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Module 3: TRANSISTOR and FET FREQUENCY RESPONSE

The frequency response of an amplifier is the plot of the magnitude of
voltage gain as a function of frequency. In transistor amplifier the low frequency
response is governed by coupling and bypass capacitors. The high frequency
response is affected by the transistor parasitic capacitances and stray wiring
capacitances. The mid frequency response is unaffected by these capacitances.

General frequency considerations:

The response of a single stage or multistage amplifier depends on the
frequency of the applied signal. The coupling and bypass capacitors affect the low
frequency response since the reactance of these capacitors decreases with increase
in frequency. The internal capacitances of the active devices and the stray wiring
capacitances will limit the high frequency response of the system. An increase in
the number of stages of a cascaded system will also limit the low and high
frequency responses.

Frequency response of RC Coupled amplifier:

Fig. (1) shows the frequency response of RC coupled amplifier. The horizontal
scale is a logarithmic scale to permit a plot extending from low to high frequency
regions. The frequency range is divided into 3 regions.

(i)  Low frequency region.
(i)  Mid frequency region.
(iii)  High frequency region.

The drop in the gain at low frequencies is due to the coupling capacitors (Cc¢,Cs)
and bypass capacitors (Cg). At high frequencies the drop in gain is due to the
internal device capacitances and the stray wiring capacitances. In the mid
frequency range the gain is almost independent of the frequency. This is due to the
fact that at mid frequencies the coupling and bypass capacitors act as short circuits
and the device and stray wiring capacitances act as open circuits due to their low
capacitance. The mid band gain is denoted as AVpjg.
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Fig. (1) Frequency response of RC coupled amplifier.
Frequency response of transformer coupled amplifier:

Fig.(2) shows frequency response of transformer coupled amplifier. The
magnetizing inductive reactance of the transformer winding is X, =2xfl. At low
frequencies the gain drops due to small value of X.. At =0 (DC) there is no
change in flux in the core. As a result the secondary induced voltage or output
voltage is zero and hence the gain. At high frequencies the gain drops due to stray
capacitance between the turns of primary and secondary windings.
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Fig. (2) Frequency response of transformer coupled amplifier.
Frequency response of direct coupled amplifier:

Fig. (3) shows frequency response of direct coupled amplifier. Since there are
no coupling or bypass capacitors, there is no drop in gain at low frequencies. It has
a flat response to the upper cut-off frequency. Gain drops at high frequencies due
to device internal capacitances and the stray wiring capacitances.
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Fig. (3) Frequency response of direct coupled amplifier.
Half power frequencies and bandwidth:

The frequencies f; and f, at which the gain is 0.707 Av,,q are called cut-off
frequencies or corner frequencies or break frequencies. f; is called the lower cut-
off frequency and f, is called the upper cut-off frequency.

Bandwidth or pass band of the amplifier is

The output voltage in the mid band is |Vo|=| AVnig | [Vil
Output power in the mid band is

[Vol?
Ro

Pomia)=

- |AV gl ®|Vil|?
Ro

----- 2)
The output voltage at cut-off frequencies is
Vol=10.707Av,4] [Vi]

The output power at cut-off frequencies is

P _ |0-707AVmid|2|Vi|2
O (cut-off)—
(cut-off) 2
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_ 05 |AVmial? Vi)
Ro

= 0.5 Po (mig) =---- 3

Thus, the output power at cut-off frequencies is half the mid band power
output. f, is called the lower half power frequency and f, is called the upper half
power frequency.

Normalized gain V/s Frequency plot:

The normalized gain is obtained by dividing the gain Av at each frequency by the
mid band gain Avpig.

Therefore normalized gain = :V ----- (4)
mid

Fig. (4) shows the normalized gain V/s frequency plot for an RC coupled amplifier.

