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BJT and FET Frequency Response Characteristics:

- Logarithms and Decibels:

Logarithms taken to the base 10 are referred to as COMMoR
Togarithngg while logarithms taken to the base e are referred to as

ﬁq ral-fogarithing In summary:

‘ cgmmmloganﬂ)m x = logpa J

Haharal logarit?ﬁl: y=log.a
E |

log.a=23logyy o

Some relationships hold true for logarithins to any base

The two are related by

logie1 =0

logm% =logy o — logg B

log;s % = —lag_m b

Aogio ab = logje a + logye b—l

. The background surrounding the term decibel (dB) has its origin in
! the established fact that powep and audio levelg are related on a

logarithmic basis.

That is, an increase in power level say 4 to 16 W, does:not result ing
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:
(@dy= 16

The term bek was derived from the surname of Aléxandéer Grahamy
Belk For standardization, the bel (B} was defined by the following
equation to relate power levels P1and P2:

P
G =lagy };? hel
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It was found, however, that the bel was too. large -2 unjg of i
measurement for practical purposes, so the decibel (dB) was defined
such that 10 decibels=1 bel. Therefore,

2 Py,
Gan = 10 togyi - B bel —> deelbels

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.

[ 2
Ggp=10 !oglu—— =10 lngm ViR, =10 logw{V ) powrty
A
Voltege H
and Gus = 20'l0g) 5 dB ‘mﬁ H

One of the advantages of the logarithmic relatlonshlp is the manner in
which it can be applied to cascaded es. In words, the equation
states that the decibel gair of ysteni g simply:the stifi 'ofy

the decibel gainsiof each std|
. = e, Gidgy + Selgg ,é"a(rsh de

- General Frequency Considerations:

The frequency of the applied signak can have a pronounced effegt on
the response of -4 single-stage or multisidpe. networl® The analysis
thus far has been for the midftéquenicy: spectruge

At low frequencigs, we shall find that the coupling and bypasg:
capacitor§ can no Aonge# be replaced by the.short-cireuif
approximatiogg because of the increase in reactance of these elements.

The frequency-dependent parmne’terg of the small=sigmal equivalent
circuit§ and the stiay capacitive. elemen"gg associated with the s
devitg and the networlg will fimit the high-frequency respongg of the
sysieimyg;

LIMITS Hioe them;am:_y | RESPONSE

An increase in the mumber of stages.of a cascaded ‘system will alse
limit both the high- and low-frequency. résponsesy

For any system, there is a band of frequencies in which the magnitude
of the gain is either equal or relatively ¢lose:to. the midband value.

To fix the frequency boundarieg of relatively high gain, 0.7074wig
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:;



For applications ‘'of a:communications natuge (audio, video), a decibet
plot of the voltage gain vefsus frequency: ismote usefulf

Before obtaining the logarithmic plot, however, the curve i§ generally
normalized as shown in Fig. 9.6. In this figure, thé gain ‘at eachy
frequency is.divided band:valued Obviously, the midband
value is then 1 as indicated. At the half-power frequencies, the
resulting level is 0.707= 1/2.
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Fig. 9.6 Normalized gain versus frequency plot.
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Fig. 9.7 Decibel plot of the normalized gain versus frequency plot of Fig. 9.6.

- Low Frequency Analysis:

PartI¥ 3



e In the low-frequency regiomof the single-stag lifigy, it is the
R-C combinatiops formed by the network’ capacitofs Cc, C, dndy
G5 and the network resistive parametery that determine the cutoff
frequencies. N

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

Xo= el nfC =030
A short-circuit, equivalent can be substituted for the
capacitor. The result is that Vo= Viat high frequencies.

2) Atf=0Hz,

I e T
An opéreircuit’ approximalion can be applied, with the
result that Vo= 0 V.

3) Betweer the two extiemes; the
shown below, As:the:fiequetcy

V§w111 vary as

redctanse decreasedfand more of the input voltage apﬁéars
across the output terminals.

