Small - signal operation and
models of MOSFETs



The DC Bias Point
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e DC Bias current Inis found as:

’ 1% 2
ki (Vs = Vi)

b | =

I, =

* DC voltage at drain, Vbsor Vo
Vp = Vpp — RD[D
* To ensure saturation:



Signal current in the drain terminal

* |[nstantaneous gate — to — source voltage, with
Ves applied is

— I
Ugs =V Gs T Ugs

* Resulting total instantaneous drain current, io :

. 1, W, .2

lp = ; ‘E‘PHE( V GST tf_s;‘. —V {J
=L Ve v+ K E W= Vo, + L
_.i ."i'.L( EA Y .!J T .raL a5 = {Jta —'—: _}IE



The first term on the right-hand side of above equation can be recognized as the dc bias current)JD ,The second
term represents a current component that is directly proportional to the input signal Vgs. The third termis a
current component that is proportional to the square of the input signal. This last component is undesirable

because it represents nonlinear distortion. To reduce the nonlinear

1,, W2 ’
Eknzﬂgs < an(VGS - Vr) Ugs

vgs' < Z(VGS - Vr)

U X 2V py
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lg = kn z (VGS - VI) Ug:;



* Thus, defining transconductance gm:

L JH‘F
S m = —= kuh_ V Ty vV
& Uﬂ I ( 5 :)
W
Em = knEVDV
3,
Em = 3_
Ues t6s= Vs
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An almost
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Figure 5.35 Small-signal operation of the MOSFET amplifier.
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The Voltage Gain

* From the previous circuit diagram, the total
instantaneous drain voltage vois:

tUp = 1"?1’)!) - R‘FJFP‘U

* Under small signal condition:
vy = Vpp—Rp(Ip+i,)

?-’IIJ = L?‘FJ_R‘FJI;H'

* The signal component of this is —

Uy = —igRp = =8, v, Rpp



* This gives the voltage gain Av as:

Uy
Av = =8m RD
vgd'

MICROELECTRONIC CIRCUITS
SEDRA/SMITH
BMSCE



_I,
o
o b v
GS |UGS | | | 7 < 2(VGS - V,)
ly b .
0 i | i | t
| |
.
| |
| |
b
Ups A I | : |
| |
UDSmax = VD[I) I . .
|
|
|
| (ngD) Vv
|
|
|
Vs L———-)
Upsmin = UGSmax — 'V,
Y <
0 t

Figure 5.36 Total instantaneous voltages vggand vy for the circuitin Fig. 5.34.
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Separating dc analysis and the signal
analysis

 The analysis and design can be simplified by
separating dc or bias calculations from small-
signal calculations.

* That is, once a stable dc operating point has
been established, all dc quantities are
calculated.

 We then perform signal analysis ignoring dc
guantities.



Small signal equivalent circuit models

oD

Go—o0 oD G 0—o0
+ +
vgs Em vgs vgs 8m vgs
O l : l
S S
(a) (b)

Small-signal models for the MOSFET. (a) neglecting the dependence of iy on g in saturation (the channel-length modulation

effect); and (b) including the effect of channel-gngth modulation, modeled by output resistance r, = [V, /1,
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TVoy  Vov e

The slope ofthe tangent atthe bias point Q ntersects the vy, axis at ; V. Thus, g, =1/ ()
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Transconductance gm
&n =k (W/LY V5=V, = k{(W/L)V,y

8= 2k, SW/LL,
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Another useful expmssiun for g,,can be obtained by substituting for (V44— V) in Eq. (4.69)

..—-.-. —-.—-.—-.—n.—-.

gn =2k JW/LI, (4.70)

This expression shows that

1. For a given MOSFET, g,, is proportional to the square root of the dc bias current.
2. Ata given bias current, g,, is proportional to JW/L.

In contrast, the transconductance of the bipolar junction transistor (BJT) studied in Chapter 5
is proportional to the bias current and is independent of the physical size and geometry of
the device.

