CMOS differential amplifier with resistive load: limitations

Vi T 1. The S/E version has a poor CMRR (large A.) and
large input offset voltage
R, R, 2. Both the S/E and fully-diff. versions reach low
y ¥ voltage gains at small supply voltage
of 02 Problem 1: Consider the output voltage in the fully-
v —| M M2 | differential case with no resistor mismatch:
i1 . i2 _ __
Voo = R (11)2 _[D1> (for R, = R),)

CD lo The drain current difference appears:

V This reduces A, (/54 and I, tend to be equal for only common
e mode applied) and the output voltage for V=0 is affected only

by matching errors.

Solution for a S/E amplifier: produce the current difference (lp4-15,) and then put it
into a single resistor. Problem 2: Do not use a passive component for the resistor
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CMOS differential amplifier with current mirror load

. . Vdd
Specifications o) T

« We need a S/E output L lID”lDJ[”
port M ‘ It M4 Iocc=ID1_ID2 = Im1Vid

. High CMRR (> 80 dB) o Vs )

« High gain (~ 40 dB) I, iIDZ +
even at low supply <T § vV
voltages (V,~V.,). y + 0_”: M1 M2 :“_o + loce | Rou[ _

i1 i2 °
}757 }757 [occ — gmlvid
Iy
V

SS
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Subunits of the amplifier with mirror load

Vi o /

out
° +
Vin Gm1 k I %l / occ
o)

1
+
M3 ;Ij’_‘lt M4 V. =v._°_ id -
tov " ld Vito-l I Ito-

I3 A
y + 0—”: M1 M2 :II-—O + (11 _12>:Gm1Vm L. =k, <]1 _12>

" : _? Gu=g, (=g, k=1

SN OY L.=GJ,
V

R

Gm — Gmlkl — gml

N SS Ad — G Rout — gmlRout

m
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Operating point : V,,=0

V
ad
T
Vi=Vo=Vc
M3 r__ M4 Symmetrical stimulus, but ....
—o \/
[: :] out The circuit is not symmetrical
+o— |, M M _|o 4
V. o Ap =1, exactly?

7 <v> I, 7 [, = f(VGsaVBsaVDS>

SS§
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Demonstration of the exact symmetry of the electrical solution for V,;=0

—

Vdd T

M3 j_’]j—d‘_' ._|\24

Vi

LY

N SS

]D3

\]D4

Vout

77

:]Dl
M1 and M2

With fixed Vg and Vg, I is a
monotone function of V¢ (or
|Vpsl| for a p-MOS.

:]DZ

ViD =0= VGSI — VGsz @

_ _ [
VSl o VSZ = VBSl o VBSZ 7

VDSI — VDsz ?

oM w2 :II_O+V M3 and M4
I

2
o VGS3 — VGS4

VBSS — VBS4

_»
Viss = Vipsa? —
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Demonstration of the exact symmetry of the electrical solution for V,;=0

From Kirchhoff #2: Vg + ‘VDS3‘ =V, g, + ‘VDS4‘—\

Vdd T
We want to demonstrate that: [, =1,
M3 —_>I |<_— M4 Proof by contradlc]tlon: ; ([1)3 =1,
Let ;
‘ 1 o Vout et us suppose: /), > 15, [D4 _ ]D2
yo—[ M M2 o+ <> Vi >V,
Vi1 l: 4—_1 sz DS1 DS?2 [m > ]D4

”;7_ ‘VDS3‘ > ‘VDS4‘«

C') IO @ @ Contradiction
V

VDSI +‘VDS3‘ > VDS2 +‘VDS4‘ ./

77

N SS
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Demonstration of the exact symmetry of the electrical solution for V,;=0

Repeating the procedure for I5,<I;, we
get another contradiction; thus, the
only possible solution is: .

Tl R

M4

ut

oM w2

‘—‘“—o+\/,

OF

N SS

77

2

—

VDSI — VDSZ
]Dl — [DZ Q 3

I =7 ‘VDS3‘:‘VDS4‘
L p3 7 D4 ~

KVK =V _‘VDS3‘
Vour =Vaa _‘VDS4‘

|~ out

V. =V,

out

For V,~0, the electrical solution is perfectly symmetrical
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Differential mode gain

o v =1

out occ™ out

+
<T % Vv lce = lgqa —lpn =1y — 1y = 8,V
R out
oce out - Vout — gmvdR = Ad — ngout

out

v, =0

M3 o, o
ou
o J o'
@

M1 < ‘
|: M2 :] . Norton equivalent circuit M;

up
of the output port i B =
Vil Via _| - o 9 Vp
rOS
Rout / // Rdown 777 777

Circuit for R,
s calculation

Small-signal =t P

. . . rO
equivalent circuit " R, R,.,
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Differential mode gain: R, calculation.

