Contents

FET Small-Signal Analysis
FET SSAC Analysis Steps

FET Small-Signal Model

Common-Source Fixed-Bias Configuration
Input Resistance
Voltage Gain
Output Resistance

Common-Source Self-Bias Configuration
Input Resistance
Voltage Gain
Output Resistance

Common-Source Voltage-Divider Bias Configuration
Input Resistance
Voltage Gain
Output Resistance
Common-Source Unbypassed Self-Bias Configuration
Input Resistance
Voltage Gain
Output Resistance
Source-Follower Configuration
Input Resistance
Voltage Gain
Output Resistance

Common-Source Drain Feedback Configuration
Input Resistance
Voltage Gain
Output Resistance
Common-Gate Configuration
Input Resistance
Voltage Gain
Output Resistance

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 24-Apr-2018 1/ 42

FET Small-Signal Analysis

FET SSAC Analysis Steps

1. Draw the SSAC equivalent circuit
a) Draw the AC equivalent circuit (signal frequency is infinity, i.e., f = o)

i. Capacitors are short circuit, i.e., X¢c — 0.
ii. Kill the DC power sources (i.e., AC value of DC sources is zero).

b) Replace FET with its small-signal equivalent model.

2. Calculate the three amplifier parameters: R;, R, and A,

a) Calculate no-load input resistance, R; = ¢ .
14 R —
L o0
b) Calculate output resistance, R,.
c) Calculate no-load voltage gain, A, = 7;}—‘; .
1, =00
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FET Small-Signal Analysis FET Small-Signal Model

FET Small-Signal Model

Small-signal equivalent model for a FET transistor is provided below. This model and its analysis
is the same for all FET types, i.e., JFET, DMOSFET, EMOSFET, n-channel and p-channel.

go———o0 * od
+
Vgs { 9mUgs Tds
S0 — : oF}
Here,
dlp .
B gm =0fs = Yfs = 3 is the forward transfer conductance,
Vas Q-point
1 1 9Vpgs

B Ty = — = =
® Jdos Yos 8ID

is the output resistance.
Q-point

Forward transfer conductance g,, is mostly called as the transconductance parameter.
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FET Small-Signal Analysis FET Small-Signal Model

When rgs # 0o, we can also use the voltage-controlled voltage source model (via
Norton-to-Thévenin transformation, a.k.a source transformation) as shown below. We mostly
use this model for the common-gate and unbypassed self-bias configurations.

go———o0 AN od

Here = gm7rqs is the forward transfer-voltage gain.

m Typical values of g,, run from 1 mS to 5mS,
m Typical values of 745 run from 20 k2 to 100 k<2,

m Consequently, typical values of p run from 20 to 500.
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FET Small-Signal Analysis FET Small-Signal Model

Transconductance Parameter (g,,)

Transconductance parameter g, is given by

Alp

_ 0Ip ~
gm = AVes

- 9Vgs

Q-point Q-point

In other words, g, is the slope of the characteristics at the point of operation as shown below.

AL
gm = AVG_S

(= Slope at Q-point)
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FET Small-Signal Analysis FET Small-Signal Model

» Let us derive g,, for the JFET equation, Ip = Ipss ( — VVLPS)
_ dIp _ 2Ipss ( Vcs)‘
gm = = 1=
oVas Q-point |VP| Vp Q-point
_ 2Ipss (1 B VGSQ)
|Vp| Vp
_ 2Ipss IDQ Ipo = Ipss (1 B VGSQ)Q
Vel \ Ipss N Vp
= gmo {pq gmo = 2lpss
"\ Ipss " VP
» Let us derive g, for the MOSFET equation, Ip =k (VGS — VGS(Th))2
olp
= = 2k (Vas — V, .
gm 8VGS Q-point ( @5 GS(Th)) |Q-p0|nt
=2k (Vasq — Vas(rn))
2
:2\/E\/IDQ ...Ipg :k(VGS_VGS(Th))
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FET Small-Signal Analysis FET Small-Signal Model

Phase Relationship

The phase relationship between input and output depends on the amplifier configuration circuit
as listed below.

m Common-Source: 180 degrees

m Common-Gate: 0 degrees
m Common-Drain: 0 degrees (Source-Follower)
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FET Small-Signal Analysis Common-Source Fixed-Bias Configuration

Common-Source Fixed-Bias Configuration

Common-source fixed-bias configuration is given below
+VDD

Corresponding SSAC equivalent circuit is shown below
i; 1
+ d

g d
o . . . == - ‘o)
+ + *10 +
R; ~—
v R,
v; R gs * GmVgs Tds Ry Vo

ol
!
o
L
ol
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FET Small-Signal Analysis

Input Resistance

Common-Source Fixed-Bias Configuration

i; g d id
O 4 * *-— O
+ + | foo o+
R; R
v R'U
v; R(_; gs * 9mUgs Tds Rp Vo
o . — iJL . . o
Input resistance R; is given as
Uy
R = — = Rg
2 Ry =00

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.)

