Lecture 11

Single Stage FET Ampilifiers:
Common Source (CS) Amplifier

The Building Blocks of Analog Circuits - |

In this lecture you will learn:

* General amplifier concepts (in terms of the two-port models)
* Common source amplifier (CS)
* Small signal models of amplifiers

Reminder: Thevenin and Norton Equivalent Circuits

Consider an arbitrary linear circuit:

It can be represented by any two of the following equivalent circuits:
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Types of Linear Ampilifiers

1) Voltage to Voltage Amplifiers (or just Voltage Amplifiers)
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2) Voltage to Current Ampl

3) Current to Current Ampl

4) Current to Voltage Ampl
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ifiers (or Transconductance Amplifiers)
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There are four basic types of amplifiers that we will study in this course:
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Two-Port Amplifier Models: A Voltage Amplifier

Voltage Amplifier:
i Rout
+
Linear circuit Vin §Rin AyVin RL
Can be represented as 1
ROU'[
Rs +
+ Vin % Rin AvVin RL




Two-Port Amplifier Models: A Voltage Amplifier

A Voltage Amplifier:

; ROUI :
Rs + | L+
+ Vin §Rin AyVin Vout  R_
Vg - )
Vout — Av( Rin ][ RL ]
Vg Rin +Rs A Rout +RL
Requir_ementS: _ Input Ouput
Large input resistance R, voltage voltage
Small output resistance R, divider divider

Open circuit output voltage gain (i.e. when R| = «):

Vout

= A, = Voltage gain
Vin

Two-Port Amplifier Models: A Current Amplifier

A Current Amplifier:

i C) §Rs %Rin <T Ailin ngfut

ioutzAi( Rs ]( Rout ]
Is RS"‘Rin Rou’("‘RL

! J L ]
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Requirements: Input Ou;)ut
Small input resistance R, cyr_rent current
Large output resistance R, divider divider

Short circuit output current gain (i.e. when R = 0):

i
Ut — A, = Current gain
lin




Two-Port Amplifier Models: A Transconductance Amplifier

+ Vini éRin 4\ mVIn Rd:ut RL %
Vg -

ioutsz[ Rin j( Rout ]
Vs Rs +Rin ARout +RL

Requirements: Input Ouput
Large input resistance R;,, voltage  current
Large output resistance R divider divider

Short circuit output current and transconductance gain (i.e. when R = 0):

i
Ut — G, = Transconductance gain
VA
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Two-Port Amplifier Models: A Transimpedance Amplifier

A Transimpedance (or a Transresistance) Amplifier (or a Current-to-Voltage Amplifier):

Vout [ Rs j( RL ]
N = Rm
Is Rs +Rin ARout +RL
J
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Requirements: Input . Ouput
Small input resistance R;,, zr\:i:f:r ‘é?'fgge
Small output resistance R, lvider

Open circuit output voltage and transimpedance gain (i.e. when R = «):

\ . .
~Out — R, = Transimpedance gain
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Two-Port Amplifier Models: General Concepts

is equivalent to

Rin Rin

Rout Rout

A, A Rout
Rin

The two-port models are equivalent (inter-convertible)

The designation of an amplifier as a voltage, current, transconductance, or
transimpedance amplifier depends on the values of the input and output resistances

Need to find the input resistance, output resistance, open circuit voltage gain, and
short circuit current gain to characterize an amplifier

Unilateral Networks and Two-Port Amplifier Models

For many circuits and amplifiers, the kind of two-port models described here are not
strictly valid T e e

! Rout |
Rs + L
+ Vin| %Rin AyVin ivout R §
VS = i E =
Reasons:

The input resistance R;,, can depend on the load resistance R
The output resistance R, ; can depend on the source resistance R

Circuits in which the above does not happen, and for which the two-port models
described here are strictly valid, are unilateral

In many cases, even for non-unilateral networks, two-port models described here
tend to be good approximations for hand-calculations




The Common Source Amplifier

Vgs =
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The source terminal is “common” between the input and the output

The Common Source Amplifier

Vgs =0
Veias —V1n
R ’
lour * out V, L ’
Vout +Vout ouT p 4 R,
R D [lp+ig
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Vg le +ig R § Vout +Vout
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DC Bias Analysis (Large Signal Analysis): ™ BIAS

