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Small-Signal Model for MOSFETs
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Transconductance for MOSFETs
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Example 6.1 Objective: Calculate the transconductance of an n-channel
MOSFET.

Consider an n-channel MOSFET with parameters Vyy =1V, ($)u,Cop =
20pA/V?, and W/L = 40. Assume the drain current is I, = 1 mA.

Solution: The conduction parameter is

K, = G [L,,,COX) (—L”i) = (20)(40) pA/V? = 0.80mA/V*

Assuming the transistor is biased in the saturation region, the transconductance is
determined from Equation (6.8(b)),

2w = 2y/KiIpg = 24/(0.8)(1) = 1.79mA/V

Comment: The transconductance of a bipolar transistor is g,, = (Icg/Vr), which is
38.5mA/V for a collector current of 1 mA. The transconductance values of MOSFETs
tend to be small compared to those of BJTs. However, the advantages of MOSFETs
include high input impedance, small size, and low power dissipation.
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AC Equivalent Circuit for MOSFETs
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Small-Signal Equivalent Circuit for MOSFETs
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{a) Common-source NMOS transistor with small-signal parameters and
(b) simplified small-signal eguivalent circuit for NMOS transistor
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Example 6.2 Objective: Determine the small-signal voltage gain of a MOSFET
circuit.

VoD
For the circuit in Figure 6.1, assume parameters are: Vgsg = 2.12V, Vpp =35V, &
and Ry = 2.5k§2. Assume transistor parameters are: Vyy =1V, K,, = 0.80 mA/V?, and
A =0.02V~". Assume the transistor is biased in the saturation region. ip § Rp
¥
Solution: The quiescent values are
ey ‘l-":j-
Ipp = K(Vgsp — Vin)* = (0.8)2.12 — 1)* = 1.O0mA b
'|I}DI-.
and * - _1
Vpso = Voo — IngRp = 5 — (1)(2.5) = 2.5V i(I) Yo _
Therefore, V.. L =
Gy ——
VDSQ =25V > VDS(Sat) = VGS — VTN =182-1=082V - I
which means that the transistor is biased in the saturation region, as initially assumed,
and as required for a linear amplifier. The transconductance is
gm = 2K,(Vgsp — Vn) = 2(0.8)(2.12 - 1) = L.79mA/V
and the output resistance is
ro = [Mppl™' = [(0.02)(1)]" = 50k — ' oV,
+
From Figure 6.7, the output voltage is e
AGIARTEAE T L7
Vo= —8m Vgs(ro“RD) =N

Q)

Since V,, = V,, the small-signal voltage gain is 4

.
Ay =22 = =gnlr, IRy = ~(1.79)(50]12.5) = ~4.26
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PMOS Common-Source Circuits
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Modeling the Body Effect
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The Common-Source Amplifier

O Assume that the transistor is biased in the saturation region and that the signal frequency
is sufficiently large for the coupling capacitor to act essentially as a short circuit.
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Example 6.3 Objective: Determine the small-signal voltage gain and input and
output resistances of a common-source amplifier.

For the circuit shown in Figure 6.13, the parameters are: Vpp =10V, R =
709k, R, =29.1k2, and Rp = SkQ. The transistor parameters are: Vyy =1.5V,
K,=0.5mA/V? and A = 0.01 V™', Assume Rg; = 4kQ.

Solution: DC Calculations: The dc or quiescent gate-to-source voltage is

Viso = (R I_Q:R >( Vpp) = <ﬁ929+'1m)(10) =291V Ry Cry
The quiescent drain current is —WW H
Ipg = K,(Visp — Vrn)* = (0.5)(2.91 — 1.5 = ImA v CD
and the quiescent drain-to-source voltage is
Vpso = Vop —IpgRp =10 = (1)(5) =5V

Since Vpsg > Vgsg — Vrw, the transistor is biased in the saturation region.

Small-signal Voltage Gain: The small-signal transconductance g, is then
gm =2K,(Viso — V) = 2(0.5)(2.91 — 1.5) = 1.41 mA/V

and the small-signal output resistance r, is

ro = [Mpgl™" = [(0.0D(D] ™" = 100k Ry — G
e ) ) —AMN ~—s
The amplifier input resistance is |
Ri = Rl "R2 = 70.9”29.1 = 206 kQ Lf’ (f"?:“) RL" R-1 ‘;.
- 2 g
From Figure 6.14 and Equation (6.29), the small-signal voltage gain is T

~ B ( 206
A, = =enCallR) - (e ) = ~14000019) (5657

or

A, = —5.62

Input and Output Resistances: As already calculated, the amplifier input resistance is
R; = R{||R, = 70.9]{29.1 = 20.6 k2

and the amplifier output resistance is d.
R, = Rp|lr, = 5||100 = 4.76 kQ

11



Desigh Example 6.4 Objective: Design the bias of a MOSFET such that the Vpp =12V
@-point 1s in the middle of the saturation region.