The normalized mid band gain is % =1

Umid

0.707AVmiqg

The normalized gain at cut-off frequencies is =0.707
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Fig. (4) Normalized gain V/s frequency plot

a8 =20 |0910[ 2y ] """ (5)

. . .. A
Normalized decibel gain is —~
Avy, AVmid

id

Normalized decibel voltage gain in mid band is
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20 logo [~ =0

AVmid
Normalized decibel voltage gain at cut-off frequencies is

0.707Ay

20 logao |

] =-3dB

Umid

Since normalized decibel voltage gain at cut-off frequencies is 3dB less than the
normalized decibel mid band voltage gain. f; and f, are also called 3dB
frequencies.

f, >lower 3dB frequency
f,~>upper 3dB frequency

Fig. (5) shows the plot of normalized dB voltage gain V/s frequency for an RC
coupled amplifier.
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Fig. (5) Plot of normalized decibel voltage gain V/s frequency.

Phase angle plot:

A single stage RC coupled amplifier introduces a 180° phase shift between input
and output signals in the mid band region. At low frequencies the output voltage
Vo lags V; by an additional angle 6. Therefore, the total phase phase shift between
Vo and V; is more than 180°. At high frequencies, Vo leads V; by an additional
angle 6,. As a result, the total phase shift drops below 180°. Fig. (6) shows the
phase plot for a single stage RC coupled amplifier.
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Fig. (6) Phase plot of single stage RC coupled amplifier.
Low frequency analysis:

In the low frequency region of a single stage BJT amplifier, the amplifier gain
increases with frequency. Hence it can be modelled as a high pass RC circuit as
shown in Fig. (7).

Fig. (7) Amplifier modelled as high pass RC circuit.

The capacitor C represents the combined effect of coupling and bypass capacitors
and the resistance R represents the combined effect of resistive elements of the
amplifier network.

The capacitive reactance is

At =0, Xc = Q. i.e. at low frequencies, the capacitor acts as a open circuit as
shown in Fig. (8)

From Fig. (8), Vo=0.
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Fig. (8) at f=0

At high frequencies, Xc = 0Q i.e. at high frequencies, capacitor acts as a short
circuit as shown in Fig. (9).

From Fig. (9), Vo= V.

Fig. (9) at high frequencies

Hence as the input signal frequency increases from zero to mid band value, the
output voltage rises from zero to V; and hence the gain from zero to 1.

Mathematical analysis:
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Apply Voltage division rule to circuit in Fig. (7),

ViR
R-jXc

O:

Voltage gain is given by

1% R R
Ay=-=2= — =
Vi R—-jXc R[1-j=-]

The magnitude of voltage gain is

----- ®)

A= —

X
L5

(i) Atf=0, Xc= % = 000} therefore |Ay|=0

2nf
(i) At high frequencies, f>w, therefore Xc 20. Hence |Ay|=2 1= |Av|mid
|Av|mid @8) =20 10g10(1) = 0dB

(iii) When Xc=R ---- (9)

1 y_ 1 - _
|Av|= 5 -> i or Vo=0.707V;

The corresponding decibel gain is

20|Ogloj%::-3d8

From Eq. (9), ?lfczR

1

_Zch

The frequency given by the above Eq. is the lower cut-off frequency or lower 3dB
cut-off frequency denoted by f;.

Therefore f;= LR ----- (10)

2TRC
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R 21fcR 2mRc f f
Using in Eqg. (7) and (8)

— 1 ______
A= o ()
1
AvE == (12)
1+

From Eq. (11), phase angle of Ay is

0,=tan"! [%] ————— (13)

Since 6, is +Ve, Vo leads V;by an angle 6,

In magnitude and phase form, Eq. (11) can be written as

AV= |Avl A 91

1 -1 [f;
Atan™?! [Z[ ----- (14)
1+ [f]

Fig. (10) shows the plot of |Ay| V/s frequency.
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Fig. (10) Low frequency response of high pass RC circuit
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Bode plot of low frequency response:

From Eq. (12), we have

1
1+

Voltage gain in dB is

|Av|=

1

1+12492
A= - 20 logio /1 n [%]2 ----- (15)

To construct the plot of |Ay|qs V/s frequency using straight line segments, we
consider the following frequency ranges.

|AV|dB: 20 IOglo[

(a) For frequencies f << f; or % >>1

Eq. (15) can be approximated as

AVl = - 20 logig [?—1]2

|Avlss = - 20 logso [%] """ (16)

|Avlag is calculated at different values of ];—1and tabulated in table (1).

f é |Avlgs = - 20 logso [j;_l]
f
i 10 -20dB
10
]i 4 -12dB
4

10
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fi 2 -6dB
2
fy 1 0dB

Table (1): |Av|qs at different frequencies.