0.707

fi A I

® The output and input voltages: are related by the voltage-dividéf
rule in the following manmer:”



ffiff!
1
2

RY,

R+X¢

® The magnitude of ¥o determined by

¥, = '

YR+ X2

® For the special case where Xc= R,

SR m o,
R exr [Rer 2
v, 1
4,|= =% === 0707 =-34B
=4, v &

¢ The frequency of which Xc = R (the output will be 70.7% of the
inpur) is determined as:

1 1
Ke :Eﬁ =R= f, _m

R 1 1 1
A= = = =
TR K A L

' ](R) ! J(mCR) ! J[Z@fCRJ
2
S A== i (1,14) =—1010g[1+[£) }dB
{4 TS i
]_J[_J “_(iJ ‘phasc by which Yo leads Pi
PN

c Lty
mognitudeof 4,

o For frequencies where f<<f; or (f;{ff*>>1, the equation above can
be approximated as

4, = 40‘OEH§) ]dB =-20 mg(%JdB

« 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.



At f = f, = —20log(l) = 0B
Atf= % = —20log(2) = —6dB
At f = i;'— = —20log(d) = ~124B

Atf= 1% = -20log(10) = —204B

Asqur, (imear seale)
~2010g,, 1 =0 dB

L I . N (N /
: LZrE ol | S Qog sealel

\ Awtwral frequency TESpORSE

\ 20 logip fif

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

=For a 16:1 change in frequency, eqirivelent to 1 decade, there is a 20-
4B change in the ratio as demonstrated between the frequencies of

Ex. For the given network: C

(a) Determine the break frequency. O————-’

(b} Sketch the asymptotes and locate the -3-dB
point. + 0.1uF *
(c) Sketch the frequency response curve. i
vi R&5kQ VY,
o °
Solution:
) fi=at 1 =318.5Hz

272RC 2a(5=10° Q1< 16~ F
¢b) See Figure below
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‘ Fig. 11.14 TFrequency response for the RC circuit 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
applied to any BIT
configuration.

e It will simply be
necessary to find the
appropriate  equivalent
resistance for the R-C
combination (for the
capacitors Cs, Cc, and
Ce which will defermine

the low-frequency response).
1) TheseffectofC:

* Since Cr is normally connected 5
i between the applied sowrce and
! the active device, the total
resistance is now Rs+ Ri, and the Y I\?
t
*

cutoff frequency will be modified —
to be as:




®  The voltage Viapplied to the input of the active device can be
calculated using the voltage-divider rule:

Jis

1

T 2R +R)C,
At -mid or high
frequencies, the
reactance of the

capacitor will be
sufficientty small to
permit a  short-circuit
approximation for the
element. The voltage Vi
will then be related to Ve
by
Ri
Vb= R

_ R

e )

i Vs__"'_—'_f—"
R +R —~jX,.

2) Theeffeciof Ces

normally

Jie =

] .
27(R, + R, )C,

&

R
+

H

-1

Since Ce the coupling capacitor is
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:

0 ==

lll
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1

j

3) The effect of Cr:
= To determine ., the network “seen”

hy Cs must be determined as shown
in the Fig, below. Once the level of
Re is established, the cufoff

|
1]
o

frequency due to CE can be T
determined using the following ¢
equation:
1
iz
where R, could be calculated as: £
R
H
R =R, //[mm) ‘
R

where Ry // R, 1/ Ry = Ry

Ex. (a) Determine the lower cutoff frequency for the voltage-divider BJT bias
configuration network using the following parameters:
Cs =10uF, Ce =20pF, Cc =tpF, Ks =1kQ, R =40kQ), R2 =10kQ, Rz =2kQ, Rc
=4k0), R1.= 2.2 kG, /= 100, ro=w, Foc =20V.

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

Solwtion:

{a) Determining r, for dc conditions;
 BRe= (100)(2 k€Y = 200 kQ > 10R, = 100 k()

The result is:
o ReFec _ 10KQE0V) 200V _
ETR,+R, 10K +40KkE2 50
] Ve _4V-0TV _ 33V .
with IE—-E—"—“""—E ) =R - 1.65 mA
26 mV -

== == O

so that e = T E A 15.76 O

and Br, = 100(15.76 O} = 1576 O = 1.576 kQ

i
|

w—
-

€p

LAY



~RdliR: __@kO)@2k0) _

. 15.76 © %0

Midband Gain 4, = 22 =

The input impedance Z; = R;= R{IR,||Br.