Consider the circuit in Figure 6.16 with transistor parameters Vyy =1V, K, =

ImA/V?3, and A = 0.015V™'. Let R, = R||R, = 100kS2. Design the circuit such that X LfozzmA
Ing = 2mA and the @-point is in the middle of the saturation region. §R1 ?

—0 Vo
Solution: The load line and the desired Q-point are given in Figure 6.17. If the Q-point Ce
is to be in the middle of the saturation region, the current at the transition point must be — |

4mA. v; C) é R,

We can now calculate Vpg(sat) at the transition point. The subscript ¢ indicates
transition point values. To determine Vg, we use

In,=4=K,(Vgs, — Vin)* = 1(Vgs = 1) =

which yields
Ves: =3V
Therefore
Vpsi =Vas: — Ven =3—-1=2V

If the Q-point is in the middle of the saturation region, then Vpgg =7V, which
would yield a 10V peak-to-peak symmetrical output voltage. From Figure 6.16, we can

write D4 Load line,slope = -
/ I e
Vpso = Vpp — IpgRp L Vostsa = VsV
ama ————{
or N

Q-point

/

VDD - VDSQ _ 12-7

= 25 kQ 2m!
. 2 )

Visp =241V

<

Vs, (sat) VDS,‘! v Vep=12V vpy
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We can determine the required quiescent gate-to-source voltage from the current
equation, as follows:

Ipg =2=K,(Vgso — Vi) = (DVeso — 1)°
or

Veso = 241V
Then

R, 1\/ RR
Veso =241 = (Rl n Rz)(VDD) = (RT]) (Rl +R2)(VDD)

_ R, (100)(12)
- }31 DD — Rl

which yields
R, =498kQ and R, =125kQ

We can then determine the small-signal equivalent circuit parameters from the Q-
point values. The transconductance is g,, = 2.82mA/V, the transistor output resistance
is r, = 33.3k€2, and the small-signal voltage gain, assuming an ideal signal source, is

K‘f = —g,(r,|IRp) = —(2.82)(33.3]}2.5) = —6.56

A, =
v v,

Comment: Establishing the Q-point in the middle of the saturation region allows the
maximum symmetrical swing in the output voltage, while keeping the transistor biased
in the saturation region.

RN S TR A Electronics |, Neamen 3th Ed.
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Common-Source Amplifier with Source Resistor

Example 6.5 Objective: Determine the small-signal voltage gain of a common- +5V
source circuit containing a source resistor. T
Consider the circuit in Figure 6.18. The transistor parameters are Vyy = 0.8V,
K,=1mA/V?, and A = 0.
Solution: From the dc analysis of the circuit, we find that Vggo = 1.50V, Ipg = §R B Rp=7kQ
0.50mA, and Vpgsp = 6.25V. The small-signal transconductance is 2 ' +—0Vp
”
8m =2K,(Vgs — Vrn) = 2(1)(1.50 — 0.8) = 1.4mA/V H I
and the small-signal resistance is )
Vi _
ro = [Mpp]™' = 00 §R2 = oo ki Ry =0.5kQ
The output voltage is =
Vo= —8m VgsRD l

Writing a KVL equation from the input around the gate-source loop, we find
Vi= Vgs + (gm Vgs)RS = Vgs(l +ngS)

or

V.
V o, S S—
e 1 +ngS v.

) gﬁlllﬂl V, {{bgm‘if’g, Rp

The small-signal voltage gain is

A _E__ "'ngD
" Vi l4guRs

We may note that if g,, were large, then the small-signal voltage gain would be approxi- g R
mately

A, = —Rp
Rs

|||I

Substituting the appropriate parameters into the actual voltage gain expression, we find

: 14
a4, =——UAD 5o .
PTI+ 405



EXAMPLE 4.6

Objective: Determine the small-signal voltage gain of a PMOS transistor circuit.
Consider the circuit shown in Figure 4.21(a). The transistor parameters are
K, =025 mA/VZ, Vrp=—0.5V, and A = 0. The quiescent drain current is

found to be Ipp = 0.20 mA. The small-signal equivalent circuit is shown in Fig- +3 ¥
ure 4.21(b). T
Solution; The small-signal output voltage is
‘QS = 3 k,Q
Vo = +8nVseRp §R!:100k§2
Writing a KVL equation from the input around the gate—source loop, we find f; I
Il |
Vi = —ng ‘“ngngS '
or Yi § R, =200 kQ
_y, Rp=10kQ
V.vg = T =
1 + Em RS *
Substituting this expression for V, into the output voltage equation, we l
small-signal voltage gain as -3V
v, —gmR
AU — —— = __(.gi.iD (O} D oV,
Vi 1+ Em RS B
The small-signal transconductance is Vig ) 8mVsg
m = 2+ K, Ipo = 24/(0.25)(0.20) = 0.447 mA/V ¥ - ,
. . (0.25)¢0.20) 16 §Rl||R2 g . §RD
We then find R
8
~ —(0.447)(10)
—
14+ (0.447)(3)
: 1
or =
15

A, =-191



Common-Source Circuit with Source Bypass Capacitor

Example 6.6 Objective: Determine the small-signal voltage gain of a circuit
biased with a constant-current source and incorporating a source bypass capacitor.
For the circuit shown in Figure 6.22, the transistor parameters are: Vyy = 0.8V,

K,=1mA/V? and A = 0.

