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RESEARCH ON CORRELATION BETWEEN
BEHAVIORAL MODEL AND TRANSISTOR-LEVEL
DESIGN OF SWITCHED-CAPACITOR SIGMA DELTA
MODULATORS

ABSTRACT

With the development of integrated circuit, more and more signal processing tasks are
implemented by the digital integrated circuits because of the high density as well as robustness.
Since all the signals in our real life are analog signals, it is critical for us to have an
Analog-to-Digital Converter (ADC) with good performance, such as high precision and ultra low
power consumption, and Sigma Delta Modulator (SDM) is one kind of ADC. In reality, there
exists a significant problem in designing the Sigma Delta ADC, which it will spend lots of time to
simulate a complete SDM with the conventional transistor-level simulator, such as HSpice and
Cadence Spectre. As a result, I present a complete behavioral model which includes some
practical circuit parasitic effects, such as the finite dc gain, slew rate and the bandwidth of
Operational Amplifier (OpAmp). The behavioral model has a great advantage over its
transistor-level counterpart for it can provide a rather accurate final result but in a very short time.
Moreover, it can have a good correspondence with the circuit parameters and thus it will be
helpful for us to develope a toolkit to synthesize a complete SDM in the future. In this thesis, a
complete transistor-level as well as the behavioral model for an arbitrary order SDM will be
presented, and a complete design procedure of SDM with the combination of such 2 levels and a
comparison of final simulation results between them will also be discussed.

Key words: Switched capacitor (SC) sigma delta modulator (SDM), behavioral model, circuit

non-ideal effects, unit step response of SC integrator
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i Sigma Deltaiffil#5 (SDMD #iteHoh i —fh, AHE T HAMMKIIADCITE, SDMiE—
Pt REEMIADC, [T E IRk R Al i, o — AN 8 1451 /& SDM R 75 228 FH —
MRS EEADC, i) DS 31—/ MRS EE T 16 LU RF I ADC,

{HRTER T ADCHIRE R, 8 P GE i) H B 1 B2 T EAE S KRS |],  — i = Bl
HADCHIM BT 5, 5 TR 1) B g 2 DA I 2 M f T R SR 3 o BRITTT 53 2% (1) FRL IS 2R
T BT B AR B KRR 1] (M0 B, o 2 7™ E M FRL B TR T T A 1], 5 HL T3 AR A

F 1 LB R AT R M AT A BRI — 5 T B S R A

FU B T SDME IR A5 5 i — AMRE A B AR, FRATT A B AT4E Rl % 20
LR LT B 0 AR A R TR BRI — P46 5 4P 6 B[ B A7 2 AR g ARRS (RTL) , AR J5 KB
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TR B B T D B B VF 2 FLE I B AR BB, T TR 2 51 N — A, AT S i B
KA (PIATUAE N, , FIT CATE BE U PR B0 75 2 50 2 (AR A5 TR T e Bk (1 200, s M8
% SRR 9 T8 BRI 2 4 P TR LSS o0 R - X HLSDMIE & — /N AR R I (1 T (8] & B, K ASDM
BN — ML, (R A — N EARNEIRRE (DFG) A& ——XWMEIKR, Frb
E—E R LAAE T R R A R REdE .

1.1 SDMEYAAFZTEAR

SDMGEEHIEAE F AL S0EAHE T L, HRTuIERA B g DR e % 1, B
Horh IR Bk UENAs (Loop Filter) REMIVILUE, HRKIHEBIEAL S, HENREAEE
IR — A AL

1) LB RGE 12 #r

2) LA IRBCNS HE R B A B A BBURRE 23

3) HAURIIREEIER AT R AL R 4hH

4) SEPREE PR A S (LIRS 2 DT RD XPERERTRZN

X EE 2 i VR 22 [ PRI T 2 R A FELBR S0 (RIS B S B AT AT 9 AR 1 £y
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FEAVERESHL, XK AT LA ZAl I TG A4 T D9 G2 SR 56 0 FH I 5 14 B 1) PR 45 22 HH I ADC
RE IR Areh i s PR RS o LR B AT DA — 28 N T8 RE M B VORIR B AL 0 R 2 il
[FISNR [ EL 4 45 44, b oL 28 SR T e AN BRI HL I 45 4 55— R A I AL ) LB . 2 S FE DN FE
P B R L BIF 782 75996 A2 B A PR S PR b 25 o 7 B i FRAT O R 3t mT AR By %
T B AR CHuanxt BT 2 /bDCH &5, WS o X ELA TR TIRUF R 2 b,
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TN, NH ARSIV B R E .
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2.1 ADCHYEZAHNIR

— AR S (ADC) & L HURAE S, DL — MR AL (Quantizer)
PR 73 T -

—>| KRR — B —
X (t) X(t) Xo[ ]
g T

E2-1 —AHEAEADCHIAH K
LA SRR OR R F BRI VR & SRR N B RLE 5 x, (1), ZJ5 I T ADCHIF s A

PR, BB I AR AT R, P AR ZEXRAEAS RIS S — € N TR R . —
N ERAE B PR FR RS P A i PR RO

1 O<t<T
hy(t) = (2-1)

0 otherwise
AR2-1HH RN — A BRI FI R B RS, BITADCHIHINTG 5 x,(¢) N:

%o(t) = 3%, (nT)hy (¢ —nT) (22)

AT LA2-2 R B SR A5 B (A5 50 2 2 — ANTE R A TR 21 9 A I R REE
TE S HE 6 A SR O e H % T DA — AR5 167 BRI FE R T R 5E A
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TEXT L PRAFE S b, Ao — N AT A 1], S — N 17 BRI B 3 S B 1 SR B fR Fp L G
I HAESDM H 2 25 A F IXFE I 4544
2.1.1 RAFEH
HTHANG S B — RS, Bl 7T ESuEs T LEM R MM AGE S, Fram
ADCTERFERS AT A Nyquist A F e 2, Bl

f.>2f (2-3)

Hr f, NGS5

FITAAE — X AEADC I BTN BE 2  — AN TiE PR B JE U 2% 58 B 2 5 N5 5 10 PR
FOR . 7EIX B A DU ENyquist € FE G| HADCH — AN E B MES, tHat 2 REE I 28,
R — N ADCHIRFES R IZIE 5 T NyquistRAFE R, IRAIXFEFIADC NI REEJE: 2%, SDM
e — AN LAY (R SRR B . 1 RAEZE (OSR) € XN

OSR= f./(2f,) (2-4)

REEEES LS, XL AERTTSDM A 2 3.

1) BHKTTIR B IS 2SR XEE, DR A 52 3% B Ny quist R SRR AL I ADC BT 75 2 1 €
Was i AR REE .

2) A LA/ MEREAE(S S TE N T, M K R S e kL, TR 5 RS R .

N.(f)

B2-3 JEREEXT T 2R ) I 46
B2-3 B B — NERE R AR A T M T3S % (PSD) 10224k, W LLE S

MIREEA AN, RIFE[—f, /2, f, /2] DXTE] AR TETAR A 1 e 75 1A D, R U] R ] S 1
A XN AR 5 58 N I D)3y

Ny = Noisex2f,/ f. = Noise/ OSR (2-5)

DRI A LE FNyquist R EE R ADC, MEEELL (SNR) #t &3 FHOSRAE .