ELE230 Electronics |

24-Apr-2018

9/ 42

FET Small-Signal Analysis

Voltage Gain

Common-Source Fixed-Bias Configuration

’l'.%' id
g d
o . . ’ -, - 0
+ + *7'0 +
R; R
Vs R Vas gm? T R s v
% G mYgs ds D o
> . — = . . °

No-load voltage gain A, is given by

Vo

Ay =

vi RL:OO (

Vo

) (%) (3)
gmUgs Vgs (%

= (=Rpllras) (gm) (1)
= —3gm (RDHTds)

m If rg4s > 10Rp, voltage gain A,

reduces to

Ay = —gmRp
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FET Small-Signal Analysis Common-Source Fixed-Bias Configuration

- 9 d - .
+ + Yo o*
R; -
v R,
v; Rg gs * ImUgs Tds R Vo
> . — =5 . °

m For the circuit above, we can obtain the current gain A; as follows

_ % _ v/Rp _ Ri v

A= — = =
‘"4 wvi/Ri Rpu
R.
=—"A,
Rp
m If rgs > 10Rp, current gain A; reduces to
A; = —gmRq

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 24-Apr-2018 11 / 42

FET Small-Signal Analysis Common-Source Fixed-Bias Configuration

Output Resistance

1
g d test
o * * * * 2
+ - +
R,
RG Vgs * gmUgs Tds RD Viest
s‘ o

R

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above. Note that in the circuit vgs = 0, S0 gmvgs = 0 as well.

Vtest - Rp ’ |,rd$

Ro:

Ltest vs=0,R[ =vtest

m If rgo > 10Rp, then R, simplifies to R, = Rp.
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FET Small-Signal Analysis

CS Self-Bias Configuration

Common-source self-bias configuration is given below

VD.D

RD

Corresponding SSAC equivalent circuit is shown below

Common-Source Self-Bias Configuration

5 z'd,
—— g d
o + . - -, - )
+ -+ ;10 +
R; P a—
v R,
v; Rg g8 * gmUgs Tds Rp Vo
o : & : . o
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FET Small-Signal Analysis

Input Resistance

Common-Source Self-Bias Configuration

iy g d ig
o v * - —_—— - ‘o)
+ + *7/0 +
R; DR
v R't)
v; Rs; Yes * GmUgs Pt Ry Vo
o . — 2 . . °

Input resistance R; is given as
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FET Small-Signal Analysis = Common-Source Self-Bias Configuration

Voltage Gain

i iq
—>

. g d -, o
+ + *7'0 +
v R,
v; Rg gs * ImUgs Tds R Vo

ol
[
<
L
ol

No-load voltage gain A, is given by

o () () ()
= (—RplIras) (gm) (1)
= —gm (Rp||ras)

Vo
A’U: I

(%

m If rzs > 10Rp, no-load voltage gain A, reduces to

Ay = —gmRp
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FET Small-Signal Analysis Common-Source Self-Bias Configuration

i g d - .
+ + *7'0 +
. R,
(2 RG gs * 9mUgs Tds RD Vo
P . — =5 . . °

m For the circuit above, we can obtain the current gain A; as follows

7;0 ’U()/RD Rq, Vo
i vi/R; Rp v;
_ f A,
Rp

m If rgs > 10Rp, current gain A; reduces to

A; = —gmRg
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Common-Source Self-Bias Configuration

FET Small-Signal Analysis

Output Resistance

g d 1!"test
o, L 4 * 4 4 O
- -— +
R,
RG UQS * gmﬂgs Tds RD Viest
e, * = * O

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above. Note that in the circuit vgs = 0, S0 gmvgs = 0 as well.