Solution: Since the dc gate current is zero, the dc voltage at the source terminal is
Vs = —Vgsp, and the gate-to-source voltage is determined from

Ing = Iy = K(Vasg — Von):

+5V

or

0.5 = (1)(Vgsp — 0.8)°

which yields '
VGSQ:_VS=151V ¥ f R =200 EQ

The quiescent drain-to-source voltage is

Voso = Voo — IpgRp — Vs = 5 — (0.5)(7) — (=1.51) = 3.01 V I;=05mA ‘\TJ)

The transistor is therefore biased in the saturation region. 5V
The small-signal equivalent circuit is shown in Figure 6.23. The output voltage is

Vo= —8m VgsRD

| +l oV,
Since V,, = V;, the small-signal voltage gain is Vv, (/f\} § Ro Y, i\ D 2Vss g Rp=7 kG
V,
A, =-2=—g,Rp=—(1.4}7) = —9.8 +
== —8nRp = ~(L4D) T

LR T Electronics I, Neamen 3th Ed. 16
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EXAMPLE 4.8

Objective: Calculate the small-signal voltage gain of the source-follower circuit in

Figure 4.30.

Assume the circuit parameters are Vpp = 12V, R; = 162 k2, R, = 463 k<2,
and Rg = 0.75 k2, and the transistor parameters are Vyy = 1.5V, K,, = 4 mA/V?,
and A = 0.01 V™! Also assume Rg; = 4 kS2.

Solution: The dc analysis results are Ipp =7.97 mA and Vgso = 2.91 V. The
small-signal transconductance is therefore

gn = 2K, (Vgsp — Vrn) = 2(4)(2.91 — 1.5) = 11.3 mA/V
and the small-signal transistor resistance is

ro = [Mppl™' = [(0.0D)(7.97)]"" = 12.5kQ
The amplifier input resistance is

Ri =R, ||R; = 162463 = 120kS2
- The small-signal voltage gain then becomes

gm(RS I'ro) ) Ri
1 +gm(RS ”ro) Rz’ + RSi

_ (11.3)(0.75112.5) 120
14+ (11.3)(0.75(]12.5) 120+ 4

A, =

= +0.860

RN S TR A Electronics |, Neamen 3th Ed.
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DESIGN EXAMPLE 4.9

Objective: Design a source-follower amplifier with a p-channel enhancement
MOSFET to meet a set of specifications. :

Specifications: The circuit to be designed has the configuration sho

Figure 4.32 with circuit parameters Vpp = 20 V and Rs; = 4 k2. The Q-po R

ues are to be in the center of the load line with I = 2.5 mA. The input res’ R. g R,

is to be R; = 200 k2. The transistor W/L ratio is to be designed such that th _;..lr ) Yo

signal voltage gain is A, = 0.90. Ry Cey I -
-

Choices: A transistor with nominal parameters Vyp = —2 V, k, =40 —AWY
and A = 0 is available. However, the tolerances in the V7p and k;, parame
3x

+5 percent. i C>

Solution (dc analysis): From a KVL equation around the source-to-drain loop, we
have

Vop = Vspo + IppRs

PMOS source follower
ot

20=10+ (2.5)Rs
which yields the required source resistor to be Ry = 4 k€.

Solution (ac design): The small-signal voltage gain of this circuit is the same as that
of a source follower with an NMOS device. From Equation (4.33(a)), we have

vo _ Em RS Ri

Ay=— = -
Vi 1 S Em RS Rz’ + RS!
which yields
mid 200
090 = &)

T 14 gn(4) 200+4

LR T Electronics I, Neamen 3th Ed. 19



We find that the required transconductance must be g,, = 2.80 mA/V. The transcon-
ductance can be written as

8m = 2\/ KpIDQ

We have

280 x 107 =2,/K,(2.5 x 107%)
which yields

K, =0.784 x 107 A/V?

