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B N W Y T o= 2 VATLS'S ABSTRACT

An Investigation on the Dependence of Symbolic Simulator on Small
Signal Models and the Application of Symbolic Simulator for Improving
Analog Design Yield

ABSTRACT

Analog circuit sensitivity to process variation and design yields has
always been key issues that designer cares about. Due to the limitation of
numerical simulation method, there still lacks a design automation tool that
helps analog circuit designers choose optimal parameters for robust circuit
performance in design community. Symbolic simulation method could rapidly
derived frequency design metrics with respect to symbols of circuit
parameters. By the proposed methodology with the GUI supported symbolic
tool, it can provide the designers an easy yet efficient design assistance to
achieve the yield related design tasks.

This paper first introduces fundamentals of symbolic simulator. Then it
describes the CMOS small signal model selection and extraction due to the
necessity of trimming simulating circuit scale. The design methodology for
multi-stage Op Amp and principle for low sensitivity and high yields circuit
design are illustrated later. At the basis of above fundamentals, a
representative design case i1s employed to demonstrate its practical meaning
and enhancement to designer. Experiments show that the methodology
proposed in this paper could efficiently aid analog circuit designer on circuit
parameter judgment and selection. This is a worth implementing method in
practical analog circuit design.

Keywords: Symbolic Simulator, CMOS Small Signal Model, Multi-stage Op
Amp Analog Circuit, Low Sensitivity to Process Variation, Yields
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FEAL GURA AL B BV I RE rp S BE U U i A V557 P 6 A2 U i 2 IS A 5 24 F) /M
SRS AR, ATV T LU . XD IR Ok B 24 MOS B I/IME S
BRI Al N2 R (1 FL e A v, B TSRS T e S BUE A E IS D0 T 1 4% T vl
Wi ISR, AW HASPERESR b2 15 T LLA S

T LS R R R AT LR LR

o—oO0 —0 2
+ . id + + gmkvgs n
m=vgs
vgs & 1 @ vds vgs Rgs l Rd D vds
o 5 o o
S S
(a) B TR (b) IKIF f3 B AL
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: i —

© N ®

+ gm¥vgs +

vgs RgSD —Cgs L@ Rd D — Cds vds

N b 5
S

(c) &M MEF AR

B A 21 % AF LM TR

Fig. 2-1 Common hand-calculate small signal models

WP 2-1(c) i/ IME SAARL I B 2 DB B ] LT TAF IR, — e it
R UH R B 2-1(a) R 2-1(b) P ) AR, ke B0T s 1) — AN BB, {HE
A UL ARG B RN T LAORAIE 30% 20 A7 IRIRS B

kR P 0% 8 P B R T S BRI 1 R 3T, T T A B N A 2 )
MR . B 2R RSB R — AR L 2 AW BRI, 280 T 2 e R — ik
AR, 5 AL R ST IR A8 PRI K e e A4 TR AT R

7F 0.25um T2 )L |, MOS3(SPICE LEVEL3, JZuHA) & A] DLk B Fr i ks
JERY, s 170 N AR5 G0N 251[26]: (1)K 1A TE RN B E HL s )5 i
(2) HL ST RINE 0T BIAE RS IR 52, (3) 4% THT FEL o6 B TR R (50, (4B T
PRI, B A% P2 5 | P v T RS T R 4
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r
Coh D Rd
4 I B B F I ’

| | | |

Cord Fhd Chd
L C— o= —_1 E

o vigs
cogs S Ghs Chs

—
T

VIS vha

B A& 22 MOS3 Mz 5 AEA
Fig. 2-2 MOS3 small signal model

2 2111 BSIM (Berkeley Short-channel IGFET Model) A e A1) K 2% & 1) —4H.
MOSFET ShAAREAIN[27], FREN RN RS T 2R w4t B R R, AR
(1) Z B EAE A A2 A HiE T SPICE(Simulation Program with Integrated Circuit
Emphasis) 587 54, KB 2 BT & AR FEERE In AR

23 MESRESHHE

FARTEAR GRSV VT T HEAT A7 B 28 A58 v vl BT R4S 2 1 B R A Y,
TSMC $AE11. 18 BIAYFZE Cif W BSIM3V3 B, {H Hy T FE Ak Al B b 22 1 JC W
HL R B (1) BSIM BEANIE H T4 540 7 L8, I HLARMBERL h B0, 5 1520 S 400R0 1
SN B A S A LA P R P AR FR B g i, DRI BRAT TR EDORS AN S B Y- 4
FiA, MOS3 /Mg 54,

St

10 W
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FEAT 544 F B A7 B I 75 R AU o PR R T B LA s R R & S50l 1%
o I A A B U 45 (Wt SPICE) 7E BSIM *%iﬁﬁ@%#?i&ﬁﬁﬁﬁﬁ%
A A BT (1) J5 B2 FE R IRATTHE & A MOS3 B SIAMUII AR Y 7387, PR
WA AN 2 [al a3 bE, B —AN 3507 BSIM F1 MOS3 WLM%?AEP%?
A7 Ao — 8 .