2.1.2 2445 (Quantizer)

ADCER TKAE, BEFREZBM—A TAEM SN, W EEiRE LRI GG
SR EL AR, BN HRE KSR .

— AN SR RTMT 5 A 25 T DA R A% B R AR 0K -

b
IS
b=
s
2
p=|



) X AL ALY

B suascrss ao o e FXBAY A ISR EEGIT ST AR EEEMEIR
M odd: mid-rise M even: mid-tread

v: odd integers v: even integers
from —M to +M & from -Mto +M

Y ’ Y
A 2-4 M M FIE WL H 2R
HRMNTGEEEN R ELIRZEE CNELBHNES v BRAES y 2 ZEHE, |
BN SIS AEMANTCE N, A EERE TR (&%) ik

e —de=— (2-6)

TEIX BB A 52 e, B2 Xt BT B 2-3 wh A s T i a5 R 4b T X )Y
[—f. /2, £, 2] WA IR A /12

7E SDM & H AT 1 EURFH) ADC, g2 M=1 I A4k s oL, Tk
IO T TEik ] — A H RECRERR v=ky X — Mk Hoh 26, pr LR 2 — SR k(y)
KR, TATLAEBN TG ME R o 77 ME RN, k IIRF &0 T IS .

L EQyD
- 2
E(y7)

FIT LA 2 3R () 1] A 45500 T 1 ELR SDM I B AR 15 IR e, X2 — PN ETHMAEN S
THE, WIERT R EME L BT G IR

2.1.3 fEMEEL (SNR) 5% t45%l (ENOB)

— ANADCH i E MR i E B — NS Eu & FL L (SNR) , SNRATE SUNADCHIA
FEEThRGgEEIIR W, — KD (dB) {EHAL,

(2-7)

SNR[dB]=10log,, % (2.8)

e

SNREk =5 U 7R ADC PR B il s, N T SEPrea g rit ik R, — RIEADCIIPERER R
rhos(di A 2 RS (ENOB) SR ERSNRRE R

ENOB-1\2
SNR =10log 2 = 1010g 22 . )’ /2
P A /12

=6.02ENOB +1.76 (2-9)
ATLUFh, ENOBRTER SRR (1% RA FEEIN, BT FSNR .

n
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Sigma Deltaiffl il #% B T FAFA 1 ok BERFIE V2 B H T8 &5 S A BRI A, — ki
SDM b H0E F TR B A e R A A R ELR S FRr B SDMIT &k g, (HE R AR D
— B4 S BR = R FH A il SDMET,

2.2.1 —rSDMHAFEALE )

N T AT SDMI ks BEARE s, N2 — N SR AR 1 SDM [ AR e 1] «

Vin +
O_ +J_ — Vout
[ b

DAC

El2-5 EAK 1M SDMAS

FEB2-5H AT LU H SDM A — AN A I K I R 88, Fo b o 2 R — AW E
FEAEEADC (73X HUR I LB S8 T — AN TR I AL 28D, R [E] 26 U 7R L 6S 2
RS FEMIDACK SE M. N T EDWER MR TAEJF3E, nf DA N EMADCHIDACHE RN —
KGR Z MR T, (HEN T AR SRR AR, SDMURATE H X UK FER KM R 7 L
BN, WARRESSH — 2 N EIRZE RN SDMEI N i -5 [ 15 B 6 AR, Bl delta)
fEAE; FAERIR MR ZEA R HAIEFSRERGANG S RS 2 E XA &R ZE 1R KR
B O R A BB RT3 [l % o i A4 28, Elsigma) SRR SIS T FoR, ARk
BT AR RS R

T ERSHTSDMIKE FEREIE, — MR MR 1 SR R, X BB 2-S 2k PR 2
MEFRIRN:

E(z)
U(z) + :@ : li_l =é » V(z)

E12-6 1¥ SDM ) EE AR 28 M 11 R

-1
z

-z

(FIERARR > 25 54X, T R 5 SR T L K

FE K 2-5r P ARy 25— MRS ek H0

PEFA MR RE A, TG AR B MR B st ko 1, HSERR BB LIRS E A, IE
An2-7A BTN KRR — AR A BT A R B AL
ARAE K 2-6 Ffos (O ER MEAS AL A T i) AAS 2
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V(z)=U(z)+(1-z"")E(2) (2-10)

AT DX LGk A N R AL S s SDMA S 5 IR, AT X TS S LR B (STF)
Mg FE AL R PR B (NTF):
STF(z)=1 (2-1D

NTF(z)=1-z" (2-12)

ATLAE 3], NTEX TS IR4 NG 5 /2 B SN 1, B2 T A A A — M (z= 1)
IR -
Moise Shaping Effect in DM

20 ! ; !

Ok SRR s : e T s R e
: : : : : 15t Order S0M

oL e ST RN S o Znd Order SDM
: 3rd Order SO

-40 ........ b ........ SO ......... e ........ b 4

BOH [ SRR e . SRR S PPN PR SR i

NTF(dE)

A0 F

-100
R ________ _— ________ B ________ J. —
A AR VN . _ B S N -
el

0 oos 01 015 02 025 03 03 04 045 045

Mormalized Frequency(ffs)

K 2-7 B:FEELAE SDM H )R

TER] 2-7 Fa] LUK T SDM SR ULA7EME 5 #8J (Noise Shaping) [IER, 11 HLbE%E
SDM HIM 4t BFt, MR ME FITES S o (IRABD BInEl &,

— &, WL 3| —Fr SDM (1) SNR 4:

SNR = M (2-13)
27

BE% OSR HInfE, —Fr SDM [tk Eb ¥ &4 T+ 9dB.

2.2.2 =¥ rSDMEIE 458 53R I8P % (Loop Filter)

f£2.2.1 R CA%GH 7 EPr SDM M BIEF/ER, SEBR . SDM (1B b 3 b R B
MUrasdiH e . BEEME LT, SNR Wim, MReteLr. ER&AMX R e s
TR, — kUL, JEH R SDM A LLHIAEEHER 2% (Loop Filter) RKIRAE:
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s
2
p=|



: .
@) ¥ FAELY
I e T AT ABHIBERAL ST HRIEIXIETR

u —— L0
Input

| N LV - W

Output

L1

Laop Filter Quantizer

& 2-8 SDM [ —&IE
Loop Filter s&— e VEa84, v LAR T M A& % bR 205 R T 3RoR

Y(z)=L,(2)U(2)+ L, (z)V (2) (2-14)

It 2-8 s A, T LURZE 515 2%~ SDM [ STF 5 NTF 5 Loop Filter HJ%
MREIK R

Ly(2)
STF(z)=—""— i
(2) - 1,() (2-15)
1
NTF(z) = i
(2) -L() (2-16)

g 2-15 5 2-16 AeB 1R LA R 4516

1) N T {13 SDM MBS SRR SH MR, Li@TER SHENIEER (%
AAERE SR

2) [y STF BRGNS SR RIC, L Lo(@)PER 2 4 98 1 IR 1 7 B RARI L1 (2%
STF HI5H

3) FEHBEASIE, Lo2)5 L) BRI R, HRREE S

4) AT BT SCHE, /E SDM IR LR B —ANER, B Lig R &S
—AMER, R

&

L()=0 (2-17)

2.2.3 SDM &8 M 7t

HH T SDM I HLES A FE AL AR 7, B DA AR E YR BN e A i an =X 2-7 PFirf s BRI F
IRAMEFEATER AT, BT LA RAFAE— AR A RS2 SRR 25 7 — S I 1) 090

46 SDM MR E M EE S FECRE A 1 7%, i — A UBCR M N S 5 IR
— PR A RIR K, A IZ 0] fe st 2 B EA A A G EXD . fr
DARSE P — O LI — Mg B NE IR/, H H— AR sk Z 1500 R, nl U8
MR (R 905 R R iR 8, —BORAT R ) RIS UERR & SDM RS E 14 .