Make sure the output load resistance R, is included in the DC bias analysis

Start by assuming the FET is in saturation (and then later verify):

k
Vpp - (lout +1p)R =Vour Ip = Tn(VBIAS ~Vn P (1+ AVour )
V, k
:>VDD_(3UT+IDJR =Vour Ip z7"(\/B|As ~Vry )?
L
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b Gate Drain ig
+ ; % 0 -
A r
gs o +
\Y
- ImVgs L bV bs RE R Z Vout
Source 1 's
= Vbs = o —
Base ¢ +
Compare with the standard voltage amplifier model:
— MA_
Rout
Rs "
. Vin %Rm AVin R_ évout
Vg - -
—_——
The Common Source Amplifier: Small Signal Model
7" Gate Drain ig N
—_— s 4
+ 0
RS Vs o
1 - ImVygs \% H *
. | . g ; bVbs R% | RLévtzut
Vs A Source 1 's
r— Vbs = 0 r—
Base ¢ +
Compare with the standard transconductance amplifier model:
i ot
Rs + Olf
+ { Vin éRin @ GmVin Rgut RL %
VS i = 3




The Common Source Amplifier: Open Circuit Voltage Gain

lg  Gate Drain iq
. . - .
+ + Vgs v fo +
Viest C) Vin - 9mVgs bV bs Rg Vout
- - / -
Source
= Vps =0

Open circuit voltage gain and transimpedance gain: Base t 4+

To find the open circuit voltage gain or the transimpedance gain one must:

i) Remove the load resistance R, at the output that the circuit will drive

ii) Then apply a test voltage source at the input

iii) Then find the resulting open circuit output voltage

iv) Take the ratio of the output voltage and the input voltage to find the open circuit
voltage gain:

v igR
A =tout R g, (1, |IR)
Vin Vin
v) Or take the ratio of the output voltage and the input current to find the
transimpedance gain:

= This result is somewhat artificial since at non-zero frequ ies

R.. = Vout _ _
m i there will be a finite input current due to capacitan

The Common Source Amplifier: Short Circuit Current Gain

ig Gate Drain iy
+ 0
+ + Vgs v o _
Viest C) Vin - ImVgs bV bs R% lout
- R 7
Source

- Vps = 0
Short circuit current gain and transconductance gain: éase .
To find the short circuit current gain or the transconductance gain one must: L

i) Short the load resistance R at the output that the circuit will drive
ii) Then apply a test voltage source at the input
iii) Then find the resulting current at the shorted output
iv) Take the ratio of the output and the input currents to find the short circuit current
gain: .
A =lout __ 9mVgs _ .« forthe CS amplifier
ig 0 (at DC)
This result is somewhat artificial since at non-zero frequencies
there will be a finite input current due to capacitances
v) Or take the ratio of the output current and the input voltage to find the
transconductance gain:

_ iout __nggS

==Om
Vip Vin




The Common Source Amplifier: Input Resistance

Ig Gate Drain ig

+ 0

+ + Vgs ro
Vtest () Vin - ImVgs bVbs R§ R. §

- . 7

Source

= Vps = 0
Input resistance: +

Base

To find the input resistance one must:

i) Make sure the load resistance R, that the circuit will drive is in place at the output
ii) Then apply a test voltage source at the input
iii) Then find the resulting current at the input
iv) Then take the ratio of the input voltage and the input current
R, = Vﬂ =0 — 5 oo forthe CS amplifier
Ig (at DC)

This result is somewhat artificial since at non-zero frequencies
there will be a finite input current due to capacitances

The Common Source Amplifier: Output Resistance

_ ig  Gate Drain iy, itest
+
Vs

- )
Rsg g - gmvg¢ %bs o Rg Vtest+<>|

Source Rp -
— —s
- Vps = 0
; . +
Output resistance: Base

To find the output resistance one must:

i) Remove the load resistance R and put a test voltage source in its place
ii) Make sure the source resistance Rg is in place at the input

iii) Then find the resulting test current at the output

iv) Then take the ratio of the test voltage and the test current

Fairly large for the CS

\'
Rout =~ =1, [R ——— '
out = oll amplifier

test
nalysis shows that CS is a good transconductance amplifier!

sistance looking into the drain end of a FET:
Rp =Tq




The Common Source Amplifier: Complete Two Port Model
o Gate Drain

Rsg v
gs v +
+ - Im gs bVbs RL% Vout
\ -

Source

Ri, =
Rs . + in =
" Vin % Rin évout Ay =_gm(ro I R)
Vg - -
- Rout = (ro I R)

Now we can use the standard expression:

out _ Rin RL __ RL
\Vs _Av(Rin +RS](Rout +RL]_ gm(ro ”R)[(ro ”R)"'RL]

