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Chapter 1  Device Physics and SPICE Models
of Analog MOSFETs
§1-1 Device Physics and Operational Principle
= Vs
Gate
B S G D .
+ VBS I VGS + EdL I:l:l:l:l:l:l:l:l:l]Polysﬂlcon gate
ﬂ-- E ] sio
L2+ (N g pb N
Subtrate Source 4.—L _» Drain
or Bulk Pwell drawn
P -subtrate

Fig.1 Cross-sectional view of a n-channel MOSFET.
. o A
Ips |Linear regioni  Vpgxr=Vas-Vino
or Non- <
saturation 4
region —» Saturation region
VGS =0 for delCtiOl’l MOS Increasing
Vs
¥V s = 0 for enhancement MOS
Vs

Fig.2 Iys-Vpg characteristics of long-channel NMOSFET.
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Linear Region (Non-saturation Region) :

,,,,,,,, Inversion layer
5 S VGSTG Vos D ____

space-charge region

Vs > Voo (threshold voltage)
[0 electron inversion layer (~200A) is formed
[J For small Vyq, it likes an uniform resistor with length L g, width W g,
and thickness 200 A
[J Linear I,g-Vpg curve
I,s = (velocity along channel length) (char%,es per unit channel length)

=(u-—== )[COXWeff (Vas = Vino )] =uCox L_eff(VGs = Vi) Vs

. chf eff
[J For slightly larger Vg,
V, 1 O W 1 20
Is = (1 DS)% Wi (Vs = Vig == Vg JE= HC g~ %V ~ Vo) Vis ==V,
DS chf OoX ff GS THO 2 DS E OX chf GS THO DS 2 DS a

Saturation Region :

1.Pinched-off saturation in long-channel devices
Vbs=VasVino

. . G =Vpsar

VDS>VD SAT

T T G Ir;! D
B S IALI

TR
; 7Y,

o —— \: - I
__,/} T T —— VDSAT]\ N+ J ”’
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At Vs = Vpsar = Vs~ Vino ° the channel is pinched off (Vgp = Viyo)-

- ucox Weff

DS 2 L (VGS_ THO)2

When Vg > Vpgar 7 the pinched-off point of Vg, along the channel is

moved toward the source with a distance AL from the drain.

[J Within AL - the electrons can be very quickly swept toward the drain
region. Thus the current is not dependent upon the physical behavior

of electrons within AL.
uC Wesr

[0),9

(VGS ~ VTHO )2

[ Ipg =

“COX We
DT?;:(VGS - THO)2

for AL << L (long-channel device)

[] constant current characteristics.

2. Velocity saturation in short-channel devices
In short-channel devices L,,,,, < 4um> velocity saturation occurs before

pinched-off.

—  _. Vosar
Vsar =H L
eff

V, 1
=p—2AL[C ox Wert (Vgs = Viyo = 5 Vbsar)]

eff

IDSAT
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When Vi, > V.r > the charges per unit channel length are increased by a

factor of #L effectively.

eff

L
Ips =lpgar ——— Vpet O ALt O Ipgt

Ly —AL

1 . & Vosar < Ves - Vrino

Increasing

VGS

VDS

Fig. 3  Ips-Vps characteristics of short-channel NMOSFET

Ips-V s characteristics -

depletion

mode enhancement

mode

VTHOD ov VTHOE VGS
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Enhancement-Mode MOSFET Depletion-Mode
n-channel p-channel n-channel

T

O

R
etednt e

jD D ?D
O_I _18 O_l ES O_I 18
KU .
AL L G

§1-1.1 Threshold Voltage Vy

VTH:(H\/IS_%-F%-F&:VFB-F% +& Vi = Qs ~ s
COX OX COX COX
(s : gate material to silicon potential barrier
Q : surface charge density (C/cm?)
@, : surface potential under strong inversion
@ =25 1A Eor PN E @ TMOS
q n; q D
Q, : bulk charge density (C/m?) B PMOS
Cox :channel oxide capacitance per unit area
Coy = o Cox 00.037fF/pm? for T, =100A

TO

X



1-6

CHUNG-YU WU

G . Q, Jr=5x10"em™0
ate Material Ddms(V) Con Bl =100 [ Vis(V)
PMOS NMOS V) PMOS NMOS
metal —0.3 —0.85 —0.03 —0.33 —0.88
n'_polysilicon —0.25 —0.80 —0.023 —0.273 —0.823
p "~ _polysilicon  +0.80 +0.30 —0.023 +0.777 +0.277

Q=420 gN , P, for V=0 - 1.e. zero substrate bias
(Np)

Qu=+200,; qN (g — Vi) Vi + forward bias
(Np)

— reverse bias

Viu=Viuo T GAMMA /@ |_,/1 = Vi / P — IJ Vino: zero-bias threshold voltage

Vo + GAMMA |J®; — Vs =@ | [0 :permitivity of Si
Vyand Vio: +(—) for enhancement NMOS (PMOS)
GAMMA=$ 200, gN, GAMMA : body effect factor
Body Effect > Substrate Bias Effect

: |Vys| 1 forward bias O Vo, |
[Vys| 1 reverse bias 0 Vi, 1

GAMMA0.1to 1.0 GAMMA a/N,

To obtain a large enough Vo and a small GAMMA
[J implantation for threshold voltage adjustment on a small N, (N,) sub.
enhancement implant & depletion implant.
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§1-1.2 Level 49 BSIM3 Version3 SPICE MOS Model-Threshold Voltage
Ref @ 1.Star-Hspice Manual, Release 1998.2

2.BSIM3v3.2.2 Manual, http://www-device.eecs.berkeley.edu/~bsim3/get.html

Threshold Voltage Equation

I/th = VlhOOX + Klox Qs - Vbsefff -K V

bseff

20x

s

+K10xH 1+N_lx _lg/as"' (K3 +K3beseff )&QD

L, Weﬁ +W,
=Dy, %XPE_DVTIW W?ZLW E"’zexP%DVmw WEﬁZF La %Vbi _@s)
tw w

L L
eff eff
=Dy EXP%DVTI Y %23)@7%1)1/“ / %Vbi —¢s)
t t
L, L,
- %}CPE‘ Dsub 21/7 % 2exp Dsub Z 7 %Emo + Etllb Vbseff ds
fo to

Vzh()nx = Vmo _Kl EL/QTs

[, = \lssiXdep /C,, (1 + DVTZVbseff)

th = ssiXdep /Cox (1 + DVTZW Vbseff)

-

qN ch

2 8si(Ds
qN ch

XdepO =

Visr =V +0.5 %bs ~V, =8, +y(V,, =V, -5, ) -4, H8=0.001V

B
2
V,, =09D - K12
4K,
v, =v, lnELCh]Z[DS E
ni




Nps=1€20/cm’
where Toxm is the gate oxide thickness at which parameters are extrated with

a default value of Tox.

Threshold Voltage Model Parameters :
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Name Units Default Comments

T0X m 150e-10  |Gate oxide thichness

VTHO A% 0.7 Threshold voltage of long channel device at
V,,=0 and small V y(typically 0.7 for n-
channel, -0.7 for p-channel)

NSUB cm’ 6.0e16 Substrate doping concentration

NCH cm” 1.7e17 Peak doping concentration near interface

NLX m 1.74e17  |Lateral nonuniform doping along channel

K1 V' 0.50 First-order body effect coefficient

K2 - -0.0186  |Second-order body effect coefficient

K3 - 80.0 Narrow width effect coefficient

K3B 1VAY 0 Body width coefficient of narrow width effect

wo M 2.5e-6 Narrow width effect coefficient

DVTOwW 1/m 0 Narrow width coefficient 0, for Vth, at small
L

DVTIW 1/m 5.3e6 Narrow width coefficient 1, for Vth, at small
L

DVT2Ww 1/V -0.032 Narrow width coefficient 2, for Vth, at small
L

DVTO - 2.2 Short channel effect coefficient 0, for Vth

DVTI - 0.53 Short channel effect coefficient 1, for Vth

DVT2 1/V -0.032 Short channel effect coefficient 2, for Vth

ETAO - 0.08 Subthreshold region DIBL (Drain Induced
Barrier Lowering)coefficient

ETAB 1/V -0.07 Subthreshold region DIBL coefficient

DSUB - DROUT |DIBL coefficient exponent in subthreshold
region

VBM \'% -3.0 Maximum substrate bias, for Vth calculation

Other related model parameters: 13 parameter of L, W, and W4’

Effects on Threshold Voltage
1 Short-Channel effect

Ly V=V, | " effective Qg | shared by source-drain junction depletion changes

HSPICE Model Parameters:DVT0,DVT1,DVT2

2 Narrow-Channel effect

Wdrawn i’ :>Vth T
"effective Qg 1 by AQp
caused by the fringing

electric field

@, o

Depletion region

AQy

p-well
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VGS

e

3 DIBL (Drain-Induced Barrier Lowering ) effect T

Vs 1 =>electrons in the channel can

VDS

S
be induced by the positive voltage w M)

at the drain as that at the gate
=V, | p-well

HSPICE Model Parameters: ETAO, ETAB, DSUB

4 Body effect
HSPICE Model Parameters: NLX, K1, K2, VBM

§ 1-1.3 First-Order MOS I-V s Equations

Linear , non-saturation , or triode region ( Vg < Vipgar, Vs > Viy)

\\Y%
L = %L_eff[zvm (VGS ~ Vi )_ VDSZ]
eff

L, : electron surface mobility

chf = Ldrawn _2dL
W, =W, —2dW

rawn

Viu = Viwo ~Y (\/q)s ~ Vi _\/?s)

Saturation region ( Vps>Vipsar » Vos > Vin)

—_— unCOX WC
Ips = oo el (VGS ~ Vi )2 (1 + )\VDS)
2 L,
A effective Early-Effect factor
i V'or 1 \a
10 100
2¢ 1

)\.... S1
=

qNgyp 2L Vs = Visar

<\

DS
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Saturation region or weak inversion region : ( Viy— Vg < Vgs < V)  CHUNG-YU WU

Ins DI, eXp(VGs /nVr)[l —exp(— Vbs /Vr)]

=1 Werr |98 N v2
S0 0 t
chf 2CDS
n D1+ Cd :1+ 1 qNsubssi

Cox 2(q)s _VBS)

0Xx

1-1.4 Level 49 BSIM3 Version 3 SPICE MOS Model — I;,s-V,s Equation
1. Effective ( Vis-Vin)=Vast

- Vm
2nv In [] +exp
y
el = Ve V 2Vuﬂ
1+2nC,, exp% E

D L o Leﬁ,
(C +ChedV s + Cd?cbeveff expe- Dy — - H 2expE- Dy —
] 2 / N Cit

t

n= ]+Nfactor C +
C C, C

ox ox

Effective (VGS - Vm) Model Parameters

Name Units Default |Comments

VOFF \Y -0.08 Offset voltage in subthreshold region
NFACTOR - 1.0 Subthreshold region swing

CIT F/m’ 0.0 Interface state capacitance

CDSC F/m’ 2.4e-4 Drain/source and channel coupling capacitancy
CDSCD F/Vm® 0 Drain bias sensitivity of CDSC

CDSCB F/Vm® 0 Body coefficient for CDSC

Other related model parameters : 20 parameters of V,,, , and 13 parameters of L
» Wer, and Wy’
2. Mobility

For mobMod=1 (Default)

H,

Hor = +2V +2V,
1+ U + U V gsteff th U gsteff th
( bseff H b Tox




1-11

Mobility Model Parameters CHUNG-YU WU

Name Units Default |Comments
uo cm’/V/  |670 nmos |Low field mobility at T=TREF=TNOM
sec 250nmos
UA m/V 2.25e-9  |First-order mobility degradation coefficient
UB m’/V? 5.87e-19 |Second-order mobility degradation coefficient
uc /v -4.65¢e-11 |Body bias sensitivity coefficient of mobility
or —0.0465 |-4.65¢-11 for MOBMOD=1,2 or,
-0.0465 for MOBMOD=3

Other related model parameters : 20 parameters of V,, , 6 parameters of V¢, and

13 parameters of L., W, and W

3.Drain Saturation Voltage

For R, >0or AZ1;

o= —-b—+b* —4dac
2a

dsat

a= Abulk 2 effvmt ox DS + B_ 1 bulk
b= —@Vgsteﬁ + 2V,)B% -1 H"’ Ab“lkEvatLeﬁ’ + 3Abulk (Vgsteff + 2vt )VVeffthCoxR E

( Vst T2V )‘Ethe]}” + 2( Vst T2V ) Wi Viar Cox Rips

For R,; =0 and A =1

Esat Leﬁ’ (ngteff + 2Vt)
Abulk EsatLeﬁf + (Vgste[f + 2Vz)

dsat

O O O 0 ul
A - a + K lox D eﬁ’ a A V L g |:|+ 0 |I| l
bulk vteff
2 ch _Vbse_[f EL + 2 X Xdep E ¢ g’ eff + 2 X Xdep E 5 eff ml + Keta vaeff
H v FH
E — 2Vsat

I"leff
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Name Units Default |Comments

A0 - 1.0 Bulk charge effect coefficient for channel
length

AGS /v 0.0 Gate bias coefficient of Abulk

B0 m 0.0 Bulk charge effect coefficient for channel

Bl m 0.0 Bulk charge effect width offset

KETA 1/V -0.047 Body-bias coefficient of bulk charge effect

VSAT msec 8e4 Saturation velocity of carrier at
T=TREF=TNOM

Al 1/V 0 First nonsaturation factor

A2 - 1.0 Second nonsaturation factor

XJ m 0.15e-6  |Junction depth

Other related model parameters * 20 Vi, 6V o, 13 Loy, W, and W', and 4R g
4 Effective Vg

Vdseff Vdcat - % ﬁ/dsat - Vds -0+ \/(Vdsat - Vds s 45Vdmt ﬁ

Effective Vi, Model Parameter

Name Units Default Comments
DELTA \Y 0.01 Effective Vds parameter

Other related model parameters * 9V, , 20 Vi, 6V o, 13 Loy, W, and W', and
4R g
5.Drain Current Expression

1 — I dso (lew,f) E V Vdceff % V Vdveff E
® R, 14, (V) V, Viscae

1+
Vdseﬁ”

dveff

erffl'leﬁf ox ésteff bulk 2 V 2 dseff’
( aiey TV )

Ly |.1 Ve / (E sarLegr )J

SRR N
A Asat
EsatLeff ACLM ADIBLC

]dso =

By Ve
o p oA E Qi

sat

Vipisre = (Vgsteff + 2Vt) E AV s E
eraut (l + PDIBLCB Vbseff ) AbulkV V 2V

dsat gsteff

O Leff Le
0,00 = Possrer BXPET Drour 2expH- Dyour 7 Popica
] 21:0 It()

1 - Pscbe2 eXp@/ Pvchel ll tl
VASCBE L eff ds Vdveff
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O 4,7
EoLyy +Vioas + 2RpV ( CoW Vo A = 2200
s R I AR s
et 2/A=1+RyW C W, 4,
T X,
lit] = |—S=ex )
Name Units Default |Comments
PCLM - 1.3 Coefficient of channel length modulation
values =0 will result in an error message and
program exit
PDIBLCI - 0.39 DIBL (Drain Induced Barrier Lowering)
Effect cofficient 1
PDIBLC2 - 0.0086 DIBL effect coefficient 2
PDIBLCB /v 0 Body effect coefficient of DIBL effect
coefficients
DROUT - 0.56 Length dependence coefficient of the DIBL
Correction parameter in Rout
PVAG - 0 Gate dependence of Early voltage

Other related model parameters * 1V, 9V, 20 Vi, 6V » 13 Lo, Wi, and
W , and 4R

6.Substrate Current

Tswo = aO(Vds Vdseff) Cxpﬁ‘ Vas— Vdscff II{::IC[S() E+ Vs ;/j:dseff E

1+
Vsett
Substrate Current Model Parameters
Name Units Default |Comments
ALPHAO m/V 0 The first parameter of impact ionization
current
BETA0O A% 30 The second parameter of impact ionization
current

Other related model parameters * 1V, 9V, 20 Vi, 6V, 13 Lo, Wy, and
W , and 4R

7.Subthreshold Drain Current

: Vserr [V,
s = Lo(1 — exp(=—22)) exp(— 2 Vorrly
\Y) nv

! t

Wetr | qEsiNech v 2
chf 2ch !
where V ; is the offset voltage which is an important parameters determining the

drain current at V =0.
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VOFF, NFACTOR, CIT, CDSC, CDSCB, CDSCD, ETAO, ETAB, DSUB.
8.  Polysilicon Depletion Effect

Polysilicon depletion region

ExEox = ESiEpu[y =4/ 2q$siNgatc Vpol ¥

2
1 Ngatc X poly
Vpnly = —Xpnly Epoly = q—

2 Esi

Vgs —Vi—-Ps= Vpoly +Vox
a(Vgs —Ves—®s _\/poly)2 _Vpoly =0

Vgsieff :VFB +q)s+

— Eox ’
A=
2q EsiNgateTox

2q€siNgatcTox 2

0X

1 + 250)( Z(Vgs _VFB _ch) _1
q(“:siNga'rc’l-‘ox2

Polysilicon Depletion Effect Model Parameters

Name

Units

Default

Comments

NGATE

cm’

infinite

Poly gate doping concentration

9. Effective Channel Length and Width
Letr = Larawn —2dL

Weff = Wdrawn - 2dW
W;ff = Wdraw - 2dW'
dw = dW'+deVgstcff + de (V cDS - Vbscff Y CDS )
V W] Ww le
dW - Wint+ LWln + WLwn + LWIHWLW”
Lett = Larawn —2dL
Ll Lw Lwl

dL = Lint+

Lin + L + Lin L
L w= LW

Effective Channel Length and Width Model Parameters

Name Units Default |Comments

WINT m 0.0 Width offset fitting parameter from I-V
without bias

WLN - 1.0 Power of length dependence of width offset

ww m""N 0.0 Coefficient of width dependence fo width
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offset
WWN - 1.0 Power of width dependence of width offset
WWL m"N 0.0 Coefficient of length and width cross term
‘m""N for width offset
DWG m/V 0.0 Coefficient of Weff’s gate dependence
DWB M/V'"? 0.0 Coefficient of Weff’s substrate body bias
dependence
LINT m 0.0 Length offset fitting parameter from -V
Without bias
LL m™ 0.0 Coefficient of length dependence for length
offset
LLN - 1.0 Power of length dependence of length offset
LW m""N 0.0 coefficient of width dependence for length
offset
LWN - 1.0 Power of width dependence of length offset
LWL m""N 0.0 Coefficient of length and width cross term for
*m N length offset

Other related model parameters : 6V

10.Source/Drain Resistance

gste

sand 20V,

(T T I A |

hotw )
Source/Drain Resistance Model Parameters
Name Units Default |Comments
RDSW ohm+ ym 0.0 Parasitic source drain resistance per unit
width
PRWG 1/V 0 Gate bias effect coefficient of RDSW
PRWB 1/vV'"? 0 Body effect coefficient of RDSW
WR - 1.0 Width offset from Weff for Rds calculation

11.Temperature Effects
I':H T — I':'\.'q Truatil +1K| + ]".:l Iy .II_.\,-\.1 +H|': [.-:HI\"H:.I. i 3..,- i — I h

hiT1 = Jhot el

i
I

Vi T = Veaw'| Tewanp — ."I:"[ T-‘I ?.;.1-.'.-.1 — ] }

el 71 = Kkl £ &

Ui = Ueirnsem

vt £ Hiel

11111

+ Lt T Tavem — 1)

t.‘l."l - |I_.'Il- Taormy| ¥ |I_.'I|'- Il: .l-lr -T:l...  — I]'

II.._'.;- Tl — {"I. eI ]

ol AT Y




Temperature Effects Model Parameters
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Name Units Default | Comments

KT1 \Y 0.0 Temperature coefficient for Vth

KTIL m-V 0.0 Temperature coef. for channel length
dependence of Vth

K12 - 0.022 Body bias coefficient of Vth temperature
effect

UTE - -1.5 Mobility temperature exponent

UAl m/V 4.31e-9 |Temperature coefficient for UA

UBI (m/V)? -7.61e-18|Temperature coefficient for UB

UCl m/V? -5.69¢-11 |Temperature coefficient for UC

AT m/sec 3.3e4 Temperature coefficient for saturation velocity

PRT ohm-um 0 Temperature coefficient for RDSW

1-1.5 Level 49 BSIM3 Version 3 SPICE MOS Model-MOS Diode Equations

1. I-V model of S/B diode

ijth#0
If Vbs<vjsm

0 v, 0.0
Ibs = Isbs @Xp%%lmeinvbs
O Vil O

otherwise

Ibs =ijth+

%

Jsm

l.'j th + ] sbs (V
NV bs

t

= NV 2 +1E

sbs

Isbs = ASW JS + PSFﬂ JSW

v )+G

jsm

Vbs

min

A, =2[HDIF [SCALM (WMLT (W, (As is not specified)
Se[/ eff

Ay, =M M, WWMLT? [S§CALE® (As is specified)
o

b = 4[HDIF [8CALM WMLT (Ps is not specified)

Psé,,,» =M [Ps LSCALE (IWMLT

Asﬁ, . effective source junction area
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PSy . effective source junction perimeter

SCALE (SCALM ) : scaling for element (model) statement parameters

Temperature effect

LE E
-5+ XTI [ﬂn%]’ %
J (T) — J (T )eXpth() vt nom
S N nom |:| N D
[] 0
E B
LE E
5% -5+ XTI In r %
— thO vt nom
JSW(T)_JSW(Tnom)eXpD N 0
0 []
B E
—4 2
E. =1.16- 7.02%x107°T,
¢ T, t1108
7.02x1077?
E =116-————
¢ T +1108
2. I-V model of D/B diode
Vbs 9 Vbd
Vjsm 9 dem
Isbs 9 Isbd
Ascff 9‘A‘dcff
Pscff 9 Pdcff
MOS Diode I-V model parameters
Name Units Default Comments
JS A/m’ 0.0 Bulk junction saturation current
(Default deviates from BSIM3v3=1.0e¢™)
JSW A/m 0.0 Sidewall bulk junction saturation current
NJ - 1 Emission coefficient (not used with ACM=3)
XTI - 3.0 Junction current temperature exponent

MOS Geometry Model Parameters

Name

Unit

Default

Description

HDIF

m

0

Length of heavily doped diffusion, from contact
to lightly doped region(ACM=2,3 only)
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LD m Lateral diffusion into channel from source and
drain diffusion.

If LD and XJ are unspecified, LD default=0.0.

When LD is unspecified, but XJ is specified,
LD is calculated from XJ. LD default=0.75 - XJ.

For Level 4 only, lateral diffusion is derived
form LD - XJ.

LDscaled=LD - SCALM

LDIF m 0 Length of lightly doped diffusion adjacent to
gate(ACM=1,2)

LDIFscaled=LDIF - SCALM

WMLT 1 Width diffusion layer shrink reduction factor

§ 1-2 Small-Signal Model of MOSFETs
G Cu R, D

LC I Ao
T ® P&Vs @ gwVes g,

. 1
% b
C SOV C, v _ . .
g% T, TheT éﬁ As=W - Is Dbottom plate source junction area
w1, It Ap=W - 1d bottom plate drain junction area
Ps=2(W+ls) perimeter of source juncion
I [ ] N I Pp=2(W+ld) perimeter of drain junction
w S | Gatepoly |P w

Is 1d
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gsov gdov
Cp =CA,———+C,,P, for Cjy, Vg = Vip
E %“ E Vi %‘ A, A,
P, - P,
Vus: +forward bias; —reverse b1as

Csem =€ si/Xd =€ si/\/28 si (ps _VBS)/qNA
(Np)

1 .
g = Oy _ 2.4 Tps anco % (sat. region)

oL, DGAMMA B =g.n (sat. region)

b =
POV 2,0, -V
where 1 = _CAMMA
2P, — Vg
I . .
1 = Ols OANI, (sat) R,,Rgdrain/source resistance
Ta Vs

OFF LINEAR SATURATION
C, Cpon W WC,., +%C0WL WC,,, +§COWL
1
o Coaw W WC,,, + ECOWL WC,,

Cy 0.9C_WL 0 0.1C,WL
1 2

CbS Cjbs Cjbs +5CscmWL Cjbs +§CscmWL
1

de Cjbd C jbd + Ecscm WL Cjbd

Exact calculation of C, » Cy g

and C,

0.z~

OFF l SATURATION _Lr:wsuunnno»«)!
t

Yy Vos "Yos * V1
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1,000 T -~
Typical device ] e =10 pade,
Transconductance (gm) ooy

BIPOLAR

versus drain current (I,)

9m

gm for BJT > gm for MOS (&)

0.01 L L
001 ol 1 0

; ; .
Qe ) 20 30 40

R ik
Parameter n = GAMMA
2\/ q)s-VBS

< In this figure, |VBS| =0V does not mean short-circuited substrate and source!

Versus |VBs|

Junction Capacitance Model Parameters

Name Units Default Comments
ACM - 0 Area calculation method selector (Start-
Hspice specific)
CJ F/m’ 5.79¢* zero-bias bulk junction capacitance

(Default deviates from BSIM3v3 = 5.0e™)

CISW F/m 0.0 zero-bias sidewall bulk junction capacitance
(Default deviates from BSIM3v3 = 5.0¢")
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CISWG |F/m CISW zero-bias gate-edge sidewall bulk junction
capacitance
(not used with ACM=0-3)
PB v 1.0 bulk junction contact potential
PBSW \" 1.0 sidewall bulk junction contact potential
MJ - 0.5 bulk junction grading coefficient
MISW - 0.33 sidewall bulk junction grading coefficient
PHP A% PB bulk sidewall junction contact potential

Note that ACM=2 (UMC 0.5um CMOS) invokes the standard Start-Hspice junction
model in pg. 15-40 to 15-51, Start-Hspice Manual, Release 1998.2.

For junction parasitic resistance, ACM=2 also uses the equations in pg. 15-40 to 15-
51, Start-Hspice Manual, Release 1998.2.

Junction Resistance Model Parameters

Name Units Default Description

RD ohm/sq  |0.0 drain ohmic resistance. This parameter is usually
lightly doped regions' sheet resistance for ACM 1.

RDC ohm 0.0 additional drain resistance due to contact resistance

RS ohm/sq 0.0 source ohmic resistance. This parameter is usually
lightly doped regions' sheet resistance for ACM 1.

RSC ohm 0.0 additional source resistance due to contact
resistance

RSH ohm/sq |0.0 drain and source diffusion sheet resistance

AC and capacitance model parameter

Name Units Default |Comments

CAPMOD |- 0 Selects from BSIM3  versions 3.0 3.1
3.11(version=3.11 is the HSPICE97.4 equivalent to
BSIM3v3 version3.1)

XPART - 1 Charge portioning rate flag(default deviates from
BSIM3V3=0)

CGSO F/m Pl(see Non-LDD region source-gate overlap capacitance

Notel) per unit channel length
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CGDO F/m P2(see Non-LDD region source-gate overlap capacitance
Note2) per unit channel length

CGBO F/m 0 Gate-bulk overlap capacitance per unit channel
length

CGS1 F/m 0.0 Lightly doped source-gate overlap region
capacitance

CGDI F/m 0.0 Lightly doped source-gate overlap region
capacitance

CKAPP4 |F/m 0.6 Coefticient for lightly doped region overlap
capacitance fringing field capacitance

CF F/m (see note3)|Fringing field capacitance

CLC M 0.1e-6 Constant term for the short channel model

CLE - 0.6 Exponential term for the short channel model

DLC M LINT Length offset fitting parameter from CV

DWwC M WINT Width offset fitting parameter from CV

The capacitance model equation can be seen from BSIM 3v3.2.2 manual in appendix
B.note that capmod=2 and XPART=0 ( 0/100 charge partition)

§ 1-3 Other HSPICE Model parameter

Model Flags

Name Units Default |Comment

VERSION |- 3.11 Selects from BSIM3 version
3.0,3.1,3.11(version=3.11 is the HSPICE97.4
equivalent to BSIM3v3 version3.1)

BINFLAG |- 0 Uses wref,Iref when set>0.9

NOIMOD |- 1 Berkeley noise modelflag

NLEV - 0(ofY) Star-Hspice noise model flag (non-zero overrides
NOIMOD)(star-HSPICE specific)

NOSMOD |- 0(off) NQS Model is not supported in Level49

SFVTFLA |- I(on) Spline function for Vth(star-Hspice specific)

G

VFBFLAG |- 0(off) UFB selector for CAPMOD=0(star-HSPICE
specific)

Bin Description Parameter

Name Units Default |Comment

LMIN M 0.0 minimum channel length

LMAX M 1.0 Maximum channel length

WMIN M 0.0 minimum channel width

WMAX M 1.0 Maximum channel width

BINUNIT |- 0 Flicker noise parameter

Process Parameter 5
Noise Parameter 7
NQS Parameter 1
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Chapter 2 CMOS Process Technology and Layout

Rule
§ 2 — 1 Typical Submicron CMOS Process Flow

0.5um SPDM twin-well polycide-gate CMOS technology

Major Process Steps:

Lightly-doped (15-20 Q-cm , P) p-type substrate , <100>
2. N-well region definition (NW , Mask # 1)
N-well implantation (phosphorus) Fig. 3-1

phosphorus
v YV Y by
photoresist N-well implantation photoresist
15-20 ohm-cm
p-substrate

Fig. 3-1
4. P-well region definition (PW , Mask # 2)
P-well implantation (Boron) Fig. 3-2



Boron Boron

EERR ERERR

p-well implantation PhOtOTeSlSt p-well implantation

N-well

p-substrate

Fig. 3-2
Well drive-in with 350 A oxide growth , 1100°C
Oxide strip.
Pad oxide growth (200 A) £25 A , 920°C
Si;N, deposition (1500 A) £200 A , 780°C
Field oxide definition (SN , Mask #3)

. Si;N, and pad oxide etch

Field oxidation (500 A) , 980°C
P-field implantation definition (PF , Mask #4)
P-field implantation (Boron) Fig. 3-3

Boron Boron Boron

|

v j
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photoresist
Si;N, Si;N, Si;N,
P [ 4 ( <
pad oxide pad oxide pad oxide
field oxide field oxide
P-well N-well P-well

P-substrate

Fig. 3-3

15. Photoresist strip

16.

Si,N, and pad oxide removal
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17. Pregate oxide growth (250 A) and etch away
18. Pregate oxide growth (110 A)
19. Threshold adjustment implantation (Boron) Fig. 3-4

Blanket threshold adjustment implantation

Boron Boron Boron

R 2 S R R A AR

7 ,
% Pfeg"“éxide h[/ field oxide %

p-field implantation

P-well N-well P-well

P-substrate

Fig. 3-4
20. Pregate oxide etching
21. Gate oxide growth (85 A)
22. Polysilicon deposition (1500 A)
23. Polysilicon doped with phosphorus ( 43 Q/[])
24. WSi, deposition (1250 A)
25. Polysilicon definition (PO , Mask #5)
26. Polysilicon etch  Fig. 3-5

WSi,
IIII‘I/ pOly-Si\lllll TTIIT
A s
: Threshold implant w gate oxide w
P-well N-well P-well
P-substrate

Fig. 3-5
27. NLDD implant definition (NM , Mask #6)
28. NLDD implantation (phosphorus and Asenic shallow implant)
29. WSi, anneal (180 A)



30. PLDD implant definition (PM , Mask #7)
31. PLDD implantation (BF, shallow implant) Fig. 3-6

Boron

vy

Boron

oy

photoresist photoresist

N-well
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/

photoresist
T

n

P-well

n-

P-substrate

32.
33.
34.
35.

b

Z /! /
: Threshold er
Y N- implant N- P- >

Fig. 3-6

Conformal sidewall spacer oxide deposition (2000 A) , 700 °C

Anisotropic sidewall oxide etchback to form spacers

N source/drain implant definition (NP , Mask #8)

N source/drain implantation (As) Fig. 3-7

S

N*S/D
Spacer W photoresist
[T}

P-well

As As
N*S/D N*S/D
sidewall WSi,
Spacer / spacer
WuiNg
| |/' _______
n- p-
N-well

P-substrate

36.
37.
38.

39.

Fig. 3-7

P" source/drain implant definition (PP , Mask #9)

P" source/drain implantation (BF,)

Low Temperature Oxide (LTO) — Boron — Phosphate Silicon Glass
(BPSG) deposition (9000 A doped , 2000 A undoped)

Flow , 850°C



40.
4].
42.
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Contact definition (CO , Mask #10)
Contact etching
Annealing Fig. 3-8

contact
i LTO-BPSG

iButting contact

Threshold
implant

P-well

P-substrate

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

Fig. 3-8
Plug barrier deposition (Ti 400 A / TiN 1000 A)
Barrier annealing
W Plug deposition 6000 A
Metal 1 sputtering (AICu 4000 A / TiN 1400 A)
Metal 1 definition (M1 , Mask #11)
Metal 1 etching
Via oxide deposition (2000 A + 5000 A + 2000 A)
Via hole definition (VI , Mask #12)
Via hole etching
Plug barrier2 TiN(1000 A)
Plug deposition2 W(6000 A)
Metal 2 sputtering [AICu (18000 A) / TiN (250 A)]
Metal 2 definition (M2 , Mask #13)
Metal 1 etching Fig. 3-9
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S S S S Metal 2
\ \ \ \
\ \ \ \
\ \ \ \
\ \ \ \
\ \ \ \
\ \ \ \
\ \ \ \
\
\
\ .
\
> ﬁL 1a
\ \/
D
\
— S €la
2 , % %
g g S
P % e - - - e e
S 2 2 S, .
S / / S . ,
S . / S, . ,
A / A - ,
. / / % ,

Threshold
implant

P-well

P-substrate

Fig. 3-9
57. Passivation oxide deposition (2000 A)
58. Passivation Si;N, deposition (7000 A)
59. Pad definition (CB , Mask #14)
60. Alloy

Total photolithography steps : 14

§ 2-2 Typical CMOS layout example

(1) Well Masking ———-——-
NW.,PW

i
|
dark i

outside: P-well (PW) (NW) clear
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(2) Field-Oxide (Thin-Oxide) Masking

SN(OD) I |
! I
| |
! l

|
SN(OD) | SN(OD) |
o |

SN(OD)

(1A) P-Field Masking (PF)

J——— |
| |
| |
! l
SN(OD) | SN(OD) |!
|
R PF______ dark |
outside:P-well(PW)
SN(OD)
(3) Poly Masking
PO
p— 7% ““““““ a
| |
| l
|
SN(OD) | SN(OD) |
Wi
PW

SN(OD)




2-8

CHUNG-YU WU
(4) N+ Masking —-—-—--—--—- -
NM for NLDD and NP
N+ S/D
. W7/7/77, . - T %_____I_..___..___..__:
. . |
| / i | / Il
N N | i N ||
i / i i / !
S /‘ i L] /_____;‘_“:'_':'_'}
J— /i
N
ol
(5) P+ Masking — — —
PM for PLDD and PP
P+ S/D /
l-._._._é._.._..%_ ........... | R ______'_____1
1| P+ ) N+ N+ : P+ p+ | I
e
| |
: <M . Butting contact
i

(6) Contact Masking
CO [X] shown in the above figure
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(7) Metal 1 Masking ~—--—------ (9) Metal 2 Masking
Ml M2
(8) Via hole Masking ] o
VIA ML
| | / | |
| | | |
| | | |
Lo M1 !
| M1 —— == ——— 17—
LS pamiaaaiiEGE powoo
ana/A | | T~ 1|
E&I_;___: '___M{___@__L_ ______ | i__% N
P | L
i i I_________1v£2_____|___________l_ _Nw_i__i'_J
1M1 | N ! |
| NMOSE X ’ EPMOS M1
| |
T T T v
. .
! |
! |
I !
§ 2-3 Layout Rules for Latchup
Parasitic p-n-p-n (SCR) structure in bulk CMOS
P+
= Ry
N-HeLL

. Cc2
L latching path b

F-SUBSTRATE
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Lumped equivalent circuit of the parasitic p-n-p-n (SCR) structure :

1

<+
§ 2-3.1 Layout rule of MOS transistors for I/O parts or large

driver (Based on 0.8um layout rule)

1. NMOS transistor :
(1) A P+ base guard ring should surround the NMOS. The P+ base

guard ring must be connected to Vss by an unbroken metal line.