Following conclusions can be drawn from table (1).

(1)

(1)

(i)

A change in frequency by a factor of 2 is equal to one octave. When the
frequency changes from % to % or ];—1 to f; (one octave), the gain increases
by 6dB.

A change in frequency by a factor of ten is equal to one decade. When
the frequency changes from % to f;(one decade), the gain increases by
20dB.

If a plot of |Ay|qg against log scale in the frequency range f—; <f<fiis
plotted, a straight line with slope 6dB/octave or 20dB/decade is obtained
as shown in Fig. (11).

O
{ ET IR Y S S I RN R )

~12 dBfoctave =~

Fig. 11: Bode plot for low frequency region.

fi

(b) For frequencies, f>> f; or - <1

Eq. (15) can be approximated by

|AV|dB ~ -20 IOglo 1=0dB.

11
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The plot of |Ay|qs against log scale for the frequency range f >>f;, is a straight line
on the frequency axis as shown in Fig. (11). The slope of this line is zero, since the
gain is constant at 0dB. The plot in Fig. (11) is made of 2 straight line segments
called asymptotes with a break point at f;. Hence f, is called break frequency or
corner frequency. This peicewise linear plot is also called bode magnitude plot or
simply bode plot.

From bode plot, at f=f; , |Ay|qs =0.

From bode plot, at f=f; , |Av|gs =-3.

Thus, at f=f; , the gain read from bode plot differs from the actual gain by 3dB.
Phase Plot:

At low frequencies, Vo leads V; by an angle 6, given by

6;=tan™! [%] ————— (17)

The value of 6, is calculated at different values of % as shown in table (2).

Table (2): Phase angle between Vo and V;

f f 6,=tan! [/;_1] Total phase shift
f 6=180 + 6,
0 0 90° 270°
A 100 89.4° 269.4°
100
f 1 45° 225°
100, 0.01 0.572° 180.572°
o 0 0° 180°

12
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The total phase shift 6, between Vg and V; is the sum of the phase shift of
RC network and inherent phase shift (180°) introduced by the amplifier.

From table (2),

(i)  The phase shift 8, due to RC network decreases from 90° to 0°. The
plot of 6, V/s frequency is shown in Fig. (12).
(i)  The total phase 6, decreases from 270° to 180°.
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=
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Fig. (12) Phase response of RC network.
Low frequency Response of BJT amplifier:

Fig. (13) shows the circuit of single stage BJT amplifier. The coupling capacitors
Cs and Cc and bypass capacitor Ce determines the low frequency response.

Effect of Cs on low frequency response:

The input coupling capacitor Cs couples the source signal to BJT. First, we
will neglect the effects of Cc and Cgi.e. they are treated as short circuits.

The AC equivalent circuit is obtained by reducing VCC to zero and C¢ and Cg by
their short circuit equivalent as shown in Fig. (14).

13



2

®
Learning

Fig. (14) AC equivalent circuit

The resistance of the transistor between base-emitter is hi. The input AC
equivalent circuit is shown in Fig. (15).