X+ H L ADC /) SDM 1 &, Lee Criterionl6):

max | NTF(e’”)|<1.5 (2-18)

— R UL Lee N 1560 bR i KA — SO EE @ = 7 &b, RUORIX R % Rz i)
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2.2.4 SDM[AINTF5STF 1454
EZ G EZNER SDM (LR FSHF—A X T O TR, EXA TAM 2
iy

Z5th—/> NTF 5 STF 21— @ UL SDM; 2 Ja AL 58 B H B A2 AT N RN, 2 H1 3

KA T AR SDM ) R E
i B 1 X B I AR R A R AN R e L o

==
2.2.4.1 SDM H NTF 9% Siflefb

BEIER N 1-2z7 )Y, (EREX R

EEM SDM 1, —A N ) SDM H: NTF
BN NTF A i N AN S #E7E DC AL, BUW 6T A B 11 5 A B AL —Fh g,

[ TS

B A N 12 A 35 5T AR EAS S T Y o
EetmstF 2 By SDM, NTF I fif 1 e ™ (T NTF RSzl sz, Al

WX T NTF (BRI 2 — N GX—

it 2 55 /ME NTF

TSR . B NTF B0 A 155
MR Z G IR SR I — AN B AR, B4R T KA SDM 1] SNR,
TEAG 57 SE P BOR/N,  BRA e 75 (1) B ) 3 i,
arg {min[ j INTF (@) do]}
a 0
¢ o-a o+a
= min |[4sin( )sin( Wdo
j 2 2 (2-19)

0

1E OSR FEH KGR T, AP
1
T 50 (2-20)

w, =Q,T =Q, = -
OSR*2f, OSR

g4 2-19 f12-20, AL

min J-[4sin(w;a)sin(w;a)]2da) ~ min j-(co2 —a*)do
0 0

o( j (0* —a?) dw)

0 =0
oo

Fop = Dp /N3 (22D

B — BT ASRAT S TR B B e 0 % i i A
&K 2-1 NTF ALK E R E

SDM W%k A i OHE 515 0, 1H—10)
1 0
2 +1/43
3 0, +-/3/5

b
O
b=
s
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e/ s ao Tons UkavRsITy FEBET ABHIRE BRI STARBEREMRR
X SR E IR TE ds_optzeros PR ARAT . AT LAE FIIX BL2E f6E B e i SNR 2
A T B — /& OSR B 2455, — /& NTF MRS S 597 %6 N2 8. Fr L A
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P50 of a 3rd-Order Sigma-Delta Modulator
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PS50 of a 3rd-Order Sigma-Delta Modulator
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=
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1
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2v, lilcos(2x
1

3 e E . F
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BRI BT 2 AR 28 1) F 2, HiRm SDM PR REAZIX #7r Be vt s iR K. B
PUIX B e s U s vk i v

FEIX BLIZ TCR FH B S B 70

&
R
b=l
H
2
b=l
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Q2 st orons s FRGET A HBSHGE 51T R AT

Von
Viiaz
M M, I—-—ll: M,
s
v, 1'|.-:I':_|_J| }—4—-"-—": Mq_.i
+
m—qtﬁ1 AEJP_
e
Ci v,
Veiazn Viiaze —__I__: _
L E '."I'I . —th ‘HEJ|
T
Vaiaza Viaiasa
=Vig

A 3-8 OpAmp ¥#&it

X IR I B AL A U IS . X Ah S5 4 2 00 R AR A

1) fan e 48  EL AR

2) H L ERRIE LR

3) HLZRIE AR

4) TR T R T R BT AR Co R SIsOAH [3 28 50 B 2
X B2 AN KRB BB T ROT B K 77 7%%, 18 P LS P VF 22 11 i B F T S B B 7E i B
BT ) O B R, — AROR U M 2 15 FH PR IR SRR i X LS F 1 o i B R A PR sk b
X LS A #E (Slew Rate) A 54, X SDM f Ja 7EAR 7 i I e M A IS Csettle) F|
LA ERELE, Freh— MRSy 1Al Slew Rate &, 2 ik Hofw B B2 W S, (H2
X TARTHFET & 2 H — M. RIZE—D ik % Slew Ratel'?:

SlewRate = Lan _ s (3-6)
CL CL
FREE M11 AT M2 R & IR, XA HERE B L/ 2 FHERE LR, BA:

IDIA :IDZA :]Dll -1

tail

/2 (3-7)
SR R EERLAE 2.3 75 P RIA ) SDM B — A 70 & BT H SR IE SR T A BE B

_VSS+VOV<VOUT<VDD_|th|_2|Vov| (3'8)

bt An B stia i IOV R D+-1 22 18], IR AV,

out

€[0.65,2.65], it 3-7 XL K A B HLIFR
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/N, AT DR RS R — AN T RIS K b LR IR ORI 25 SR, AT DAT E g N
M1,2 (1) gm K/, AT 58 S N IR A 4

B Jr ARAMETT DU R A A e A, T B AR

pozedominant :_R C <3'9)
out L
=, AN e
S 2 A B ] — et g IR
AT Responze m
phaselegUnwrapped(VF(f QUTYFinput™) | 1.51E8 -118.3deg
e dBZOMFE OUT VR finpue™y [ 151ES| 109mdB
25.0 0
O_
0
-25.04
H0
-50.04
el &
=750 2o =
= &
=-100
_0
-1254
—z20
-150
-175 T T T T T T T T —40
109 10l 102 102 104 10% 10° 107 108 108

freg (Hz)

K 3-9 BRI

VOC (" fioput" )
1. 65

VDG (" /0UT")
1. 65065

& 3-10 2 A %L DC fwE
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A SnaNGHALIAD TONG UNIVERSITY FXBAY A ISR EEGIT ST AR EEEMEIR
Transient Response m
YT input™) = VT OUT")
1.65001
1.650005+
1.85+
z
=
1.64393354
1.64335
1.6493985
1.6
1.679
1.664
gl.ss—
=
1.644
1.634
l1.62 T T T
O 25.0 50.0 75.0 100
tirme {ms)

E 3-11 ZHBESBOCHE R

G R ESHIRE, 1E BT REVF 2 I0TEHR, Ll DC IR 2% T 60dB, I HE
XAME R T84k SDM [KIERERSMA AN 1 g, (HRAE 2 J5 i 25755 b i) DUAR B e o 7 3k
FRABME 4T BT S 3 T F R 2 P A BRI H R AR

FEIX BB 7R B ) OpAmp BO07 2045 R 580, FFUEHEAN 25 Ut 9 HLAR 408 7 5
K, EERZJGEIR SDM BEH LA — B AR Y B3 17 2 42 22 3 19 OpAmp 4544,
X ARG TR E .