(2) Maximum distance between surrounded P+ base guard ring is
80um (e)

(3) Minimum width of the P+ base guard ring is 4jim (a)

N+ collector guard ring

Von Von
(e AV
— P+ base guard ring < 80um e © Voo
] Vss < 20um > 8(1:11’1'14_ (ﬁ 4—‘
O B> (@) [ 30um

[ 1 . .
vl (e v ) () (e ) [ ) (e )

buting > (@) <
(b) contact >4um PMOS
P+ collect
>4um collector

N-well N-well guard ring
P-well
P-well

P-well

P-substrate
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(4) Maximum distance between N+ source/drain areas and the nearest
p-well contact inside the P+ base guard ring must be less than
20pum (d ). A butting contact is preferred if the process is allowed.

(5) N+ collector guard ring coupled with N-well should be placed
outside the p-well region. The N+ guard ring must be connected to
Vs by an unbroken metal line.

(6) The minimum width of the N+ collector guard ring is 4um(b).

(7) The minimum space between the P+ base guard ring and the N+
collector guard ring is 8um(c).

(8) Minimum space between NMOS N+ collector guard ring and
PMOS P+ collector guard ring is 30pm(f).

2. PMOS transistor:

P+ collector guard ring
(e
— N+ base guard ring < 80um

Voo <20um [—»
oo b @ - - fum

I 1
(] | ) J ) L)
SO o e

contact

P-well N-well P-well

P-substrate

(1) A N* base guard ring should surround the PMOS. The N* base
guard ring must be connected to VDD by an unbroken metal line.

(2) Maximum distance between the surrounded N* base guard ring is
0um.(e)

(3) Minimum width of the N* base guard ring is 4um (a)

(4) Maximum distance between P* source/drain areas and the nearest
N-well contact inside the N* base guard ring must be less than
20pum(d). A butting contact is preferred if the process is allowed.

(5) P collector guard ring should be placed outside the N-well region.
The P* collector guard ring should be connected to Vss by an
unbroken metal line.
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(6) Minimum width of the P* collector guard ring is 4pm.

(7) Minimum space between N* base guard ring and P* collector

guard ring is 8im (c).

§ 2-3.2 Layout rule of internal circuits

(1) The internal circuit must be separated from 1/O transistors with at
least a double ring structure (with one N* connected to VDD and
one P* connected to Vss).

(2) It 1s also recommended that large drivers are surrounded with a
double guard ring structure.

(3) In an N-well (P-well), N-well (P-well) contacts should be used as
many as possible. The maximum distance between a P*(N™)

source/drain area and the nearest N-well (P-well) contact is 40pm.
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Chapter 3 Current Sources and Simple Voltage

Sources

§ 3-1 MOS Simple Current Sources
§ 3-1.1 NMOS Current Sources

1. MOS Widlar current mirror

+ VDD

i .—| E Input

v i Circuit Load

T e LS

IDSll llout +
o I
M, H ! N l HM, Vout
\/_GS
- Vss
My)M,: Ve=VpsU Vpe>Ves-Vyy Both are sat.
M,:  must be kept in the sat. region
Le. Vout > Ves= Vi of Vpgur

]out_ ps2 = n OX mH GS2 TH2 1+/\ Vr)ut)

IDSI =1 DS3 = n ox m% Gs1 THl 1+)\ VGSI)

:H WL% GS3 TH3) (1+)\ VGS3)

M, isidentical to M, U Vi, = Vo = Vi
A =A,=4

u ,C, . are the same

[\

I()M[ —_— (W/L) 1 + A Vr)ut
IREF (W/L)Z 1 +)\VDS
I = Ipg; = Ligr 18 called the reference current .

It can be generated by M, or other input circuits.
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]REF (W/L)l
The output current /,,, depends only on the geometric
ratio. [] 1, can be a constant current if /- is a stable

out

*IfA - 00

current.
1, 1s nearly independent of V, , if M, is sat.
* ro = rdsZ = ()\Iout )_1 LZ T D rO T
Remember:
o
_|_
I 1‘0 Vout
)

Ideal current source:
(1) I=constant, indep. of the loading and V,

(2) r,=oo.

* To guarantee matched device characteristics, L, = L, is
preferred and long channel devices are used. W, and W,
should be kept large enough to avoid narrow channel
effect.

* Can be used in the subthreshold poeration.

2. Cascode MOS Widlar current mirror
+ VDD

Inpu
1IREF I 1 IOth
_ s M, *
le M, Visa
+ 'H -

Viss |t A\
A
GS

M, H -
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*M, and M, must be in the saturation region.

*M,/M, (M5/M,) should have matched device
characteristics.

*M, and M, must be in the sat. region

U Large V,, is required

U The voltage swing of the load is limited especially for

low

VDD-

* Fo = Vs + ¥ asq + rd52rd54(1+7]4) 8ma :gm4rds2rds4
High output resistance (by a factor of g, , 7,,,)

[J Long channel is used for M, to obtain a large r,,

%k 1 — (W/L)Z 1-l-/\l/DSZ
IREF (W/L)l 1-'-)\I/GS

The output current is still determined by the bottom mirror.

out

*To guarantee V= V), and matched device characteristics,
(W/L),/(W/L), = (W/L),/(W/L), 1s used and L,=L,=L,=L, s
preferred. Thus Vi =V, and Vo=V pgo.

* Note that M; and M, have body effect
U Vee/Vessy 1 and required Vout 1
O (W/L), > (W/L),
(W/L),> (W/L), 1is adopted for compensation.

* The resistance seen from the input circuit is much smaller

than », O Inbalance r,.

* Can be used in the subthreshold operation.

+V )
. DD 3.MOS Wilson current
source
IREF Load N
| |— l Iout
* IIIL_MI
VG 1
= Vout
) =
3! i M,
Vas .
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L per B (W/L), 1+)\VDS3
Vis: =Vas
Voss =Vas Vs
Vs # Vpss

* Inherent inbalance

0 Lo depends on Vg and Vg,

REF
U High precision ratio is not obtainable.

dsl

gm3Vgs3
Taa/Torer Ver™ Vs gmzvgsz |

7 Dr +7 %mlgnd(rd.ﬁ // rOREF)+ng
o dsl dsl |:| 1

ng +7+gmh1

E rds 2

Ifr,, >> L

m2

[

ng t— gmh]
rdsZ

D]:II:IQI:ID

1 0 O
+r, 0 +(L)[l +2,5(Tus // Vorer )]E

O r
+n,g

’ (ng +n1gm1) |:| ng

Enm
! Mgt
gm? +n1gm1

ml

08,3(Vass 7/ Torer )N

Assume gm] =gm2 =gm3 =gm a'nd r’] - 0
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r{) Dg_ + rds] [2 + gm (rds3 //FOREF )]

m

Drds][gm(rds} / Vorgr )]

* The output resistance is nearly the same as that of the
cascoded current mirror.

* Only 3 MOS’s are used.
* Can be operated in the subthreshold region.

4. Improved Wilson current source

+VDD
]out — (W/L)z ]+)\VGS2 lI
= |— out
Loge  (W/L), 1+ AV, ] P
M, —| |
4 I—M1
VDS3 = Vcsz +VGS1 _VGS4
= =
M3 —|| II—MZ
- Vss
— (W/L) _(W/L) U
Set VGSI_VGS4§‘6‘ I(W/L)4_ Z(W/L)3@
O Viss =Ves»
]out —_ (W/L)Z

precise ratio.

IREF (W/L)3

* Inherent balance like the cascode current source.
* High output resistance.
* 4 MOS’s are needed.

« (W/L) _(W/L) .,
%W/L)4 - 2(W/L)3 D VDS3 _VGSZ _VGS3

and M3 sat.
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* Better , balance between load and I nodes.

* Can be used in the subthreshold operation.
5. High-swing cascode current source
A. Conventional type :

*+ Vb
[ - M2 SAT
out |Both linear | M4 Linoar | Both SAT 2V, +2AV l »
1 Load
| REF .
| | V., + 20V +
| | ou
I I 1\/[3 —| I + | [ 1\/[4
I Vo, +AV
| | Vout
| | L H
| [ —| < b
| | -~ Ml — v, +ZV H M2
0 +24V V., + 20V t : -
- Vss
B.  With source-follower level shifter :
R + Voo
IOU
Leer 2VT“+\3‘AV Load l '
M
WL ZA\IIJ +
Mo ou - M,
wiAaL b+ | — wit
_ VTH +2AV V. +2AV VTH +AV v
M TH -9 AV out
2
W/L
| TeR—
W/L - [ + | — M
Vi +AV sy VTH +AV W/L
- Vss
W u 2
IDS] _]DS3 f P ( +AV—VTH)
_IWu
4 L - TH)

a v

GS3

=V, +24V
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*High To. Tout/N\

*High output swing.
*Two extra MOS's.

*Vpsi=Vin TAV # Vpes=AV

Inbalance current ratio. AV >

C. With constant V; bias circuit

M, in saturation: VbD T
Vi — Vi3 € Vi1 (FVX)
IREF load
M, in saturation:
Vx I_T2AV
Visi — Vini £ Va(EVe— Vis3)
e M,
VB I_
=V, 128V [,
U Vass+(Vesi— V)< Vg Y OV,=AV oAV
<Vgs1 + Vi + E M, E ML
0 Vess— Vi< Vi VAV l_,\ o
or AVsVipy - ® o

If Vp=Vigs3+(Vasi— Viu)= Vi +24V

[ * The swing of load can be V,—2AV.

* M, and M, have the same V5 to obtain a precise current ratio.

The generation of Vj : Voo
M;=M, O V5= Vi IREF
0 (W/L), < (W/L), é
U Viase > Vass ¢l M,
(W/L), is large : ’
Vas7 OV > Vi Ve=VasitVasi-Vim
Choose (W/L); so that M,

M;

M,

— &
Vise ™ Vas™ Vass— Vrm %

-Vss
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§ 3-1.2 General Advantages of MOS Current Sources

1. Effective current gain — oo

[J No dc loading of slave stages on the master stage
(Unlike the BJT multi-stage current mirrors)
2. Current ratio IMOS channel geometric ratio
3. High packing density

4. Tout can be as small as several nA.

Generally, if lout<~nA, leakage current dominates the output

current
[ The ratio is not constant anymore.
§ 3-1.3 PMOS/CMOS Current Sources

All NMOS current sources can be converted into PMOS current sources. They

can be used in CMOS technology.

Example: Multi-stage PMOS Widlar current

source

+VDD

™\
¢ Tout1 ¢Iout2
IREF C¢> Load Load

-Vss
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* Jout>10pA O Vs>V, and I O ( Vgg— Vo), square law

U good ratio constancy.

.10 ‘
PMOS PAIRS M '
\
100 e E—— S O
e P 7 et ;
o/ o S ~~
PNP/PMOS /’2%
asol e g R
f
2 enpeany

]

oro - K
950 lh“[ﬁn S T | B G I | skl P PEe Gl Be §

t PRy £
TinA 10 nA 00 nA = uA 10 pA 100 mA I mA 10 mA
MIRAROR CURRENT LEVEL

MIRRORRATIG Toyt /Ty,

o
3

§ 3-2 Supply — Independent Current Sources

§ 3-2.1 CMOS Peaking Current Source

CASE I : Subthreshold operation
In M1 and M3, +VDD

Ipoi=Ipos * Vs >> v,

a—
l_
Vasi=Ipsi Rt Vs, || _I >
l_

W M,
IDSI = QEHIDOGVGSI /v,
4 ¥ T |
Iout
= HWHID()G(IDSIR*‘VG”)/IW‘ R I_ M
UL G e 0
where I,=I5,/(W/L) _I M, —
\\%
I :I :H,HI eVGS3/nVl
out D3 DL g DO
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— (W/L)3 e—lDSlR/nvt
IDSl (W/L)l

L=l EW/L; eXp% RIDSIE

Iout A

Ioutmax

W/L nv,

z |
anut — O, 0 Im;t <0 IDlopt thherm i
ol 0l

IDS10pt IDs1
(W/L)3 nv, _ (W/L)3 IDSlopt

01
oum(W/L), eR  (W/L), e

* Power supply independent current with output current proportional to v,

* Choose Iygr=Ips;=Ipsopt » Loumax €@n be controlled by R or (W/L),/(W/L),

* R can be implemented by the n+ source/drain diffusion.
[t can also be made by adjustable resistors.

* If Igge=Ips)op has some inevitable variations, the resultant variations on
Loumay 18 Teduced because 01,,/0l g, arround Iy, is very small.

* Two-stage peaking current sources can be used to further reduce the
variations of I,,..,. I, can be used to generate Ipg)

* Process variation and temperature coefficient (positive) on R should be

considered.

CASE II: Saturation operation
ul’lCOX
Ipsi = (—) (Vasi = Vin)’
unCOX (W

) (VGS3 IpgiR = Vg )2

—_ HHCOX
Lo =Ips3 = (— )3(VGS3 Vin)’

— (W/L);  (Vass _VTH) Ipsi
o (W/L); (Vg3 = Vo + IDSIR)2

2 —
anut - O, 0 Iou; <0[] IDSlopt — VGS3 VTH
0lpg 0Ol R

_(W/L); Vg = Vi _ (W/L), 1

DSlopt

outmax (W /L), 4R (W/L), 4
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* Lo max 18 pOWer supply independent, but not proportional to v,.

* Other features are the same as those in the subthreshold operations.

§ 3-2.2 CMOS v, Standard Current Source

M1, M2, M3 and M4 are operated in the subthreshold region.
CASE I

+VDD
M1 and M3 are in the same p-well N ¢
Viar = Ve — Vi +AV. — — —
GS3 GS1 R TH M, e | | N M, | > M,
Vpsi 2>V, Vpgz >> v, — |—l —
W Vs -
ID51 = B_HIDONG /‘ r l Iout
OL O — M
Vas: Ml _H — H_ 3
=Ips, = Q\Ll é Ipope " — MR
- W HI evcSz / Vr RglIR ILoad
DS4 — DOP _
OL 0O — ) .
Vs (VR _AVTH) 'VSS
=Ipg; = HIDONe Av © AV
OL 4

%WH
[ Vg =nv,In LG
i
L

where AV, = GAMMA (1 /@ +Vy — \/@ )

CASE II:

M3 is in a separated well( special process )with V=0, V¢, = Vg, = Vi
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VAL |
VINZIN:

[ Vg =nV,In

_V
A

Lu=[(W/L)s/(W/L),]1x

* The output current is power-supply independent.

* Since I is small enough, the start-up circuit is not necessary.

* R may be implemented by n" diffusion or adjustable resistors.

* Process variations on R should be considered.

* The temperature coefficient of R is usually positive. Thus I; is not
linearly proportional to temperature exactly.

§ 3-2.3 Constant — g, Current Source

All MOS devices are operated in the saturation region

+VDD .
Viasi=Vass R |
L Ipsi=lou —I |—I_> M,
s ~Rlos Lrer i P DS3 Tout
=Ips; 5
21,
ou V
\/“HCOXK(W/L) T 1:K +
V,=R Load
21,
_ ou VTH3 + Iou R _ |
\/“ncoxK(W/ L) t -Vss
I - 2 1 B _ 1 g a AVTH AVTHZ
“,Cy (W/L), R?O VKO R IoutRz
ST . P .
u C (W/L)l R20 VKO If AV, 1s small

Emload = \/2p'ncox (W/L)loadIDl



3-13

CHUNG-YU WU

* The g,,1..¢ of the load NMOS device is independent of power supply
voltages and depends upon R and channel geometric ratio.

* Both temperature coefficient and process variations of R still affect g,

* R can be tuned to compensate its process variation.

* R can be realized by switched-capacitor resistors for better accuracy
and tunability. However, clocks and capacitors are required.

* AV, due to the body effect of M; causes error in [ ,.

* R can be moved to the source of M, to avoid the body effect.

"."PMOS in 0.5pum CMOS process can have separate n-wells.

** Requires start-up circuit to stabilize the circuit as V/Vq 1S
powered up. Adding C,,, is a simple way to perform start-up.
* Requires careful HSPICE simulation and analysis for the start-up circuit.

start

Transient analysis using the ramp V,, waveform.

VDD

§3-3 Simple MOS Voltage Sources (For capacitive loads only)

(1) o Voo * For 0.5um CMOS technology
| | |D+ G |J S |:| all subtrates are the same p-

G [ > _l = Mn1 type semiconductor connected
}_|S B D vy, toground or —Vg.
2
NMOS PMOS —l iy [l Body effect in Mn1 and Mn2
N2
Vo=V * For PMOS version, separate
GS DS V
1

n-wells can be used.

. _ S i
- Vps=Vas > VsV —l MN3 O No body effect, but larger
always saturation in long- E—_VS S chip area.

channel or short-channel

devices * VDD+VSs > Vi TVames T Vi
(2) PMOS version * Typp=lvss UVppt Vs

* MN1, MN2, and MnN3 may have different
channel dimensions.

* Output resistance [ 1/g,,



(3) NMOS-PMOS combinations
€8  +Vpp.

r +VDD.
MP] I MPI
V3 —> V14
:ﬂl\_/h\“ —l H— Mp
-Vss. > Vs
kil
-Vss.

Ideal Voltage Source : (1) Rs =0

(2) Vout =V = constant
independent of
current loading.

3-14
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Rs
M\ o+
Vout
o _
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Chapter 4 CMOS Amplifiers, Level Shifting Circuits, and
Output stages

4-1 Active-Load MOS Amplifiers

4-1.1 NMOS Amplifiers

1. Simple NMOS common-source amplifier

>y, -

¢ 1= Vi 07 Vosar)

]
1
]
]
1
]
|
v

“rss

VestVim Vi Vi - VS S

* M, and M, must be always biased in the saturation region.
*MysatJ v, 2V, <v, -V,

DSATI — TH 1
Mysat L V,, =v, 2V, o, Voo =V, —
* V < V +VTH2 _> VGG <VDD

Transfer characteristic:
Assume A - 0, GAMMA - 0 , and the same u C

n ox

He, EKHV +V=V,,,) —M”TC‘”‘E%H(VGG—VO—VTHZ)"’,]SmSZ

1
wiL),
U Vo = GG %g THI _VTHZ

Vo, 0V,

oDC IDC
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LHw/L), E

w/L),

Ov, =

04

The range of v, in which both MOS are in the saturation region is

I
w/L) Ot H
%GG - sz - )1 i Vss

w/L),
VGG - VTHZ >V0 2 ! ﬁor VDSA”
L)
w/L),
4 =% o HWILLE /1) < forhigh 4
" 0v, HW/L)2

The range for v, is

—Vy +V,, SV, <

TH1 _

Small-signal model:

D
e i
Em2¥o Pasi " Vo
Vi v,
- gm] vi mevo _
o
S

Av Ev_g:_ gm] 1 ~— gm]
v +
! ng + gme + || gmz ngbZ
dv[ ds‘2
£ 1
1 (ng +gmb2)>>
dsI || dAZ

Y :_&g_] =g &m

v 2

ng ]+,72 ng
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a,=
2 VBB + VO +¢S 1 + ’72

1
— IJ n Cax n Cox m=1 ]
& _2\/TéﬂL§jDs or mQUT%DDS g

__ [(w/L), _ o (W/L), p
04 "’2\/ iy, o~ l My 0 1em <

If n,<<0, a,=1 .(GAMMA, .\ , V, +v, 1

4= ", Y% E
* The voltage gain is determined by the geometeric ratio.
Example:(w/L), =10 (W/L),=0.1 a,=1
0 4 =-100=-10
* The body effect of M, degrades the voltage gain.

* The dc output voltage is dependent on the input dc bias voltage or
equivalently the dc operating current.

where _ GAMMA,

0n, 1)

2. NMOS inverter without V4

Vo
|_
= M,
|_
&— o+
H o0
e
v M,
1
&
'VSS
Amplifier range:
w/L), % ]
DD - VTHZ - VSS
wiL).8
VDD - VTHZ > Vo 2 7 or VDSATl
wiL), &



g, 0
-t

_VSS +VTH1 sv[ s

* No extra power supply Vg is required.

« ___ Hw/L), B for high A
A %@mg O (w/L), <I gh A,

3. Split-Load inverter

Single M, O (W/L),<<I very long channel device

DS

2 2 W’
C.,=—C (LWW),=—-C
gs2 3 ox( )2 3 ox (W/L)2
(W/ )2 << ] |:| CgsZ T
1 _ 31,5

f—_?dB =

27'rg] C,. 271”"5” WC, Vs Vi)
m2

1,10 f—3dBT ) ngz 10 S

4-4
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(1) RC time constant § ~ f;;5 1
(2) Gain is nearly unchanged

1 1 1
— —R //(—=R, +R
2 gs2[2 L (2 L M])]
CgsZ(RL //RMI)DRLCgs2 +in2[iRL //(iRL'FRM])]
2 72 2
DiRLCgsz
2
4. NMOS Cascode amplifier
If IDS] :]DSZ +VDD
A Em:_a gm] :_a |:(VV/L)Igén
Yv g dW/L)o -
M
If IDSI =1DS3 3
y I_$—o+
4 =Yo =g 8w = _g AW/L), . i Ve
v, 83 W/L)3 ] VBias oO— |« M2 %
C.=C,+C o :+_°+
8>

+o_
If g = My
gm] ng v] DI
oc,=c,, +2C,, -% %‘

Cin D gm[ /ng

* Design considerations:
(1) (V%)I = (V%l O g, =g,, (Neglecting the body effect of M,)
Keep C,, Small , Miller Effect |
@ (7)) «<W/) 0 g, <<g, . Voltage gain A, 1



4-6
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* g <g,., U 4,<IU Smaller Miller effect
But (V%)[ < (W L)z is not recommended.

" Vg, will become smaller [I M, may not be in the sat. region.

* (W L) > (W L) slightly to compensate the body effect of M, .

5. MOS source-couple pair

| |
| |
=S ARG, -7, A
|:| 2 DDLD VO[ VO2

%Hma GSZ_ THz)2 O_lk_M ]\42_’I +

0 2 00LO A i V12
Loy + 15, = 1 %
Ve, =V, =V,
VGSZ = I/[Z V
Assume identical devices
: C,
Le. Vi, = TH29¥H EKHandBU—H BLI H HCo

o o2 2
l = - = H, COX K —21 -
A]DS Ds1 IDSZ 2 (AV ) u COX K (AV )
2 L

where AV, =V, —V,, (input differential voltage)
If ay, < |[—ts u,

G o,

2 L +[SS ______________ T "
[ A, O AV, linear range - ué“ i |
[ss Iss '2 2 : >
[J between +-—-and——>. : — 47
2 i " u Cis w
: L : 2L

Linear range ] /] 7 - . »

Typically, AV, = +300mv to
*V in the linear range,
Larger than that of the emitter-couple pair.
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_0Al,, uc, w 21 , MHC,, W
|, ST e () S,
2 L

Aar,
21 3 5
l’lnCox(K) (AVI)
2 L AV,=0

I, puC W
zzﬂ n_ox /)= mor "
\/2—2 (L) Emi OT 2

= sts(uncox)(%)

* Gm is the differential output transconductance
Gm at AV=0 is the maximum.

* If operated in the subthreshold region, Gm max =g, or g,

6. NMOS differential stage

+VDD
—9
! ] L
M, - M, M, >
+ o f
VO] VO2
M = M é M, >

|
Mj‘_’} " DCBias 7, |{‘_‘LM5

DC considerations :

(1) Transfer characteristic :
(W/L),=(W/L), (W/L);=(W/L),
Source-coupled pair M, and M,

el 2
7 B +VGSI |-—| 1 s |_-| VGSZ+

— DS

t
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cw 21
O Al =1, — 1, :(unZ = f)1(AV1) IJC—SSVV_(AK)Z
( n2 ox I)}

where AV, =V, -V,

— — NHCOX W
1 _]DSI _T(f)j’(VDD _V01 _VTH3)2

1

DS4

c.w
=1y, = Hoe (f)j’(VDD —Vor ~ VTH4)2

DS2
2

(Vi = VTHs) + \/
=f(1s.4V,)
AV, vs AV, isthe voltage transfer characteristic.

(2) Input voltage limits :
Positive maximum common-mode voltage Vi,

oA
I/ICM = VO] +VTH1 = VDD _VTH3 - +
C
M)

(long-channel device)

VTH]

Viem such that V,-Ve=Ve.  (short-channel device)
(M1 and M2 sat.)

Negative maximum common-mode voltage V¢,
M5 must be sat.
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VT

H 1

SS
2
ICM BIAS + VTHJ' + +
unCax/ w
(K= )W),

(long-channel device)
Viem such that Vi+V=Vieuars  (short-channel device)
Positive maximum differential voltage V"

R I
VID = VDD - VTH3 + > + VTHI (long-channel
HYICDX W
\/ Kol )W),

device)
Vip such that V,-V=Vpar;  (short —channel device)
(Keep M1 or M2 sat.)
Negative maximum differential voltage V
Vip=-Vip’
(3) Input offset voltage

VOS = VGS] Vs

v o=r,
VT

IDSI IDSZ
\/(“nc%)J(VV/L),+ " J(“nc%)z(W/L)z o
= —V — IDS]
02 o DD TH 3 \/(u’lc%)3(p%l)3
— V.o - ]DSI
v \/(“"C%)4(VV/L)4

N \/a = \/(IJ”COX 2 )3(%)3 (Voo Vs =V5)

T =S 0 Vi) ViV,
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AV
U Vs = = C G D(VDD_VO_VTM)
g
0O 2 QOLO
P
- C Y D(VDD 4) (THI_VTHz)
Wl I
0O 2 0OOLO
Define Ax, =X - X, X, =— X +X,)
AX AX
DXI:X12+ 212 X, =X, - 212
Cor H ' ABUJH A
D_D2DLD4(_ 8 2 0, 0L,
Lo HH"H zMH 7y
O 2 0,000 0o 2 0O 0OLG

2 Dz_ DL AVTH34 ]+ v
THI2
2BH,, OXH 2%5 V _V VTH34
O 2 [, OL O
KC, KC, O
]D534 [p( 2 )34 AL34 AVVM A( 2 )12 AVsz ALuD
“Tuc. . ow B pc o Tow,  mc. aw. o -
(#’12 = )12(?)12 %Z(IJ’12 = )34 ¥ H 2( e )12 " 12%
s
- |8 2 L.0OL D4AVTH34 AVTHIZ
s
0O 2 0,000
w
1D . w, ALO S
O = EIZ -+ 2L12 D+AVTH12 - 2C Vll} AVTH34
(7)12( I )12 s (7)12( L )12

")
AW, AL D 7
TH12 +( GS]Z_VTHJZ)DZ 2L12EI_ Vll} AVTH34

(f)]z
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*If AV, is large and the differential gain is high,

VOS |:IAI/THH
AW AL .
*If Wand o 18 large , keep V., =V, small.
A, AL
av, o, - Hop—2
oS ( GS TH]Z)(ZWM 2L12)

V,s U input overdrive voltage
* If operated in the subthreshold region,
IDS D exp (@)
ny

t

Vs 1s smaller than that operated in the saturation region.

This case is similar to the BJT case. -V, 0 Al,)

(3) AC Gain
Differential signal Common-mode signal
+ Vo + Vop
= M, e M,
—
?—o iVod Voc
- Vie o—-| = M,
-V °_| le M
2 id I_ ] B
5 8as
V L
-VSsS
-Vss

Half-Circuit concept:

v 8
=_ud = — SmL
Adm = a,
vid gm3
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Common-mode half-circuit:

CMRR = 2 = 28w
Acm gd a

* L0 g, O CMRR 1

* When cascoded current source 1s used for Iss, 10 CMRR 1

But Vs t1[J common-mode range |

7. NMOS source follower T VDD
The voltage gain (midband) is

PSR TR—Y ke M,

al rdx[ rde 0
a
1
If ryy,rg > —- :|

gm] Vu | I<_ M
[J A, Oa, < I, smaller than that of the Bias |

emitter follower.

<

Vs
8. NMOS differential-input to single-ended converter
Voo
— —
M, AAb—e ok,
Vi Vi
_%_
_I_
—| | y
M, M| 7 M, Y
oS -
-V
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' 2 ]+a73(i+i) (Vi =Vi)

Ems Tz Tass

A

where N = En1Ent
gm] 1 1
gm3( +gm2+7+7)
a, Tast  Tas2
If M,=M,,M;=M,, L<<g
rds

a gm2 = gm4 ” gm3 - gml

N D—g’g
+ &Sm3
gm4 %j’
2gm4 +g%
A Oo,— 2% <

2
2gm4 + g%

cMRrR =N L, 8

20-N) 2 &
a;

To obtain a large CMRR , g, >>& r%
3

U A4 Ua, <1

§ 4-1.2 CMOS Amplifier
1. Simple common-source amplifier

+

<
=
s

VBIAS

Vo M
Vo= V-V

Il

+Vpo

VBlASi +|VTHZ|Q

|+ T
1

—
=
m
=
<
li

171

'VSS

“Vest Vo Vi Vi = Ml
—l *—

M, : PMOS current source

<

M, and M, sat.U] V¢ +|VTH2| >v, >v, =V orVy, _|VDSAT2| 2V, 2Vpom Vs
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\'Y 1 1
= |21 C , L, =— T =
gml \/ DSan ongg dsl }\,IIS 1 2 }\’218 ,
oa =——g 1 Hh ¢ BVH
Js o B OL G
A, |O (long-channel devices)

DS1

1
H (IDSl )_E (short-channel devices )

A,
Output resistance r, I, =T/, LV
1
2. Complementary CMOS common-source amplifier > PMOS
MZ
Assume Vi, = |VTH2| =V —
v, O O
If v =V <v,<v, +Vy or V, _|VDSAT2| 2V, 2 Vpgar — Vgs J.VO
O M, and M, are saturated + — =
je— NMOS
A, :_(gml +gm2)(rdsl//rds2) — M
_‘_

I, = Ty /Ty,

[}

*Higher gain than the circuit in 1.

*Narrow operating range.

3. Complementary inverter with level shifter.

+V
D
M, sat. O Vo, —v, =V <V —v, —R—|_
M, sat. O v, =Vg +V, =V, <v, + Vg s PMOS
U v,=Vy = Ve <v, <v, +V, — M,
O
*or, T 1 M Ty, Level Vv,
o shifter ~ |— +
* The range of v, is increased by V. | | | | \ e NMOS
* In the short-channel case » V4, | by Vg, > v, N
i Vsu I_ 1

Visar: ¢ O The range is also increased. —VO—
TVss
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VDD

4. Cascode amplifier with PMOS current-source load

1
AV _gml[rds3||(a—gm2rdslrd52)]

2
|:|_gmlrds3

1
ro = rds3 || (_ gmzrdslrdSZ)
az

D I‘dsS

—

Vsras t M3
To master stage DY
of current mirror Vo

doL
VB]ASI Ill_ M )
-
>
v, |— M 1
L _|
-V

SS

* PMOS devices can be used as cascode amplifier whereas NMOS device as

current source.

5. Cascode amplifier with PMOS cascode current-source load

1 1
A =- —g .I.,T —g . I,.T
v Emi [(C( Emilusalass) H(G o Tasi Tas2 )]

3 2

1 2
U-— T
2a gmlgm ds

if o,=0a,=0a
gm3 = ng = gm
I‘ds4 = I‘dsS = rds2 = I.dsl = I‘ds

1 2
r 0—g r
2a gm ds

(0)

*Larger r, and A,

* Limited output voltage swing
=>High-swing cascode current source is preferred

6. Folded cascode amplifier
M1: CS amplifier
M2: CG amplifier
Optimal operating point:
I

_1:1
2 DS3

IDSl = IDSZ

gml = ng

(to avoid large Miller capacitance at input)

A, = _gml{rdSS 118 ma (Tgsy 1 Tagr Vs ] }
|:|_gmlrds3

VDD 1
o
To master stage - M,
of cascode
current source H
=M
|——o
Vo
oL
VB[ASI Ill_ M 2
-
[ —
M
v, H !
L
Vs
VDD
I,
A g L I s,
'-I Ml M2« |-VBMS1
v,
X
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* Nearly the same A and r, can be achieved as the cascode amplifier

* Less devices in cascode at the input CS amplifier

=>M1 can be easily operated in the saturation region

7. Improved cascode amplifier with current injection circuitry

conventional cascode amplifier

1 . VDD .
VIDS M4 §|| M3|E“| VBIAS2

Av D _gmlrds3 D

I {0 A, t until subthreshold
vO
M3: current source as load - 2
M4: current-injection current source Vaiasn I|<_—M2 -
\/I— ! ]DS4 ! I
DS
Av |:|_gm1rds3 D (DS4
IDS
|l
. Ml
To increase A, 1, t and I ! VI_L r—-\
Vs il ¢

* Higher voltage gain and the same r,

* Extra device M4 and extra power dissipation
* Firstly, design the circuit of M1, M2, and M3. Then add M4. Readjust the

channel dimensions to keep the dc bias so that all devices are in saturation.

8. Differential amplifier with PMOS load

Half-circuit method can be used

vV, tV
11 12
Vld _Vll VIZ H VIC
2
Vo, TV
= Yol 02
Ve =Vor Vo2 > Vi
2
A =Yupo, + = M
dm — v gml 1
id m3 VH
v 845 -
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CMRR =20 7 28
‘Acm gdS Ijxl
O
gm3
oL
gm3

) M M
*Matched devices for / and /
M, M,

*A,, <I can be achieved

9. Different amplifier with PMOS current-source load

+ VDD
M;,M, :Two slave stages of the current mirror W Vs i
=> current-source load M, ﬂ t M,
Adm D _gml (rdsl || I'ds3)
——o o—e
N p— (ts || €0 TaesTac ) |I— v('li-voz —||
cm 2rd55 ds3 gml ds57dsl + r__Ml — M2_:|| +
CMRR |:| _ 2gm1 (rdsl || I.ds3 )rdSS V“ ] V12
O ls pha $iss 2-
= VBIASIO-I M5 =
*g 1, 1,1 = CMRR 1 ::I
- Vss

% 1 =
A, <1 ispreferred=> 1, > r,;

* 14 can be realized by cascode or high-swing cascode current source to increase

ot
rdsS
g4s

10. Differential amplifier with PMOS current injection circuit

+ VDD
' VBIAS%)_l E M3|<_-1 H M4 j |_OVBIASZ
If I, remains unchanged, gml=gm?2 the same. = —
l M7 MS
But gm3=gm4 is reduced by — if
g g y NG o ¢

Vol_?__voz
I3 = Ipsy is reduced by half. +o—||<—M1 = M2—>||—o+
Vi l—l |_| Vs
0 A, tbyy2 -9 9~
— ]SS —
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CMRR is the same.
* If M, and M, are current-source loads , could A, be increased? Why?

11. Differnetial cascode amplifier +Vyp

Vo EVo1 " Vo2 %ISSGD G Elss

ViEVL TV

*Higher A, . 0 ° G .

*4 MOS devices stacked @\/II,M3,ISS,%ISS @

T3T
X

_|
0 V,, *+ Vg might not be enough to M, ‘_'||

maintain all the devices in saturation

+
E
IS

1371
T

when low supply voltage is used.

Vi
—o
]SS
— Vs
12. Difterential Folded cascode amplifier
*To retain the characteristics of cascode
amplifier, the optimal design is * Voo
IDD = ISS
I _ lI [DD [DD
L 2 SS
* Only 3 MOS devices stacked Vsias
=>low voltage operation is possible o_l M, M~ I_M 3 j |_i_| M,
*Viey T Why? Vi '_l |_| ﬁo
o +tv, -
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13. CMOS differential-input to single-ended-output converter.

