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Operational Amplifiers

® |deal voltage op-amp
¢ Voltage-controlled voltage source

Infini | : o +
¢ Infinite voltage gain V, c

¢ Infinite input impedance Vi, 0— A(V,-Vy) Vo
¢ Zero output impedance

+ No noise ° ° -

¢ Infinite bandwidth
¢ No offset voltage
¢ Infinite CMRR

® Differences between the ideal op-amp and real op-amp
# Finite gain (practical op-amps, A=10%~104, i.e., 40~80dB)
¢ Finite linear range(Vpp>V,>V..)
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Operational Amplifiers (Cont.)

¢ Offset voltage:
> ldeal op-amps V=V, = V=0
» Real op-amps
This is not exactly true and V_#0 is always occurred.

> Input offset voltage V is defined as the differential input voltage
needed to restore V =0.

> For MOS op-amps, V . IS @about 5-15 mV.
For BJT op-amps, V .. IS about 1-2 mV.

¢ Common Mode Rejection Ratio(CMRR)

» The CMRR measure how much the op-amp can suppress
common-mode signal at its input.

» Typically CMRR=60~80dB common-mode input voltage:
Vin,c:(\/a_l_vb)/2
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Operational Amplifiers (Cont.)

differential-mode input voltage : V;, 4=V, -V,

differential gain A, = \>/°
in,d
common-mode gain A_ = Vo

CMRR=(A/A,) or 20log,,(A4/A.) In dB

in,c

O o, O
common-mode input differential-mode input

¢ Frequency Response:
» Limited bandwidth(1L00MHz unity-gain bandwidth is typical)
» (Gain decreases at high frequency, because
o Stray capacitances
o Finite carrier mobilities
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Operational Amplifiers (Cont.)

¢ Slew Rate (typically, for MOS op-amps, 1~50V/us)
» The maximum rate of output change dV, /dt

» For a large input voltage, some transistors may be driven out of
their saturation regions or completely cut off. As a result, the
output will follow the input at a slower finite rate.

¢ Nonzero Output Resistance
» 0.1~5kQ) — typical value

» Large R will limit frequency response(i.e., speed) when a
capacitor is connected to its output.

¢ Noise

> Noisy transistors in op-amps give rise to a noise voltage V, at
the output of op-amp.

> Equivalent input noise voltage=V_,/A=V,, o—]>
o—()—+

V

n
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Operational Amplifiers (Cont.)

. Vin max
¢ Dynamic Range(DR) = 20log,,(——)
> Open loop~30-40dB n,min
\/in,min ~ \/\/n2 - 3OHV
V.~ Yu
In ,max A

» Close loop~100dB has larger DR than open loop.
» Can be increased by using correlated double sampling (CDS)
¢ PSRR (Power supply rejection ratio)

A
A —]- ANV +AV,

A
> PSRR= 20log,, (A—ﬂ) o— |

¢ DC Power Dissipation(0.1mW~5mW)

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-6 5% % %, Analog IC Design, 2015



Practical OPAMP

V=]

Differential
Input Amplifier

Level Shifting

Differential-to-Single-

ended Gain Stage

® Differential amp provides
¢ High input impedance
¢ Large CMRR and PSRR

¢ Low offset voltage

¢ Low noise
¢ High gain

® 2" plock provides
¢ Level shift
¢ Added gain
< Differential-to-single-ended conversion

Output
Buffer p—oV,
Stage _?_
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Practical OPAMP (Cont.)

® Qutput stage provides
¢ Low output impedance
¢ Large driving capability

® Output stage usually consumes more power than the other stage.

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-8 5% % %, Analog IC Design, 2015



CMOS Amplifier with Resistive Load

® Resistor Load . s
A:gm(RO//rO) § | — Lal’ge R
R 0
~OnR,
. IR, ._:Vout
Vov Vin °_|E[

Small R,
= > Vbs

® For high gain
¢ High IR,
> High IR, means large voltage drop on R,
» Large power supply
¢ High R, reduces speed
¢ Use active loads to overcome the above problems.
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CMOS Amplifier with Active Load

® \Vith external bias

> Why not?
- Quiescent point of V,* and V,
can’t be determined due to process variations
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CMOS Amplifier with Active Load (Cont.)

Self-biased active load, where quiescent V, less sensitive to M_1 variations
Performs differential gain and differential to single-ended ’
Differential gain Ay,

1
gm,Mligm,M21gm,M31gm,M4 >>r_ ‘ MOdeI Of Acm
ds ’ — Voo
r.out ~ rdSZ//rdS4 1 V1 ( 1 j |\{|3 I\/J4
- — Il Iy, | |
Adm ~ gml(rdszllrds4) 2 rdso gm3 | I ‘ I
> ¢ o—Vo
Common-mode gain A, @ €,
11( 1 1 = M, Y
Ay, = [ Wiy r] . ' @ ‘
2 rdsO gms 2gm3rdso Vi1 V— Vi2
rdsO
CMRR(Common-Mode Rejection Ratio) - laso -
— ND

CMRR = xm ~ ngl(rdSZ // rds4)gm3rd30

m
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Uncompensated CMOS OPAMP

® Basic building blocks of an operational amplifier

Vin- - -
Gl D/S VOUt
Vin+ + *
Differential D|ﬁ(alrent|3I-'tél)- Single-ended
stage single-ende gain-stage
converter

M _l M,
|'°Vin+ l, ¢

—e @

oGl o L
3<_ ~ 4 11 I_> T
LGND
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Uncompensated CMOS OPAMP (Cont.)

Avi=—0mRy =-0 ml(rds4 Il rdsz)
Ay, =—0neRo2 = _gmG(rds6 Il rds7)
where R, is low frequency output impedance of node A

R,, is low frequency output impedance of node B
CA(Cg) Is capacitive loading at node A(B)

® Block diagram showing the origin of the dominant poles

: R l: R
Vin- - ol @ 02 Y
Gl out
Vin+ +
C,=—= C
Input A Second 8
Stage —-Ir_— Stage _-I:-_
1
V, MV ¢ V, R
V, () SCa
Ch — = V. (S) - 1
! R ol +
_ SC A
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Uncompensated CMOS OPAMP (Cont.)