3.5.2 He#gs (1 HekE ADO)

E SDM 1 53— AN JE 5 B B BB T g Lo ess, o b gess ek vl DU — S B R AR 4
PR B 2k ke R

v o v{.l'
d P F
Vor Vou
B Vp-Vy g e
Ve Vior
Noninverting Comparator Inverting Comparator

A 3-12 BARLLEER VIC
MIRSER I LU AR AR E TS Coffset), {Ha2 s idid 2 f5 IR AT A 5ol LA
HIE SE PR B Mm% SDM I Ja e 2R A B K.
— AN SEPRE AR BT A S OpAmp WiT2EML, BRI 2218 FH 3] OpAmp R,
— M LE S R4 4H R, 4 (Amplifier + Latch):
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\ D
O+
A, > Latch
V,—| N

D_
Preamp

K 3-13 LLEa R L

TR B — BN TN TR AS (offset) ATLAZXTE Latch 2 BTN —MTRHOK, (HA2
FEVETE TR H B (IS B AEAE SR B G 58D FITBORAS S CoiNRAS) 104 h . B Y2 ANFE
SER T LS IR P A g, I BURH (2 o — R b 031, USR5 X R A 1
MOS B S 7B L%, 15 A AE — AN IE R IEES, BN 5 5L

T Voo

—F M4 M5

[ Me M7 j:‘
10

I~ M3
Vint+ o M2 M3 b Vin-

M11
-

AL M1 =

"l

M9

 3-14 FBTAB B 1
BCRMBHEON AL, RS2 AT SC BN MIEHAE TAFERNK, K E I
CEONT N T

EH He

BETORE — 5 R FZRIAT DL (EL 2R A 7k N e X s 21X,
N R E g REEBCRME, 2 Ja4id Latch 5ia] DLKSR 2 4 £R105 .

HEL R MI9~M10 K X it e e AL e A g B s Y, XA LR P RS B 2 T
B, R B T8 LR R R TEOR A5 B UL R AE A6 (A IR 8] A BE S AR E B R T R (B B AT, R
HIBCRAE N :

LWL, 1 WiL), W/L),
Adt/f = ,a = =
W WiL), 1-a

WL, D), 0
— KIS, ofUEFTLATE 0.8~0.9 47, PRIUE— MUK IIBURRR L, T EfRH 2, 78

o> 10, #EZXMS, M6 ERL 7 RSRIE R, HEE 2 H R LR (hysteresis

comparator) HFf.

— LB BRI A ST AR

&

&

b=l
H
2
b=l
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Y FLALY
7 suansist o Tons Unnvassy FEBRAY ABHIBR BT 5T EAR X

DC Rasponse m

— v {OUT; de (v
3.5

3.04

2.54

2.0+

W (W)
i

1.0+

o T T T
-50.0 -25.0 8] 25.0 50,0
de (my)

K 3-15 HhE3sH DC A

Transient Response m

100004 + - tran

750.04

500.04

250,04

O (my)
=]

-250.07

-500.04

-750.04

-1000.0
3.5 7 OUT; tran (V)

T T T
o] 50.0 100.0 150.0 200.C
time (ns)

K 3-16 ELEES BRI AL

7E W 3-15 W AT DAAS 2 HL B S N TE+/- 10mV A 7 BH B OCH N, Y5 2 AR 24
HENRHESHEUE X, A X IEEA R R, BN s A 5 (1) VTC iy Bt 2 4120 T VOH
1 VOL. 1MTE+/-10 mV Z W IIJaRE, 7] LAk JG 0 Latch 1 FUBSOK KNG 5 H 2 B R
2

3.5.3 D filk#s (DFF)

ZHTULIE 1 bR ADC I TIRCR 28 5 75 B2 — A Latch {H1546 H H T 2 FE R B 2R 4,
843X LR AR 4 1K) DFF 45 #4040 58 plaX N A -

&
2
b=l
H
Q)
b=
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N snascran o o vy FEBAT ABHIBRBERIG SITARBEMBLMER
L s
%_ T2 %—0 9%— T4 ’5 Q
1= 1=
& o &
M
D7>377 T1 %7 T3
Dc N N
CLK |

&l 3-17 F NG IEH Al k2%

EAER AL E T — X BER, ANFEREE RS (240 RRHETE;
HNAE . 1X F R DFF 1A A& 2 7 3.5.2 H[#) Latch 1fi & —> DFF, FELZE 1 o] DL
R R A YRR AL, S ANEAT AR R SR AR, A SDM R 5t [B] B HH PRI B IE A

FER - B B b T T T R P IR (Noise Margin) fI5C &, B R4 — 2 IERfA Y,
X B0 T DFF G319 38 202 — 0 el B AR FR A B 24

TC—Q =l tig

Tsezup =1ty st
Tpia =0 (3-11)

A 3-11 G T —2H BB BN SE I 240, — R BT HLER IO SE I L2 4,5 M8 T
FEAES, HUCEREEATE ps S, MCHE SDM [ TAESR—MRIE 10M /24, FTATER 7
EORARE AN . SEERAT RS AR IGAE 1 IX AR

Transient Response m

f
-

3.5 VIT7CIRL
3.04
2.5
2.0
=1.5]
1.04

0.0
3.5 VITTOT

3.0

2.5
gZ.O—
>1.54

0.0

1.0
2.5 VITTT

ofH \ \
3.04
2.54
204
=154
=
1.0
.59
o
5 T T T T
0 20,0 30.0 40.0 50.0

.
0 10 : £O0 ao
A 102s5ins|  L1es7v A L1o4azns[ 1858w time (ns) deloif 190.81ps| z30.6uv 5[ 1.73E6

& 3-18 DFF (KT AH R
AT LAE HH A Teq=190ps ity FFHAER T F2 IR, 46240 & fERH 8 B
ARG
BeJeks 3.5.2 TP TR 8% 5 DFF BEA HEAT 15 A3 5

% 30 T3 67 W



FFREAEY ABFIRRBRZIT SITARMERX MR

Transient Response m
1000.04% + =% tran
750,04
500,04
= 250,09
E 0
£ 50,0
500,04
750,04
-1000.¢:
3 B LK tran ()
34
2.5
gZO—
= 1.5
1.04
54
0.0
3.5 JOOT; tran [
3.0
2.5
204
31‘5_
=
1.0+
5
U,
7‘I.’ T T T
0 25.0 50.0 75.0 100.0

tima(ns)

& 3-19 DFF IR R BB G B
[ AL ] CUE A BT B I B S8R 07 b s AR, A BB AE i R 2 | — A, ZAZ 2
YeFETE JLE ps FIEE S b, 72525 SDM HA I H 1A P B 355 i 2 2 8% 75 R AR AR 29 o T A A o
3.5.4 WAL BHASE B R e AR 4%

£ SDM Hf ZP AL A BB CREER S @, BTN B @, ), T PIEAZF

I, A0 R A o R A kR (RO RIS ER 7 RRAE ), i LB ] B — AN it b o
3 HA T I ELANEE B R I B0t T BT A ) SDM S i AN T2 o FRATT AT 7E R LB TPV 22 I
Fr RS 7 EAR B B A, BT DUIX LR ] — A ] B 0 LR U RSB

| o—T—OPHI
CLK |—_l
[ o—L—OPHI2
& 3-20 PIMHALAE B SH7 A 2%
XA LR 10 SR SEBR B A R D Latch, W2 I B Clk 2 X REFHIA Do - MHALIY
IS Bl Y PHIL R PHI2 ANAFEAERIIN Oy 1 RIRTRE,  BIPISEERT it Ao 2 f i) .

