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» Voltage at X is determined by Vyp, R;, and R..

found by using the NMOS current equation.

» Vggcan be found using the equation above, and I can be
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Since Vx = Vas + Ip Rs,

R, a
———Vpp =Vas + IpRs. 72
Rt s DD as +IpRs (7.2)
Also,
1 W L
ID = EUnCo:cT(LrGS - VTH)Z- (73)

Equations (7.2) and (7.3) can be solved to obtain Ip and Vi s, either by iteration or by finding
Ip from (7.2) and replacing for it in (7.3):

R> . " 1 1 W 2
—_— 4 — / 'v — = n o-t— ,/ ,v — A . 7.4
<R1+R2VDD 1(5) e 2# L(‘(s Vi) (7.4)
That 1s
Vo = = Viadd \/ Vi Wl Wil (15
R1 + R>
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X.—l M,

R, f Rg
Vas = —(Vi — V) + \/(Vl — Vry)? — Vigg + il ViVbb, (7.5)

B R+ R»
. . R2Vpp .

= - -V . "2+2‘,( - )7 7.6

(Vi —Vrn) \/1 \Brm ~VrH (7.6)
where
o 1

% = - (7.7)

Hn Cox 'f RS

This value of Vs can then be substituted in (7.2) to obtain Ip. Of course, Vy must exceed
Vx — Vg to ensure operation in the saturation region.
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71—
Determine the bias current of M in Fig. 7.1

assuming Vg = 0.5V, 1,Cor = 100 pA/ V2,
W/L = 5/0.18, and A = 0.

What is the maximum allowable value of Rp for M, to remain in

saturation?
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Vi = ——2—V,
# = Vo

SOt — 1.286 V.

With an initial guess Vizs = 1V, the voltage drop across Rs can be expressed as Vx — Vigs =
286 mV, yielding a drain current of 286 pA. Substituting for Ip in Eq. (7.3) gives the new value
of VGS as

21
Vas = Vrm + —Dn (7.10)
ll»-nco.rf

= 0.954V. (7.11)

Consequently,

Vx = Vas
Ip =— 712
D e (7.12)
= 332 uA, (7.13)
and hence

Vs = 0.989 V., (7.14)

This gives I'p = 297 pA.
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As seen from the iterations, the solutions converge more slowly than those encountered in
Chapter 5 for bipolar circuits. This is due to the quadratic (rather than exponential) Ip-Vis

dependence. We may therefore utilize the exact result in (7.6) to avoid lengthy calculations.
Since V;, = 0.36 V,

Ves =0974V (7.15)
and
Vx — Vgs
In = — 7.16
D R (7.16)
— 312 yA. (7.17)

The maximum allowable value of Rp 1s obtained if Vyy = Vx — Vg = 0.786 V. That is,

Rp— 10— W (7.18)
Ip

= 3.25 kQ. (7.19)
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n the circuit of Example 7.1, assume M, is in saturation and Rp = 2.5 k{2 and compute
(a) the maximum allowable value of 1¥/L and (b) the minimum allowable value of Rs (with
W/L = 5/0.18). Assume A = 0.

Vpp=1.8V

4kQ =R, %RD
Y

Ip
X M,
10kQ =R, Rs=1kQ
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(a) As W/ L becomes larger, M, can carry a larger current for a given V5. With Rp = 2.5 k(2
and Vy = 1.286 V, the maximum allowable value of Ip is given by

T VD[;% ; Vv (7.20)

= 406 pA. (7.21)

The voltage drop across R is then equal to 406 mV, yielding Vs = 1.286 V —0.406 V = 0.88
V. In other words, M must carry a current of 406 A with Vs = 0.88 V-

1 w "
Ip = §ltn.CozT(VGs — Vry)? (7.22)
406 pA = (50 [LA/Vz) Y (0.38 V)2 (7.23)
thus,
? — 56.2. (7.24)
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(b) With W/L = 5/0.18, the minimum allowable value of Rgs gives a drain current of 406
ptA. Since

21
Vas = Vru + \’ DW (7.25)
Hn COIT
= 1.041V, (7.26)
the voltage drop across Rs is equal to Vx — Vs = 245 mV. It follows that

— Ve

Re — Vx — Vas (7.27)
Ip

= 604 2. (7.28)
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IR +V. +R.I =V

Re
WA /
D
| P
R
% S Ip ;/1,,, OII [1DD—(R¢+RD)ID—‘TH],

» The circuit above is analyzed by noting M1 is in saturation
and no potential drop appears across Rg.
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(c) (d)
» When in saturation region, a MOSFET behaves as a current source.