ER1$ R2$ e Vi

Vs | r ! |

Rs

Fig. (15) Input AC equivalent
Let Ri = Ry I R, | hjg ----- (18)
Where hie= B, ----- (19)

Using voltage division rule in the circuit of Fig. (15) the voltage applied to the
amplifier is

VeR;
Vi - SKi
(Rs+Ri{)—fXcs

- (20)

14
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Where Xcg =

----- (21)

1
27TfCS

'y
V' _ S[Rs-i-lRi]
1= 1— . XCS

J Ri+Rg

s [ria)
Vi= —=0 . (22)

2
3 XCS
1+J[Ri+RS]

In the mid frequency band, f is large. As a result, Xcg =0.
Therefore from Eq. (22),

|Vs|R;

[Vilmio = (Rs+R;)

----- (23)

Therefore Eq. (22) becomes,
|Vi|mid

2
Xc
1+[ S ]
Ri+RS

Vil = ceees (24)

|Vi|mid

The lower 3dB cut-off occurs when |Vj| = 7

=0.707 |Vi|mid

Therefore Eq. (24) becomes,
|Vi|mid

2
XCS
1+[Ri+RS]

0707 |Vi|mid:

This condition is satisfie, if RX% =1lor Xcs=R; + Rg
i S

1
2nfCg

:Ri+RS

1

Therefore f= ————
27T(RS+Ri)CS

----- (25)

Eq. (25) gives the lower 3dB cut-off frequency due to Cs.

15
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1
27T(R5+Ri)c_g

Therefore fi = — ----- (26)

Effect of output coupling capacitor Cc on low frequency response :

The output coupling capacitor Cc couples the output of the BJT to the load. The
equivalent circuit on the output side by neglecting the effect of Cs and Cg by
treating them as short circuits is as shown in Fig. (16).

Fig. (16) (a) AC equivalent circuit of output side (b) Simplified AC equivalent
circuit

Let Ro=ryllR, ----- (27)
V= output voltage of BJT
Vo=load voltage

Using voltage division rule in circuit of Fig. (16) (a), the load voltage is,

VcRp,
Vo= ——— —---- 2
° (Ro+RL)—jXcc (28)

Where Xc. = an

VC Ry,
R0+RL]

1=J [Ro +RL]

IVo| = M _____ (30)

2
. XCC
1+][RO+RL]

In the mid frequency band, Xc. = 0

16
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Therefore [Vo|mig = A2Ck - (31)

(Ro+RL)

Substitute Eq. (31) in (30)

Vol = - - (32)
Xc
1+[RO+C};L]
The lower 3dB cut-off occurs when [Vo| = % =0.707 |Volmid

This is possible iff,

Xcc
Ro+Rj,

=1or XCC=R0 + RL

1

Therefore f= ————
2n(Ro+R)Cc

----- (33)

Eq. (33) gives the lower 3dB cut-off frequency due to C.

1

Therefore f|_c= m

----- (34)

Effect of Emitter bypass capacitor Cg on low frequency response :

The equivalent circuit (13) considering the effect of Cg is as shown in Fig.

(17). Hence the effect of Cs and C are neglected.

Fig. (17) AC equivalent circuit

Replacing the transistor by its low frequency small signal hybrid model the

AC equivalent circuit is as shown in Fig. (18).

17
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Fig. (18) AC equivalent circuit using hybrid model

Re is the AC equivalent resistance seen by C.. To find Re, Vs is reduced to 0
as shown in Fig. (18).

Let Z,=Rgl Ryl Ry----- (35)
The AC equivalent circuit is redrawn as shown in Fig. (20)
Fig. (18) AC equivalent circuit to find R,

R = Br, is in base circuit. When it is transformed to emitter circuit, it is divided by
B. Therefore lg =~ Ic = BI5.

The resulting circuit is shown in Fig. (21).
R.= Re n%+ , - (36)

From Fig. (18), the lower cut-off frequency due to Cgis

f _ 1
Lg 2mRCE

----- (37)

Effect of Ce on voltage gain:

The mid band voltage gain of amplifier of Fig. (13) without Cg is given by,

= _RollRu ____(38)

Vmia — TetRE
Where Ro=R||1o

If Ceis connected in parallel with Rg, then voltage gain becomes a function
of frequency. The voltage gain at any frequency is

18
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Av = Te+RE||Xcp (39)
1
Where X, = e (40)

As the frequency increases:

(i)  Xc, decreases.
(i)  Rell X¢, decreases.
(ili) Ay increases in magnitude.