2.3.1 MOS3 5 BSIM &8I g5 H3t 57
>  MOS3 /M5 GBI A B SR LW [28][471[48]:

FA 2-1 MOS3 Mz 5 HEA Adi b sL
Table 2-1 Parameter descriptions of MOS3 small signal model

SH 4 X ¥4 X

Gm g Gmb M

Gds TR T4 Ghd F T

Gbs FIE I Chd 2= ik

Cbs FEYR 7Y Cgb FEM L2

Cgd W HEL Cgs A e

Rd 2% X Jw Rs BB U H

> 1 BSIM4.6.1 7 3017 LUE 2, BRI ESH 7 Uiy T 242
A e, Bae, B TR R ARV, B SEIRE IR
BT AR o XA A % T A2 W) 21 R B3 A A 25 5125 (CMIC[31], Compact
Model Council) 24 T bR 7E AN [\ 11 FR % 47 B0 v mT CLE R iR (%% 7

2.3.2 MOS3 5 BSIM £ SPICE H &yt E A RTFR

FEARAIE T BSIM FIMOS3 #5-Z 80 SO [A) IR St b 3RAT 175 Bt — 2D ORI AT B
TAE SV E M BE I B4, W SPICE, X T ANS4000y H U7 X —22[32][33][34]-

/o1l T
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[ e
1kt Py
e
— | %.
il 52
L R 5 2
gt SPICE ] T2 521 A
] i

B A& 2-3SPICE #4486 K
Fig. 2-3 SPICE Device Description Format

W3 5152 SPICE [RUAAS, A HOGH 1 22 Hh 1) MOS3 A& Fh BSIM AR (1) 4b 2
07 2K, WU AP Sk Al it B PR AR 2 B s 28 N 85 S B ik S e LA S 5
FHRLH], 7T LU 21852 30AE 2R b g ] F 7 =0 S DR RS o

R FR P TR, BATHIN T MOS3 Al BSIM F A AL . [1] (1) 2 4 i 44 Al
P AN 5g 480 I PRIIE T R Geplia A ] BSIM BT 21 1) HLi LA i &2 4k
BT AR it B MOS3 Hi 24

2.4 MESHERBREVRIE M RIEELHI R AR A

h T IERIIHT M SRS R EURUET 2 GRASS S MR, A7 26 R R A
W92 A% XA — o I TR 2K
(1) #5385 15 5 N AZ A4 DL L3«
a) W AFK
b) 10 & X
c) VI BhAryE
d) HEIHIN, ToE AT

B 12 R
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e) HWLERIINAM, USRS GRAE RS
f) I

(2) B AN ECE TR 4T, A%y ”*IODEF: VIN 20 1 VOUT
137, A *IODEF:” Jyfi Nt € SCRTSE: "VINT WS A FK, 207 5
P s 1 AR AC K/ Vout” M HUEAAFR, 137 4 4 i m 11 .
BN RN

(3) HLEEFBR T vdd, gnd, vout, vin” ] A4 45 H 44 41, HoAthim 1175 4 0+

(4) T 558 U R LT options list node post=2 probe”, iXJ& N T #3 2%} MAE S
BHEAT ORGSO PR HA SCPF Clis) [35]. Hor:

a)  “list”IE A Bty 2T B R A CPERAE A 22, IR ROCPE AT RO

KRS HIE -

b) “node” LI EN TN X AR, IZRINE T Pr a0 moi P A 1

Emett.

c) “post=27IEIUAFE4 A% ASCII

d) “probe” & IiIE I PRI )5 20 M1 (post-analysis) 1% H KR T 45 E s

SCAFHIR

(5) 7 X op” I, FR 7N Has v LB K LR AR A

P56 UL ETR SR U (R b A FL B 7 9 2

* Bandwidth and phase for the three-stage opamp *title

*I0ODEF: VIN 11 1 VOUT 12
ib ““log018.1” TT_3V

* Independent Source
Vdd vdd gnd 2.8
Vin1lgnddc1l.4ac1.0
Ibias1 2 gnd 62.8u
Ibias2 vdd 5 39.7u
Ibias3 9 gnd 18u

* Opamp circuit
* Compensation capacitors
Ccl485p
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Cc27120p
Rc 8 12 600
Rc21105

* Load capacitor
Cl 12 gnd 30p

* BW and phase test statement
C210gnd 1g
111012 1g

*The first differential input stage
M1 310 2 2 nch3 L=0.5u W=8u
M2 4 11 2 2 nch3 L=0.5u W=8u
M3 3 3 vdd vdd pch3 L=0.5u W=2u
M4 4 3 vdd vdd pch3 L=0.5u W=2u

*The second stage

M5 6455 pch3 L=0.5u W=60u
M6 7 955 pch3 L=0.5u W=60u
M7 6 6 gnd gnd nch3 L=0.5u W=8u
M8 7 6 gnd gnd nch3 L=0.5u W=8u

* The third CS stage
M9 12 4 vdd vdd pch3 L=0.5u W=80u
M10 12 7 gnd gnd nch3 L=0.5u W=6.5u

* Bias current branches
M11 9 9 vdd vdd pch3 L=0.5u W=1.15u

* Analysis

.options list node post=2 probe
.0p

.acdec101 1g

.print ac VDB(12) VP(12)

.END
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2.5 MESHEREURITER TR

B
! E AL - ST
M SRS \
WA Me SRS H
> ﬁﬂ;@ﬁ Bt ME REE AL

K % 2-4 GRASS T4 74z
Fig. 2-4 GRASS Work Flow

WMEFTR, 52 M SRR S JUANER 7

() {EHEA T BL4%, a1 HSPICE 5%, % H dn A% 2 (1 TSMC .18lib) g v 44
FL % ) L9 A A RS B () BSIM 25 5 % /IM5 5 B 2 5

(2) FHEIL o B SR O A S A S

(3) WA LA EAER Z 30k 25 AR 8 f 13 MOS3 BiAd

(4) PR 54k BLA% GRASS He 75 34k W 26

(5) HI N\ GRASS AT )5 L L 1 540 70 A b 3

12— P REAT — IR B AL T S R O i, AT 2 A RIS (1 gt S AT
G H LA lis £ ). Hh3ATa] Lk BT MOS3 /IME S B R BT (1 4% din 1A
ZHUE S S HA I B W R 2-2 Fios

