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Chapter 4 CMOS Amplifiers, Level Shifting Circuits, and
Output stages

4-1 Active-Load MOS Amplifiers

4-1.1 NMOS Amplifiers

1. Simple NMOS common-source amplifier
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* M, and M, must be always biased in the saturation region.
*MysatJ v, 2V, <v, -V,

DSATI — TH 1
Mysat L V,, =v, 2V, o, Voo =V, —
* V < V +VTH2 _> VGG <VDD

Transfer characteristic:
Assume A - 0, GAMMA - 0 , and the same u C

n ox

He, EKHV +V=V,,,) —M”TC‘”‘E%H(VGG—VO—VTHZ)"’,]SmSZ

1
wiL),
U Vo = GG %g THI _VTHZ

Vo, 0V,

oDC IDC
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LHw/L), E

w/L),

Ov, =

04

The range of v, in which both MOS are in the saturation region is

I
w/L) Ot H
%GG - sz - )1 i Vss

w/L),
VGG - VTHZ >V0 2 ! ﬁor VDSA”
L)
w/L),
4 =% o HWILLE /1) < forhigh 4
" 0v, HW/L)2

The range for v, is

—Vy +V,, SV, <

TH1 _

Small-signal model:
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a,=
2 VBB + VO +¢S 1 + ’72

1
— IJ n Cax n Cox m=1 ]
& _2\/TéﬂL§jDs or mQUT%DDS g

__ [(w/L), _ o (W/L), p
04 "’2\/ iy, o~ l My 0 1em <

If n,<<0, a,=1 .(GAMMA, .\ , V, +v, 1

4= ", Y% E
* The voltage gain is determined by the geometeric ratio.
Example:(w/L), =10 (W/L),=0.1 a,=1
0 4 =-100=-10
* The body effect of M, degrades the voltage gain.

* The dc output voltage is dependent on the input dc bias voltage or
equivalently the dc operating current.

where _ GAMMA,

0n, 1)

2. NMOS inverter without V4

Vo
|_
= M,
|_
&— o+
H o0
e
v M,
1
&
'VSS
Amplifier range:
w/L), % ]
DD - VTHZ - VSS
wiL).8
VDD - VTHZ > Vo 2 7 or VDSATl
wiL), &



g, 0
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_VSS +VTH1 sv[ s

* No extra power supply Vg is required.

« ___ Hw/L), B for high A
A %@mg O (w/L), <I gh A,

3. Split-Load inverter

Single M, O (W/L),<<I very long channel device

DS

2 2 W’
C.,=—C (LWW),=—-C
gs2 3 ox( )2 3 ox (W/L)2
(W/ )2 << ] |:| CgsZ T
1 _ 31,5

f—_?dB =

27'rg] C,. 271”"5” WC, Vs Vi)
m2

1,10 f—3dBT ) ngz 10 S
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(1) RC time constant § ~ f;;5 1
(2) Gain is nearly unchanged

1 1 1
— —R //(—=R, +R
2 gs2[2 L (2 L M])]
CgsZ(RL //RMI)DRLCgs2 +in2[iRL //(iRL'FRM])]
2 72 2
DiRLCgsz
2
4. NMOS Cascode amplifier
If IDS] :]DSZ +VDD
A Em:_a gm] :_a |:(VV/L)Igén
Yv g dW/L)o -
M
If IDSI =1DS3 3
y I_$—o+
4 =Yo =g 8w = _g AW/L), . i Ve
v, 83 W/L)3 ] VBias oO— |« M2 %
C.=C,+C o :+_°+
8>

+o_
If g = My
gm] ng v] DI
oc,=c,, +2C,, -% %‘

Cin D gm[ /ng

* Design considerations:
(1) (V%)I = (V%l O g, =g,, (Neglecting the body effect of M,)
Keep C,, Small , Miller Effect |
@ (7)) «<W/) 0 g, <<g, . Voltage gain A, 1
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(3) Vpso(Vps) must be large enough to keep M,(M,) sat. CHUNG-YUWU

* g <g,., U 4,<IU Smaller Miller effect
But (V%)[ < (W L)z is not recommended.