Vtest - Rp | |7ﬂds

RO:

Ltest vs=0,R[ =vtest

m If rys > 10Rp, then R, simplifies to R, = Rp.
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Common-Source Voltage-Divider Bias Configuration

FET Small-Signal Analysis

CS Voltage-Divider Bias Configuration

Common-source voltage-divider bias configuration is given below

+Vop

v f\, R, R ¢,
AR

Corresponding SSAC equivalent circuit is shown below

»f‘

1; g
. . . o
+ + *7/0 +
R; -
R,
v; R, Ry, gs * ImUgs Tds Ry Vo
o . - . . °
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FET Small-Signal Analysis Common-Source Voltage-Divider Bias Configuration

Input Resistance

(73 g d Z'd
o . o
+ + ,Po +
Ru
Vi R, Ry vgs * ImUgs Tds Rp Vo
s i s
Input resistance R; is given as
Uy
R, = — = R1||R2
(23 RL:OO
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FET Small-Signal Analysis Common-Source Voltage-Divider Bias Configuration

Voltage Gain

i i
— g d B
O > O
+ + ,Po +
Ru
v; Rl RQ Vgs * GmUgs Tds RD Vo
S ol - S

No-load voltage gain A, is given by

Ry =00 N (91:293) (g:;sgs) (%)
= (=Rpl||ras) (gm) (1)
= —gm (Rp||ras)

Vo
A'U: -_—

(X

m If rg4s > 10Rp, no-load voltage gain A, reduces to

Ay = —gmRp
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FET Small-Signal Analysis Common-Source Voltage-Divider Bias Configuration
’n‘:i ia!
o . g d = S o
+ =+ *7'0 +
R; o
R,
v; R, Ry vgs * GmUgs Tds Rp Vo
o — . >

m For the circuit above, we can obtain the current gain A; as follows

A. . io o Uo/RD - RIL Vo
o vi/R;  Rp v;
_fu A,
Rp

m If rgs > 10Rp, current gain A; reduces to
Ai = —gm (Ra1]|R2)

ELE230 Electronics |
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FET Small-Signal Analysis

Common-Source Voltage-Divider Bias Configuration

Output Resistance
g d itest
o . . . . N N
+ -— t
R,
R, Ry wgs * 9mUgs Tds Rp Viest
& . . — . . o

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above. Note that in the circuit vgs = 0, so gmvgs = 0 as well.

Vtest

RO:

— RDHTdS

Ltest vs=0,R[ =v¢est

m If ryo > 10Rp, then R, simplifies to R, = Rp.
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FET Small-Signal Analysis Common-Source Unbypassed Self-Bias Configuration

CS Unbypassed Self-Bias Configuration

Common-source unbypassed self-bias configuration and its SSAC equivalent circuit are
given on the left and right figures below, respectively.

ﬁl— Tds g ﬁ
o . *g . 5 o
+ — + | . +
R; = to
Vgs ’\l HPgs
+ R,
Vi R(’. s = RI) Vo
Ry
o 5
me

m When Rg is not bypassed, we normally use the voltage-controlled voltage source model in
the small-signal equivalent circuit as shown above.

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.) ELE230 Electronics | 24-Apr-2018 23 / 42

FET Small-Signal Analysis Common-Source Unbypassed Self-Bias Configuration

Input Resistance

ib— tda g 412
o : . g - 0o
+ — + | . +
R; = 20
Vs N, Hvgs
+ R,
i Rg ® . §RD o
Ry
o °
=+
Input resistance R; is given as
Vg
R, = — = Rg
123 Ry =00
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FET Small-Signal Analysis Common-Source Unbypassed Self-Bias Configuration

Voltage Gain

Tds g 4— O
[ izg +
,\I HPgs -
o p R,
& §Rr) Vo
Ry
= °
No-load voltage gain A, is given by
= = G G0 ()
Vi |lR; =oco d Vgs Vg
1% Vgs . HVUgs
:(_RD)< )( g. ) el lg = i
Rs + Rp + ras Vgs + taRs Rs + Rp + ras
n 1
- cr ()
R R s __ KrRs
s+ fp +Td 1+ Rg+Rp+rys
#ho B = gmT
_ _ co = gmTd
(b+1)Rs + Rp +7as °
. gmRD
- Rg+R
1+ gmRs + #
ds
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FET Small-Signal Analysis Common-Source Unbypassed Self-Bias Configuration

+0

ol

m If rgs > 10(Rp + Rs), no-load voltage gain A, reduces to

. gmBRp

v =

m Ifrgs > 10(Rp + Rg) and gm Rg > 1, no-load voltage gain A, reduces to
Ay ~ —R—D
Rs

m For the circuit above, we can obtain the current gain A; as follows

A — o . 'UO/RD . R; vo
‘"4  wvi/Ri Rpu
_fu A,
Rp
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FET Small-Signal Analysis Common-Source Unbypassed Self-Bias Configuration

Output Resistance

—~— e
\V2 O
— - +
R
'\, HVgs
+
2 g Rp Vtest
Rg
Q
-

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above.

