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BJT and FET Frequency Response Characteristics:

- Logarithms and Decibels:

e Logarithms taken to the base 10 are referred to as commog
Jogarithms while logarithms taken to the base e are referred to as
natural-logarithmg In summary:

| Common logarifim: _x = logig @

Naﬁ,n-al logaritEn: y = log. a

The two are related by

log.a=231logca

e Some relationships hold true for logarithms to any base

logm 1=0

logio % =log @ — logio

logm et —10"10 b

'7: 10g10 ab = logig.a + _l'égm b

e The background surrounding the term decibel (dB) has its origin in
' the established fact that poweg and audio levelg are related on a

logarithmic basig.
A e That is, an increase in power level say 4 to 16 W, does not result ing
Y—s 1o an audio level increase by.a factor of 16/4 = 4. It will increase by a
factor of 2 as derived from the power of 4 in the following manner:
AL (@y=16.
4 X e The term bek was derived from the surname of Alexander Graharg
Belk For standardization, the bel (B) was deﬁned by the following
=2 v equation to relate power levels P1 and Pa2:
= logyy ?: bel




= [Av‘ l- )sz}“__

av = leajm ! Ay l =
20log,. [Av,] 4_2015”)14\,2) the decibel-gains of each stagg
4.,

— Freq. Dependent Povem  circuit§ and the stray capacitive .€lements associated with the a

20log , [Av |

e It was found, however, that the bel was: too large a unjt of
measurement for practical purposes, so the decibel (dB) was defined
such that 10 decibels=1 bel. Therefore,

o There exists a second equation for decibels that is applied frequently.
It can be best described through the system with Ri, as an input

resistance.
P, Vz/R Vy\2
Gyg = 10 log)p == 10 log = 10 log —-) curtY
Bia P, 10 l ) m( Vr‘ p
¥y
and GdB = 20 ]Ogu) V dB

One of the advantages of the logarithmic relatlonshlp is the manner in
which it can be applied to cascaded stages In words the equatlon
states that the decibel ga :

. m\,“)'

%r é'va(gﬁ%z, o "'.G’deh

- General Frequency Considerations:

e The frequency of the apphed mgna} can have a pronounced effeet on

capacltogg can no- ~longe# be replaced by ire
High approximatiog because of the increase in reactance of these elements

o The frequency-dependent parametery of the small-signal’ equivalent

- shoy Copocitonce of - devicg and the networlg will limit-the ‘high-frequency respongg of the
achve device § systemz

A

LIMITS m1att F‘RLQUCNC—V ' RESPONSE

An increase in the number of stages.of a cascaded system will alse
limit both the h_rg_h- and low-frequency responsesi

o For any system, there is a band of frequencies in which the magnitud¢’
of the gain is either equat or relatively close'to.the midband valye.

e To fix the frequency boundarieg: of relatively high gain, 0.707A4vm
was chosen to be the gain at the cutoff levels. The corresponding
frequencies fi and f2 are generally called the corner, cutoff, band
break, or half-power frequencies. The multiplier 0.707 was chosen
because at this level the output power is half the midband power
output, that is, at midfrequencies::

Py | |
GdB=101ogm§ 1 B bel —> decibela



Before obtaining the logarithmic plot, however, the curve_@ generally
normahze@as shown in Fig. 96 In thlS ﬁgure the ‘gain - at eachy

value 1s‘ then 1 as indicated. At the' half-power frequencies, the
resulting level is 0.707= 1/+/2 .

CS/CE > CC

100,000 £, TMAz 70 MHz

Fig. 9.6 Normalized gain versus frequency plot.

Filon scale)

F(log scale)

A,
At l(dm : !
10 % 100 1000 1 0_.9(1) 100,000 5 | h-iiﬂz HJ !\"IH'.',
0dB :
-3d4B
-6d8
-94B
—12dB

;' Fig. 9.7 Decibel plot of the normalized gain versus frequency plot of Fig. 9.6.

- Low Frequency Analysis:

PartII v 3




Qg and the network resistive paramete;g y that determme the cutoff
frequencies.

e The analysis, therefore,
will begin with the series
R-C combination of the
given Fig. and the
development of a
procedure that will result
in a plot of the frequency
response with a minimum
of time and effort.