" Vg, will become smaller [I M, may not be in the sat. region.

* (W L) > (W L) slightly to compensate the body effect of M, .

5. MOS source-couple pair

| |
| |
=S ARG, -7, A
|:| 2 DDLD VO[ VO2

%Hma GSZ_ THz)2 O_lk_M ]\42_’I +

0 2 00LO A i V12
Loy + 15, = 1 %
Ve, =V, =V,
VGSZ = I/[Z V
Assume identical devices
: C,
Le. Vi, = TH29¥H EKHandBU—H BLI H HCo

o o2 2
l = - = H, COX K —21 -
A]DS Ds1 IDSZ 2 (AV ) u COX K (AV )
2 L

where AV, =V, —V,, (input differential voltage)
If ay, < |[—ts u,

G o,

2 L +[SS ______________ T "
[ A, O AV, linear range - ué“ i |
[ss Iss '2 2 : >
[J between +-—-and——>. : — 47
2 i " u Cis w
: L : 2L

Linear range ] /] 7 - . »

Typically, AV, = +300mv to
*V in the linear range,
Larger than that of the emitter-couple pair.
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_0Al,, uc, w 21 , MHC,, W
|, ST e () S,
2 L

Aar,
21 3 5
l’lnCox(K) (AVI)
2 L AV,=0

I, puC W
zzﬂ n_ox /)= mor "
\/2—2 (L) Emi OT 2

= sts(uncox)(%)

* Gm is the differential output transconductance
Gm at AV=0 is the maximum.

* If operated in the subthreshold region, Gm max =g, or g,

6. NMOS differential stage

+VDD
—9
! ] L
M, - M, M, >
+ o f
VO] VO2
M = M é M, >

|
Mj‘_’} " DCBias 7, |{‘_‘LM5

DC considerations :

(1) Transfer characteristic :
(W/L),=(W/L), (W/L);=(W/L),
Source-coupled pair M, and M,

el 2
7 B +VGSI |-—| 1 s |_-| VGSZ+

— DS

t
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cw 21
O Al =1, — 1, :(unZ = f)1(AV1) IJC—SSVV_(AK)Z
( n2 ox I)}

where AV, =V, -V,

— — NHCOX W
1 _]DSI _T(f)j’(VDD _V01 _VTH3)2

1

DS4

c.w
=1y, = Hoe (f)j’(VDD —Vor ~ VTH4)2

DS2
2

(Vi = VTHs) + \/
=f(1s.4V,)
AV, vs AV, isthe voltage transfer characteristic.

(2) Input voltage limits :
Positive maximum common-mode voltage Vi,

oA
I/ICM = VO] +VTH1 = VDD _VTH3 - +
C
M)

(long-channel device)

VTH]

Viem such that V,-Ve=Ve.  (short-channel device)
(M1 and M2 sat.)

Negative maximum common-mode voltage V¢,
M5 must be sat.
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VT

H 1

SS
2
ICM BIAS + VTHJ' + +
unCax/ w
(K= )W),

(long-channel device)
Viem such that Vi+V=Vieuars  (short-channel device)
Positive maximum differential voltage V"

R I
VID = VDD - VTH3 + > + VTHI (long-channel
HYICDX W
\/ Kol )W),

device)
Vip such that V,-V=Vpar;  (short —channel device)
(Keep M1 or M2 sat.)
Negative maximum differential voltage V
Vip=-Vip’
(3) Input offset voltage

VOS = VGS] Vs

v o=r,
VT

IDSI IDSZ
\/(“nc%)J(VV/L),+ " J(“nc%)z(W/L)z o
= —V — IDS]
02 o DD TH 3 \/(u’lc%)3(p%l)3
— V.o - ]DSI
v \/(“"C%)4(VV/L)4