Version I : NMOS input
DC operating point :

+Vp
It is better to keep Vop. OV, = Vi _’_| " *—
i Vass —
for better current-mirror balance. > 9
Common-mode range :
— —-o0
VICM += VDD + VTHN - VGSl VO

i

= VDD + VTHN -

1
— = | | V
Viem == Vesi + Viias = Vi - \l, 1 GSI

Differential-mode range :

+

VId = _VId_ = VDD +VTHN -

Io —_
BCopwg :
O

2 QgL

Yy Emi (ViH]_V]) GD D Emi (VJ)?Z-VI)

[J Exact A, and A, can be solved.

Adm ~ gmi Acm ~— gogdi
8a t 84 2g..(8q +84)
A
CMRR = | dm | =~ EmiEm output resistance r,= !
|Acm 084i 8a t 84

* Longer channel in Ms leads to smaller g, and higher CMRR.
* A, U

\/I_ or (I,)™"'™ => higher bias current, lower gain.

* In the weak inversion region, g,; [1lo=> A, =constant.

* Cascode current source can be used for Io to increase CMRR,but Vicm |
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approximated by a differential circuit and half -circuit analysis method can be

used.

* Signal paths:

v inl :
) o 1
Vinl - Vgsl . Av - _gmi_
ml
Vgsl - Vo : Av = _gml (rdsl //rdsi)
= A =A 'Av" = 8o (T //145) = Ay,

ARSI v

How about v,, - v, - v ?

V.

in2 *

V., > V_ ! Av vin2 — _gmi(rdsl //rdsi) = |Adm|

in2 o

How about v, - v, - vy - v.?

The voltage gain of the four signal paths have nearly the same amplitudes.

But different signal paths affect the high frequency response.

VDD
Version II: PMOS input

* Lower noise(1/f noise) due to input PMOSs

* Lower output dc voltage VB]A'S—l M

L,
Mi + |—° Voo
VO
M

o
il

-VSS
14. The available amplifier circuits in CMOS trechnology

1). NMOS amplifier in 4-1.1
2). PMOS amplifier with the same configurations as in 4-1.1
3). CMOS amplifiers (NMOS version) in 4-1.2

4). PMOS version with the same configurations as in 4-1.2
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Comparisons:
1) NMOS(PMOS) amplifiers versus CMOS amplifiers

single-type MOS amplifier |[CMOS amplifier
Voltage gain Low High
Output resistance Low High
Immunity to process High Low
variations
Power dissipation High Low

2) NMOS amplifier (CMOS amplifier with NMOS version) versus PMOS amplifier
(CMOS amplifier with PMOS version)
1.Better frequency response

2.Smaller chip area

3) Differential amplifier versus single-ended-output amplifier

1.Excellent common-mode signal rejection capability

Common-mode signals: external noise, dc voltage due to variations,
power-supply noise, substrate noise.

2.Good for weak signal amplification in noisy environment.

3.Wide applications especially in high-frequency ICs.
4. More component used = Higher power dissipation and larger chip area.
5.Matched devices are required =» Special care is need in layout and process.

6.1/0 testing requires special I/O external circuits or equipment.

§4.2 Passive-Load MOS Amplifiers Voo
§4-2.1 Resistive-load MOS amplifiers
1. Resistive-Load MOS amplifier
Av=-g R, r =R R

o

*  Low voltage gain and low 7, +

Vo
* IfR 71, M1 might be in the linear region. ‘jr © | -T__
7
*  Only used for low-gain high-frequency amplifier. 1
"." Parasitic capacitance of R is smaller than that
. = -V
of the current-source active load.

*  Process variations of R might be +20%.
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2. Resistive-load MOS phase splitter + Voo

D—al— R,

m

* Rl and R2 can be chosen so that Ay, = A,

=>» Phase splitter

*  Process variation effect of R1 and R2on A, and A, is reduced.
+ V[)[)

- VSS

3. Resistive-load differential amplifier

*  Suitable for low-gain low-r, high-frequency

amplifiers.
*  Jggcan be generated by the constant-gm current
source with R ., 0_|
1 +
2> Ior g,,,8,, U ?Ogm Vi
R o

9 Adm = _gmlR D 5

cogm

=>» Process variation of R and temperature

coefficient of R can be compensated.

+ VDD
§ 4-2.2 Inductive load MOS amplifier T
1. LC-tank MOS amplifier L g J'C
* If L is implemented by on-chip inductor, only _-,-

~GHz RF operation is allowed. |_ v Vol
* L combined with the parasitic capacitance Cp + o_l [ 'J"_CP -

and the capacitor C to form a LC tank. Vi - _I_

=>» Narrow-band amplifier or tuned amplifier. _T_ i

=>»Bandpass amplifier with frequency selectivity. 4
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+V -
2. LC-tank MOS cascode amplifier - CHUNG-YU WU
*The output LC-tank impedance has a much
smaller effect on the input impedance at high L C
frequency due to the isolation effect of M2. +
Vo
Vv —
* Vone = Vip bias 97 ||<—_ M. ——
Vo > Vip
—
+ 00—l M,
Vi —
r
-VSS
3. MOS differential cascodee amplifier with series LC-tank
* VOIDC = VOZDC = VDD
*Two LC-tanks are required. Voo
L cC C L
+ Y,
M; le— M,

* Only one LC-tank is used
=>chip area |
* VOlDC = VOZDC < VDD
*Bandpass amplifier with the maximum
differential gain the same as that of the

cascode amplifier.
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§ 4-3 Level shifting circuits CHUNG-YU WU

Purpose: to provide a dc voltage difference between input and output signals

so that the dc level of the output signal is acceptable for the next amplifier stage.

~» At low frequency operation below several tens MHz, dc blocking
capacitors are not effective in blocking the dc voltage and passing the
ac signal.

DC blocking capacitor:

R R 1

= U
, . 01 H1 H
R +§VE§ 1+;D;V§D

ac gain: IY/OI =
i

ey
wC

At 10MHz,w [06.3%10" rad/sec

CASE1: If C=10PF, 1 =%X104Q [J1.6kQ

wC

To obtain 1% signal attenuation, we have

NELe:
[wc [

Yol=0.99 =>_¢
2 R

0o.1

V.

1

1 1
=>R= 11.2kQ
] [(we [W0.02

The values of R and C are too large and area-consuming.
CASE 2: At 1GHz, w=6.3x10’ rad/sec
If C=1PF, 1 100 [0160Q
we 6.3

The required R for 1% attenuation is
R=7(L )=1.12kQ
wC

The values of R and C are reasonable.
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1. Simple level shifting circuit CHUNG'YU wu

A Vpe=Vgs I
*W/L < <1 to obtain a large /A\Vp

+
* Output resistance looking into Vout ¢+ &= AV
is very large I_| a
ol win<<ig, | => 7 Yo
I-O g * < < b gm - I-O T VTH DC V
* Frequency response could be degraded by such 1 Cout
alarger, I
. 1,Cout 1 -
2. High-Z level shifting circuit
— +VDD +VDD
AVp(PMOS)=— V4 I . e NMOS
1 B Vv 1 O—I
* 1o Dg— AV, 0 +A W/L<<1
m + DC Vv
W/L<<1 - 0
WL <1
v PMOS I
=>15 1 (AVpe 1)
Frequency response could be degraded.
-Vss Vs

3. Low-Z level shifting circuit

I N ii—l ||<__ (W/L),<<1

I i M
I VI —_>||
< - |(W/L),>>1
\; ?_OOUT ilx
V =ViutVasi Cout Io Vs

T

VitV t
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*

V, =V

I
+ I
COX
DELz Q(W/L)2

" (W/L), <<l and (W/L), >>1 =>large enough V"
V, OV” independent of I,
* 'V, (dc voltage shift) can be stabilized by choosing a large (W /L), and a stable
I

X *

* 1, DL is not large since (W/L),>>1.

m2

=> Better frequency response.

4. Replica bias circuit +Vip
(W/L),,(W/L),>>1 - 1 ? N
=>Viss HVase UV E M, |
= ' M. \%
=V, UV 1A
X X VBIAS: _| v

(W/L),,(W/L),,>>1 _I |J
\Y% e
=>Visa UVesoa U Vi | =

M, VZA.—l
== Vz DVZA IX %VX *I

|

— —
M, OM,, and M, OM, > |—.—| ke M,
I ..=1.. =1 — M, "
ps3 — Ipss — Ix M
: 3
Vasi = Vasia —_— ®
Viis = Vasi TV, = Vaga ¥ Vou =Vy Vs

* Provide a fixed bias voltage V, = Vy,,¢ at the input node to stablize the

preceding stage.
* Provide a DC voltage shift of V, — VX'

* The output resistance looking into the OUT node is very small

(r, O L (WD), (WD) >>1 = 1, 1)

ngA gm6
* The matching between M, (M;) and M, (M;) is very important to stablize
V.

§ 4-4 MOS Output stages

§ 4-4.1 Requirements
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(1) Suitable power and voltage swing to drive an adequate external load equally
in both positive and negative directions.

(2) Acceptably low levels of signal distortion.

(3) Minimum output impedance.
(4) Low quiescent power dissipation and maximum efficiency.

(5) High frequency response.
(6) Buffering the previous gain stage from C, or R,

§ 4-4.2 NMOS (PMOS) Output Stages

1.Source followers (Enhancement device)

+V
* Voltage swing: . —
. Ll
V omax — VI _VGSI !":M3 l_
+ =M,
= Voo = Vs ~Vasi (08 Vi) Vi +v —
(not full level to V) -3 e I G
o vhs o %
vV omax = Vg = Viyy, (M, sat) VYo -
M, ==
==V (Ml off) Viias — ’
1 —_—
* .
rp O -Vss

gml
Small 7, Need large (W/L), and I,

* The rise time is decreased by the larger (W /L),
But the fall time is fixed by I,
=>Unsymmetric driving capability.
* Provide a dc voltage shift and a voltage gain smaller than 1

2. Phase-splitting output driver
VDD

+
* voltage swing: (low) J
Vomax+ = Voo = Vs = Vs T—l e M,
J M

(M2 and M4 are off)

Vor = Vss — Vas; + Vi (M4 sat.)
SS GS1 TH4 + H_ 1\/[2 > Vo

v

==Vt Vg > Vg5 :
- M -
(maximum) ; ' é

* Fall time is not limited by the current source. n M,
_VSS

*or, = ﬁyms @(rdﬂ): %mS VGSI_
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3. NMOS output stage with feedback Voo
M3, M4 : output common-source amplifier. I—l

M1, M2 : First common-source amplifier

Ty

M2 : series-shunt negative feedback

(o)
+

Series-shunt negative feedback

'“".’

=> voltage gain |

TFL
S

frequency bandwidth 1 '

—
+ j—
Vi
‘2]
a, = .

éméi 3 : -VSS

r, = midfrequency output resistance
LB
gm4

a2a4gn%
AV - gml gm4
Em2 1+ ﬁxzchgn% ﬁ
gm4

output resistance |

midfrequency voltage gain

* Larger gm3g Url, A1

mé4

* The W/L ratio of M1,M2,M3 and M4 can be suitably designed to satisfy the
specifications on (1) voltage gain ; (2) output swing ; (3) power dissipation ;
(4) chip area ; (5) fast transient ; (6) good frequency response.

((5) and (6) involve non-linear analysis )
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§ 4-4.3 CMOS Output Stages CHUNG-YU WU

1.Simple source follower.(NMOS and PMOS)
Too larger 1, PMOS

VBIAS M 4
2.Class AB puah-pull CMOS output buffer
*Capable of low standby power.

e.g. I, OnA
I & lmA
+
*Vope = % is desired

*Small output voltage swing.
If R, exists at the output node, the voltage
swing is further degraded.

3.Emitter-follower output stage.
*orol

o

* Q, :free BJT in CMOS n-well technology.

Voltage swing:
Vomx = Vi +|VBE|
= Vg +|VBE| (f Vi = V)

+

vOmaX = +VDD (If Ql iS Off)

* The collector series resistance r. of Q, may degrade the output swing and

saturate the transistor.
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Chapter S Midband Analysis of CMOS Operational
Amplifiers (OP AMPs)

§5-1 General Considerations

§5-1.1 General Procedures to analyze an OP AMP IC

1. Identify all the biasing circuits (current & voltage).

2. Identify all the protection circuits and then take them away.

3. Calculate all the operating currents and voltages.

4. Trace the signal path and identify the amplifier, buffer, level shifter,
and output driver configurations.

5. Calculate the midfrequency gain.

6. Identify the compensation circuits.

7. Calculate the high-frequency response.

8. Perform the SPICE simulations to obtain the performance

parameters.

§5-1.2 Some important OP AMP Specifications
1. Open-loop differential gain 4, ,(w).

2. Open-loop common-mode gain A ().

3. Common-mode rejection ratio (CMRR)

D—]
CMRR(w) zb%iji - gl’i

c

V,=0
where V,, is the input offset voltage

V.. 1s the input common-mode voltage

4. Output swing.
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5. Unity-gain frequency f,.
6. Upper 3-dB frequency f;_ ;.
7. Power-supply rejection ratio (PSRR).

. A(w)‘ o7, af
PSRR (w) = % D
VDD
PSRR™(w) = A“") é’Vm (W) .
S8 v, ()E

8. Slew rate and settling time

Slew rate: Maximun ivo in an unity-gain close-loop OP Amp

dt

with a fixed step input under maximum load.
Settling time: The time required for the OP AMP in an unity-gain
closed loop to reach ~% of its final value with a

fixed step input under maximum load.

9. Linearity and harmonic distortion
Usually dominated by the output stage.
Closed-loop characteristics.

10. Equivalent input noise and input offset

Usually dominated by the input stage.

§5-1.3 General Block Diagram of an OP AMP

One-Stage | Two-Stage OP i

Three-Stage OP

OP AMPs AMPs AMPs
Input Buffer or Gain Buffer or Ou.tput
v; Stage Level Stage Level Driver
g Shifter g Shifter Stage
differential-input- To provide To provide
to-single-end-output . p . small r_or to
high gain

converter

drive large C;
or small RL
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§5-2 One-Stage (Single-Stage) CMOS OP AMPs

§5-2.1

Single-ended-output OP AMPs

1. Simple OP AMP

* Inverting input: 2 TV

* Open-loop voltage gain

Noninverting input: 1

1 ||— ~
0 — — +
T d - _gmN (rdSP // rdsN) lli- MI MZ -:ll}_‘

=
1l

* Open-loop output resistance

*

ro = rdsP // rdsN

Close-loop output resistance

oc

1 + g mN (rde // rdsN ) g mN

Vip // LY B 1 m_covo

.|||—o =

The closed-loop output resistance is independent of the open-
loop output resistance.

The dominate pole is located at the output with the RC time
constant ,C,.

A, ~ 100, Power dissipation ~ uW, f, ~ MHz.

Suitable for small-load internal-use applications.
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* Cannot drive heavy load.

*  QOutput SWil’lgI VDD _‘VDSATP‘ - _Vss + VS + VDSATN

2. Telescopic cascode OP AMP with cascode-current-source load

* Open-loop voltage gain

A, =g (G an 1/ &t ) “Von
v, b 4L m,
*  Open-loop
1y = Gt /] Gy m, Jp d[ v,

Close-loop | |

] md i |

r, U— vV
gmN

1
+ 0—| M M
* In the unity-gain feedback, I:‘ ! V 2’:”_‘

I
the node 2 is connected to -o M
? OF;
the output node. 8s
U M, and M, sat. Ve
|:| V;min = BIAS _VTH4 >

V = Vx +VTH2 =VBIAS _VGS4 +VTH2

omax

0 OUtPU't SWil’lg = sz - (VGS4 - TH4) < VTHZ

Too small output swing
Not suitable for unity gain buffer.

*  Limit output swing:

v,

DD _‘VDSATé" _‘VDSATﬂ‘ - _VSS + VS + VDSATZ + VDSAT4

3. Telescopic cascode OP AMP with high-swing cascode-current-

source load
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* Higher output swing

* Not suitable for unity-gain buffer

» b 4L m,

M

6 VO
V, To
Cc
M, I L

]

4. Telescopic cascode OP AMP with gain-boosting (or enhanced-

=
L
o
U
O—
0
1

+
_ 1

=

=
L

- Vss

output -impedance) circuit

1) Basic concept .
* Vi - Avi - io = Agmvz O+Dv0 _O_lll'
l V
o =4 BIAS © + —
Vi gm i A - ||<__M2
Avi
The transconductance is boosted T
by A times, 4 ~ 100. %E Vi 5
I Fas1 1,
* o7 D—Z~IOO.Q—]0_Q Vi
g”‘l B

The input resistance is lowered by 4 times.
Suitable for current input because of small 7.

U High injection efficiency
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Example:

Viias 00—+ =
k_
- > ||—

photodiode

™~

If the output resistance of D is not large, e.g. r,=10KQ,

We need r, <100Q toobtamn [, =1, _10KQ 199 % of I,
10KQ +r,

U 99 % injection efficiency and stable photodiode reverse bias

VBIAS

* r;) D(Gn12ra(€1)ra(€2 = Ag Vi,

m2"ds1" ds2

The output resistance is boosted by 4 times as compared to the

cascode structure without 4.
No extra cascode device is required

U The swing is not further degraded.
*  Offset voltage problem

o
V - Vos 4
fé“{ﬁ o Og n -
V| 4 —{len,
VGS5+
o

A=100,Vys=0V, Vies =14V > Vs =11V,
0 v, = 14mV and M; is
feedback.

turned on to provide negative
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U Vees = 0.9V smaller than Vyy,,

[ M; is off and the circuit fails.
So suitable systematic offset should be introduced to make
sure that V> 0

* Realization

Vo

v, B ——{H,
T

+VDD
I, ( v ) I
—

TFT
=

+
o= M, M, »
Viias l_l M, F:IT Vx
_ Vasi J
ISS

'Vss

\ Vs /

Simple OP AMP V.=Vs - Vg fixed

A= -8, (Tai//701)

2) Current mirror with enhanced-output-impedance circuit
A: The Sackinger implementation

Vop

Tpgr G) I, G) I, () load

u; J—=—  E—)
.%_”:LMS M, 6”7 +
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*  Low swing

’/:) = (gm4rd52rdsl)[gm6(rds6 // rOBZ)]

*  Minimum required V,

ut
Vour = Vass T Vs = Vir

* Viass = Viass U Vs = Vs, precise current ratio

B: High-swing implementation

Voo

/ 41 41

=1f4Ef ‘) G) " I, G) I,;,C) BC) load
' iz +
MAVII;/L :ﬂ_ —[ ™,

KMW/L
A Ry T V
W/L WL WL WL st
—3 €
oL H— e—|[ »,
M, 1:K KM+D)W/L
v

“rss
*  Add extra devices M, and M to decrease Vg, and V..

* = -
VDSI VGS VGS 7

Vis: = Vass - Vass
*  High swing

MinV,,, = Viss - Vass t Vase = Vina

o

* Iout = K]REF
Vs = Vs, U precise ratio | |
O ro H r
3) OP AMPs
. . : L M, || I M
A: Using the gain-boosting circuit in 3 ! !
cascode amplifier A
*

g,; = &., 18 Increased by 4 times.
) ) + o—-| M M
*  The effective resistance seen by I: 1 2 ;:”'_‘

M, and M, 1s lowered by 4 times -o %)

[J The gain is lowered by 4
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times.

[J Has much less Miller capacitance at the input while

keeping M, and M, saturated.
r, seen by M; and M, is increased by A4 times [ Gain

boosting
. . +V.
Realization b
] ]
| IBI C) BI |
| |
| |
Why I-., ? el L
Y Lgso ! M, M,
ISSZ
+ o—| M, M,
Vi .'Vss
- O
ISS]
-V

The amplifier 4 is realized by fully differential folded
cascode amplifier
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B: Using the gain-boosting circuits in both cascode amplifier and

i

HC

| C
M3:|| T 4 I:M4 -I-_ L
1
2
Vs
Iss
'Vss

current-mirror load

=

LI

=
U\

|
|
+ o—| [lMI M
) i
5. Folded cascode OP AMP
1) PMOS input

DD G) C) IDD

-V

ss

* Higher power dissipation than the telescopic cascode OP
AMP.

* Higher input equivalent noise and input offset voltage

More devices are involved.
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* Higher V., range and higher output swing.
* Lower voltage gain as compared with the PMOS-input
telescopic cascode OP AMP. Why ?
* Lowerr,
2) With the gain-boosting circuit

Vo

ISS$
ﬁﬁzéj i
M5

] [, 1*
G) I A
M JH——q[n,
-V,

Ay

§5-2.2 Fully differential OP AMPs
1. Simple OP AMPs

+VDD
o —— i
G ¥
REF
+o—c”:MI M, :“D—‘ GD
V: :
-0
Fo I
-V
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ar

— 1 dsP
cm0
2r
o

algmN(rdsN // . P) dsP
2r,

CMRR =

*  Power supply noise gain

V

ivdd

2r0 V.
I

1
Acvddm |:| ng[ dsP //(gmN 2r ) va ][

] |:| rdsP D]
mProREF + 1 roREF

1

ro//F,
D+( )[gmN( dsN //rdsP)] = A

2r, +— 2r +——
gmN gmN

N, )

cvssm

rdsN

PSRR"‘E |Ad»1| :gN(

cvddm | g mP d sP

g.p> g for large PSRR+

gmN(r //I”P)(Zl” +7)

dsN

A
PSRR-= 4 = Lo O2g,.7,
(rdsN // rdsP)

PSRR- > PSRR+

PSRR+ for V,, 1s not high enough.
* Commond-Mode Feedback (CMFB) is required to decrease

A,,, and increase CMRR. With CMFB circuit, PSRR 1.

cvssm

2. Telescopic cascode OP AMPs with cascode or high-swing

cascode current-source load
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w Jp M, At q M,
M9 ]F M5 ]rl: 4[ M6
b——0 [ - S—
+ v -
Vv C
Ry
IREF
®  +—Lu, M2|:|
v,
-0
ISS
'V-vss
cascode high-swing cascode
Output swing Low High
PSRR+ ? ?
PSRR- High High

3. Telescopic cascode OP AMPs with gain-boosting cascode
amplifier or current-source load
* To obtain maximum swings at the output, 4, must employ an
NMOS-input differential pair (high output dc voltage)
whereas 4, an PMOS-input one (Low output dc voltage)
* Very high voltage gain

M, Jp M 4Cu,
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4. Folded cascode OP AMPs with cascode, high-swing cascode, or

gain-boosting current-source load

+Vob
M7‘:”: ﬁlfﬂf‘} :“:’Mm

wer (D

O, O

- Vss

§5-3 General-Purpose Two-Stage CMOS OP AMPs

§5-3.1 Single-ended-output OP AMPs
1.  PMOS-input design I

+VDD
| MM M, 1H |5
M, || b b b M,

——
|

17T
<

||| |_T—-I;_T

M,, M, : Master stage of PMOS current mirror.

M, My, M, : Slave stages

M, M, M, M, M, Differential-input-to-single-ended -
output converter (input stage)

Mg, M, : CS amplifier with current-source load (gain stage)
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My, M,, C. : Compensation circuit with source follower.
OP AMP Characteristics :
Open-loop dc gain: 60 ~ 66 dB
CMRR : 60 dB
2. PMOS-input design 11

*Vob
M, 1p L M, f%
- +
0_4 M, M, F—o C. 124

= L,

- Vss

C. : Compensation capacitor
R : n+ diffusion resistor
* First commercial CMOS OP AMP
*  Designed by Motorola in 12-bit ADC.
3. NMOS-input design with level-shifted CMOS amplifier

+ Voo
M, Qb m M B M
6 [ 7 Mg H [ 1
|
k.
H ¢ Mo ouT
™ Pi—o
M, M, _~ : | =M
‘:_|'|‘_' 4 5'_’|'|_?|_ — 1
- C2
Vs IJM3 M9|t A 'tM
| |a | 4 IH 2
-V

C, : for PSRR (V) consideration.
C, : normal compensation capacitor
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Reference : IEEE JSSC, vol. sc-14, pp. 961-969, Dec. 1979

*  Designed by AMI in PCM voice CODEC.
OP AMP characteristics:
Open-loop gain : 90 dB

CMRR : 73 dB

PSRR+ : 68 dB

PSRR- : 70 dB

Input offset : 10 mV (standard deviation)
0.4 mV (mean)

Typical characteristics of CMOS 2-stage OP AMPs
Reference : IEEE JSSC, vol. sc-17, pp. 969-982, Dec. 1982
Open-loop dc gain (C; only) : 10° ~ 10 (60 dB ~ 80 dB)

PSRR :60dB ~ 70 dB

Input offset : 2 mV (standard deviation)
Input common-mode range : within 1V of supply
voltage.

Output Transconductance Amplifier (OTA) or current-mirror
OP AMP
Reference : IEEE JSSC, vol. sc-19, pp. 349-359, June 1984
+ Vpp

M, ]|°—1—<1[M3 MJP—K—{ M,

K : 1 :

| v L =~

o_l[lM_lflz| = | t-l—Vo
_—

M :”_ M:”_i Vias _”: My

9

- Vss



M; Ms/ M, M, : PMOS current mirrors 5-17

M;, My : NMOS current mirror CHUNG-YU WU
M, ~M, M, : Input stage
M; ~ M : Gain stage

AV, (input differential voltage) I Al 1 KAI' Ul Al,,, =

2KAI=1,
-_— A[r)ut — —
Gm = A—V:n - ng Av - Gm (rdsﬁ // rdsS)
Characteristics :

Open-loop gain : 58 dB
Total dc current ; 4uA
Output load capacitance ; ~10pF
*  DC power dissipation can be decreased.
Micropower ICs for low-power applications.
* Frequency response, slew rate, and output load C, are

limited.

6. Modified OTA

Iss

-Vss



Gm 28,5V 4334 || Tas12) &mss

* Frequency compensation is required.

*  Designed by Toshiba in C:MOS ADC.
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Higher G,, and higher open-loop voltage gain.

Reference 7 IEEE JSSC, vol.sc-13, pp.779-785, Dec. 1978

* M ( M, ) is matched to M, ( M ) => The effect of V,,

variations on M, and M, can be reduced.

§ 5-3.2 Fully differential OP AMPs

1.

Simple OP AMP
— . +Vbp . —
Ms F—l—% My
M5:| VB2 I:M6
- o— - 0_| M Mo I_O + o—o+

Iss

T

-Vss

*  Open-loop gain A, [1g,,. ;57 412 || 74534 mss(Tasss || Taszs)

*  Frequency compensation is required.

* CMFB is required.



2. High-gain OP AMP
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VBIC
- O—¢
IREF,
H o]
:I |
M| ]
o ®
-Vss
* Higher gain because of high-swing cascode current-source
load.
* If high-swing cascode current source is not used, the
design of M, and M,, is difficult.
Visoro = Vosrs t Vpsse
3. General comparion
. . Power .
Gain Output Swing Dissipation Speed Noise
Telescopic Medium Medium Low Highest Low
Folded Cascode Medium Medium Medium High Medium
Two-stage High Highest Medium Low Lowest
Gain-boosted High Medium High Medium Medium
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§ 5-4 General-Purpose Three-Stage CMOS OP AMPs

1.  Using the emitter follower as output stage

.
> | I: Ms (
Vpp
| & :\ 7T\ T\ T\ M]0 VD

MFI?—' [ l 1

&
-Vss
M, M, C. ; Frequency compensation circuit
0, ; Protection circuit for O, to avoid the reverse

breakdown of B-E junction diode of Q,.

0, M,, ; Emitter follower as output stage.

*  Designed by Westinghouse for analog signal processing.

* Open-loop gain = 60db, power dissipation = 16mW.
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S, ]

Qi

II.

+VDD
*

e 3
T—| jC Ci i
> I ---Mui Cs
I_II_O

|
Mio |

=
‘ 15T
_{IT
S
SIE 2NN

SIS W ¢ ¢——oO0OUT

— — —
VBIAS M3 My — ‘—0—| M2 | M2

Al I—LJ4F-

I—
@ @ @ O
-Vss
M10, M11, C1 : Frequency compensation circuit.
C2,C3 . Improving frequency response of Av and PSRR.

§5-5 Common-Mode Feedback (CMFB) Circuits

Purposes : 1.To provide a stable common-mode level to the nodes.
2.To decrease the common-mode gain.

Design Considerations :

1.To create a negative feedback path only for
common-mode signals. For differential signals,
CMFB has no effect on circuit performance.

2.To keep power dissipation and chip area of CMFB
circuit as low as possible.

3.CMFB is not required in single-ended-output OP
AMPs. But it can be used to boost CMRR.

4.CMFB is required in differential-output OP AMPs.
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§5-1.1 CMFB circuits for single-ended-output CMOS OP

AMPs
1. Reference : IEEE JSSC, vol. sc-13, pp. 779-785, Dec. 1978

DD

H ::l H — H
|—|th I—LLMJ |—|tMg M= M
ﬂv /T
I—I A l—l}J our
[NJ—{ b M, M- |—L| b M, T My T
X T ey -ﬁ{tM
|'_ 14 [ 15
/T
H — H H
M, | M My
I, M M M

M, My, My, M, : CMFB circuit

My, =M,, =M, =M,
IN+,IN-t 0 X, Y 1 U common-mode voltage 1
IN+,IN-t 0Bt 0 Ct 0 X, Y ! U compensation
For differential signals, A and B are ac grounded
[1 CMFB circuit has no effect on differential signals.
What is the purpose of Mg ?
Designed by Toshiba in C*MOS ADC
OP AMP characteristics :

Supply voltage :5V

Supply current : 150pA

Input common-mode range : +1V ~ +4.5V
Input offset voltage :+ ImV

CMRR :75dB

Open-loop gain : 90dB

Output swing :0~5V
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2.Reference: IEEE JSSC, vol. sc-14, pp. 38-46 , Feb. 1979

+ Vop
M3 ﬂl J IEJM i -
P
J | IKM‘L —<—||_M10
—| M6 M7

i

_o
OUT

< »iil
i

- -
Tt

_ L, IN +
IN-| E HA

— Vss

Q,, L, C, : Frequency compensation circuit
Mg, M; My Mg, M : CMFB circuit.

* IN+,IN- 1= XY | = common—mode voltage |

2>A1'=2>B |2 X, Y! =>compensation.

*  For differential signals, A is ac grounded.
=> No effect on differential signals.

* Keep Ipge=Ips;=25 pso—Ipss=Ipss=d0
and Ig;=Ips,=25

*  Designed by MOSTEK in PCM Codec.
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5-5.2 CMFB circuit for differential-output CMOS OP MP

1. Reference ; IEEE JSSC, vol.sc-18 , pp.652-664 , Dec.1983

+ Vip
MP1A
MP1
VBIASI
MP2A
MP2
VBIASZ
o—
X \Y
MNS5 MNS5A Y, +
- °—{ MN2 || MN2Al| |
V. | | Viiass
+o B C
| IMNL ]| MNIA]] |
MN6:| | | | Vhiase
MN4 MN4A A
||H H“ *{ MN3 MN3A }‘

+ Vs

MN3 , MN3A : CMFB circuit
*Common-mode signals at X,Y 10 410 B,C 10 X,Y !

*For differential signals , A is ac grounded.

*Why MN4 and MN4A?

*QOutput swing is decreased by MN3 and MN3A.
To reduce the effect , MN3 and MN3A can be operated in the
linear region.

*Output CM level is still a function of device parameters.

*Under differential signals , due to 7,, nonlinearity , A is not

exactly ac ground O differential characteristics are changed.
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2.Reference: IEEE JSSC ,vol.SC-19, pp.912-918, Dec.1984

* Vop
,—[ _ci M1g MI7 }7_
Viasi—d] [ !
T |_l M5 MI6 })T
M4
Vi —d T
_I Ml AM2 |—+ ~
‘ ks YV T ‘
Viiass I | | ’ | .
| | W | W
MIS |ES6
Virasa I [M9 I [MIZ I [MlO _| I_
- VSS

M13~M20: CMFB circuit
Cascoded common-mode amplifier

*For differential signals,nodes A,B,and C are ac grounded.
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3. Resistive CMFB circuit

*For differential signals,

A is ac grounded. Ms |°_"_°| M4
Ay = &y Ty 1 yza I Ry) Rr Rr
A,,1s decreased by R . A
* i — Vo +
For CM signals, +°_| M M2 I—o B
1
Acm = _012 L 4
2gm34 r{)
a To Iss
smaller than — 2i (Fysa 1 € oV is1a 7))
r{)
= CMRR 1 -Vss

4. Dynamic CMFB (DCMFB) circuit
Voo

MAE |° ™

Fully
v Differential
OP AMP

Reference: IEEE JSSC, vol. SC-20, pp.1122-1132, Dec.1985
Vevor @, @, M, ~M, :CMFB circuit
M, ~M, : current sources associated with CMFB circuit

* DCMFB versus static CMFB
1.Less power dissipation.
2.Has no effect on output swing, noise, and speed of the OP AMP.
3.¢, @ nonoverlapping clocks are required.
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Chapter 6 Frequency Response of MOS Amplifiers

86-1 Single-Stage Amplifier
86-1.1 Source follower
High-frequency small-sgnd equivaent crcuit

+VDD
— i Rs Cat

—» 4

— Qo2 Ca2 Ce
2. =T °T*
VBIAS — = — = =
——
-Vss
Av(s)
o VoS _ Loa * s
Vi(s) Om

RqC:g':uC:Leq + Cgﬂcgdl + C:gd1C:Leq)S2 +( Ri:gdl + C:Leq + Cgsl)S+ gml / al + GLeq

é'l
where Ge st 0 , CLeq=CL+Cep1+Cab2

GLeq +gm1/al
Zp(Cgsl +CLeq)

* Left-Hdf-Plane (LHP) pole: fp =

gml
ZngSl

In generd, fp fz Cleq Cga

LHP zero: fz =

C G
*f === :(i-1)+ L% we have
Cgs:l a'1 ml

C
fp = fz and Av(9 @——=— @1 indep. of s.
Coa *Clo

9

>Better high frequency response.
How to achieve this?
Adding an extra cagpacitor Cx such that
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é a

CX+ng_:C|_eq§ l;l
el Leg U
g7 Y 0
€ Om U

o Vi(s CyaStT0nm
zige N =g L 4 57 9m___ llcans)

l ( ) @Cgﬂs Cgs]_S(GLeq +grrbl+£Leq)
* |f gnb1+GLeq<< CLeqS and ngl is neglected,

1 g
Zi(s + ml
I()C S C, S C <CL 82

The input |mpedance conggts of the series connected
Cgst, CLeg and the negetive resstance
91
CuuCrLaW
Thus oscillation is possble.

* If gnb1+GLeq IS Neglected, the equivaent input capacitances

cin=Cgdi]|cin
% 6
¢ L N
Girt @Creqg N
Leg +1+ gml +
€0 Cuss

For large gni1, Cin' CLeg
The large load capacitance C._ iswell blocked or buffered from the preceding stage.