To gain some insight into the values of g, obtained in MOSFETS consider an integrated-
circuit device operating at I = 0.5 mA and having &, = 120 pﬁ.-"‘v’z. Equation (4.70) shows
that for W/L = 1, g, = 0.35 mA/V, whereas a device for which W/L = 100 has g, =
3.5 mA/V. In contrast, a BJT operating at a collector current of 0.5 mA ‘has g, = 20 mA/V.

Yet another useful expression for g, of the MOSFET can be obtained by substituting for
k! (W/L) in Eq. (4.69) by 21,/(Vgs — V)%

21, 21,

. - . @.7)
T Ve =V, Vo
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T equivalent circuit model

Development of T Equivalent Model

i,=0 iz i, =0 8mUgs
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Ugs llg.. 17

SO SO
(a) (b)

(a) The T model of the MOSFET augmented with the drain-to-source resistance r,. (b) An alternative representation of the T model.
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Single stage MOS amplifiers



The basic structure

Voo
A

o——oVy,=Vpp—Rplp

Ticese 7
V(,j\' V GS V/ + ) oV

R § \# I Vov = \2///\',,, <\L—V>

o VSS

Basic structure of the circuit used to realize single-stage, discrete-circuit MOS amplifier configurations.
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Characterizing amplifiers

An amplifier fed with a voltage signal vy, having a source resistance R;,; and feeding a
load resistance R;,

Definitions

* Input resistance with no load

-]

R=25Y%

Li|R =e



* |nput resistance

Ej
I

* Open circuit voltage gain

R =

mn

-t

)

AL‘I‘? = _fj
Y Rp=e=
* Voltage gain
A, = Lo
Yy

e Short circuit current gain

b B

fu

A=

i85

-
]
=



* Current gain

e Short circuit trans conductance

b
=

}

G

n
|

il

o

HIR =0

* Qutput resistance of amplifier proper

Rr’:‘

v, ‘
EI ‘ urzﬂl



(b) Determining the amplifier output resistance

* Qutput resistance

’Rﬂll'[
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* Open circuit overall voltage gain

G Uu

e

il

U‘ilg Rlzw

* Over all voltage gain

Yo

G, =
Usig
= MICROELECTRONIC CIRCUITS
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igures (a), (b) and (c)
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* Relationships

= Uj _ Rin
R
i Av = Ay L
R;+R,
@ Aﬂﬂ = Gm‘Ro
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A wransistor amplifier is fed with a signal source baving an open-circuit voluage v, of 10 mV and
an internal resistance R, of 100 kil. The voliage v at the amplifier input and the output volage
v, are measured both without and with a load resistance R, = 10 kil connected to the amplifier

output. The measured results are as follows:

pns AR

o
¥

I T N RN T iy

| Without 8, 9
| With &, connected 8
e e s i ]

Find all the amplifier parmmetens,

Sclution
Fir=t, we use the data obrained o B, = = o deternnne
A, =2 - Jovwv
o
and
On}
= — = @/
Muoviv, simce
o
i, = ——T—A
i -RI- e H.“E [ &
M
= = = T
&+ 100
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which gives

R, = 900 k02

Next, we use the data obtained when R, = 10 kL2 is connected to the amplifier output to derermine

A =¥=E.?5’-.-"N

F

and
70
= — = T¥NWV
G 10

g

The values of A, and A, can be used 1o determine &, as follows:

R
A=A —t
e R, +R,

16k
M+ R,

B.75 = 10}
which gives
R, = L43 k2

Similarly. we use the valees of G, and G, 10 detenmine R, from

. R
Gr - II:IWRL + R-.':.l

1

T= 34—
10+ R,

pesuliing in
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The value of &, can be determimed fromr

Ty Rin
aip _o ﬁ!‘s-“E
Thus,
8 R

0 R, + 1040

whickh wields

R, = 400 k{2

The short-circwit ansconductance &, can be fournd as Follonww=s:

o = AL 1€}

LEnd

T 143

= T MW
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and the current pain A4; can be deterrmmined as follows:

| — L-"'-IIR'I' == 1.'_‘:- &
' -[_r‘_-"ﬁm oy RL
R; 400
= A, = BTSN3 _ g
R o 0 ALA