1) At very high frequencies,

5 'nfC’ =00

hort-cireuit. . eqmvaleq,g can be substituted for the
capamtor The result is that Vo= Viat high frequencies.

Xe=

2) Atf=0Hz,
1 == 1 —_—
T ol T ToRal

An epen-cucmtaﬁprommatlgg can be applied, with the
result that Vo=0V.

A’(; =

3) Between the two exir
shown below. As:

Vgwill vary as
thé capacitive

reactance decreasefand more of the input voltage appears
across the output terminals.

0.707 -~

7

¢ The output and input voltages: are related by the voltage-dividét
rule in the following manner: "



v = RV,
R+ X,

® The magnitude of Vo determined by

v,
y =RV

® For the special case where Xc= R,

RY, RV, 1
vV, = = =—V,
VR +x2 R +R 2
\ y 1 : _
= |4 |=-2 =—==0.707 = -3dB
v, 2
e The frequency of which Xc = R (the output will be 70.7% of the
input) is determined as:
Xe=—d —R= fi=ol
¢ 2af,C ' 27CR
4 =% R’X " 1X - 11 - :
IR EY - l—j(——) 1~ )| 5
R @CR 274fCR
1 1 4 £Y
=4, = = Ztan(f,/ f) =~10log{1+| =L | (dB
1.f1 fzhbhith vi f
- = 1+___l phase by which Vo leads Vi
/ f

magnitude of 4,

« For frequencies where f<<f; or (f;/f)>>>1, the equation above can
be approximated as

4, = ——1010g|2{§) :idB =-20 log(%JdB

e Ignoring the previous condition for a moment, a plot on a
frequency log scale will yield a result of a very useful nature for
future decibel plots.



-2l

At f = f, = —20log(l) = 0dB

At f = % = —20log(2) = ~6dB

At £ =21 = 20l0g(4) = ~124B
4

At f = 1f_<]> = ~20log(10) = —20dB

Amm) (linear scale)

~20log,, 1 =0 dB

10 [T ST R A % ¥ Sh 104,
Lo=-F=="T T

-

\ Actual frequency Tesponse

\ —201logy filf

-A change in frequency by a fuctor of 2, equivalent fo 1 octave, results
in a 6-dB change in the ratio as noted by the change in gain from
f1/2to f1.

-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

Ex. For the given network: C
(a) Determine the break frequency. o ;' O
(b) Sketch the asymptotes and locate the -3-dB + \ +
point. . 0.1 pF
(c) Sketch the frequency response curve. ° )
| Y 5kQ Vs,
O O
Solution:
{2) f, ! ! —~=318.5Hz
{2 = = =ole.
' 27RC  22(5x10°Q)0.1x10F)

{b) See Figure below

S (og scale)



Aviany

(31.85 Hz) (318.5 Hz) (637 Hz) (3185 Hz)
hito L2 h 2, 3, 104,
‘ 0 I 77 - . i
| V4 3
B g

\ .‘\,,i =-1dB
By

Fig. 11.14 Frequency response for the RC cir-cuit of the Ex.

- Low Frequency Analysis-BJT Amplifiers:

e The analysis of this
section will employ the °
loaded voltage-divider
BJT bias configuration,

but the results can be §R
applied to any BIT '
configuration.

des
—
-

o Tt will simply be

- necessary to find the %
appropriate  equivalent ' ‘ § N
resistance for the R-C ~ ' )
combination (for__the ,\/ Iz
capacitors Cs, Cc, and = =
CE._which will determine
the low-freguency response).