N \/a = \/(IJ”COX 2 )3(%)3 (Voo Vs =V5)

T =S 0 Vi) ViV,




4-10

CHUNG-YU WU

AV
U Vs = = C G D(VDD_VO_VTM)
g
0O 2 QOLO
P
- C Y D(VDD 4) (THI_VTHz)
Wl I
0O 2 0OOLO
Define Ax, =X - X, X, =— X +X,)
AX AX
DXI:X12+ 212 X, =X, - 212
Cor H ' ABUJH A
D_D2DLD4(_ 8 2 0, 0L,
Lo HH"H zMH 7y
O 2 0,000 0o 2 0O 0OLG

2 Dz_ DL AVTH34 ]+ v
THI2
2BH,, OXH 2%5 V _V VTH34
O 2 [, OL O
KC, KC, O
]D534 [p( 2 )34 AL34 AVVM A( 2 )12 AVsz ALuD
“Tuc. . ow B pc o Tow,  mc. aw. o -
(#’12 = )12(?)12 %Z(IJ’12 = )34 ¥ H 2( e )12 " 12%
s
- |8 2 L.0OL D4AVTH34 AVTHIZ
s
0O 2 0,000
w
1D . w, ALO S
O = EIZ -+ 2L12 D+AVTH12 - 2C Vll} AVTH34
(7)12( I )12 s (7)12( L )12

")
AW, AL D 7
TH12 +( GS]Z_VTHJZ)DZ 2L12EI_ Vll} AVTH34

(f)]z
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*If AV, is large and the differential gain is high,

VOS |:IAI/THH
AW AL .
*If Wand o 18 large , keep V., =V, small.
A, AL
av, o, - Hop—2
oS ( GS TH]Z)(ZWM 2L12)

V,s U input overdrive voltage
* If operated in the subthreshold region,
IDS D exp (@)
ny

t

Vs 1s smaller than that operated in the saturation region.

This case is similar to the BJT case. -V, 0 Al,)

(3) AC Gain
Differential signal Common-mode signal
+ Vo + Vop
= M, e M,
—
?—o iVod Voc
- Vie o—-| = M,
-V °_| le M
2 id I_ ] B
5 8as
V L
-VSsS
-Vss

Half-Circuit concept:

v 8
=_ud = — SmL
Adm = a,
vid gm3
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Common-mode half-circuit:

CMRR = 2 = 28w
Acm gd a

* L0 g, O CMRR 1

* When cascoded current source 1s used for Iss, 10 CMRR 1

But Vs t1[J common-mode range |

7. NMOS source follower T VDD
The voltage gain (midband) is

PSR TR—Y ke M,

al rdx[ rde 0
a
1
If ryy,rg > —- :|

gm] Vu | I<_ M
[J A, Oa, < I, smaller than that of the Bias |

emitter follower.

<

Vs
8. NMOS differential-input to single-ended converter
Voo
— —
M, AAb—e ok,
Vi Vi
_%_
_I_
—| | y
M, M| 7 M, Y
oS -
-V
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' 2 ]+a73(i+i) (Vi =Vi)

Ems Tz Tass

A

where N = En1Ent
gm] 1 1
gm3( +gm2+7+7)
a, Tast  Tas2
If M,=M,,M;=M,, L<<g
rds

a gm2 = gm4 ” gm3 - gml

N D—g’g
+ &Sm3
gm4 %j’
2gm4 +g%
A Oo,— 2% <

2
2gm4 + g%

cMRrR =N L, 8

20-N) 2 &
a;

