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INTRODUCTION



Introduction

We will now investigate the frequency effects introduced by the larger capacitive
elements of the network at low frequencies and the smaller capacitive elements

of the active device at high frequencies
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Decibels

* Power Levels e Cascaded Stages

A_ = AI . AI'-\ . ALI‘ PR A
G= long_Z bel | '.;-| | Vi | | | | | Vy
1

Gap, = Ggp, + Ggp, + Ggp, + -+ + Gy, | dB

Gag = 10log;p— | dB

* Voltage gain versus dB levels

r

- . ‘i(J
Comparing A, = Fm dR
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GENERAL FREQUENCY
CONSIDERATIONS
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Low, High & Mid Frequency Range

Variation in X = with freguency for a

Variation in Xp = - with freguency fora I-pF 27fC

5 pF capacitor

capacitor
f X¢ S X¢
10 Hz 15.91 kO 100 Hz 3,183 Mg Ran:ge of lesser
100Hz  1.59 k0 | Range of possible L -:'3-2 M
| kHz 150 0 B 1kHz 31.83MQO [ (= open-circuit
10 kHz 150 0 10 kHz 3.183 M) equivalent)

Il MHz 31.83k0}
10 MHz  3.183 kf)
100 MHz 3183 ()

Range of possible

1 MHz 0.159 0} concern -
10 MHz 159 mil (= short-circuit effect

100 kHz 3183 k() }
100 MHz  1.59 m{} J equivalence)

100 kHz 1.59 0 }Rangenf]ewer

The larger capacitors of a system will have an important impact on the response of a
system in the low-frequency range and can be ignored for the high-frequency region.
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The smaller capacitors of a system will have an important impact on the response of a
system in the high-frequency range and can be ignored for the low-frequency region.

The effect of the capacitive elements in an amplifier are ignored for the mid-frequency
range when important quantities such as the gain and impedance levels are determined.
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Typical Frequency Response !
v 9
A 1= M)
1A, 1= v e
Bandwidth {Parasitic capacitances C
L . of network and active
(Ce- Cilor Cg) devices and frequency <
Aia \1\ dependence of the gain of
5 5 0.7074, \ the ransistor, FET, or wbe) @
7=
o | Vn’i| o | "nlidl' ’-l X // ﬂ"
Pmid @ R Mid-frequency —
¢ Y :;:&ten . L~ High-frequency (@)
IS ! I I I | e~ N
10 i 100 1000 10,000 100,004 fy 1 MHz 10 MHz [ {log scale) >
2 2 o
(].?{)? ‘ftl'uli-\lvf - |_;'!| Vil Vrl | (@) Z
S — =05 V,
HIF R, R, 1A= |]'7| >
! Bandwidih D~
— A :H:
Powpr = 05 Py 07074 .: {Transformer) 8
~— ( Transformer) . Y—
Low- Mid-frequency -
frequency High-frequency o0
bandwidth (BW) = fi; — f; ' ' ' - . )
10 i Y] 1000 10,000 fy 100,000 filog scale) <
—{
. . (b |
The band frequencies define a level 1A 1= :_;| —
- - ! i (Parasitic capacitances (@)
Yvhere the. gain or quantl.ty of Bandwidth of network and active <o)
interest will be 70.7% of its Ayia devices and frequency |
. 0.707A, pendence of the ai -
maximum value. Vinid /deL]'Ldt nee of the gain of
the transistor, FET, or tube)
| | | | 8
10 f) 100 1000 10,000 Ty 100,000 | MHz f(log scale)
(c)
FIG. 9.8

Gain versus frequency: (a) RC-coupled amplifiers; (b) transformer-coupled amplifiers; (¢) divect-coupled amplifiers.




40)
c
o
] _A'-' 40)
Venid @
!

. 1 =k

* Normalized plot ., I
)
40)
=
' . -c
10 i 10[} 1000 10, (]ﬂﬂ I'[](J oo gy 1 MH? 10 MHz Fllog scale) <
FIG. 9.9 @

Normalized gain versus frequency plot.
<
. A, =
* Decibel plot il o
Ay o\
med | {dB) )
10 £, ]U[]' IUEH} l(].?U[} ]U[]' 00 , 1 MH! 10 [;f‘.[H.r: Flog scale) >
A, A, 0 dB > O
= 20 IOg T Z
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9dB |- Rin
-12dB - 8
—
FIG. 9.12 A
Decibel plot of the normalized gain versus frequency plot of Fig, 9.9, 0
1
| ‘t [1‘:.- jeands l|I"’."
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FIG. 9.13
Phase plot for an RC-coupled amplifier system.
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Defining the Low Cutoff Frequency

+ g
™y
+ o

* Inthe low-frequency region of the single-stage BJT or FET
amplifier, it is the RC combinations formed by the network v, RV,
capacitors C, Cg, and C, and the network resistive
parameters that determine the cutoff frequencies

ol
ol

FIG. 9.14
RC combination that
will define a low-cutoff
frequency.