P T TR R A CMOS s g i, i Buffer 2 R &M T THIE A3, H
A LLR SR S A58 . ) 07 HAS BB 9
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Transient Response m
2.5 VITTCIRT
3.04
2.5
gZ.O—
=154
1.0
.5
0.0
3.54
3.04
2.5
2.0
les_
=
1.04
.5
ol L L L L L L
_5
3.5V TCTPHIZT
8 071
2.5
204
=154
=
1.04
.5
09
= T T T
0 750 50.0 750 100.0
time (ns)

& 3-21 BEANEBHAAKR S48
AT LA b= A 2 v] UL 1) TAETE 10ns MTEP AP, B AN e |
FHEE B HIES 7> o i 75 24 A2 1R B 3-20 P9 LK b T B8 7 A 2 PO i 7 382 BB
JEHAELE SDM im0 N JCHE AN, Oy T/ IMERRIERS, — 2R OB SR 4%
FETT AR RAE A0 eyt (AR Eh, Il MG RESE R -

l‘p=tpOZ:(1+fj/7/)’(/{])0131:4 (3-12)
j

1 3-12 2 BRI AR EE AL A 20, FRHE S H A7 R A N AR g o] DA R S5 R0 I
HREL, G0 R EL 4 SRR SO S I R RT .

3.5.5 JFRHLER

B Ja EER R — TR &, 1R G AT A T i, SEBRI T OO B Ja
SDM Mgz bR,  BRUONFF R IR IR B BH S fE R 2R R B 2 A — AR AL B8R
B4 M (Overshoot / Undershoot )

XEE BB A @AM, JHMRREAL R | ISR 0, ML 45 M RS 2

In Out

On

K 3-22 feHalTHHE
AR ] LS B 2 R RE S [RI AL s FE R VIR FELURAS 5, DN RIS NMOS (5 0).PMOS
(5 1), HFHK/N AN NMOS F1 PMOS Z5 44 H B A HBcAE, 7] LB $2 5 MOS R ~F, Sk
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T SsanrAL A0 Ton UhaveTy FEBET A BHIERBILT 51T HRTIEE TR
B FL PR /N o 383 Cadence 1) DC /7 5, 45 B 5 S 24 el BELRT 9 3y FL s 0] T 2.«

— Res

175.0

150.04

125.04

100.04

YO Q)

75,04

50.04

25.04

0.0 T T T T T T
0.0 B 1.0 1.5 2.0 2.5 3.0 3.5
de (V)

& 3-33 555 R e BEL I a0 H i P A BB 28
MR LA HTF SRS R B RN LU INEME, I ELIE S 19 S RS BN AR ]
FENEHEAE 60Q 2] 150 QVEE A, FFHAERMHEIT 1.5V ZJa AR RSP 1. IXMELE
5 B ER R A E B ARRE M T 2R

3.6 —Mr B im SDM B EE{HE

ZULFTA ) SDM HEE B A4 i@ e e, $c IR E] 3-7 B B n] DAAS 2 1 2 () — o
Uity SDM, X HL 75 B4R H JL A 70 48 2 v B ol A ot B — S (e SR ok g v, R R IR E
SDM [fi P T2 MK DC 438, IX /N EERAE A s R LAY R AN AR, A LA AT
SECH B I R R

1) fEiEFF DAC URHIE Vref+PL & Vref-if, — Bk & NXTFREIKN, d+1 f-1v, 40
RAKIHR, FE8 5T PSD B EAR B X AN AR Vref 7058, H<HI DC 70 &.

2) SC B34 v 1)z it A\ i HUR A TEAR - B B g 1) Gnd G BRI

Transient Response il

—VT(/18/net032")

1.68

T T T T T
5.0 6.0 7.0 B0 9.0
time (us)

B 3-34 BB ABRETRE (settle) F|FLHE
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By Y FAALY
B suavcris ao o sy FRAET A BHSRBRESTARAEALMTZR

X EHETT R RT S S5 0T N PR PR B 70 T L I [ s A — A TR A

3) fE 3.5.1 bR K At B sUIL YR LM R B v T SR B 0 R A R A M H S e S, 7
S2Pr SDM Ht, XA BN T — AR ds A B HTIX — AR S A7 FR AR F A1
—ANEERUE, AREEEIN AN, N RS B LA AR R
B S5 AT A B — AR E R B ) PSD A SNR:
@ Note new toolbar buttons: data brushing & linked plots % (5,  Play video X
0 T T T T T T T T

______

PSD [dB]

H
120 L . R BT A v

140 L i Vo o o
......
———————————————————————————————

____________________
' h '

200 Lidl IR IR IR
10° 10* 10° 10
Freguency [Hz]

& 3-35 E3EKZ% SDM [¥] PSD Wi B;
X AL Z M i i SDM 4544, RN FE 52 b Hh AR 2 FH #A i i R S8 SDM, - £
£ K F A 4= 22 43 ) SDMILs],

3.7 &£%4% SDM HE %

FE L —h 7 a3t SDM I RBR SEBl, Sebr b T4 222 B R RE LT (SLBEIMHIK,
SRR R 2 Ah, O R AR B R P TEE SE L] 2-9 CIFB Z5Mrh i g T, it
NTF (%5 RBETE 2= 1 &b, FIHSRBBIREA .

3.7.1 iy SDM L% 547> SDM HE %%

7 2-9 H1f1) CIFB S EggE A, — AR 303 R4 g U R R sum g5, A0
LR ST -

Cf
M1
®2*V(z)’

2
V- o0 ‘L ®2*V(z)’

« Csr1 M= =%
d2*V(z) »2 —
V+ o £ ©2V(2)[C812 oy
1 Cf1 V¥ ot 7"
1 I | cf2
GND o— 11 1 »1 I
GND O—"— 1
Cs1 2
U() 0_9_|_| |_l_9._

p
i @1 G52 92] N
o2/ o1 + —]_c" | ™ 0
! sl
K 3-36 HumSEILE—4H CIFB #5338
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@) Y FAL L%

Zmme/ SHANGEIAT [IAO TONG UNIVERSITY FEBERY ABFISEBEEREEITSITARAGEREMHR
L R K e R 3 B ) SRS g e — AN B s, BIZE B SR -g. IR AFE HLER

XTI g T HL 2 LUAE R -

g=—= (3-13)
C,

N TR RGR B TR BE, X B AU S A Cf N BUE, (AR MESERrR R
RETCIELILR, U I A 22 0y re B SR Sl
FHEE T 181 3-3 iy Simdin i SC AR 431 & B ZE DR as A 2 2 B 7 — 301K,

Eﬂgy E[]
T T cf
[l
]
®2 P1
Cs
U+0—L{ 2 } o V+
€8
Wl | g O V-
®2/ D1y
Cf
I
1

& 3-37 220 R0H
A ZE GRG0 AR T FAN B A L AR ) s SR EAH 2R 0L, AT D SR 3-4 1 LA
SPAEHE 15 21 B & A% far R 2
Cou [n]+C, (v, [n]-OpAmp_[n])
=C,(0-OpAmp_[n+1])+C (v,[n+1]-OpAmp_[n+1])
Cu_[n]+C,(v_[n]—OpAmp [n])
=C,(0-OpAmp [n+1])+C,(v_[n+1]-OpAdmp [n+1])
V.iz)-V.() _C z™!