1 1

A (S)Z Vout(S) — A (O) SCA SCB
R VAR © B VAN () 1 1

" " I:\)01_|_ R02+
sC, sCg

A0 Sy = S =

(14_*)(14_*) R01CA R02CB

Sa s

® S, and Sg are dominant poles since R,; and R, are normally large.

® The effects of other poles are usually negligible.
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Bode Plot

A
Pl 0
KA, (joo) = —— . .
1+ A+ A+ )
Sl SZ SS
20l0g A, :corner
® Example: 100 e “BdBloctave
Q . corner
— — o .ot
A =10°, s,=-10 rad/sec c '
o] 1 80
5 ) . -12dB/octave
32:-10 rad/sec 2 magnitude
< 60
s,=-10% rad/sec 5 et cOMer
Qe 40
% . -18dB/octave
= 20 2
= W10 o
0 |« : ——1 ; 0 g
Ss o o 100 1000 ¢\ 10000 =
=~ 4+ 90 3
~ <
phase’ N e
~. T 1805
~e . a
~ 4+ 270 &
An example of a Bode plot for three real poles
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Stability and Compensation of OPAMP

® Open-loop: always stable(no internal feedback)
® Closed-loop: stable when negative feedback
unstable when positive feedback & |[KA| =2 1
¢ Vin- = VI T kVout
¢ Vout = 'A(S)Vin-
Vs (S) - -AS) V]
Vi(S) KA, (9)+1
¢ A, Is closed-loop gain
¢ A, Is opened-loop gain =
¢ kA, is loop gain.
® Example

¢ Avf(S) =

| ) K
¢ Allpole: A= 57645,)...(5+5))
C N | K] N Nyl ©
|AV(JO‘)) |_ Hinzl(O)Z‘F | Si |2)1/2 ’ZAV(J(D) - Zk ;tan (l Si |2)

¢ Closed-loop poles S, is obtained from kA (S;) + 1 =0
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Stability and Compensation of OPAMP (Cont.)

® [or stable system, the real part of all poles must be negative. Besides,
if A,(S) has only poles with negative real parts, then s, will A «S) ,

¢ Gain margin = 20log KA, (jo,g-)
¢ Unity-gain frequency w,
& Phase Margin=/ZKA, (jo,) +180°is an important measure of

stability at least 60° (and preferably larger) margin is required. This
will also give a desirable (i.e., no ringing) step response for the

closed-loop amplifier.
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Uncompensated Two-Stage CMOS OPAMP

V
As) = (1+S/0)P§((;L+S/OJP2) B Mg MSE] B M, .
Ao = ImiRo9msR o ﬂ =|_l IE
O = \[2HCo (W/L)y, 1 ] r_-l_' b
Ome =/ 21Co (W/L) . 1 L M Izl

Dir M
ref ® +
ROl - rd32//rd54 M, a | | Mz‘ _1 M
— | = C _(l Ci=—=V
Roz - rdsG// Vys7 g ' ) °

l l L -

(DP1:_1/R01C1 _é_GND
Wp, = _1/R02CL o— ! ©
+ + +
Vid (‘V)g leid R01 VA:: Cl G gm6VA Roz ::CL Vo
6 & _ & & L 5

® P, & P, are dominant poles since R,; and R, are normally large.
The effects of other poles are usually negligible.
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Uncompensated CMOS OPAMP (Cont.)

® For low frequency, A(jo) ~ A, (0)

For high frequency, A(jw) ~ —-3mIms.
gh frequency, Ajo) ~ - 275

For high frequency, the amplifier inverts the input voltage. If feedback is
used, then positive feedback occurs.

® Two dominant poles
¢ Phase margin is not large enough
¢ Pole-splitting technique to solve this problem
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Pole-Splitting of Two-Stage CMOS OPAMP

® Reduce wp, and increase wp, AGs) = Ay(l-s/o,)
— v, (1+5/0p)(1+5/wp,)
My E Ay =9mR 0 9meR oz
I Om1 = \/Zlvlcox(\/v/l—)n/ll l;
gm6 :\/ZMCOX(W/L)MG I2
Rot = sz !/ Tsa
G Roz = Fase!Mgs7
—e Ome
J_ m l P oyl If g Ry, >>1
G E L Vo Wpy = i Nz O
M | T ~ (1+9nsR02) CcRyy Ao
GND If CC &CL >> Cl
C, =Cyoz T Capz + Cas +Caps +Cye O, = —9msCe i ~Ime
CL = Cas +Capr +Cga7 +Cioag " C,C+C,.C.+C.LC, C,
C includes C Cc
- i —
+ + +
Vid ImVie QRos VA——C, IsVaQRep ZZC, VY,
o — —o

—> Right plane zero causes slower gain drop but quick phase drop
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Pole-Splitting of Two-Stage CMOS OPAMP (Cont.)

® Unity-gain frequency ft:‘AO‘QZ)Pl :21 Eg:ml
T T Ce

® To achieve a uniform -20dB/dec gain rolloff down to 0dB, the
following two cogditio s must be satisfied

m6

ml

1. fo <, = C < C 20loglA| (dB)
C L

2' ft<fZ :> gml<gm6 ZOIOglAV|

® At unity-gain frequency f, (or f)
®,,, =tan*(f, / fp1)+ tan*(f, / fp2)+ tan~*(f,/f,)

where tan*(f, /f,, )= 90 !
Phase margin =180° -®,_, 90°
=90° —tan ‘1(ft /fpz)— tan*(f, /f,) -180°
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Right Plane Zero

® Causes slower gain drop but quick phase drop
Usually moved away if phase margin is not large enough

L o~C C
A gain, dB
_:\_\
' | |
L ! o
Phase A | | |
0° ' | |
_900 ————I | |
~180° = === =P > o
PP Zz P,

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-22 3" iTR %, Analog IC Design, 2015



Right-Plane Zero (Cont.)