* Voltage-Divider Bias Config.
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A, =V0V,
e
o—-] network 0.707
+ |
v
i
i - 0 n -
Vo 1l J,— T 1
j.ll
¢ FIG. 9.16 FIG. 9.19
—/i"“ Equivalent input circuit for the Low-frequency response for the RC circuit of Fig. 9.14.
' network of Fig. 9.015.
I J
(-. p— ; =
Zi=R =R ”RE”Brc' Z'J'Ifl_('
FIG. 9.15
Voltage-divider bias configuration. f _ 1
L 2mrC




* Achange in frequency by a factor of two, equivalent to
one octave, results in a 6-dB change in the ratio, as
B O de Pl Ot shown by the change in gain from f,/2 to f,.
*  Fora10:1 change in frequency, equivalent to one
decade, there is a 20-dB change in the ratio, as
demonstrated between the frequencies of f,/10 and f;.

|
Ayap) = 201logyg N T TG *  The piecewise linear plot of the asymptotes and associated
— breakpoints is called a Bode plot of the magnitude versus
frequency.

For frequencies where f <= f; or (f/f }2 ==

A gy (linear scale)

Ju _
Ayapy = —20logyg JT -201og,, | =0dB

=1 B S -1} 10f; /

_,.»-""'-F—r----r ' F(log scale)

Atf = f % = land —20log;; 1 = 0dB

ALf = 1fi; fTL = 2Zand —20log)p2 = —6dB

ALf = g/ ”Z—L = 4and —20log;p 4 = —12dB

Atf = 1 fy: ’(—]f, = 10and —20log;y 10 = —20dB

©
c
c
'a
~L
—
©
£
<
O
<t
—i
)
N
>
)
Z
D~
+*
$)
)
=
Q0
<t
<t
—
—
@)
i
_

V,; leads V;
90° frne i =
* Phase Angle: ~~ e
el
\'\\
450 fmmmmmmmmmmemol D *
. | \""h
0=t 1JL : Rl
an 0 | L1 I | [
O.1f,  02f 03f, 0.5 Ty e M S 104 f

FIG. 9.22
Phase response for the RC circuit of Fig. 9.14.
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Loaded BJT Amplifier
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C + System 0
40)
— §x,=a. Il R, 115, E
R '
$: f ; <
In the voltage-divider ct. It o Q
. C, -
- the capacitors Cs, C, o} K A
. . + FIG. 9.26 o
and CE will determine the | R § Determining the effect of C, on the low- N
ow-Trequency response. v, &R ) [frequency response. B
q y resp v, R ' >
Ry C,
[z _% ¢ — “
= = = - + C, + I~
_ FIG. 9.25 Sk . Rin
fL_ max(fle chl fLE) Loaded BJT amplifier with capacitors that affect the low- g ¢ -— ! 8
[freguency response. _ R, _ p—
i i ) 0
—>Cs: - Cc: 1 FIG. 9.28 <
= Localized ac equivalent for Ce with
Jie <
2m(R, + RpCc V=0V i
Y R:'Vr' —
b B
R, — jX o
! i RU = RC'”ru E O
|
—
RylIR, “x l
| T € R € O
Ji, = - | R = R|R|Bre -2 C.: __1 I
27RC, e | = Torc u _
FIG. 9.30
V) I Localized ac equivalent of Cg.