To obtain a large CMRR , g, >>& r%
3

U A4 Ua, <1

§ 4-1.2 CMOS Amplifier
1. Simple common-source amplifier

+

<
=
s

VBIAS

Vo M
Vo= V-V

Il

+Vpo

VBlASi +|VTHZ|Q

|+ T
1

—
=
m
=
<
li

171

'VSS

“Vest Vo Vi Vi = Ml
—l *—

M, : PMOS current source

<

M, and M, sat.U] V¢ +|VTH2| >v, >v, =V orVy, _|VDSAT2| 2V, 2Vpom Vs
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\'Y 1 1
= |21 C , L, =— T =
gml \/ DSan ongg dsl }\,IIS 1 2 }\’218 ,
oa =——g 1 Hh ¢ BVH
Js o B OL G
A, |O (long-channel devices)

DS1

1
H (IDSl )_E (short-channel devices )

A,
Output resistance r, I, =T/, LV
1
2. Complementary CMOS common-source amplifier > PMOS
MZ
Assume Vi, = |VTH2| =V —
v, O O
If v =V <v,<v, +Vy or V, _|VDSAT2| 2V, 2 Vpgar — Vgs J.VO
O M, and M, are saturated + — =
je— NMOS
A, :_(gml +gm2)(rdsl//rds2) — M
_‘_

I, = Ty /Ty,

[}

*Higher gain than the circuit in 1.

*Narrow operating range.

3. Complementary inverter with level shifter.

+V
D
M, sat. O Vo, —v, =V <V —v, —R—|_
M, sat. O v, =Vg +V, =V, <v, + Vg s PMOS
U v,=Vy = Ve <v, <v, +V, — M,
O
*or, T 1 M Ty, Level Vv,
o shifter ~ |— +
* The range of v, is increased by V. | | | | \ e NMOS
* In the short-channel case » V4, | by Vg, > v, N
i Vsu I_ 1

Visar: ¢ O The range is also increased. —VO—
TVss
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VDD

4. Cascode amplifier with PMOS current-source load

1
AV _gml[rds3||(a—gm2rdslrd52)]

2
|:|_gmlrds3

1
ro = rds3 || (_ gmzrdslrdSZ)
az

D I‘dsS

—

Vsras t M3
To master stage DY
of current mirror Vo

doL
VB]ASI Ill_ M )
-
>
v, |— M 1
L _|
-V

SS

* PMOS devices can be used as cascode amplifier whereas NMOS device as

current source.

5. Cascode amplifier with PMOS cascode current-source load

1 1
A =- —g .I.,T —g . I,.T
v Emi [(C( Emilusalass) H(G o Tasi Tas2 )]

3 2

1 2
U-— T
2a gmlgm ds

if o,=0a,=0a
gm3 = ng = gm
I‘ds4 = I‘dsS = rds2 = I.dsl = I‘ds

1 2
r 0—g r
2a gm ds

(0)

*Larger r, and A,

* Limited output voltage swing
=>High-swing cascode current source is preferred

6. Folded cascode amplifier
M1: CS amplifier
M2: CG amplifier
Optimal operating point:
I

_1:1
2 DS3

IDSl = IDSZ

gml = ng

(to avoid large Miller capacitance at input)

A, = _gml{rdSS 118 ma (Tgsy 1 Tagr Vs ] }
|:|_gmlrds3

VDD 1
o
To master stage - M,
of cascode
current source H
=M
|——o
Vo
oL
VB[ASI Ill_ M 2
-
[ —
M
v, H !
L
Vs
VDD
I,
A g L I s,
'-I Ml M2« |-VBMS1
v,
X



ro = I‘ds3 H [gmz(rdsl || I.dsIl )rdSZ] CHUNG-YU WU
* Nearly the same A and r, can be achieved as the cascode amplifier

* Less devices in cascode at the input CS amplifier

=>M1 can be easily operated in the saturation region

7. Improved cascode amplifier with current injection circuitry

conventional cascode amplifier

1 . VDD .
VIDS M4 §|| M3|E“| VBIAS2

Av D _gmlrds3 D

I {0 A, t until subthreshold
vO
M3: current source as load - 2
M4: current-injection current source Vaiasn I|<_—M2 -
\/I— ! ]DS4 ! I
DS
Av |:|_gm1rds3 D (DS4
IDS
|l
. Ml
To increase A, 1, t and I ! VI_L r—-\
Vs il ¢

* Higher voltage gain and the same r,

* Extra device M4 and extra power dissipation
* Firstly, design the circuit of M1, M2, and M3. Then add M4. Readjust the

channel dimensions to keep the dc bias so that all devices are in saturation.