® The zero is due to the existence of two path through which the
signal can propagate from node A to node B C

R ]

1. through C, =
2. through the controlled source g,,sVa

01

A
L
:IT:l

® To eliminate zero w,
1. Method-1 2. Method-2

C unity gain buffer
C

4

- o>
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Eliminating Right-Plane Zero

® Method-1 : Using unity-gain buffer - Zero moves to infinity

or —
unity gain buffer
: £AE
[: ‘ ] -
Zero moves to infinity
x —— —— > )
Wp,  Wpy 07
AS) =—— Ay — Where o, ~ “Om ®p, & B
1+ )1+ AsCc CL
Wpy Wp,
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Eliminating Right-Plane Zero (Cont.)

® Method-1 : Using R instead of buffer

¢ Eliminating zero - LetR, :i
gm6

¢ Pole-zero cancellation 2 Let ®, = ®,,

Opy X — i C. R,
AOCC
One h h
Wp, & ——
P2 CL
1,1 1 1
Wpz #———(—+—+—)
R, C. C, C, Zero moves toward
the left plane
W, = 1 |
z = 1 % % -o—> ™
R - (g)] Ce Wp  Wpy l W
m6
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Pole Separation vs. Phase Margin and Speed

1
® O, :H(Dz =BA 0,
® For fixed 0,
& N=2 BAO

» Phase margin = 63°

» Fast (Step response)
¢ N=3

» Phase margin = 71°
¢ N=4

» Phase margin = 76°

» Critically damped (Step response)
A A

Forn=2 MZA'
>

>

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-26 5% % %, Analog IC Design, 2015



Pole-Zero Doublet

® First stage of a two-stage opamp

ASSUTE 101 = 9o Tms
Cy —C 3+C

I+I

gs4

outl

= gm4,
+Cym T Cupa + Cyt

1

= I
|:2 in gml gm3

sC

]g -I-EV g :|
y m4 2 in m?2

=Egmv +1| where o, = = Ims
2 1+S/u)IO Cy

lo,
1+ %m | o4t | (dB)
p in
= 0mVin - A
1+ Y
(Dp _'\—
1+ y
20
:> outl g 1 . P . A > O\)
in ; 1+ % @ 260p
P
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Pole-Zero Doublet (Cont.)

® Equivalent circuit of two-stage opamp (example: buffer in feedback
path) Cc Unity gain buffer |M|(d|3)

w/ pole-zero doublet
--------------- w/o pole-zero doublet

outl Voutz
outl
1+y
20
N loutt =g, P ’ and \-loutz _ RolgmsRoz where Wy ~ 1 _ Om ,®p, z%
Vin 1+%‘)p Ioutl [1+Sj[1+5] RolngROZCC AOCC CL
Wp; Wp;
: 1+7 1+7 )
— Voutz — Ioutl . Vout2 — gmlRolngROZ . 2(DIO :AO Z(DP
V. VA S
S O O AGPCW I LIPS (PP (15
Wpy Wp; Wpy Wp; P

+ The parasitic capacitance C, creates a pole at w, and a zero at 2w,,.
¢ It may affect OPAMP stability if close to unity gain frequency.
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Slew Rate

® Inverting example R
¢ Slew rate — :VDD
E;r — (j\/;ut — | 1‘ (j(?c — I0 hﬂ3 ;j EE hﬂ4 .Jl» (:C
dt C. dt Ce bl |
¢ Assume t 2 Il V.,
! in 1 2
Co %  rewHEr rdh v Z
ng:\/ZUCOXwIO J;_ ? \\

R
l,0, l, = ‘ MW
Sr — — (DU
gmi 2uC ﬂ Vin R
0X L -
¢ Slew rate can be increased by >
» Increasing the unity-gain bandwidth.

» Increasing bias current of input stage.
» Decreasing the WI/L ratio of the input transistors.

<

:out
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Slew Rate of Voltage Follower

® Large positive input
With enough A, output driving capability

V. = Voo
n 1 off off
Vi, Vout M3.E|j—{E M, (f’IC
V2R S ° M '
1 oy ‘l v
: : - | off |o+iw“0n +A2 >
\V : : M M
et 1
Vol.i o ]
C—WV- ....... ]/_\ g Vlﬂ_ \'/" i} +
C | . _m CT “o VW
Vi, (1) =Viu(t) ° L GND
(®)=Cy, dvgv Oc, Ml _c v
t dt
— o CW
Vo (t) == j (I, +iy)dt = j =gtV
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Slew Rate of Voltage Follower (Cont.)

® Large negative input
With enough A, output driving capability

dVv dV.
Because V,, follows V (Source follower), d;ut ~ dtW
dvout :_ﬂ:_ iW (: dVW) —e '—VDD

Mﬁlij—‘lf '
OV I, " l I ‘
dt CC + CW ‘ IO-iW [ LW AZ VOUt
+

. . I
® The negative slew rate is reduced by the presence of C,, from C—O
l, C
0 C.+Cy

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-31 5% % %, Analog IC Design, 2015



Noise Performance of CMOS OPAMP

® Noise is fundamental limitation of OPAMP performance
® The equivalent noise voltage of MOS OPAMPs may be 10 times larger
than that of a comparable bipolar amplifier

® Example
Ad =0Om- (rdSZ I rds4) for ianIt SignaL an and Vn2

Av - gm3 ) (rdSZ I rds4) for Vn3 and Vn4

—l ® VDD
Vn3 Vn4 J
M
R =0

V &—o0
n2 Vout

Ml MZ
Vir o~ ~ul L= "@" ®©
&®

Vhias o—l-l :lM5 Vi M—lE
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Noise Performance of CMOS OPAMP (Cont.)

Differential ~ Second
Input stage Gain stage

Mean-square voltage at node @

Vi = ALVE+VE)+ ALV + V)

N2 2

RN R
d

Equivalent input noise voltage

m1l

- V \/2
VZ = V24—
Aj

d

vaRva 77 7y 4 e Vao * O Vi
= Vi Vit + (D22 (Vi + Vi) 4 Ime s o

ml d
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Noise Performance of CMOS OPAMP (Cont.)