The conduction parameter, as a function of width-to-length ratio, is

K:0784XE0’3:&-K: M (¥
P 2 L 2 L

which means that the required width-to-length ratio must be

w
— =392
L

Solution (dc design): Completing the dc analysis and design, we have
Ing = K,(Vosg + Vrp)®

or
2.5=0.784(Vsgo — 2)°

which yields a quiescent source-to-gate voltage of Vsgo = 3.79 V. The quiescent
source-to-gate voltage can also be written as

Vsco = (Vop — IpgRs) B2 Nvoo)
s6o = (Vpp — IpoRsg R TR DD

Since
R\ (1 RiR N _ (1N o
R+R/ \R J\R +R,/ \R :

RN ST I

Electronics |, Neamen 3th Ed.

we have
1
3.79 = [20 — (2.5)(4D)] — (R—]) (200)(20)

The bias resistor R; is then found to be
R, = 644 k2

Since R; = R;||R> = 200k, we find
R, = 290kS2

20



Common-Gate Circuits

O Small-Signal Voltage Gain

VO =—0On gs(RD// RL)
_(_Vgs): Rs|| = RS( O gs)

Ry : T e —
vo NV G(RIR) v % v
® 1+9.R 1+ 9.Rs )
. . Figure 6.34 Common-gate circuit
O Small-Signal Current Gain ; Ri | . 2oaVis R,
IO = — nggSRD —%:T—_gqt 3 E‘_ oV,
RD + RL v Fig, If 1’{33
gV —V o —(1+9,Rs )V, ;-(_/) v Rp Ial R;
i mYgs , i
A — IO — RD . ngS el
Ii RD T RL 1+ ngS o /-:—\ +
0| . MV
nput and Output Resistance
v, @ w3 % wE e
R = , Ro=Ry (Vg =0) ¥
T gm gs gm ’ ) _l_ ’
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Example 6.10 Objective: For the common-gate circuit, determine the output vol-
tage for a given input current.

For the circuits shown in Figures 6.34 and 6.36, the circuit parameters are:
Ip=1mA, Vt =5V, ¥V~ =-=5V, R; =100k, Ry =4kQ, and R; = 10kQ2. The
transistor parameters are: Vyy =1V, K, = lmA/Vz, and A = 0. Assume the input

current is 100 sin w¢ pA and assume Rg; = 50k<Q.

Solution: The quiescent gate-to-source voltage is determined from

Ip =1Ipg = K,(Vgsg — Ven )

or Ry ':’:l : Cea
1=1(Vgsp — 1) l L
P iy -, —
which yields v {_:j D) Ry
Veso =2V -
65¢ == 1/ Ry = Cg :
The small-signal transconductance is U v
g =2K,(Vosp — Vrx) = 22 — 1) = 2mA/V T
From Equation (6.45), we can write the output current as
I = I,-(R RDR ) . (1 ngé;'{ ) Enle
p T Ky, + 8m s o 5 \4\_\\/ .
The output voltage is V, = I,R;, so we find
I () R § v R
o 1_( R.Rp ) _ ( gnRsi ) D K & D§ o
" \Rp+ R, 1+ gnRs; "
10)(4 2)(50 ¢ : .
RECIC)] by G - (0.1) sin et ‘l—
4+ 10 1+ (2)X50)
018 leamen 3th Ed. 22
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Load Line

O Load line of a single transistor with a resistive load

RN ST I

1D A

Wi B

Rp >

Load line
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NMOS Amplifiers with Enhancement Load
O An NMOS Enhancement Load Transistor
ip A . )
ID — Kn(VDS _VTN)

Vs (sat) = Vi — Vryy,

Transistor

. characteristics
ipmax) |—— — — — — — — — — — "y

g

+
4' Yoo
| o
Ve, YpD Vps
(a)

(b)

{a) NMOS enhancement-mode transistor with gate and drain connected in a
load device configuration and {b) current—voltage characteristics of NMOS enhancement load
transistor
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NMOS Amplifiers with Enhancement Load
O An NOMOS Amplifier with Enhancement Load

Vop
. ip
o
I ip(mar)
—+| My, vpgy,
e
YasL
+—< Ve Transition point
" po
— + {-point
N Mp vpsp =
¥, - = — —— Load curve
VasD
+ 1 \
Viy — = -
i AJ VoD pgp =1y
— Vrar,
(a) )]
Yo
Mp Mpin Mpin
™ cut-off saturation nonsaturation
Vop—Vrnr +~— Cutoff point
|
|
|
|
| -point
|
S R *
| |
|
L
|
|
L
I ‘ Transition point
o _
| | |
| |
| \ |
0 Voo VoD

(c)
(a) NMOS amplifier with enhancement load device; (b) driver transistor

characteristics and enhancement load curve with transition point; and (c) voltage transfer
characteristics of NMOS amplifier with enhancement load device
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NMOS Amplifiers with Enhancement Load

O Small-Signal Voltage Gain

V
ngVgs + =

ro

o gmLVo

ucV =+ Gt Vo=
e i ) o i (A gy

A, = =0 (N 111, 1121 9.y ))
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Mp My
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DESIGN EXAMPLE 4.12

Objective: Design an NMOS amplifier with an enhancement load to meet a set of
specifications.

