ECEHB9 Analog IC Ch9

4. Design examples



ECE569 Analog IC | DESIgn example of telescopic OP amp (1/5) © cn g

y y Voo
I AT

VDD=3V, power=10mW,
IREF2Y 4 1= I Diff output swing=3V,
Voltage gain=2000,
L(eff)=0.5um
Vor ot i, - Cox = 60 LA/V?
3 HnCox M

HHM, MzFll—l pCox = 30 nA/V?

Ap = 0.1 V™

Ap =02Vl y=0
Vran = |Vrap| =0.7 V.
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ECE569 Analog IC | DESIgn example of telescopic OP amp (2/5)  ch g

Voo
M, Mg
Mb}Hj ='|1J IliJ From
mer2)  ye g Ms Moy VDD=3V, power=10mW,
X¢——oVyo—3 Y => [(M9)=3mA
Vor st > = Iref1=Iref2=330uA

/
REF1 °—||':|M‘ MzFI
Vin
My, l%Mg

From Output swing = 1.5V
\Vop7l+1Vobpsl+Vopz+Vop1 +Vopy =1.5V.

Vopo = 0.5V, Vop7 =Vops =300mV Vop1 = Vop3z =200 mV.
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coE569 Analog (| DESIGN EXampleof telescopic’OPampi(8/5)T on o

Voo
szll:—lj H:JMT Ye =H :ro m
I rer2 Voo — Ms Msit (M1 _M8):1 DmA
Xe—oVy,0—2Y (l\/|592)3:2:53f1’l/5\
Gl Sy ref1=Iref2=330uA

I reF '
o M Ml (1/2UCox (W/L) Vs — Va)?

(W/L)1—4 = 1250, (W/L)5—g = 1111, (W /L)9 = 400.

Ay = gmil(@m3rosro)l(gmsrosror)]
AU = 1416,

Razavi



coE569 Analog (| DESIGN EXampleof telescopic:OPampi(4/5)T o o

Voo
M; Mg
sz?j HZJ =l1J (W/L)1—4 = 1250, (W/L)s—_g = 1111, (W/L)9 = 400.
lmer2} e gets o Ay X gmi1[(8m3ro3ro)ll(@msrosror)]
Xe—oV,4o—2Y
- n A, = 1416, < 2000 (spec)
b1 * T M, M4'

wod il el garo = VIRCROVTDD ).

o — I A o 1/L

gmro o« /WL/Ip.

M1-M4: signal path = keep min W, L for min cap

(W/L)s_g = 1111 um/1.0 um

_ —1
Ap=0.1V

Vb1 = Vgs3+Vop1+Vops = 1.6
Vb2 = Vpp —(IVgssl+1Vop7l) = 1.7V

Ay =~ 4000

Razavi




coE569 Analog (| DESIGN EXample of telescopic:OPampi(S/5)T on o

Voo
M; Mg
sz?j ='|1J “'—J Vb1l = Vgs3+ Vopi +Vope = 1.6
lmere)  y,e geMs Moy VB2 = Vpp —(|Vessl+1Voprl) = 1.7V
Xe—oV,4o—2Y

5
T

VX, VY : min=Vb1-VTHn = 0.9V
VX, VY : max=Vb2+|VTHp| = 2.4V
Differential output swing = 2 x (2.4-0.9) = 3V

ICMR limited to a point of 1.4V & not practical

Razavi



ECE569 Analog IC Ch9

My,
Spec: tnCox = 60 LA/V?
VDD=3V, power=10mW, 1pCox = 30 uA/V?
Diff output swing=3V, A, = 0.1 V™!
Voltage gain=2000, A, =02Vl y=0

L(eff)=0.5um Vran = |Vrep|l = 0.7 V.

Razavi

7



ECE569 Analog IC Design example of folded cascode OP amp (2/5)

> >

Ch 9

Y

M; M,

Vo *— hlfj Jlt‘

o V.., o—

’REF1 M out
mc b1 | T M7 Mal
My Jnlf_LMﬂ I—_H f_l',L
= = = My Myoz

ocate 1.5mA for input diff pair
ocate 1.5mA for cascode branch

ocate 0.33mA for current mirrors

Razavi



ECES69 Analog IC Design example of folded cascode OP amp (3/5) Ch 9

Y

M; M,

Vo *— hlfj Jlt‘

o V.., o—o

’REF1 M out
V_°_l M, 2 I_‘ Ve eI r
mc b1 | T M7 Mal
My Jnlf_LMﬂ I—_H f_l',L
= = Mg Moz