The Common Source Amplifier: Complete Two Port Model
b Gate Drain fout

Rs
ImV *
+ - mVgs bVbs RL% Vout
Vg . -

Source

L Basejjvbs =0 -

Compare with the standard transconductance amplifier model: =

Rjp =
R ; logt
s P G E Gm =-0m
+ i Vin %Rin mVin Rd:ut RL %
Vs . Rout = (ro Il R)

Now we can use the standard expression:

iOUt:Gm( Rin ][ Rout ]=_gm( (I’0||R) ]
Vs Rin"'RS Rout+RL (I’0||R)+R|_
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The Common Source Amplifier: g, vs g,

In saturation:
Im =knWVes = Vi N1+ 24nVps)

k
9o = 7n(VGS =ViyN )zfln

Therefore:
9m _ 21+ AVps) 2

_ng_

Y0 (VGS _VTN )zﬂn h (VGS _VTN )ﬂn

Rough Estimates:

(VGS —VTN)~ 0.5— 1.°V
Ay ~0.05-0.10V "

Therefore:

Im 2
Im g r x5 ~20-80
o M (Vs —Vin)n

Vgs =0

+
§ Vout *Vout

k 2
Vpp —(lout +1p)R =Vour Ip = 7"(VGS —Vrn ) (1+ 4,Vour )
V, k 2
:>VDD_[ EUT +|DJR =Vour |Dz7n(VGs -Vin)
L
=Vout =Vpp -IpR) R Ves =Veias —IpRe
R+RL
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CS Amplifier with Source Degeneration

: Open Circuit Voltage Gain

ig Gate Drain iy
+ 0
. + Vgs ImVgs r .
(o]
Vtest C) Vin - bvbS R§ VOUI
) - Source Vs 4 -
Re i}
i = Vps =0
Open circuit voltage gain: Base ¢ 4
. \ -V \' -V —=
lg =9mVgs t out S =gm(Vin _Vs)"'M
(o] (o]
. . _idR_idRE . . R+RE
=1y =gm(Vin _|dRE)+7=ngin —iggmRe —ig
(o] (o]
T Im )
=ld = R+R Vin A, is reduced when RE is present
1+ E+9mRe
lo
= A Vout 'dR ImRro Im\lo IR
v
Vin Vin (ro+R+RE(1+gmro))

(1+( R)(1+gmro)/

CS Ampilifier with Source Degeneration:

Transconductance Gain
Drain ig

ig Gate
0
ImVgs
+ + Vgs g o .
Viest () Vin - bVbs R% lout
) - Source Vs 7
Re i}
- Vps 50
Transconductance gain: Base ¢ 4+
. Vv -V \% -V 4
ld =OmVgs + out S =gm(Vin _Vs)+ out S -
r0 r0
. . 0-igRe . . Rg
=g =gm(Vin_|dRE)+ =ngin_|dngE_|d7
r0 r0
=la = o Vin G duced wh t
is reduced when R is presen
1+-E +gnRe m e®P
r0
i —i r
=Gy, =out - "ld _ Imlo Im
Vin Vin

‘<ro+RE<1+gmro»=‘[1

[o]

R
)
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CS Amplifier with Source Degeneration: Output Resistance

g Gate Drain ig, itest
+ ' -
+ 0 !
Vgs nggs¢ % o ! +
- v | v ()
ng Vin . . : bV bs E R§ test
ource s
Rp
. Re #.
- ' Ve =0
Output resistance: Basi E,S
) Viest =V Viest =V ==
lg =gmVgs + tes: S =g (Vip —ve)+tet—=2 -
(o] (o]
. d . \% -igR . 1 v
=ig =0m(igRs —'dRE)+7tEStr —E =_'d(gm +rjRE +7:e3t
(o) o (o]
; Viest
Sig=—"T-"1S"—
o +RE(1+gmro)
%
=Rp = % =1, +Rg (1+ gmro) +<—— R is increased when R is present
d
Y Rlro +Re(1+9,r
:>Rout=-te51=(R”RD)= [OR 5(1 mo)]
ltest fo + R+ E( +gmro)

Relations to Remember

For any small signal amplifier model, the following always hold:

| (Transconductance) X (Output resistance) = (Open circuit voltage gain)

| (Transimpedance) / (Output resistance) = (Short circuit current gain) |

The above follows from the equivalent Thevenin and Norton models of the amplifier

***All quantities must be calculated assuming the same value of R (typically zero)
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