Vo(s 1
Z0()° ) |Vi=0 =
lo(s) G +g. +C_ +(Coitg.) R.C s+l
s Emed e e IR (CyaSt Cyed) +1
* Ifs:O,Zo:Ro:;
gml+gnbl

: 1
If s— o0, ZO'(Without CLeq) @Rsfor Rs G +a_ and Cge1>>Cya1

Leq gml

Since usudly Rs ;,we have

gml +gnb1
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a1/gm]

> |z aw > Inductiveload

R.C.S+1
Zo(s) @ :
gmllal -'-C:gslS
Zo

a
R]_: Rs —L < ::I

gml §
R2
R,= i

O
L= Cgsla'l (Rs a,; )
gml gml
L and C, causes output Sgnd ringing.
* Two source followers in cascade might cause oscillation because
First SF LinZol

SecondSF -RandCinZ;,

§86-1.2 Enhancement  load NMOS common-source gain stage

+VDD
le C J‘ ezl
M g2
? Rs \/,, Con T 2Vo
Vo L IC
NP
+ 1V

Rs
M1 ICL \ﬁ T Coa 1~ Cdot TCsbz T CL
- T
= Ve —
Rs V1 Cga1
C

€ J_ OVo
i f%gmw %GMI%

+
Vi
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GLeq:gdsl+gd32+gm2+gmb2
CLem™Cao1+Cyo+Cap+CL
Applying the Miller's theorem, we have
Vi
O Vo
2 1 T
Vin Cin GLeq CLeq+Cgdl
I (Gn1-SCym)V1 |

CinZCgsl+ng1(1+gn1/G|_eq)

>AV(S) @ Gs(i:gdl - gml)
(i:in + Gs)l_S(CLeq + ngl) +CLqu

* Rignt-Haf-Plane Zero Sz = gn1/Cyar
* Left-Hdf-PlanePoles  S;1=  GJCip (input pole)
Sp2=  GLeg/(CLegtCyar) (ouUtput pole).
If Cya1 and CLeqaresmdl >S5, isthe dominant pole.
* If C islarge, the dominate pole is Sy @(Gn2+Gmb2)/CL
* The input impedance can be approximated by

1
Zin@- — near the upper 3dB frequency.
é 1 u
é—Cgsl + (1+ O G—)ngll;s
e Leq $)
* The exact Zin is
e 1 u
& 1+ (Cour +Crey)s a
. . A L -
Zln(gCgsls”g « T i a
s (149, Ceud)!
e Leq Leq u
1 1 1
If (Con +Clep)g <<land Coaa (I+gm ),
L L G Leg
€q €q

Zin can be gpproximated by the previous formula.
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db2
+VoD |||_)|_
} ngl -gmaV2 |V I Cos3 9m3V3
Cdl | | O
|<_ M3 g~n1V Cg52+
: CgSlI Fdsl I ICst ftgd:[ I
VBIAS M2
oO— CL
al l Rs vy
Rs ::I l - l
g’nl Sngll I
Vin — — — — — — —
= Vss rds2, rds3, gmb2, gmbs are neglected.
1
g2 = gm2 +—
r.dsl
C,=Cp t (:I_+h)cgdl
ng
C2 = ngl +Cdb1 + Cgsz +Csb2
CLeq =C + ngz +Cp + Cops +CgsS
A (S) G ng(i:gdl gml)
" (SCL+GL)(SC, +9,)(SC g * Ona)
RHP Zero:S, = 2
gdl
G 2.5 = B ng

Q = < - 9
LHPPole:S,=- —=;S , =- =%;
pl C1 p2 C2 p3 CL
S,, usudly is the dominant pole.
S

G
b f pl| -
3dB 2p 2pCl

eq

* Tprdly! gml = ng ’thm Cl = Cgsl + chdl
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+VDpD V1 ?%dz
l I\ gnzv% g J_ c
Coo db2
M2 R l = — j—:
Rs Vo S - - - -
V1 Coar Vo
1C 's)
Vin Ml:ECL Vin l ' Om1V l
= 77 ™ i
-Vss
Rs Cod1+ Coi2
= ( O Vo
1+ On2)V. l
Vin ICgsl+ Cyz GLqu ClLeq
Rs
V1

oV
[gm1+ ng'S(qul+qu2)] °

Vin Icin GLeq:lE CLeqtCgd1+Cod2

GLeq =0ua T Yus CLeq =Cypy *Cypy *C
Omi T9m
Cin = Cgsl + Cgsz + (1+ é; 2 )(ngl + ngz)
Leq

Gs[s(cgdl + ngz) - (ng + gmz)]
A GG vC,, +C.) 6. I(C, +G.)

+
RHP Zero:S, = om" Inz_
ngl + ngz

G

S

LHP Poleo:S,, =-
G

— Leq
S,=-

P
ngl + ngz + C

Leq
If R, islarge enough (R, isthe output resstance of the preceding stage),
[Sal <<[Swe

S

pl

is the dominant pole.



§ 6-15 CMOS differentia amplifier
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1.Differentid-mode hdf circuit
Coar
+ 0 I€ o
\ +
l l Fdsa||rast
1 1 1
Evid CQQT Eglei TCLeq —Vod
e o
CLeq © CL + Cdb4 + Cdbl
+VDD +VDD
el — —f
— M L
Veins | F M3 <« - <+H—O VBiasl
! M4 r|
1 C C
¢—olv. I I
1 = =
_Vid I— |—
2 ey M1 o_I =Mz Mip]
o VB|A520_I
-Vss
-Vss
2 - s 3
Ad — Vod — H(S) - Om é Om1 l;l
Vig Jusa + Jaa gl_l_(CLeq +ng1 )SU
e O 0~ U
RHPZeof, =—9m_  f,>f, Ad A
2ngd1
N : -60db/Octave
LHP Pole:f | = Yo 7 Joa E
2p(Cyps + Cyy +C, +ng1)
gml :
fu Af = ' fu fz
o 2p(Cdb4 +Cdbl +CL + ngl) fo i >
2.Common-mode hdf circuit:

(gds4 + §M )Voc + gdsl(voc - Vs) +gml(vic - Vs) + ngls(voc - Vic) =0
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V.-V, )+V 4+ Cos*Cas*Con g 0 (v vy CgV. - V.)=0
gdsl( s oc) s( or 2 S) gml( ic s) gsls( ic s) -
dss
1
V [2 t— (ngS +Cdb6 +Csb1)S+ Cgsls] - [gds4 +i: +i:gdl]v + (CgslS+nglS)Vic
dsS
V. =- [gd54 +£M +i:gd1]voc - (CgslS+nglS)V'c
s < + + i
g 1 + ngs Cus * Can +Cgﬂ u
ezrdss 2

e ﬁi LI
- T Qst =9d34 :=ECM

e
:}VS Ca1+Cyds+Cais)/2
+ +
VBIAS? (Con+ oot Cars) ‘ | ‘
O—l 2Ms — —
Cm=CL+Cdma+Cudb1

2/ g

Ve gmbt IS neglected
C. +Cyy + C, C.4 + Cys +C,
p A ( ) V gdl( == ;bs < +Cgsl)82 +[( i = L +Cgsl)gml
g)=—05=_
YTV T TCh* Cas + Cs +Cqs + C,
(5 +Coa)(Cy +Coer)$” +[(————+Cy)
1 1
- Zrdss ngl - (gda + gml)(cgsl + ngl )]S"'ﬁ Om
+

(G *+Gga) + 5%+ (Cyy + Cor )G + G )5+ 4 04 (g +0,,)0sc
dss ds5

Solve the pole-zero postion: b 1 RHP zero, 1 LHP zero,2 LHP poles

po
a6t Aq fzr fzL fo1 fp_?
> A
Ac fzr>> fzL Cwm (Coos5+Cabs+Cep1)/2
. fo1 < fp2
for  ifzL o2 - / o
CMRRA Load pole tal pole

CMRR

degradation’region



§ 6-1.6 CMOS differentid-input-to-sngle-ended output converter
Vi o
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Vo
V.=V, ,+V, V, =V, +V
. +VbD
The hail-circuit method cannot be used in
the high frequency andysis. ‘Mf £ M|3_
Two unequd signd paths to the output >
P Load path and tail path Tce Vo
P Both C, and C_ appears in the Ad(9) Loz
- - /—$ CLeq
expression. I \/ > |—||| :|=:
There are two dominate poleo in Ad. @l M1 I_|
OUtpUt pOle W gdﬂ gd54 —
% (;) %Cs
Mirror pole W, @ggi -Vss
E
Tal pah:A,(s) Ao
1+
pl
. — AO
Load path: A, (9
1+ 1+
( W )

pl

s
)
W,

A9 =A(9AL(S =

Leq

S
A, (2+ )
0 sz
(1+ S )(1+ )
Wpl Wp2
LHP zero: W, @2?:_“4 =2W,,
E
Approximate analysis:
The dominant pole of A, (s) is S Yast * Jaes
gml
AqS @
d SCLeq +(gdsl + gds4)

(output pole)
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The A (s) canbewrittenas A (s) @ Yaa R,

ngA g:Leq-'-(gdsl + gds4)

The dominant pole of A (s) is sm:-gdslc&

Leg

Bt the left-hif-plane zerois S, =- Ri(ci)

2") is degradated by 20dB/decade at high frequency.

c

86-2 Frequency Compensations

The CMRR(°

+V

DD o - -—
My [ ™, —t—A[V,,
Vil ]
-t
Cq T Q49 ™t Gusi c Oasg™ Fusg2
[ M ] 7\ il
i1 _L_ L1 NZ J. CL
VI1 I\/|i2 \/i2

Without C_

1 1
-t + i ! 2:-_ dsg1+ dsg2
SPl Cd (gdsl gd5| ) SP CL (g g )

+—i +—=
V1 Cc .\
. FC CL = g..+tg G) gmgl gmgz
equivalent g (V.,v.) d asor” Jusg2(§
mitiil Ci2 +
b =g Vv Yas™ Yasi
circuit md V, OV, -V,
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H(s)= -
£C
_ +gmi(gm1+gm2)RdRo(l' mg1+gmg2)
1+S[(C|_ +Cc )Ro +(Cc +Cd )Rd +CC(gmgl +gng)RORd] +(CCCL +Cch +CdCL )RoRd32
where ROO-; Rdo-;
gdsgl + gdsgz gdsl + gdsi
, , +
b S »- ! s »- (G * )
’ (gmgl + gng )RORdCC " C:OC:L +CdCL +CdCC
, +
S » 9w I 5 RHP Zero
C.
gain
dBA

RHP zero

i >
: log(f)
phase
0 (0]
- 1809 P Phase margin is not
large enou»gh
Y log(f)
Feedforward effect on C, |
c:C
How to solve this problem ? —
\/ | \2
If ICC :( gmgl + gng )Vd ' CC
R’ T I (o] (gmgl+ gngz)\

|,=0 and V, =0

P A zeroisformed. = =
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86-2.1 Using a unity-gain buffer in the feedback path

Unity Gain
Buffer
V2
Il

o

Isolate node 1 from node 2 to prevent feedforward.

<
, S—
O —|—
(@)

O R
(o R —

Keep the Miller effect unchanged.

Source follower can act as a unity gain buffer.

gmin +i + Cd SVl + (Vl - Vz )CCS = 0 """"" (1)
R,
(O ¥ G Mo ¥V, +CSV, =0 e @
R,
V
H(s)=-%
(s) V.
gmi( gmgl + gmgz )

B 1+ S[ROC:C + Rd(Cd +Cc ) + Cc( gmgl + gng )RoRd]+ (CCCL +CdCL )RoRdS

Spll » - 1
(gmgl +gmgz)RoRdCc

(unchanged)

» - Cc( gmgl + gmgz )

" RHP Zero has be eliminated.
CCCL-i-CdCL
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Actual Circuits:
O v, ® .,
—— ——
» -
I_° M I_!
j M VBIAS l-:l
Ce ! CE vV
|
| | Vv or
Ly -] BIAS
M I_l M I—O connected to the
Vv, = A A output
\Y
2
—— ——
'VSS _VSS
Cou v
l I I---—u—---o—o §
CC
Rout out
@@ ID Vl = CL+ng1
+
av,

Cgs1 May introduce a RHP zero. But usually this RHP zero islarge.

Cye isvery small.
1)1
R »(——)
gml gm2
0.V, + 2+ GV, +(V, - 8, ) (o + ) =0
Rd CCS —+CoutS
R
If i3C0uts
Rout
2
p C 1 + 1 = » CCS
¢cCs 1 * "CR,s+1
&

+Cy S
(]

ut
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V,(s)

The numerator of H(s)=
Vi(s)

IS gmi( gmgl + gmgz )(Cc RJutS+1)

b LHPZero: - —~

c  out

If Ry islarge, LHP Zero may form a pole-zero doublet with S, or S,
P very dow dew rate !!
If Ry iIssmaAll , too large gy Or g 1S required.
P (large area ,large power)
P large Co,. Freg. Resp. |
*  Somehow difficult to design.

*  Also the power dissipation of the buffer islarge. (additiona power
dissipation)

86-2.2 Adding Rc in series with Cc.

< o—

H(s)=V—2 can be solved. \Z
d

I—OW frﬂ]uency gan : Aﬁm = gmi (gmgl + gng)I%R’
-1

LHPPoles: S, @ (unchanged)
(gmgl + gng )RORICC
Spg @_ (gmgl + gng )Cc (UnChangaj)

C.C +CC +C.C,

C,C +C,C +CC
R.C,C.C

S; @

- . gmgl + gmgz )
Cc |.R (gmgl + ngZ)_ 1J

aHPG_
ERHPEZGO' =
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1 1
1. If - or =
RC gmgl + gmgz RC gm2

S, ® ¥  No effect on the frequency response of the OP.

g,.,, : second-stage transconductance

An  — AcSe
(S)@i+1_5+5pl

P1

S,, dominantpole b A,

For w>> S., Aﬁ(jw):pﬁjm—V?F’l’|Ai(jW)|:AdcvSpl

At w, , [A(iw,)

dm —P1

=1 b w=AS, =
C.
gmgl+gmgz

Lage C P S, »-
C.

+
For phase margin 45° ~60° b Sez @~ 4, Ce Gug * Gre _ 2~4
Wu C:L gmi
f — 9 @-~4, c @c, sable
gmgl + gmgz
Gain
a4
1) NMOS Relization Nﬁ dBloctave
0dB | _
Moo f o N\ log(f)
Ce _(15—_ Mc 12 dB/octave
[ ]
v, v, phase E : :
oo _log(7)
- 450 ' T
-90°
-180°
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oo = T oV, V- Vo W Ver] HNCYUWY
2 L
R =&l ¢ 1
ﬂVDS (4] Voes mcox w [2( \/TH )]
V,- V., - body effect
A _ 1
RC (RC)O_ng1+gmg2 .RCmax
E E Nonlinear R,

V2min OV V. > VZ

(negative) 2max
1 1

DesignR.: (1) Design R, st. (R), ., =

gm2 g mgl gmg2

(2) At R= Romax O Rein,
S, must be large enough ! Otherwise, frequency
performance will be degradated.
1) CMOS Redlizations :

a . Vop b . C ?
(I:IC _;l_ %C Cc _—f M.,
l 11 l l 11 J_il l J>_‘ i M
S M
Vv, vV, v, e V, Vv, -ngs v,
Consder thecasein c.:
| =0 [2( Vo Voo Vol
2
1

« mC,, W,
——— [ 2(V,-V,-V
2 L [ ( DD 2 THn )]

n



- C W 2
IDSp_ 2 L_[2(V +V THp)VDS Vs ]

_ 1
ch - mpCOX V\/p [2(\/ +V )]

2 Lp 2 ss THp
R'=(R,/R,)"=R,"+R,"
W
= 0 e v, -V, Vi )+ [,

” p

|f mnCox % — TTLCOX m
2 L, 2 L

=b

Rc-lzb[szD_ Z\/THn+2\/SS-

THp

R'

\V,=0V = g mgl gmg 2

Rc»l
A

2min

1+(C, +C_ )/ C.
Ot T Ong2
S, = S,; and pole-zero cancellation occurs.
P S3>> 351 P AimSn <SP dable
However, if the cancellation is not complete

If R=

P pole-zero doublet occurs! b dow dew rate.
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Vi )l

] nearly indep. OFf V,
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86-2.2 Feedforward compensation

Az isthe gain of the source follower

<>, Gr—

s
A= A”(O)(“Z) 1LHP zero
3 (1+i) 1 LHPpole
P
A2<0)(1-§>(1+§) 2 LHP poles
A, = S s 1 RHP zero (Co)
(1+;)(1+3) 1 LHP zero

z3 & z, are generated from the Cgys of the source follower.

\\//0Ut = A/TOT(S) = A/Z( S) + Als(s)

in

1o 51 514 S
(14 )+ )

=[A.(0)+ AL (O)]—F——

(1+F)(1+ )(1+->)

p, : dominant pole
z',z2,',z': LHP Zeros
Design consideration : Any zeros below the unity-gain frequency must be
placed as close as possible to their matching poles.
This prevents the formation of any doublet !
z,'= p, by adding CB1 and CB2(3.8pF) to control C_,+C

gsll
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Ref:IEEE JSSC , col SC-14, no.6 pp.1070-1077 , DEC.1979
Feedfoward +Miller(direct)
Ref:IEEE JSSC , col SC-15, no.6 pp.921-928 , DEC.1980
Feedfoward +Unity gain buffer + Miller
§ 6-3 Settling Behavior
VO
A +0.1%V Of +0.01%V
Y AV
Vol /G g i
0 T T To >
7 A\ y
Settling

Slewing
Period Period

Slewing Period (T9): V,, from QV to V-1,/g.: under voltage follower
connection and worse case loading.(nonlinear operation)

Settling Period (Ter-Ty):
V, from (V-1o/gmy) to £0.1%V or +0.01%V (quasi-linear operation)
Settling Time (Teer): Ts +( Tr-Ts) = dewing period + settling period.

§ 6-3.1 Single-pole case
C

+ Inp Gain
- Sta Stage
(0]
| \

o
j @ differential-input
to single-ended

i output converter

<o
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Sew rate: CHUNG-YU WU

Od_\/o :I_
dt = C

W, = g—m - gngle-pole case

u
Cc

| w l,

=92 u _W o
_ uC w
gml OX(_)

§ 6-3.1 Two-pole case

Ref |EEE JSSC vol.SC-17, no.1 pp.74-80, Feb. 1982

Ts=- Lin[1- Ig_ml(v- o) Fig.2
a

1 o 0 ml

approximation €™ @1- w,T, => eq.(19) conventiona expression
After Ts Vo= V-1/0m Input voltage = V-( V-1o/0m1) = 1o/Om1
=> enter the linear (or quasi-linear) region

Feedback Function for unity-gain voltage-follower connection

> Ns)=o s e
_ W W,
two poles S=-xw, +./x°- 1w, €a(24) X—Tn
(double negative real poles) damping ratio
x =1 criticaly damped
X <1 underdamped x > 1 overdamped
(complex conjugate poles) (real and negative pole)

X_

\/7 \/7 oy (Ce, C2>>Cy)
a/vn 24/aw 2w, 2Jg..7c
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XE1 =c = 4K €G>0
m2
W W, < 4w,  underdamped
=> W, § 4w, U W—2:2"‘4 W, > 4w,  overdamped

u

(1) Underdamped: Tseqg. (14) or (19) max.overshoot: eg.(36)

Tp €g. (35), (33) settling time: eq.(40),(39)
(2) Criticdly Damped  V(1): eq.(41)
Ter @ €9.(439)
Vi
I A 0.001
— 1
TiS T "t
(3) Overdamped Tsr: €9.(47)
Smulation & Cdculation : Fig.7, Fig.8
Vi

\

Further references:
(1) IEEE JSSC, vol. SC-18, pp.389-394, Aug. 1983
(2) IEEE JSSC, vol. SC-21, pp.478-483, June. 1986
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§ 6-4.1 Two-stage OP AMPs

Twopoles: S,,,S,,.[S,,

p2’ <<|Sp2|

If |S,,|<<w, <<|S,,|V,.(s)=9,V,(s)/sCc

mi " in

Vo (JW) _ 9,
V.(jw)  jwCc

At w=w, \ﬂzl

out

dv.

out

The dew rate SR:T =

/C =W, =w l
N« “J2uC (W /L)

w, -l - (W/L)~ P SR-

* 1 IC. 31 IC. or CL%ECCM(:IO)
dt dt

Slew rate enhancement and degradation

Vin
Vl

-

t Y,
vV, °

Vin
Vi degradation =
/
L
/" t
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(1) Positive step CHUNGYU WU

Ly, J |
off « |_>0ff |0+IW
7 M4 11
| +i, &c
‘ iD‘ "
- |l off on ||+ 1 T%
F — = —
M, Vi M, + A
. ] e
iwl ! l | -0
_VSS
- dv, () dv, (t)
I (t)=C —»~ finA 7/
L(1)=C, " @c, o~
1! : I C, <dv
V. (t)=— &Il +i )dt=—ot+w A"'indt
out( ) CC 06 0 W) CC CC OOE
= Io t+&vlu(t)
C CC
(2) Negative step
Vo
M, M, _
on | +i
Ul 7
IO IW EI:C
llo'iw ¢ Vout
;“T_on off __J' + L
M —
|\/|1 Vi M2 + Vl
. ] "]
| T ! Io -
-V
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Vout @/w

d__ 1-i _dy _ | | 1.C
—V

- —_— W — W 0~ w

pj =——<ow
dt C. dt C " (C.+C,)

dv |

out — _ o

dt C.+C

w

dew degradation

8 6-4.2 Single-stage OP AM Ps
I
C

L

SR=

Different phase margins

p different settling behavior.

|, First-stage bias current

SR of the folded cascode OP AMPs

+ Voo
| M|
pl M, F . P~ Veiast
I
visl 1
Veias2 4 * P
Ms M4 |
*f ovout
*Ip-lo T C
M, || | =
7]l I 1L Mg
Vs
[ |
L M, II: M.,
. —
'Vss
SR= 1o
C

*1f 1,=1,, we can keep Ms, M; and |, current source in saturation.
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The change of V, is not significant because the gain of the
common-source amplifier M, is nearly equal to —1. When M, is
turned on, the recovery time of V, is very short.

* If 1,< |, the current source |, is forced to linear region and Vs~
V,~ . The decrease of V, islarge. Thusthe recovery time of V,
when M, isturned on isvery long, P The settling is dow down.

How to solve this problem?
(1) Keep I,= |, as the optima design.
(2) Add clamping devices between Vpp and V(Vy)

* Voo

& &

e i R

X

In normal operation, My, and M, are turned off by setting

VooV < Vrni, Vihie.

8§ 6-5 Power supply rejection ratio (PSRR)
8 6-5.1 Low frequency analysisfor integrators

+V
° DD

wZ
¢ E £T
T3T
hZ
(@

. Vv
Coa - s A ™
x
Vin ’ =
o—-—Q—{k— M, M, i
7
S I D |
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ﬂvout Cgs ? )l 0 1 WGSI u ng 1 ﬂ|
— @——¢
Vs G &MVss ngl ﬂVss 0 G 20ms Vs

| |
CI

(o]

C ﬂlo 1 l:J_l_CgS 1 ﬂlo

out @_ gd 3 _
WD C gl ™oo zngH C 20 Voo
N £
|
Voo o—-rNT-r———”—o— ;
3 C
ad

Ref. : IEEE, JSSC, vol .SC-15, pp.929-938 , Dec. 1980.
*  Cgs/ C and Cy/ C; have astrong effect on PSRR" and PSRR.

* Smdl C, b chipareal but PSRRI .

§ 6-5.2 High frequency analysis for OP AMP'’ s
Ref. : IEEE JSSC, vol. sc-19 , pp. 919-925 , Dec. 1984.
+ VDD




6-27

CHUNGYU WU
v, M , 1
/ e u
o perro 1ML Mo V| g
ﬂVo ﬂvo SWDD |V0:0 H
1.[\/DD 1T\/DD V, =0
How to calculate Vi
DD
Vl Vio
O
G

Vi(fromV,, )

PSRR+(S) @S+ GolGOZ /( ngCc )
S+ gml / Cc

where Go1=0o4 ( 9oz 1S cOnnected to the drain of Ms which is
open-circuited, i.e. rys ® ¥)

GOZZ Jos (rds7 ® ¥)
GolGozl (ngCc) < gm1/ Cc
P Low-frequency LHP zero degradesthe PSRR..
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*  Toimprove PSRR, C. must be decoupled from the gate of Mg to
eliminate the LHP zero .
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Chapter 7 Design Procedure of CMOS OP AMPs
and Pratical Design Considerations on

Noise and Offset

§ 7-1 Typical design procedure of two-stage CMOS OP AMPs

Synthesis or Design : Determine the circuit configuration and its MOS

device dimensions from the specfications.

Flow Diagram :

-

Specifications

v

Choose suitable
OP AMP
configurations

v

Design Procedures

N
set-up to determint
*+—> W/L <4
g—o

fA
|

!
4
[

v

Full SPICE
simulation

v resimuylation

Layout and

i i —P
verification
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+ VDD
—e ® ® *—
v n n
b M | M
|H
@ ®¢ 1> M,
| S e | v
- Mo M 11— l—o""’
M9 T T * CL
4] i 1
I D E
MD ﬁ 1" —Ti,
10 ® ~—
Vs
Specfications
Low frequency gain = 70dB  Phase margin > 60°
Unity-gain frequency = 2MHz (; 10pF
Slew rate = 4V/us  Vpp=Vsy 5V
CMRR = 80dB
Device parameters
UC /2 30pA/V? 12pA/V?
(NMOS) (PMOS)
V1o 1.2V -1v
Procedures -

1. Choose a suitable C.

Example : choose C.=C;=10pF

2. According to the phase margin in the specifications, determine the

second pole position.
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Example : choose /7= 2MHz CHUNG-YU WU

1S, O+ 5(';6 ~3¢9, 03g,,/C.

L
|SP2| =3w, 1 Phase margin> 60’

. Determine the transconductances of the first stage and the second
stage.

Example: g =3g =3wC, =3x2mrx2x10°x10™"

mi

0 g =377 mho

moé

g, =125.7 mho

. From the slew rate specification, determine the bias currents in the

first and the second stages.

Example : S = é >4V/us

Cc

Choose S=4V/us,0 I, =40uA

The negative-going slew rate is also limited by the Q;

current source. To reduce or eliminate its effect, S 1s set

to 48.

4

S =258=10V/us = é—

L

0 1,=C,S, =100ud

5. Use the design rule for reducing the systematic offset voltage to

design the transconductance of the load MOSFET’s.
w/L), _(w/L), _1,)2_1

E le : = = —
rAmpTE w/L), Ww/L), 1 5
_ _. _|w/sL)q,2
gml _gm3 _gm4 _\/ (W/L)ﬁ D7 gm6
1 /2 1
=g, =58, 07541 mho

7
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6. Calculate 4, and CMRR to verify the design.

Example: Adm - gmigm6 |:| gmigm6
(84t 8u)&us t84) (M, )(2A)

06582>76dB (A =0.03V" for LOI10um)

CMRR = 28m8m = 28u8uw < 36357~ 8848
g8, WL )AL /2)

gmi = Cch ) ]o = CcS: gm6:3 WuCL s 17:SroCL
gmlzlogm6/2]7:3CcSWu/ZSro

2 2
0 A”””:Zj?)SMS : CMRR:;(;)“S:4AM

If 44, and CMRR could not satisfy the specifications,
w,, S, and g,; or g, can be readjusted .
7. Determine the nulling resistor R, provoded by M.
Example: If S. - S,
_1+(C,+C)/C, _ 2

R = 5.3KQ
gm6 gm6
IfSZ - ©0
1
R =—— =2.65KQ
gm6
R.= !
l"lpcox

2 ZV:[Z(VSS + VB _‘VTHSD]

8. Dimension M;and M.
W/L can’t be too small [ too large Vs.
Can’t be too large O C,, too large 0 CMRR |

C; 1 O phase margin |



7-5

CHUNG-YU WU

1 C UA
Example: KH = 0 =533 (Hlax3 /z
C
OL IJHZOX(VGM _VTH5)2 2

Viss Vs =0.5V)

2
GS7 — VTH7)

Q: & ~13.33

Choose L5=L7=]0,um 0 W5=54,um ) W7=]33,um
9. Dimension M;-M, and M

Example: gm~2\/ P %@D

0

(WL) (WL) 4un ! /~658

2
= ~—gml =
(W/L)y=(W /L) =— I 5.92

g Fp=ox Lo
2 2
(W/L),=5(W/L),=29.6

Choose L=10 1t m
U W, =w,=66um > W, =W, =60um > W, =300 lm

10. Estimate the dc bias voltage.

, 1,/2 20
Example * [ Vigs [5Viups | + C =1+
HpCox 12x6
~———(W/L)

=1.527

UV, =Vy=Vyp—I|Vss; [ 3.473V
1 C

2o =Fle (W/L)(“Ve =V, )’
2 2

U V.=-1518V

11.Dimension M,
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C
2B )5+ 3.473-1) =Ri

c

Example :

O w/L), =1.052
choose Wy =Lg=10um.
12. Determine V,,, and dimension M, and M,
Example : Vg =V, +0.5V =1.7V
V

BIAS

=V +Vy =33V
Choose 1, =20uA

gV, =0-V,,=33vaVrv,,,=-33V
VGS]() = VBIAS + VSS ==17V
— I,
(W/L)g—’uc =(0.1512
M(VGSQ ~Vrtn )2
2
— I,
(W/L)]O_UC =(.2667
n2 - (VGSIO Vet )2

Choose W, =10um , L, =66um and
W,=27um , L,,=10um.
13.Use SPICE to simulate the overall OP AMP and make the

necessary adjustment.
Reference : Reference Book No. 3, (Gregorian and Temes) pp.
222-241.
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§7-2 Practical Design Consideration on Noise CHUNG-YU WU

§7-2.1 Noise of MOS devices
1) shot noise
* Due to the fluctuation in the number of carriers crossing a given surface in
the conductor in any time interval.
* If the carrier density is low and the external electric field is high so that the

interaction among the carriers are negligible, we have
i =2qI(BW)

where i isthe random variation of the current.
I is the average current.
BW is the bandwidth in which the noise is measured.

* When an MOSFET is operated in the saturation region, inversion carrier
density is high. => i’ is much smaller than that predicted by the formula.

Shot noise is not important.
* In the subthreshold region, shot noise is higher.
2) Thermal noise
* Generated by the random thermal motion of the carriers in a resistor.

* The mean square of the noise voltage v, and the noise current i, are

+ —
v2. =4KTR(BW) UNT
R
i, = 4AKTG(BW)
* In MOSFETs, R is the incremental channel resistance. R INT
If the MOSFET is in the saturation region, R = 2i = 2;
Em =
3 gn
E = (ZIV )2 = §EBW
Em 38,

2
* The spectral density T BW is independent of frequency O White noise.

* Circuit models:

vZ, :gate-referred noise voltage source.

. HH%
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* When the MOSFET is turned off (R=c0, G=0), i}, is very small.
00 Noiseless open circuit.
3) Flicker (%) noise
* Generated by the trapping and releasing electrons from the channel caused

by the interfacial states.

* Slow process [0 important at low frequencies

[ % noise. Below ~KH,

« 2 _ K BW 2 _ 2
lnf_gmvnf

an -
C, WL f

*(WL) 1, Cox 1, Temperature | , density of surface state | [ E J

4) Combined noise

i, =+i% +i% =4(4KTG +Kg? /(C, WLF)]BW

"."independent noise sources.

§7-2.2 Noise Performance of NMOS Amplifiers

1) Enhancement-load amplifier +VbD

W,L
=— 172 €
A, =—q, for e, n2
21

T4L
z

Ay, =a, for e,

The equivalent input noise voltage O Vo

€n1
1
e, (IN) = A \/(AVICnl)Z +(szenz)2 Va O_@-l

KNI

Mi
Vi
A, e

=en 1+( V2¥n2 )2 i

1 \ Aye, Vss

e, - 1/fnoise

= | (1+h)2

W1L1 Lz e = a,

! WL



* W, t, L,t 0O smaller e (IN) CHUNG-YU WU
* There exits an optimal L, =L, * Independent of W,

§7-2.3 Noise Performance of CMOS Amplifiers
1) CMOS amplifier
Avyp = 78 (T I142)

Ayy =78 (Ty [114,) V; e:nl | |—|_> M
g I_

— HHCOX W
ml — 2\/(7)1 L_IID

+VbD
olu—

1 ._O Vo
g :2 (p'ncox) EI Cn2 I_
ml 2 2 L2 D VBIAS O_@_I I<_ M2
W,C,, —
a . ( 2 )Zanz IJ1 )
e (IN)= ~—[1+ —
n( ) WILI [ U.HCOX (Lz) ] *
( 9 )1an1 -Vss
Design considerations for low noise can be found.
2) CMOS differential-input to single-ended converter Voo
Ay = (g + 20t ) for €, ey VIS
Vi 2 ml m2 dsl ds2 nl n3 O_l MS
Ay = o (T 1 T) ey lJ |_| el
_ _ > M M |—@—0
If gml _gm3 and gm2 - gm4 ’ :
%OVO
unCOX
a ( ) )28, L Cna| €n2
0 e, (IN)= [2—= [T+ (1] M Mz
WL, p'pcox L,
( 2 )lanl
* W, 1, L,1, e (IN)! -Vss

p‘ Cox
( : )lanl
2 L,
C
),

*Optimal L, =
* The noise from M, and M, loads is very important!
1 . . HCOX —
Example : PMOS : (T)p =3uA V2
a, =48x10°(uV Qum)* for 20Hz ~20KHz

C
NMOS : (%)N = THA //2
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a,, =380x10°(UV [um)®> for 20Hz ~20KHz

* NMOS is much more noisy than PMOS due to much larger % noise

Why? 1.higher surface-state density
2.nonuniform trap center distribution ( more centers near
conduction band )
3.Efficient election trapping and releasing.
Bias current I, =5pA, Gain: =44dB

Design 1: M,, M, : SOOHmSHm PMOS

M,, M, : 100Hm jum NMOS

0 e, (IN) =384V 20Hz ~ 20KHz

(33.9)
: . . 500pm
Design [: M,, M, : Sum PMOS
. 50pm
e, (IN)=7.54V  20Hz ~ 20KHz
(6.9)
3) CMOS inverter amplifier +VbD
*
Ay == (g + g0t 1)
v = v, = (8m1 T 82 NIy [ Tys2 eul I_ PMOS
Ay =g (T llty,) for e, I_> Mi
Ay, =80 (T [I1y,) for e, I_
o—e —oO v,
— \/(gmlenl)2 +(gm2€n2)2 . V
en(IN) - Vl e
o T 8m 2 o — NMos
|<— M2
If gml = gm2 I_
1 1 | a, a,

0 e (IN) = ofe, " e, = oo v fa

2\WL, WL, y
-VSS

* Larger size WL [0 smaller noise
If gml 7 gm2
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* Increase the channel length of the transistor having the highest a,
parameter.
Example : Bias current 1001 A

Design 1: M, :1000um Sum’ M2: 400um4um

0 e, (IN)=8.1uV(7.97uV)  20Hz ~ 20KHz

M, ; 1000um Mo : 200um

Design 1II : Sum’ Rum

[ e, (IN)=59uV(5.654V) 20Hz ~ 20KHz
Design I : Mlzsooumwum, M2:40O“m4“m
O e, (IN)=10.5uV(10.36uV)

* Best noise figure [ highest % in PMOS

lowest % in NMOS

Note : WL for PMOS ( NMOS ) are the same.
Reference : J.-C. Bertails, JSSC, vol.SC-14, pp.773-776, Aug.1979.
Noise spectrum of a typical MOSFET :

F /N
eq
(V*/Hz) 1/f noise
104+
1054 white noise
1061
| | | | | AN

100 1K 10K100KIM 10M’ Frequency (Hz)

§7-2.4 Noise performance of CMOS OP AMPs
1.Midband Analysis
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Differential Source CHUNG-YU WU
input stage follower
. 2
—
S
6 n8
\_@_I >

stage M M Vi

T

<
g‘
<
@

gml

=

VBlas J
Vnd2 = \/nl2 -l-‘/nZ2 +(gﬂ)(vn32 +Vn42) ? | MS

3_\(/)0

\]ns2 = Vnéz +(gm7 /gmé)ZVn72 -Vss

V2~V2+Vnsz _V2+V2+gm4 20y 24V 2

n — Vnd A 27 Vnl n2 ( g )( n3 n4)
d ml

+[V, G VAL

* At low frequency (<1KHz), 1/, noise dominates and | A ,(w) [>>1
q Y f d

O w has a negligible effect on the OP noise.
The input stage dominates the overall noise contribution.

* At high frequency where |A (W) |= g% >>1,(M,, M, isalevel
mé6

shifter, g _. issmall to obtain a large V[ g% >>1), the effect of
m6

V., 1is comparable to that of V,, and V,,.Thus M, mustbe a low-noise
device ( like PMOS ).