1) Theeffectof C;
= Since Cs is normally connected g
between the applied source and
the active device, the total
resistance is now Rs+ Ri, and the
cutoff frequency will be modified —
to be as:

iy O —




1

fb B 2”(Rs +Ri)Cs

= At mid or high

.~

frequencies, the ﬁl
reactance of the C
capacitor will be R,
sufficientlty small to ‘

permit a short-circuit Vi §R iR,
approximation for the
element. The voltage Vi
will then be related to Vs
by

I/vi lmid= VS

Ri
Ri+ Rs

¥  The voltage Vi applied to the input of the active device can be

calculated using the voltage-divider rule:
M T
R: + Ri - .]X Cs

2) Theeffect of Cr:

Since Cc the coupling capacitor is
normally connected between the
output of the active device and the
applied load, the total resistance is
now R, + R,, and the cutoff frequency
will be modified to be as:

1

Jie = 27(R, + R, )C.
o H
Cs + n +
Ce
Iy Vc R C \ RL V{}
B —
R

h‘ie = Bre

1
ill




3) Theeffectof Cr:

» To determine f;., the network “seen”
by CE must be determined as shown
in the Fig. below. Once the level of
Re is established, the cutoff
frequency due to CE can be

determined wusing the following Re
equation:
P
L 2” (Re )C E '
R
'F + r,
h e d lculated as: E
where R, could be calculated as AAA—6
e .

R =R, //(RS /I R,/ R, +re)

AN
S
™y
1
1
S

where Rg // R, I/ R, = R;

A
—
-

liﬁ

Ex. (a) Determine the lower cutoff frequency for the voltage-divider BJT bias
configuration network using the following parameters:
Cs =10pF, Ce =20pF, Cc =1pF, Rs =1kQ, R1 =40kQ, R2 =10kQ, RE =2kQ, Rc
=4kQ, RL=2.2kQ, [ 100, ro=w0, Vcc =20V.

(b) Sketch the frequency response using a Bode plot.

Solution:

(@) Determining r, for dc conditions:

BRx = (100)(2 kO} = 200 k&2 > 10R, = 100 kQ

The result is:
o = RVec _ 10KQEZOV) 200V iV
ETR,+R, 10KQO+40kO 50
] _ Ve _4V-07V 33V _
with Ig= R R0 = SR 1.65 mA
Lo 26mV o g
so that re 165 mA = 15.76 Q)

and Br. = 100(15.76 Q) = 1576 ©2 = 1.576 kQ



~RR: (k)2 kQ) %0
r, 1576 0

The inpui impedance 7z = . = R |IR,|IBr.
= 40 k|10 kOJj1.576 kO

Midband Gain 4

v

-V
7

=132 kQ
and RV
V,= ——>
i R +R,
¥ R 132k0
o TR +R 132k0+1k0 - 0969
Ve Vo Vi_
sg that A"‘_—IZ_ 7 (—90){0.569)
= —51.21
C;
R; = Ry|IR1Br. = 40 k10 kOY|1.576 kQ = 1.32 kO
L™ 20 (R, +R)C,  (6.28)(1 kO + 1.32 kKO)(10 uF)
fr.=6.86 Hz
Ce
fro= :
Le ™ 2ar(Re + R)Ce
_ 1
(6.28)(4 kKQ + 2.2 k(W uF)
= 25.68 Hz
Ce
R = RJIR\JIR> = 1 kQJJ40 kQJ}10 k€ = 0.889 k)
(R | 0889 KkQ | 1ron
R.=Rx +r, =2kﬂl——————+1.76(2)
- é( B " ) L( 100 > 7
= 2 kQ}}|(8.89 O + 15.76 ) = 2 k)}|24.65 O = 24.35 )
1 1 108 |
i = TaRC  5.28)(24.35 1) (20 uF) _ 305836 — °21 Hz



(b

A,
A"nﬁd}' . A Bode plot
{dB} Decade
Uy
f, e S |
0 ; - k| % - { Y ,,'v — - L L L
_-3 0.1 1 i ’ 100 \,"/ 1000 \ f(:gf.]c)
/S -3dB !
-6~ g/ 4 Midband
-9 2048 level
_12 L
—-15
.,18 |—
21 )
-6 dﬂloﬁe ’
-24 - \
4]
=27 + /
-30 ~12 dBfoctave ~~

- Low Frequency Analysis-FET Amplifiers:

1) Theeffectof Cg:

The analysis of the analysis of the FET amplifier in the low-
frequency regian will be quite similar to that of the BJT amplifier.
There are again three capacitors of primary concern as appearing
in the given network: Cg, Cc, and Cs. '

Yoo

Rp

R

a3
R

The
determined by CG will' then

be

Ji =

cutoff frequency

1
2”(RG + R.w'g E‘G




2) Theeffect of C:

The cutoff frequency determined
by C will then be

o s
e 2”(RL + Ra k"C
where R, =R, //r,

3) The effect of Cg:

The cutoff frequency determined

by Cgwill then be
fio = 1
= 22(R, )Cs
where R,, = Ry
RS (1 + gmrd)

]
!