Specifications: An NMOS amplifier with the configuration shown in Figure 4.43(a)
is to be designed to provide a small-signal voltage gain of |A,| = 10. The Q-point 1s
to be in the center of the saturation region. The circuit is to be biased at Vpp =5 V.

Choices: NMOS transistors with parameters Vyy = 1 V, k/, = 60 nA/NV? and k. =0
are available. The minimum width-to-length ratio is (W/L)yin = 1. Tolerances of
+5 percent in the &, and V7 parameters must be considered.

Solution (ac design): From Equation (4.50), we have

A= 10 = (W/L)p
’ (W/L),

which can be written as

(7),= (%),

Ifweset (W/L), = 1, then (W/L)p = 100.
Solution (dc design): Setting the currents in the two transistors equal to each oth
(both transistors biased in saturation region), we have

ipp = Kup(Wsp — Vrnp)? =ipL = Kur(vesL — Vrne)®

From Figure 4.43(a), we see that vgsy = Vpp — v . Substituting, we have
Knpesp — Vinp)? = Ka. (Vpp — vo — Vryr)

Solving for vp, we have

KnD
KnL

vo = (Vpp — Vrar) — (vesp — Vrap)

Mp vpsy

+——0 Y

+

Mp Vpsp

1 '

27



At the transition point,

¥

vor = Upsp(sat) = vgspr — Vrap
where vgsp, is the gate-to-source voltage of the driver at the transition point. Th

k
4

KnD
KnL

vgspr — Vrnp = (Vpp — Vrne) — (vgspr — VrnDp)

Solving for vgsp;, we obtain

KnD
(Vop — Vryr) + VTND(l + )

v _ KnL
GSDt = . X .
KnL
Noting that
KnD _ (W/L)D — 10 '
KnL (W/L)L
we find
G-+ M(+10)
— =1.36V
VGSDt I+ 10
and

Vor = Vpspr = VGSDr — VTND =136—-1=0.36V
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Considering the transfer characteristics shown in Figure 4.45, we see that
center of the saturation region is halfway between the cutoff point (UGSD
Vrnp = 1 V) and the transition point (vgsq, = 1.36 V), or ’

1.36 — 1.0
VGSQ = ——2— + 10 = 118V

v (V) A
Also s

4 —0.36
VDSDQ = ——2— +0.36 =2.18V

Cutoff point

Transition point
0.36

|

, >

0 1.0 1.2 | 1.4 L6 vgp (V)
Vesp=118V 136V
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NMOS Amplifier with Depletion Load
O An NMOS Depletion Load Transistor

¢ ip A
i ip Vps (sat) =— Vg
i p{max) Jf I Vo =0
+ {\ Slope|= —
| o
VD Transition
B point
l .
Yoo Voy
(@) (b)

(a) NMOS depletion-mode transistor with gate and source connected in a load
device configuration and (b) current—voltage characteristic of NMOS depletion load transistor
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NMOS Amplifier with Depletion Load
O An NMOS Amplifier with Depletion Load

Voo
in
! .
+ . Vs
_point G503
DL S Load curve @-poini
v
¥ ip(max) ————
ED VpsD e
¥y
+ —_—
Vaspg — = @
l Voo vpsp
(@) (b)
Yo
re— I —>|<— I I =TIV
Vop *
©l
I TVI | Lo}
Vop —1Vry | I
|
|
I {-point
|
I +
|
|
|
|
|
_____ Jl_ SRR 4/
|
|
|
0 Vrnp VesD
(c)

{a) NMOS amplifier with depletion load device; (b) driver transistor
characteristics and depletion load curve, with fransition points; and (c) voltage transfer
characteristics
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NMOS Amplifier with Depletion Load
O Small-Signal Voltage Gain

A/ — _ng(roD /Il roL) ll:l

I—( IET:. Yoer
Vs

#y =
o
Yorpg — =
o—0 » » o ¥ l
+ +
14 Vos § TaD g TaL
Emp Ve
o _ '
LW v 4 'h_.”._.J
My, My

Small-signal eguivalent circuit of NMOS inverter with depletion load device
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Example 6.12 Objective: Dectermine the small-signal voltage gain of the NMOS
amplifier with depletion load.

For the circuit shown in Figure 6.43(a), assume transistor parameters of Vyyp =
+08V, Vyyr =15V, K,p = 1mA/V2, K, —0.2mA/V?, and Ap = A, = 0.01V"
Assume the transistors are biased at Ipp = 0.2mA.