The effect of V,, is negligible on the total equivalent input noise voltage

since the gain of the gain stage is very high.

§7-2.5 High frequency analysis ( for white noise )
For CMOS 2-stage OP AMP ( without level shifter ), the small-signal

equivalent circuit is
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Vout

C2’=C2+CL

R2l

(under unity-gain feedback)

Ay[1=5C (1 —R,)]

out — m2

<

V., 1+A, +as+bs’ +cs’
Vout - A {1 +S[CC(R1 +Rz) +C1R1]+SZC1CCR1R2}
v, (1+A,)+as+bs’cs’
when A, =A, +A,,
a :CC[AV(L_L+R2)+RI +R, +R,]+CR, +C, R,
ml m2

b=R,R,(CC, +CC ,+C,C)+R,C.(CR,+C,R))

¢=C,C,C,RR,R,

Usually, |Ay >>1, R, <<R,, R, <<R,, C, <<C_, C,<<C_,and
Cz << CL

0 LHP Poleo: P, =—&m/ ;Pzz—gm% , P}:_%R
¢ L 1z

RHP zero (h) Dz, = [CC(L—RZ)]_I;

inl m2
LHP zeros : _CCIRI =z,, 23:_C1RZ (3> °)
If R, -1 Uz =
2 _ 1
, =
Ny, R . (h),\\ Cc.l.{ e g
L 2 M/ B N A i

-20dB/Dec

NZ. CC CL
4 1 /I\ \E’ 4
Avl _/ -20dB/Dec
A | ¥"+20dB/Dec
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The equivalent noise bandwidths are

P
BW, = mi ac (= | 1%)

P,|/_|P
BW, =57/, ~*ac CR/RDA

=~ Em2 4o, (Ce>Cu)

vntot2 = Z4KTV1 L(B\KZI)AI s> Y = constan t( = %)

( Consider only thermal noise )

A, o Ay, I g
= 4KTy, —(°m! )+ —Y2 4KTy, — (52 )
1 + AV : gml 4Cc 1 + AV ’ ng 4CL

_ A, KT K6 Ay, KT
= Y + Y2
I+Ay " C, 1+ A, C,

I I

where A,, and A, are average gains between P, and P,.

* The total white noise of the OP AMP is inversely proportional to C_, and
C,.
* Due to the foldover effect in SCF, white noise ( thermal noise ) becomes

important.
* 1) Clock feedthrough noise; 2) noises coupled from the power supplies,

clock, and ground lines, and from the substrate; 3) white noise and flicker

noise generated in the switches and OP AMPs are three major noise sources

in the switched-capacitor circuits.

§7-2.6 Dynamic range of OP AMPs

V : the maximum input voltage which an OP AMP can handle without

in,max
generating an excess amount of nonlinear distortion.

V. . :the minimum input signal voltage which still does not drown in noise

in,min *
and distortion.

Dynamic range = 20log,, (Vin,m% )

in,min

For an open-loop OP AMP,
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Vi max = V% CHUNG-YU WU
’ d
V. o =4V°?

in,min n

0 Dynamic range =30-40dB.

§7-3 Practical Design Consideration on Offset
§7-3.1 Input offset voltage of a CMOS OP AMP

1). Random offset K = CoMt

+VDD
_T_| l_T @
Msa < > Mss
—
' M5
1B —
o [«—Mia Mis—d] < 5 Ve
VGSlAl_l VGSlB
— Vo=VDD-VGs3
VBIAS M2 & M4 VGs3a=VGs3B-VGs3
—
®
-Vss
1
02 QgL O 02
Vos = Vosia = Vas = m@wHAllAE - " HWH IlBD + Vimia = Vims
1 'O
l L1+AL1 E DLI—ALI BD
2 2 g_t 2 On
_AVTHI Il AW —_ D AW |:| D+ ......
N L+ 1 ﬁ Ow, - LO O
2 O 2 0 R

DAVTH1+ 2 Ilh +l£ —lA_W _lﬁz +1AW
v W 22, 22w HH 220, 22w,

1 !
OAV,,, +ELII&E HAL _ AW E_ﬂ 2 LhEﬂAKN %
Ky W, HZLl 2W, HKN 1 HQ'KN

\ZVI::I :\)I
_)—(
2|r
CIOTY -
=B
11T
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K Y K \\%
Al=1,-1,= A Bfg Gs3 TH3A - ;38 AL % Gs3 — TH3B)2
A

&}
(|

= &E(VGS — VTH3)2 mKP + AW3 _ AL3 _ 2AVTH3
2 L3 HKP W3 L3 V033 _VTH3

:IlﬂAKP + AW3 _AL3 a 2AVTH3 E
KP W3 L3 VGS3 _VTHS

1

O
0V, =Av.,, +E 2 P L §L AW, DKy, AK, AW, AL,  AVy, .
N Wl L1 2W1 2KN 2KP 2W3 2L3 VGS3 _VTH3 [l
W, AL, K, W, AL, AW
DAVTHl ( Gsl THII@W %ﬂ W EAVTH3 (If 2L3 2W1 - 0)

2).Systematic offset. V4 = \i)‘“ where V,,, 70 and A, 1is the dc gain of the
(6]

OP AMP.

7-3.2 Low offset design techniques for CMOS OP AMPs
1. Layout techniques to reduce the random offset.

a).linear varation of devices across a row of transistor or a matrix of transistors.
IB 2B
ox[ ] []2x
x| [ ]sx
2A 1A

IB 2B
2X 2X

2B 1A 1B 2A

[ = [ =2 o
27X 3X 2X 3X
b).cross-coupled connection

2B 1A 1B 2A

Lol [ o= | [¢ |

2X 3X 2X 3X

3X 3X
2A 1A

2B =N , W’s are the same

1A >
L2A LlA

Cross-coupled: I, + 1565 =Ipgon + s

2 2 2

2
VGSI + VGSI — VGSZ + VGSZ O VGSl O 1+KN
LIA LlB LZA L2B VGSZ K+N




7-17
Vv CHUNG-YU WU
If K=1 => precision channel length control [ —%- 010 Ordered dimension
GS2

error JO O V4 U0

VGSI

IfK=1.1,N=1.1 => =1.0023

GS2

But for single-pair design (1B, 2B, or 1A, 2A)
Vasi
Vs

Ref: RCA Review, vol. 39, pp.250-277, June 1978.

c) Common-centroid structures to reduce AV,

Ref:  IEEE JSSC, vol. SC-13, pp.791-798, Dec. 1978

IEEE JSSC, vol. SC-16, pp.661-668, Dec. 1981

=JK =+/1.1 =1.049 larger V¢ error =» larger V.

2.General optimum matching rules to reduce the random offset

1. Same structure 5. common-centroid geometries
2. Same temperature 6. Same orientation

3. Same shape, same size 7. Same surroundings

4. Minimum distance 8. Non minimum size

Ref.: IEEE JSSC, vol. SC-20, pp.657-665, June 1985
3.Low Vi — V., toreduce the dimensional random offset

4.Dimension design to eliminate the systematic offset
(W/L),, _(W/L),, _1(W/L),

= =2 V. =0 => systematic offset=0
(W/L);  (W/L); 2(W/L),

To avoid the process-induced variations in channel lengths, we usually choose

L, =L,, =L,;. But this design will enhance the noise contribution from the
PMOS M,,,M,, (NMOS M,,,M,, for PMOS-input structure).
=> A compromise is required.
5.Sample-data techniques to eliminate the offset voltage.
Ref.: IEEE JSSC, p.499, Aug. 1978
IEEE JSSC, vol. SC-10, pp.371-379, Dec. 1975
IEEE JSSC, vol. SC-20, pp.805-807, June. 1985
IEEE JSSC, vol. SC-17, pp.1008-1013, Dec. 1986
IEEE JSSC, vol. SC-16, pp.745-748, Dec. 1981
IEEE JSSC, pp.837-844, Aug. 1985
Applications: Zero-offset OP AMPs, High-precision comparators,
Instrumentation amplifiers, High-precision amplifiers,

Switched-capacitor amplifier, Switched-capacitor network.
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1) Offset cancellation in OP-AMP-based switched-capacitor(SC) amplifier

(1) SC amplifier

s

C
C /
l 3=
1
aC S1
o—/l—T—I JR—
Vin 2
jz OPAMP /. O

Vi

, ©
[Inés
+
|

Step 1: Switch 1 ON, Switch 2 OFF:

aC
Vin o—e@—} 2
—+ -
N OPAMP X —O
x Vo

Step 2: Switch 2 ON, Switch 1 OFF:
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+ Vo
|

'a k7

O
9"

tVos =Vos = Vo

N;

*The charge injection error of the switched S1 cannot be eliminated.

VinaC

2) Offset cancellation in precision amplifier

Switch: Vob

Coupled error voltage on VHE | | | Cs l | | I I‘l
1
i { 1 i

Cy:e=(10V)—2 —1— = = =

c,+c, = = - B
CS =10nF -Vss

0.1pF

0.1pF +10000 pF
=100uV

Csgr el
or using the differential outputs

0 e=10V
* amplifier with offset voltage memorization

* residual voltage successive memorization (RSM)
amplifier

* auto-zero design

* chopper-stablized design

% capable of reducing the offset voltage by 1~4
order of magnitude

rather than the single output to
eliminate the common mode voltage
&

RSM amplifier(P-MOSFETs)
Cl C2

I;—cg > Frc—b—l o> 84 o> -

-
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: : LV, =(e,+£,)/GG,..G,,
H H H e, : input offset voltage
: E €, : parasitic clock error pulse
'
H H of the nth stage
: A
) ' )
' ' '
' ' '
| [ ! o
' ' ' L
ON sl S25384 284 s2 s1

OF 525354

S1 S1S3 S1S3S4  S283S4
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Chapter 8 Advanced Design Techniques and Recent

Design Examplesof CMOS OP AMPs

88-1 Advanced Design Techniquesof CMOS OP AMPs
§88-1.1 Improved PSRR and frequency compensation

P6-96 ‘ITVout Cgse‘ﬂl 1 ‘HVGSlu ng 1 ‘ITIo
. C &V_20, V. 8 C 20, V.
Wou nggl M, 1 0Cs 1 1,

Voo C,é WV ngau C 200 Voo

Where |, represents the input stage bias current.
If 1, isindependentof V and Vg,

(0]

and the input devices have no body effect.

=_—=> ﬂVout ® 0 Wout ® _ _gd
ﬂv% 1-[VDD CI
Ref.: IEEE JSSC, vol. SC-15, pp.929-938, Dec. 1980
BIAS GENERATOR
—_— +VDD OP AMP
L P
I_
M9E} MJ:: dl\/h ! Mg
|rer —
®
e R e liﬁ' T
oL L= i
P
410

| My
M — M7

T

QP

-Vss
* | e 1S Qgenerated by using the power supply independent current source.
*Vyas 1S nearly independent of V,, and V.

*|t is better to use separate p-wellsfor M; and M, toavoid the body effect.
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*Tracking RC compensation
Conceptual circuits :
+VbD
L
+
+ OmViN Vinz
\os2 C) |—> Mg(M6)

\olt / - |——.—
age Mc < I_1 iﬁcc .

source (M10) i
: " Ma(M8) ;

(Ro)
Kl Nf
In the quiescent case ,\Virne=Vos

W /L) [W/ L) - (WI L) - KI2 =

Cc+C, > RC
ngCC

TherequiresRcis Rc=1/9g,,[1+(C, +C,)/Cc] »1/9,,[(Cc+C,)/C.]

:>R1$A»

Thus LHP zero=LHP pole P2
and P3 becomes the second pole.
The stability considerations,
R Aok

or Cc3 Gmy C,C.

m2

allowsasmaller gm2 and larger C,
* Ry » RC indep of temperature, process , and supply variations.

=>Tracking design to make sure that z=P,
=>No pole-zero doublet problem!
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+VbD
—— 3 $ $ . P
M1 M ::I —
A [ | EVER [V —] blwis
= = VBIAS )| )_l I_._I —
H_
I — ) e M15
ndVCEEVITRE
|_ _| ——0 \Jout
e | 7915 ]
M17 _I E
T d M16
M2 L t M7 —
— | —
o H e — M10¥ [ leqMm12 [ M14
H  '"Hwua — —
— o o @ o o o o
-Vss
* M17,Cc : Tracking RC compensation.
* M9,M11:Sharing the separate n-well.
* VgiasiS not strictly independent of Vpp and Vg
88-1.2 Improved frequency compensation technique.
Ref.: IEEE JSSC ,vol.sc-18, pp 629-633, Dec.1983
Grounded gate cascode compensation
+VDD
. P
T:: H M9
M11 K M12 2x I—P 3x
l_| ) VBiast MB | K M7
N IIE Y i
+
M13< |—|II o— M1 M2<—| T
— = ¢ it
<¢> lgias T vV Ce I—O
Y HM M M8 Vo
c1 c2 5pF

>
> .
I QU e |5

}P‘ M6
gty P i
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MB,Cgsr:low pass filter for high frequency noises.

M8,M9,M10:new compensation circuit.
M11~M16:Bias generator.
Conceptual circuits:

+Vop

: d
Net currentin Cc (C, EVO) enters the second stage.

Theinput voltage Vi can’ t reach the node@

= * Better PSRR(  nolow-freq. zero) , especially PSRR
* Allow larger capacitive loads.
* Slight increase in complexity , random offset and noise.

§ 8-1.3 Improved cascode structure
1. Toimprove gain:
Ref: IEEE JSSC, vol. SC-17, pp. 969-982, Dec. 1982

+Voo

|v|1|_ j) 2
] > MO o ®

-
MIA < ] s
E M7

|
—»| [ M4A —
® msA 3 — 7 M6
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* Substantia reduction in input-stage common-maode range.

* Improved wilson current source is used as the load to improve the balance of the

first stage. VDD
2. Single-stage push-pull class AB CMOS OP AMP F— M6
Ref: IEEE JSSC , vol.sc-17, pp.969-982, Dec. 1982 M5
* |nverting mode only. (+ grounded) i M7

* Not adifferential-amplifier-based - =
|J Cc
OP AMP. M1 M3

'H_l

* Capable of high current driving and M2 M4 ]| ouT
high voltage gain. IN ‘ : =BIAS |

{| M8
MloL__l F—— | M9
3. Cascoded CMOS OP AMP with high ac PSRR

Ref: (1) IEEE JSSC, vol. SC-19, pp.55-61, Feb. 1984 -VSS
(2) IEEE JSSC, vol SC-19, pp. 919-925, Dec. 1984
1) Origina version

+VDD
® ® ® P
E: 200/10 j |—|_> 200/10 |—|_> 25/10
l_l Mp2r— FMp3 Mp4 —
| |_> 1125/10
50/10
Cc \Vout

100/10

]|_7 ! N Mg 100110
s010 L -
el Tslper ki

IBIA‘S

*— —
LT IJ AL
100/10 j 200/10 _I EM 425/10 Mng
MEF: Mnsf— Yoot MN4:<_—1 100/10

-VSS
Chrarcteristics:
Vpp=Vss=2.5V
Input offset voltage 5mV
Supply current 100i A
Output voltage range -Vss~Vop
Input common mode range -Vsst1.47V ~Vpp
CMRR @ 1KHz 99dB
Unity-gain frequency 1.0MHz

Slew rate 1.8V/isec



*  Better input common-mode range.
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*  Vicl 9VDSN41 9|D8N4l QVAT QMNgiSturnajone Vout = -Vss

voltage spike at V.
*  Thepossible spike in the settling period.
2) Improved version

+VDD
* * *
HM7
Vaias | ! M12
LO_I_H|— | i M6
M5 I—I_> M8
V. —
B|CA>E_||<_|\/|3 ||<_—|\/|4
M13 \Vout
- o—I > | “ + Cc
w [ !
L
I_ I_ VBIASS l_
I M9
'V|14j M10 tl\/llrl t
* > * >

VSS

* Mj,,M;; and M,, : Letthedrainbiascurrentsof M,, and M, follow
thechangeof 1, under positiveinput common mode voltage.

P Novoltage spikeat V,,
Also serves as CMFB

* Better PSRR and input common-mode range.
* C,. isdecoupled from the gate of thedriver M.

4.Simple cascoded CMOS OP AMP

Ref.:|EEE JSSC , vol.SC-19 , pp.919~925 , Dec. 1984
+VDD

V M;E e §M6 —] E'MSVOLﬂ
BIASL M3 M4 o

H_
::I Cc
le— M1

AR

]

* Good PSRR
* Reduced input common
range.
P restrict its applications
to those which use avirtual
ground.
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Ref.: IEEE JSSC , vol. SC-20, pp.657~665 , June 1985

T6 T14

T12

T5
—»W
IBIAS
T11 ='|—_>1T13 > = T15—| T17
o 1 -

T,,T,, : Cascode structure

* Output conductance ~ without any noise penalty and with only a very small
reduction of phase margin.
P Gain- noany compensation is necessary.

* Maximum output swing

8 8-2 Advanced Design Techniques on High-frequency Non-differential-type CMOS
OP AMPs
1. Single-ended push-pull CMOS OP AMP
*Current-gain-based design
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<_T — +\VDD
| M9
M5 M | l: M6
4_
M13
4_
M15 . || M7
OUTPUT
M16 M127s L
INPUT I—‘ :I=:
° BL, ]
)‘ﬁ M11
M4
M10 Vee
TABLE
Parameter Measured Vaue
DC-Open Circuit Gain 69dB
UnityOGain Bandwidth 70MHz
Phase Margin 40°
Slew Rate 200V / nreec
PSRR (DC") 68dB
PSRR (DC) 66dB
Input Offset Voltage 10mV
CMRR (DC) 62dB
Output Voltage Swing 1.5Vp
Output Resistance 3MW
Input Referred Noise (@1KHz) 0.54nV /v Hz
DC-Power Dissipation 1.ImWait
Vpp =13V ; Ve =-3V ; g =50m\ ; CL=1pF
TABLEII
Bias Current Unity-Gain DC-Open Circuit DC-Power
Bandwidth \oltage Gain Dissipation

25 50MHz 70dB 0.55mw
50 A 70MHz 69dB 11mw
100 N\ 100MHz 66dB 2.2mwW
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2.Low output resistance CMOS OP AMP

*C, isacompensation capacitor
*For low-resistance |oad

* Smaller maximum output voltage swing.
*1g =50M\C =1pF , f, =60MHz

— +\/DD

I:M 22

¢—o OUTPUT

I:M 21

8 8-3 Advanced Design Techniques on High-drive MOS Power or Buffer OP AMPs
§ 8-3.1 Efficient Output Stages.
A. CMOS output stage using a biplar emitter follower and a low-threshold PMOS
source follower.

+ VDD
v » >—
VBIAS H
P
j I/ ¥
|\ I\ VOUt
o
— —
s
Vin ||— |
I_ H
o —
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B. Complementary class B output stage using compound devices with
common-source output MOS.

* Voo

T1T
<

TTT

®
- Vg

§ 8-3.2 High-drive power or buffer CMOS OP AMPs
1. Large swing CMOS power amplifier (National Semiconductor)

* Vo

IETMG e
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*  Noninverting unity gain amplifier CHUNG-YUWU

——
+ VDD

Vin @/
M, provides the negative feedback
* A,My, and A, M, formaclass AB push-pull output stage.

* Full swingfrom +V,, to - Vg

* Mgy,M,,My,and M, form a current feedback to stablize the bias current
of My and My,.

Offset in A 0 Viu -P Vo P lous- ad lpoye-P oy -

and | omzz = P Veausa - and \VAN PV, -, ie

Vi PV, PV, ~ (virtua short between + and -) b V,,, ~

througt Mg P All the bias voltage and current are restored to the normal
values and the offset isabsorbed by Mg, .

Since the current feedback is not unity gain ,some current variation in
transistors M, and M, still exists.

Ve
MT]—EI v, I[TMG
MPC

¢ —e
Vv T S |y
IN E T ]I P . O:l>JT
M, Vs M,
Vaiasy | '-_-_1::
M, i
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Large positive common mode range allows M, to source large amount of
current to the load. (because V,, @V, )

Themaximum Vg, Which M; and M, still inthe saturation region is

Vessmex =~ (Vbop = (Min = Vest +Vbsar1)) == (Ve - Vin V1)

P VTHl'ID VGsemax'p IDM6'

(1). Threshold implant to increase Vo0,

(2). Negative substrate bias - Vg toincrease Vo,

<
2
I =t
<

MN3
I A
0

*  Theinput stage is not shown in the diagram.
* My, Mg,M; form the second stage with C, the Miller compensation

capacitor.
* If Vo ® -Vg,Voqus ® 0 and 1 ,qys ® 0.

out
P M;,M,,M; and M, areoff
P M,, and M,, aredtill ontokeep V4 @OV.
Otherwise, M, will beturned on.
Similarly, M,,, and M,,, tunoff M, inthe positive voltage swing

Mpz, M 3. M4sMp, and M areoutput short-circuit protection circuitry.

Normally, M. isoff.
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When |DM6 @SOmA, lDMP3 -p IDMN4 -p VGSMP5 T
P 1oy ISlimited to approximately 60 mA.
Tablel
POWER AMPLIFIER PREFORMANCE
Parameter Simulation Measured
Results
Power dissipation( = 5V) 7.0mwW 5.0mw
Avol 82dB 83dB
Fu 500K Hz 420KHz
Voffset 0.4mV Imv
PSRR+(dc) 85dB 86dB
(1KHz) 81dB 80dB
PSRR-(dc) 104dB 106dB
(1KHz) 98dB 98dB
THD  V;y=3.3V, R.=300W 0.03% 0.13%(1KH2z)
C.=1000 pF 0.08% 0.32%(4KHz)
Vin=4.0V, Ri=15 kW 0.05% 0.13%(1KH2z)
C.=200 pF 0.16% 0.20%(4KHz)
T settling (0.1%0) 3.0us <5.0us
Slew rate 0.8V/us 0.6V/us
1f noiseat 1IKHz N/A 130nV/Hz
Broad-band noise N/A 49nV/Hz
Diearea 1500mils?

TABLEI

COMPONFNT QI7FS({ nm nF)



MI6 184/9 M8A 481/6
MI7 66/12 M13 66/12
M8 184/6 M9 2716
M1M2 36/10 M10 6/22
M3,M4 194/6 M1l 14/6
M3H,M4H 16/12 M12 140/6
M5 145/12 MP3 8/6
M6 264716 MN3 244/6
MRC 48/10 MP4 43/12
CC 110 MN4 12/6
M1A M2A 88/12 MP5 6/6
M3A,M4A 196/6 MN3A 6/6
M3HA ,M4HA 10/12 MP3A 337/6
MO5A 229/12 MN4A 24/12
M6A 2420/6 MP4A 20/12
MRF 25/12 MNSA 6/6
CF 10.0

Maximum loads: 300W and 1000pF to ground.
Ref.:IEEE JSSC , vol.SC-18 , pp.624-629 , Dec.1983
2. High-performance CMOS power amplifier (Semens AG)
(1). New input stage : 3 gain stages.

*  Ccis connected to the source of Mgy to improve PSRR
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7 = - ngegmsgml3 LHP
Ce9m6Ims * C19me Iz
p @ Juwdo
gml3Cc

2

e

2 1/
P21P3 @_ gmB(Cc +CO) + jggnﬂgmlfs _ @mB(CO +CC)2 3
2C,C. &

5C.C. & 2,0 by
where 9o ° Yosr2 t Yuss

Co =C_ +Cuy +* Cns

C; = Cgas t Capu + Copo + Cg

Design guidelines for stability :
Ors large, Oz >> e

(2. Output stage

+ VDD *—
V,
BIAS°_| :J
| -
I_{ | r_-
[P
Vout
—0
P>
In
12
Vino_l
H
- VSS

Class AB source follower
*  One pole and one zero at high frequencies.

*  Not full swing
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q

Pseudo source follower

*  The quiescent current in My and M, will vary widely with variations in

\Vosl and Vos2.
*  Suitable common-mode range of the two amplifiers A; and A, are
required.
* Large phase shift at high frequencies due to A; and A, b stability
problem.
Combined output stage:

*  M; and M, are turned off in the quiescent state by building a small offset
voltageinto A; and A, M3-Mg control the output quiescent currents.

* My (M,) sinks (sources) approximately 95% of the required currents.
* M, and M, provide a high-frequency feed-forward path.
+V

DD
BIAS>—|
(V.1 h»

error amp.

[ M| “p——

_l M, J\—l Ms
N
V7] 2> [My
Vi, >_| o am.
-
Vg

Still has asmaller swing limited by Ms, Mg .
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Mz, M1, and M5 form a circuit to turn off Mis when Vo < Vrpisz
(negative)

C. : compensation.

Three poles and one zeros.

Z1 » - gm? + grrbs?

Cc + Cgs?
P » "9
CL +CC gm15
ds6
1
é s U2
Agm g (C +Cc ) 20
PZ! P3 » - gm7(Cc +CL) + Jg e ) gdSG _ @m7(Cc +C|_)g H Wheﬁ
2C,C, & CCG € xc v
€ i

C, =Cyo t*Cis * Cypr +Cyyy
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*—o—

M,
\—l Ces
I:M L11 H
_l Ms

L
TABLE| Component Sizes

M1  400/15 MH1 48/10 ML1 48/6
M2  400/15 MH2  50/10 ML2 50/6
M3  150/10 MH3  500/15 ML3 300/15
M4 150/10 MH4  300/6 ML4 150/5
M5  100/15 MH5  300/6 ML5 100/5
M6  150/10 MH6  200/5 ML6 300/6
M7  150/10 MH7  250/15 ML7 100/15
M8  300/5 MH8  700/6 ML8 400/5
M9  300/5 MH9  15/6 ML9 5/5
M10 300/10 MH10 10/15 ML10 5/15
M11 300/10 MH11 20/15 ML11 15/15
M12 1200/10 Ccl 20pf
M13 600/10 Cc2 Apf
M14 200/5 Cc3 Apf
M15 200/5
M16 600/6
M17 600/6
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POWER AMPLIFIER PERFORMANCE SUMMARY

(First Revision)

8-20

CHUNG-YU WU

parameter Measured Results
Supplies 5V
OpenLoop Gain 93dB
Bandwidth 1.2MHz
Power Dissipation X 12.7mW
0 1.76mw
Output Swing (R .=200V) +3.1V
PSRR+ a DC 93dB
1 kHz 91dB
10 kHz 76dB
100 kHz 60dB
PSRR- a DC 102dB
1 kHz 89dB
10 kHz 75dB
100 kHz 53dB
Slew Rate 15Viis
Input Common Mode Range +3.3V
-5.5vV
Die Area (51 m CMOS) 1000 mils?
Harmonic Distortion (3 kHz)
Vii=3V, R.=200U
HD2 -73dB
HD3 -78dB

Maximum Loads : 1000pF and 200Uto ground.

Ref.: IEEE JSSC , vol. sc-20, pp.1200-1205, Dec. 1985.



3. Efficient Unity-gain CMOS buffer for driving large C,.

High-drive OTA buffer

VDD

_[‘;_ 9
=t
)

—e A 'l:M

X7

o
ol

Vin+_| Mpo Mps I_Vc - :!VIE °_l"\)/:m
L
V33>_| Mg Mys \_._r\EH:st ‘1:
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Bias stage
+ VDD

—ith

VBl M B2
Ml
VBZ M .
VB3

Mye dh ”:le _l EMB“
Ve . . - Vo
TABLEI
TRANSISTORS DIMENSIONS
TRANSISTOR W (mm) L (mm)
MX1, MX5 225 3
MX2 75 3
MX3 30 3
MX4, MX6 90 3
MR1 6 21
MA1, MA4 45 3
MA2, MA3 450 3
MAS5 36 3
MX7 600 3
MX8 240 3

* Mgy hasalow W/L and is operated in the linear region

P likealinear resistor.
* Mx2 and Mx3
Quiescent operation:

< My, and Myz are on.

P Keep Vesux7 ad Vesuxs [ow to reduce dc power.



b Provide alow-impedance level at node A and B.  CHUNG-YUWU

The low-order poles created by the Miller cap. of My; and Myg can b
avoid

* If Vi, <<0
Myxa-Mye are turned off and My; and My, are on
P Node A hasahigh voltageP My off.
Vg =V, because of Mg P Myg On.

* Inthe bias circuit, Mg, «
Mx4.

Mgr1, Mg1 « Mxi, Mgz «  Mxa, Mgz« Mys, Mgy «

In the quiescent case, Vesuxi » Vesvxz ad Vesuxa » Veauxs
P The current in Mg; and Mg, controls that in My; and My, and Mx7 and Mys.
*  Rgascontrols the current through Mg, and Mgs.
P i.e. the current through My, and Mya.
Characteristics:
3 nm CMOS area: 100mils?.
C.3 100pFand R 3 10kwW : stable.
C.=5000pF b f » 100kHz.

TABLEII
BUFFER' S PERFORMANCE
PARAMETER MEASURED VALUE SPICE
Supply Voltage +25V +25V
Supply Current 285 mA 270 mA
Voffset <10 mVv 5mv
\oltage Gain +1.00V/NV +1.00V/IV
Faqs (CL.=100pF) 6 MHz 8 MHz
Gain Peaking 0.4dB 0
RocL 330 W 2710 W
CMRR 80 dB 84dB
Input CM Range +18V +17V
SR (CL=5nF) +09V/ns +10V/ns
Tsattling (t0 1%0) 3.9ns 41
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F=1kHz NA
270 V/JH;
F=50kHz NA
70 v/ [H,

Ref.: IEEE JSSC, vol. sc-21, pp.464-469, June 1986.

8 8-4 Advanced Design Techniques on Fully differential type CMOS OP AMPs
1.  Low-noise chopper-stabilized OP AMP
Techniques for the reduction of 1/f noise:

1) Use large device geometries.
Possibly too large chip area.

2) Use buried channel devices
Not a standard technology.

3) Transform the noise to a higher frequency range

So that it does not contarninate the signal.

a. The correlated double sampling (CDS) method
b. The chopper stabilization method

a. CDS method
Vn2
v Vn2 v A
o (O SE)—fa>—
1 L T |
9H
] z f'
7 > neql
neql
Vi () | Vo
_/

\

P Noise reduction

b. Chopper stabilization method
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A f A
Noise \ / \
A
" f
=
Vin© O + Vour

A

If the chopper frequency is much higher than the signal bandwidth, the 1/f
noise in the signal band will be greatly reduced.

*

Example: Fully differential class AB chopper stabilized OP AMP with DCMFB circuit.
Major advantage of fully differential OP AMPs:
1. Improvement of PSRR
2. Improvement of dynamic range

3. double the output swing
4. Reduction on the sengitivity to clock and supply noise.

Disadvantage:



o<

1. Larger area, mainly due to interconnection
2. Additiona design complexity

3. Increase power dissipation.

+V,

DD
c+ '_| M29 M13EH m M M I HMQ MlEI T M M M IHM14 M30

<

V. M M V,.
ot
o— |:||:—|7 M, M, |—:|8 |:| —o
Mg, M i 1 Mgs My, My,
P —_ 47 —4 —_
] ] A4 A ~ ; s A L h B D“"'_j
- M49_'_ _I_M -1 -
Mg 50 Mg
1 Mg Msz_l_
N M M N 1 N A N N M }
Mg, =

1L [
(@]
™~
Y
T
3
1
¥ 1
<
&
i
7
Y
T
m§
=
g
NO
T
1
Jp

[ Mlgl 71— [sz Mzg:l — [MZU

L M E 1 — M., L
'JI\/I_37L"_| a1 M115]| ’ K [1'\/'11 M1zl] 1 A Il:le Mz P@ My,

M43-M46, M47-M54: the input chopper and the output chopper.
M29-M42, C1-C4 : DCMFB circuit

Device W(um) L (um) Device W(um) L(um)
M1 25 3 M19 7 35
M2 25 3 M20 7 35
M3 25 3 M21 175 35
M4 25 3 M22 175 35
M5 25 3 M23 7 35
M6 25 3 M24 7 35
8-25
CHUNG-YU WU
M7 25 3 M25 35 35

M8 25 3 M26 35 35
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M9 10 35 M27 3 7
M10 10 35 M28 3 7
M1l 4 35 M29 12 35
M12 4 35 M30 12 35
M13 175 35 M31 16 35
M14 175 35 M32 18 3.5
M15 7 35 M33-M34 7 3
M16 7 35 M55 7 3
M17 175 35 MS56 7 3
M18 175 35

Ref: IEEE JSSC vol.sc-21, pp.57-64 Feb.1986

2. Fully differential folded cascode amplifier(National Semiconductor)

For interna OP AMPs, high output impedanceis O.K.

P simple 2-stage or single-stage OP AMP.

—e Vg Vg
TWO-STAGE SINGLE-STAGE
CASCODE
DOMINANT AND NONDOMINANT POLE LOCATIONS
FOR THE TWO-AND SINGLE-STAGE AMPLIFIERS
Dominant Nondominant
pole location pole location
Two-stage 1 Om
amplifier ,CeOmlo C,
One-stage 1 In
amplifier r,CLOmlo Cp

In general, the higher the 2™ pole frequency, the faster the settling response.

P Single-stage cascode amp. has a faster settling behavior.



3.

+V

DD

CMFB: Commonmode feedback circuitry

High-performance micropower fully differential OP AMP.

Simplified schematic of the class AB amplifier:

+V

OUT(+)
O—

19

18

M

M

11

\J
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ool

OUT(+) OUT(-)

4mAA_ | dassaAB
3mA- h
2miy: i class A I:Mls
I |

- . - % Im T m\ »

200 200 _-zlor;JAvmv Vin I:M13

L om

Active portion of the amplifier for a positive input signal.

Detailed schematic of the entire amplifier without CMFB:

&

° - -
vl X [ [ |[1,|
2311 Y | 14
M, I
|
Mzo > ||:M27
Mog I:MlG
Me
=
OUT(+) ) OUT()
Ms
p

<
=
(e¢]
\V
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NMOS dynamically biased current mirror:

v ouT

11
T T
K r

5
1_1
>

If 19 =13, Vass =Vesas = Vess

Vosiz =Veso - Ve

Set Ve = - Vo P Vg = Ngso - Vi

. W
Design (T)so’ suchthat Vggg = 2Vgso = Vi

P M, isawayssat. at the edge of the linear region.

P Output swing-
Dynamic CMFB is used.
AMPLIFIER DEVICE SIZES

DEVICE Z(p m) L(p m)
M1 180 6
M2 180 6
M3 140 6
M4 140 6
M5 150 6
M6 150 6
M7 200 6
VE! 200 6
M9 22 10
M10 22 10
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M11 29 7
M12 29 7
M13 22 10
M14 29 7
M15 22 6
M16 29

M17 29 7
M18 22 10
M19 22 6
M20 29

M21 20 9
M22 6 12
M23 28 6
M24 6 14
M25 20 9
M26 6 12
M27 28 6
M30 6 14

AMPLIFIER SPECIFHICATIONS

CORE AMPLIFIER SPECIFICATIONS
(0-5 \olts Supply)
100u W Quiescent Power Dissipation
DIFFERENTIAL GAIN >10.000*
UNITY GAIN FREQUENCY 2 MHZ*
NOISE 140 nV/ «/Hz 1KHz
50nV/+/Hz white
OUTPUT SWING 0.5 Volts from Supply™
AREA 300 mils®

* inferred from filter measurement
Ref: |EEE JSSC, vol. SC-20, pp.1122-1132, Dec. 1985
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4, Fully differential class AB OP AMP with CMFB circuit

+ Vbp

<

16

Characteristics:

Technology : 5um, P-well CMOS, double-poly cap.
Open loop gian 1180 unity-gain freq : 10Mhez
CMRR : 61db power consumption : 2.3mw
Area : 200 mils®  power supply x5V

Ref: IEEE JSSC ,vol.sc-20 , pp.1103-1112, Ddec,1985
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§ 8-5 Recent Design Examples of CMOS OP AMPs
8 8-5.1 Fast-settling CMOS OP AMP for SC Circuit with 90-dB DC Gain
Reference : IEEE JSSC, vol.25, no.6, pp.1379-1384, Dec 1990.