(r,+R; /IR,)
which for r, = o bcomes

1
R, = Rg /| —

m

EX. (a) Determine the lower cutoff frequency for the CS FET bias configuration
network using the following parameters:
CG =0.01pF, Cc =0.5pF, Cs =2yF, Rsig =10kQ, RG =IMQ, Rp =4.7kQ, Rs =1kQ,
RL=22KkQ, Ipss=8mA, Vp= -4V, ra=c0, VDD =20V.

(b) Sketch the frequency response using a Bode plot.

Solution:

(a) DC Analysis: Plotting the transfer curve of I = Ings(l — Ves/Vr)* and superim-
posing the curve defined by Vg5 = —IpRgwill result in an intersection at ¥5, = —2
Vand Ip, = 2 mA. In addition, )

_ ZID.S.S‘ _ 2(8 iT]A_)

oL Ifo - 4 \{ =4 mS

‘ VGSQ\‘ _ 2V
gm = gmﬂ( I’P ) =4 mS (1 - -T\,—) =2mS

-




Ca f = 1
Le ™ 24r (10 k€2 + 1 MQY0.01 uF)

= 15.8 Hz

1

Cc ST T ETRO ¥ 22 KO 05 pp = 1013 Hz

1 1
Cs  Reg= RSHE; = 1 kOl = 1 kQJj0.5 k2 = 33333 0

_ 1
f1e= 3B 3 O 1)

= 238.73 Hz

Since fis is the largest of the three cutoff frequencies, it defines the low cutoff
frequency for the network. '

(i)) The midband gain of the—system is determined by

. f ‘ | _
A = 5 = —En(RolR) = — 2 mS) (4.7 kQf2.2 k)
i
= —(2 mS)(1.499 k)
= -3
l A,
mid | (dB)
Bode plot
0 fi fL.C . fL.S
0.1 1 1b : 100 \ /’— 1000 fog
-3+ 17 &~ 348 scale)
')
-6 —6 dB/octave
oL ' ~20 dB/cn-,c:uua>
' Actual frequency response
12
B ~12 dB/octave
-18 —40 dB/decade




- Miller Effect capacitance:

In the high-frequency region, the capacitive elements of importance are the
interelectrode (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 very low reactance levels.

8 Miller input capacitance

Cu = (1 —4, )C s
where C;is the feedback capacitance.

= Miller output capacitance

1
- CMo = (l - :A_)Cf El,-i‘,->>l Cf

v

where C;is the feedback capacitance.

- High Frequency Analysis-BJT Amplifiers:

In the high-frequency region, the RC network of R

concern has the configuration appearing in given =~ o———AN/Ns o

Fig. At increasing frequencies, the reactance Xc -+

will decrease in magnitude, resulting in a .
shorting effect across the output and a decrease Vi o C v,
in gain.

The derivation leading to the corner frequency - —
for this RC configuration follows along similar © o

lines to that encountered for the low-frequency
region. The most significant difference is in the general form of 4v appearing
below:
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In the above Fig., the various parasitic capacitances (Cbe, Cbc, Cee) of the
transistor have been included with the wiring capacitances (Cwi, Cw.)
introduced during construction.

In the high-frequency equivalent model for the network, note the absence
of the capacitors Cs, Cc, and CE, which are all assumed to be in the short-
circuit state at these frequencies.

The capacitance Ci includes the input wiring capacitance Cwi, the

transition capacitance Cpe, and the Miller capacitance Cas.

The capacitance Co includes the output wiring capacitance Cw,, the
parasitic capacitance Cee, and-the output Miller capacitance CMe.

In general, the capacitance Cee is the largest of the parasitic capacitances,
with Cee the smallest. In fact, most specification sheets simply provide the
levels of Cbe and Che and do not include Cee unless it will affect the
response of a particular type of transistor in a specific area of application.



