EECES69 Analog IC Ch 10

CH10 Common mode feedback and
fully differential OP amp

10.1 Common mode feedback (CMFB)

10.2 Fully differential OP amp



EECES69 Analog IC

Fully differential OP amp

Differential input, Differential output

=» Easy to cascade OP amps
=» insensitive to supply noise

=» High gain Fully diff OP amp requires CMFB

Ch 10




EECES69 Analog IC Common mode feedback (CMFB) ch 10

Low—gain fully differential OP amp:

= VoutCM common mode output voltage = VOD-0.5 RD x ISS (well defined)
=» CMFB ckt not required
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VoutCM : determined by unity—gain FB

Razavi



EECES69 Analog IC Common mode feedback (CMFB) ch 10

High—gain fully differential OP amp:

= VoutCM : function of device parameters : Not well defined
(if ID3 > 0.5 1SS, M3 M4 triode, VoutCM: close to VDD,
if ID3 < 0.5 1SS, M5 triode, VoutCM: close to VSS) = very low diff gain

= CMFB ckt required

|
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My JF —] Ms*’ss .
w 2 w Differential unity—gain FB

Razavi




EECES69 Analog IC Common mode feedback (CMFB) ch 10

VoutCM : well defined
=» all TR in saturation region = high diff gain

v
v CM Level

Sense

Vout1 ¢

—||.:M1 Mz:-"‘ Circuit

VREF

Only a part of current sources can be driven by CMFB circuit

Razavil



EECES69 Analog IC Common mode feedback (CMFB) ch 10

CMFEB circuits

(1) Source follower + resistor divider CMFB ckt
(2) Triode TR CMFB ckt
(3) Diff pair CMFB ckt

(4) Switched—capacitor CMFB ckt
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(1) Source follower + resistor divider CMFB ckt

Vout MIN limited to VGS7 + V(1)
11 x (R1 + R2) > Vout swing = large |1 or large R1, R2

Usually W/L (M7, M8) very large

Razavi



EECES69 Analog IC Common mode feedback (CMFB) ch 10

(2) Triode TR CMFB ckt

| |I:T
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¢ Voutt vV
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Vout MIN limited to VTHnN M7, M8: not in the signal path

M7, M8: deep triode, large W/L =» large cap =» large cap no effect in diff gain

Razavi S



EECES69 Analog IC Common mode feedback (CMFB) ch 10

(3) Diff pair CMFB circuit 1

VDD VDD
JA
I B5), R
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CMEB circuit -

Fully Diff OP amp
Vout MAX limited to VDD - |VTHDp|

2—stage CM amp = needs freq compensation

Vemfb=A x 0.5(Vo+ + Vo-)

W/L(M6,M7) very small to increase
linear operating range
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(3) Diff pair CMFB circuit 2
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Vout MAX limted to VDD — VDSAT10 — |VGS6|, VoutCM set to VcmREF
W/L(M6,M7,M8,M9) very small to increase linear operating range of CMFB circuit



Common mode feedback (CMFB) Ch 10

EECESLB9 Analog IC

(4) Switched—capacitor CMFB ckt
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Can be used in switching circuits
No limit in Vout
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CMFB circuits

10.1.1 Function of CMFB circuit
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Ch 10
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Apply a negative FB on CM signal

CMFB

(b)

Fig. 10.1.2 (a) Simple fully differential CMOS OP amp circuit
(b) CMFB(common mode feedback) circuit
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EECE569 Analog IC CMFB circuit 1 using MOS diff amp Ch 10

10.1.2 CMFB circuit 1 using MOS diff amp (*)

”
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- I/;s
Ve

@ (b)

Fig10.1.3 CMFB circuit 1 using MOS diff amp (a) OP amp (b) CMFB circuit

Vemes = + Ome - (Fog |l Toz) - (Vo +Vg,)  No reference for VoutCM
13



EECE569 Analog IC CMFB circuit 1 using MOS diff amp Ch 10

Small-signal common mode voltage gain

; R
[B4¢ sV Ml_oH—w 7J7
N‘ﬁl M5 —>| VCMEJB P+ < N V- Vea
i Te Le s y = G
_|_ 8 ::CC 2X|\/ﬁ I CM}_ AN
oL L ’ T
T T Sl SS S 2
0l C
v —[ M1 M2_]— ¥ Vi o—][2x M1 2x b
] ”
% M8 4| M9
VBﬁ—I@S ' MQF]L 1 @ ir“ :H_l 1 IZ
777 777
S Vss

29 m6 * (Yo9 Il To10) * (Ima " Toa)
1+s- (ro9 ” r010) ) (gm4 ) r04) ) (ZCC)

(CMFB loop gain)=

Omtfo1 - o3 >> 0.9- Ty DT CMFB = %
: CC



EECES69 Analog IC

Tos
2

1+s- r024 -(2Cc +2C¢ )} -{ 1+ (CMFB loop gain)}
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CMFB circuit 1 using MOS diff amp

Ch 10
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EECE569 Analog IC CMEB circuit 1 using MOS diff amp Ch 10