1.Gain boosting
1)  Cascode gain stage with gain enhancement
+VDD
\o
Vref © + C
load
Aadd M2 I
]

\ﬁO_II:Ml
_o|_ ——

= .vSs

Rout = [ngrOZ(Aadd +1) +1]r01 + r02
Aot = gmlrol[gmzroz(Aadd +1) +1]
Abrig = gmlgmzrolroz

2) Repetitive implementation of gain enhancement

+VDD

\o

M2 M4 M6 M8 |—

SR
I —

2.High-frequency behavior




8-32

CHUNG-YU WU

w; : Upper 3-dB frequency of A,

W : Unity-gain frequency of A,
:Upper 3-dB frequency of A,
:Unity-gain frequency of A,

:Upper 3-dB frequency of A,

W,
W,
W,

w; - Unity-gain frequency of A,

4 |gain (10g)
AtOt """"""""""""" { -
gain enhancement
Aatib— 4— — = Aaq(0) +1
Aorig -------- E— -> -\- R
: \» ‘\‘ W (Iog)
H “\ —’WG
I al \‘|
Wi W W3 W, W5\.\
We want W5 Aorig:W5|Atot

W, > W; => The bandwidth is determined by W4, i.e. Rout and Cioad.
=>Wy> W3
But W, < W5 for easy design of A .
Aagq @and M2 forms a close loop with the dominant pole of W, and the second pole at the
source of M2, i.e. Wg
The stability consideration requires W, < Wg
=>The saferange of Wais

W3<Wi< We

*  The repetitive usage of the gain-enhancement techniques yields a decoupling of the

op-amp gain and unity-gain frequency fu. That is.gain- without fu .

3.Settling behavior

1. Tota output impedance Ztot
Ztot=2,, I Z

!t

Normalized impedance

Zioad: impedance of Cioad

Zout: output impedance of the amplifier
Zout @Zorig (Add+1)



8-33
CHUNG-YU WU
w, : Upper-3dB freg. Of A,

=>thesamefor Z,

W, : Unity-gainfreq. Of A,
Forw> W,, A,<12Z,® Z,,
2>A zeroisformedat W, for Z,

Zisa = Zioad |1 Zow A pole-zero doublet isformed around W,

=>»The samedoublet of A,
3. Design technique for fast settling

1
The time constant of the doublet, —— , must be smaller than the main close-loop time

w PZ

constant, . where b isthe feedback factor.

bw

unity

The saferange for the W, .

t gain (log)

Aclosed-loop i
1/b g
W, bwsi WaN\Ws Weg
| Ny

e range for w,

&2\1...----

bw, < w, <w,
doublet

4. CMOS OP AMP circuit
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MAIN CHARACTERISTICS OF THE OP AMP

Gain enh. on Off
DC-gain 90dB 46dB
Unity-gain freg. 116MHz 120MHz
Load cap. 16pF 16pF
Phase margin 64deg. 63deg
Power cons. 52mw 45mW
Output-swing 4.2V 4.2V
Supply voltage 5.0V 5.0V
Settling time 61.5ns -

0.1%, DV, =1V

8 8-5.2 1V Rail-to-Rail CMOS OP AMPs
Ref.: IEEE JSSC val.35, no.1, pp.33-44 Jan. 2000
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1. Typica input stage for rail-to-rail amplifiers

* Parallel-connected complementary * Operating zones for low VDD/VSS
differential pairs.

1Iil'IFI.‘!IZII
(e
2 (R M
I T, SR R
b et e e e
P s a*hdﬂ’ﬁ?&q
fate)
',

e,

Whataly :'f
ﬂgﬁhvy$ s -.}f
LI

1F+

icl
: NMOS pair is ON
oy @ PMOS pair is ON

Dead region.
Both pairs are off.

I
!
| Voo
i
DG
y \";n ‘1".—"
R | I l—c ¥,
v L I /\
34 ot e v; Lo v,
v Vi o Level-Shift Corrent Generator
4.- -
!
i
i ks
H E . .
R SR = | g \/annrﬂVLan4R

2. Dynamic level-shifting current generator Vi.p.cm=Vi cmi-IR
* The input resistance over the entire voltage range is infinite and no loading effect or
input current over the previous stage.

Usually mismatches cause negligible input current.
* The symmetrical topology ensures very high CMRR
DR DG,

CMRR = — (PR 4 DSnys
RG.'R G

m m

where G, =Dl /DV,,
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1

2l +

L.+ IDPL:II |

¥

max

2o+

¢

oo

)

| ¢
LE
B L

Current Subtractor

3. Ralil-to-rail very LV CMOS OP AMP with input dynamic level-shifting circuit

% I[;mn m']I———":Im

Vop
e e e
£
5]
(ng:- LMz me J— M9 I_‘T“:Mu
E R3 L, R1 = —[ s
= Vi £ Vi =
(@] Ry Gy
< R4 R2 Al Voo
il
5 1
% ' M> I_\ EMS GD [0
PR |
ft
|

MAIN TRANSISTOR ASPECT RATIOS (IN nm) AND ELEMENT VALUES OF THE
AMPLIFIER BASED ON COMPLEMENTARY PAIRS

M1A,M1B
M2A,M2B
M1,M2
M3,M4
M5-M8
M9-M12

400/5
200/5
400/2
200/2
400/5
500/5

M15
R1-R4

Ru
C,

bn zlbp

(o]

700/2
30 KW
5KW
10pF
10mA
40mA




4. Input CM adapter

1IIIIIrI:JI:‘.'

*V,

1,cm

Circuit implementation:

isdegraded by A and V, .,

@/ref
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VX = A[2Vref '(Vi,p+ +Vi,p_)]
= ZA(Vref - Vi,p,cm)

1=G,V,
Vi,cm
2RG_A

m

=> Vi,p,cm @/ref +

=V.

i,dm

V

i,pdm

'-:" MIA

—o V,*

gR]

L s

i

MA1 MA2
Vi | v r
P | | ¥ et e
1 q MA3 | MA4
A ! T s T
Cl% vx
= I |
ITGP ;IFMZﬁ M2B "—7 MZCIE 2%
] [

5. VeayLV CMOS OP AMP with asingle differential pair and the input CM adapter.
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Adapter
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=

o

—
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Main transistor ratios(in mm) and element values of the amplifier based on a single input pair

M1A M1B 1000/6 M6 1600/2
M2A M2B 600/4 M7-M10 300/4
MA1-MA4 50/2 M11 700/2
MAS5-MAG 300/4 R1-R2 15KW
M2D 150/2 Rm SKW
M1,M2 200/2 Cwm SpF
M3-M5 400/2 |s=1r/2 10mA

6.Measured results

Experimenta performance of amplifiers(V supply=1V,technology:1.2nm CMOS, C =15pF)

Parameter Dynamic-shifting amp CM adapater amp
Active die area 0.81mm? 0.26 mm?
|do(supply current) 410uA 208UA
DCgain 87dB 70.5dB
unity-gain frequency 1.9Mhz 2.1Mhz
Phase margin 61° 73°

SR+ 0.8V/us 0.9V/us

SR- 1V/us 1.7Vlus
THD(0.5V pp@1kHz) -54dB -77dB
THD(0.5V pp@40kHz -32dB -57dB
Vni(@1KHz) 267nV/ +/Hz 350nV/ +/Hz
Vni(@10KHz) 91nV/+/Hz 171nV/ /Hz
Vni(@1MH?2) 74nV/ /Hz 8onv/ +/Hz
CMRR 62dB 58dB
PSRR+ -54.4dB -56.7dB
PSRR- -52.1dB -51.5dB

§8-53 1.5V High Drive Capability CMOS OP AMP

Ref.: IEEE JSSC vol.34, no.2, pp. 248-252, Feb. 1999
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o

Veiao M3 M4

1. Folded-mirror differentia input stage

Vam £VGS6,7 Vi, = 2V, t DV6,7 ouT
» O
VCM 3 VDSﬁaIS +VGSl,2 = 2\/'I'Hn + DVS + DV]E)Z_I I_o
M1 M2

CMR=V,,, - DV, IN*+ IN-

DV : overdrive voltage. VRiasi

- o[ M5 meé | [ M7
CMR isindependent of supply voltage.
For Vpp=1.5V , CMR=0.6 ~ 0.7V VSS ¢ ¢

CMR of the conventional NMOS-input differential pair is 0.3-0.5V
2. Output Stage
+VDD

INO_.‘I

Input section:  M1A-M4A |, Iz, s>
Output section:  M5A-M6A and M7A-M8A
M5A, M8BA  sat
M6A, M7A  off.
For low input levels, MBA and M7A off =» Class A operation.
For large positive input signals,
Ip1a=lg; = M3A and M5A OFF
2 Va- -Vss
= Mg iSturned on to supply most of the output current.
But M7A remains cutoff.
The current of M8A isincreased.
For large negative input signals, M+, supplies most of the output current.
(W/L)5a8a << (WI/L)ga7a for low dc power dissipation and high drive.
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| [M2a M1 |-4>{ILJ 12

CcaB

w2a W MBJ:]

M14

Mllﬂa =tl

?

Dominant pole: Wpl»
b o571 (Gl og.9) 2L Ghsa ga (Fosa [17ea )1} CC

gml,Z

Gain-bandwidth product: W, »
cl
Hybrid nested Miller compensation:  Ccy, Ccp, Ceanp

The inner amplifier Mg,Mg,M14~Mga contributes the nondominant poles.
* The two-stage OP AMP M;~Mj has a gain-bandwidth product of YGm2

c2

and the gain of % at high frequency. The gain of M;-M- at high frequency is
S

c2

2&‘12 . Thusthe gain of the gain stage M8 and M9 is approximately equal to

cl Cc2

* The open-loop gain of the inner amplifier is

A, @ EC gzi iAA _zngA 8A( 05A||r08A)

g m3A4A

Dominant pole: W, @
mSABA(rOSA " rOBA)CC?:A,B

2
Second pole: W, @%
L



Gain-bandwidth product : wgg,,,, @2
or the second pole of the

whole amplifier

Design consideration :

ch_ g milA,2A

CCZ CCBA,B
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To obtain amaximally flat Butterworth response without gain peaking, we have the

unity-gain frequency equal to one haf of the second-pole frequency.

1
Weawin = Wiin = EWPZin

uin

1 1
WGBW :Wu :EWuin :EWGBV\An

Reference : IEEE JSSC, vol.27, pp.1709-1716, Dec. 1992.

Setting 2C;, 5 = C,, Wehave

Om
C, =2—™2 C,

m5A8A

Ce2 =2Ccsnp = /29m1,29mazn xC—L
mEABA

Component values :
M1,M2M3M9M1A M2A ,M10 60/2
M4,M5M11,M12,M13 20/2
M6,M7 15/2
M8 90/2
M3A 5/1.2
M4A 15/1.2
M5A 30/1.2
M7A 120/1.2
M6A 360/1.2
MB8A 90/1.2
M14,M16 10/1.2
M15MC 30/2
Ca 4pF
Cez 6pF
Cean,Cea 2pF
Igias SUA
V1h 0.8V




Experimental results:

MEASURED MAIN PERFORMANCE

8-42

CHUNG-YU WU

OpenLoop Gain 68dB

GBW 1IMHz

Phase Margin 65°

Gain Margin 16dB
Settling Time(0.1%), DV =200mV  [400ns

Slew Rate 1V/ip s
THD@1kHz V,, =0.5/ RL=500Q |-57dB
Closed-Loop Gain=20dB

PSRR+@1kHz 75dB

PSRR- @1kHz 750dB
CMRR @1kHz 95dB

Offset <8mv
Power Dissipation 280p W
Die Size 0.08 mm?
Technology 1.2u mCMOS
Loading 50pF || 500Q
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Chapter 9 Passive Components and Switches

8 9-1 Resistors
1. Source/Drain diffused resistor
Thermal oxide
/ Metal
M( WM
§ n+ )
p

*  Compatible with NMOS and CMOS. meta-gate and Si-gate
techniologies.

* R = 20~100W/O (100KW max)

*  Temperature Coefficient of Resistance (TCR) = 500~1500
ppm/°C.
Voltage Coefficient of Resistance (V CR)=100~500ppnV °C
Tolerance=+ 20% (Absolute)

*  High parasitic capacitance (n"-p junction cap.)
Piezoresistance error. (Because of shallow junction)

2. P-wel (N-wdll) diffused resstor (Well or tub resistor)
Thermal oxide

Metal
iy g4 g
Upd ( n+ J LW)
p

*  Compatible with CMOS metal-gate or Si-gate technology.
* Ro=1KW ~5KW/O
Large VCR

P
———
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* Large depth and lateral
Spreadingb narrow resistors are impossible.
3. Implanted resistor
( metal -gate technology )

CvD SO
SO 2

n+

/ il

Implanted N+
p-sub

*  Compatible with NMOS and CMOS, metd-gate and Si-gate
technologies.

*  Need an additional masking step.

*  Rs>500W ~1000W /O ; can be accurately controlled.

* Higher VCR ; smaller tolerance.

*  Difficult to iminate the piezores stance effect.

*  The resistor implant can be combined with the depletion
implant.

4. Poly-Si resistor
Vapor deposited oxide

J F
P
Field oxide

* Realizable by NMOS and CMOS Si-gate technologies.

* Ro =30W~200W /O (doped with the source/drain
diffusion)

*  TCR@500~1500 ppm/°C ; Tolerance= + 40%



9-3
*  Can be trimmed by laser or poly fuse. CHUNG-YUWU
* Fully isolated with smaller parasitic capacitance.
< Verson | :Poly-I resistor
< Verson |I:Poly-II resistor
<< Vesgon Il :Poly-l and Poly-II distributed RC structure
(please see the structure shown in poly to poly
capacitor)
5. Switched-capacitor simulated resistor
* Redizable by NMOS and CMOS , metal-gate and Sigate
technologies.

*  High frequency operation?

o—J L T T o
Vl R V2 V1 l C V2
|:V1 ;QVZ f. istheclock frequency of f or f
i:—C(Vl-VZ) R:I: 1
T ’ C f.C

6. Thin-film resistor
* Redlizable by NMOS and CMOS, meta-gate and Si-gate
technologies.
*  Need additional process steps.
*  Si-Chromium resistor or Mo resistor.
*  Laser trimming is possible.
*  Non-conventiona materia may be involved.

§ 9-2 Capacitors
1. PN junction capacitor
*  Wel known and understood.
* Nonlinear capacitance with alarge VCR.



*
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Compatible with all MOS technologies. CHUNG-YUWU

2. MOS capacitor

*

metal
.T 7
[T/ 77
thin oxide

l p+

P-sub

Redizable only by NMOS and CMOS metal-gate
technology.
TC=25 ppm/°C
Tolerance=+15%
VC=25ppm/V
V oltage-dependent capacitance
accumulation depletion
Co (Co* Cd™)*

3. Poly (or metal ) to bulk silicon capacitor

Poly S
K Metal
s m\w«iﬁ&\&j

AW
h |

= — )

Thin thermal oxide Heavy n+ implant

P

Redlizable by NMOS and CMOS poly-Si-gate (metal-gate )
technologies.

Need an extra mask to define the heavy i implant as the
bottom plate.

Can be trimmed by laser on poly-fuse.

( Poly-fuse : blown with 10-20mA )

Bottom plate pn junction parasitic capacitance (» 15%- 30%)
VC of the capacitor» -10ppm/V
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TC » 20_50 ppm/OC CHUNG-YUWU
Tolerance » +15%

4. Poly to field implant region capacitor

*

poly-S

/
_ field oxide —
Wﬁ - O

p-sub

Realizable only by NMOS and CMOS Si-gate technologies
with the fidd implant.
Smaller oxide capacitance per unit area

Thick field oxide
The capacitor’ s bottom plate must be always connected to
the subdtrate.
Low quality dielectric oxide.

5. Metal to poly capacitor

\ / \ p7|y oxide

CThi ck

P-sub

Redlizable by NMOS and CMOS Si-gate technologies.
Interdielectric is poly-oxide.

Extra mask to define the ploy-oxide pattern.

Poly fuse trimming is possible.

CVD oxideis not good as capacitor dielectric
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hysteresis in Q-V due to dielectric changing and
relaxation.
* For rdiability consideration, the 1
top metd layer must be larger than ¢ lc

_ Thick
the poly oxide layer. ‘ I
P Crhick exiss C

B
P parasitic capacitance I \l ]
* VC=100ppm/v, TC=100ppm/°C p?)a){rtaC;i?c ?;Ste
6. poly to poly capacitor
dep?jited Thin thermal
Vi oxIges oxide
o \ F;oly 2

\
\

— ~ —

Poly 1 Field oxide

P

*  Redlizable by NMOS and CMOS double-poly technologies.
*  VC=100ppm/iv
TC=100ppnV/ °C
*  Double-poly
P EPROM or E’PROM are avalable
P may be applied in trimming
*  The poly2 area may be smaller than the poly-oxide area
P smal Gy
Generad Reference: D. J. Allstot and W. C Black, Jr., IEEE Proc.
vol-71, pp967-986, 1983.

C

o

G

oo

8 9-3 Tolerance Consider ations.
Resistors: Absolutetolerance » +20% ~ +40%
Matching or ratio tolerance » +0.1% ~ +10%
Capacitors. Absolute tolerance » +15%
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Matching or ratio tolerance » +0.01% ~ +1% CHUNG-YUWU
Resistors :
_o.L DR_DL DRs_DL DW
R=Rs— , =—- »—— -
W R L Rs L W
If Lislarge b Lo >0P DR, DW
L R W
. — .2 1/2
_rt _seelr § a@_l-o a@lWo a@lXto
xtw 'R %r_a SLy Wy Xt’”H
=W for long ressor
W
* Long resistor pattern is recommended in precise resistors.
Capacitors:
C:_eSiOZWL I:X:—DW_|_I:]—_|_I:bSi02 _ |:]:ox

t C W L ey U

H/_/H/_/

edge effect Oxide effect
CASE | : Absolute tolerance

0oX

bC _DW DI‘(|f W and L are smal or Dey,,and Dtox are
cC W
neglible)
If A Wand A L areindependent withs y =s, =S,
S =S L + L (random variation)
C 721wz |2
= W< L
V241

Assume L=W=d, SDC:T IS minimum
C

non- square(W?* L)

P s E‘ squard L=W) <S bCc

C C
For the same WL ,minimum perimeter leads to minimum
telerance.
Circular shape?

CASEIl : Ratio or Matching tolerance under geometry random
variation
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ac’ G, WL, da _dC, dG, CHUNG-YUWU

C, WL, a C, C,
Sy = S +S 2—s\/1+1+1+1
da — dc, dc, ~*°I 2 2 2 2
a J? <, L™ W~ L~ W

For W,=L,=d, s, :%‘\/2 %

a

P S

a

=23.|T| if L, =W, =+ad (1)

min

square Versus sguare

CASE |1l ;: Ratio tolerance under the uniform undercut effect
Uniform undercut is not a random variation.

L,=d O
W=d W, ¢
¥
g Ly
a0 C1- VUL,
C, d

a _ WL, - P,Dx+4Dx? O\MLl P.Dx

d?- P,Dx+4Dx? P,Dx
Da _Dx P
= a2(P -2
a d2(2 a)

actual

IF R,=Pp Da@ ie 40=2W*h)
a a
WL, =ad? U

(W, +L,)= 4daZ,

IDVVlzd(a—\/a -a) L,=d(a+va’-a) (2
2 a>1g
6-— L6
S T a6z @3
If a =1, both conditions(1) and (2) can be satisfied
P Ratiotolerance
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CASE IV : Ratio tolerance under edge and oxide effects ~ CHUNGYUWU

Take a =1 b unit capacitor array

D D D D D
D //’-.\\\ D
/ A
D ( e } D
C.

\\ " //

D \\._/5 D
D D D D D

C:1
3

4

D | : Dummy capacitor

pattern

*  Centralized structure to avoid the oxide effect.

*  Dummy capacitor may be omitted to save area.

* Ratio tolerance can be £0.06 %
Similarly, for resistors, we have

X

R,
X

X

N

dummy
resistor

X

R
X

X .o

*  Ratio tolerance can be +0.25 %

8§ 9-4 The MOS Switch
1. The NMOS switch

dummy
resistor

D IfViEVi+Van, Myon b V=V full transmission
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Example:
Vi=0V,Vi=3VPb V=0
V=5V, V;=8V, V=15V b V,=5V
2 If V, +Vy >V >V, Mon
Vz :Vf - VTHN
Example: v, =5v, V, =5V, Vy, = 1.5V (under substrate
bias), Vgs =0V
pV, =35V
I If Vi <V, M oOff
Node 1 or 2 may be floating
P V,or V, will be gradually charged or discharged by the
leakage currentin - MOS or PN junctions.
Vf
1

If \V, =0V for a very long time, V,® OV by the n'p
junction leakage current P Not alowable in circuit design
*  When the switch is turned on or off, the charging or
discharging current isnonlinear b Nonlinear resistor
Capacitance feedthrough effect:
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v CHUNG-YUWU
f

%O
<
e
N
80
=0

T 7 Il

error voltage
Example: C_, » 0.02PF,C, = 2PF,V,, =10V, error voltage» 0.1V
Compensation circuit:

V; Vi
_I_T_\_f iT__/_\_
o 1l

2. The PMOS switch

1
o TIT o}
1 2
VDD
*  Can pass high voltage without offset.
Example: v, =0v, Vpp =5V =V,

P V, =5/ --1=source and Meg| =5V
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*  Can' t pass low voltage completely. CHUNG-YUWU
B(anple' Vf =0V, V2i :5\/1 V]_ =OV, |\/Tp|:1.5\/
PV, »15/V1 0V

3. The CMOS switch

By
TIT
1 Vo I3
J.IJ.
Ty

f

* Full transmission

*  The clock feedthrough effect can be greatly compensated, if
the delay between V; and \/f IS zero.

* Nonlinear C; and C, and the delay between V, and
Vf. make the compensation of the feedthrough effect quite
complicated.

*If V=5V =\ ,Vf =0V Vyp =5V Vo TV [FLEV
V,=0V® V, =5V - 15V =35V :NMOSand PMOS
V, =35V ® V, =5V : Only PMOS

If V,=0V, Vy=5V
V, =5V ® V, =15V : NMOS and PMOS

V, =15V ® V, =0V : Only NMOS
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Chapter 10 CMOS Bandgap References

810-1 Basic Principles of Bandgap References (BGR)

Veeon) = MVipemIn(ly/15)
=gAn,°D,/Q, | :Reverse saturation current of a BJT
=Bn,’D A:Areacf aBJT
=Bn’Tm Qg :Base minority carrier charges
where B and B are D : Average diffusivity of carriers

constants, indep. of T.
m=CT"" C.Congtant, indep. of T.

n:Temp. exponent.

n? = ET®exp(- Vao Vi) E : Constant, indep. of T.
Vo : Energy gap.
p VBE(on) therm In[l T9F exp(VGO therm)]

F :Congtant , indep. of T.
g=4-n
|, =GT* where I, isthecollector current and
G isatemp.-indep. constant.

P Veeon) = Voo - Vieml (@ - @)INT - In(FG)]

Ingeneral, the output voltage V,,, isasumof Vg, and KV, witha
weighting factor K suchthat V,, isnearly indep. of T.

Veeon T KViem =Vou = Voo = MVipem(@- @) INT + MV, [K +IN(FG)] ........(1)
dv,, mv,
o] :O thermo K +|n FG thermo InT TV thermo a
i TO [k +In(FG)]- 1 = a) 70 )+ Voo
_ eed To
P K+In(FG)=(g-a)InT, +(g-a)- —VGO x—....(2)
7] thhermo

Substituting (2) into (1) , we have
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(g-a)@d+ |n-|_-r_o) -T iVGO CHUNG-YU WU

Vo =Veo + MV, aT

herm

7.02° 10°% XT2

V. =1.16-
o T +1108

d |, 14047 10T, (T, +1108) - 7.02" 107 5T,2
dT % (T, +1108)°

_ 1404710, A 7.02" 10" ST
T, +1108 (T, +1108)*

7.02° 107 <T 2
T+1108
14.04" 10°* X7 T N 7.02° 10* XT2XT
T, +1108 (T, +1108)°

b VOUt = thherm(g - a)(1+ |n-|:r_0) +1.16 -

If g=32m=21a=1T, =25°C

21.06" 10"*(298)? L 102 10*(298)?

bV, (T .. =116+2.2(0.0259) -
ot (Ml o ( ) 298 +1108 (298+1108)?

=1.093v

810-2 Bipolar Bandgap Reference
Widlar bandgap reference
*Feedback element Q, isusedtoforce Q, on.

*Q, also servesas astart-up circuit.
*Vout = |2R2 +VBE3

+Vce

|2:|3 if |52:|33
Ve, - V S ] N
I :M:imvthamgn(—l)+ln(ﬁ)g
R, R, g |, ls; 0
R R é ﬁ o a IR
Vou = Vees +}—2mé|n§_2i+|n i?ywtham
tR & &R g ls&%}g

|1/|2:R2/R1|f VBEl :VBE3
Adust R,/R, , R/R and I, /lg togiveasuitable K

AndKeep | @i, toobtain |, @4, and %z:—“” toobtain Vgz, =V, -

SL 1
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\%
Cut-in State @
The operating point @isthe V2
desired operating point
=>Need a start-up circuit.
810-3 CMOS Real Bandgap Reference (BGR)
810-3.1 CMOSBGR viaBJTsand Resstors
Verson 1: Verson 2:
N-well CMOS, positive Vrer N-well CMOS, Negative Vrer
‘o)
|1 ¢|2 -
Ri Ro
S
CMOS
OP AMP,
— vl
Rs
+
\ am®
Ql 1 QZ
-Vss

Q1,Q2:Substrage-well-source/drain parasitic vertical BJTs

I E
VBE = thherm |n|—
S

I 2) Vol )

_ R,
VREF - +{VBE1 + gvtherm(l n Ri

sl
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Typical design values: CHUNG-YU WU
[1=80u A [2=8u A

R2>» 0.6v =75KQ, RI:&:?SKQ &—M—YSKQ
& A 10 q A
Large resistance=>»use well resistors
R1,R2,R3: n+/p+ diffusion resistors
nt+ - poly resistors
well resistors

Both transistors are in the active region

Error anaysis:
1. Error dueto base resistances

VBEl _Vtherml ||1 +Vtherm| L1"' ;f)ll
S 1+— [31
B
I Bl |2 I1
DV =V INA+V, IN-2+V,__In +rb(B—- )
l, 1+i 2 AB,

If &1, &2 are not large enough or ry istoo large,

= DV duetorpand (3 islarge.
1

R R Ry 0 vins i Bl) Rz
R TR R T T IR, A,

2

Veee = H Ve +Vos(

2.Error due to input offset voltage Vos
Vos=10mV, V(1+ %) » 10V =100mV

TC error dueto

(RRLS VA
Voot dy - R 7 10100V _opmrec
S Ve dT ™ Ve T, 1.26V7 300°K

3.Error due to Bias current variation

| VigmINA
— :VThrem In th;rml (R3:R1)

Veer = VinamIN i
st s
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— In thermlnA+ Rl(TO) | =] CHUNG-YU WU

- Vtherm therm 11 1 2
R(To)ls R.(T)

InA
If F\’j isindep. of T b V,. =V | therm
BE therm Ri(T )|

If RdependsonT P Vg =Vthe,mln‘hLlnA+ the,mlnRi(TO)
R(To)l g R (T)

0 21 d°R 0
Vie :VBE|ideaJ- thermxéRdT _(T' )' therm 2RdT2 :(T'To)2
oA R TR X
PTAT 2 PTAT PTAT®  PTAT
21 dr| O
+Vtherm§2R2 dT ; -I-K) """
PTAT® PTAT

If Risonly linearly dependent on T, we still have PTAT 2
The PTAT ? term can be cancelled via curvature compensations.

4.TC Error due to Base Resistance
I
DVg =1, —2
BE b b2
g&ldy, 1d, 1 db,0

TCerror= 1+_
( )Vrefb ng dT b, dTa

Example: r, =2KW, TCof r, =1000ppm/°C, 1, =30m\, b =150,

TCof b=7000ppm/°C
P TC=-86ppm/°C

5.Error due to base current
Base current cancellation technique
*To compensate for the different between the collector, emitter, or base current
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Verson 1: Verson2:

Ref:1.|EEE J .Solid-State Circuits, vol .SC-18, pp634-640, DEC. 1983
2. |EEE J.Solid-State Circuits, vol .SC-19, pp1014-1021, DEC. 1984
The circuit to obtain Ve from aBGR

+VDD
e
- R3
Vere=Vear(1+R4/R5)
R1 R2

Refarance Ampifiar

1 ) PR
aNa et il T
- \..__g i
amt L. ____1 -ﬁi R2
g _
Ej‘f “ o "°
14 r_ J
A 3
3 S e A +
oy o

VO=Vg1*+VrotVaes *Better matching

KT
= Ve Vri= Veer-Vee= ? In(ag)

KT
Vo=VBE3+ ?[In(ag)] (1+R/R) =>Bandgap Reference
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]\l Voo
a3 ! T
Fi iy FA/
01 B L
A A
“EHJ A2
. _Di/{ ANAN o
:a_.‘.ﬂE
05\] a E = _
o |
Al e —2
h ) i V
REFERENCE
AMFLIFIER
: 3N 3N N N
BIAS r—‘ '#ﬂ‘ ] I M1
q'"|l_‘_Mj4i|__M3 I M2 |
=\5g
Voo L ‘
e
o]
Q2
,‘/I START-UP
aE E ' COMPARATOR
R1
+ =
Cl
i —
'REFERENCE I .
R2 "< R3 AMPLIFIER | 2 Voe REF,
; Vo

!

“Vss'
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Voo : 3
I\ M110 I
QN1 \|
QN2 ./‘i
a E a E *
- START-UP
' COMPARATOR
A1 :
i 4
: Al cl
7 | T
REFERENCE 2 Ve REF,
§ a5 gﬁz AMPLIFIER
=55

CROSS COUPLED
HePUTS L LORDS
M, M
-Vss

HEFEREHCE AMPLIE

IER &l

Lo ¥
COMPARATOR 1

2 ¥es AEFEREMCE
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5.Low Power Supply Circuit:
Voo e =
IVIlOl , } { b
| Mg
@ e
L
Looip P\k E Al >
i +
: A1 HEFERENCE AMPLIFIER
i AAAY:
R2
2 Vbe REF — -
’ START-UP
o 4 ""USS CDMPARQTDH k.
: -Vss
*Low driving capability
Power supply limits:
Low Possible \oltage T=25°C
Bandgap reference PMOS Inputs NMOS Inputs
Topology
V. £1.0V Vi £ 1.0V
1 1.5v 2.2v
2 1.95v 2.95v
3 1.90v -
5 2.5v 15v

8§ 10-3.3 CMOSBGR vialateral Transstor
Ref:1EEE J .Solid-State Circuits, vol. SC-20, pp.1151-1157, DEC. 1985
Structure of alateral BJT in CMOS:



10-10

CHUNG-YU WU

\oltage reference via LBJT:
Conceptua circuit

O i
Vraf A
1 lIz
A:Current comparator
G—I il ﬁ-{ Q2 V CC:\oltage-controlled current source
QL === * M G:A negative voltage is applied to cause
| vCC |
O l' w accumulation.

Advantages.(1) The offset of the amplifier A has a negligible effect on Vre
(2)Simple structure.
Purpose of VCC : To provide a current path for Iri>>1s1,182
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T \
X T3 fﬁlﬂ{rn
-Vss

* High supply voltage. * Low supply voltage
* Two source follwerst+one emitter follower * Low current gainin A
in(A) current amp.=>higher current gain * R2 istrimmable

R4,R3,T3:VCC

R3: To keep T3 from quasi-saturation

R4:To sense the output voltage and transform it into the collector current of T3.
* All resistor are polyresistors
* Low output impedance.

M easured results;

Veee mMean:1.2285V standard deviation :150i V

Minimal supply voltage 2.2V
Supply current 791 A
i 316nV oy - seonv /(L
Noise spectra /«/E(Whlte) ; / «/E(f J1KHZ)
PSRR(100Hz) 60dB

Load regulation (Avout/lout)  3.6i V/i A
Chip area 0.42 mnt
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High PSRR BGR: CHUNG-YU WU
* Ry,R,may be p-well resistors and PSRR still high.
Experimental results:

. +VDD

Vrer 1.2281V (mean) 1 '

3501 V (6) [ My - P“ﬂ[ﬂ”z I-(E“!
Minimal Supply 1.7V Veef| R -
Supply Current 20i A . g T ':‘FE,E
Noise Spectra 500’“7@ (white) ; .

W/«/H_z(%’lKHZ) 0 51% B:1 1L 1H”a
PSRR(100Hz2) 77dB l - \‘/ ;
Load Regulation 4.1mvii A

(Avout/ I out)

Chip area 0.18 m?
Curvature-Compensated BGR:

Ref: |EEE J. Solid-State Circuits, vol. sc-20, pp.1283-1285, Dec. 1985

810-4 High-Precision Curvature-Compensated CMOS Bandgap
Voltage References (BVR)
Ref: Int. J. of Analog ICs and Signa Processing, Kluwer, pp. 207-215, 1992
1. TypeA structure
The circuit stricture of the proposed BVR (Type A)




KT
q

Vou =Vees T 13R, =V, +r3%(_|nA* +DVg)

2. TypeA structure

3. TypeB dructure

YDD
. =
L
r Rs
Q Q
: Vout 2
= R
O— 1
—
Mi —— I——lb—‘ —— My \—{ - Mg
Cgt
MJ - F-—'—L{ - My ’—{ Mg
I.Y Ly Y Is 1 cnp
5 =0

10-13
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4. Type C structure
The cascode structure of BVR (Type C):
v . NDD
L J :
Ry ==
QI QI ﬁ——KQJ‘
] yuul
R1 %
N[]. it _.__Ml:l p——
L I =My Mi3 1 Mg
Cot |
L g[Sl 1My Mg
Ms || |+M(,f|+ ’_1..;
(s == J
| TiEs e
[ F |ow
Thevariationof Vs versus temperature
AVsg
0.006
0.004 4
0.002
0.000 ~
-0.002
-0.004
-0.005 . . . T .
-100 0 100 200

Temperature (oC)
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The simulated output voltages versus temperature in Type A and Type A BVR

Vout (V)

1.188
=X /

T

]

1.194 5

1.192 4

1,180
=100

L]

100 | 200 |
Temperature (oC)

Thevariationof  Vsgversus MOS channd length in Type A BVR

AVsg
003

.1
0.02 +
0.01 =

.—‘--‘-'ﬂ-_'_-—-—--a______m___._-—_m

0.00 v T T T T T : ' : i v

0 20 40 G0 8o

L (um)
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The Spice simulated output voltages versus temperaturein Type C BVR
Vout (V)
1.198
Vdd=5VY
Vdd=10V
Vdd=15V
1.197 A
1.196
1.195 v ' T —
-100 100 200

4]
Temperature (oC)

The measured output voltages versus temperature in the fabricared cascaded-structure
BVR(Type C)[ 3.51 m CMOS technology , R;=1K Uexternal),R,=25.9K Uexternal )]

Vout (V)
1.197

Vdd=5V
Vdd=10V
Vdd=15V

1.196

1.195 & T . T T
-100 0 100 200
Temperature | oC)
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*  Average temperature drift

5.5 ppm/°C -60°C ~ +150°C
5v~15v
* At 25°C, average voltage drift 251 V/V
\Vout=1.1963V ~ 1.1965V
5v ~ 15v

* 2mil?>,0.8mW a 5V

810-5 CM OS Bandgap Reference with Sub-1-V Operation
Ref.: IEEE JSSC, vol.34, pp.670~674, May 1999

Concept: * Convertional BGR V,, =1.25V
Can'’ t be operated below 1V supply.
* The built-in voltage V, of thediode ® thecurrent |,

Thethermal voltage V, ® thecurrent |,,

herm

(IZa + I2b)R® Vref <1V

1.Schematic of the proposed BGR

U3

Vrel

Native NMOS V,,, =-0.2V
NMOS V., =+0.7V
PMOS V,,,p = - 1.0V
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*The diode is realized by the parasitic P*/n- well /P - substract BJT as

{

*C, and C, are used to stabilized the circuit.
*The control signal PONRST is used to initialize the BGR circuit when the power

isturned on.
*R =R
Va :Vb

L=1,=1 and 1, =1, , Iy =1y

dV, =V,, - V,, =V, IN(N) , N =100

L=y
2a: U therm

Rs

Vi
I, =—pnpVv
2b Rzu f
I3 =1, =1, +1y

R R

V., =R,I,=—2V.. +—2dV
ref 413 R, f1 R, f

2. Smulated V,, characteristics

1.4
1.2 & PpMOS Vth -0.3V v /-{- --------
+

10 | "MOSVth 0.av - e
< 08 BGR
D
S 0.6

4 Proposed

~| BGR
0.2 2R
1

" 1.5 2.0
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*V,¢ =125V  conventiona BGR
*V,4 =0.84V  proposed BGR
3.Minimum Vg,
min V1 @\/S @‘/b - VTH| @‘/f +NTHI| @/DD +VTHP = mirlVDD ) [VTHP|
P minVp, =V, +Vpy |+ Vyye| @.8~1.0V
054 -0.2 -0.3
4.Measured results:
0.6
0.5k Vop: 2.2~ 4V
515X 1mV
< 0.4
5 0.3 .
= T: 27,85,125°C
02 I |=®™ 125°C| [[515+3mv
0.1 I
0' i 1
0 1 2 3 4
Voo (V)

*TC @0ppm/°C  27° ~125°C
\oltage drift (average) @600nV /V ~ 2.2V~4V
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CH 11 Digital-to-Analog Converters (DACs) in CMOS
Technology

811-1 Introduction

1. Block diagram

An_alog Sign-al Analog
( Video, Audio, — oA output

Sensor.....) Filtering Digital _

—»| and AID - Conversion [—»
) Processing o
Conversion and Filtering
Control
Analog World Digital World Analog World

(Digital signal processing has better noise immunity than analog signal processing.)