As the frequency approaches the mid band value

(1)  Xc, approaches zero.
(i) Re|l X, approaches zero. (i.e. Re is shorted out)
(ili) Ay approaches maximum value or mid band value.

Rol|R
Avpiq = =5 e (A1)

Overall lower cutoff frequency:

The low frequency response of the amplifier is influenced by the capacitors
Cs, Cc and Ce. The lower cut-off frequencies due to Cs, Cc and Ce are f;, f. and

f1 respectively. If these cut-off frequencies are relatively apart (i.e. one is greater

than the other by 4 times or more) the higher of the 3 is approximately the lower
cut-off frequency for the amplifier stage.

EX: f,, = 6Hz, f;. = 25Hz and f;, = 320Hz

Then the lower cut-off frequency of amplifier is f; . = 320Hz Because, f;,. > 4f,
fug > 4f1c

Miller Effect Capacitance:

Fig. (19) shows an inverting amplifier with a capacitance Cs between the input
and output nodes. WKT, Ay is —Ve for inverting amplifier since Vo and V; are

19
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180° out of phase. Using Millers theorem we can find the loading effect of C;on
the input and output circuits of the amplifier.

I C,
I; 1
— | —

[ — 0
+ +
A Y,

V;, = — Y — Vv
v R, Vi 2
° o

Fig. (19) Inverting amplifier with capacitance between input and output nodes.

To find Miller-Input Capacitance (C,;) :

From Fig. (19),

Vi Vi
Rzl =l
I3 R;
Vi Vi
Zi:—l-) |i:—l
I; Zi

Apply KCL at input node A,
Ii = 11 + 12 """ (42)

From Fig. (23),

ViV,
I — 1 [
2 ch
But VO = AVVL

Vi—AyV; _ Vi[1-A
Therefore 1, = Z=2v¥i = Vill=dv]
ch Xc

Substitute for I; , I; and I, in Eq. (42), we get

f

20
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Vi_Vi . Vi[1-Ay]

Eliminating V; throught,

1 1 1-A 1 1

_:_+M:_+ 4

Zi Ri  Xcg R; Cr
1-Ay

X
Let X, =—J o (43)

T 1-Ay
= — (44)
Z; R; Xcmi

1
But XCf - 27‘[fo

-t
Xem = [1-Ay]2mfCy

----- (45)
Where C,,; = [1 — Ay]Cr = miller input capacitance ----- (46)

From Eq. (44), Zs can be interpreted as the impedance resulting from the parallel
combination of Rjand C,,,; as shown in Fig. (24).

To find Miller output capacitance (C,,,) :

From Fig. (19),

1% 1%
Ro=—°-)I1:—°
Vi Ro
1% 1%
Zo=—09|o——o
Io Zo

IO = 11 + 12 """ (47)
From Fig. (19)

21
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ButVO=AV+Viorvi:Z—‘;

Vo 1
vo-¥e vo1-2]
Therefore I, = —% = — =~
r r

Usually, R, is large therefore Z—" can be neglected
0

1
Vo _ Vo
Eq. (47), 7o R,

RO XCf

Zo= —— e (48)

21fCm,

Where, Cp, = [1 — i] Cr ----- (49)

Cm, is called Miller output Capacitance.

Statement of Millar’s theorem:

A capacitance C; connected between the input and output nodes of an inverting
amplifier can be replaced by

(i)  Miller input capacitance, Cp, = = [1 — Ay]C; connected between input
node and ground.

22
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(i)  Miller output capacitance, C,, = [1 —Ai] Cr connected between output
\%4

node and ground.

For an non-inverting amplifier A, is positive. In order to obtain positive values
for Cp,and Gy, . Eq. (46) and Eq. (49) should be modified as follows

Cm,= = [1— Ay]Cy === (50)

Cmy= |1+ ﬂ Cy ----- (51)

Applications of Miller’s theorem to the amplifier of Fig. (19) results in network
shown in Fig. (20).

| / Z / 2
(8 ’ —_— —_— .-~y
[ A S , S

+

i

v, V, = KV

i

Z,=2/(1 - K).-:z: -2z/(1- %)

(a) (b)

Fig. (20) Amplifier with C replaced by Miller’s capacitances.