Small—signal differential mode voltage gain
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EECE569 Analog IC CMEB circuit 1 using MOS diff amp Ch 10
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Fig 10.1.6 Bode plot of CMFB loop gain of Fig.10.1.3 circuit 17
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CMEB circuit 1 using MOS diff amp

Ch 10

Linear range of differential mode output voltage

Severely limited because of large

Min: Vss +Vpsat 8 +Vrhn _’VTHp‘ ~Vss +Vpsat 8
Max : Vbp — ’VTHp ‘— ’VDSAT 6‘
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ho L Te”
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=» gm6 decreased
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v =l
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EECE569 Analog IC CMFB circuit 1 using MOS diff amp Ch 10

Active input common mode voltage range

MaX : VCMFBmax + THp‘ +VTHn :VBZ + 2 ) THp‘ +VTHn
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10.1.3 CMFB circuit using a triode TR feedback

Ome = HpCox (—j ’VDS‘

M6, M7 deep triode
=» NO gain stage
=» No freq comp.

B3

Vo3

CMFEB circuit using a triode TR feedback

Ch 10

X4 ﬁlz_iwm

——[zxwe

Ves
@)

Fig 10.1.7 (a) Fully differential CMOS OP amp using a triode TR feedback
(b) Small-signal equivalent circuit of (a) circuit
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EECE569 Analog IC CMFEB circuit using a triode TR feedback Ch 10
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EECES69 Analog IC

CMFEB circuit using a triode TR feedback

Ch 10

Small-signal common mode voltage gain
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EECE569 Analog IC CMFEB circuit using a triode TR feedback Ch 10

Small—signal differential mode voltage gain
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EECE569 Analog IC CMFEB circuit using a triode TR feedback

| l_"-:_:M15 M7I:— 'E'Ma

VoutCM slightly larger than VREF because VOS(M15) >> VDS(M9)

Razavi
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VRer =

VoutCM ~= VREF

CMFEB circuit using a triode TR feedback Ch 10
V,
m, m, DD
|nd
= "
in MB MS
t Vour

Razavi
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EECE569 Analog IC CMFEB circuit using a triode TR feedback Ch 10
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EECE569 Analog IC Ch 10
10.1.4 CMFB circuit 3 using a MOS differential pair (*)
Voo
VoutCM set to VemREF 7
. " M < M10 | [
2 gain stage = freq comp uid]| H— M Jhdee
. b,
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1 11 Vo i i
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CMFEB circuit 3 using a MOS differential pair

Fig 10.1.11 Fully differential OP amp using MOS differential pairs.
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Vo
CMFB loop gain= 2- gm6 o (0.5r06HI‘012)- gm4 I’o4
e Vi <~ M3 <MI10 1
ity IR
Error vol tage = 0.5- (Vo +Vy )= VeMmrer l
s
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L ve—[St6  MEl(Ms M|
i N _ )
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V- )
1 ' v . .
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C,. C.
L M—y Ms4 T L
e é” é” VC.WFB T167+ 1g¢
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; Voc 1

D W3, WL,

(a) (b) (©) (W /L)1 (W/L)1o

Fig 10.1.12 DC transfer curve of Fig 10.1.11 circuit for different voltage gains of CMFB
circuits (a) & (c): Low CMFB gain (b) Large CMFB gain

Requires a large common mode gain for small offset
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Small-signal common mode voltage gain
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Fig 10.1.13 Common mode small-signal circuit of Fig 10.1.11 circuit
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CMFB circuit 3 using a MOS differential pair

Ch 10

Small—signal common mode voltage gain
206 - To6 013 |* Imalos j
(CMFB loop gain) = : ( Zr : §r03
1+S'ZCC'[; rol?;j'gm4ro4 § rtgo
V;m—HEMl
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_ Zy(no feedback)
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ZXEI M
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w3 | B
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4o (05706 ) To13)" Imalos 1+51, (CL+C) GBW (CMFB loop gain) = c.
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Small-signal common mode voltage gain

Vid NT
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Ve )STM3 [[€-M10 151
Fig 10.1.14 Small-signal differential mode half circuit of FigMl4| T | - ll_
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Linear output voltage range of fully differential OP amp

[] 1 + -
V, max : mmH(Vi Or Vi) + Vi } {VDD ~Vpsar3|—Vosar| }‘
Vo min: Vss +Vpsar 4
VO — VCMREF max: +\/§’\/DSAT6‘ Voo
M@I Vi %EMs HiMlO l@l
Vo, — VCMRET _\/é"vDSA'IB‘ L
L v—| M6 N@}_nL_H_S MF |
V, max: VCMREF"‘\/E'VDSATG‘ L N N e
s V|t Lo
L
. v i
V0 min: VCMEF_\/E'VDSATG‘ l i—q A [55¢. —mrIcL % b i+ i Vi i
“T mi— s, T L
<1 <1 v, T1H7+ Igg
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| 32




cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Vo' Vo Vewrer \/? ' NDSAT 6 ‘