S

U(z)-U(z) C,1-z"

= H(z)=

(3-14)

7E30 3-14 HPIHE S SEBRIMAT 2 /0 3-4, H R B/ B0 4 25 S v i R S
HIe o fup S AR L, AR5 R AR TSR R 1 1 S A RS B B 28 R 3-4 S — AR BT R AL

A2 oy Ry e v i R R AU B S i AN FB O 2 A R AR 4 2R R — AN IE S A
W, MRS ERA L, XA DR 5 S BLE 3-36 AR g, TR B s Co Il
— SRR G R e AR e T ASE I — AN SR A B ROR . I 2SS BT A
R RS A ) SDM HL B H A 7 8 35 A 25 A A5

3.7.2 eSS ILE G HEE (CMFB)

TEAZE5r ARy 28 — A5 2 1 B AR 23 28 AN [R] 0 B 3 B AR R e TR B — A %2 4y
IS T BT A Z BRI 50 T 18 JROBE e P 25 75 B2 BT, A8 bU T By 2 TS e K R AN )
Mg A 22 s T AR I R B FL g (CMFB).

CMFB HL % = B4 2 P67 B 1 R rE IR Vs s 0 HB SRS e R AN DGR, S5 8 N i —
A&7 A«
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VAT SHANGEIAI [IAO TONG UNIVERSITY

FFXREEY ABFIRERBRRITSITARGERX MR
—I—VDD

Vb2 Vb2

y

Vin+ Vin-

=

Emas§§ﬁﬁm
TR TR A BN DC 5N 1.65V i, Hii i DC &t 1.65V, FHHTEE

THBAEMIMIX o A AFAE [ ) e F LU 9 F AL (i B 55 PMOS TR B R AL IRX 5 A
VTR NANVTE | o U A

Loyios =1 12 (3-15)
{E R FH S BB B IE A NLEDL, EI 2P Ak R dEw WAER) GX BaZin e
VARARHIRLNL ), BT LART A — AN B L B 4 DC 23 85X A PMOS 8 RSO 2k -

3.5

T T
45 50 55
W (E-5)

K 3-39 HiH mfRE S R IR L ) &
TEIX A ALBR AT A PMOS [ W/L A, PALFRA R IGTE 1.65V Hi N\ DC 7 & T4t
DC &R/ o LA N TS5 7E 1.65V 48, PMOS %K b KRBT B 61, (HZ2H]
DAE X — B T R R AE R K (BURFE R, BT DA ZIAE7E — A HL B BE A% (S0 159 4 H A

PR — N EM, AT I b . JEASE S5t r B0 I A 42 22 70 FL R e 0 211,
52 BB AR — R A SR R R

T T
60 65 70
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CM-sense blocks
oo

vn: 1 | i

cM Voe
detector -

'_Fl
g
S"-C
|
o
=
_ T4
| +
.

& 3-40 CMFB 4 53

CMFB FAJFEH 1 AR, CMFB HLEE A 50 43 K4 i, — 505 43 FeL B R Sl A B8 4 HH Fl
[FFLBL A (CM Detector), 75—/ IXAME M 2 I HBOR. GXANBORE — AT ER KD,
SR G I SR UG HL i

— kUi CMFB A P2l 5k, LM R, X BN T ESEM TR, b b
SC SDM H2dEF G A B HL (SC) SEHL, (HRIX BIEA RN T %l ik B 5 E.

PSR B 22 L R P UK 28, SR — R = it i\, 2 Ja SEIRTBOK, $rit — 2% CMFB,
Bl

Vop

Ve

VD?
Il Vipo—| My
C
_i |_

op amp i
B 3-41 £E5BTHHRBRKLIR
TEIX B CMFB HLHKHI )2 2 D220 X TR 20 M21~M24 3 B SRAF ILBLE 5 1 Ji
PR M25 ISR HIRIE M25 I :
] = 126 +g Vo =Veu) + . +g Vo =Vew)
o 2 " 2 2 " 2
=1Lyr527 T & (Voe =Veur)

CM sense

(3-16)
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B snavctn o Tows e FARAT AFHISRBEER T SITARBTERXMEHR
X H) gm 5 M21~M24 [F)/ME ST R 3-16 FTE] 3-40, X B CM &), CM

G SRR O A5G T, H B gt —AN R IR (5 0L~ B E 1d26,27. Aid

FHELT SC 1) CMFB Fa I, 3 FLAT FH 22 49 %o He B 5 A 14D [l il gt A SH A e st e i 2 R ol o A5

SRR
Vi K N20,)11, 20 (3-17)

A 3-17 g MR — MR IS T ARAE A X (B MOS WX T 2270 i\ e K
FRMEA RS — R EAE . PRI B LA 2.3 4R ) SDM 43— AR 7y i 1)
2IE . 258 T B +/-1V 2 18], T4 22 7038 TR 55— A0 R At fth A 2 o
fpife, B

V

ol»

V., €[-0.5,0.5] (3-18)

TR AAEBL T (1B 75 T LA BRI M26, M27 IR FE LR B (AT A3 AN 2 5] M3, M4
MFED Bkt 3-17 AT 2 M21~M24 19RST 5 25 18 B H s 5 Rk 1 B M B HL IR KK
/0Ny IR HLIATIR R ST A 3 — 8 R 3R A Y PRI R R A, AH L A M2 2 3 AC M (4541
KA FE DR 45° o Ba BT RS BAH S 07 S 45 R

Vs 1. 34044
wgsteff 401. G8m
wth 938, 206m

& 3-42 CMFB %\ DC RE
7E & 3-42 1 BRI Cadence 1551 M21~M24 {35 3RS B AR, 25 5 45 &2 3-17 #13-18
IO AIE A2 i FR R A +/-1V 2 ]
H R AC W :

—v ({Vout+ fVout-) ac dB20(Y)[ T3B.B4MHz [ 128.844mdB — v(/Yout+ /Vout-J acdegV)[ 138.84MHz [ -135.747deq
100.0- 5.0

—25.0

—50.0

Y1 (deg)t

—=75.0

Y0 (dB)|

—100.0

—=125.0

—150.0

-25.0 . . . . T T T : 175.0
109 10l 102 108 104 105 106 107 108 109
freq (Hz)

K 3-43 £ZE5MIEH AC TR L
TR R B 3-34 MR R, SEPR FixX g — M 2 E 0L N RIS (H
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PSD of 15t Order S0M

Cadence Approach

[deal Simulink Model

Ao

PSD [dB]

AW ET
40
ABO B

B0

..................

Ideal Behavior Model: SHRE = B7.3dB
Cadence Approach: SMRE = 64,948

200 ot 1

10 10° 10°

Freguency [Hz]
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Al M

K 4-1 B8R
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KR, 2 4-1 AT DARR J7 A A Simulink AL EE VAR .