.~ thermal noise
> |
¢ 1/f noise component dominates at low frequencies

¢ The equivalent input noise voltage is greatest at low frequencies
(below 1kHz)

® Device noise . .
‘ \/ﬂlcker noise

® [f |[A,(w)|>>1, then the input devices M; and M, tend to be the dominant
noise sources and their optimization is the key to low-noise design.

® 1/f noise of OPAMP can be cancelled using
¢ Chopper-stabilized technigue
(Dynamic Range over 100dB can be obtained)
¢ Correlated double sampling (CDS)
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Offset Voltage of Two-Stage CMOS OPAMPSs

® Input voltage need to restore the output to zero
® Two components
¢ Systematic offset ,«_-I
Random off
¢ Random offset V.o 0l M;
® To avoid systematic offset, 540 VCM°‘| """
design must follow the rule hC-0) J1/2
(W/L)M3 . (W/L)M4 _ l (W/L)MG
WIL),. — WI/L),. — 2 W/L)y M

|/2‘ sxc:O) 6| AC=0)

|
E’ M, Mg

® To minimize random offset

@
-L— DC GND (DC=0, AC=0)

¢ L,=L,, W=W,, L,=L,, W;=W,, L;=L, and L;=L, to minimize the
offsets of channel length and channel width variations
¢ Large L and W such that AL/L and AW/W can be ignored
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Input Common-Mode Range and Output
Swing of Two-Stage CMOS OPAMP

® [nput common-mode range, V,qy
¢ Minimum Vg,

To keep M; and M, in saturation, V,y, , < |V,|. Hence,

View 2 —Vss +V,, +Vous —|V,,|  where V,, is overdrive voltage
¢ Maximum Vg,

To keep Mg In saturation, V4 > V5. Hence,

Vpp (DC#0, AC=0
VICM = VDD _‘Vovs‘ _‘th‘ _‘Vov1‘ oo )

o
M
:> Vov3 +th - th‘ = VICM < VDD _‘th‘ _‘Vov1‘ _‘Vovs‘ I — !
I
- Vv View Y 1o
® Output swing, V, ICM ICM 2,
To keep Mg and M, in saturation o—| |—o |6"_-I—=
VOV6 < Vo < VDD _‘Vow‘
In
M3 |\/|4 L Iv|6
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Cascode Circult as a load

® To reduce # of stages in the design of high-gain OPAMP, cascode is
used.

® Ro: (g m2rd52) rdsl

V

wn
0]

Vbiasl

< T Vat V-V
Viio * Om2Vat9g2(Va-V)

i
v \Ro Y, \Ro

® \/oltage drop on the two MOSFETs must be minimized to increase
voltage swing

+ Both transistors work at the voltage of Vg

_?_I

=
M\
1

@

_?_I
=
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Cascode Circuit as a load (Cont.)
® (WiL)wi= (WiL)yo= (WIL)y3= 4(W/L) 4 Voo 1 ! =

VG-El -
* (Vis3Vip)=Vosasan™ Vosisay M Ell ] MlE YDSl
1

= (VGS4'th)/ 2= (VGsz'th)
For safety, it is better to make Vg, and

. -VGS4 VGSZ -
Vs, larger than saturation voltage T +] +=|¢-|-
& (WIL)ys< (1/4)(WIL) 1 M“ﬂ‘ M!_
v
lret | et 1_Ro
® One of other examples is self-biased Vo1 *—

VES?) -
+
R, ~ (gmzrdsz)%(rm i) MsHﬁYD81
ml 1

where r; is the output resistance of | ~Vesa Vg™
T+, +H=T
My '
M,
Iref
tRo
GND =
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CMOS OPAMP Using Cascode Load

® High gain stage Voo
® Example
i T
O ju—

) e, e

R
— =T
Vbias3 ll_ Mlo

Omela6ls Omslasla2

L
M7 M8 M]_Z_ CC VOUt
[ =
Vin_ Vin+
) |
Vbiasa : ﬁMg) T EM13
SND —o o

® Normally, the differential stage must be followed by a level shifter
(usually a source follower) and often also by an output amplifier stage. It
needs them to be compensated by a pole-splitting capacitor and a
resistor or source follower.
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CMOS OPAMP Using Cascode Load (Cont.)

¢ Problems
> For large C_, the bandwidth will be limited by nondominant pole.
> Limited slew rate because of large C..
» PSRR is reduced by pole-splitting.

® All problems can be eliminated, and the circuit made faster as well as
simpler, by using “folded cascode” configuration.

® Q;~Qgis disconnected from V,, folded down, and connected to GND
instead.
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Folded-Cascode OPAMP

® Many modern CMOS OPAMPs are designed to drive only capacitive
load.

¢ It's not necessary to use a voltage buffer to obtain a low output
Impedance.

¢ It's possible to realize OPAMPs having higher speed and larger
signal swings than those that must also drive resistance loads.

» These improvements are obtained by having only a single high-
Impedance node at the output of an OPAMP that drives only
capacitive loads.

> The admittance seen at all other nodes in these OPAMPS iIs on
the order of a transistor’s transconductance, and thus they have
relatively low impedance.

» By having all internal nodes of relatively low impedance, the
OPAMP speed is maximized.
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Folded-Cascode OPAMP (Cont.)

» These low node impedance result in reduced voltage signals at
all nodes other than the output node. However, the current
signals in the various transistors can be quite large.

» With these OPAMPSs, the compensation is usually achieved by
the load capacitance.

» As the load capacitance gets larger, the OPAMP usually
becomes more stable but also slower.