St

o115 W
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Coh D Rd
| | I |
Cord Fhd Chd
L o— iz —_ E
TV s
Cogs S Gha Cha
1 | |
| I
—F -—
E=
WS vha
H
B & 2-5 MOS3 Mz 5 2R IR GLAA
Fig. 2-5 MOS3 Small Signal Model Extraction Description
FA 22 M TARE BARG AL B
Table 2-2 Small Signal Model Extraction Location
M SRS AL E
Cgb cgbo =0
HEWTT-EL: Cgb = cgbo * cgs/cgso =0
Rd =rd eff *#%*% mosfets
Rs =rs eff *#%* BSIM3v3 Model (Level49 or Level53)
Cbd = capbd element name 0:ml 0:m2 0:m3
Cbs = capbs
rd eff 170.0000m 170.0000m 720.0000m
rs eff 170.0000m 170.0000m 720.0000m
capbd 7.4799f 7.4799f 1.9221f
capbs 7.4799f 7.4799f 1.9221f
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Gbd = 1/rbd subckt  xopampl xopampl xopampl xopampl
Gbs = 1/rbs element 1:ml 1:m2 1:m3 1:m4
model 0:nch3.7  0:nch3.7  0:pch3.7  0:pch3.7
region Saturati  Saturati  Saturati  Saturati
ibs -5.263e-21 -5.262e-21 4.364e-21 4.364e-21
ibd -1.8764f -2.1707f 18.2966f 16.3143f
vds 965.5603m 970.3520m  -1.3568 -1.3520
vbs 0. 0. 0. 0.
W& rbd=vbd/ibd=vsd/ibd, rbs=vbs/ibs
Gm =gm *EE* mosfets
Gmb = gmb subckt
Gds = gds element 0:ml 0:m2 0:m3 0:m4
Cgd = cgd model 0:p 0:p 0:n 0:n
Cgs = cgs region Saturati ~ Saturati  Saturati  Saturati
gm 1.7457m 1.7457m  996.6583u 996.6583u
gds 7.1457u 7.1457u 4.375Tu 4.375Tu
gmb 0. 0. 0. 0.
cgs 114.2261f 114.2261f 19.0377f  19.0377f
cgd 10.1017f  10.1017f 1.7317f 1.7317f

R 2-2 WA S B I EREA TR CUUAC, DT et ) 3 ) XA
T S A AR A IR 2 EE . BATT RS- S 58 2-5 Pty id ot i
B AR /IME SRR, RN S BEN T, B I % A BEAT Wi T s 42 A i 12t

AT D M ST R

AME SRR SR AP AR 0 AR BIAS R AR ARk X,
LM D AN X, AME SRR ZE R AR, AR AN [ AN [R) S50 ) SO RAE
(vl Iy BB AR 70 S B T FL i ) 2 A R, i At 2 B AR T S AE R Sy, sk

2.3 o, AHGEHBIRORRE FIFE 2 48— 1.




AT R TR 2 A8 S

KA 23 METARE S HAR A
Table 2-3 Small Signal Model Parameter Dependacies

/M SRS HR I L TAE & G
SH gm, gmb, gds, cgd, cgs, gbd, gbs rd,rs,cbd,cbs

FILEE RV TAF AR NS B AR

Pl 1 45 B/ ME SR DGR W 3-5 Pros

D) HPREHER AT Clis) #EAT BSIM /IME S B A, 20 BIEA FIALE
AR HAE, FHIEFEAAEA SRR,

2) (RIS, R IR ALEHRIA SCPE Csp) BEAT PNty O SCA AR, dn A2 At jin/ i Hs AT
YR, ARERT R IR 5 N A A 25 B s LR AT OG0 5

3) HE PR RN AR SRR A S HORYE MOS3 BRIt i N 5o —
A GERE I d A /M S

4) R =D AR RIS M SRR AR A N B D R A B ) R A R R
1% GRASS Aepis kAT i 1 J HoAth i 250 42

BA
gm, gds, gmb, cgs, cgd

-LisXAt BSIMAE A SHL A ? rd rsiic)b\d cbs 7 BRERZ
__— S
B SP3CHE ) FEBOE |y o o s vy DI ‘W
0 a

A& 2-6 MMz 5 AR FhIAAZ
Fig. 2-6 Small Signal Model Extraction Work Flow
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2.6 MESHRBEIHENEE FF(E RSE B

IME SRR Tel (Tool Command Language, — i E BRI HEAT 52451 4 5 R0 38,
H AR 5D B TH S o A SIS 7 R4 a0 BBk ZoR AT/ MIE L
SEMMER; i HEUEN Hds (W HSPICE) ZEATHI4 07 55 B & /M5 S B 2
PR SCAE

FERAR R tel SO E T Han B SR — 2 H s, A s ATisd7an b fr
A BIAT £33 GRASS FA MM, KIFFAT G 8477 5o B TAE:

(1) hspice bw_opamp 3stage 1vI49.sp, 752! Hii TAE &

(2) mos_extract bw_opamp 3stage 1v149.lis, 133|544 Rk

(3) build grass sp bw_opamp 3stage 1vI49.sp, 75%] GRASS 75 M %

2.7 IMESHREVE ZE 3R RN LLAL

K T BB AR A R A IME S (BSIM3v3) kAT € 4 GRASS
A FH 87 B/ M AR (MOS3) 7ERG S B ZEss, BArEIRA15 G Bk atE, Al
A5 = AN ZE 451 2 53] 5o PR ol AR R A 3k DA 558 S B SR 2

FHe 2-4 MIKAHE
Table 2-4 Testing Environment

Testing Env Information

CPU Intel(R) Core(TM)2 CPU T5500 @1.66GHz
Memory 1GB Physical Memory, 2GB Virtual Memory
HSPICE For Windows Version A-2007.09

Model Library TSMC .18 Process - 1og018.1(BSIM3V3)

¥ 19 W
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271 REERHAFEERENMESIRE BN

N
-

4]