High Frequency Response of BJT amplifier:

In the high frequency response of BJT amplifier, the upper 3dB cut-off point is
defined by the following factors.

(i)  The network capacitance which includes the parasitic capacitances of the
transistor and the wiring capacitances.
(i)  The frequency dependence of short circuit Cgcurrent gain hg, or f.

Network Parameters:

Fig. (21) shows the RC coupled amplifier with parasitic and wiring capacitances.
Cye, Cp. and C., are the parasitic capacitances of the transistor. C,,; and C,,, are

23
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input and output wiring capacitances which are introduced during the construction
of the amplifier circuit.

£

. ™ w
.0\, Rl Ro==c BL § @ RQ K

H I i o TCO

-

Fig. (22) shows the high frequency AC equivalent circuit of RC-coupled amplifier.
Ry =R Ry 1| R, 1| & Ry, =Rl R 7,
S

E ’L—Tq o =

I

(@ b

]

Fig. (23) High frequency AC equivalent circuit of amplifier of Fig. (22).

(i)  Using Miller’s theorem, the transit capacitance, C,. can be replaced by
two capacitances; C,,; at the input and C,,,, at output.

24
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(i)  The total capacitance C; is the sum of C,,;, C,. and C,,;.
i.e. Ci = CnitCpetCyy - (52)
where C,,;=[1 — Ay]Cp. ----- (53)

(ili)  The total output capacitance is the sum of C,,,, C.. and C,,,.
i.e. Cy = Cpp+tCoptCpmp ~——- (54)

_ 1
where = |1+ 1| ¢;
Upper cut-off frequency due to C;:

Apply voltage division rule to circuit of Fig. (22),

_ RiIR IRy ]
Erni= Vs [1les+1re1|urz>2 I Rl] (56)

From circuit in Fig. (21);

Rrni = Rs + RyIR, | R, ----- (57)

Where R, = 7,

From Fig. (29) (b), Apply V,division rule,

X
Vil = 1Bl | ]

VRTR)2+(X(1)?

EThi
Vil = |Eppg] ot — - (58)
()
Where X ;= anfC- ----- (59)

In the mid band, the effect of C; is negligible. As a result, X.; can be treated as
open circuit i.e. X;; = oo.

Therefore [Vi|mia = |Ernil

At high frequencies, C; cannot be neglected with increase in f, X.; decreases, %
Ci

increases, |V;| decreases and hence the voltage gain decreases.

25
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3dB cut-off occurs at a frequency at which

|V|: |Vi|mid — |EThi|
’ V2 V2

From (58), this condition occurs, when

Rrpi = X¢i

1

Ry, = ——
Thi 21fC;

1
27RThHiCi

Or f= in =

1,

Therefore Eq. (58) becomes,

EThi
Vi = A - (62)
f
()
Thus, due to C;, V4 gain decreases at the rate of 20dB/decade.
Upper cut-off frequency due to output capacitance Co :

Consider the output circuit of Fig.(22) which is shown in Fig. (23).

B1,, 1, and R.||R;, is connected to voltage source as shown in Fig. (22).

Rrpo =15 |IRcIIRy ----- (63)

Erno =[— Blp] [15 lIRcIIRL] ----- (64)

Using the same procedure as listed above, we have

ETho
V,| = __IEthol  _____ (65)
R o
(5)
Where X, = ZR;C ----- (66)

2

.
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The output voltage in mid band is
[Volmia = |ETho | === (67)

The Upper 3dB cutoff frequency due to C,, is

1

fuo=—7—r - (68)

21RThoCo

and magnitude of voltage gain is

1
2
)
14+ —
(fHo

Thus due to Co, Vg gain decreases at the rate of 20dB/ Decade.

|Ay] = = (69)

Combined effect of C; and C, on high frequency response:

(i)  The input capacitance C;, defines upper cut-off frequency fy;.
(i)  The output capacitance C,, defines another upper cut-off frequency fy,.