» One of the most important parameters of these OPAMPs is their
transconductance value. Therefore, some designers refer to
these modern OPAMPSs as transconductance OPAMPSs, or
Operational Transconductance Amplifiers (OTAS).
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Folded-Cascode OPAMP (Cont.)
® A folded-cascode OPAMP

->| -PMs M4<—
My T L I_. °_| Vi1
¢ ¢ — Ms I Mg | __
My |- d Mg |~ |

— — 1 Vou
B Vin L CL_-
] ook | S
bias2 M, = Mg | =
= M, — —e | .Y
9 led! I 10
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Folded-Cascode OPAMP (Cont.)

¢ Current mirrors are all wide-swing cascode
» High output impedance
» High dc gain

¢ Two extra transistors, Q,, and Q,5, serve two purposes
> Increase slew rate.

» Allow OPAMP to recover more quickly following a slew rate
condition.

(Because Q,, and Q.5 prevent the drain voltages of Q; and Q,
from having large transients.)
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Folded-Cascode OPAMP (Cont.)

® The compensation is realized by the load capacitor, C,, and realizes
dominant pole compensation. In applications where the load
capacitance is very small, it is necessary to add additional
compensation capacitance in parallel with the load to guarantee
stability.

® Small-signal analysis

V, (S r
14 AV — OUt( ) :gleL(S) :gml(rout // CL) = gml o

\/in (S) 1+ SroutCL
¢ Unity-gain frequency
o, = Im
C.
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Folded-Cascode OPAMP (Cont.)

¢ Second pole is usually generated at the nodes of Q,(or Q) drain
and Q,(or Q,) drain.

P ~ gmb
2~ .
Ctotal (at Ql draln)

In BICMOS, Q:(Qy) is usually replaced by a
BJT to push P, to higher frequency.
(In BICMOS, w, can therefore be maximized.)

¢ Slew rate

SR - o

L

> Q.o and Q.5 are included to increase SR. (These two transistors
are also used to clamp the drain voltage of Q,, and Q,3.)
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Linear Settling Time

: : . . I |
® Time constant for linear settling is approximately equal to if ——

nondominant poles are larger than o, (= ®,) W_348
N For closed-loop OPAMP,
i | M _zq5 = PO,
L \
0dB ® 348 [30)t OJ}

® For classical two-stage CMOS OPAMP the unity-gain frequency
remains relatively constant for varying load capacitances, the unity-gain
frequencies of folded-cascode and current-mirror amplifiers are strongly
related to their load capacitance. As a result, their settling-time
performance is affected by both the feedback factor as well as the
effective load capacitance.

¢ For folded-cascode OPAMP

_Ym

o
C.
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Linear Settling Time (Cont.)

® -3dB frequency of a closed-loop cascoded (or current mirror ) OPAMP

¢ Example
® ©
Vin —
Cload
Us(C, +Cp)l C, _ - .
= = , Cp IS parasitic capacitance
1/s(C,+C,)+1/sC, C,+C +C,

C,(C,+C
CL:CC+CIoad+ 2( 1 p)

C,+C,+C,
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Linear Settling Time (Cont.)

®, = I (folded-cascode)

C.
1

Bo

Time constant 1=

® Step Response
Vout (t) =V, (1_e_tlt)

step
& If 1% accuracy is required = 4.6t
¢ 11 0.1% (i.e. 10-hit) accuracy is required = 7t

d Vstep

_ i =
dt out()'t_o T

» If the slew rate of the OPAMP is larger than this value, no slew-
rate limiting would occur.
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Fully Differential CMOS Switched-Capacitor Circuit

® Power supply rejection is high

® Larger chip area compared with single-ended output

® Output swing is doubled
¢ DR is 6dB greater than single-ended OPAMPs

® The effect of clock feedthrough noise is minimized by the differential
configuration since it will appear as a common-mode signal.

Vip" e—e T

( /—"—\> v
V (0]
»—IZ(:\_”_/ ) E Vo

V"‘o—o

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 6-50 5% % %, Analog IC Design, 2015



Fully Differential OPAMPs

® Fully differential signal paths
< Differential input
< Differential output
¢ Used in most modern high-performance analog ICs

® Help reject noise from the substrate as well as from switches turning off
in switched-capacitor applications.

¢ |deally, noise affects both signal paths identically and will then be
rejected since only the difference between signals is important.

¢ In reality, this rejection only partially occurs since the mechanisms
Introducing the noise are usually nonlinear with respect to voltage
levels. For example, substrate noise will usually feed in through
junction capacitances, which are nonlinear with voltage.

¢ Certainly, the noise rejection of a fully differential design will be
much better than that for a single-ended output design.
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Fully Differential OPAMPs (Cont.)

® Common-mode feedback (CMFB) circuit must be added to establish the
common-mode (i.e. average) output voltage.

® Reduced slew rate in one direction (compared to single-ended design)

¢ Maximum current for slewing is often limited by fixed-bias currents in
the output stages.
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Fully Differential Folded-Cascode OPAMP

® Cascode current source (rather than self-biased current mirror)

Vout Vout"
—— VBl ——
> <
M, I—o o—I M,
—e My |\/|12_l
L * R P
—— — ¢
M, M,
o]
> | |-

Vin - -

" | M I—l M,,| CMFB
I ! > | circuit
bias = =

— M7 < : < I%O— Vcntrl
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Fully Differential Folded-Cascode OPAMP (Cont.)

® CMFB circuit forces the average of the two outputs to a predetermined

value
® Maximum negative slew rate is limited by Iy, and Ig
® Clamp transistors M,; and M,,
® Dominant pole : output node
2nd pole : node at M, (or M,) drain
¢ n-channel input and p-channel for M; and M,
» High transconductance
» High gain
¢ p-channel input and n-channel for Mg and Mg
» Maximize 2nd pole frequency
» Unity-gain bandwidth can be maximized.
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Common-Mode Feedback (CMFB) Circuits

® [orce output common-mode voltage to a predetermined value
® CMPFB is often the most difficult part of the OPAMP to design.
® Two typical approaches
¢ Continuous-time
» Limited signal swing
¢ Switched-capacitor
» Used in switched-capacitor circuits
» Signal swings are not limited
» Becomes a source of noise
» Increases load capacitance

® By having as few nodes in the common-mode loop as is possible,
compensation is simplified without having to severely limit the speed of
the CMFB circuit. For this reason, the CMFB circuit is usually used to
control current sources in the output stage of the OPAMP.
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CMFB Circuits

® A continuous-time CMFB circuit

L |lg/2+a1 /2l @ e

M, M, M, M,
Vout+°—| _l et : I : = _.>!I—°Vout-
Vcnt?l ° | lL I_I
B <\

lo/2-Al ] =

| le/2+Al

¢ The circuit can not operate correctly if the OPAMP output voltage Is
so large that transistors in the differential pairs turn off.