‘ ‘ N
74 vbias3 | vbias3 ‘&9 14 [ voiass > 13
8 d14 d13

vbias3
' ‘ ‘ d1A \b 6
“vmp vinn E 10 4A 1—“ vbias2 H—: 3A
1E 512 vbias2 d2A back Vi
d11 d12 o C}c—< out

-

d1A
Vout
d13 d14 "
vbias1
3 4
.J L 9A H

Ibiasi@ vinp % 2A 4] vbias [ 1A v
1 L - (o]
d11 cl

vbias4 d12

5 H 6 12 [ 11 E15
d . 10A | } vbias4|
Vbias4 Vbigs4 d2A _
,T

Bk 2-7 MBIEFRKELEM[36]
Fig. 2-7 Two Stage Op Amp Structure

0 g R P 8 S ORI R e, 6 P R M T T A PR B F A B2 ik
A 3 B 35 B R e (2 P 227, S S o ] 2-8 0
v original £k A2 11 R HEAT /MR 5 BRI AT BSIM3V3 1107715 1 i 0 2045 L,

i after extraction™ {0 AT /MR 5 2 HCHIR I HIEE MOS3 KRS T 150 HL 6 0 20

+
45

B 20 W
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ABS(H(s)) for Two Stage OPAMP

100 T T T r
i i i e original
.............. i S arter extraction
i ““L\ :
B femmmmmm e Boeoseos L RRnRs P ERRRREEE —
L ] ] ] '
= i i i H
z )
z H
wr
il
< A
o
=
U _______________________________________________________________________ -
X
50 iq i i_ i )
10° 10° 10* 10° 10° 10"
log(Frequency)

B & 2-8 ABUAK B F 25 ) M3 5 AR JUR L Tafd rha
Fig. 2-8 Magnitude of Frequency Response of Two Stage Op Amp with Complex and Simple Small
Signal Model

Arg(His}) for Two Stage OPAMP
0 ™ T T L

Mo e original
W i arter extraction

o : : :
11 P s . o e i
< y
1) R FOR R SR S UL S i
1] S s N o e _
300 L i i i _
10° 10° 10 10° 10° 10"°

log(Frequency)

& 2-9 MBOKK BT L5 @323 5 AR JUR 0 AR oA B
Fig. 2-9 Phase of Frequency Response of Two Stage Op Amp with Complex and Simple Small Signal
Model
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i B R 2 (BSIM3V3) A fijf (MOS3) Mz S8 GE st bb R BT 1 7]
DLAG B P INME S BB A P s RO s I I B g5 IR TR =N

kA 2-5 MBIE FA KRB TIRBN L ME 5 AREF A s
Table 2-5 Performance Comparison of Two Stage Op-Amp with Complex and Simple Small Signal

Model
2stage OPAMP BSIM3V3 MOS3 Difference
Open loop Gain(db) 79.8 83.7 4.8%
Unity-Gain Bandwidth(MHz) 56.3 56.4 1.7%
Phase margin(degree) 68 67 1.4%

272 BB AFEEREFMESER LR

vbias1 d3 d3
|biasi@ ° H 3 ﬂ‘ ‘bS ‘b 4
a3 d4
a6 e d5
orl L Jee TP
‘ ) ﬂ b 5A \b 4A
‘F 7 di2  d3ATT—  d5A vout
d8A ‘ )
vbias2
vbias3 | d7A ’ +
6A H\ E 8A \F 7A E 1A 2A
vbiad3 ‘ vbias2 vbias2 L

*d11

1

Bk 2-10 & RIRIE H K B4 H[36]
Fig. 2-10 Folded Cascode Op-Amp Structure

U &1 Oy SRy B s SRR AR A B, A HIZ SR AE JAT TR R IR A T 43 2132 T
RO 2 P A A /N5 R rp (R R I 1] 2-10, At W A A7 P 2-11
H7original"Z AR 1Y HEAT /M S B IBGHT BSIM3V3 [ HL s 4R
1M after extraction” AU HEAT /M5 5 2 B HOTHIE MOS3 B A Ji5 BT S 1 v i 11 5
aig.

B o2 W
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ABS{H(s)) for Folded OPAMP

L e r ! T
! " ! 0 CIETE T original
5 arter extraction
P | s R .
S E
T 1
w 1
m 1
< :
o 1
= i
U______________JI ________________________________________________________ —
Y
i Y
H H H H ]
50 I_\ | I_ | )
10° 10° 10* 10° 10° 10"
log(Frequency)
BA& 2-11 & RIGRK B E 25 823 5 AR son & fa /it 4 B

Fig. 2-11 Magnitude of Frequency Response of Folded Cascode Op Amp with Complex and Simple
Small Signal Model

Arg(H(s)) for Folded OPAMP

2 : : : :
i ' ' e original
0p—— -'_"1lr'_""""_""E—""""""_T" arter extraction [
-20 --------------- -------------- ------------- -
7)) IR SRR SR S AV ST -
g ————, »
5 | X | s
T OB0f--eeeeee- R A s ceacae i .
= ! e :
()] SESSSS——. e S T -
AD0 e mmm e e e ------------ -
: : : N
V1) Jeeomenoeeees Fosnoneeooas 3emmomnneeoes e .
I I I i
' 0 0 iy
ABO -+ e oo ooeeesnnee b dmmoooiien g
180 L i i i _
10° 10° 10* 10° 10° 10"
log(Frequency)

A 2-12 I &R BIRKE L5 F L M5 5ARR SR0h 2 AR e dx B
Fig. 2-12 Phase of Frequency Response of Folded Cascode Op Amp with Complex and Simple Small
Signal Model
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i B R 2 (BSIM3V3) A fijf (MOS3) Mz S8 GE st bb R BT 1 7]
DLAG B P INME S BB A P s RO s I I B g5 IR TR =N

