Lecture 22

Frequency Response of Amplifiers (II)
VOLTAGE AMPLIFIERS

QOutline

1.  Full Analysis
2. Miller Approximation

3. Open Circuit Time Constant

Reading Assignment:
Howe and Sodini, Chapter 10, Sections 10.1-10.4
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Common Emitter Amplifier
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* Operating Point Analysis
- v&=0,R4=0,r, > 0,1, , >0, R; - ©

— Find Vg, such that I=Ig,p with the BJT in the
forward active region
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Frequency Response Analysis of the
Common Emitter Amplifier
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* Frequency Response

— Set Vgiag = 0.

— Substitute BJT small signal model (with capacitors)
including R, R, 1, 1,
— Perform impedance analysis
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1. Full Analysis of CE Voltage Amplifier
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199
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Vs<+> .V —/—c¢ g,V rllr,. R, V.

Replace voltage
source and resistance
with current source
and resistance using
Norton Equivalent

e

Q@
+

T) R V—7=¢ ng § Rlout VOW

R, =Rgllr R, =rllr IR,

Node 1:

I = 1:77 +joC,V, +joC, (V.- V,,)

m

Node 2:

V :
ngn + R(’)llt — -](Dcu(Vn o Vout)

out
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Full Frequency Response Analysis (contd.)

* Re-arrange 2 and obtain an expression for V_
 Substituting it into 1 and with some manipulation, we

can obtain an expression for V_ , / I

V, —Riy Rous (gm —J wC,u)

ut

- - ! / / / ! 2 / !
£ I+j (')(Routc,u + Ry C,u + Ry C o+ & Rout Rin Cy} &~ Ry Riy C,uCﬁ

Changing input current source back to a voltage source:

C
_ng(')ut[ x J[l o ]0) #J
Vout RS + r;z gm

V. 1+ jo(R.,C,+R,C,(1+g,R,)*+R,C,)-wR,R,C,C

N out ~ u in " u n out™tin " u~ 1w

where R}, =R ||r, and R}, =T, |1, || R,

We can ignore zero at g, /C, because it is higher than or.

The gain can be expressed as:

Vout _ Avo Avo

I/S B (1+jwﬁxl+jwz'2): 1_]0)(2'1 + Tz)— a)22'12'2

where A 1s the gain at low frequency and 1, and 7, are
the two time constants associated with the capacitors
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Denominator of the System Transfer Function

Your
V
dB

-20
decade
A, v/

— 40

dB
decade

Y

1/t LT, o
log scale

n+0= outC + Ry, ,u(1+ ngéut)+ Rm T

. ’
T, 7, outR C,C

In- U~
We could solve for 1, and 1, but is algebraically complex.

*However, if we assume that t, >>1, .= 1, + 1, ~ 1,.

*This 1s a conservative estimate since the true t, 1s actually
smaller and hence the frue bandwidth is actually larger
than:

71 ~ R, [C,, + Cﬂ(l + ZmBRut )]+ RyutCy,
Then:

1 1

Wyp = — =

n R|C,+C,(1+g,R,)|+R.,C

out — u
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2. The Miller Approximation

Effect of C, on the Input Impedance:

I C
|
|

T =

(O]
+

_|_
Vf() ngt ;R’OMZFOHIOOCHRL Vout

The input impedance Z, is determined by applying a test
voltage V, to the input and measuring L

Vout = —8mViRour + 11 Rp ¢

The Miller Approximation assumes that current through
C, 1s small compared to the transconductance generator
1 ¢ << |g m Vt|
~ /
Vout = —8m ViRout

We can relate V. and V_, by
1 t
jaC

Vt — Vout —
Y7,
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The Miller Approximation (contd.)

After some Algebra:
|7 B 1 B 1
=Zoff =— — =
I, 24 joC, (1 + & Rout ) joC ), (1 - AvCﬂ

The effect of C, at input 1s that C, is “Miller multiplied”
by (I_AVC;,L)

Generalized “Miller Effect”

Z

O—

+ » —e, + » N
Vi Va — Vl Zeﬁ” Va
_ | B - B

L L L 4

Zy=2/1-A,)

« An impedance connected across an amplifier with
voltage gain A, can be replaced by an an impedance

to ground ... divided by (1-A,,)

* A, 1s large and negative for common-emitter and
common-source amplifiers

 Capacitance at input 1s magnified.