¢ When common-mode voltage is zero

| |
I, =—=+Al, I,,="2-Al, Ilyp=1I
D2 2 D3 2 D5 B
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CMFB Circuits (Cont.)

® Operational principle of CMFB circuits
¢ When a positive common-mode signal is present
¢ |, and |, increase — |- increase — V,, increase

¢ V., sets the current levels in the n-channel current sources at the
output of the OPAMP.

¢ Thus, both current sources will have larger currents pulling down to
the negative rail — the common-mode voltage decrease — bringing
the common-mode voltage back to V,,

¢ If the common-mode loop gain is large enough, and the differential
signals are not so large as to cause transistors in the differential
pairs to turn off, the common-mode output voltage will be kept very
close to V.
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CMFB Circuits (Cont.)

® A switched-capacitor circuit

o 0 Vout" Vout 0 b
2 2
o 19 ® o—I LO/H-U 19 T
\4 \4
Vem GCs== Cc—= Cc= GCs—= Vewm (V) \
b ® b o—e ® 2 o—o-oq)l T_ J
Vcntrl i

¢ Using larger capacitance values overloads the OPAMP

¢ Reducing the capacitors too much caused common-mode offset
voltages due to charge injection of the switches.

Vou * Vou — Ve ® Vem =V,

out
2 C bias
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Appendix

Operational-amplifier (OPAMP)
Cascode CMOS and BICMOS OPAMPs
Folded-Cascode CMOS OPAMP
Current mirror OPAMP

Alternative fully differential OPAMPs
BICMOS amplifiers
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Operational-Amplifier (OPAMP)

® OPAMP design
¢ CMOS OPAMPs are adequate for VLSI implementation.
» Malin stream
» Two-stage and folded-cascode OPAMPs will be introduced.
¢ Bipolar OPAMPs
» Can achieve better performance than CMOS OPAMPSs.
» Less popular
» 741 OPAMP will be introduced.
¢ BICMOS OPAMPs
» combine the advantages of bipolar and CMOS devices.
» Less popular
» First published by H. C. Lin in 1960’s.
® ADCs and DACs are the most important analog ICs in many systems.
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CMOS OPAMP

® Two-stage

| guess, it is suitable for 50% of applications with OPAMPSs.
® Folded-cascode

| guess, it is good for 20% applications.
® Others
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Cascode CMOS and BICMOS OPAMPs

® Cascaded two-stage CMOS OPAMP
¢ most popular and works well with low capacitive load
¢ problems
» limited slew rate due to large C.
» limited bandwidth with large C,
» PSRR Is reduced by pole-splitting

® |f 1. low output resistance is not required,
2. high open-loop gain is required, and
3. large phase margin can be maintained with large C,,
then cascode configuration can provide attractive solutions
for the above problems.

® Cascode CMOS OPAMP
¢ Gain of two-stage OPAMP can be increased by adding
gain stage in cascade.
— phase shift is increased (i.e. PM{)
¢ Cascode configurations can be used to increase gain in
the existing stage.
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Cascode CMOS OPAMP

VDD
3
® Output resistance(Ro) is increased :IQ—OEI:
7 8
Roe = (Gmeluse) rdss —
Ro4~ (9 malssa) a2 5 1ol t R
Ro=Ro2/[Ro4 ) — +706
: V.  |F Ry,
® \/oltage gain A1=—-gmiRo | bias
o 54515
— Gain Is Increased . + Qs Qy —
. o4 > Ql Qz < o
® Common-mode range Is lowered and
more transistors are stacked between @ |
the two power supplies.

— Folded-cascode has large common-mode range

® Cascode and folded-cascode OPAMPs are also named as
“transconductance OPAMP” or
“operational transconductance amplifier (OTA)”
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Folded-Cascode CMOS OPAMP
® Q,~ Q, are folded and connected to GND

Cascode transistors
I B C&) | B

V|n+“| _,Ql Q> - I" Vin- —o V,
e — .
/ ~ FC
Input differential CVD | ;\\
pair EQ8 Cascode current
mirror
® &

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APPO6-6 F0 51t\ %, Analog IC Design, 2015



Folded-Cascode CMOS OPAMP (Cont.)

® Q, ~ Q,, form externally-biased current sources
Q: and Qg form self-biased current sources

—o VDD
VBias2
Qo "IH—* Quo
! o VB|§51
371 | Q4
Vin+_||:Q1 Q> :.II_ Vin- :II II:-::ZM- oV,
! Qs | II-:QG
VBias3 —II: Q11 =C.
l I Q7 | II-:Qs

= GND
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Folded-Cascode CMOS OPAMP (Cont.)

® |[nput common-mode range

Common-mode range is increased (compared with cascode
OPAMPSs). However, it is small compared with 2-stage OPAMPs

Vovii+Vovi+Vin £ Viem < Vpp-—|Vovo|+ Vi

® Output voltage swing
Vov7+Vovs+Vin < Vo < Vpp-|Vovio|-|Vov 4

® Voltage gain v | [ ’OR
A=G,R,=gmuR, Vi
G,V R, ==C_
where @ § |
R,= R,/ Rg — =

= gm4rds4(rd32//rd310) // gm6rds6rds8
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Folded-Cascode CMOS OPAMP

® Freguency response gain
¢ Bode plot A <~ larger C,
o = 1 N "__smaller C,
P~ R,C, o,
o Y9m » frequency
Oy C, W, = “hondominart poles

¢ The only high-impedance point is the output node.
— Dominant pole is generated at the output node
¢ The resistance of all other node at level of 1/gm
= Nondominant poles occur at all other nodes.
The 2nd pole is usually at the source of Q; and Q,.
+ Nondominant poles are usually at frequencies beyond o,
= If C, Is increased, then phase margin is increased.
= If C IS not large enough It can be augmented.
¢ No frequency compensation is required
= wide bandwidth

® Slew rate SR=1/C = 2nf,V,,,, = ©,V,,,
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Folded-Cascode CMOS OPAMP(Cont.)