RAE 2-6 1 B AIRE FAK B L AAM LT FTHEG A
Table 2-6 Performance Comparison of Folded Cascode Op-Amp with Complex and Simple Small

Signal Model
Folded cscode OPAMP BSIM3V3 MOS3 Difference
Open loop Gain(db) 95.5 95.5 0%
Unity-Gain Bandwidth(MHz) 70.8 71.8 1.4%
Phase margin(degree) 46 43 6.5%

273 ZREHHAFEEREFMESER RN

M%"E’” vo2e—|| Mio L"[:IM“

—oout

in-o—{| Ml M2 [l—o in+

Vbl o—|l:M5 [:Ml2 ® i
Cey —w—o ©)
@ - ARA R(T
Vss C Re

& 2-13 =432 B K B AL R4 H[37]
Fig. 2-13 Three Stage Op-Amp Structure

U kg W = Z8 SRR R B A A S R A8 JAT T 00 A A 5 T 43 2135 T8
FRIBTER ) S 8 2 A6 P R /M S R B rp (R R I 18] 2-13, sl B AR dn ] 2-140 3
Horiginal "2 AR I HEAT /M S BRI BSIM3V3 [ P 5 L A FL 45 2R
1M after extraction”ZeACKBEAT /M5 T ZEHh BT i MOS3 B J5 P A1) HL i 7 B

+
45K

B 24 W
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ABS[H(s)) for 35tage OPAMP

= T ) '
1 H ! e original
]| S ——— - e e et e e arter extraction |
EU ______________ T S P L mmmmmeoo o —
R e s e
s | | | |
I ' ! . H
7 - . S AN . 7
i H H H H
= i
[ | SESS— jmmmmmmnnnenes [ L N [N -
e Sy eeenneeeas -
Tt SRR T SO boag e
&0 L I L I
10° 10° 10* 10° 10° 10"

log(Frequency)

BR 2-14 BB HHAKELRE B L ETARE S B @A 4 B
Fig. 2-14 Magnitude of Frequency Response of Three Stage Op Amp with Complex and Simple Small
Signal Model

Arg(H(s)) for 3Stage OPAMP

=" : : !
k ' ' ' it original
1)) St arter extraction ||
Ty P L —— E——— | S — (I— -
Nt S AEELEIIEE e CSSCORTY FEELLRPRPREE boeenneoee -
= : : : :
) . WS e e s -
= ! ! ! :
< : : i :
QO feemmmm e fommmeeeee e boonnnnennn FTES e booononnonees -
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| i i I\.
: : : Y
E e e
: : : N
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lag(Frequency)

BR 2-15 ZBAB HA K E LG 632 SRR IRk 2 AR AL B
Fig. 2-15 Phase of Frequency Response of Three Stage Op Amp with Complex and Simple Small Signal
Model
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hin A2y (BSIM3V3) Kfij# (MOS3) /Mg SR ik fest b R B IRA T 0]
DLAS 31 P T /N 5 W TR A P 2 SRR 2 FL S T R 5 L 5 R R B R 2

A 2-7 Z 0B BB A K B L RAR M5 5 AR A4
Table 2-7 Performance Comparison of Three Stage Op-Amp with Complex and Simple Small Signal

Model
3stage OPAMP BSIM3V3 MOS3 Difference
Open loop Gain(db) 95.7 95.7 0%
Unity-Gain Bandwidth(MHz) 9.17 9.17 0%
Phase margin(degree) 88 88 0%

T L =0 n] LA 2 5 MOS3 /M SR8 BUARAE my N 15 2 2% BSIM3V3
ME GBS € R, HIRK 6.5%IM1R 72 58 el L MR B 285Kk 7
LN, FEARBIUN FL S s Aofi it DA, FATMEA MOS3 /M5 S B AE A T4 5
AT FC I AR O EC I A H 1) BSIM RS 2 T Aff 1 3 2% K

2.8 RENE

W ARtk Fe B AT Ze AL, RIUAE M /MG S B R LS T 1K) CMOS i A 2
i A5 S A T VEREA T AN AT BB — 25 o AT T8 FH A5 540 5 90 T UAR B T g
AR R R LG, TR RIE BT A 2 0BRSS, W ELHEAT CMOS /M5
PR BRI o 200 S B AIE A S0 PR BRI T /T LU o FRATT3E 32 (1) MOS3 /M5
B AR AR E 2% BSIM3V3 /ME SRS, Gl T an EHAS, e TR 54
T30 AR B R T S SRR AR B T RS S o BRAT TR I /M S B R R TR BT AT AL
(P

St

o260 W
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FZE ITZREBEKRERITAZE

3.1 ILZmBIEsURMEITEX

B ER Berhof, FEAE LG 45 1 LU 75 B0 Fi s S A A T I B Lk B0 Ak r g
PEREIT H o SR1 H T80 A2 T2 HAT TR e VRS HLER & S 800 kR IN w7
O P I ik AR v 2l K AR O ARG R AR EIK .