Finally, we determinc the short-circuit current Zain Ag, as follows. From Equivalent Cirouit A the
shor-circwit cuipul currenr is

foge = A0 K, (5.107)
However, to detcrmine v we need to know the value of Ry, obtained with 8; = 0, Toward this
end, note that from Equivalent Circuit C, the outpur shorn-circuit current can be found a4

(5. 1{8)

Lose = Gw Msig "'-IR{._-

Now., equating the two expressions for i and substituting lor 5. by

g
., = —_—
. R o+ RWA‘“
and for w from
i
— i g, =i N
i Eig =3 + 0.
=2, 0+ R

results im

i a F T Y b N
R - i Mg W Moy
in[ &, =0 "q'a-liel."ll‘lij + rNE IJ

= 81.8 kL2

We now can use

fope = A :l:lfl'R:lnlﬂ.r___"-""Rr.
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Ve mow can wse

foge = A of <

ller' IRI-IU
tor Obetain

A, == e JOx81.8-1.43 = 572 AsA
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The CS amplifier

Vpp (OV)

L 2 O
R\i:_,
AN\ R,
Usig —
a)
R\ng I i O G D * o (/\)/, /\)/
AN O O
4=
> e > >
< < < <
Usig <; Rg U, 4: ’ <: R, <: R,
< s < < <
EmYgs
— O > [ —_—
R. R % S R, =Rp s
(b)

(a) Common-source amplifier (b) Equivalent circuit of the amplifier for small-signal analysis.

MICROELECTRONIC CIRCUITS
SEDRA/SMITH
BMSCE



RD
U = mgmvgs [_T',_,, H RD E| R!)
® ° O——9—O
¢gmvgs —

i._
-

s | 3"

;
---:::——J

N 1.}1.'.'.' = Y ®
Usig Ci) Y RG e —
o f 1e-nut
Rt 1
’ (c)

(c) Small-signal analysis performed directly on the amplifier circuit with

the Wgﬁfmﬂﬂ'@ﬂ?ﬂﬂﬁcitly utilized.
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* Attheinput,

i, =0
Rin = R
W, = - _-RL = 'U ...R—G
! Slg-Rin + Rsig SlgRG + Rsig

Usually R; is selected very large (e.g., in the M£2 range) with the result that in many appli-
cations R = R, and

Now
Ups = Y
and

U, = =ZuVU(r, | Rpll Ry)
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Thus the voltage gain A, is
Av = -g,,,(r,, " RD " RL)
and the open-circuit voltage gain A4, is

Aw = -g,,,(r,, " RD)
The overall voltage gain from the signal-source to the load will be

R.
G,= —=2_—A
i Rin + Rsig 2

R
-mgm(fn HRp NI R,)

Rom =S I‘allRD
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The CS amplifier with a source
resistance

Voo (0V)

(a) Common-source amplifier with a resistance R; in the source lead. (b) Small-signal equivalent circuit with
r, neglected.
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* From the above fig, in the case of a CS
amplifier,
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e Qutput voltage
U.::l = _irf(RD ” RL)

' _gm(RD_ IR;) .
1 T ngS I

* Voltage gain

_gm(Rﬂ ” R-’)
I +8,R;s

A, =

r

Aﬂa _ ngD
1 +g,.Rg

* Overall voltage gain

G - _ Ro &, RplR)
? RG+ R:;ig_ 1 T ngS
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IC Biasing - Current sources, current
mirror and current steering circuits

The basic MOSFET current source

|
= 4 |
sl V I
. .
0 |F—— ||_T)ﬂ
£

Circuit for a basic MOSFET constant-current source.




* For transistor Q ,

- 1 F 11! \
IIH = Ekﬁ' (EJ (VGFQ— Vrnf
1

» Since the gate currents are zero,

Vop—V
Ipy = Ipge = DDR =

* For transistor Q, ,

L, (W 2
‘Ir.’) = IIJE = ,Ekn [E) (VLFS - v'?'n)
2

I, (W/L),
Ingp  (W/L), |
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Effectof V,on I,

A

MO,

Basic MOSFET current mirror.