Fig. 11.1 A block diagram of atypical signal processing system

Digital Data D/A Output

Data Latches Converter Sample )
Input and Hold

cool 1 f f

Fig. 11.2 Functional block diagram of a D/A converte

Analog
Output
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2. |deal DAC:
Analog output signal  Vout = Vref (b,2+b,22%+ ---- +b,2")

Vref: analog reference signal
by : N-bit digital datainput

The signal change when one LSB changesisV | g

VLSBO Vr—s
2

If in LSB unit, 1LSB:2iN

3. DAC performance specifications
(1) Resolution: The number of distinct analog levels corresponding to the

different digital words.
N-bit resolution — 2"distinct analog levels.

(2) Offset error:

Eoff (DAC) © Vou lo..0 (LSB)

(3) Gain error:

v v
Egan©A0)® [ 1 1~ 7o ol- (V- (LSB)

Voutn
Vise Ideal transf AT

eal transfer - o ' Gain error
(LSB) response 5

Actual transfar response with
Eoff(DAC)ket to zero

i >

Digital Data

Input Bin




(4) Accuracy

absolute accuracy:

relative accuracy:

* Accuracy units:

*12-bit accuracy b
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The difference between the expected and actual
transfer response. It includes the offset, gain, and
linearity errors.

The accuracy after the offset and gain errors have
been removed.

P maximum integrated nonlinearity (INL) error

% of full-scale value.

effective number of bits

fraction of an LSB

VOUt

al errors 1LSB ( o2

(5) Integral nonlinearity (INL) error

Definition: The deviation of actual transfer response from a straight

line.

INL error (best-fit) and INL error (endpoint)

Usually, INL error is

Vout P
VLsB

(LSB)| Transfer res
without gain
offset errors

’

referred to as the maximum INL error.

Best-fit
straight line
~.
ponse 7 © 1 |(maximum) INL error
and . ! (best-fit)
P ]
4 [}
]
]
]
]
Endpoinli straight line
]
(maximum) i
INL error '
(endpoint) i
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(6) Differential nonlinearity (DNL) error
Definition: The variation in analog step sizes away from 1 LSB.

( usually, gain and offset errors have been removed)

(7) Monotonicity: The output signal magnitude always increases as the input
digital code increases.

* Maximum DNL error 0.5 LSBP monotonicity
* Many monotonic DAC may have amaximum DNL error 0.5 LSB

* Maximum INL error 0.5LSBP monotonicity

(8) Settling time
The time it takes for the DAC to settle to within some specified
amount of the final value (usually 0.5 LSB)

(9) Sampling rate
The rate at which sample can be continuously converted.

(Typically the sampling rate is equal to the inverse of the settling time)

4. Typesof DACs
(1) Decoder-based DAC
(2) Binary-weighted DAC
(3) Thermometer-code DAC
(4) Hybrid DAC
(5) Oversampling DAC
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811-2 Decoder-Based DAC
§11-2.1 Resistor-String DAC
1. Conceptual 8-bit resistor-string DAC.

x +
%) DAC OUT
o
O . —
A
ﬁ S4 oo
r R
L S3
N San ¢ 256 OUTPUTS
"2 s ih
(o
R 8 To 256
S1 o DECODER
REF- RRRERER

01234567
(DAC INPUTS)

2. Practical realization
Ry-Ris: To divide Vg 10 Ve into 16 voltage intervals

Ho-His
L,-L,s: To divide each of those intervalsinto 16

a-p subintervals

* To insure maximum uniformity of step size, i.e. linearity, the resistance
of the transmission gates should be made as large as possibleP minimal
loading.

* For 8-hit DAC, the error due to loading can be held to less than 1 LSB.
if 16R, 2R (R =200W,R, 32KW)
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String DAC)

8-bit Resistor-String DAC (Multiple Resistor

H15 -2

DAC OUT

-

L9

cmead

4

-3
Ll

L8

L3

R14
A

!
HO -2

=9

LO+L1""""

REF-
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Subinterval Generation:

Transmission-
gate resistor

Rr oo H

DAC OUT

A7
200Q

Rt=3.2KQ

* Transmission gate size:  24m/12m® 3.2kW=R;

* The raw speed of the DAC is limited by the resistance of transmission
gates ap and the capacitance of the output node, also by the
operating speed of the output buffer.

* \/p = +5V, -V = -5V, Vout : +2.5V

Maximum conversionrate 0 - full scale: 2.5MHz.

* For 8-bit DAC, the jump in step size can be held to lessthan 1 LSB if

n . I6RR,
DR; " R +16R R; 1
3 ANR L= ' T - '
16R, 2 2R. & 5 R 16R-E o

p 2R, £16R; occurswhen L,=1
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811-2.2 Folded Multiple Resistor-String DAC

ISSCC 90/ FRIDAY, FEBRUARY 16, 19390 / CONTINENTAL BALLROOM 5-9 / 8:30 AM.
FAM 12.2: A 50MHz 10-bit CMOS Digital-to-Analog Converter with 7552 Buffer

Marce! Palgrom
Philips Research Laboratories
Einghaven, Netherlands

HIGH-SPEED DIGITAL-TO-ANALOG converiers are usually
designed with a eurrent eell matrix. For resolutions higher than
8 bits required for new television standards, this approach
requires either selection, trimming or calibration in the ease of
binary decoding, or accurate gliteh matching and gradient com-
pensation in CMOS if thermometer decoding is used ',
Moreover, many eurrent-cell based eireuits dump on average half
of the current and often require the virtual ground of an exiermnal
amplifier for eptmum linearity with suffieent output drive,

This trimless 10-bit 50MHz D|A converter is based on resistor
strings. The voltage dependence and the mutual matching of
large-area polysilicon resistors allow the design of a converter
with high integral and differential linearity. However, in a single
1024-tap resistor ladder output settling requires such low tap
resistors that accurate resistor matching and consequently linearity
becomes a problem.

The solution to this problem is the combinstion of a dual
ladder with a matrix organization for the fine ladder, & full de-
eoding scheme, an on-chip 7551 output buffer and an additional
ladder for the reduction of distortion at high signal I'rrqurlu:ainsa'.
Figure 1 shows the ladder structure: the coarse ladder consisis
of two ladders each with 16 large-area 25080 resistors connee ted
anti-paralle]l to eliminate the first-order resistivity gradient.

The coarse ladder determines 16 aceurate tap vollages. A
1024-resistor fine ladder i arranged in a 32-by-32 matrix, whern
every Gdth tap is connecled Lo the coarse ladder tape. There

are currents in the connections between the ladders only in the
casc of ladder inequalities. This reduces the effect of contact
resistance varanes. The current densily in the polysilicon is
kept constant to avoid field-dependent non-linearitics. In
operstion, the tap voltages of the fine ladder are switched to the
16 outpul rails of the matrix. The digital inpul word is decoded
by two sets of 5-t0-32 decoders followed by two groups of
latehes, as shown in Figure 2. At every tap an AND gate per-
forms the final decoding. In each transition one switch connects
the ladder to the output rails, whils another swilch disconnects.
This scheme minimizes ladder bounce caused by the switches,
often observed in schemes where MSE decoding is combined with
output rail muItipk::‘mg‘.

As the ladder of the DA converter is designed Tor 2V un-
loaded output swing, second-order distortion will oceur at high
signal frequencies, due to the input-code-dependent switch-
drive voltage which causes signal-dependent RC time constants
on the output rails. In this cirevit, the drive voltage is kept
constant by feeding the final AND decoding gaies from an
additional ladder: {Figures 1, 2). The total lsdder configuration
can now be fed from the 5V analog power supply. One external
capacitor decouples the signal ladders. The elock-feedthrough
of the switches gives a linear signal contribution.

The multiplex circuit at the end of the 16 output rails connects
only the active rail to the cutput, keeping the other rails at the
corresponding middle tap voltage. This scheme reduces the load
capacitanee snd minimizes the recharging of the matrix output
lines.

The output buffer is a folded-cascode op amp where the output
load is part of the output stage. The on-chip stop resistor allows
a fredback path even for frequencies where the bond pad capa-
citance shorts the circuit output. The measured open-loop gain
of the op amp into & 7552 and 25pF load is 43dB with a unity
gain bandwidth { UGBW) of T5MHz. (Figure 3).

Figures 4 and 5 show examples of performance with 7501
and 25pF load. The lower side of the ladder is connected to give
0.1 volt minimum output voltage. The overall de integral
linearity curve is shown in Figure 4. The integral linearity was
verified by measuring the distortion of low-frequency input
signals, The total distortion is lrss than —60dB.

The 10#-t0-904% transition time is Gns. {Figure 53) The extra-
polated settling lo within one L3B is about 20ns. The most critical
gliteh energy occurs for codes where the position is switched from
the coarse ladder tap to the 32nd position on the correspanding
fine ladder; in code: xaxxx00000 to xxxxx11111. The differcnce
im gliteh area is lower than 100psV.

The D/A converter has been tested on computer-synthesized
video pictures, Interference tests (9.6MHz input, at 2TMHz clock)
confirms the linearity specifications. The effect of the sddi-
tional supply ladder has been measured at 4.433MHe signal fre-
quency and 50MHz clock rate. After the supply ladder is dis-
ronnectrd from the signal ladder and connected to the positive
power supply, Lhe total distortion increases by 104B. Ar S0MHz
clock rate, 125 C and 5 13MHz signal frequency the distortion
increases to —40dB due to slew-rate limitations. Full-scale transi-
tigns have been measured up to a clock frequency of 100MHz,
which shows the inherent speed of the ladder network.

Table 1 summarizes the performance. Power dissipation
is measured with a full sinewave output signal, which con-
sequently requires half of the top output current. Figure 6
shows a micrograph of the test chip.

'Sehoeff JA. “An Inherently Monotomie 12-hit DACT,
IEEE J. Solid-8tate Circuits, Val. 58C-14. p. 8904-811; Dec.
1979,

Ipgikd, T, et al., “An 80MH:z B-bit CMOS D/A Converter”,
{EEE J. Solid-State Cirguits, Vol 5C-21, p. 983-988; Dec.’
1086,

IDingwall, A.G.F. and Zarzu. V., “An 8MHz CMOS Sub-
ranging B-bit A/D Converter™, [EEE J. Solid-State Circuils,
Vol. BC-20. p. 1138-1143; Dec., 1885,

‘.ﬁh‘rlﬂ. A, et al, A 2TMH:z DJA Vides Processor™, [EEE
J. Solid-State Circuits, Vol 5C-23, p. 1358-1368; Dec.. 1988,
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W 1 decoded LSE
oo LE:E' l"ﬁul' matrix out
@ ¥
[ & and |
_= E 5—to—32 decoder decoded MSH
s 2 v
23
: “
o o
as -
“w o
g . g :
EE e
Yhigh ] ] e
I g 750
_r
W .
$3
T B Vot FIGURE 2—Block diagram of the /A comverter.
5 0
€ B fine ladder
b 3 > A T/AR(dBIB: & o MEKR 77 B24 711 _BB3 Hz
. B MAX 45,00 dB GAIM 530.029 mdB
. B MAX i80.0 geg PHASE 49 . 1227 deg
- S e S L I A
i I T i T 1
i T |

Viow "“'-\\|

FIGURE 1—Resistor network for the video D/A. LSS I "““

Vad . S

i IS N
Vo I EO | '&
Voo — A/OIV 5,000 dB ST&AT i0 000.000 Hz
bios2 B MIMN ©O.000 deg STOP 100 000 000.000 Hz
BMAX= 1 _ BOOO0OE+02
FIGURE 3—{a) folded cascode op amp circult used for the
-,.M—JJ buffer; (b) measured opendoop gain and phase on a 752 and
. 25pF load.
bias4
Frocess 1.6 CMOS
Vs DC resolution 10-bit
108 Differential Bnearity error <0.1 LSB
Integral linearity error 0.6 LSB
Chich energy 100psY
Bettling time (1 L5B) 20ns
Rive/Fall time (10%-90%) fing
Sample frequency S0MHz
Nominal power supply 5V
Output in 7501 v
int. Lin.-0.58 Lo 0.51 Power conpumption (50MHs, 7511 B-STn.‘l"
i i DAC sixe 2 Sl
diff. Lin.-0.07 wo 0.09
TABLE 1—Summary.
B A <o U R ER Sl S o - STV T R

EOM 1@ I 5 B0 34 M NI TE M MM W ED RN M 1O

FIGURE 4—Integral linearity plot. FIGURE 5, 6 — See page 295
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FAM12.2: A 60MHz 10-bit CMOS Digital-to-Analog Converter with 752 Buffer |
(Cantinued from page 207) |

FIGURE 6—Micrograph of the die.

FIGURE 5-Photographs of the fullscale setiling
of the sutput
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§11-3 Binary-Weighted DAC
§11-3.1 Charge-Redistribution DAC
1. Multiplying DAC r f
bottom plate B
1

* All top plates are connected to

the OP AMP input
b To reduce substrate noise

voltage injection.
*  Switched-induced errors are

large.
* offset cancellation
;
2. Multiplying DAC with bipolar input
#
L
SRCERE . . W
]
2" L
i

D

sign bit

If bo=0 P thesigna Vinispositive
p thesameas 1.
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If by=1 p thesigna Vinisnegative.
f,,f, positions are exchanged.

Vout =-Vin g bi2"

i=1

3. General characteristics or features of charge-redistribution DAC:
(1) The auto-calibration cycle can be performed to remove the effects of
component ratio errors.
(2) Good linearity and stability due to good linear capacitors.
(3) Too large capacitance ratio is required for high-bit DAC.
(4) Suitable for medium-speed DAC with 6-bit resolution or below.

811-3.2 Weighted-Current-Source DAC (Current-Mode Binary-
Weighted DAC)

Conceptual circuit:
1. Conventional structure %

* Simple circuit structure without
decoding logic. | i

* At the mid-code transition 011---1 - - A
10---0, the MSB current source 99 o8| o] 204
needs to be matched to the sum of : :
al the other current sources to
within 0.5 LSB.

p difficult for large bit number.
b not guaranteed monotonic. Bit9 Bit-8 Bit-1

h‘ﬂul

Bit-0

* Low-accuracy matching causes maximum
Inaccurate bit transition i =
p typical DNL plot as shown -

* The errors caused by the dynamic Input Code
behavior of the switches, such as
charge injection and clock feedthrough, Midcode glitches
result in glitches which is most severe at the
midcode transition, as al switches are

switching simultaneoudly. Transfer
p contains highly nonlinear signal “—response

components
P manifest itself as spursin the frequency > time
domain.

Reference: |EEE Journal of Solid-State Circuits, vol.33, pp.1948-1958, Dec.1998.




{Conventional Weighted-Current-Sour ce D/A Converter }

To Dummy Load

SN LA 1N

NM NA-ONNHO
€T-TT



Improved Structure

{ The Proposed 10-bit D/A Converter J

Reference: |EEE JSSC, PP.635-639, June 1989.
1. Using Two-Stage Architecture:

32 master & 32 slave current sources
(Occupied small chip area but cause tight matching requirement

among master current SOUFCGS.)

2. Using Threshold-V oltage Compensated Current Sources

to satisify tight matching requirement.

Only need local match &
do not need global match.

NM NA-ONNHD

yT-TT



[Two—Stage Weighted Current Array D/A Converter J

UT{) Coax

5-bit slave curren

NM NA-ONNHD

ST-TT



Y YB

|, = K (W/L)(Va-Vth,)>?

.

v = K (W/L)(Va-Vthy)?

|_° i (Vthy-Vth,) may be aslarge as 80 mV

due to the oxide thinning effect.

Conventional switched current source.

NM NA-ONNHD

9T-TT



1=K (Va- Vihy)?

_ W Lclc
=K T (VRy +Vihe- Vihp+ KWC)Z

1.1, S
2. M, and M. are locally matched

P 1@ Vry

Switched current source with threshol d-voltage compensation.

NM NA-ONNHD

[T-TT



Error current (A)

Error current (A)
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rIlIIIIIT'lIiJl

: %00 c0.1
1.0 MONTE_CARLO CLIN) 100.0

Spice Monte-Carlo simulation results for (a) Conventional
weighted current sources, (b) current sources with
threshol d-voltage compensation.



To Coax

T—® ¢ i >
Y B Y B To Dummy Load
D5 |5 I— D1 |5 I—
S A S A ]l—ovaa
a a
dd

vl e | e Tdd Tdd
fovr2 fovr2 | vre
Vb

VR3 VR3 VR3

VR1 VR1 VR1
Gnd 16 - X1 X1

Two-stage weighted-current-source D/A converter with threshold-voltage
compensated current sources.

NM NA-ONNHD

6T-TT
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CKs

Din o—/—~[>o—[%o—o D
VB1

4%O—ODB
VB1

Vdd

out

I
9
{

) out in VB1
in o—[%o—o
VB1 :I

e e e —r— e e S e, e

0
08
o

N E.ON
Time (sec)

(b)

(@) The circuit; (b) The SPICE simulated output waveforms
of the input driver with high logic-threshold.
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161 8l 4] 200 1|l

3OO0 0000000000000000000000000

Symmetrical layout configuration of each 5-bit current array.

Compact Symmetry
M 2 M 2
¢
MZ MZ
® @
M C
[
M, Mc
@ ®
M, M2

Different layout arrangement for the devices M2 and Mc in
each current source: (a) 4-cell unit; (b) 5-cell unit.



Error(1.513)

Err{::;{l,.‘i!l]
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200 200 500 00 1000
' Input Code

"0 200 100 500 S00 1000
Inpus Cods

Differéntial linearity error of the D/A converter
Integral linearity error of the D/A converter.
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Differential and Integral linearity distribution of two
kinds of layout methods for each current source.

Linearity Error 4-Cel Unit(%) 5-Cell Unit(%)

12 LSB 28.6 21.4
1LSB 82.1 67.9
2LSB 93.9 89.3

Characteristics of the D/A converter.

Resolution 10 bits
Differential Nonlinearity 0.21LSB
Integral Nonlinearity 0.23LSB
Conversion rate 125 MS/s
Settling Time (x1/2 LSB) 8ns
Rise/Fall time (10-90%) 3ns
Glitch Energy 40 psV
Power Dissipation 150 mWaitts
Supply Voltage 5V
Process 0.8um CMOS
Chip Size (without pads) 1.8mmx1.0mm
SUMMARY

1. Using threshold-voltage compensated current sources.

2. Two-step weighted current array 32 master, 32 slave unit current
Sources.

3. 10 bits, 125MHz, INL £ 0.21 LSB, DNL <+ 0.23LSB,
150mW.

4. Few analog components & good performance.
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811-4 Thermometer-Code DAC

Current-mode thermometer-coded DAC; Current-cell-matrix DAC
1. Thermometer code (3 bit)

b, b, b, do do d, dy d, d, d,
O 00 - 00O O0OTUO O
O 01 - 0 0O0O0O0TUO0 1
o 10 - 000 O0O0 1 1

11 0 - 0 1 1 1 1 1 1
11 1 - 1 1 1 1 1 1 1
2. Conceptual circuit of thermometer-coded DAC

R

Binary
input 1024
Binary-to-thermometer decoder
10
+50% mmeqecm—ad
Tolerance__g_ 4X 41LSB
-50% -===-1 t one step
1LSB | —/‘
1 SWITCH 4 SWITCHES
Advantages:

(1) Monotonicity is guaranteed.
(2) The matching requirement is much relaxed.
e.g. 50% matching—~ DNL 0.5 LSB
(3) At the midcode transition the glitch is greatly reduced.
only 1 LSB current source is switched.
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(4) Glitches do not contribute much to nonlinearity.
Glitches pu switched LSB

b Glitch/L SB @constant
P Good linearity.

Disadvantage: Area consuming
Every LSB needs a current source, a switch, a decoding circuit,
and the binary to thermometer decoder.

3. 8-bit current-mode thermometer-coded DAC
Conceptual architecture

Vdd

M

Vout

I~ [ KD~ [ KD | KD | KCD- | KD~ [ KD~

I~ | KD~ [ KD~ | HOD- | KOO~ | KD~ | KD~ (KD~
D~ | KD~ [ KCOD- | HOD- | KOD- | KD~ | KD~ [ KD~
D~ | KD~ [ KCOD- | HOD- | KOD- | KD~ | KD~ [ KD~
1D~ | KD~ [ ICD- | KD | KOD- | HCD- | KD~ (KD~
1D~ | KD~ KD~ | KD | KOD- | HCD- | KD~ [ KD~
1D~ | KD~ [ ICD- | KD | KOD- | HCD- | KD~ (KD~
ICD- [ KD~ [ ICD- | HCD~ | KOO~ | KD~ | KD~ (KD~

l4LSB' PPN

2LSB

* Thetwo LSB bits DO and D1 are fed to two parallel three-stage pipelined
latches directly.

* The six MSB bits are fed to the decoders. (D2, ----- , D7)
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Segmented decoding structure of the DAC

D2 D4 D3
. |
— Two-stage decoding of low bits
Cell
D5 — = JJ I I I I
S I_ [ [ [ [ [ [ [ [
& — 4 - 1 L
QD
e || T T T T T T T I
o
S| [ [ [ [ [ [ [
8 — 4 - 1 L
D7 s |\ [ T T T T T T
]
- || 1T T T T T T T 1
(@)
0
o || 1T T T T T T T 1
D6 — =
| T T T T T T 1
Decoding scheme:
Column Row
D4 D3 D2 D7 D6 D5
D4+D3+D2=C1 D7+D6+D5 = R1
D4+D3=C2 D7+D6 = R2
D4+D4D3+D3D2+D4D2 =C3 |D7+D7D6+D7D5+D6D5 = R3
D4=C4 D7=R4
D4D3+D4D2 = C5 D7D6+D7D5 = R5
D4D3 =C5 D7D6 = R6
D4D3D2 = C7 D7D6D5 = R7
Decoding of current-source matrix:
R1 R1+C1| R1+C2| R1+C3| R1+C4| R1+C5| R1+C6| R1+C7
R2 |R2+R1C1|R2+R1C2|R2+R1C3|R2+R1C4|R2+R1C5|R2+R1C6|R2+R1C7
R3 |R3+R2C1|R3+R2C2|R3+R2C3|R3+R2C4|R3+R2C5|R3+R2C6|R3+R2C7
R4 |R4+R3C1|R4+R3C2|R4+R3C3|R4+R3C4|R4+R3C5|R4+R3C6|R4+R3C7
R5 |R5+RAC1|R5+R4C2|R5+RACA|R5+RACA|R5+RACS |R5+RAC6 |R5+RACT
R6 |R6+R5C1|R6+R5C2|R6+R5C4|R6+R5C4|R6+R5C5|R6+R5C6|R6+R5C7
R7 |R7+R6C1|R7+R6C2|R7+R6C4|R7+R6C4|R7+R6C5|R7+R6C6|R7+R6C7
R7C1 | R7C2| R7C3| R7CA| R7C5| R7C6 | R7C7
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L ogic diagram of the segmented row decoder

* Clocked CMOS gates
* Pipelined structure with two stages.

Buffers

FoF

D5 —

D7 —

Spmp)

56 T oo DPo—rerr>o

07 —f o oo >0

pe Do DDt
bt

master slave
W—’"_ W——'_

First stage Second stage

Logic diagram of the segmented column decoder is similar to that of the row
decoder.

Current cdll circuit

Third stage

* The third stage of the pipelined circuit.
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Symmetrical switching sequence to reduce the gradient effect.

1 3 =5 7b Switching order
Switching order | | | |
¢ Cl1 C3 C5C7 C6 C4 C2
R 1
3—R3 6 4 2 <— Switching order
5 R5
R6— 6
R4— 4
R2 — 2 Switching order
RT— 7<+—"

Current source and current switch

TVdd

Vcomp 4

=
Vref ﬁ-}é— Vp

2 LSB current source

Vref Vp

4 LSB current source
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General characteristics/features of current-mode thermometer-coded DAC:

(1) No resistor or capacitor are used.

(2) Require special layout arrangement and complicated switching sequence to
reduce the mismatches among current cells in the matrix P complicated
decoder

(3) Logic circuits and long delay.

(4) Complicated wiring

(5) Large chip areabp worse matching problem.

(6) Suitable for high-speed (video) and high-resolution (10-bit) CMOS DAC.

Current switching and better matching than resistors.
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§11-5 Hybrid DAC

Combined architecture: Resistor-string + charge-redistribution DAC
Weighted-current-source + current-mode thermometer-
coded DAC

§11-6 Case study

Ref.: IEEE JSSC, vol.33, PP.1948-1958, Dec.1998

10-bit 500-MS/s CMOS DAC:

Chip area comparison between weighted-current-source DAC and thermometer-
coded DAC

TABLE |
Area ReouirReMeNT FOrR BiNnarY-WEIGHTED AND THermomeTER-Copep DAC
Requirement Binary Weighted Thermometer Coded

INL (10-hit) (0.5./1024)s =16s 16s

DNL (10-bit) J1024s =32s S

Area (INL=0.5-Isb) 256* A it 256* A it
Area (INL=1-Isb) 64* A e 64* A it

Area (DNL=0.5-1sb) 1024* A i At

s : standard deviation of current sources.
Aunit; minimum required areato obtain aDNL = 0.5 LSB for the
thermometer-coded architecture.

- 1
Chiparea o7
Normalized required chip versus 0 A totat for DNL = 0.5-1sb, INL = 1.0-isb
percentage of segmentation and
THD versus percentage of g A L = 0,545
segmentation ] Optimal
= Foint — =%

P Optimal point :;, of

_ _ 5 A L= 1.04b
Adigita = A = 1.0 1D g 2 A INL = 2.0:sb
THD. g

Adgial A piL = 0.541sb
Eﬂ -]
I
0 50 100

binary segmentation [ %] thermometer
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Block diagram: 8+2 segmentation

Column Decoding ;

164
¥

THD = Non-linear glitch energy

Digital Input

s 256 Cells ugr

better HF
THD

» lon \
5 DEI.‘-, | Fizll
— s (- ,
’ .

segmentation [%]

sia)s|Bay ndu)
THD {dB}

Clock Input

Céll circuit ) .
Digital: decoding logic + latch R ;| i
Analog: differential switch + 5 Aisic B ':

cascoded current source. :
Decoding Logic
v leoLs
coL
v | mow

Biasing scheme :
Global biasing: common-centroid
layout
Local biasing: 4 quadrants
without direct connection between any two quadrants
P DNL | andINL |

Local
Biasing
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Sinewave spectrum for Fs=300M S/s and Fsig=100MHz . SFDR=60dB

Ramge: —10 dBEm 29—0gt — 199~ 15: 2
Reg Hk: 9 100 Hz VB O F Swp Time: I05.6 mSac
B:SHERFT SPECTRLUM A Mer -9F 803 750 H=r =60.02 dE
o
o Fem !
= | &
I_-'.1<_.,|"'Iug1 T 1 =
0 d8fe- .. f - —

e SFDR = 60 dB

100

Start: 100 0Q00O0 Hz Step: 130 000 00O0 H=z
BRVEROBTMNS BIG 20 RMT REF R

SFDR versus Fsig/Fs

SFDR Fs(MS/s) Fsig(MH2)
73dB 100 8

60dB 300 100
51dB 500 240

X ® --4--» F =50 MSPS
! i
65 ™. : “©+- - » Fy =100 MSPS
2 T L W, 1L SRS S, 4= F =200 MSPS
c - L -4 ..--3 F, =300 MSPS
E 55 ;...__-“_,,..._,,;,"E...... .'. p— ~ _ﬁ;:__‘. Fs=4UD MSPS
w i *grB. ! L l- B
ol o m-oe-® 7w F =500MSPS
R
L R e s e
| j |
oA o2 03 04 05
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Summary
Technology 0.35pm (1P4M) pure digital CMOS
Arcu 0.6mm”
P em— 500 MSample/s
Ouput Swing (into 7552 load) 2V p (differential) o
ﬁe_{:].].innpmiﬂn {at. 500 MSample/s) 18mA (analog) _
20mA (digital)
from 3.3V m.pp]y
DNL 0.1 LSB
INL 0.2 LSB

2. Definition of SFDR (Spurious-Free Dynamic Range)
SFDR: The signal-to-noise ratio when the power of the third-order

intermodulation products equals the noise power.

SFDR =1y, -lps =1p; - N, (dB)

|5, curve has a slope=1

P SFDR= A

Ip3=No - Ano

Ib1=Ng

(dBm) |,

OIP; 1 p“\ Third-order
intercept point

—» Input level A
1P, (d8m)

(Moise floor)
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811-7 Summary

Resolution (Bits)

. ne (15 ' ' | :

FALINE: NN SO . S S W - _— -

191 110

[7] [6] 12 é - : ;

et
o}

@2 e [ N 7

o

i i I i i | i i
0 a0 100 150 200 220 300 3a0 400 430 200 a0

Conversion Rate (MSamples/Sec)
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CH 12 CMOS Analog Compar ators
812-1 General Considerations
Purpose of Comparators. To compare two input voltages and produce a very
large output voltage with an appropriate sign to
indicate which of the two islarge.
Types of MOS Comparators:
A. Differential-input OP AMP

:} Latch

or

—o0 Vout

o Vout

The latch provides a large and fast output signal, whose amplitude
and waveform are independent of those of the input signal. Well
suited for the logic circuits usually following the latch.

If nolatch: -1ImV - +1mVinput= -5V - +5V output

Gain 5000, 74 dB

If uselatch: The output voltage of A must be larger than the
combined offset and threshold voltage of the latch,
which is about 0.2V

Gain = 200

(1) Static configurations

(2) Dynamic configurations

B. Cascaded inverter stages

\C/in II> ll} II> T [A/\n Latch —°VOUt

* Mostly dynamic or Vout
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8§12-2 Differential-Input OP AMP Comparators
§12-2.1 Static Configurations without Latches

1.
+\VVDD
::l |_| M9 M3 Ma ::l
| iPve )D_| Sl anl 1 1>
Vbias : M M15
|_
M11 o I 4 l_': Mi2 | o
e Sl ey
| _|_||v|10 I_|
p h
I_‘ — — — - —
|\/|7t e - a " M13 . — -
" M14

-VSS

* High Speed Comparator

* Open loop gain: ~80dB

* Output Swing: £5V

* Propagation Delay (£10mV Vin): ~1.2vs~2.4s (15PF Load)

* Generally, compensation circuit is not needed since there is no feedback
connection.

* Power Dissipation: ~10 mW

2. General-purpose comparators
* Propagation delay: (x10mV, 15PF)  1.0ms~2.8s

* Power Dissipation: ~4mW
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:

|ﬁ M8
—-=0
— +
[P -] | Vout
H ML M2 |—I
-~ — —
| —
| lqve g s
M6 M M9 M11
-VSS
3. Comparator with level shift.
+VDD
u M3 IVI4|_ M14
|_
o—q b 7 T — < b
A — = N
Vbias — M11 =
|_
—4 P M
M s M12
— o
— — |+ - Ir:I
b - I—o — — Vout
_ M1 M2 |—| ﬂ |°_
M9
M10
- —
—4 - = .
e | 9 Ms — al M13 - I+
M6 M15
Vss )

* Open loop gain: 60-80dB
* Output Swing: +5V - OV

* Propagation delay (x10mV, 15 PF): 1.0nms~0.8s



* Power Dissipation: ~1.5mW
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4. CMOS Voltage Comparator MC 14574 (Motorola)

input+,__J

/’

External
resistor

(1) Dynamic OP-AMP

* Compensated by C,
* Vcl=Vin-Vos

V+
Q5
— — - 0N
Q6 Q8
ke ik
) Q10 Q12
Ty — —
Q ng ng
o L, H H Vo
— b -« —o
— —
Q1 Q2 — —
o o
— —
. — a Q9 Q11
3
Rt & PiF——H0s —iq @7 !
V-
* Quad comparators
* Openloopgain(Iset 1, 50mA): 96dB
* Propagation delay: ~1ns
5. Fully differential OP-AMP Comparators.
812-2.2 Dynamic Configurations without Latches.
type comparator 0 1=1 Vos + oo
Vin © ¢l ” N ”_‘ Gain Stage
+Vin - v +
— Vout

* offset memorization

* \/cl Vref-Vin

* No compensation

* offset cancellation

Gain Stage

J_Vos

¥ 1, ¥ 2:nonoverlapping

clocks

=
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Vin

=

i -

—~L &

* Practically, f,, must go low first in advance of f, to avoid the clock
feedthrough effect of S, by f,.

(2) Dynamic fully differential comparator

Vin+ +VDD Vin-
]il ! L_’}l Vbias1
fia f f
f2_|[: 1 e L® :ll_z
v L ‘
c1 s1 Vs Vs S2 oo
5 i, J )
fl_II: f]_
=
V_o |— Vbias2
n-
vin+
-VSss
C,, C,: Autozeroing capacitors
f, 1 V., Vin -Vs, Ve, Vin'-Vs
f2 1 VCl V|n+ = Vin_, VCZ Vln_ = V|n+

* S and S, generate feedthrough voltages at @and ®

common-mode voltage
* CMRR can be promoted by using negative common-mode feedback circuit.
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§12-2.3 Dynamic Configuration with Latches

Preamplifier-latch combination

+VDD
VBIAS1
Q3 | Q4
Vc -
f1 687 © © f }j ; 0, /U
S8 1
Y MLy ng _ﬁQe
vin- o Tc1 .
11 L — ‘ cz2| +
—fl_ :H—f 3 B S4 Vin+ SG:I I—f_
3 f 2_| S5 f 3_| s3 —-If_?) 2
Vci)n+ Vin
Q7 I VBIAS2
-Vss
*f,-1,  Sgshort Q. Q,, Q;,Q,and Q, are differential amplifier.
f,-1,  Ssshort Q,, Q.. Q, Qsand Q, are a bistable latch.