B (Yield) FRIZAERENL S B0 mEe M S HOGH BRI LR T, A ik g
PR B R RGBT BRI AL R LU RIX LA Ot T LS E WS 5 [ 1 2
DR

FESE BT E I, IX S n) S A A 3 P AR ADL R B T IS P BB B s
SPICE) XJHLEBEATH: i (Corner) EUZFF K% (Monte Carlo) 734, H LML T2
A x) R Z 2 e, B vk S TR e — IR I SR R B o dr il s B
X1 SPICE 1/i 5k B2, BRIt ise vt O i 8 (Design Centering) £87 S LSRR A M)
I Ao [R]ES T JEV2 8 RGETE REXT T HL B S B BB R, eV AT B 0% I I
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Fig. 3-1 Multi-stage Op-Amp Structure
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Fig. 3-2 Frequency Response of Three Stage Op-Amp
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Fig. 3-3 Partial Monte-Carlo Analysis Figure of Three Stage Op-Amp
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FHe 3-1 ZRF I AR (5000 k)
Table 3-1 Monte Carlo Analysis Results (5000 times)

Mean(pn) Std. var. (6) Max Min
GBW(MHz) 12.0924 6.3669 234.525 5.3178
PM(°) 60.8063  12.5171 418.969 1.3394
Gain(db) 95.6924  69.4664u 95.6925 95.692

M 3-1 SR R B A 4 R vl LB B, BAR = S A5 R 2 5 AR A e IR
DU N2 AL RGEEOR R, AH A7 AE BT A I BE N L T 2 A%, IFANE B i A7
s AR DL CARAE R G BORVE T (1 o K W], AR AR SE I 2 X L i 1 2 % T ANBU
(LI 2 i 08 ANV (S A3 32 220 32 BIR B A2 1) 52 0

3.2 HELRESH

R (Yield) Y A LAE SO —>7 AR P AT AR N e PERE K i mT
RETE, P

Y = prob{xveT fL < F(Xg, %X, %)< f,} (3-1)

r

Hodr fio fu 2SR R ERE SR EIRFTRBE, T. WS BOREVEHE, X0 X
X [CR R RBH BRI K NE 0%~100%2 (8]« 40 5 A H i HE 5K R
il BI¥EA LA BRI, R 3-1, RN 100%.

EFXF SRR BT, AR LLsE SO AT Pl e R GRSk et B

v — 1 HZMC: S(X) = n, _ #{acceped sample elements}
Ne o Nyc sample size (3-2)

U, e KSR B A TREAR, w RS, 800k I T SRR R
BT R
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Lif Pe A
0,if Pg A (3-3)
xs WIS HLES, P A4 Ai S8 N RGTERE, Ap RGE AT HZVEREIE o

50|

YE Rz, FATHXZS EAAL ) i W) R KRB 7. BT xs= {R,C} .
S HUR A BRHAT eRHON -

1 05 &y

pdf (/) = pdf (R,C)=——-& *® 34

270 ;0. -4

W AR M Ac 70l R 1 C F7 & RGVERE SR I, W) R 30T LUE SO AR
RESESR T 7 1 FCVFIX S5 SRR A0 R R 7y, B

Y = H pdf (x,)-dRdC

ReAg,CeA:

FERART SR, S5 2 0 M vh 45 201 20 A it 2 RN 5 T2 8000k xg 1 pdf ik,
B 3-5 H ) pdfixs)e 3K 3-5 HE AT DU B VA AATHSRA 2o O 1 B84 A AR S
bE TSRS, VA S R A C MBI 4 SO BH, T H 800y 2k 2 2
FIRE Y AR 7 T2 R4

(3-5)

FRYEEE 3-1 FEF0 1 s SE AR AR AL M B A e v e Bt il oA b 2, ]
3-4 iR e BN BATBOE B R GRS E PEESK, BRI AR T 60 B2, RHZSAHAL
ST 2R T 60 FERFRAr BEAT BUER S, AT BN v o 1 280 4E ™ R % (parametric
yield [38]){X N 52.57%, ANREIAZF|A =ik,
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Fig. 3-4 System Performance Distribution under Parametric Gaussian Distribution
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Fig. 3-5 Specific Circuit Performance Specification with Double Parametric Illustration
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A& 3-6 MAETHET RIRIZKZ[38]

Fig. 3-6 Definition of Performance Acceptance Region
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Fig. 3-7 Corresponding Parametric Region Illustration
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X9 pdf (C)= const

X pdf (C)= const
A 8,2 /
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Xs1

B & 3-8 A d 34 AT R AR T AL R Bk T [38]

Fig. 3-8 Design Centering Corresponding Parametric Region
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Rt b Ps B AR GERERTR, RN AEIX AN Al BRI TS Ha Kk
AN E AR 7S a] DAAE BV ITAE ORTE RARIUAL IR LB BT b, RIS TR « AR
M G i SR L i k7 B P50 A 7 U iz S m) i, PR B A5 5
AT B2 P R F B B R R

4.2 FRZE MK BF/RITRE

Az e
vl o—»+ voul vout
E SR » A% Y OWMIHEME |-
V2 o—» —
i L

Bk 4-1 wHMBE FHAKEZGHER[39]
Fig. 4-1 Common Two Stage Op-Amp Design Block Diagram
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Fig. 4-2 Simple Two Stage Op-Amp Structure
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Fig. 4-3 Dependencies of Parametric Adjustment
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Bt A4 5 i B, DL S5 (R 3a SOBOR A5 22 T AN ED AL 2 AT FLLBR IR ZHAE L I
L Y F 5K, 22 e SRS R IS IR R EE Mok o — Mo T IR IR is
BOESRH TAFEAR T 2.5 R%F, 0BTl RR D AEI2 OE # 15 B KT 1mA. I
TG R R0 AR EL A i i (R A PR e, IXII8 SR 3 K 2 IR s R ¢
(i MP3). H s PE R BRI ¢ 4 S5 ) P AR AR 5 P e o ey SR g

HCm1
i
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T % O
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B A 4-4 Z BB KB AMERUT ALK 25 [29]
Fig. 4-4 Three Stage Nested-Miller Compensation Effect Op-Amp
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Fig. 4-5 Three Stage Op-Amp with Simple Small Signal Model Substituted
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complex pole
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Freq.

odB ------
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Bk 4-6 3F AR EXFTINIRR AL 697 7A1[29]
Fig. 4-6 Effect of Non-dominant Pole on Frequency Response
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B AP R R = SEs SO IIAT B 00D, R GRRARI D RER
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(1) J ) ik 2 oK ) ¢ 22 F8 22 W BH A1 0t 45 2 (RNMCFNR, Reversed Nested Miller