8. Differential amplifier with PMOS load

Half-circuit method can be used

vV, tV
11 12
Vld _Vll VIZ H VIC
2
Vo, TV
= Yol 02
Ve =Vor Vo2 > Vi
2
A =Yupo, + = M
dm — v gml 1
id m3 VH
v 845 -
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CMRR =20 7 28
‘Acm gdS Ijxl
O
gm3
oL
gm3

) M M
*Matched devices for / and /
M, M,

*A,, <I can be achieved

9. Different amplifier with PMOS current-source load

+ VDD
M;,M, :Two slave stages of the current mirror W Vs i
=> current-source load M, ﬂ t M,
Adm D _gml (rdsl || I'ds3)
——o o—e
N p— (ts || €0 TaesTac ) |I— v('li-voz —||
cm 2rd55 ds3 gml ds57dsl + r__Ml — M2_:|| +
CMRR |:| _ 2gm1 (rdsl || I.ds3 )rdSS V“ ] V12
O ls pha $iss 2-
= VBIASIO-I M5 =
*g 1, 1,1 = CMRR 1 ::I
- Vss

% 1 =
A, <1 ispreferred=> 1, > r,;

* 14 can be realized by cascode or high-swing cascode current source to increase

ot
rdsS
g4s

10. Differential amplifier with PMOS current injection circuit

+ VDD
' VBIAS%)_l E M3|<_-1 H M4 j |_OVBIASZ
If I, remains unchanged, gml=gm?2 the same. = —
l M7 MS
But gm3=gm4 is reduced by — if
g g y NG o ¢

Vol_?__voz
I3 = Ipsy is reduced by half. +o—||<—M1 = M2—>||—o+
Vi l—l |_| Vs
0 A, tbyy2 -9 9~
— ]SS —
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CMRR is the same.
* If M, and M, are current-source loads , could A, be increased? Why?

11. Differnetial cascode amplifier +Vyp

Vo EVo1 " Vo2 %ISSGD G Elss

ViEVL TV

*Higher A, . 0 ° G .

*4 MOS devices stacked @\/II,M3,ISS,%ISS @

T3T
X

_|
0 V,, *+ Vg might not be enough to M, ‘_'||

maintain all the devices in saturation

+
E
IS

1371
T

when low supply voltage is used.

Vi
—o
]SS
— Vs
12. Difterential Folded cascode amplifier
*To retain the characteristics of cascode
amplifier, the optimal design is * Voo
IDD = ISS
I _ lI [DD [DD
L 2 SS
* Only 3 MOS devices stacked Vsias
=>low voltage operation is possible o_l M, M~ I_M 3 j |_i_| M,
*Viey T Why? Vi '_l |_| ﬁo
o +tv, -
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13. CMOS differential-input to single-ended-output converter.

Version I : NMOS input
DC operating point :

+Vp
It is better to keep Vop. OV, = Vi _’_| " *—
i Vass —
for better current-mirror balance. > 9
Common-mode range :
— —-o0
VICM += VDD + VTHN - VGSl VO

i

= VDD + VTHN -

1
— = | | V
Viem == Vesi + Viias = Vi - \l, 1 GSI

Differential-mode range :

+

VId = _VId_ = VDD +VTHN -

Io —_
BCopwg :
O

2 QgL

Yy Emi (ViH]_V]) GD D Emi (VJ)?Z-VI)

[J Exact A, and A, can be solved.