= 40 kY10 kOH1.576 kO

=132 kQ
and Rf]?x
= ® TR
v, R 132K0)
O TR IR 132K0 = 1kn 0960
. B _BH_ .
so that Ay = 7 A {—90)(0.569)
= —51.21
Ce
R; = R\IR|lgr. = 40 k10 kOY[1.576 k) = 1.32 k2
f= 1 _ . 1 '
s 2 (R, + RYC,  {6.28)(1 kQ + 1.32 k(){10 uF)
7= 6.86 Hz
Ce
f = 1 )
te ™ 2alRe + R)Ce
_ 1
(6.28)(4 kKQ + 22 kM 2P
= 2568 Hz
Cx

Bl =RJIR IR, = 1 kOl40 Q106 kO = 0.889 k2

(R <y rg) =2 kﬂ”(————”"ggg kQ | 15760

R =Rgil g 100

= 2 k(}{8.89 0 + 15.76 ) = 2 k(}[24.65 0= 24.35 ()

I 1 Lt
S SR ey T 6282435 D)0 pf] . 305836 — S27 He




(b}

A
"mia'cam Decade -+ Bode plot

w |
fe, fp /A

; ; e 1,
e J 7 e 0. ) o
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5k
sk

- ~6 dBfgorve
-4 3 {

B
—30 —12 dBjoctave

- Low Frequency Analysis-FET Amplifiers:

\

Midband
Jevel

fiog

scale)

¢ The analysis of the analysis of the FET amplifier in the low-
frequency region will be quite similar to that of the BJT amplifier.
There are again three capacitors of primary concern as appearing

in the given network: €6, Cc, and Cs.

1) Theeffeciof Cor
The cutoff frequency
determined by Cc will then




2) Theeffectof Cc:
The cutoff frequency determined

by Cc will then be

fiom 1
“ " 2a(R, +R)C
where R, = R, /v,

33 Theeffect of Cgr
The cutoff frequency determined
by Cgwill then be

1

L= 2R s

R
hereR =%
T 1+ RS(1+gmrd)
{r,+Rg/R,)

which for , = o bcomes

1
R, =Ry ”{Z)

Ex. (a) Determine the lower cutoff frequency for the CS FET bias configuration
network using the following parameters:
C6 =0.01uF, Cc =0.5pF, Cs =2pF, Rsig =10kQ, Re =1MQ, Rp =4.7k), Rs =1kQ,
RL=22KQ, Inss=8mA, Vp= -4V, ra=w, VoD =20V,

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

Solution:
{a) DC Anatysis: Plotting the transfer curve of Iy = Ipss{l — Vos/Fp)” and superim-
posing the curve defined by ¥gg = —IpRs will result in an intersection at Vas, = —2
V and In, = 2 mA. In addition, )




Ca

Ce

Cs

_ 1
f =y (10 k£ + 1 MOY{001 wF)

- 1
fto = T AT £ 22 W5

=158 He

= 44.13
©E) e

Zeal _ r_ —
Req = R,giigm =1 kﬂ}%z—m—s— = 1 k0.5 k2 = 333.33 0

_ 1 _
T rmn o S e

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

(b} The midband gain of thevsystem is determined by

A

Y

= Lo = g ok = ~ 2 mYAT K22 kD)
= (2 mS)(1.499 keY)

=-3
Bode plot
£ I
: e ; -
o1 1 10 fog
Lo scale}
= ~6 8Bfoctave
-20 dB/decade>

Actual frequency response

—-12 dB/octave.
—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.

#  Miller inpul capacitance

Cp == 4)C,
where Cyis the feedback capacitance.

4 Miller outpui capacitance

1
: CM-: = (1 - Z]Cf. 2o Cr

where Cpis 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 AN\ ; o

Fig. At increasing frequencies, the reactance Xc -+ —L +

will decrease in magnitude, resulting in a g o
shorting effect across the outpuf and a decrease ¥ o v P
in gain.

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

lines to that encountered for the low-frequency
region. The most significant difference is in the general form of 4~ appearing
below:

A, = A

’ [f
1 all
+{LJ




i

<V,

In the above Fig., the various parasitic capacitances (Che, Cbe, Cee) of the
transistor have beea mchuded with the wiring capacitances (Cw, Cwa)
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-
chcuit state at these frequencies.

The capacitance Ci includes the input wiring capacitance Cwi, the
transition capacitance Cpe, and the Miller capacitance Ch,

The capacitance Co includes the owiput wiring capacitance Cwa, the
parasitic capacitance Cee, and the output Miller capacitace Cit.