Solution: The transconductance of the driver 1s

gnh = 2\/KnDIDQ = 2\/ (1)(02) = 0894mA/V ll_-_.

o +
Since Ap = X;, the output resistances are | My vpy
¥ ¥ : : 500k
oD = FoL = = - f— +
Mpo  (0.01)(0.2) by
The small-signal voltage gain is then ) 1

A, = —gmp(ropllror) = —(0.894)(500(500) = —224

Comment: The voltage gain of the NMOS amplifier with depletion load is, in general,
significantly larger than that with the enhancement load device. The body effect will
lower the ideal gain factor.
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NMOS Amplifier with PMOS Load
O Common-Source Amplifier

p%m
*
Vs
_ +
b i
b
"l_o Vo

1 Vos1 (b)

i
IRias D Iz:f | V82

Transition
Point for M2

Transition
Point for M1

Vpst Yoo vy
{c) (d)

Figure 6.45 {a) CMOS common-source amplifier; {b) PMOS active load i~v characteristic,
{c) driver transistor characteristics with load curve, {d) voltage transfer characteristics
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NMOS Amplifier with PMOS Load
O Small-Signal Model for Common-Source Amplifier

A/ — _gmn(ron /I rop) }
M3 I—‘_'—l Efz E’-Hm

|2
— ¥

2

IBiu |
EI _"ml
Vr

— S —
A
Bmn Vg

E — J_ i
L '_-T ” ] L -
M M,

Small-signal eguivalent circuit of the CMOS common-source amplifier
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Example 6.13 Objective: Determine the smali-signal voltage gain of the CMOS

amplifier.

For the circuit shown in Figure 6.45(a), assume transistor parameters of Vi y =
+0.8V, Vyp = —0. 8V ky =80pA/V?, k, =40pA/V?, (W/L), =15, (W/L), = 30,

and 4, = A, = 0.01 v~!. Also, assume IBlas = 0.2mA.

Solution: The transconductance of the NMOS driver is

- 2\/ K ]DQ - \/ IBlas

_ 2\/(0 08)(15)(0 2) = 0.693mA/V

Since A, = A,, the output resistances are

1 1

? = NIpg  (00102) UKL

Yo = F

The small-signal voltage gain is then

4, = _gm(ron”rop) = —(0.693)(500(500) = —173

Yoo
I
Vs
= +
|5

Thjas C‘D 5 E, lvml

Comment: The voltage gain of the CMOS amplifier is on the same order of magnitude
as the NMOS amplifier with depletion load. However, the CMOS amplifier does not

suffer from the body effect.
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NMOS Amplifier with PMOS Load
O CMOS Source-Follower and Common-Gate amplifiers

o (1) wo_'lzﬂl Driver My || I II:Mz Load

Ml Diiver

(a) (b)

(a) CMOS source-follower amplifier; (b) CMOS common-gate amplifier
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7/
EXAMPLE 4.15

Objective: Determine the small-signal voltage gain and output resistance of the
source-follower amplifier shown in Figure 4.51(a).

Assume the reference bias current is Igj;s = 0.20 mA and the bias voltage is
Vop =35 V. Assume that all transistors are matched (identical) with parameters
Vry =08V, K, =0.20 mA/V?, and A = 0.01 V7',

We may note that since M5 and M, are matched transistors and have the same
gate-to-source voltages, the drain current in M| is Ip| = Igjyy = 0.2 mA.

Solution (voltage gain): From Figure 4.51(c), we find the small-signal output

age to be

Vo, = gmlvgs(r()l“roZ) - —0 o ® oV,
A KVL equation around the outside loop produces Ve T

V,' = Vgs + Vo = Vgs + gmlvgs(rol ”r02)

. Vl Ct) g Fol g Fo2
or Em Vg.\‘
Vi
Vgs =
1+ gmi(rotllron)

Substituting this equation for Vg into the output voltage expression, we obtain
small-signal voltage gain as '

E . gm](r()lHr()Z)
Vi 1+ gmi(rorllrez)

The small-signal equivalent circuit parameters are determined to be

gmi = 2 Knlp = 24/(0.20)(0.20) = 0.40 mA/V

A, =

and

| 1
Ap  (0.01)(0.20)
LR T Electronics I, Neamen 3th Ed. 38
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Yol = Fo2 =



The small-signal voltage gain is then

_(0.40)(50011500)
14 (0.40)(500]|500)

v

or

A, = 0.990

Solution (output resistance): The output resistance can be determined from
equivalent circuit shown in Figure 4.51(d). The independent source V; is set eq
zero and a test voltage V, is applied to the output. :

Summing currents at the output node, we find

V. V.
Iy + gmiVog = — + —
Fo2 ol
From the circuit, we see that V,, = —V,. We then have
11 :
Ix:Vx gml‘}“m"!'_ I
Fa2 Fot :"‘— Ro
The output resistance is then given as + qu S ! i
V. 1 v - |
R():_:_”raZ”rol X
I, 8ml
We find Fol Fo2 V,r
Em Vg.ﬂ;

1
R, = ——{|500{ 500
0.40 1500

or

R, =2.48kQ2
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EXAMPLE 4.16

Objective: Determine the small-signal voltage gain and output resistance of Vs
common-gate circuit shown in Figure 4.52(a). I
Assume the reference bias current is Igiss = 0.20 mA and the bias voltage .
Vpp =35 V. Assume that the transistor parameters are Vyy = +0.80 V, Vrp
—0.80V, K, = 0.20 mA/V2, K, = 0.20 mA/V?, and 1, = A, = 0.01 V™!, -~ )
We may note that, since M ; and M are matched transisfors and have thes M3:| |—0—| LME Loud
source-to-gate voltage, the bias current in M is Ip; = Ipias = 0.20 mA.