Compensation Feedforward with Nulling Resistor)
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Fig. 4-7 RNMCFNR Structure Diagram
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Fig. 4-8 Three Stage Op-Amp with RNMCFNR Technique
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Fig. 4-9 RAFFC Block Diagram
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Fig. 4-10 Three Stage Op-Amp with RAFFC Technique
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WBATE Z RIS, AR T ARSI ER IR T R GEiAE

4.4 §Hx REMRULRZEIRIT

FGEBET T ik, BRAUBEH I iy B R S i el e, BT R v I RE BRI AR 4
PEREXS T T SRR UEYE, DOB RIS AR R (B RE Atk
THIPESEA TSR A AL R RERE 2 Z AR 1K 52 532 w0 7 T A ], R el o fe et 2
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4.4.1 LA BRI SHIRENE 1

EIX L IRATHL Cc1=8pF, Cc2=20pF, Rcl=650Q, Rc2=5Q, 4535 K AIAILT
Mg 73°, X HEAT Monte Carlo 2047, 15214558

kAt 4-1 FHFFHHER 500042470 17] 344.88s
Table 4-1 Monte Carlo Analysis Results 5000/Run time 344.88s

Mean Sigma Max ‘ Min
G 8.5291x 4.7694x 186.0349x 3.5120x
FHALA E 71.8697 12.0702 430.6435 875.4993m
458 95.6950 201.1612m 109.9164 95.6908
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Fig. 4-11 System Performance Distribution with Monte Carlo Analysis
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[A)FE%), HX Phase margin = 70, Ccl=15pF, Rcl = 60:
E A 42 ZAEF T oME R 500045 ATH 1] 8.94s

Table 4-2 Monte Carlo Analysis Results 5000/Run time 8.94s

Mean
4.9899x

Sigma
3.1070x

Max
76.7960x

‘ Min
1.7795x
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Fig. 4-12 System Performance Distribution with Monte Carlo Analysis
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Table 4-3 Monte Carlo Analysis Results 5000/Run time 39.25s

Mean
3.8635x

Sigma
2.6909x

Max
80.9271x

15 ATHY 18] 39.25s

‘ Min
1.3314x

DAL
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i
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Fig. 4-13 System Performance Distribution with Monte Carlo Analysis
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Fig. 4-14 Phase Margin Sensitivity [llustration for Compensation Branch Parameter with GRASS
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RAE 44 B AL LR 7504 BT @ 36 A RAAY
Table 4-4 Parameter Optimization on Compensation Branch on 75° Phase Margin Contour

Point Cc; Rer  Sens(®, Sens(®, ||Sens (4, Ccp Rc1)|| Average Percezlt of
PP @ Co) Rci) GBW @>60
(MHz)
#1 3 2445 0.426 0.353 0.553249 41.84 71.23%
#2 10 507 0.239 0.143 0.278514 8.58 75.85%
#3 17 137 0.179 0.0421 0.183884 4.51 96.52%
#4 20 50 0.151 0.0154 0.151783 3.55 99.89%
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FATR VA — AU (normalized sensitivity)[20] A AE & Kb A 43 5 o T
Coi M1 Rey BIRBURRRE, o SCHRTRT AR R S0 A — A UK B 40 ) 4 =

: Cer 04 Ry 04
Sens(g,R.,,C,) = (Sens(4,R.,), Sens(¢,C.,)) = ( b oC. ¢ 5Rc1) (4-1)
2 b IRV RBURE 0 AR AT 4 FE AR A e PR IR T r), HER/N IR AR RS, RIS &7
) b RO 3 B A R GE PR AN T & S B U AR T Hl TR i R e — A
SR IBUR R FARAE AT AR R ) — D SR BUR MR T, AR 4 % g — 12
BN BUR R HATINAL, W 2 Pros. i 1 BEAF (IR =4k dl i i1 R, JRATTRE—
2% JEAZ RUBUR L IR R /D

[Sens(g,Rs,, Ce)| = /Sens(g, Re,)* + Sens(, Cc,)? (4-2)
I3 4-4 H5dli nT DU 21, 08 1R /Il 52 ] DUBE B (1 5 4 2R 48 M AT 258 10~
JE, o /IR RBURR 5o N S5 AR 1) 22 23 B0 ) AU R g e P A B R R AR, B R
VPR ORE T R L mEE N RE T, L m A AR R B A S T DU B R R AR
e W1 334 ST, AR TR B, RUGBUR S ALK DL 1 5 vk Iia] LAFE B GRASS
BN TS A, U0 Cey #E[17,20], Rey £E[50,137]2 )4k 452 F SPICE 5 K5 ff FiL 44 ) E 4%
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TP S, RS N AT R GEE R T4 J5 13 B 000 B 1 Rk pe ik 3 i

%260 0T



AT R TR 2 A8 S

KA 4-5 RAGE 342 GRASS SRALHTIF & goid fig*
Table 4-5 System Performance with GRASS Optimiazation

Average of PM(°) 74
Average of GBW(MHz) 4
Yield 99.71%

*CCl:19pF, CC2=20pF, RCl=74ohm, RczZSOhm.
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Fig. 5-1 Simple Op-Amp Diagram
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Fig. 5-2 Realistic Transformation on Ideal Op Amp
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Fig. 5-3 Complex Op Amp Example
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MisR A GRASS & #IR7S IEfgTELaiE

FEAE ] GRASS BEAT SR AT 7 ZERIE AT 540 4 2 T HAEER 5 MOS3 /)
5 SR S I IERA T, Ay e PR UE WY I 1T AR RUIRAS T X AN R vt 5%
195 HSPICE S o4l TR 22 5 MUHAE H it A AR AR IR IRES T~ 55 HSPICE 122