_ _ - _ () - (1)
" Case 1: Vo1 =V Vi =0 =0, =10, i, =],
_ _ - (2) - (2)
I Case 2;: Vi = 0, Voo =V, 7l =1, L, =1,
WS r_— 4 Ipg " : (1) M | 22 | (2
P For the superposition theorem: i, =i, +i,+i) +i,
~ ;2 R .
R Vo1 =V
. | Case 1 -(1)_V_P (1) —0 R
| c ol = > Iy p — Taa
Rup gm2 :1
Case 2:
V 2=V gml
T @ _ Vo @) ~ )
Lo = R Ly =i, Ry, /R/‘H"dz g,..Rs )= 21,
R down
down‘l | ‘1, . V Vv Vv 1 1
i, =—"+0+_—"—+—= vp[ + J
Vaa 2r,, 21, Tas  Tao
% 1 1)
f _'p _
0s Rout == + =7, // V4
L, Fao  Tas
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Differential mode gain
The gain is of the

- B order of Im'd
Row =102 11744 A; =& <rd2 //rd“) Independently from
the supply voltage
( )
1 |
1 y, — —— A — gm
A; = 8 1 1 ¢ M, ’ 1 My, +)\4]D4]
a2 Tas ) /
4 — g1 1 <_]Dz — ]D4 — ]Dl
’ I, (At A,
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Ad — gml 1
RN
¢

Sm & L
]D VTE

-

4, = 1 1

L VTEI >\2+)\4

Differential mode gain

[ V. —V In strong inversion.
GS "t £ Minimum V=50 mV
V — 2
1 <j In weak inversion.
mb; V.. =35-40 mV

In order to obtain a large differential-
mode gain it is necessary to:

« Set V- to a small value

« Use long MOSFETSs (small 1)
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Common mode gain

As in the case of differential input voltage, we

v . _ ° . .
M2 :] ”bOUt locc T ld 1 Zd 2
. : Vv
forv,=0 i, =i,,=—F
Ve : } 2r0s
locc =0

v, =0=>4 =0= CMRR

Is it possible??

can try to use the Norton equivalent circuit of the

output port. _

M3 M4 _ _

E’_{ﬂ vout T loccRout Rout T rd 2 / / rd 4
O

— OO
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Common mode gain

“I’ The problem occurs when we calculate i ...
Placing a short circuit across the output port,
M3 M4 Vot disrupts the symmetry:
—_— — 1 ’
[: M o <——l Via =0 Vg =— - i, =0
Ve Ve 1
Vist = — Lit = Ve Vaso = 7 Va * Vg
rOS gm3
[, =1
dl d2 . :
. . locc _ld4 _ld2 IO
Liz 7 lg4
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M3 ﬂ-—‘ M4
Vi 1
R M1 M2 M
VC
rOS

Common mode gain

It is possible to exactly calculate i,
taking into account the actual i /i, ratio
and i,,/i ratio ....

... but this is a very tedious approach
There is a much simpler way:

Let us remove the short circuit and
directly calculate v, . Now , for v;,=0, the
circuit is symmetric again and, in

particular: v,=v,,,

1 : ~ VC
vV, =V, =—1,=—

out 2
gm3 rosgm3
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Common mode gain

AT
M1 M2
rOS

A, V;w — 2g1 r A, = ‘ijut = & (rdZ /! rd4>
¢ v —o m37 os d |, —o
Vout
° CMRR = % =28,37:&m <rd2//rd4>%<gmrd>2
. for r,;=ry

(worst case: the tail is the output
branch of a simple current mirror)
and considering all g,,'s and r,'s
equal for simplicity

[ A CMRR of 80 dB can be easily reached ]
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i1

ey

Large-signal dc transfer function

V V, V

o =V +7 V,=V. —71) V.. = constant
é‘l"[ll—ﬂ For V,=0:
\V Vouz <VD> Vout (O> — Vk(O) — VDD _‘VGS3‘
out S
:] Viz C‘ch‘: Vzp + VGS_Vzp3
? In strong inversion
—

D3
o,

P. Bruschi — Microelectronic System Design 16



Large-signal dc transfer function

V,t variations for small V

v variations around the origin A

dd

- V. (0)+4V_ Z/
N . V. (0
M3 é-l—{ )
M1

[ w4 _”J

|
|
:
|
Vout i >

M2 | AV, Vo
V. |
. ? AI/out — RoutAIOCC
/__ gm1
Iy dl
V., Alpec = AV, v, o
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Moving away from the origin, step by step

ov,,
I/out (N) — I/out (N o 1) AI/DN :
Dy, (N-1)
A Vout
In the first step, Vout _ = V.=V O)+AV . ..+
moves alongthe -~ ____ 777 l
tangent calculated in  ——--------- | .—i “““““ V, (0
the origin : i N
4 i >
I k\! : L\ V
When V, and V, , get far from the AV, s D
operating point, the parameters of VD = AV, +..+AV,,

the small signal models change and
the slope of the tangent change as
well
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Large-signal dc transfer function