» NMOS draws current from a point to ground (sinks current),

whereas PMOS draws current from V5 to a point (sources current).
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» In order to maintain operation in saturation, V,, cannot fall
below V,, by more than one threshold voltage.

» The condition above ensures operation in saturation.
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W VDD
9m — 2“77 COITID Rp = 1kQ
= L Vout
004 Vel m, W10
L L 0.18
. 21
A v — —9m RD Vaes = Vra + DI,V
—3.33 HnCoz7-
= L1V,

The drain voltage is equal to Vpp — RpIp = 0.8 V. Since Vos — Vg = 0.6 'V, the device
indeed operates in saturation and has a margin of 0.2 V with respect to the triode region. For
example, if Rp is doubled with the intention of doubling A,, then M, enters the triode region
and its transconductance drops.
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Rp /A\/:_ng\

Ip ? B
V.o m Output Sensed . = 00O
- 1 at Drain

Input Applied / = :{ _ R

to Gate \
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» However, Early effect and channel length modulation affect
CE and CS stages in a similar manner.
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7.5
Essummg !;; 1 operates in saturation, determine the voltage gain of the circuit depicted in Fig.
7.9(a) and plot the result as a function of the transistor channel length while other parameters
remain constant.

Voo

Vout

vino_l M1
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The ideal current source presents an infinite small-signal resistance, allowing the use of (7.46)
with Rp = oo:

A, = —gmro. (7.49)

This is the highest voltage gain that a single transistor can provide. Writing g,, =
V/211,Coz(W/L)Ip and ro = (A p) ™", we have

\/2!1'71.001' I%
Al = ; 7.50
| Ayl Wi (7.50)

This result may imply that | A, | falls as L increases, but recall from Chapter 6 that A oc L~:

2 1 o.t]/'fL
|4, oc\/ HnCoz WL (7.51)
Ip

Consequently, | 4, | increases with L [Fig. 7.9(b)].

CH7 CMOS Amplifiers 22



[ commerscsommmmonmcrmaioan

u"/;‘gd({"z”
®
Vout
Vino_l M1 -
L

~

W
JZ” o | . 121,C WL

A=
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» Since Ais inversely proportional to L, the voltage gain
actually becomes proportional to the square root of L.
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= 4

\ ) = =
A\/ — _gml(r01 ” roz) -

\Rout — o1 ” r02 .

» To alleviate the headroom problem, an active current-
source load is used.

» This is advantageous because a current-source has a high
output resistance and can tolerate a small voltage drop
across it.

CH7 CMOS Amplifiers 24




[3  rvoscosmenmmmosasions
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— Vpp
Vino—“: M,
——oV, 'AV = _gmz(rm H roz)

Vt"_“-: M,

» Similarly, with PMOS as input stage and NMOS as the load,
the voltage gain is the same as before.
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= L My Ll
1
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1 7
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m2 \/ 2 i Co T (IV/ L)zI D
N
W/D.
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» Lower gain, but less dependent on process parameters.
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» Note that PMOS circuit symbol is usually drawn with the
source on top of the drain.
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Vout — —Gml1 Rp and
Vin = U1 + gmt1 Rs
Vout B ngD

Uin 1 + Jm RS

Uin RD
" = 1 +g RQ‘ Z e 1 ;
i — + Rs

Om
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syl v
e - —— DD

= Rp v
vino_l M1

inc'__l_ © Vout
RS

= / R \

A=V /
» Similar to bipolar counterpart, when a CS stage is
degenerated, its gain, I/O impedances, and linearity change.
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1
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» A diode-connected device degenerates a CS stage.
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» Since at low frequencies, the gate conducts no current,
gate resistance does not affect the gain or I/O impedances.
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nb— % ix U] = —Z)( RS-

+
r Vy [
© —é Ylex — gmt1 =

%Rs ix — gm(—ixRs) = ix + gmix Rs.

ro(ix + gmix Rs) + ix Rs = vy,

v
z.;x =ro(l+gmRs)+ Rs
X
= (1 ‘|"gm'rO)RS + o

~ gmTolRs +ro-
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T‘O(Z’X -+ gm.iX RS) +i1x Rs = vx,

= (]- +g~m'rO)RS + To

~ gmToRs +ro.