A

Zero-Order
Haold1
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Number Held
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PSD of a 3rd-Order Sigma-Delta Modulator

0 T
B il TEREEls SuE NI e
B0 S
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°
> Integrated Noise Swwnary {in ¥2) Sorted By Noise Gontributors
Total Sunmarized Noise = 2. 2622
15.0 Total Input Referred Noise = 9 39504e-07
The above noise summary info is for noise data
10.0 = —
5.04
100 101 102 108 104 105 108 107 108 109
freq (Hz)

E 4-12 EESIERE BN EE IR PSD

%51 0 367 W



) Y AAALY

e SuANGEAL [LAG TONG UNIVERSITY FRERY AFHISRE RS SITARBEHEEMRR
M B B RS DTk AR ] DU A H BRI S 3R 98% M S MR R L b T IX LA R

AHEEER, FrPLZ iR AR R Simulink SRR EIE R, (HETESCHR[21])H 4 H T —M/E

FH B 358 (4 e B i 2 B R o e [ W 5 PSD, |

N
Vol = Y sinCai 5 4.0y (4.6

i=1
BT S PR AUREAR T, AH RN TAE R M 201 SDM ¥ 05 X R RS 2 4% R ] 4-4 AR
B, R AR B AR N, SRR RN — AN I R R AR R ARAT AR |,
[RIREAE IR 75 B2 FE 28— R0 3% o B 51X L 1038 T30 75 IR 380 B st N i 5 I AR FE AR
AT NI, ] DATE 2 JG IR A 4k 258 38
4.4.2 IZJHA BRI a8
T PR 2575 SDM H i A2 itk % R4 (Leakage), =5 R 5L B SC A4 2% :

Cf

Cs
i d1 b2
O—— | et ik
i ' —OVout
P2/ 1 +

\%

A 4-13 —MrHimiRs 28
EE A BRI 25 IS LR, IS R AS RO, T AR B R ), JEAN (g R RE
7 Cs EW AT 2 SHB BB Cf B, FrURRANEATIMEE . XFE 4-13 5148 fif ~7E 2
.

CAY(0+iV(,u,[n+u>+c_,v<Va [n+1]+%m[n+1])

ut

s"in

- V[n]+c_f<V(,m[n]+%Vm[n])

= H(z)=Lou®)
Vu(2)
B 1 C, z"!
1+L+CC"A ¢ 1+114
A A
f 1 e z
I+—+ =
4 Cpd (4-7)
MK 4-7 T A A BR A B 2 5 SO AR AL o ol B i — N, O HUR A Rl 2

TAH R 2 5
LRI RECY o, WARYE 4-7 TS

%52 T3 67 W



) X XL ALY

R/ o o v FEBEYT AFHEEBREH 51T ARG ERLMERS
1+1/A4 1
o = —
1+1/4+C, /(CA) 1+L
C,(1+4)
~]-— CS l
Cr 4 (4-8)
1 1 C
£ ~l=— (oD (4-9)
1+1/A+C5/(CfA) A Cf

HIRBAEH 4-6 TOIREAFAE Z S N BRARIS, [FIRERTCAHES S 2], JF HARB] 23 R &40
4-7~4-9 P Cs BN Z RN T R LA Z A

C,— ) C,. (4-10)

PRIM7E Simulink H1 A 75 206 AR R 7 8B O8O I T A g M o (AR B AR

O p| MATLAB I 7
Functicn : - - > F‘@
IM Z
g Sum Unit Celay Saturation Cut

MATLAB
Function

alfa

& 4-14 FFEZH DC B 28 AR 2R A5
4-14 i e A TSR, — okl R AR BARBIAY I Boos R B0dt AT 1L
FILLAR (2.3 %5) A RAERFERITE L. XX E K=k SDM {7 545 241 1 PSD X180
o A LA -
PS50 of a 3rd-Order Sigma-Delta Modulator

ADD e Fotdg L

PSD [dB]

— DCGain = 50, SR = 113.8dB
— DCiGain = 100, MR = 121.7dB

ABD F

80 B

DCGain =500, SMR = 131.54B
oo DCGain = inf, SNR = 127 4d4B
2200 Lid I Lol H | TTTTTO T I ———— T ro——
10° 10° 10° 10°

Fregquency [Hz]

b

% 53 1 3k 67 I



i ;Pﬁiﬁx@
BT SHANGHIAY A0 TONG UNIVERSITY FREAY AMBHISEERELTSITREAEEXERR
& 4-15 ANEEH DC 3255 PSD FI2m
MR LUE H SDM R TE DC 36 75 LMl A B 4 204 SNR A B B I 3,
REEFE G N LA 5, BB N EARAL, HEEHRT.
AAMEE O BT 28 AR LR M K 2 5 50 SDM #itl PSD A7 AE 1 i 4 F 22, W] LA

it Cadence {7 HAF BTN 3E 25 5 AR IE 1 R AL, HRAE Matlab HPATZR 3G, SIS A
Simulink .

"
f 3 1
() —— i o e e o w1
IN g Sum Unit Delay  Saturatiop Cutl
NE
ﬁfm},-a
——————uz
alfa
& 4-16 DC 23 FELR 1

4.4.3 IBJHHIAT PR 90 5 Bl R (Slew Rate)

FEIS TR & bt SDM it th PSD 5 KIS A& A BIR 7 58 A s 2 O R A, IX 2> 45
SC R SHER B BOF AN RETE 2 A8 E BIZAE, AEN T — R, XA A e 4
MR = FEER B A T A,

GBI A B 96— R AL, AR B AR S AE R, TR,
MRS MOS 18R B S T 2 MR, Bt LUETR DC M it AR R AR, 1X
2 R B — B AR, SBTORARAE MR, D

4,

A(s) =
(s)= l+s/p

4-11

HY AR RIS B 4-11 2t A 4-8 ~4-10, 17E Simulink H A FHAE g
Ao AN —AMERT R SEBR PR SCERU I SR FH (¥ /2 I 7732, B Simulink A5

MATLAB > 1 > |': j'
[ : ! Functiocn : — > - L
IM \ =
slewRate Sum Unit Delay Saturation outt

_K_}‘

alfa
K 4-17 B R EAEHEZR Simulink L E
XA 4-14 FEL g SO8 1T R RN T8 AR AL, S BIE R S T DS 4-11
(114 o R K5 TR 4-177 (1 A SR R R S50 £«
H 18 SC B R ER B B :

&
g
b=l
H
2
b=l



@) X FAdr¥

5 SHANGEHAI [IAD TONG UNIVERSITY

FREEY ABFIRBERRILITSITARBEHRXERR
Cs n

+—iF,
* |

. |
cs2 |

<+—H T

Cs1
<+t

~ Vib + —OVout

5

A4

A 4-18 SC BB B
Al LS B R G R R BN -

f= Vfb — Cf
Vout Cf +ch,i <4_12)

3 4-9 ~ 4-12 # AT 15

4,/
_ A(s) _ I+s/p
AT AL
I+s/p
A AS 1
A f+l+sip AfH1, S
p+4,1)

1 1
-—)
Ay f 1+s/(pA,f) (4-13)

LI Vis FIFIABYER, T4 g Tt nl LLZE 5t 40 s ] 4-17 H i ik S 17 «
V 1 1
=115 1=
Vour (1) [S ( Aof)1+S/(pA0f)]

_ _L L mpASt
= Af)Vls(l e ™)

0

~(1

(4-14)
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RESEARCH ON CORRELATION BETWEEN
BEHAVIORAL MODEL AND TRANSISTOR-LEVEL
DESIGN OF SWITCHED-CAPACITOR SIGMA DELTA
MODULATORS

Nowadays, Analog to Digital Converters (ADCs) have become more and more prevalent in
modern technology because of the rapid development of digital integrated circuits. Hence, we
would like to process the signal in the digital format, but on the other hand, all the signals in real
world are analog ones. As a result, an ADC with good performance is necessary in today's digital
signal processing (DSP). There are many different categories of ADCs, such as pipeline ADC,
successive approximation (SAR) ADC and so forth. Sigma Delta ADC / Modulator (SDM) is one
kind of such ADCs, and it can provide really good performance, including really high precision,
less sensitive to the technology mismatch. Compared with other types of ADCs, SDM is a kind of
oversampling ADCs, which means its sampling frequency is much more higher than the Nyquist
sampling frequency and it will constrain the input signal frequency in the application of SDM, so
SDM is always applied in the area of processing of high-fidelity voice signal. Although SDM has
been invented more than 60 years, it still remains some unsolved problems in this area, and there
are:

1. The simulation of SDM is a rather time consuming process by conventional matrix based
simulator, such as Cadence and HSpice (more than 5 hours and it will increase approximately
linearly with the order of SDM), and thus it will be very tough for novice to design the total
system of SDM. The designer may waste large amounts of time to size the transistor aimlessly
without knowing the key factor that leads to the corruption of final performance.