V{} = Vf}'b' - 1l”?r

Vo= Vyy
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_— = F =

I a2 IO

Ra ‘ﬁvﬁ' VAE
A 0

(HVLM ( [’o = [’GS)
= ——— ] + ———=2

Vi
Io A
. 1
Slope = 7~
Iggp -———=
L
b
L
| -
0 Vos =V W_;S V_')
Vov

Output characteristic of the current source and the current mirror for the case Q, is matched
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MQOS current steering circuits

Vop ~ A
RS
0, [*o

{ Vi e
*l*gR | |

| |

Y !
0—1 \l//.

[iC R

=% Vss

A current-steering circuit.
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(W/L),
(W/L),

_ (W/L),

IE:IREF

To ensure operation in the saturation region,

Vo Vp3 2=V + Ve =V

Vo2 Vps 2=Ves+ Vo

e This mirror provides,

(W/L)s
s =1y
(W/L),

* To keep Qsi n saturation, its drain voltage should be

VDﬂ S VDD_ ’VGV5| MICROELECTRONIC CIRCUITS
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Current mirror circuit with improved
performance - The Wilson current mirror

A =i

(1 +2/B)p ;IT
[5 P 7,

Ve
(a) (b)

The Wilson bipolar current mirror: (a) CI fmt win aI s to determine the current transfer ratio; and

TRONIC CIR s
(b) determining the output resistance. Note g\ygm I at enters Q; must equal the sum of the currents



1 If[l +%}ﬁ/{ﬁ+])
Iper IC[1+(1+%)/(B+1)]
_ B+2 B+2

do _

B+1+§%2 ﬁ+2+%
_ 1
2
1
T BB+
1
1+2/5°
R, = PBr,/2
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The Common-Gate (CG) Amplifier

The small-signal equivalent circuit model of the CG amplifier is shown in
Since resistor Ry, appears directly in series with the MOSFET source lead we have selected
the T model for the transistor. Either model, of course, can be used and yields identical

7
‘, oD
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* Small signal equivqglent
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The common-gate amplifier fed with a current-signal input.
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from which we see that to keep the loss in signal strength small, the source resistance Ry,
should be small,

Ry < —
o m
The current i; is given by
i = [If _ & = g
i = @ = = &mVi
Ri.n I’fgm
and the drain current i; is
i{f = L - —fr. = _gmvi'

Thus the output voltage can be found as
v, = vy = —iyg(RpllR) = g,(RpllR)y,

resulting in the voltage gain
A, = gu(RpllRp)
from which the open-circuit voltage gain can be found as
Ay = Ealp

The overall voltage gain can be obtained as follows:

resulting in

_ gn(Rp I R,)

G,
l+g,.R

T

sig

Finally, the output resistance i¥folifid by-inspectionia be>
SEDRA/SMITH

RouBlﬂS@E = RD



Comparing these expressions with those for the common-source amplifier we make the
following observations:

1. Unlike the CS amplifier, which is inverting, the CG amplifier is noninverting. This,
however, is seldom a significant consideration.

2. While the CS amplifier has a very high input resistance, the input resistance of the CG
amplifier is low.

3. While the A, values of both CS and CG amplifiers are nearly identical, the overall
voltage gain of the CG amplifier is smaller by the factor 1 + g, R, (Eq. 4.96b), which
1s due to the low input resistance of the CG circuit.

R, = 1/g,, and the current-divider rule we can find the fraction of i, that flows into the
MOSFET source, i,

RsiE = iy sig (4.98)
Rh'it' + an R -+ L

SIg
HJH

Iy = tsilg

Normally, R;, > 1/g,,.,and
(4.98a)

i; =

i = Fsig
Thus we see that the circuit presents a relatively low input resistance 1./ g, to the input signal-
current source, resulting in very little signal-current attenuation at the input. The MOSFET
then reproduces this current in the drain terminal at a much higher output resistance. The cir-
cuit thus acts in effect as a unity-gain current amplifier or a current follower. This view
of the operation of the common-gate amplifier has resulted in its most popular application,
in a configuration known as the cascode circuity, which we shall study in Chapter 6.
Another area of application of the CG amplifier makes use of its superior high-frequency
performance, as compared to that of the CS stage (Section 4.9). We shall study wideband
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The Common-Drain or Source-
Follower Amplifier