Solution (voltage gain): From Figure 4.52(b), we can sum currents at the out |

node and obtain Toitns (D
vBius O'_l KMI Driver

VO V() —(=V s
_+gmlvgs+ ( g):O ‘
Fo2 Fol : - v o
or (a)
7 PRI + LYoo e
0 o2 Fol J,’S fm Yol B WW
; S D
From the circuit, we see that V,; = —V;. We then find the small-signal voltage g = oy Vo
to be 8m v:q.s‘
1 Vt t VS'S Fo2
(gml + —I‘_) : <>
A, = 1 Tl # R
Z-3) T
Fy2 Fol

(b)
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We find the small-signal equivalent circuit parameters to be

gn1 = 2V K, Ipi = 24/(0.20)(0.20) = 0.40 mA/V

and ol
v |
1 | f«— R
0 =F,» — = == 500 kQ 5
ol =t = = 0.01)(0.20) \/4> 5 :
We then find : 2.V, =10 : L]
1 Ves=0 o fo2 <+> Vs
0.40 + — " ) —
( + 500)
Av — ] T + _
(% + ﬁ) L
or (c)
A, = 101

Solution (output resistance): The output resistance can be found from Figure 4.5
Summing currents at the output node, we find

V’C V)C - ——V S)
I, = _.+gmlvgs+ ( £
Fa2 Fol

However, V,; = 0 so that g, V,, = 0. We then find

Vi
Ro=—1==roillrer = 5001500
or

R, = 250k
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Example 6.16 Objective: Determine the small-signal voltage gain of a multistage

cascade circuit.

Consider the circuit shown in Figure 6.49 with transistor and circuit parameters

given in Example 6.14.

Solution: The small-signal transconductance parameters are
g = 2K, ;(Vgs1 — Vryy) = 2(0.50)(1.83 — 1.2) = 0.63mA/V
and
g = 2K n(Vgsy — Vraa) = 2(0.2)(2.78 — 1.2) = 0.632mA/V
The smali-signal equivalent circuit is shown in Figure 6.51.
The output voltage is
Vo= 8gmVen(Rs2lIRL)
Also,
Ve Vo = —8m1 Vg Rpi

where

Ryq
Vi
Then
R.
V,o = —2,1R — ). V,=V,
gs2 Em14iD1 (Ri"'RSi) i 0
Therefore

R
Vo=8m [*gmlRm (R——I—LI—{__;) Vi— Vo](RSZ|RL)
1 1

% [ . N
E ol <+> The small-signal voltage gain is then

Ry I Bm2Ves2 4 Yo _ —gm&mRp1(RsalRy) ( R; )

1 0 o4, ~ oV, LV 1+ gpo(Rs2llRy) R; + Rg;

gy2
' (f} RillR, Voo < ¥ v %RDL § Ry SR L
ml¥gel
T | = 4 = —(0.63)(0.632)(16.1)(8]|4) . 100 613
J?_ v 1+ (0.632)(814) 100 + 4 ‘
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Example 6.17 Objective: Determine the small-signal voltage gain of a cascode
circuit.

For the circuit shown in Figure 6.50, the transistor and circuit parameters are as
given in Example 6.15. The input signal to the circuit is an ideal voltage source.

Solution: Since the transistors are identical, the small-signal transconductance pa-
rameters of the two transistors are equal. Therefore,

gt = & = 2K,(Vs — Vrn) = 200.8)(1.91 — 1.2) = 1.14mA/V

The small-signal equivalent circuit is shown in Figure 6.52. Transistor M, supplies the
source current of M, with the signal current (g,, V;). Transistor M, acts as a current
follower and passes this current on to its drain terminal. The output voltage is
therefore

Vo = —8mi VgisD

Since V5 = ¥, the small-signal voltage gain is

|_
i =

L

Ty
=4
n

£
4,= 71 = —gmRp ngVgJE :gmlvg.fl
or 1 i Va
4, =—(1.14)(2.5) = —2.85
“ X V() 3RlIR Vo HamVn SR
Small-signal eguivalent circuit of NMOS cascode circuit
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Basic JFET Amplifiers
O Transconductance in the Small-Signal Equivalent Circuit