[ rout ~ gerRS T ro}
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' { Rout ; Rout
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Vi, '—||_: M, ul—j =ro
M1
9m2
C ™
R =1 14g, |+
(l/gmz)H?‘oz R l/gm?_, ——_— r01 + gml — |+ —
ng gmz
- Y

» When 1/g,, is parallel with r,,, we often just consider 1/g,,.
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1 1
(1/9m2)||7‘02 ~ ]-/gm'z- Rout = rlOl 1+ gml — |t
gmz gm2
\ /

since 9m1 — Gm2 — Gm,

1
Rout — 27‘01 e

Jm

~ 2ro1.
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T +_ Rout 'r Rout
[#]

Voz =[5 M, ] ro1

Vor 5 M, roz

Rout = (14 gmiro1)roz + ror

X gmiTo1To2 +To1.-

[ Rout ~ Jnloilo, + rm}
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» Degeneration is used to stabilize bias point, and a bypass
capacitor can be used to obtain a larger small-signal
voltage gain at the frequency of interest.
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» (.3 Common-Gate Stage

> 7.4 Source Follower

» 7.5 Summary and Additional Examples
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d‘%’t’d%z”
=Rp _
A\/ o ngD
— Vout
M, :_"—o Vi \ Output Sensed
at Drain

Vino—
Input Applied/
to Source

» Common-gate stage is similar to common-base stage: a
rise in input causes arise in output. So the gain is positive.
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» In order to maintain M, in saturation, the signal swing at V;
cannot fall below V, -V..
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» The input and output impedances of CG stage are similar
to those of CB stage.
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» When a source resistance is present, the voltage gain is
equal to that of a CS stage with degeneration, only positive.

CH7 CMOS Amplifiers
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u"/;‘gd({"z” Vo
= Rp n{ Rout
— Vout
M, :II—’W\!—' Vo Rs fo :II_.L
Rg AW M, =
; il
Vin ) -
- [ Rout :(1+ ger)RS +ro}

» When a gate resistance is present it does not affect the gain

and I/O impedances since there is no potential drop across
it (at low frequencies).

» The output impedance of a CG stage with source resistance

Is identical to that of CS stage with degeneration.
CH7 CMOS Amplifiers
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= (1 +g'm7'O)R.S' =+ 76

1
Rout1 = (1 + gmiror)( \|roz||Rs) + ro1
m2
1
N gm1To1( |Rs) + rox-
m?2

Rout = Routl | |RD

1
|Rs) +ro1]||Rp-
m?2
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a"/;‘gd"{"‘z”
VDD
Vout Vx Uout
=R = G
D =R 1 Vin Uin UX
—o Vot
M, :II I
Re b
Vino—W I— x =R, Vour _ R3 ” (1/gm) -g.R
C 1 — m D
1 =R, = Vin R3 ” (1/ gm)+ Rs
\_ J

» R;and R, provide gate bias voltage, and R;provides a path
for DC bias current of M, to flow to ground.

CH7 CMOS Amplifiers

49



R

df/,‘:d(/’oéb

1 . o —
Design the common-gate stage of Fig. 7.27 for the following parameters: vout/vin = 9,

Rs = 0, Ry = 500 Q, 1/gm = 50 Q, power budget = 2 mW, Vpp = 1.8 V. Assume
11 Coz = 100 A/ V2, Virgr = 0.5 V, and A = 0.

VDD
=R
D 3 R1
— Vout
M *
o

CH7 CMOS Amplifiers 50



From the power budget, we obtain a total supply current of 1.11 mA. Allocating 10 pA to the
voltage divider, I?; and R,, we leave 1.1 mA for the drain current of M. Thus, the voltage drop
across Itz is equal to 550 mV.

We must now compute two interrelated parameters: W/L and Rp. A larger value of W/L
yields a greater g,,,, allowing a lower value of Rp. As in Example 7.11, we choose an initial
value for Vs to arrive at a reasonable guess for W/ L. For example, if Vs = 0.8 V, then
W/L = 244, and g, = 2Ip/(Vas — Vra) = (136.4 Q)~!, dictating Rp = 682 Q for
'Uout/ Uin = d.