V. (Vo) +AV. A Vou
- "D t F
AI/out — Rout <VDQ)A]OCC > b f'u_- -~ i4
V. t(V[;Q) =
dI B8 45 . Voul0)
- occe I out
D VD:VDQ >
___J________A_’QC;‘C_ZIDJ'_’M . v// \\\/‘ LAV "
Alple7 | pe Tha T
| 3 : |
| |
“Vomax! : VDIW‘X r
| : |
I A\ I _ occ
: FANNS AV,, =AV,R,, (Vo) =
! pa Vpa*t4Vp D)y —y
- et idedl = p="Do
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i1

S§

Approximate dc transfer characteristic

V.

A out V
| , dd
: !
| |
———————— toofroo oo VWO
'VDMAX : ‘A : VDMAX
4 : : \
; ; >
—) v,
i ; i _AVDSVDD_VSS
A
1/ | d
II |
" v

Example: A;=100, V-V, =5V  AV;,<50 mV
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dl Practically constant and
d;“’ ](/ equal to g,
D Jvp= Vdd o ‘VDSAT4 S

M3 I:E R, =r,//r, e ARG LEEL L LR LT ---
e S Voul0)

M4 enters triode region
and r,, drops down

i1 i2 >
/ Vs

l, \\ M2 enters triode region
and r,, drops down

SS

%

SS
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Minimum output voltage

Vdd VDS 2 Z VDSAT 2

%

out

ey,

_D
7 afewtens mV

> Viz o VGSZ T VDSATZ

i2 Vc _ v, Vpin the linear zone is at most

V varies between Vggand V),

?VSS
Vout > VC o VGSZ T VDSATZ

VDS2 — I/out — Vsz — I/out — <sz — VGsz) > VDSAT2

0 We can neglect V/2 with respect to V.
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Minimum output voltage

min <Vout> =Ve —Vesy +Vosura

Weak inversion
Strong inversion

Vosir, =100 mV
Visars = Vasa =V Ve, =V,

min(Vout> — VC o th min(V

out

)=V, -V, +100 mV
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Complete dc transfer characteristic

V,,: approaches V,, when I, approaches zero
and M4 gets in deep triode region

< V,, A Vou mMax(Vou)=Vag|Vpsard
)
)

M3 M4

l: M o 4—_1 SIope=Ad\

VSS _______

Vv, gets close to M1,M2 source —
voltage when V5, approaches zero V
(M2 is in deep triode region) SS
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Minimum supply voltage V-V

Vo T
+ Vie = Vs = Vouss T Vps1 T ‘VDS3‘
M3 l_lT_w_ M4
V — : __
Vsl _ . lov Vioss =Vess  min(V, o) =V,n
LM we ] |
V., P Vi, min <Vd — Vss> = Vauw +Vosuri + ‘VGS3‘
+
v l, Example: V,,,=100 mV
“s T Vpaar,=100 mV
5 Vessl=0-5V min(V,, -V, )= 0.7V
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Input common mode range

v Lower limit
& T As V. is progressively decreased, also Vg
decreases at the same pace and eventually the
M3 r__ M4 voltage across the current source |, will get
o V smaller than the minimum value V. From that

point on, |, will rapidly decrease, turning off the

l__, M M2 :l stage.
b Ll &
- V1, i " min <Vc> = Vs +Vin T Vs
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i1

Input common mode range
Upper limit

Vag T As V. is progressively increased, also Vg
increases at the same pace. Since V=V, =V,
I‘_‘ M4 = V), is fixed, eventually V5, and Vg, will drop
Y below the saturation voltage.
—° out
M M2 :l Vosi =V = Vg 2 Vs
V’Q [ e - \
%
IOVS ¢ V— ‘VGS3‘ — (VC — VGSI) >V psar:
Vs Vdd o ‘VGS3‘ + VGSI o VDSATI > VC
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Input common mode range
Vdd
T

M3 A\j_}_l HL“Q“ Via = ‘VGS3‘ Vasi =Vosir 2 Ve
Vout ‘VGS3‘ — th3 + ‘VGS3 _ th3‘
IR

. V — — '
Vi i2 VGSI — thl —+ (VGSI le ) These overdrive voltages can
be made equal by design, so

they cancel each other
0 max (VC) — A
v [ 1
SS
=V - Vips| lel_ Viss — ths‘ T (VGSI - tnl)_ Vpsart

tp3
v 3‘ (V,, is affected by body effect
721 if M1 and M2 body is at Vgg)

The input common mode voltage can get even slightly higher than V

Y

This difference can be >0 because: V,,; >
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