VDSAT (M5, M6) = 0.5V
VDSAT (M3, M4) = 0.4V
VDSAT (M7, M8, M9, M10) = 0.3V
= VOUT: min0.6V max 2.1V =» Diff output swing = 3V

(W/L)s.6 = 400,(W/L)3 4 = 313,(W/L)7—10 = 278

Razavi




ECE569 Analog IC

Ch 9

vﬁn +
O

h’b1 ltii?411

VOUT: min 0.6V max 2.1V

=» Optimum output common mode level =1.35V

minimum dimensions of M|-M>

Veso+Vopi1 =1.35V. Vopi1 =04V

Vop12 = 095 —-07 =025V

(W/L)1,2 = 400

Razavi

10



ECES69 Analog IC Design example of folded cascode OP amp (5/5) Ch 9

ﬂLJ:M"’ Mdr".:

Y
M; M,
Vo *— hl; JIE
o V.., o—
I REF1 M out
Vino_l l = I_\ V.. —E —'
A Ty, Mg
My, _“-é-M11 -E'H -
= = Mg ""10":-I

Gain = 400

To increase gain

(1) Increase W and L of M5, M6 (not in the signal path)
(2) increase both W and L of M3, M4

(3) Increase W of M1, M2

Razavi



C0E569 Analog G L 2:Stage OPamp (design example) i o

Voo
MES ﬁ’? M&||—— @5
M 4M‘ 1 | V6
Ce v,
| L s
M1 M K110 i M2y T =<z
j Vop Ai O—ig Kg}—o 7T
el |
| Yo Ups Yn
M9 '
e 1S3 ik
— - Ve
start—up self-bias 2-stage OP amp
and
tracking

Tracking compensation = bias independent Rz



C0E569 Analog G L 2-Stage 0P ampr(Spec) T o

[tems Specification
Supply voltage Vip = 2.5V Ves =— 2.5V
DC small signal voltage gain > 3000
Power consumption 2mW
Load capacitance 20pF
slew rate SR 8OV/,uS
active 1nput common mode CMR_.:-1.2V
voltage range (CMR) CMR_.: 2.0V
gain-bandwidth product ¢, 100MHz
Linear output voltage range OVR_. :-2.0V

(OVR)

OVR__:+2.0V

Low freq input equ. thermal
noise voltage speGium

10nV /+/Hz

13



2-stage OP amp (useful equations) Ch g

ECE5SB9 Analog IC

Some useful equations

Target P> =27 > R, = 1 .[1+&j > 2-poleamp

Target : phase margin > 60 deg PM :180—9O—tan‘1(%)
3
\p3\> w1 _ 3-a)T gm4> 3-C()T o :gml
tan(30°) Cy ! C.

Po =(lps+1p7) - (Vpp —Vss)

Agv(0) =g - (rozH [05) * Ome (ro6H [h7)

1 \/ ()

(A +4p)° Ips - o7 i

Adv(o)zz'\/2 '\/,un/up Cox -



2-stage OP amp (design steps)

ECEHB9 Analog IC Ch9

Design steps
2mW

5
Default channel length > min channel length

|,=1,,=05x

=200 1A

Input CMRmin, CMRmax = VDSAT3+VDSAT1 <= 0.5V, VDSAT4 <=0.5V

OVRmMin, OVRmax = VDSAG6 <= 0.5V, VDSAT7 <=0.5V

Decide all VDSATs = all W, L’s

Calculate gain = adjust W, L’s to meet gain spec.

Iterations to meet SR, @;, PM spec.
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ECE569 Analog IC Term project 1 Ch 9

Choose an OP amp circuit

Design by hand analysis with iterations

Use SPICE to satisfy the target

il in the spec Table

Design a self bias circuit (using R)

Due Nov 21st, submit by e—mail hjpark@postech.edu

DC voltage gain >= 1000, OVR >= 1V,
GBW >= 100MHz, PM > 60° with unity gain FB.