® High PSRR (to-V)
¢ much less susceptible to the effect of high-frequency
noise on GND
¢ power supply noise may be induced from
» logic circuit
» switches of SC circuit
» current switching

* Low PSRR (to-V¢) In cascaded 2-stage OPAMP
¢ GND noise — Q, source - Q, gate - C,R — output
¢ GND noise — Q, source = Q, V. .— amplified and
appear at output

|_W‘N_$output

b — Q.

o
GND
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Wide-Swing Current Mirror

® |ncreased output voltage range

® Vouin = Vourt Vovst+ Vi, ® Vouin 2 Vot Vous
Vo Vip
—— ——

i i

VitVov
Q; ijl I, Qs
VetV Vou Veias=Vi+2Voy Vo
Ql Q2 jl_.vt+vov t Ql
LN LoD
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Wide-Swing Current Mirror (Cont.)

® Design example Voo
Vo i

a varying signal | <] Ibias o Vo ]l
5 Vbias I_l WéL W)L
D , n — _n?

Veff2 — Veff3 T \/ C \2/\//|_) — Veff Q5 WL Q4 *Ql
M ox( (n+17 W/L 1 WL

. l“lnC W Q3 *QZ

(' |D2: 2 eff )
— GND

B

\/eff1 :Veff4 = n\/eff for the target Iin = Ibias

Vo, =Vs, =V6, =(N+1)V4 +V,,

VDS2 = VDS3 = VG5 _VGS1 = VG5 —(Vep + Vi) = Vg
= Vo > Vg + Vg, = (N+1)V4

& A common choice, N =1, V_,, > 2V
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Folded-Cascode with Wide-Swing Current Mirror

—o VDD
VBias2
Qo :“ ! L Q1o
| o :I VBI§\81 I:
37| I Qa4
Vin+_||:Q1 QZ :.II_ Vin- | VBIAS4I 012:2040 o V,
. I | 06
Q5 T II':QG
VBias3 —||: Q11 =CL
l I Q7 :II ° II-:QB
' T eno
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Folded-Cascode with Rail-to-Rail Input Operation
® Increased input common-mode range, rail-to-rail or even larger
® \/oltage gain, if 9,,,=0,,5=G,,
¢ A=(9,,19,3)R,= 2GR, for middle V.,

¢ A=g9g.,R, forhighV,,,
¢ A=g. 3R, forlow V.,

— ° Vop ~——
NO) V—IE
R
Vin+_||:Q1 Q> :II_Vin- T, ;\Bl/A?E .l ‘
' } ° ! Vin-_II:Q4 Qs _|F Vins
Q7 :II_I_”;QS | %I
O g S
P 9
- _l_ GND
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BICMOS Folded-Cascode OPAMP

e Configuration y T

A Qs > ) Q,
Vbiasl W I_b
-=— Q.
¢,2| Q3c:ﬂ_|: Q4c
i ° B —e—0V,
o—i[~ Q. Q, o L
QlCDTngc 1
Vbiasz )
®
’
I, \LI

® \When it is necessary to drive a resistive load, a low
resistance output buffer is needed
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BICMOS Folded-Cascode OPAMP (Cont.)

® The largest nondominant pole is usually generated at the
emitter nodes of Q.. and Q,.

1 Omic
®,y ~ = c ° (;’ where R = Ry /Mo016/To0n = Ree =
1C~pl pl gmlc

1

¢ The transconductance of BJT can be much larger than
that of CMOS

= mp, Can be increased

= m, can be increased while enough phase
margin is maintained

= Wider bandwidth than that of CMOS folded-
cascode OPAMP
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Current Mirror OPAMP

® A simplified current-mirror OPAMP

1:K | l Klp,
1 1 4 Vout

1:1 D2¢ e
— UL

I;Ql Qzﬁll— 1:K

=P

Vin

|1
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Current Mirror OPAMP (Cont.)

® A current-mirror OPAMP with wide-swing cascode current
mirrors

A A A A

HRQ: Ve QIR Ve QiF
Q3:|I I II:Q4 Q9:|I I II:Qlo

— 1 *— — VBl ® * o Vout
—hQ®  Qdr Qu1 mOsT C
Vin - ! SE » L

13 ¢ Q14’¢ -
Ib
Tp, =KI, =KI, /2
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Current Mirror OPAMP (Cont.)

(W/L)8:k (W/L), (W/L)12:(W/L)14:k
W/L)s  (W/il)s  (W/iLhy (W/L)s
_ Vout (S) _ _ _ XYmalout
* Av= Vvin(s) K Gm1zL(8) =K G (rout// CL) 1+ Srou Cr

where K Is the current gain from Q; to Qg
+ Unity-gain frequencym,
_kOm1 _ Ky2Ipgn Cox (W /L),
Y CL
¢ Total OPAMP current T, = (3 + K)Ip,

total
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Current Mirror OPAMP (Cont.)

liotal
k\/Z(S + kjun COX(W/L)l K \/ZItotaI My Cox(W/L)l
CL ~ J3+k CL

k T— O T for a specified power dissipation

¢ The important nodes for determining the nondominant
pole are the drain of Q,, primarily, and the drains of Q,
and Qg, secondly.

Increasing K increases the capacitances of these nodes
while also increasing the equivalent resistances.

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP6-20 F0 iTR %, Analog IC Design, 2015



Current Mirror OPAMP (Cont.)