VDD-lvTle'lvDSAT 10|

Vnn_/ VTHp/_/ VDQAT10/ /VDSAT6/

Verer :
Linear voltage range

VDD_/ VTHp/_/ VDSAT10/ B /VDSAT6/

Vess® Vpsaris
Vss 1

Vewree \/?"VDSAT 6‘

Fig 10.1.15 Linear voltage range
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10
© Vpp (+2.571)
M14] | L M3 | M10 e
20 ® 200 50 50
12 12 1.2 1.2
@ ®
V
[/;)+ <« L. CMREF . [/;)—
Daoun 3 51 (M6 MT)fer (M8 MO
1 3 3 3 3
Vss 7y 2| -055V |% 7
Ve (M1 Mz |- By 4
@
Voo o A
_I_CL L L CL
3 C. = =C. |
M4 + —[M5 + Vemrs @ 2
< < M12 M1
20 20 L
1.2 12 % — ‘%I %
I/SS(_25V)

Fig 10.1.17 Example design of Fig. 10.1.11 circuit
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

Fully differential CMOS amplifier with diff.pair CMFB ckt.

main diff amp
*

mi 4 1 3 9 pmos w=300u |=1.2u ad=1080p as=1080p pd=307u ps=307u
m2 5 2 3 9 pmos w=300u |=1.2u ad=1080p as=1080p pd=307u ps=307u
m3 3 6 9 9 pmos w=200u |=1.2u as=720p as=720p pd=207u ps=207u
m4 4 7 10 10 nmos w=20u |=1.2u ad=72p as=72p pd=27u ps=27u

m5 5 7 10 10 nmos w=20u |=1.2u ad=72p as=72p pd=27u ps=27u

*

CMFB ckt.

*

mé 12 4 11 9 pmos w=3u |=4. Ou ad=11p pd=10u as=11p ps=10u
m7 7 8 11 9 pmos w=3u [=4. Ou ad=11p pd=10u as=11p ps=10u
m8 7 8 13 9 pmos w=3u [=4. Ou ad=11p pd=10u as=11p ps=10u
m9 12 5 13 9 pmos w=3u |=4. Ou ad=11p pd=10u as=11p ps=10u

*

current sources for CMFB

m10 11 6 9 9 pmos w=50u |=1.2u ad=180p pd=57u as=180p pd=57u
mi1 13 6 9 9 pmos w=50u |=1.2u ad=180p pd=57u as=180p pd=57u
high gain for CMFB ckt.

*

mi2 7 12 10 10 nmos w=10u I=1.2u ad=36p pd=17u as=36p ps=17u

*

low gain for CMFB ckt.

*

xm12 7 7 10 10 nmos w=10u |=1.2u ad=36p pd=17u as=36p ps=17u
mi13 12 12 10 10 nmos w=10u [=1.2u ad=36p pd=17u as=36p ps=17u

*

bias ckt
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CMFB circuit 3 using a MOS differential pair

Ch 10

*

mi4 6 6 9 9 pmos w=20u [=1.2u ad=72p as=72p pd=27u ps=27u

idd 6 10 dc 20u

*

* bias voltages

*

vcmref 8 0 dc -0.55
vit 1 0 dc 0 ac 0.5

vi 2 0 dc 0 ac -0.5

*

* supply voltages
*

vdd 9 0 dc 2.5
vss 10 0 dc -2.5

*

* |oad capacitors
*

clt 4 0 10p
cl2 5 0 10p

*

** compensation capacitor

*

ccl 7 4 1p
cc2 7 5 1p

.0p
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*.dc vil -2.5 2.5 .01

.dc vil =50m 50m 0.1m

.probe v(5) v(40) v(11) v(7) v(12) v(6) v(3) v(13)

.print dc v(4)

.print dc v(5)

.ac dec 10 1 gig

.print ac vdb(5)

.orint ac vp(5)

*.tran 0.01 10

.print tran v(4)

=.print tran v(5)

.model nmos nmos tox=200e—-10 uo=500 vto=0.8 gamma=0.0
+ lambda=0.08 cgdo=300p cgso=300p cj=2.75e—-4 cjsw=1.9e—-10
+ 1d=0.2u level=1 af=1 kf=be—-26

.model pmos pmos tox=200e-10 uo=200 vot=-0.8 gamma=0.0
+ lambda=0.1 cgdo=300p cgso=300p cj=2.75e—-4 cjsw=1.9e-10
+ 1d=0.2u level=1 af=1 kf=1e-26

.end

CMFB circuit 3 using a MOS differential pair

Ch 10

Fig 10.1.18 SPICE netlist of Fig.10.1.17 circuit
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair

Ch 10

~f[HZ]
le+?Z le+3 le+d le+5 le+08 le+07 le+08 1e+09

Fig 10.1.19 SPICE simulation results of Fig. 10.1.17 circuit
(a) DC transfer curve (b) Differential mode voltage gain (c) Common mode voltage gain
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cecese9 Analog I CMEB circuit 3 using a MOS differential pair ch 10

-30 |Ay (jo)| [dB] ]

ph(A,, (jo)) [degree]
=180 T T T e oo e

SO | e e

=360 [ (@) T

1le+3 le+5b le+07 le+09

Fig 10.1.19 SPICE simulation results of Fig. 10.1.17 circuit
(a) DC transfer curve (b) Differential mode voltage gain (c) Common mode voltage gain