R, =

Ri||R,
Rf:“( I}! : + re')




Impact of Rq

y{ -
ol
FIG. 9.32
Determining the effect of R, on the low-frequency response of a
BJT amplifier.

i
A
; -

&

I
R, (
+ % —_ System
v, N\,

l

—

FIG. 9.33

Determining the effect of C; on the low-

frequency response.

|
Ju, = 27(R; + R)Cs
£ = |
e T anR, + R)Ce
[o= |
e ™ 2R Cp

R
R, = RFH(E + r,,) and R} = R,||R | R,
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40)
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<
xal I Ip e Cs Ri = Ry|Ry|Br. = 40kQ[ 10kQ[1.576 k2 = 1.32kQ 40)
| | vl
Jis = 2m(R, + R)C,  (6.28)(1kQ + 1.32 kQ)(10 uF) 1
fr, = 6.86 Hz vs. 12.06 Hz without R, l I
. © II c I l y—-O
[p— ¢ fie = 2m(Re + R)Ce g
. - : -
L (6.28)(4 k) + 2.2 kOQ)1 uF) <
= 25.68 Hz as before
= Ce R, = R,||R{[|R; = 1 kQ[|40kQ [ 10kQ = 0.889k( <F
R |/ 0.889 k() .
R, = Ry (—' + r{.) = 2141”(W + 15.?6.(1) ‘5‘
C,= 10uF, Cp=20pF, Ce=1pF B <
Ry =40k, R = 10k, R =2k, K- =4k, =2kQ|(8.89 Q2 + 1576 Q) = 2k(}||24.65Q = 24350
Ry = 22k P S | __10° %
EXAMPLE 9.12 - E‘TTRP.CE (628)(2435 “.){20 H.[") 3058.36 Z
a. Repeat the analysis of Example 9.11 but with a source resistance R, of 1 kf). The gain = 327 Hz vs. 87.13 Hz without R,. -
of interest will now be V,,/V, rather than V,,/V;. Compare results. D~
b. Sketch the frequency response using a Bode plot. A, :H:
¢. Verify the results using PSpice. A | @)
) "'mid | (dB) Decade Bode plot D
Solution: a. The de conditions remain the same: ‘—‘I (f) —
r, = 15.76 () and Br, = 1.576 k() le fLC fl,_. -
0 $ — t
o 0.1 1 10 100 \, 1000 f(log 0
. . Vo _ —RellRe -3 ; <t
Midband Gain A, = — = ———— = —90 as before ~1dB scale)
vf' Fe I . ﬂ-‘
. ) L -6 1 Midband o
The input impedance is given by ks e 1 f; (low-cutoff Sivel |
7 = R = Ri|Ro||Br. frequency) —
= 40kQ[ 10k 1.576 KO =1T= @)
= 1.32k0 -15}|- ©
and from Fig. 9.35, -18 — —_
v, = Rf'v.\' =21 -
b R + R il -6 dB/octave
Vy R; 1.32k0) %
- — = = = -27
o V. R+R _132k0+1ka 0 5
Vo _ Vo Yy e i -12 dB/octave -~
s0 that A, = ? A (—90)(0.569)
= —51.21

FIG. 9.36

Low-frequency plot for the network of Example 9.12.
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FET Amplifier 4
Voo LL"]

—Q

M

Rp e

> f : =

Mg = a_m . 4 par

Z?T['R:,-i_g + Rr'.:ll‘:‘c; R‘ — R{‘- o) <

: ©)

1 1 Ry ( <t

—AAA—— ) ——] v R, 5

Ry { '

) ‘ . " N
v, % —_— Sysicm >
. K 2
= D~
3+

Q

Q

> [ =

Ly = - -

9 fo = 1 : ETTRQLIL_;- 0
- 2m(R, + R)Ce <t

<t

—

Ry |

Rﬂi = — System -— —a —

R, = Rpl|r I + Ry(l + gura)/(rg + Rp|Rp) Re @)

i
I —

e I FIG. 9.40
R., = Ry||— Dietermining the effect of Cy on the
o T §R" i ; " L I, low-freguiency response.
FIG. 9.39

Determining the effect of O on the
fow-frequency response.
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MILLER EFFECT



Miller input capacitance =i

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.

For any inverting amplifier, the input capacitance will be increased by a Miller effect
capacitance sensitive to the gain of the amplifier and the interelectrode (parasitic)
capacitance between the input and output terminals of the active device.

Applying Kirchhoff’s current law gives
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O
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-’2 :'-' .{. — .'I| + ."3
| n Using Ohm’s law yields
Vi Vi
I; h == hL= E
—_— | — =i i
o— 0
+ + Vi—V, V,— AV, (1 — A)V;
and L = = =
e Vs Xe. Xe Xe,
—— — v= V ! . ) . i i !
& Ri L Substituting, we obtain
[OS— S Vi V; I (1 = A)V;
- Zi R X,
1 1 I
and -+ —
/ Zi Ry X /(1 —A)
— X(' 1
-E; — but L = Xe, ( 19 J

l - A, ol — AN
V. R Cwe =101 1,00, —
! N ' Cy
] 1

and I
dan 7

i

1
— +
R;

1
X":.u



Miller output capacitance

A positive value for A, would result in a negative capacitance (for Av > 1).