16



=cEs69 Analog 1c [ Spec Tabler e on o

[tems

Specification

Sum (Wi x Li)

DC small signal voltage gain

Power consumption (including

k:r\r\ /\‘:1/'/\111.“'\
pDidsS Cilrcuity

OP amp:
Bias circuit:

slew rate SR

0.1% settling time with unity
gain feedback( 0.1V step)

active 1nput common mode
voltage range (ICMR)

gain-bandwidth product

Linear output voltage range
(OVR)

Low freq input equ. thermal
noise voltage spectrum

17



=CEs69 Analog C [[EX@MPIE OP"aMp CiFcuit forTerm Project diAnTh o

Vop
sl YT
M M11 | M6
- %o
] —M8—| e
ME7, MI3|||M10 ‘§_| M1 M@ }_VO T —C;
Voo s
el |
M9 )
MgJ[ Jf% +%Nll5 I@
N B Vss
start-up self-bias 2-stage OP amp
and
tracking
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=CEs69 Analog (C [EXEMPIE OP'@amp Circuit forTerm Project TBicn o

Voo
M7|:|| ! “:lMa
Vbz. ﬁll It Ms
Ms|
X +— Vout




=CEs69 Analog (c [EXAMPIE OP @mp Circuitfor Term Project 1:Cricn o

VDD
V51°® HiM4 bMS
= Y e M7
® @ Vo
O M1 Mz 2.

- -~ M8, M9

©) ©
Veso@— [, M3 M10_Jp——— SMH

Vss @



Ch 9
=cEs69 Analog C [EXEMPIE OP-@mp Circuit forerm Project1:bnt

ﬁu, ;-

lss1

@ Iss2

Vinio—o

- Voo
Mg 10
P -
oY
My M,
.= |nd
—0 VII'I2 &0 Vout

_Iqu M2p :Il_
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ECE569 Analog Ic | EXample OP amp circuilt for Term Projectl:Fn

!

Vout
_D

M6 |——||:lM?
+
l.’] lfg lfﬁ:_:VB 7
+°—|I:MI M;__II— -
Vin
~0
Cascode
I
¢ + Current
Mirror
|
Vss
(a)

Ch 9
Vb
Ly, e
| |
MI14 M4 114 ﬁlfs
A B
Ra Rp
n |2 | JHE—

13] M6|lle MT||
+0—I|:Ml Mﬂ R; l l o Vout
Vin ng
-0 1 R_ ..----..CL

l‘ﬁ MBS MO
+—fe——{[ M1 5 A
VBIAS M10pe- M|

Vss
(b)
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ECE569 Analog IC | EXa@ample OP amp circuit for Term Projectl:Gn cho

Vbp

M4 -l_— [ M6

MI5
M3:l| [Cvs FMH FH— 7
—o—|[ Mi Mz‘__ﬁ §fi;} 2 R

MI12—+—Ct

T

M10
M5 T 4| Mi11=

+— = [LMi3
|
VBIAS |

¥




i

(60) 1

(60)

.
Vi vt
—>

(60)

Ve
Vii, ¥5¢60)
300) (300) M2

‘

"

¥t8-(60)
i

(120)I@ }7

(60) 1\/@ EI (120)

VBZ

(30) N12

M14 (30)

=CEs69 Analog C [EX@MPIE OP'@Mp CircUit forTerm ProjectiHnt on o

s 60) T
sy [ jpseo T

| Mt5 (60)

C,

O
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=CEs69 Analog C [[EXEMPIE OP'amp Circuit for Term Project T on o

br»—clg bj 4L O
9 5 l " |
— _[i — 1 — w—A—-
_O[T — I
S e | l‘} l
FH I I | :

Input Stag



ECE569 Analog IC

Ch 9

Voo
B
M9 L M10
e I
\L [2.3
M5 L - M6 " l Bl
| i d
= 1 /j% t
}\w Tl
L
M7 M M8

M11

M12
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ECE569 Analog IC | EXample OP amp circuit for Term Projectl:En cho

DD

V
MST_'II T 0 Ir_ﬂﬂ' M'E]j— 0 :Ifmm

=
Mzﬁj} A, M A MZS :




=CEs69 Analog (C [[INTEX@MPIE Bias Circuitfor Term Project T on o

MP4 _lp 4|J . = - TZIl/fy'as.Pl 7_,/:015%%?40
20/1 20;1 %ﬁ . < %{%JO
NP3 b= v,
20/16 20/16 28/}?66 bIJaS.PZ
I | L Iy Iy ] AT W?
MN1 J————E = = Voasno [N
6
10716 Ws YDA 6 Wts MIYP
MN2 :H +S ~ +C ° Vzés.
A Wit on [z
R
i
L, = 1, = = start-up circuit