2. There still lacks the accurate relation between transistor-level circuits and behavior-level
models especially the high order non-ideal effect in the SDM. However, it is really important for
the analog designer for it can guide the designer which factor may be the critical one to affect the
final performance and decrease the design period of SDM

3. Optimal structures of SDM, including the stability consideration, maximum SNR
consideration and minimally sensitive to capacitor mismatch. Although some efforts have been
made to analyze the stability of SDM, it still remain unknown for people because the entire system
is a combination of discrete time domain as well as continuous time domain, and hence only some
empirical criteria have been concluded

The dissertation mainly focuses on solving the first two problems. I try to find a correlation
between the transistor-level circuits and behavior-level models of the circuits and make it possible
to replace the traditional way to simulate a SDM with this fast as well as relatively accurate
behavior models having some non-ideal effects. Some comparison results have been presented in
Chapter 4.5, we can see that it will need more than several hours to simulate the PSD by using
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Cadence. It is impossible for designer to do some repeated attempts to modify the structure of a
module or sizing the transistors in SDM.

In the dissertation, I proposed a complete top-to-down design flow of transistor-level SDMs.
Using the toolbox with GUI, the designer can get an ideal behavior model which can be directly
mapped a module-based circuit. Then the designer can focus on the construction of each basic
module. During the procedure of designing the SDM, it is also recommended to combine the
transistor-levels design with the behavior model because the analog circuit designer can have a
better understanding of how to choose a proper circuit structure with an appropriate specification
such as the DC Gain for the Operational Amplifier (OpAmp).

In the field of SDM, there are many different structures of Loop Filter for the high order
SDM. I use one of the common implementations of Loop Filters, that is Cascaded Integrators with
Feedback (CIFB). Because of the regularity of such structures, I use some Matlab scripts to
automatically generate a Simulink Model and this model can be the SDM of arbitrary order which
can also include the basic first order non-ideal effects.

The dissertation is structured as the following:

First Chapter is a brief introduction of the current research trend of SDM

Second Chapter mainly discusses about the basic principle and terminology of an ideal
behavior model for SDM such as Noise Transfer Function (NTF), and at the end of the Chapter, I
will give a complete design flow of an ideal SDM behavior model, and this model can be directly
mapped to the circuit-level implementation.

Third chapter discussed about the circuit level implementation. Lots of analog circuit
structures are talked in this chapter. Main analog blocks used here are the fully differential OpAmp,
comparator and some digital control circuits such as the multiplexer and a non-overlapping clock
generator.

Finally in the fourth chapter, I try to do some researches in finding the correlation of the
behavior model and practical transistor-level circuit. At the end of this chapter, some comparisons
between the SNR and PSD of circuit level and behavior model are presented.

In this dissertation, I focus on the relation between the real circuits' final power spectral
density (PSD) as well as Signal to Noise Ratio (SNR) and the behavior model in Matlab. Lots of
low order non-idealities and high order non-idealities have been discussed in the dissertation, such
as the thermal noise effect, the finite bandwidth of operational amplifier and accurate transient
step response of a real integrator which has more than 2 poles as well as zeros. | have also done a
large amount of experiment on these non-idealities and find the practical impact on the final PSD
of SDM, such as the thermal noise will increase the noise floor of the DC component in the final
PSD of SDM and OpAmp's finite bandwidth does a greater influence than the slew rate at the final
PSD of SDM. Large amounts of high or low order effects have been discussed in the Chapter 4
and many comparisons of their impacts on final PSD are also plotted there.

Moreover, I also implement a complete transistor-level module of SDM in order to have a
better comprehension of non-idealities and thus I can make a comparison between the final result
of transistor-level and behavior-level. Some comparison results are also shown in the Chapter 4.5.
It is obvious that traditional way is a rather time consuming process and thus the behavior model
approach is very attractive since it can give you the final results in less than 10 seconds. During
the design procedure of transistor-level SDM, I am also confused about how to choose the
specification of circuit module and hence there comes another advantage of behavior model with
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non-idealities. Before the procedure of design the transistor-level SDM, it is necessary to
determine an approximate specification of each module in SDM by doing the simulation of
behavior model with non-idealities and then the designer can design the separate module of SDM
without worrying about the final performance of SDM because it has already been verified by
behavior model. Finally, after design each block, designer can follow the deign procedure
presented in Chapter 2.3. There is a direct mapping from the behavior model to the circuit level
implementation but some trifles need to be considered such as dynamic scaling, a proper test
pattern selection which is without the occurrence of frequency smears. As a result, it should be
possible to synthesize a complete transistor-level SDM just based on its behavior model.

Finally, in the thesis, I compare the final results of transistor-level SDM with the simulation
results of behavior model which incorporates the first order non-idealities. From the chapter 4.5,
we can find the final results of a real SDM does not match the behavior very well and a possible
reason for such discrepancy comes from the fact that circuits may contain lots of high order effect
that we have discussed before. In addition, we can observe a high DC component in the output
PSD of SDM, and this may come from the fact that circuit has some DC offset. But it also
indicates that the behavior model still has more space to improve such as finding out the main
factor to cause that DC component. In the following version of building up the behavior model,
these mismatches will be rectified.

At last, I would like to list some future work can be done in the next phase of doing the
research on the behavior mode for SDM:

1. Complete the non-idealities for high order effects in the SDM and implant such modules
into the final behavior model for SDM

2. Expand the range of auto generation of SDM, which means the Matlab scripts can
generate any form of SDM, not only the CIFB structure.

3. Find the reasons for the high DC component in the PSD of SDM, which is the key factor
that leads to the SNR and PSD mismatch. Although I have made some efforts to suppress the DC
component when I design the single ended first order SDM such as reduce the finite switch
resistance and eliminate the explicit load at the output node of integrator, the DC component still
appears at the final PSD in the differential SDM.

4. Use the GPDD algorithm to extract the dominant poles and zeros and then find the linear
model of switched capacitor (SC) integrator. In addition, it is possible to use the sensitivity of
zeros and poles to optimize the circuit implementation such as reduce the settling time for the SC
Integrator.

Although there still remain some unknown phenomena in the transistor-level circuit, I have
already tried my best to propose some possible illustrations for it in the dissertation, including the
high order effect for SC Integrator and I think these problems can be solved in the near future.
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