(ili)  The lowest of these 2 frequencies will be taken as overall upper cut-off

frequency.

(iv)  If the variation of hf, with frequency is considered then the actual cut-off

frequency may be lower than fy; or fy,.

Variation of hy, with frequency:

Fig. (24) shows hybrid-z high frequency small signal model of BJT.

4
AN
B b’ C
r C N
— Fppt Ib bt
3 It
1 —_ 1 _ - .
Fpp = gb—b s Cb' F— @ ; Ein Vb’efgmrb’efb—hjémldlb
o 1)
E E

Fig. (24) Hybrid-= high frequency small signal model of BJT.
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The B-E input capacitance C,, (C,.) and B-C depletion capacitance C, (Cp.)
makes the short circuit current gain hg, to vary with frequency in high

frequency region.
Expression for h¢, as a function of frequency:
Following assumptions are made:

(i) 7y is few tens of Q. Hence it is treated as short circuit.
(i)  n, is few tens of MQ. Hence it is treated as open circuit.

To find h¢,, short the output terminals. The resulting circuit is shown in Fig.
(24).

Fig. (24) circuit to find hg,.
WKT, hse= [V, = 0 - (70)
Ip

The current g,,, V;, flows into short circuit.
Therefore I.=g,, Vi, ----- (71)
to find I, FROM Fig 24

T S
Let Z= 1| = - (72)

- T
1+jw(Cr+Cy) 1

Now, V, =1, Z

Vp=———2E (73)

T 14w (CrtCy) T

Substitute Eq. (73) in Eq. (71), we have

_ 9m™
Ie = 1427 f (CptCy) T (74)

1
2(Cr+Cy) T

Letfs=—— (75)

Substitute Eqg. (75) in Eq. (74), we have

28



2

@\/
Learning
hfe = gm_r,; """ (76)
1+j (L
(fﬁ)
|| = == - (77)

2
In the mid band, f << f5, As a result (fi> <<1
B

From Eq. (77), we have
|hfe |mid = I9mTn = hfemid """ (78)
htemia IS also denoted by In Br;4.

Substitute Eq. (78) in Eq. (77),

|hfelmid

|| =L
i
()

Eq. (79) gives the variation of |hg,| withfrequency.

----- (79)

2
(i)  Asfincreases, (fi) increases and hence |hg,| decreases.
B
- _ _ _hfemld ﬁmld
(II) When f—f’g, _lhfel_T =T

fp defines the upper 3dB cut-off point for short circuit current gain hg,. fz is also
denoted by fh¢.. EQ. (75) can be written as

1

f6= e = sntmrcn (80

BUt’ = Brez ﬁmid Te

1

f5= Fhe = 5o (80)

27t Bmid Te(Cr+Cy)
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fp is called g cut-off frequency. fz is also the bandwidth for the short circuit
current gain hg,. Fig. (38) shows the variation of |hs.| with frequency. |hf,|
decreases from its mid band value h.mig With a slope of 20dB/decade.

Expression for gain band width product f+:
fris the frequency at which |hg,| =1 or |hf|qs =00B.

Using this in Eq. (79),

hfemid

2
()

hfemid
f 2
i 1L
o <f ﬁ)

2
Since fr >> f, (;—T) >>1
B

=it =1

----- (82)

fr 2 Jr
Therefore |1+ <E> ~
Therefore Eg. (82) becomes
hfemid _
ST
I
Or fr=fp hremid =Byiq fp----- (83)

Since hg,mid is the mid band short circuit current gain and fzis the bandwidth, fr

1

Is called gain-bandwidth product.

Eq. (81) in Eq. (83),

1 1
21 Bmid Te(CrtCy) 2n(Cr+Cy) Te

sz.Bmid X
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Low frequency response of FET amplifier:

Consider a coomon source amplifier as shown in Fig. 25

. . .-:'J
—

——
—_
R

"ﬂm il
N B 5, 4 3

Fig 25 Capacitive elements that affect the low-frequency response of a JFET
amplifier.

