( 7= fg) 1s given by

’E'F.ﬁ?mid . hfﬂmid -
V1 +(flf)?  Jrlfe
( = BW)
e .
so that frehe /o (gain—bandwidth product)
or Jr= Bmia Jp

Substituting equation for f5 gives

,_, 1
f}_ B }Bmid 21“_:81.‘(11'::1F *e( Cﬂre + CE:;*:}

- 1
L 1= G (Coe + Cod)

45 Electronic Circuits 2 17 April 2017



Example 6

For ﬁ@”owing network with the same parameters as in Example 4  that is.
R, =1kQL.R, =40k R, =10k Rg=2k. Re =4 k). R; =22 k()
C; =10 uF, Co=1 pF, Cx=20uF
B=100.7,=%* Q. Ve =20V
with the addition of
Crs =30 DE. G =APE, €. =L PE, Cu =6 PF, Cyp, = 8 DE

(a) Determine fz and fz .

(b) Find fz and f7.

(c) Sketch the frequency response for the low- and high-frequency regions using the
results of Example 11.9 and the results of parts (a) and (b).

(d) Obtain a PROBE response for the full frequency spectrum and compare with the
results of part (c).
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Solution
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(c) Seethefigure. Both f; and f, will lower the upper cutoff frequency below the
level determined by fz. f5 1s closer to fz and therefore will have a greater impact
than fz . In any event. the bandwidth will be less than that defined solely by f.
In fact. for the parameters of this network the upper cutoft frequency will be rel-

atively close to 600 kHz.

Ay
A 7
T Vmid lam
£ £ f "ﬂ‘f:' /B
1 L10 YLy 100 YL 1kHz 10 kHz 100 kHz V MHz 10 MHz 100 MHz
(I | | | | | | 1 | L | -
T 1 1 | 1 ] 1] | =
9 f ! / f(log scale)
L5 BW : :
\ /'u./—ﬁ dB/octave
~10 ' -.
5
50 dB/decade
a0 — i dE.I"cctavefrf ,. 3
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FET Amplifier

The analysis of the high-frequency response of the FET amplifier will proceed in a
very similar manner to that encountered tor the BJT amplifier.

' Voo
Rp
Ce
i IE:'-' I{ * o ¥,
'*,F— - u-,__x
b
.-‘f x
: v
o @ T
+ SIE CG_ I‘_\\ f.-"l :: | '_.—_ Rl
- y/"“ o |r'ﬂf |
v. 1\, R —— o
N .l. R, o s
L w R 2

The cutoff frequencies defined by the input and output circuits can be obtained
by first finding the Thévenin equivalent circuits for each section
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S

V.

For the mput circuit,

d .
_i -

Al
]|
e~

I
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Ry, = RsigHRG
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and for the output circuit.

2R ,.C

= w_ Ry, = Rp||R;||ra

Cﬂ = 'C'},r” + (—..::T.:: + CM'”

'
|

| Cu, = (1 o %)Cgﬁ’
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Example 7
(a) Determine the high cutoff frequencies for ﬂ@”owmg network using the

same parameters as Example 5
Ce=001uF, Cc=05uF, Cs=2uF
Rix=10kQ. Rc=1MQ. Rp=47kQ. Rs=1kQ, R, =22kQ
Lige=8mA; Vp=—A4AV gu=00. Fp=200N

with the addition of

€ =2PF C=APE. Ci=05pF Cp =598 Gz ==6pF

' Vpp

oV,
AN "
Ry i
+ CLE CG — _ R_[
v, P\, R
w wr
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The results above clearly indicate that the input capacitance with 1ts Miller effect ca-
pacitance will determine the upper cutoff frequency. This 1s typically the case due to
the smaller value of C; and the resistance levels encountered in the output circuit.
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