- 1} For the input network, C;:

For the input network, the -3-dB frequency is defined by
1
Ju =

27R,,.C,
| where

Ry, = Rs“Rl“-RZ{LRi :

c; = C;g ‘f‘Cbe +’CM = C';;rJ +Cbe + (1 —V.Av)ycbc ’

2) Forthe output network, C,:

_ |
fm - ZTTR'nlECo

R, = RellRelr.

G, =Cy,+ ot Oy,

Ex. For the given network, with the following parameters:
Cs =10uF, Ce =20pF, Cc =1pF, Rs =1kQ, R1 =40kQ, R2 =10kQ, Re =2kQ, Rc
i =4kQ, R1.= 2.2 kQ, = 100, ro=w, Vcc =20V.
with the addition of
Cbe=36pF, Cbc =4pF, Cce= 1pF, Cwi=6pF, Cw>=8pF
(a) Determine fH;and fHo.
(b) Sketch the total frequency response for the low- and high-frequency
regions.

Solution:
. (a) from previous example

R =132k, A, (amplifier) = —90

and R, = RIRRR: = 1 kQJj40 k10 kOJ}1.32 kO
= 0.531 k2




j
{

= 6 pF + 36 pF + {1 — (—90)}4 pF
= 406 pF
1
2+(0.531 kK0}{406 p¥F)

. 1

= 738.24 kHz
Ry, = RAIR, = 4 k2.2 kQ = 1.419 k)
.Cn:: CW',,+ CCE‘II‘ C!_,w‘,:SPF"f‘ 1 pF+(I ‘—___190")41)1:“
= 13.04 pF
fy =t = 1
Ho ™ PR o 2a0(1.419 k) {13.04 pF)
= 8.6 MHz
(b)
A,
A
Y mid g
. S, f
1 'ILs 10 fL( 100 fll:. | kHz ~ 10 kHz 100 kHz ”\l\l MHz /1310 MHz 100 MHz -
0 ' 1 } } TR S . ¥ /ii t >
1! ,'[ H k l\_ f,,o N [ (log scale)
BN I A
;o /
-5 - i,* / !.l
'f{ ;;;’ ;’_I
;‘l { ,’"
10— ,i' ;! ;
z( /;
-15 ol 1,
;; _\+20d
-0 ;: < .




- High Frequency Analysis-FET Amplifiers:

» The analysis of the high-frequency response of the FET amplifier will
proceed in a very similar manner to that encountered for the BJT amplifier.
~ There are interelectrode and wiring capacitances that will determine the

high-frequency characteristics of the amplifier.

= The capacitors Cgs and Cgd typically vary from 1 to 10 pF, while the

capacitance Casis usually quite a bit smaller, ranging from 0.1 tol pF.

= At high frequencies, Ci will approach a short-circuit equivalent and Ves will
drop in value and reduce the overall gain. At frequencies where Co
approaches its short circuit equivalent, the parallel output voltage Vo will
drop in magnitude.

3
(1]
-~

I
|
; S Vg: grl’ RD
i .
|

Rq\h;__:Rsig.“ Rg Ry =Rp HR 1 ry

AN Ny A A

[
L/



and b R’I‘h: = RgliRc

and for the output circuit,

_' 5’»= _z%&%zca
with  [EmcRRIs

% and G~ Cr? Cat G,
,; j and : Cor = ( {— -}%)ng

Ex. (a) Determine the high cutoff frequencies for the CS FET bias configuration

network using the following parameters:

C: =0.01uF, Cc =0.5uF, Cs =2uF, Rsig =10kQ, RG =1MQ, Rp =4.7kQ), Rs =1kQ,
- R1=22%kQ, Ipss=8mA, Vp= -4V, ra=w, VDD =20V.