Effect of Cg on Low frequency response:

The lower cut-off frequency of this network is shown in fig 26

11|
+ sig CG
V. f\’ —Rp- System
_ i

Fig 26 Determining the effect of CG on the low-frequency response.
_ 1
fCG B 21T(Rsig+Ri)CG
Where Ri= RG” Rin(gate)

— 1 Yas
Rin(gate)_ | E |

I;ss = gate reverse current

RG>> R and Rin(gate) >> RG

sig
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1

Therefore f. = pa
Gc-ag

Effect of Cc on Low frequency response:

Consider output part of equivalent circuit as shown in Fig 27

System

Fig 27 Determining the effect of Cc on the low-frequency response.

o~ rd”RD

_ 1
Therefore f; . = TRy
Effect of Cs on Low frequency response:

Consider the RC network shown in Fig 28 formed by Cs and let Ry be the
resistance looking in at the source.

L

R,

System Cq

Fig 28 Determining the effect of CS on the low-frequency response.

_ 1
Zﬂ(Req)CS

fis

R, = Rs
€4 14+Rs(1+gmra)| (ra+RplIRL)
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1

=R —_—

sl
Therefore r; >> R

High Frequency Response FET amplifier:

Fig. 29 shows CS JFET amplifier with inter electrode capacitances and wiring
capacitances. The capacitors Cy and Cyq vary from 1pF, whereas the capacitance
Cgs I1s smaller ranging from 0.1pF to 1pF.

= +

5

N,
!

Fig 29 Capacitive elements that affect the high frequency response of a JFET
amplifier

Fig. 30 shows high-frequency AC equivalent circuit. At high frequencies, C; will
approach a short circuit equivalent and Vg will drop in value and reduce the
overall gain. At frequencies where C, approaches its short circuit equivalent, the
parallel output voltage Vo will drop in magnitude.

Rs1g

=3

"

. - - i ]/;7
Em Vgs iy Rp Ry Co

;
]

Fig 30 High-frequency ac equivalent circuit for Fig. 29.
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Effect of C;on high frequency response:

Fig 31 The Thévenin equivalent circuits for the (a) input circuit and (b) output
circuit.

_ 1
21t (Rrhi)Ci

in
Where Rrp; = Rsig ” RG

Ci=Cyi + Cys + (1 — Ay)Cyq

Effect of C,on high frequency response:

1
fHO =

" 2m(Rrho)Co
Where Rrpo =14 || Rp || Ry,

Co: Cwo + Cds + (1 - 1/AV)ng

Multistage Frequency Effects:

For a second transistor stage connected directly to the output of a first stage, there
will be a significant change in the overall frequency response. In the high
frequency region, the output capacitance Co must include the wiring capacitance
(Cw1), parasitic capacitance (Cy) and miller capacitance (C.,) of the following
stage. There will be additional low frequency cut-off levels due to the 2" stage,
which will further reduce the overall gain of the system in the region. For each
additional stage, the upper cutoff frequency will be determined by the stage having
the lowest cutoff frequency. The low frequency cutoff is determined by the stage
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having the highest low-frequency cutoff frequency. The multistage amplifier
frequency response is shown in Fig 32.

LA,

S (lng scale)

Fig 32 Effect of an increased number of stages on the cutoff frequencies and the
bandwidth.

Assuming identical stage, for low frequency region

AV low overail) _AV1 low AVZ low o TTTTTTTTTTTTTTTTTTTTTTTTTTT AV” low

Since all stages are identical, A,y ,, = Ay, = e€tc

n
Therefore AV lOW(overall) =(AV1 lOW)

n
AVZOW(overall) — (AV10W> — 1

n
Ay mid (overall) Ay mid 1—j];—1)
At 3dB frequency
L -1
V2

1

V21m_q
Similarly f2' = v21/n — 112

(1+®)") -2
1=+
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