In general, the capacitance Ce is the largest of the parasitic capacitances,
with Cee the smallest. In fact, most specification sheets simply provide the
fevels of Ce and Che and do niot include Cee uniess it will affect the
response of a particular type of transistor in a specific area of application.



1} Forthe input pnetwork, Ci:

For the input network, the -3-dB frequency is defined by |
N
S =

_ 27R,,.C,
o where

Rin, = RIRIAR:

2} Forthe output network, C,;

i

Ex. For the given network, with the following parameters:
=10pF, Ce =20pF, Cc =1uF, Ry =1kQ, Rt =40kQ}, Rz =10kQ, RE "ZkQ Rc
—4kQ Ri=2.2kQ, £~ 100, ro=w, Vcc =20V.
with the addition of
Cbe =36pF, Cbe=4pF, Cee= 1pF, Cwi=6pF, Cw.=8pF
{a) Determine fm:and fH..
{b} Sketch the total frequency response for the low- and high-frequency
regions.

3 ;
3
\
b
|

Sclmtien:
. (a) from previous example

R=132k0, A, l(amplifier) = —90

and R = RIRNRAR = 1 kQJj40 k{10 kO}}1.32 k(2
=531 kO




with Ci= Gy + G + (1 — 4},
=6 pF + 36 pF + [1 — (—90)}4 pF
= 406 pF

_ 1 _ 1
= TR G, 2w 0551 KCUT06 pF)
= 738.24 kHz
Rus, = RAIR, = 4 Q22 kQ = 1419 kO

c,=cw,,+cm+c,,=spF+1pF+(1——‘§B~)4pF

= 13.04 pF

I 1
b = Ry~ 2 A8 M504 )

= 8.6 MHz
(b)

A,
mididB

fur,

: 4 B
1 Ao fre w00 S rwz 0 tokms o0k NI MHz /U10MHZ 100 MHz
i :

Ny
Tt

T i

\\f/

b,
)

t
fllog seals)



- 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 Cga typically vary from 1 to 10 pF, while the
capacitanée Casis usually quite a bit smaller, ranging from 0.1 tol pF.

= At high frequencies, Crwill approach a short-circuit equivalent and Vs will
drop in value and reduce the overall gain. At frequencies where Co
approaches its shott circuit equivalent, the paralle]l output voltage Vo will
drop in magnitude.

5 ! o
8 Vi é ry Ry R el
| 1| [

By, =Rpll Rl ry

. &
- l—_



| L Bpad
o : 5{ 2B, Gy

and R, = RugliRe

with | 6=Cu+ Cut Gy |

and [ Cig= 0 - A)Cpu

and for the output circuit,

- miceb
":”v_ - 2R,

Rﬂlz = ReliRd|lra

with

: l and ] Co=Cu + Cot Gy,
‘ G =(1-g

| and an =1 E) =d

Ex. (2) Determine the high cutoff frequencies for the CS FET bias configuration

network using the following parameters:

Co =0.01uF, Cc=0.5uF, Cs =2pF, Rsig =10kQ, R =1MQ, Rp =4.7kQ, Rs =1kQ,
- RL=22XkQ, Inss=8mA, Vp= -4V, ra=w, VDD =20V,

Cga= 2pF; Cgs =4pF, Cds =0.5pF, Cwi=35pF, Cwo=6pF

Solution:
(a) From the previous example

‘ Rin, = Rl = 10 kO MO = 9.9 k0
A,=-3.




G=Ch+ o+ (1 —A)Cpyr
=5pFE+4pF+ (1 +32pF
=9pF + 8pF
=17 pF

PR
A 2Ry G

_ 1 _
= ZoO RO pR) 567 kHz

R, = RAIR,
=47 k22 KQ
= 1.5 kf)

Co= Cuy+ Cou+ an=6pF+O,5pF+(1 —}3)2 pF = 9.17 pF

—_ lb F—;
b= TR pry - 13T MHz

- Multistage Frequency Effect:

s  For Low Freguency region

2(3] -1

= For High Frequency region

f[ 2(&}_1])3

-3 dB /
6B~ /

~948 —
12dB}-
asap
-18dB

[ Qog scale}

LA

= in=2) =3}




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
of a square wave composed of a series of sinusoidal components of
different magpitudes 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 sinuscidal, it can be
reproduced by a series of sinusoidal terms of different frequencies
and magnitudes.