Cgd = 2pF, Cgs=4pF, Cas=0.5pF, Cwi=5pF, Cwo=6pF

Solution:
(a) From the previous example

Ry, = RyaflRe = 10 KQJI1 MO = 9.9 kQ
A = -3




C=Cuy+ Cu+ (1 -A)Cpy
=5pF +4pF+ (1 + 3)2 pF
=9 pF + 8 pF
=17 pF

1

= TR,

= 2a(9.9 k;l) (17 pF)
Ry, = RE*ERL
= 47 Q2.2 kO
= 1.5k

= 945.67 kHz

Co=Cy + Cy+ Cpy, =6 pF + 0.5 pF + (1 - %)2 pF = 0.17 pF

_ 1 187N
I, = oIy eI pr ~ 1157 MHz

- Multistage Frequency Effect:

*  For Low Frequency region

.
2(;) -1

s For High Frequency region
: 1
=)

348 — ‘ = ) N £ (log scale)
-6dB \
—94B / / : \

~12dB|~ &

~154B : :

~18 dB}- -

n=1

\.\
L =2

A
n=3

U/ O [ 7 f

m=Dn=)m=3) in=N{un=2w="n




g - Square wave Testing:

= Experimentally, the sense for the frequency response can be
determined by applying a square wave signal to the amplifier and
noting the output response.
» The reason for choosing a square-wave signal for the testing
process is best described by examining the Fourier series expansion
S of a square wave composed of a series of sinusoidal components of
' different magnitudes and frequencies. The summation of the terms
" of the series will result in the original waveform. In other words,
even though a waveform may not be sinusoidal, it can be
reproduced by a series of sinusoidal terms of different frequencies
and magnitudes.

4 : _ .
v=— Vm(sin 29 [t + —:15— sin 2w (3¢ + % sin 2 (5f)t + %7 sin 2#(7E)t
(] .

g

‘ ' + L sin 2400} ¢+ - + %’s'm Zﬂ(ﬂf;)f))

4 Fundamenial

Fundamental + 3rd,

Fundamental + _~~ 5th, 7th hannonics
?:/ third harmonic X
4

\Square wave

» Since the ninth harmonic has a magnitude greater than 10% of the
fundamental term, the fundamental term through the ninth
harmonic are the major contributors to the Fourier series expansion
of the square-wave function.

Ex. For_a specific application (Audio amplifier with 20kHz

Bandwidth), what is the maximum frequency could be amplified?

207, o,




= If the response of an amplifier to an applied square wave is an
undistorted replica of the input, the frequency response (or BW) of
the amplifier is obviously sufficient for the applied frequency.

= If the response is as shown in Fig. 11.60a and b, the low
frequencies are not being amplified properly and the low cutoff
frequency has to be investigated.

= Jf the waveform has the appearance of Fig. 11.60c, the high-
frequency components are not receiving sufficient amplification
and the high cutoff frequency (or BW) has to be reviewed.

(2 )

(c) (d)

Fig. 11.60 (a) Poor low-frequency response; (b) very poor low-frequency response;
(c) poor high-frequency response; (d) very poor high-frequency response.

» The actual high cutoff frequency (or
BW) can be determined from the output
waveform by carefully measuring the
rise time defined between 10% and
90% of the peak value, as shown in the
Fig. below.

= Substituting into the following equation




will provide the upper cutoff frequency, and since BW = fy;- 17, =
fui» the equation also provides an indication of the BW of the
amplifier.

0.35
A BWEin =t—

r

» The low cutoff frequency can be determined from the output
response by carefully measuring the tilt and substituting into one of
the following equations:

V-v'

Yotilt = P% = x100%

=P= -I-/—;l (decimal form)

= The low cutoff frequency is then
determined from AV

fu=21
. . w

¥X. The application of a 1-mV, 5-kHz square wave to an
amplifier resulted in the output waveform of the given Fig.
(a) Write the Fourier series expansion for the
square wave through the ninth harmonic.
(b) Determine the bandwidth of the amplifier.

Solution:

@ v, = é—i—Y— (sin 29 (5 X 109« +-:,1),— sin 2a{15 X 103)r+% sin 27(25 X 10%)¢

+ -%,—_sin 2m7(35X10% ¢ + % sin 2:7{45 X 10%¢

B i.=18us—2us=16 pus

| pw =035 _ 035 _ ., a5 Hy=a4r
L 16 us
_ V=V _50mV—-40mV _
() P= v 20 mV =0.2
h=Lr= (—0';2)(5 KHz) = 318.31 Hz
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