For noninverting amplifiers such as the common-base and emitter-follower configurations,
the Miller effect capacitance is not a contributing concern for high-frequency applications.
The Miller effect will also increase the level of output capacitance, which must also be
considered when the high-frequency cutoff is determined.

C,
It
11
e
II ‘ra
—— ——
o O
+ +
Ay= 2 :
V. V=0 i ¥,
' Vf R,g i
o— o
Cy = (l = L)C
M A]. f
Cy, = C;
A, =1

‘ru_‘rl +"2

I = Vo d I, = Vo, — Vi
| = an h = X

The resistance R, is usually sufficiently large to permit ignoring the first term of the equa-
tion compared to the second term and assuming that
1’;.0 - ]’_,ri_

",H‘
Xe

)
SUbStiILIling VJ' - V.'n‘:lAr from A.- = V”l.n"r V,' results in
1!:‘3 - V.'J..l'll"q--.- Vg(l - ].I,I"l."jl..lj

X{“}. XE::
) I, 1-1/A,
an —_— s ——
Ve Xe,
_ Vo o _Xq _ ! _ !
or I, 1-1/A, @Cil — 1/A) oCy
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High Frequency Response

e At the high-frequency end, there are two factors that define the 3-dB
cutoff point:
1. the network capacitance (parasitic and introduced)
2. the frequency dependence of hg, (B).

* For RC circuit:

R
= AN + o
+ + Ju
o , {(log scale)
¥ i Vi

T —3dB

— — -0 dBfoctave
o - o —

FIG. 9.45
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RC combination that will define
a high-curaff frequency.
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Ay = —————
1+ jf/fu)
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1. Network Parameters :

* At high frequencies, the various parasitic capacitances (C,., C,, C..) of the
transistor are included with the wiring capacitances (C,;, Cyy,)-

AN
>
.:I

+ =
v, N\, v §R.I|R3§RJ =

T,

I
2Ry, C

Ry, = Ri| Ry || R2| Br.

Ci = Cw, + Cpe + Cy, = Cy, + Gy, + (1 — AYCy,

1
o

“ QTTRThfICﬂ

Rm, = Rc||R;|r,

C‘.; - CH";, T C{'e’ + Cm*"

-

Al

C” - C.w'“ + (-..“, + (] - IF'EAL.)CJJ[.

aV, RTI1|;:R.\||R|||R2|||U’}
AN
+
=~ C Em, ﬁu =
_—

1 == 1/A,

C = CH-"‘, +t Cee + Cpe

Ry, =RellR N v,
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M
c
C
M
| | | |
2. h,, (or B) Variation gt
)
M
* Thevariation of h,, (or B) with frequency approaches " E
the following relationship: B g VY c <
AWV C,(Cy) ¢
—_— + r lrl’h: @
h h..rll'mid b * : e
f 1+ ﬂﬂfﬁ} v,,gr, = C.(C;) + Bly §r g
. : : N
* The quantity, fg, is determined by a set of . = . .
parameters employed in the hybrid m model . k 2
‘J?_.‘i- fllr(., Jih., o
I J“-";"mill :IE:
= a . . 40dB —
fploften appearing as f;, ) = 2mrACy + C)  Midband vl or 3
(f',.';.r -",re' .,.iif?l‘;? J__ _3;33{]3{_ hip=0.707 s, | )q“
fa = I 1 o0
B = -
;i-ﬁ?lll:lll ZGT} F{{:‘T + CH) 20dB [~ flﬂ — 'fa(l B ﬂ'} $
—l
|
* f5is afunction of the bias configuration. oan 8
<
. Midband value for i o
* the small change in hy, for the chosen 0.d < o . — = —
frequency range, revealing that the e o | '
common-base configuration displays 0dB ( 24 J
improved high-frequency characteristics s 0 %r}, H
. . . -2 gt 3 fr fyp )
over the common-emitter configuration. i | A I N ST
0.1 MHz 1.0 MHz 10.0 MHz 100.0 MHz I kMHz 10 kMHz F(log scale)