Adm ~ gmi Acm ~— gogdi
8a t 84 2g..(8q +84)
A
CMRR = | dm | =~ EmiEm output resistance r,= !
|Acm 084i 8a t 84

* Longer channel in Ms leads to smaller g, and higher CMRR.
* A, U

\/I_ or (I,)™"'™ => higher bias current, lower gain.

* In the weak inversion region, g,; [1lo=> A, =constant.

* Cascode current source can be used for Io to increase CMRR,but Vicm |



* This circuit is not a pure symmetric differential circuit. But it can be CHUNG-YU WU

approximated by a differential circuit and half -circuit analysis method can be

used.

* Signal paths:

v inl :
) o 1
Vinl - Vgsl . Av - _gmi_
ml
Vgsl - Vo : Av = _gml (rdsl //rdsi)
= A =A 'Av" = 8o (T //145) = Ay,

ARSI v

How about v,, - v, - v ?

V.

in2 *

V., > V_ ! Av vin2 — _gmi(rdsl //rdsi) = |Adm|

in2 o

How about v, - v, - vy - v.?

The voltage gain of the four signal paths have nearly the same amplitudes.

But different signal paths affect the high frequency response.

VDD
Version II: PMOS input

* Lower noise(1/f noise) due to input PMOSs

* Lower output dc voltage VB]A'S—l M

L,
Mi + |—° Voo
VO
M

o
il

-VSS
14. The available amplifier circuits in CMOS trechnology

1). NMOS amplifier in 4-1.1
2). PMOS amplifier with the same configurations as in 4-1.1
3). CMOS amplifiers (NMOS version) in 4-1.2

4). PMOS version with the same configurations as in 4-1.2
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Comparisons:
1) NMOS(PMOS) amplifiers versus CMOS amplifiers

single-type MOS amplifier |[CMOS amplifier
Voltage gain Low High
Output resistance Low High
Immunity to process High Low
variations
Power dissipation High Low

2) NMOS amplifier (CMOS amplifier with NMOS version) versus PMOS amplifier
(CMOS amplifier with PMOS version)
1.Better frequency response

2.Smaller chip area

3) Differential amplifier versus single-ended-output amplifier

1.Excellent common-mode signal rejection capability

Common-mode signals: external noise, dc voltage due to variations,
power-supply noise, substrate noise.

2.Good for weak signal amplification in noisy environment.

3.Wide applications especially in high-frequency ICs.
4. More component used = Higher power dissipation and larger chip area.
5.Matched devices are required =» Special care is need in layout and process.

6.1/0 testing requires special I/O external circuits or equipment.

§4.2 Passive-Load MOS Amplifiers Voo
§4-2.1 Resistive-load MOS amplifiers
1. Resistive-Load MOS amplifier
Av=-g R, r =R R

o

*  Low voltage gain and low 7, +

Vo
* IfR 71, M1 might be in the linear region. ‘jr © | -T__
7
*  Only used for low-gain high-frequency amplifier. 1
"." Parasitic capacitance of R is smaller than that
. = -V
of the current-source active load.

*  Process variations of R might be +20%.
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2. Resistive-load MOS phase splitter + Voo

D—al— R,

m

* Rl and R2 can be chosen so that Ay, = A,

=>» Phase splitter

*  Process variation effect of R1 and R2on A, and A, is reduced.
+ V[)[)

- VSS

3. Resistive-load differential amplifier

*  Suitable for low-gain low-r, high-frequency

amplifiers.
*  Jggcan be generated by the constant-gm current
source with R ., 0_|
1 +
2> Ior g,,,8,, U ?Ogm Vi
R o

9 Adm = _gmlR D 5

cogm

=>» Process variation of R and temperature

coefficient of R can be compensated.