Voo
Ves =Ves +V, =Vgs + Vs 7
2 ) l
. V D éﬁ’ﬂ
_ GS
lp = IDSS 1- V ]
P 0 Vo

iG

_ 2 +
(1_ \@j ) (& — g )
Vo ) \V, % b
- vi(T)
Vz:-'; T

GS
2 2
V \V/ \Y; \Y;
— | 1-26s | _ 9| 1—26s || 1o | 4| g
DSS Vp j DSS Vp j(vpj DSS(VP j

=14+l
D
Q d Figure 6.53 JFET common-

| vV source circuit with time-
| = DS | 1_2GS |y = g.v varying signal source in series
d gs m-gs ith gate d

-V vV with gate dc source

( p) P

O Since VP is negative for n-channel JFETS, the transconductance J,,is positive. A
relationship that applies to both n-channel and p-channel JFETs is

IVp I VP
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O Finite Output Resistance

) -1
[ = olp
NVps

O Small-Signal Model

RN ST I

P

VGS=COHS[

Basic JFET Amplifiers

2
GS] (1+ Avps)

: V
Io = I pss VA

G D
o) Cr
+
Vgﬁ‘ + gmp‘rgj g Fa
-
N
Small-signal
equivalent circuit of n-channel
JFET
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Example 6.18 Objective: Dectermine the small-signal voltage gain of a JFET
amplifier.

Consider the circuit shown in Figure 6.55 with transistor parameters Ipgs = 12mA,
Vp=—4V, and A = 0.008 V~!. Determine the small-signal voltage gain A, = v,/v;.

Solution: The dc quiescent gate-to-source voltage is determined from

R,
V =|\——1Vpp —IpoR
GSQ (R1+R2) pp — IpgRs
Voso\’
IDQ=IDSS(1_ VPQ) Vpp =20V

Combining these two equations produces
Rpn=2.7k{2
180 VGSQ)Z D
=——=)R20)—(12)2. 7|1 — _
Vaso (180 +420)( ) — (12)( )( =) §Rl = 220 k0 " .
ol
which reduces to Cer «2 R; =4kQ
[ -
A
2.025VEsp + 17.2V6s0 +26.4 =0 |
. o v C"} R, = 180 kO _ J_
The appropriate solution is = 2 Ry=27kQ o8
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The quiescent drain current is

B _VGSQ)Z_ ( _(—2.01))2_
IDQ_IDSS(I = =12)(1 Ty = 2.97mA

The small-signal parameters are then

_ 2pss (i Ves\ 212 (. (=201
gm—(_VP)(l Vp)_ 75 (1 - )_2.98mA/V

and

l 1

- - — 42.1kQ
Apy  (0.008)(2.97)

o

The small-signal equivalent circuit is shown in Figure 6.56.
Since V,, = V;, the small-signal voltage gain is
£
Ay ==F = —gn(r,IRolIR)
i
or

A, = —(2.98)(42.1]2.7||4) = —4.62

2
+

V; Cf) Rl"Rz ng gmvg.f i Rp Ry

T

Small-signal eguivalent circuit of common-source JFET, assuming bypass
capacitor acts as a short circuit
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Design Example 6.19 Objective: Design a JFET source-follower circuit with a

specified small-signal voltage gain.

For the source-follower circuit shown in Figure 6.57, the transistor parameters are:
Inss = 12mA, Vp=—4V, and » =0.01 V™!, Determine R and Ipp such that the
small-signal voltage gain is at least 4, = v,/v; = 0.90.

Solution: The small-signal equivalent circuit 1s shown in Figure 6.58. The output
voltage is

Vo = &nVes( RsIIRLI,) HY
Also

Vi=Vg+V, f_';'?l o
or I\ ——

Vo =Vim Ve Vi C) Re = 50kQ Ry R; =10 kQ
Therefore, the output voltage is

Vo = &m(Vi = Vo)RslIRLIIT,) = = o =

The small-signal voltage gain becomes

V, m(Rsl| Ry |7, o
S Em(RslIR.|I7o) JFET source-follower gircuit

Vi 1+ gn(RslIRLIIr,)

As a first approximation, assume r, is sufficiently large for the effect of r, to be
neglected.
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The transconductance is

¢ = 2lpss (l _ VGS) _ 212 (1 _Kq_g)
"=V Ve 4 (—4)

If we pick a nominal transconductance value of g,, = 2mA/V, then Vs = —2.67V and
the quiescent drain current is

2 2
2.

P (—4)
The value of Ry is then determined from )\ 2
™ * - g”;'*;gy -r‘g
N
- — (- 2. 1 N
Rg = VGS[ =10 _ 6;7;3 0 953k0
DQ . ik Vg_;s _ oV,
Also, the value of r, is l
vi(i_) §Ro gRs §R£
1 1
S — 75.2kQ ]_
"= Xy (0.01)(1.33) 1 1 L 1

The small-signal voltage gain, including the effect of r,, is

__&n(RslIRIr)  _ (2)9.5310075.2)
T T4 8uRsIRIr) T T+ (2)O.53110]75.2)

= 0.902
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