4
yE— Vm(sﬁ‘: 2 Lt + —é— sin 2w(3£30 + % stn 2a(5£)¢ + —%— sin 2a{7f3r
v %

+ %sin PR - B

sin 2—7r(nf;.)f))

g p Fundamentat v Fundamental + 3rd
Fundamentad + o~ 5th, 7th harmenics

third harmenic

®  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?

206Hz ) i




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.

If 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.

(c) [E)]

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 = f3;- f1, =
Ja, the equation also provides an indication of the BW of the
amplifier.

0.35
CBWz=fy, = :

3

= 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

%itilt = P% = x100%

=P= 1;1 (decimal form)

* The low cutoff frequency is then

determined from
P

S0 = _f;
k4

1 E%. The application of a 1-mV, 5-kHz square wave o an
| amplifier resulted in the output waveform of the given Fig.
{a) Write the Fourier series expamsion for the
square wave through the ninth harmonic.
{b) Determine the bandwidth of the amplifier.

Sohstion:
4mV

o

@ v= (sin 2a (5 X 1070+ % sin 24015 % 109+ 1 sin 2a2s ¢ 109

+ % sin 235X 1697 + %sin 2(45 % 107

b =18ps—2ps=16ps

‘ pw =030 035 _ o e b= aar
1A 16 ps
_V-V _50mV-40mV
O P=—F =" gmmv. 02
f. =L 5= (%) ko = s1851 10




< A Righ-Freguency Reaporme — FET  Amplitiey

—  The analym')\ 4 the h"dh 4,_,_7’. TApane '%f» tHhe. FET armplifior

will proceed in o Aimiler manney 1o that encouniered  for the
BIT amplifier.

—  Thert are elechode and Nirihj Capacitancesn that will debermin
Hhe l'»:jh —fv—ui/uwnc‘lj chovackextabiea =i e ampl.",g;'cv.

—> The copacditta Cqs and Cad 'ijeicallj vary  From iP.;:bn

10 PR, wobile the  capcitance Cys ' uwaually guite a bir

Abdialbed, Yoging ifem o1 PE to 1 PE.

Vpp

VD

31
7
B
g

.. () Copacitive  Elementa ot afgect e l—h?'r\-,fru,/ulncg Repporrie

* & T i

—> The nehoovic 9 F5. C(a) A an jh\dTHrﬂ QmP]I'.f—,‘cY

— A miller ogrect capacitana. wSIL appeay  in the h'j’l\ {"1, ac
e‘?(u-fva.lzn}- nechook.  Khan  fn Fl'a. Ch)

— A bigh Jrguendn, o will appreach & short - cireuit Sguivadent



‘and gs will dwsp in valde ard reduca the svtvall gain.
;-> A+ 4v-u‘bu-lnuu where ¢, Q.(PPYDMM tka  Ahevt CiveuiF cqu.i\m.lmb
The an“cl owlput Vellkge Vf  will dvop in Maghihude.

Rejy

= +
o F
VA .
\li i cji Vas Gm\gs . Ry R o
()" Prgh Frequiney ac egenvakenr  eiveuit dor Ry Cof
Ry = R [ R, R, =2 11|
s -
€
. : e h
Cr , . %
' ‘ (e Tnpat cireult (d)- oudput  civeuir

Thevenin Ec,"u? vodank Cl'-rcw'b\

— The U-IJ‘U;H M dz&;ng_d Eﬂ The ih}:u}‘nhd W civeul  can be
obledned '33 Fival 4;\::“:3 Ha  Thovenin ﬂiqivm&r\l— eiveufiA AAM
In Fig. te) and oy

(> For the dnpuk  eireuil, By =

ard l;a““ = Ry | saﬂ
c; = Cm; + Cgs E C-MT‘




wd (CM\-': (- 4) cga

Gl Fer the oubpud civewir,
o]
2T grhbcn
_ L"”_m,r = g P._\\ﬁ}
!c‘, = g b Gy By,
l CM, (1._ v) Cgel—}

Dd-crmme the  high- cedapy 4@%%% S hdvuuw. AI\M
u"'\j e _f‘le..nH PovamelaA

Bt i s
N rig. ca)

CG\'—' 0. 0} LLF €

= 0.5 MF Ce = 2 HF 3"\_. 2 g
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