As a result, the equivalent second pole moves to lower
frequencies. If K is increased too much, an increase in C,
will be required to keep O, below the frequency of the
equivalent second pole to maintain stability. Thus,
Increasing K decreases the bandwidth when the equivalent
second poles dominate. In the case where the load
capacitance is small, the equivalent second pole will limit
the unity-gain frequency of the opamp, and if it is very
Important that speed is maximized, K might be taken as
small as one. From experience it has been found that a
reasonable compromise for a general-purpose opamp
might be to let K = 2.
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Current Mirror OPAMP (Cont.)

& Slew rate

KI
SR = —2 eee |arger compared to folded-cascode

L
¢ Due primarrily to the larger bandwidth and slew rate, the
current-mirror OPAMP Is usually preferred over a
folded-cascode OPAMP.

However, it will suffer from larger thermal noise when
compared to a folded-cascode amplifier because its
Input transistors are biased at a lower current level
and therefore have a smaller transconductance.
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Alternative Fully Differential OPAMPs

® A fully differential current-mirror OPAMP

1:%.

¢ n-channel input |

¢ p-channel input |

L :|-+
1 \— Vout
CMFB | _ V
circuit CM
Vcntrl

high gain
| lower thermal noise
wide bandwidth

| low 1/f noise
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Alternative Fully Differential OPAMPs (Cont.)

® A fully differential OPAMP with bidirectional output drive
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Alternative Fully Differential OPAMPs (Cont.)

® A class AB fully differential OPAMP

Qs 1:K
|_° Vin
Q6 ._V:ut_
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Alternative Fully Differential OPAMPs (Cont.)

¢ The advantage of the input stage in this OPAMP is that during
slew-rate limiting, one differential pair will turn off, but the total
current in the other differential pair will dynamically increase
substantially.

¢ The disadvantage of this design is that the level-shift circuitry
required at the Input increases the noise and adds additional
parasitics, which contribute to the equivalent second pole. In
addition, the common-mode range of the input must remain at
least 2V, + 3V _, above the lower power supply (and typically
higher for the slew-rate performance to be maintained). This is
a major problem when 5-V power supplies are being used, and
it effectively eliminates this design from consideration for use
with 3.3-V power supply voltages. However, for applications
where the power-supply voltages are Ilarge, the load
capacitances are large, and the slew rate is very important, this
approach is quite reasonable.
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Alternative Fully Differential OPAMPs (Cont.)

® A fully differential OPAMP composed of two single-ended
output current-mirror OPAMPSs

s Reading Assignment p.284 ~ 286
® An OPAMP having rail-to-rail common-mode voltage range

B N T SV
Ve ilg . A—HEQ,

Q2 V' o4 $-0 VO_ut

out

VAR | =I:'33‘FQI——° v,
' ‘Q, Q,
: Qs oV | ;T%
1O ?M
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Alternative Fully Differential OPAMPs (Cont.)

¢ When the input common-mode voltage range is close to
one of the power-supply voltages, one of the input
differential pairs will turn off, but the other one will remain
active.

¢ In an effort to keep the OPAMP gain relatively constant
during this time, the bias currents of the still-active
differential pair are dynamically increased. M, M,, Qc, Q4
are added for this purpose.

¢ With careful design, it has been reported that the
transconductance of the input stage can be held constant
to within 15% of its nominal value with an input common-
mode voltage range as large as the difference between
the power-supply voltages.
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BICMOS Amplifiers

® Source follower—common emitter

o R = voo]
A = [0 V, ; V,is Early voltage
Vo1

Im

V; : V; is thermal voltage

¢ Advantages:
> Infinite input resistance
» Higher gain than MOS common source AMP

+ Drawback: pole at o, = 1 L = gml
[(74— rbZ)// r7t2]CTc2 m2

ml

(Assuming rpz << 1/gm1 < I7)

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP6-29 F0 iTR %, Analog IC Design, 2015



Source Follower-Emitter Follower

Vcc
Vi, ;$=1,Ri=oo,RO=i
o_I Vo Vi gm2

= GND

® Note: use PMOS input for better output swing no back-gate effect(N-
well process).
¢ Advantages: Infinite input resistance
Low output resistance
I

n2

¢ Disadvantages: pole at
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Cascode Amplifiers

® Cascode toincrease R,

® R =
— VO
¢ Av - gml(Broz) BIAS
® Advantages:
# Infinite input resistance Vin°'| 2
¢ High gain

¢ Good dynamics(2nd pole at f; of NPN)
® The above circuit chooses BJT on MOSFET.
¢ Higher R,
¢ Higher R,
¢ Wider bandwidth
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Double Cascode Amplifiers

— Voo

§> =M,

M, P
BIASZo—| __|_3 -

- o—oVO
BIAS1 Q, G)
Vin Ql

J_ o

® Ri = r1'r1 =
® A,=0m1(Imalos)(Bro2)
® Advantage: extremely high gain
(gain of more than 10° achievable)
® Note: A source follower can be added
If any resistive load is to be driven.
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OPAMP Circuits

® Bipolar OPAMP <{> 5VDD
Y

® Source follower input bipolar OPAMP

¢ Drawback:

> Additional pole at Im.vos

m,PNP
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BICMOS Differential Amplifier

® [or high input resistance and zero input bias current
¢ Use MOSFET input
® [or low offset
¢ Use BJT input.
® Usually, the subsequent stages utilize BJT to obtain a wide bandwidth.

® BiCMOS OPAMP 6VDD
& R= G c
oW <P, = —Mm C|_._ro
u 2 CL O—I I—O __CL
¢ Advantages: high W, IGND

(higher poles at f; of NPN’s)
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CMOS Folded-Cascode OPAMP

VDD
H B

Ms
s s B >
T T W,
A= e :%_:E

B_@Elgl_l y

1 0
BiasﬁM—lol—{*Mg
P, = - —~$—GND

P, ~ “9ms  : Cqis the total cap. at the source of
Cs the common gate transistors

(Du ~ gml
CL
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