=N
Jto

% A.1 GRASS MK FR3%,
Table A.1 Testing Enveronment

Testing Env Information
CPU Intel(R) Xeon(R) CPU X3363 @ 2.83GHz
Memory 16 G bytes, DDRII667

AT A GRASS FEAN A RS SN (52808, BATPRE BT AT T AR R L 1Y
AL, B S A e A A (i B H T PR R A e (At P i B P O 4% o BEAR
FHLYRIEALAL, BE 25 {74 T LIRS A e b S ORI (48 i 2 L U0 ) B P P U R o P B L9

EHEE,

A1 =0 FROREF K

R A2 GRASS fEfAL = s FBOE [T I
Table A.2 Testing Performance with Simple Three Stage Op-Amp on GRASS

Parameters/Performances Value
Testing scale(number of transistors) 11
Testing scale(number of symbol) 91
Time consuming(seconds) 5
Memory consuming (G-bytes) 0.1
Match Percentage 100%
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ABS(H(s)) for After Model Extraction Reduced Three Stage OPAMP
T

10(ABS{H(s))/db
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Arg(H(s)} for After Model Extraction Reduced Three Stage OPAMP
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Bl AL A = ZHCR A /2 HSPICE Hp () S man 1 e i €]
Fig. A.1 Frequency Response of Simple Three Stage Op-Amp on HSPICE
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Fig. A.2 Frequency Response of Simple Three Stage Op-Amp on GRASS
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% A3 GRASS 1L I GHE HTBOR S [T L
Table A.3 Testing Performance with Simple Two Stage Op-Amp on GRASS

Parameters/Performances Value
Testing scale(number of transistors) 13
Testing scale(number of symbol) 107
Time consuming(seconds) 25
Memory consuming (G-bytes) 0.9
Match Percentage 100%
ABS{H(s)) for After Extraction Reduced Two Stage OPAMP ] Arg(H(s)) for After Extraction Reduced Two Stage OPAMP

. T ‘ T T ) ‘ T r

l0g(ABS(H(s))db
Arg{H(s))/

width

10 10° 10 10° 10 10’
log(Frequency) log(Frequency)

A3 AL PGB 35 E HSPICE HH {4355 i [ i 2 P
Fig. A.3 Frequency Response of Simple Two Stage Op-Amp on HSPICE
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Fig. A.4 Frequency Response of Simple Two Stage Op-Amp on GRASS
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Table A.4 Testing Performance with Simple Folded Cascode Op-Amp on GRASS

Parameters/Performances Value

Testing scale(number of transistors) 22

Testing scale(number of symbol) 179

Time consuming(minutes) >20

Memory consuming (G-bytes) >13

Match Percentage Not Runnable!

A]LLE 2, 7F Symbol £ H 4bT- GRASS w] GEWE A Vi FE N i, GRASS 5 HSPICE
BAF R 54— 801 £F Symbol #id GRASS o] LIEEAETE NG, REEICIETS 24 % 4
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Fig. B.1 Three Stage Op-Amp and its Compensation Structure
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Table B.1 Operating Region of Each Transistor when Supply Voltage = 2.8V

Name Region Name Region

Ml Saturation M2 Saturation
M3 Saturation M4 Saturation
M5 Saturation M6 Saturation
M7 Saturation M8 Saturation
M9 Saturation MI10 Saturation
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Ml1 Saturation

SR I 1 A i 2 4

ABS(H(s)) for After Model Extraction Reduced Three Stage OPAMP Arg(H(s)} for After Model Extraction Reduced Three Stage OPAMP
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Fig. B.2 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 2.8V on
HSPICE
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Fig. B.3 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 2.8V on
GRASS
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# B2 MLV R 2.8V I HSPICE 55 GRASS %5
Table B.2 Performance Difference between HSPICE and GRASS when Supply Voltage = 2.8V

3 stage Op Amp HSPICE GRASS Difference
Open loop Gain(db) 95.7 95.7 0%
Bandwidth(MHz) 9.17 9.17 0%
Phase margin(degree) 88 88 0%

B.2 dEIEH TIEAEE 1
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R B3 UM HLA 2.0V IR AR 1 AR X 3k
Table B.3 Operating Region of Each Transistor when Supply Voltage =2.0V

Name Region Name Region
Ml Saturation M2 Saturation
M3 Saturation M4 Saturation
M5 Saturation M6 Linear
M7 Saturation M8 Saturation
M9 Saturation M10 Saturation
MIl11 Saturation
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ABS(H(s)) for Simplified Three Stage OPAMP under supply woltage 2V Arg(H(s)) for Simplified Three Stage OPAMP under supply wltage 2V
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Fig. B.4 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 2.0V on
HSPICE
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Fig. B.5 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 2.0V on
GRASS
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Table B.4 Performance Difference between HSPICE and GRASS when Supply Voltage = 2.0V
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3 stage Op Amp HSPICE GRASS Difference
Open loop Gain(db) 72.2 72.2 0%
Bandwidth(MHz) 9.56 9.50 0.6%
Phase margin(degree) 56.1 57 1%
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Table B.5 Operating Region of Each Transistor when Supply Voltage = 1.5V

Name Region Name Region
Ml Linear M2 Linear
M3 Saturation M4 Saturation
M5 Linear M6 Linear

M7 Saturation M8 Saturation
M9 Linear M10 Saturation
M1l Saturation
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Fig. B.6 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 1.5V on
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Fig. B.7 System Performance of Simplified Three Stage Op-Amp when Supply Voltage = 1.5V on
GRASS
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Table B.6 Performance Difference between HSPICE and GRASS when Supply Voltage = 1.5V
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3 stage Op Amp HSPICE GRASS Difference
Open loop Gain(db) -55.3 -55.3 0%
Bandwidth(MHz) N/A N/A N/A
Phase margin(degree) N/A N/A N/A
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