+ VDD
§ 4-2.2 Inductive load MOS amplifier T
1. LC-tank MOS amplifier L g J'C
* If L is implemented by on-chip inductor, only _-,-

~GHz RF operation is allowed. |_ v Vol
* L combined with the parasitic capacitance Cp + o_l [ 'J"_CP -

and the capacitor C to form a LC tank. Vi - _I_

=>» Narrow-band amplifier or tuned amplifier. _T_ i

=>»Bandpass amplifier with frequency selectivity. 4
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2. LC-tank MOS cascode amplifier - CHUNG-YU WU
*The output LC-tank impedance has a much
smaller effect on the input impedance at high L C
frequency due to the isolation effect of M2. +
Vo
Vv —
* Vone = Vip bias 97 ||<—_ M. ——
Vo > Vip
—
+ 00—l M,
Vi —
r
-VSS
3. MOS differential cascodee amplifier with series LC-tank
* VOIDC = VOZDC = VDD
*Two LC-tanks are required. Voo
L cC C L
+ Y,
M; le— M,

* Only one LC-tank is used
=>chip area |
* VOlDC = VOZDC < VDD
*Bandpass amplifier with the maximum
differential gain the same as that of the

cascode amplifier.
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Purpose: to provide a dc voltage difference between input and output signals

so that the dc level of the output signal is acceptable for the next amplifier stage.

~» At low frequency operation below several tens MHz, dc blocking
capacitors are not effective in blocking the dc voltage and passing the
ac signal.

DC blocking capacitor:

R R 1

= U
, . 01 H1 H
R +§VE§ 1+;D;V§D

ac gain: IY/OI =
i

ey
wC

At 10MHz,w [06.3%10" rad/sec

CASE1: If C=10PF, 1 =%X104Q [J1.6kQ

wC

To obtain 1% signal attenuation, we have

NELe:
[wc [

Yol=0.99 =>_¢
2 R

0o.1

V.

1

1 1
=>R= 11.2kQ
] [(we [W0.02

The values of R and C are too large and area-consuming.
CASE 2: At 1GHz, w=6.3x10’ rad/sec
If C=1PF, 1 100 [0160Q
we 6.3

The required R for 1% attenuation is
R=7(L )=1.12kQ
wC

The values of R and C are reasonable.
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1. Simple level shifting circuit CHUNG'YU wu

A Vpe=Vgs I
*W/L < <1 to obtain a large /A\Vp

+
* Output resistance looking into Vout ¢+ &= AV
is very large I_| a
ol win<<ig, | => 7 Yo
I-O g * < < b gm - I-O T VTH DC V
* Frequency response could be degraded by such 1 Cout
alarger, I
. 1,Cout 1 -
2. High-Z level shifting circuit
— +VDD +VDD
AVp(PMOS)=— V4 I . e NMOS
1 B Vv 1 O—I
* 1o Dg— AV, 0 +A W/L<<1
m + DC Vv
W/L<<1 - 0
WL <1
v PMOS I
=>15 1 (AVpe 1)
Frequency response could be degraded.
-Vss Vs

3. Low-Z level shifting circuit

I N ii—l ||<__ (W/L),<<1

I i M
I VI —_>||
< - |(W/L),>>1
\; ?_OOUT ilx
V =ViutVasi Cout Io Vs

T

VitV t
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*

V, =V

I
+ I
COX
DELz Q(W/L)2

" (W/L), <<l and (W/L), >>1 =>large enough V"
V, OV” independent of I,
* 'V, (dc voltage shift) can be stabilized by choosing a large (W /L), and a stable
I

X *

* 1, DL is not large since (W/L),>>1.

m2

=> Better frequency response.