FIG. 9.51

Ty and hyy, versus frequency in the high-frequency region.
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=
xample «.:
Solution: ©
a. From Example 9.12: CQ
EXAMPLE 9.14  Use the network of Fig. 9.47 with the same parameters as in Example Bre = 1.576kQ, A, (amplifier—not including effects of R;) = —90 l I

9.12, that is, and Ry, = Rl|Ri[|[ R || Br. = 1kQ[40KkQ[[10KQ [ 1.576 kO
R, = 1k, R = 40kO, Ry = 10kQ, R = 2kQ. R = 4k, R, = 2.2k} = 057k 0
C, = 10 uF, C¢ = 1 uF, Cp = 20 uF with G = Gy, + Cpe + (1 = A)C, g

_ : Gk - "N -~
e = 100, 7, = % Q, Ve = 20V 6pE + 36 pF =+ [1 = (=904 pF -c
. L . = 406 pF
with the addition of | i <[
Ca(Che) = 36 pF, C(Cye) = 4 pF. C., = 1pF, Cy, = 6 pF, Cy;, = 8 pF Ju = 2aRy G 2m(0.57 KQ)(406 pF) @)
a. Determine fy and fy . = 687.73 kHz <
b. Find fg and fy. Rmn, = Re| R, = 4kQ[22kQ = 1.419k0) —
c. Sketch the frequency response for the low- and high-frequency regions using the B SF 4 1 oF . 1 i oF o
results of Example 9.12 and the results of parts (a) and (b). Co = Cyw, + Cee + Cy, = 8pF + 1 pF + Zgp )P S|
= 13.04 pF %
1 1
il A fu, = = Z
- 2mRy,C,  2m(1A19k0Q)(13.04 pF) -
mad LB
= 8.6 MHz D~
£ 4 ¢ fa, f Ry
| L0 e 100 fg 1 kHz 10 kHz 100 kHz \\! MHz 10 MHz 100 MHz Q
; 1 Tl ! il } - O
v ' ! ' f(log scale) —
| TN AN S—— I SR S @
-5 BW

<
—
~6 dB/octave |
—
-10 o
e
|

™20 dBidecade

-12 dBfnci'.l.wc

20 )

b. Applying Eq. (9.63) gives
. |
1 B 1
2w(100)(15.76 Q)36 pF + 4pF)  2m(100)(15.76 £)(40 pF)
2.52 MHz
fr = hp,. f3 = (100)(2.52 MHz)
= 252 MHz

J

c. See Fig. 9.54. The corner frequency fy, will determine the high cutoff frequency
and the bandwidth of the amplifier. The upper cutoff frequency is very close to
600 kHz.




Gain-Bandwidth Product

* Thereisa Figure of Merit applied to amplifiers called the Gain-Bandwidth Product
(GBP) thatis commonly used to initiate the design process of an amplifier.

* It provides important information about the relationship between the gain of the
amplifier and the expected operating frequency range.
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"q"dli-
A, =100
40 dB - — —
GBP — A.I-":IMBW 37TdB- - BW
: BW =/, -, = 1 MHz— 250 Hz= 1 MHz
30dB '
~20 dB/decade |
]
. , , , . A,=10
-BW=f -f =/, 20dB—--——--——#f-—= :
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FIG. 9.53

Finding the bandwidih at twe different gain levels.
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* atany level of gain the product of the two remains a constant.
* thefrequency f; is called the unity-gain frequency and is always equal to the product of the
midband gain of an amplifier and the bandwidth at any level of gain.




FET Amplifier

M
c
C
a
!
0
@
=
U
a ! <
—
o | @)
: Ju, = 27RmC, N
L ol 4 >
r G == Cy 2-“‘.-. 2
o
l % Ky -
— RT]"I,' = Rhig " K D~
. n
= F Ci = C, + Cys + C, 3
—
{:'I-'P‘,- = {] - -"‘!-1'}{"15"& w
<t
<
—
Rie [
ATATAY . oV | 8
+ T = R C, ©
. L

Rih, = Rpl| Ry | rs

[27)

I = CW” + Cye + C"-f..




* For more details, refer to:
* Chapter 9, Electronic Devices and Circuits, Boylestad.
* The lecture is available online at:

e https://speakerdeck.com/ahmad elbanna

* For inquires, send to:
* ahmad.elbanna@feng.bu.edu.eg
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