@)
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-d A

(b)

Ry —{—}3- . Ryg . oV }I: .
— AW~ — * 1 r < ——T o
e v & Rg ﬁ 1 Ro Elm '
_ Yo —o.
= — R, = T *_|
fumfo 1 _ Ru=rnlg;
(©) (d)

FIGURE 4.46 (a) A common-drain or source-follower amplifier. (b) Small-signal equivalent-circuit
model. (¢) Small-signal analysis performed directly on the circuit. (d) Circuit for detennmmg the output
resistance Ry of the source follower.
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amplifier is shown in Fig. 4.46(b). Analysis of this circuit is straightforward and proceeds as
follows: The input resistance R;, is given by

Rln = RG

Thus,
Iltein Rf'

g = Uy —_—
WR.+ Ry  RG+R

sig

U = 1

Usually Rg; is selected to be much larger than Ry;, with the result that

U; Usi g

To proceed with the analysis, it is important to note that r, appears in effect in parallel with
R;, with the result that between the gate and ground we have a resistance (1/g,,) in series
with (R, I r,). The signal v, appears across this total resistance. Thus we may use the voltage-
divider rule to determine v, as

RJ’. H Fo

= ) — ah

(RNl r,)+—

L

Uy

from which the voltage gain A, 1s obtained as

A = RL " Fo
(R, Il 7))+
and the open-circuit voltage gain A, as "
A = —2=
r,+—
Em

Normally r, = 1/g,, causing the open-circuit voltage gain from gate to source, A,

Eq. (4.103), to become nearly u%&gﬁlkscﬁ%m%églg&ﬂtrsthe source follows that at the

gate, giving the circuit its popular name ower. Also, in many discrete-circuit
applications, r, > R;, which enables Eq. (4.1 be approximated by



A, = R, 1 (4.102a)
RL+ —_—

Em

The overall voltage gain G, can be found by combining Egs. (4.100) and (4.102), with the
result that

R; R v,

Co= B3R

(4.104)

s (R, r,)++

M

which approaches unity for R; > R, r, > 1/gy,and r, > Ry,

To emphasize the fact that it is usually faster to perform the small-signal analysis
directly on the circuit diagram with the MOSFET small-signal model utilized only implic-
itly, we show such as analysis in Fig. 4.46(c). Once again, observe that to separate the intrinsic
action of the MOSFET from the Early effect, we have extracted the output resistance r, and
shown it separately.
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The circuit for determining the output resistance R, is shown in Fig. 4.46(d). Because
the gate voltage is now zero, looking back into the source we see between the source and
ground a resistance 1/g,, in parallel with r,; thus,

Ry =~ 7, (4.105)

m

Normally, r, = 1/g,,reducing R, to

Rnut = i (4+][]6}

which indicates that R,,,, will be moderately low.

We observe thatalthough the source-follower circuit has a large amount of internal feed-
back (as we will find out in Chapter 8), its R, is independent of Ry, (and thus R; = R,,) and its
R, 1s independent of Ry, (and thus R, = R,,). The reason for this, however, 1s the zero gate
current.
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In conclusion, the source follower features a very high input resistance, a relatively low
output resistance, and a voltage gain that s less than but close to unity. It finds application
in situations in which we need to connect a voltage-signal source that 1s providing a signal
of reasonable magnitude but has a very high internal resistance to a much smaller load
resistance—that 1s, as a unity-gain voltage buffer amplifier. The need for such amplifiers
was discussed in Section 1.5. The source follower is also used as the output stage in a multi-
stage amplifier, where its function is to equip the overall amplifier with a low output resis-
tance, thus enabling it to supply relatively large load currents without loss of gain (i.e., with
little reduction of output signal level.) The design of output stages is studied in Chapter 14.
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