Z
Zeff = (1-A4,,)
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Frequency Response of the CE Voltage
Amplifier Using Miller Approximation

+
¥ - - ,
(_) ; r Vv —C -1 CM gmv R out ‘{)ut

BN

Cy=Cy(1+2,R )

» The Miller capacitance 1s lumped together with C_,
which results 1n a single pole low pass filter at the

input
Vout__g [ "'n ]R,t{ 1
- m ou .
V rp+ Rg 1+ jo(Cr+Cp )Rg | 7;)

« Atlow frequency (DC) the small signal voltage gain 1s

Vout ——g JL '
Vs m l”ﬂ.+RS out

* The frequency at which the magnitude of the voltage
gain is reduced by 172 is

AT et Bl T e ;,,,R;,,,t)c,,J
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3. Open Circuit Time Constant Analysis

Assumptions:

* No zeros

* One “dominant” pole (1/t, << 1/1,, l/15 ... /1)
* N capacitors

V

out Avo

Vo (+joq)l+jon)l+jor,)

The example shows a voltage gain; however, it could be

[, /V,orV, /L.
Multiplying out the denominator:
Vout _ Avo

Vi 1+b(jo)+ by (jo) +...+b,(jo)"

whereb, =1, + 1, + 15 +....+ 1,

[t can be shown that the coefficient b, can be found
exactly [see Gray & Meyer, 3 Edition, pp. 502-506]

N N
b = [ZRTiCiJ = [Z TC,-,,J
i1 i

* Tc;, 18 the open-circuit time constant for capacitor C;

« C.is the i'" capacitor and Ry, is the Thevenin resistance
across the i capacitor terminals (with all capacitors
open-circuited)
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Open Circuit Time Constant Analysis
Estimating the Dominant Pole

The dominant pole of the system can be estimated by:
b=1,+t1,+t1;+....+1,

N 1
bi=| D R1iC;| = 7=—
i=1 D

R.;C,; 1s the open-circuit time constant for capacitor C,

Power of the Technique:

» Estimates the contribution of each capacitor to the
dominant pole frequency separately

« Enables the designer to understand what part of a
complicated circuit is responsible for limiting the
bandwidth of amplifier

* The approximate magnitude of the Bode Plot is

[

Approiimation is valid
e up o =it

Ay kil
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Common Emitter Amplifier Analysis
Using OCT

0

;(3@

+ O

From the Full Analysis
C
' Fr ; H
-8 1- Ja)—J
Vour _ mRout[ Rg +r ﬂJ ( Em

Vo 14 A RyuiCh+ RiyCof(1+ 8 R )+ RinCrp ) @ Ry Ry €, Cr
where Riy = Rg || ry and Royt =1, || 75 || R
by = Ry, C,u T ancy(l + & mRout )+ R;,C,

1 1
by R(')utC,u + Ry, C,u (1 ++8m Rout )"‘ RinCr

O3B ~
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Common Emitter Amplifier Analysis
Using OCT—Procedure

1. Eliminate all independent sources [e.g. V — 0]
. Open-circuit all capacitors
3. Find the Thevenin resistance by applying i, and
measuring V..

Time Constant for C_

|

Result obtained by inspection
Ry, =Rg | ry,
'c = Ry, Cp
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Common Emitter Amplifier Analysis
Using OCT—Time Constant for C

Using the same procedure

| ' i

H |

| o T . L

| : a v iTH == || 1 .

| L i - Fall 1y el
| i |

| ] |

| S N I Y S a4

=t
s
+ 4,
Ry=Rllln= A=Y S TAF(p
_j =z i S o
L= pr t r EmV7  Eliminate A
in out
Y Ry, = Ry + Ry (1+ 8 Rour)
. — Ty "out in EmMout

It
c, = Rr,C = [R(')ut + Riy (1 +8mRout )F,u
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Common Emitter Amplifier Analysis
Using OCT—Dominant Pole

Summing individual time constants

b = RTﬂCﬂ'+RT,LlC,Ll

b1 = Rous C,u + Rz‘nc,u(1 +ng(')ut)+ R;, C

Assume 1, >> 1,

bi=7+D =17
b RoutC +Rl’n y(1+gm ut)+Rln T

1 1

W34 ~ , ,
by R utC + Riy ,u(l"‘ngout)+ Ry C

This result is very similar to the Miller Effect calculation
Additional term R C,, taken into account

out
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Compare the Three Methods of Analyzing
the Frequency Response of CE Amplifier

Full Analysis—

1 1

a)3dB ~ — ' ’ / /
q RoutC,u +R;y, C,u (1 T 8m Rout)+ R;, C,,

Miller Approximation—

1 1
R I
Rin Crr T (1 T 8m Rout )C,u

Open Circuit Time Constant—

1 1
by R(’)utcy + Ry, C/l (1 T 8m R(')ut)'i' R;, Cﬂ'

W3dB ~
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What did we learn today?

Summary of Key Concepts

e Full Analysis

— Assumes that 1, + 1, = 1,

1 1
W3dB =~ = /
q outC + Ry, ,u(l + &m R ut)+ in Cﬂ'

e Miller Approximation

— Does not take into account R’ ,

1 1
R I
Rin Cﬂ' T (1 T 8m Rout )C,u

* Open Circuit Time Constant (OCT)

— Assumes a dominant pole as full analysis

1 1
bl RutC + R n ,u(“'ngéut)"'R’

W3dB ~
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