Let us determine whether M operates in saturation. The gate voltage is equal to Vi; s plus the
drop across 73, amounting to 1.35 V. On the other hand, the drain voltage is given by Vpp —
Ip Rp = 1.05 V. Since the drain voltage exceeds Vo — Vg, M, is indeed in saturation.

The resistive divider consisting of /7, and i, must establish a gate voltage equal to 1.35 V
while drawing 10 pA:

Vbbp
—_— = 10 A 7.120
oot 1 ( )

Ry .
e 1 = 1438V T.E2T
Rt R, PP ( )

It follows that Ry = 45 k() and R, = 135 k().
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7.15 e —

Suppose in Example 7.14, we wish to minimize ¥/ L (and hence transistor capacitances). What
is the minimum acceptable value of W /L?

For a given Ip, as W/L decreases, Vs — Vra increases. Thus, we must first compute the
maximum allowable V; 5. We impose the condition for saturation as

Vop —IpRp > Vags + Vs — Virg, (7.122)

Vas — Vrua < —VDX — ‘/RB-

21— T+1
D RD :A-v.

Ves — Vrr

21
W/L > Z .
1 C (2 Vbp — Vm)
DD — —(V s — Vru) > Vas —Vru + Vas i +2
W/L > 1725,
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Vout
Vin = V1 + Vout-
Vout - g‘m(TOHRL)
Vin 1 -+ g'm.('rOHRL)

rol|Rr
1 -
—_ To | IRL
9m

a1
Im
W‘f ° Vout
.|.
Rillrg
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— Vout 1 *—2 Vout
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A = 1
T r01 ” roz
\ gml /

» In this example, M, acts as a current source.
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1
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» The output impedance of a source follower is relatively low,
whereas the input impedance is infinite ( at low
frequencies); thus, a good candidate as a buffer.
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2 R
1 W 2
= [I D~ E:unCox I(VDD —1oRe = V5, )}

> R sets the gate voltage to V, whereas Rg sets the drain current.

» The quadratic equation above can be solved for I;.
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lma 7.18
esign the source follower of Fig. 7.32 for a drain current of 1 mA and a voltage gain of 0.8.
Assume fi, Cpr =100 pA/ V2, Vg =05 V,A=0,Vpp = 1.8V, and Rg = 50 k.

The unknowns in this problem are Vi; g, W/L, and Rs. The following three equations can be

formed:

1 .
I 2,un (‘C’S -V H)z (7-141)
IpRs +Vgs = Vpbp (7.142)
e 8
v Be If g, is written as 21 p /(Vas — Vg ),
= S
g’m
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If g, is written as 2Ip /(Vas — Viry),

R
A = o Vo
57 + Rg
D Vas =Vpp — Ip Rs
B 2IpRg A,
- Vas — Vru +2IpRs :VDD_(VDD_VTH)Z—Av
- 9T b —0.933 V.
"~ Vop—=Vru +IpRs
W o
Be — Vop = Vre A, L
4 In 2—4;
= 867 ().
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Vino— | | NS 5> Vo] |
IV, t—F— Vou
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» If R, is replaced by a current source, drain current I,
becomes independent of supply voltage.
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(a)

[ ms

vino_l Fo1
M
* °Vout
1
ro = _Q'm:a” Fos

/
A\/:_

t
\OU

gml(g

1

m3

1
—" r01 ” r02 ” ! 3

m3

Ry =— ” lo1 ” lo, ” los

-)

/

» M, acts as the input device and M,, M; as the load.
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» M, acts as the input device, M;as the source resistance,
and M, as the load.
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' Voo Voo
Vi"°_|Jm1 Vb2 '_|E:W1
—=o° Vout $——>° Vout
Vo[ M, Vor «—f5 M,
ERS %Rs
@ (b)
A=
CG
['AV CS:_gm2[1+gm101 R + 1, ]” J —+R
\ 0,

» With the input connected to different locations, the two
circuits, although identical in other aspects, behave
differently.
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» By replacing the left side with a Thevenin equivalent, and
recognizing the right side is actually a CG stage, the
voltage gain can be easily obtained.
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