Vtest Utest . . .
Ry = - = Ve o o -Utest =R T4
ttest vs=0,R[ =vtest Rp +
. Vtest o . TUgs
— —’Utest _ vgs oo Vg = _/Ugs,/ld — RS
Rp Rs
- Vtest . Vtest
Tt YT T (W 1) +ras/Rs
Rp (r+1)Rs+rqgs s
= Bp||[(1+1) Rs + 74s] S = gmTds
= Rpl|[(gmRs + 1) ras + Rs]
=~ Rp
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Source-Follower Configuration

Dr.

FET Small-Signal Analysis Source-Follower Configuration

Source-follower (common-drain) configuration is given below

? Vop
D
C G
RN
? s G
g

Rg -
E’R RU

s

Corresponding SSAC equivalent circuit is shown below

i

q 8

1|
+ vgs —

R!J
[e]

d

d
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FET Small-Signal Analysis

Input Resistance

Source-Follower Configuration

i
N q -]
Vi o - | ] o)
— (e Ui +
g =
RG ImUgs 1 § Tds § RS
X U,

Input resistance R; is given as
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FET Small-Signal Analysis

Voltage Gain

Source-Follower Configuration

No-load voltage gain A, is given by

Vo

A'U:

V4

o) ()
~ o (Rsllra)]

gm (RSHrds)

1
1+ gm (Rsllrds))

B 1+ dm (RSHTds)

=1
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FET Small-Signal Analysis  Source-Follower Configuration

d

m For the circuit above, we can obtain the current-gain A; as follows

A. - 7:O o Uo/RS - RIL ’Uo
‘"4  w/Ri Rswv
_m,
Rg
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FET Small-Signal Analysis

Source-Follower Configuration

Output Resistance

g S | itesto
1]
+ Ugs — +
RU

R gmUgs " § Tds § Ry Vsost

d

d
Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test voltage

circuit above.

Vtest Vtest
R, =

i Dtest g, <o ltest = TRg||rgs — 9mUgs
test vg=0,R[ =vV¢egt Rsllrds mYgs

Vtest

Vtest
S v
R.S"ITds +gm test
Vtest
Vtest Vtest
Rgllrgs 1/9m

... VUtest = —Ugs

1
= Rsl|ras||—
m

m If (Rg||rdas) > 10/gm, output resistance R, reduces to

1
R, & —
gm
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FET Small-Signal Analysis = Common-Source Drain Feedback Configuration

CS Drain Feedback Configuration

Common-source drain feedback bias configuration is given below

Voo
Rp
Ry G
_I(—Ovo
p —~—
|—T R,
C, <
V; I_‘
G
—_—

Tl

Corresponding SSAC equivalent circuit is shown below

d 42
- oo
B
R,
9mUgs Tds Ry
-

ELE230 Electronics |

,—0 g
—_— +
+ |

v, r\, Ygs

NG ~f— ——
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FET Small-Signal Analysis Common-Source Drain Feedback Configuration

Input Resistance

'ii RF
’I:i z.a!
—— d ~—
*'g | * 0 Vo
+ R; * * R,
Vgs gmUgs Tds Rp
2
v | ,l,v:o
L 1
Input resistance R; is given as
Vi Ugs
R' - - e ooV =0
" iilRg—co  9mvgs +vo/ (Rpllras) P e
_ Rp + Rpll|ras v, — (1 —gmRr) (Rp||ras) vgs
- DY o —_—
1+ gm (Rpl|ras) Rr + Rpl|ras
Rp
= RF>>RD||7"d
1+ gm (RDHTds) °
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Common-Source Drain Feedback Configuration