4. Replica bias circuit +Vip
(W/L),,(W/L),>>1 - 1 ? N
=>Viss HVase UV E M, |
= ' M. \%
=V, UV 1A
X X VBIAS: _| v

(W/L),,(W/L),,>>1 _I |J
\Y% e
=>Visa UVesoa U Vi | =

M, VZA.—l
== Vz DVZA IX %VX *I

|

— —
M, OM,, and M, OM, > |—.—| ke M,
I ..=1.. =1 — M, "
ps3 — Ipss — Ix M
: 3
Vasi = Vasia —_— ®
Viis = Vasi TV, = Vaga ¥ Vou =Vy Vs

* Provide a fixed bias voltage V, = Vy,,¢ at the input node to stablize the

preceding stage.
* Provide a DC voltage shift of V, — VX'

* The output resistance looking into the OUT node is very small

(r, O L (WD), (WD) >>1 = 1, 1)

ngA gm6
* The matching between M, (M;) and M, (M;) is very important to stablize
V.

§ 4-4 MOS Output stages

§ 4-4.1 Requirements
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(1) Suitable power and voltage swing to drive an adequate external load equally
in both positive and negative directions.

(2) Acceptably low levels of signal distortion.

(3) Minimum output impedance.
(4) Low quiescent power dissipation and maximum efficiency.

(5) High frequency response.
(6) Buffering the previous gain stage from C, or R,

§ 4-4.2 NMOS (PMOS) Output Stages

1.Source followers (Enhancement device)

+V
* Voltage swing: . —
. Ll
V omax — VI _VGSI !":M3 l_
+ =M,
= Voo = Vs ~Vasi (08 Vi) Vi +v —
(not full level to V) -3 e I G
o vhs o %
vV omax = Vg = Viyy, (M, sat) VYo -
M, ==
==V (Ml off) Viias — ’
1 —_—
* .
rp O -Vss

gml
Small 7, Need large (W/L), and I,

* The rise time is decreased by the larger (W /L),
But the fall time is fixed by I,
=>Unsymmetric driving capability.
* Provide a dc voltage shift and a voltage gain smaller than 1

2. Phase-splitting output driver
VDD

+
* voltage swing: (low) J
Vomax+ = Voo = Vs = Vs T—l e M,
J M

(M2 and M4 are off)

Vor = Vss — Vas; + Vi (M4 sat.)
SS GS1 TH4 + H_ 1\/[2 > Vo

v

==Vt Vg > Vg5 :
- M -
(maximum) ; ' é

* Fall time is not limited by the current source. n M,
_VSS

*or, = ﬁyms @(rdﬂ): %mS VGSI_
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3. NMOS output stage with feedback Voo
M3, M4 : output common-source amplifier. I—l

M1, M2 : First common-source amplifier

Ty

M2 : series-shunt negative feedback

(o)
+

Series-shunt negative feedback

'“".’

=> voltage gain |

TFL
S

frequency bandwidth 1 '

—
+ j—
Vi
‘2]
a, = .

éméi 3 : -VSS

r, = midfrequency output resistance
LB
gm4

a2a4gn%
AV - gml gm4
Em2 1+ ﬁxzchgn% ﬁ
gm4

output resistance |

midfrequency voltage gain

* Larger gm3g Url, A1

mé4

* The W/L ratio of M1,M2,M3 and M4 can be suitably designed to satisfy the
specifications on (1) voltage gain ; (2) output swing ; (3) power dissipation ;
(4) chip area ; (5) fast transient ; (6) good frequency response.

((5) and (6) involve non-linear analysis )
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§ 4-4.3 CMOS Output Stages CHUNG-YU WU

1.Simple source follower.(NMOS and PMOS)
Too larger 1, PMOS

VBIAS M 4
2.Class AB puah-pull CMOS output buffer
*Capable of low standby power.

e.g. I, OnA
I & lmA
+
*Vope = % is desired

*Small output voltage swing.
If R, exists at the output node, the voltage
swing is further degraded.

3.Emitter-follower output stage.
*orol

o

* Q, :free BJT in CMOS n-well technology.

Voltage swing:
Vomx = Vi +|VBE|
= Vg +|VBE| (f Vi = V)

+

vOmaX = +VDD (If Ql iS Off)

* The collector series resistance r. of Q, may degrade the output swing and

saturate the transistor.