FET Small-Signal Analysis

Voltage Gain

’I:i 'id
* g d + oV
o
=+ | =
+ . <
v { gmUgs Tds fD

- 1 io

. <

{\, Z Vgs
+

No-load voltage gain A, is given by

_ (1 =gmRr) (Rp||rds) _

- “ e UI — Ugs
Rr + Rpl|ras

= —gm (Rpllras||RF) o gmBRp > 1

Vo

A'U:

Ui Ry =00
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Common-Source Drain Feedback Configuration

FET Small-Signal Analysis

+
Ui

L

i d <
ig 4 OUO
|+ | I
| 9mvee Qra Ry
| e
g L

{\, z Vgs
+

m For the circuit above, we can obtain the current-gain A; as follows

'UO/RD . R; vo

i vi/R; Rp v;
_ fu A,
Rp

ELE230 Electronics | 24-Apr-2018 36 / 42
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FET Small-Signal Analysis = Common-Source Drain Feedback Configuration

Output Resistance

Ltest

d ¢ O Vtest
R
GmUgs Tds Rp ’

<
Q
@
NP f— ———

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above. Note that in the circuit vgs = 0, S0 gmvgs = 0 as well.

Ry = Stest = Rp||ras||RF

ttest vs=0,R[ =v¢test

m If a voltage source with source resistance R is connected to the input, replace Rr with
[(Rrp + Rs) /(1 + gmRs)] in R, calculations.
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FET Small-Signal Analysis Common-Gate Configuration
Common-Gate Configuration
Common-gate configuration is given below
C, C,
R | s D I
+ 1 |(—0
e ~— +
R; R, R,
Vi RS G Vo
. T Voo
o o
Corresponding SSAC equivalent circuit is shown below
i Tds d iq
o —0— N, —VWo ’ o
+ - -~ +
R; + Hgs R,
U4 Rg Vgs Rp Vo
&
e, O
L o]
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FET Small-Signal Analysis

Input Resistance

Common-Gate Configuration

. 12 . s, f\l Tds d — d .
o - -~ +
R; + pvgs — R,
Vi Rg Vgs Rp Vo
i
- + g -
e, O
I
Input resistance R; is given as
(% V3
R, = = =— .V, = —Ugs
tilR =00 Vi/Rs —ia
Vg ; (1 + 1) vgs
pum— . d == ———
R
vi/Rs + v/ (F2E5ds ) Rp +ras
— Rg|| 2t Tds K= gmrd
= —_— = gm
1+ gmrds °
1
= Rs||— .rqs > 10Rp and gmrgs > 1
gm
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FET Small-Signal Analysis Common-Gate Configuration
Voltage Gain
. i
. 2 R SG (\l Tds d d .
+ = -~ +
R; + HVgs — R,
Vi Rg Vgs Rp Vo
b
- + g -
Lo, O
I
No-load voltage gain A, is given by
v —iqR
AU — _O — —d D 'UrL — _Ugs
Vs Ry =00 —Ugs
_ (k+DRp Z.d_(lH-l)’Ugs
Rp + 745 Rp + 74s
_ (gmrds + 1) Rp L= gmTq
Rp + rgs . e
> gmBRp .Tqs > 10Rp and gmrgs > 1

Dr.
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FET Small-Signal Analysis = Common-Gate Configuration

i; Tds iq
g 5o (\I —lVW—od = o
+ — - 4
T + KUgs — R,
Vi RS UQB RD Vo
l’*’
- + -
o o

g
L
m For the circuit above, we can obtain the current-gain A; as follows

A — o . 'UO/RD o R; vo
‘"4,  wvi/Ri Rpu
_ R A,
Rp

m If rgs > 10Rp and gmrgs > 1, current-gain A; reduces to
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FET Small-Signal Analysis Common-Gate Configuration

Output Resistance

T test
e, ARA
— - +
+ HUgs R,
Rg Vgs Rp Vtest

g
I

Output resistance, i.e., Thévenin equivalent resistance, R, is calculated using the test
voltage circuit above. Note that in the circuit vgs = 0, 50 gmvgs = 0 as well.

Vtest
R, =

= Rp||rds

ttest vs=0,R[ =v¢est

m If ryo > 10Rp, then R, simplifies to R, = Rp.

m If a voltage source with source resistance R, is connected to the input, replace rg45 with
([1 4+ gm (Rs||Rg)] ras + Rs||Ra) in R, calculations. We can say that R, = Rp in
most cases.
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