Operating clock waveforms:

1
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812-3 Cascaded | nverter Stages

(1) Basic Structure

b -]
V|
16
VDD ¢ w ‘s
14
— 3
—Ci t Q2 1,
S3 -
o o o ‘VT‘ H1
VA VB - - i N " %, 3 &
a -5 -4 -3 -2 -1 1 2 3 4 5 6
== =
H Q1 . salf-bias points
| = ¥a " YaB
-3 4
-Vss °
-4 1
-5 5
€ ()
+VDD
|
llJ 1 ‘JI; Q2 |! \ t
I [z * : ?
Vin 7% Y 3T . ‘2 f
+ |® S8 VB ! t
b2 2
_| ‘3
'_
VA It Q1 . ! Ly
1
.7 CA (stray) L - A1
g % /rh “aB
N4 i -, t
-Vss o :1 tlz : e
'a
@ (b)
f,-0, C, C, negligible feedthrough
V! Vin+V,°
V, Vin

(2) CMOS Cascade Comparator.
* Q0 Qs Q0 Q4

b
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* The speed of the cascaded inverter stagesis limited by the RC times

constants.
R= RO = rdSp”rdsn ~100kW
Cn Cgt ng(1+ ‘A‘) ~0.5 pF
A~10
VDD
Q> — — Q4 H m b
—(it —fh_» 44¢ Qs 6 (strobe)
i Ejl_l B L C2 lliﬁ
Vin — Tl Vs 1 — © VcI |_®> L ATCH Vout
S1 C1 V] Ss Ca Vo
;e | L I s
S2 U, inl Iai Qs 5
Q1 Qs —
¥ s (balance)
Vss
~
(a

#4

S
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(3) Fast comparators with two amplifiers and a single latch.
* Usually, the speed of alatch isfaster than that of aamplifier.

Two amplifiers share one latch.

VoD
— H
L
U1 U3 YA
. 1 C 1 1
Vin 1 N 1 L
71
S1 Sa
— | |
R 19—
— LATCH —
Vss T
Vop 0s
— H
—in "
U2 U4 Y8
1 C 1 1
Ss
F— | e | e
IIJZ ||_ ||_

Vss

* Operating clock waveforms

f I|I Auto- Auto- [
Amplify S8 Amplify Lot Amplify N Amplifiar«1

*2 'lf"“""“ Amplify "‘”‘“'/_ Amplity | Avio- Amplifiers2

Zorg rero Ierg i

*NOONOOONNNOL, e




12-10
CHUNG-YU WU

812-4 CMOS Dynamic Latchesfor Comparators
1. Direct-coupled latch with differential input signals

Voo
11'—1—'@ M
- +
Vout Vout

N N

|y
|y

Vin +
s}

Vin -

=
Q

0
I—

b2 —I[;

-Vss

* For single-ended inputs, Vin® or Vin" may be replaced by athreshold voltage or
can be generated by self-biasing

2. Capacitively coupled latch with autozeroing input

VoD
— —
Vout— | Qs (|:|4 Qs | Vout+
' ‘PTe e i
b S3 \(2 ? 'js_sr VD© Se qﬁ
—] iy 6? 1[Q: Q2 |—— S WY [ 'Fj T L
Y 3—| sZ+I S7 |[—Us
Vss
Vin- Vin +

@
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#y
.II \ i LY i
2
! L.t
fal /) '
—t
¢  \ r”—
’ — t
*f,o1 inverters Q,-Q; and Q,-Qg are biased at their optimal points

C; and C, are also precharged such that any asymmetry between
the two inverters is compensated by the dlightly different bias
voltages provided by C, and C,.
loop gain of thelatch 1.
* Vint Vin-: V. H, V, L.
Vin- Vint: V. L, V, H.



12-12
CHUNG-YU WU

812-5 Case Studies

1. Differential-Input OP AMP Comparators with Dynamic Latches
Ref. IEEE JSSC, vol. 27, pp. 208-211, Feb. 1992

input stage flip-flops S-R latch

M13 [jvls

b b N T
IB c d <
H 4l Q
TP
— _ M8 2 M9
VinplI M1 M2 IVinp2 a _I%MlZ b _|[: :]l_
Vss M4l:1 [:1'\/4]

t1~t2. M,ON (f, 1)
M;o-M;; ON, Mg-Mg OFF (f; 0)
Va Vb, Vc=Va, Q=0Q
Vinp, and Vinp, settles
t2~t3: Va! Vb established with some regeneration of M,/M;, M,, OFF
t3-t4. f, 1,f, O M., OFF, M,,, M;; OFF, Mg, My ON

strong regeneration Vct Va Va=Ve, Vb=Vd

Q.Q
established

for input sampling

P 2e P2 U]

]

{1 iz | &} ta t



Performance:
Technology
Diesize
Power supply
Input dynamic range
Resolution
Sensitivity
Sampling rate
Offset voltage

Input capacitance
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1.5 um CMOS

140 x 100 um?
+25/-25V

25V

8 bits, 1L.SB=9.8 mV
10.6 mV (< 7 hits)
65MHz

3.3mV

30fF
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CH 13 CMOSAnalogto Digital Converters (ADCS)

813-1 Introduction

1. Functional block diagram of a A/D converter

Sample .
A;nalotg_> ang —_— AID Output Digital
npu Hold Converter Latch Output

Control Logic

2. ldeal A/D Converter (ADC)

Vint Vs =Vigr (0,27 140,22 Hmmer by 2-N)
\Y ] )
:—Zﬁf (b 2N-14+b,2N-2 4 by ;21 + by 20)
where V,, is the input analog voltage or current
V.« IS the reference voltage or current
b,...... b, isthe digital output
V, isthe tolerable input signal range
1 1
2-bit ADC:
Input-output transfer curve: \
Bout equivalent DAC transfer response
Offset by %VLSB (%LSB) .-
1 11+ — -
Visg==V,«s ® 1LSB 4~
4 10+ Ea
Vis_1 e
W_4® 1LSB ot —
The input voltage or current oolk= e
should remain less than 3/4 V4 + f f f —n_
1/8 V.4 =7/8 V4 and greater than Ve Vi Vet

O - 1/8 Vref = '1/8 Vref' Vref
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Overloaded ADC: When V;,>V,liged *Vx OF Vin<Vir|idea - V. the

guantization error is greater than 1/2 V| .

3. Quantization noise
Quantization error ® Quantization noise.

V1=V, + Vg Vin
VQ =V,;-V,

ADC —~ DAC

Vi

Quantization noise modeling:
(1) Deterministic approach

T/2 2 T/2 2
€1 & dd =28 v GGt
VQ(rms)‘eTO”zVQ 4 —81-0r Lse () ¥
4 AN 2
:§VL5336Q_3 T2 % _Viss
g T3 §3 TR 12

O,

VQ

wu

ANV AN AN

VWWWWW\

fq (X) (probability density

t function)

\ 4

J/2 0
u
\% = x 2f (X) dx I_me () dx=1
Q(rms) e@ Q 4
. p A2
? 1 Lo o —VLSB —Lviss
2

—e—— X dx—u =
éVLSBZgQ/L$ 12 [%9] J12

1
+ 7VLSB
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4. Signal-to-Noise Ratio (SNR)

(1) V,,isasawtooth of hight V , (or arandom signal uniformly distribut between

Oand V)
b SNR =20log '”“ms) ©_ 200 ogeVref 12 9 ——20|ogzN =6.02N dB
Vo(ms) 3 Vis/VI2
(2) V,,isasinusoidal waveform betweenO0and V .
V.
b SNR = 20log—"™) = o0 g1 /272 =20l0g2 3 N 9_6 02N +1.76dB

VQ(rms) VLSB/\/E e\/_

The above SNR is the best possible SNR for an N-bit ADC
Vinp =Vier (0dB) ® SNR =6.02N+1.76dB

Vio P -20dB ® SNR =(6.02N+1.76)dB- 20dB

inpp
5. Performance specifications
(1) Missing codes (equivalent to monotonicity in DAC)
Maximum DNL < 0.5 LSB or maximum INL <0.5LSB
P The ADC is guaranted not to have any missing code.
(2) Conversion time
The time taken for the ADC to complete a single measurement including
acquisition time of the input signal.
(3) Sampling rate
The speed at which samples can be continuously converted. Typicaly,
the sampling rate is equal to the inverse of the conversion time except in
the case of pipelining structure or multiplexing structure.
(4) Sampling-time uncertainty or aperture jitter
Due to the effective sampling time changing from one sampling instance
to the next.

Sinusoidal waveform case:

Vi .
Vin :;Zefsm(zp fint)



d _
avin‘max _pfint
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Zero-crossing point

If DV <1V g for some sampling-time uncertainty Dt,

Dt < Viss

1

P finVrer _Zprin
examples: 8-bit ADC, 250 MHz f., P Di<5ps

16-bit ADC, 1 MHz f. P Dt<5ps

(5) Dynamic range

Dynamic range®

rmsvalueof themaximuminput (output) sinusoidal signal

rmsvalueof theoutput noise plusthedistortion when thesame sinusoidal

IS present at theoutput

It is aso called the signal-to-noise-and-distortion ratio (SNDR).

* Can be expressed as effective number of bits using the SNR formula on

p. 13-3.

* Input frequency dependent.

6. Typesof ADCs
L ow-to-medium speed:

High speed:

(1) Dual-slope or Integrating ADC
(2) Oversampling ADC

(3) Successive approximation ADC
(4) Algorithmic ADC

(1) Flash ADC

(2) Two-step ADC

(3) Pipelined ADC

(4) Interpolating ADC

(5) Folding ADC

(6) Time-interleaved ADC
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813-2 Successive-Approximation (SA) ADC's
813-2.1 Resistor-string SA MOS ADC

Ref. : IEEE J. Solid-Sate Circuits, vol. Sc-13, pp. 785-791, Dec. 1978.
Conceptual 3-bit unipolar ADC

Vrer
El cC C BB A A
23 } i | I
Rl T L
EESEnbINE
| | | | |
NS S IR
RZ L I
I Ly o l
' ! i_ i i i Comparator
R Lo | l
):,l i i i Output
iz B
] T
T
" |
2 k]
Typica performance of a 8-bit ADC:
p-type resistor Resolution 8 bit
100W/ [ . Nonlinearity i%LSB
1
+_ =
DNL _1OLSB
Conversion time 20 s
Input resistance >1000 MW

Stability (0°- 85°C) <1/4LSB
Error Sources:
1. Resistor matching accuracy.
* Dividing the string into several equal lengths and locating them in close

proximity.
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2. Thereverse bias junction voltage of the diffused resistors causes nonlinearity.
Bit capacity- b W/ ]

3. The small on resistance of the switches can decrease the settling time and
reduce the feedthrough effect from the gate voltages. Similary, the switch
feedthrough only effects the settling time.

4. Major error source: The feedthrough in the switch transistor Q..

1 MHz clock ® 2mV eror.

5. Comparator offset error.

§13-2.2 Charge-Balancing SA MOS ADC
Ref. : IEEE J. Solid-State Circuits, pp. 912-920, Dec. 1979.

* Mixed resistor string and binary-weighed cap.

Srd — F _B/— A III_/T_
MSB——N _ 3R _ —— MbSB Vin Tt
E F s B, 2-bits &——1 C
N\ o < o _
" SR L2 Yy
N\ — =R = /A Comparator
E L_\E 3 B/ |
s 3 Y~ S 2nd (i;: £i>
LSB < N H TR D < MSB =
|\ - E= R4 5, |/
T, T,
°d -R/4 e
g Ly c/16
i g 12LSB j "
Shift "
= —L_/ CI/iLG
8-bit ADC C=20pF
Linearity 1/4L.SB Supply Voltage 45-6.3V
Conversion Time 100 s Current Drain 1.8mA
640 KHz clock Vrer Range 0-5V
Analog Input 0-Vpp Clock Freg. Range 100 - 800 KHz

Componentsused: 8R's, 4C's, 32 switches.
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13-bit ADC with laser-cut programmable Si-Cr fuse PROM's.
Post-process triming Linearity 12 LSB
Conversion Time 50 s
Analog input Vss~ Vce
Clock freg. range 0.1 ~3MHz
Supply voltage +4.5~16.3V
Current drain 5mA

§13-2.3 Charge-Redistribution SA MOS ADC (CRSA ADC)

1. 10-bit CRSA ADC
Ref: IEEE JSSC, vol. SC-10, pp. 371-379, 379-385, Dec.1975.

Operation Procedures
(@) Sample Mode:

/‘/""':t
. 5, to the digital loai
I* VG
1+
c/8 cr B cr IB

(b) Hold Mode:

%= Vin
S O O I
A

- SET
 — v
Vin s,

ret
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(c) Redistribution (Approximation) Mode:

sgh Vraf

S, - Vi, VYX=-Vin+V,/2
If VX <O, logic1in MSB(b,), Vin>V /2
If Vx>0, b,(MSB)=0, Vin<V,/2and S, - ground

Final Configuration:

Q; "E‘:Vm
Vg0

COMPARATOR

c,-clcz.%i %J| _;%J_[ i >—{D16ITAL coNTROL |

-L .[
9 11 ij— \i ° 1 DATA OUT , X
VR Vg Vr VR X
c .
WORST CASE (n—:L)/(g—-ﬁ) IH—FﬁUT
R Cn
..
ACy
1'crc-:rnnll | [E——
" Vin
0.25

% ‘]_ﬁ I oy =

€, € €3 €, Cg Cg Cyp

. b
vX=-v|n+vref(+2_‘l‘+_ —2+-14+70)50

VX =- Vin+V2r§f (24b,+23b3+22b, +21b, +2%D,), V;, >0
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Complete ADC block diagram:

Vin  — Capacrtor Array = | Comparator

=1 1

Contral and Sequencing

R

Clock

Complete ADC block diagram:

Data Out
Measured Results:
Resolution 10 bits Gain error 0.05 %
Linearity +1 9B Sample mode 2.3m8
2 acquisition time
Input Voltage 0-10V Total conversion 22.8ns

time
Input offset 2mvV
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2. 12-bit modified CRSA ADC
Ref.. IEEE J. Solid-State Circuits, vol. sc-14, pp. 920-926, Dec. 1979.

Comparator

T e

bt

-]

SWITCH | SUCCESSIVE APPROX. REGISTER
)
]

CONTROL | +SWITCH CONTROL LOGIC
<—
(M+K) BIT OUTPUT OF A/D START
* SAMPLE
* HOLD

* CHOOSE V 4

Vi |VoltageA-| S, | S| S | S| S| S| S
B
Larger Ve - 2 ON | ON
4
Smaller Ve - 1 ON | ON
2
discharge | - 1 [ON
set-up 2 1 ON | ON
redistribution 2 1 ON | ON
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I mplement:
16 R, 8 ratioed capacitor, 37 MOS
R: S/D diffusion, 18W/ ], 16 R= 9000 W
C: Unit capacitor, 400 nm?, 0.1 pF
Measured data:
Resolution 12 Bits Area 12,000 mil?
Monotonicity 12 Bits Power dissipation (15V) 40 mW
Integral Linearity 6 Bits DNL %LSB
Input. Offset 5mVv Total conversion time 50ns

Operational Principle:

R1

R2

xc| ¢ C_T_ Wl
S -
4 1SLK-----SL2ISL1 Comparator
(R - 2 X - E (-] -
\ { o5 I ]

I

R4

SASBSlSstSSsSLK---SLzSqu Vy

Sample - Vi, ON OFF OFF OFF OFF B B ON 0
Hold - 1 ON ON OFF OFF OFF B B B OFF -Vin
()
Choose Vref - 2 OFF ON ON OFF OFF B B B OFF Y +V,ef
(V.f4) in "
1 OFF OFF ON ON OFF B B B OFF v +2Vref
(V. 2) S Yin Ty
2 OFF OFF OFF ON OFF B B B OFF v +?>Vref
(3Vief4) T Yin Ty

Discharge - 1 ON OFFOFFOFF OFF B .. B B OFF -V,
()
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Setup 1 2 OFF OFF OFF ON ON B B B OFF V +3Vref
(Vref) (3Vrer/ 4) ~ Yin 4

RedIStI‘I bu'[iOI’l 'Vin+(3/4)vref < Vx < 'Vin + Vref
1 2 OFF OFF OFF ON ON A ... B B OFF V. Vet
in

4

+lvref

* The last capacitor C is always connected to B.
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813-3 Dual-Slope ( Integrating; Charge-Balancing) MOSADC's

42 Digit ADC (Modified structure)

LATCH, DECODER,
DISPLAY MULTIPLEXER -

A

UP/DOWN RESULTS COUNTE

SEQUENCE COUNTER

/ DECODER
A
Y
| conTrOL
LocIc
A
Yy
ANALOG
SECTION
Ror Cpr  X10
F——4»43
& | comparaTOR 1
! COMPARATOR 2
BUFFER INTEGRA% C3
N '%100>T
_ T\ ®
N O\ M
o q ZI, X10
COMMON _ TO DIGITAL
S {I T {REST SECTION
INLO 0-O | I\

INTL,IN2,INT



Waveforms observed at the node @ :
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—»
}‘INTl

NOTE: ENCLOSED AREA GREATLY EXPENDED IN TIME AND AMPLITUDE

Operational principles:

1. INT1

REF HI

L]

REF LO

IN HI
(e

COMMON

INLO |
e,

! | \v ‘o
T DE2 "{'lNT(Zl) "{

Comparator 1
Comparator 2
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2. DE1

REF HI REF LO
+ |_' RINT C|NT_

COMMON i C3 } 0
L

3. REST (INT2)

REF HI REF LO

CREF
R INT

COMMON
o

INLO
o L

V Residual Voltage

4.~ 10 (INT2)

INT 10 V

INT
10V

C2 10p }
COMMON C3 1009 0
/M
IN LO | T
o ®
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5. DE2 (Thesame as DE1), DV': residua voltage

6. INT(ZI)

INLO
O

The final residual voltage DV' is effectively reduced to % of the original

residual voltage without amplification.

P accuracy -
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§13-4 Algorithmic ADC

Refs. 1. IEEE ISSCC, Digest of Papers, pp. 96-97, 1977
* 2. IEEE JSC, val. 31, no. 8, pp. 1201-1207, Aug. 1996

Sample/Hold
Vin

5 Comparator

S/H -
o V(i) Comp.
multiplier *

The conceptual block diagram of the algorithmic A/D converter

* The speed is limited by the settling time of OP AMPs used to implement
the multiplier.
* For audio ADC applications, it could reach low-power low-voltage
operation.
* Maor error sources: (1) Capacitor ratio mismatches if SC circuits are used.
(2) Finite-gain error of OP amps.
(3) Offset voltage of OP amps.
(4) Capacitor feedthrough error by switchesif SC

circuits are used.
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Complete circuit of the ratio-independent and gain-insensitive algorithmic
ADCs
1+2
¢
1+2+3+4+5 n 1+2+3+4
2 |)
> o r— C4 5 $
X 3+4+6+7
81 c2 —GZD—C—l
8 1+2 5|§§|
Vin \_l Vref
c1 o—e
4R
’f\ 3+4§+6+7
bg*1 3+6
+— .
b8(1+2) 617+1
“ Latch
2 (of:]
(D) + Q0 bBit

V - QF—0O Bit
X
switch

The complete circuit of the A/D converter

Clock waveforms:
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Operational principles:
Step 1.
Cc2
8*1
C1 _C|23 Cc7 C|4_<B
Vin
T .
b8*1 €5 Ccé
0 —H- -
X
b8*1
Vy(1) _13A+2o+13A+279VX(3)_83_ 7TA+8 | TA+9 O,
(A2 (A+32 5 " & (A+2)? (A+3)24

Step 2

T

C2
C1
Vin = -
8 OP1
+ Vx(2)

\/

_iS | C C4

C5 C6
o e
to Comp.
VX (2) @Vin/ (1+2/A)
Step 3.
C2 C4
—— y

Cl

—
VX(3)

Vx (3) @Vin [1-2/(A2+3A+2)]

C3

W/

c

Cc7
V
5 C6
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Step 4.

Vy (4) @g—g(w(s)- Vref )(1+3/A)

Step 5:
_| I_ C4
" L
Vref Vy(5)
-

Vy (5) @%(Vx(s)- Vref )[1+6/(A2 +5A)]

Step 6:

-

C1

C3

4>

C5




C4

i

Vy<7)

!

Step7:
Cc2
——
_C|Zl C3 C7
- E _C|5
2 2
W) @(2- m)Vx(B)- (1- m)Vref

1+3/A

Fully differentia circuits:

Vin+ = :
T l 3 E gx }
|:oVref+()
I:oVref(+)
— S S
Vin- o [: I < ¥ }

X

The complete fully-differential circuit of the A/D converter
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-—o0 bBit

—o0 Bit
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The folded-cascode fully-differential operational amplifier.

\VVbD ©

—| ml2 mi3 |—

mé4 —=———<— VB1
M {
M

mé MN—— VB2

m7
0—{/0+ Vo-
Vin- Vint
o—| I—o m8 M <«— \/B3

ml m2 E ’:|m9
I T\ T\ VB4

m10 mll

—| mi4 mi5 |—
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A typical plot of the differential nonlinearity.

e ; ! : ! ' '.

DML (LSB)

1

;. I. 1 ; L 'S
2000 4000 60040 8000 10000 12000 14000 16000
Cutpul Codes

A typical plot of the integral nonlinearity.

B .' ! ! r T r

INL (LSB)
=]

L

-15 1 1 1 i s 1 1 1 |
2000 4000 6000 8000 10000 12000 14000 18000
Qutput Godes
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A typical FFT plot of the A/D converter.

1ﬂ0 T T T T T

dB

e S R R Ay N N SRR _.

i | o I LT R PP - & - R e R e L o)

L L 1 ] L 1 1 1 I i
100 200 3040 400 SO0 G600 700 800 00 1000
FFT BINS

Tablel The Experimental results of the proposed A/D converter.

Resolution 14 bits

Differential nonlinearity + 1/2L.SB
Integral nonlinearity + 1LSB

Sampling frequency 10 KHz
Gain of op amp 60 dB
Power dissipation 50 mWatts
Supply voltage + 25V
Process 0.8 Mm CMOS

Chip active area 2.1mm x 0.8mm
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Tablell Comparison of the proposed A/D converter with the

previous ratio-independent A/D converters [4.4]-[4.5].

/D converters

Performance [4.4] [4.9] Thiswork
Resolution
(bits) 12 8 14
Absolute
INL (LSB) <=15 <=0.5 <=1
OP amp dc
Gain (dB) 92 & 60
Clock cycles
for n bits 6n 3n mn
Sampling rate
(KH2) 8 8 10
Power dissipation
(MW) 17 - 50
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§13-5 Full Flash (Paralld)
* Need 2V-1 comparators for N bits.
* Need 2V-1 Resister (R) tapesfor N bits.
* S/H usually combined with comparators. (No op amp is required)
? Large no. of analog elements.

? Large chip area power consumption.

Full-flash A/D converter

VIN
@) Clock
v \J
—\
_\ — bn-1
y 2 O [—>bw
| :g — bn-3
| | | Encoder| | < |
| | | | o3 |
-
| | | | g ||
I | I I N2 I
| | | | S ||
| | | 2N-1to N | - |
binary code "5
| o —»-bh>
0—\ = —>Db1
2/ 2 8 e
—\
1 1
/ Latch
comparator

VREF-
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813-5.1 MOS Flash ADC's
Ref.: IEEE JSSC, vol. sc-14, pp. 926-932, Dec. 1979.
CMOS/SOS 6 hit 20 MHz ADC.
ZENER
REFERENCE
OVERFLOW
(]
AS
P o
L
. A A3 6-BIT
Az BINARY
OUTPUT
LATCH il
- b

INPUT =
IREINGE AUTOZERQED TAP DETECTION &-BIT
COMPARATORS LOGIC BINARY
QUTPUT
Block diagram of A/D converter chip.
Voo
REF P
LATCHED
ouTPUT [
|
= #
1

@

High speed autozeroed CM OS/SOS comparator.



FRACTION OF VREF VOLTAGE
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INPUT
MATCHED VREF
R VR INPUT
EREE COMPARATOR &F
AUTOZERD t
R&4 VOLTAGE R&4 -
Cag [Z()] o
4 g
RE3 > 3
il : g
| i - 2
| - =
' -
| [ Z{w)] 3
e | ——
| Rl -
i
Rl I_l

(a) ()] = (c)

Discrete and distributed reference ladder models
Ceomp £ 0.05 pF, Rppp = 20W

\Z(W% 3 50,000 (< 10,000, don't work)
TAP

: T : 1.0
[Z{w)]/Rpap = 500 7 ﬂ
0.8 ! - /

--..___'__-__'

N

o
A

N ¢
0.4 —— yﬁ ‘.

| A | A

FRACTION OF Vger VOLTAGE

o 14/4/()/

0 10 20 30 . 40 50 80

aND VREF o 10 20 30 40 50 60 64
POSITION ON LADDER POSITION OM LADDER

Reference ladder leading as a function Effect of loading ratio on reference

of input voltage ladder outpt.

(I1Z|(W) /RTAP = 500)
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Maor source of error is the loading of the reference resistor ladder by the
comparator bank.
Resistor ladder loading errors are of two types:
(1) "Transient error" associated with instantaneous ladder loading during a
single measurement;
(2) Long-term "recovery error" associated with errors at a new input level
after the ladder has been loaded for a long period by inputs at another

level.

If the capacitor bypassing is performed at the externally accessable ladder
midpoint tap,
P transient impedance by afactor of more than 4.
P Worst-case static loading which can't be bypassed makes recovery errors
the significant error source.

* All the errors considered above are of thistype.

Typical 6-bit A/D converter Performance:

Power dissipation at 15 MHz clock, 20 pF/output.

sV 8Vv

convert mode 50mw 145mw
Tracking mode 45mW 130mwW
3.2V reference oImw ImwW
Input Cap. 8 pF 8 pF
Recom. V « 3.2V 6.4V
On-chip Zener Reference 3.2V 6.4V
Input voltage source resistance  75W 75W
Accuracy 15MHz % LSB % LSB

20MHz --- 1LSB

25MHz --- 15LSB
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813-5.2 7-Bit CMOS Flash ADC for Video Applications

Ref.: IEEE J. Solid-Sate Circuits, vol. sc-21, pp. 436-440, June, 1986

Overall schematic:

D-Type
Output

Latch
VREF
Comparator Overflo
TOP %R/Z Banks  Latches =
NG

%_RJ_‘/L‘_LLLL <|_
|
| g
. ! )
. >
128 to
_ 7 bit
Mid Encoder
Decouple Logic
TCext
/&
Capacitor

Bypassing

VREF
Bottom

Analog ——
Input

&8 I'_LIE I%IB I'_LIB I%IE &g I£8 &

T

Clock Buffer

R: Polysilicon resistor, 10 W/ bit
2mm Poly-gate VLSI CMOS
Overall ship area: 135x142 mil?



Comparator and the primary latch
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+VDD _
Load i ) )
: — — |_T —
OUTP[(_)]L Bias 0__| b - }_‘ ’_{ > « }J _"_(?UTPUT
(o — —
<_-II| Q10 Q11 Q'EI Q13 |||__>
| | | —Q14
¥ ol S
vbias 1% A1 Vbias
| ==
e -]
! I_/ Reference
Qs Q6 —| Input
Analog e -] |—o
Input Qll—l » B
I L
e
Latch Qb 08 Latch
| I2Bias IBias |2Bias H
I__|>| |_O o—| |<|__1Q7 c>—| kl—_|Q15
-Vss
Gain: 18dB Qi0r Qy3- Operated in linear region
Bandwidth: 40 MHz with on-chip low-power

Qs,Q,: Positive feedback to

form latch.

OP AMP and reference
loop.
P Ro , fu-.

Qu, Q. To limit the output swing

and

enable

the

comparator to recover

much faster from the
latched state.
The secondary latch is of the hysteresis type, because

(1) it can convert the limited logic swing of the primary latch to correct

CMOS logi

c levdls.

(2) it can reduce the amount of hysteresis to ~ 100mV by setting "Latch”
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signal to High. Thus the latch always experiences an overdrive of 100
mv.

P Avoid ambiguous state and increase the resolution time of the
comparators.

P Reduce metastability error probability

Performance characteristics:
7-bit inherently monotonic

Accuracy: differential and integral + 0.5LSB.

Analog bandwidth . -3dB 42 MHz; % LSB 5 MHz
Maximum sample rate . > 22 MSPS, 30 MSPS typicaly
Voo : 5V £ 0.5V

Input range : 1.5V~3.5V

Power consumption (25M SPS) : 350 mW

Temp. range :-40°Cto+85°C

813-5.3 CMOS 20 MS/S (Maga Samples/sec) 7-bit Flash ADC

Ref.: ISSCC 84, PP. 56-57, 315.

Nonsampling amplifier:

—
[N

S5

f1 VbD

o S1 A ca —cl a —CI a fa
]—{I S7 LATCH——>
o € S2 —|S7 —| 57 ’l\
f, Sampling
Clock

S6

S L L

* Higher operating. frequency
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813-5.4 Metastability error
Ref.: IEEE JSSC, val. 31, pp. 1132-1140, Aug. 1996, 7-b 80-MHz flash ADC

Metastability error: occursin ADCs when undefined comparator outputs pass

through the encoder to the converter output bits.

O O--—------

V,<Voer., O
A REFi+1 0 VA < VREFi+1
0 i+l +1 0 ____. T ____________
__________________ ) ) Metastable
11 I X &=V, =V
. mmmmepeemfloBE state
1 11 ]
Va>Veer 1 1 Va> Veeria
Thermometer code with Thermometer code with
valid comparator outputs metastable comparator
* Metastability error rateis an 10-6 .
exponential function of the = ' ’
sampling frequency. ,§ .
* |t is nearly independent of £ 107 ¢ gt
the input frequency. ﬁ «*
L]
* At 70-MHz sampling £ ¥’
1078 |
frequeny, the metastability Z z . . . .
a7 60 65 70 75
error rate Is~ 10 Sampling Frequency (MHz)
eITOFS/CyC| €. Fig. 2. Measured error rate versus sampling frequency for a &6-b CMOS
flash converter with no error correction.

P 7 errors per second

* Can be improved to < 10*? errors/cycle.
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813-6 Two-Step Flash or Subranging ADC
Conventional two-step A/D converter:
+
Vi SAMPLE COARSE ) FINE
— | »| FLASH DAC FLASH
HOLD ADC ADC
ANALOG
ADDITION
LATCH
DIGITAL
OUTPUT
Two-step A/D converter with single resister ladder:
Vin VIN
MSB'S
CIC1010]
TGS2 (X)e—— SAMPLE TGS (X SAMPLE
L ConrsE_|—¢ TGC16 !VREF o l .
OMPARATOX |x: } 2 \ 15, L LSB'S []
I comrse |—$76Cl5 | | %Rlel <71 2
| w1 1] s X{:_
NO. | v
| oo 1 Tecie | | %' T
<V 1 1
| NO. 14 X 1 1 I 15 —Fc #15}—]
I | -
| "COARSE" | | =R X P Fc #14—
| DECODER | | |
JENCODER | | |
I I I I : *FINE*
15 DECODER
: SoReE g TCC2 | 27 = ,/' >® JENCODER
COMPARATOH /x\ I
| il IR NP G VS
coarse [— TGC1 | | S9—Z X)
COMPARATOE_()t 7
NO. 1 I
1 15
R1 - ] Fc v —
CLEARI I X ||
| :VEEF I | FC #1
L= L _. "FINE"

COMPARATOR
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Two-Step Flash ADCs or Subranging ADCs with:
(1) Two Resistor (R) Ladders
* Need 2(2V2-1) comparators & R tapes.
* Need high-performance op amp.
Nonlinearity caused by the mismatch of the two resister ladder.
High-performance op amp is not easy to be achieved (especialy for 3 V
Vdd).

(2) Single Resistor Ladder
* Need 2V-1 R tapes.
* Need 2(2V2-1) comparators.
As many R tapes as full flash type.

No op amp is required.
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813-6.1 Subranging (Two-Step Flash) ADCs

8-bit 50MHz CMOS Subranging ADC with Pipelined Wide-Band S/H
Ref.: IEEE JSSC, pp. 1485-1491, Dec. 1989.

Conventional subranging A/D converter:

Subtractor

Analog | : + 1
i

st | 2-nd]|
ADC DAC ADC
| ger Iy
- o der Digital

" Qutput

Trade-offs in Subranging and Flash 8-bit ADC

Flash Subranging
Total comparators 256 31
Clock cycles/conversion 1 2
Relative speed 1 0.5
Relative input loading 1 0.12
Relative power dissipation 1 0.2
Relative die size 1 04
Typ. Differential Linearity Error 0.4LSB 0.3LSB
Typ. Integral Linearity Error 0.7LSB 05LSB

* High accuracy is required only for the S/H circuit and the D/A subconverter.
(S/H is to reduce the effect of signal delay differences in the large-area
chip.)

* Very difficult to develop a high-speed (video) and high-accuracy MOS S/H

circuit.
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* The conversion rate degrades. (Pipelined structure may be used)
* The linearity of the complete converter depends on the accuracy of the gain

matching among the first A/D, the D/A, and the second A/D subconverters.

New structure: (4-bit conceptual structure)

1 DAC/Subtractor

:
d

[T

A

3

4

FER
veua

—————

2-nd Encoder

nventional
nfiguration

VBLB=2 = V8({)—V5H

VE3=—

— VS(53) VoD bnpul ~ V4

ncings [V oy
VLT == VS(80)

Sulbbtractor
Outpub(VSUB)

vCo
Refarence Ladder
(b)

Subranging A/D converter using combined DA C/subtraction
technique: (a) block diagram and (b) subranging process

* Combined DAC/subtraction Technique

* No current flows through the switches b No degradation in linearity in
DAC

* Amplifiorss settling time < 2 ns



13-38
CHUNG-YU WU

8hit actual ADC:

¢

|
Analog H&I‘ffﬂ'__'f-st 2-nd| Bsi|
Input Amp.["1s/H| T |s/H

4-b 1-st ADC
.
L1
5-b 2-nd ADC

e

] - )

Encoder I 2 A,ddar]

§

8-b Digital Output
Block diagram of 8-bit subranging A/D converter

* The 29 ADC has a fifth bit reserved for digital correction of nonlinearity
caused by both offset voltages of the second S/H circuit and the subtractor
and nonlinear errorsin the first A/D subconverter.

* The two S/H circuits and two A/D subconverters operate in a pipelined

manner P High conversion rate (¢ 2).

* The resistor string has more than 10-bit accuracy.

Gain Matching

DEGRADATION (dB)
= =]
L]
=3
3
-

[~

LINEARITY
o

| L vod, N
—10% —5% TYP +5% +10%
GAIN ERROR

Linearity degration caused by gain mismatches in pipelined S/H
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Conventional MOS S/H:
SF:
* The switch opening time is influenced by input voltages b severe
distortion.

* Poor linearity.
Integrator-type S/H:

* The same switch closing time.

* Close loop configuration enhances the linearity.

* Difficult to obtain a fast-settling speed that ensures 8-bit accuracy.
Imposed by the relatively high output resistance of the amplifier and the clock
feedthrough error of the MOS switch.

|nc»-~jjf----T_c—H|
: I ouT
Vg o
(a) . {uncartlalnty}
I (b)
——

IN o—W ' VL_D"
LiL AMP >0 QYT
¢

(c)
Conventional MOS S/H: (a) source follower type S/H,
(b) waveform of clock f and switch opening time
deviation for source follower S/H, and (c) integrator-

type S/H
New S/H:
: : R

* Bandwidth-enhanced integrator-type S/H IR 1

circuit. ¢ i
* CMOS transmission gate with dummy ; R, .r?—.\ Cu

transistor (clock feedthrough ™) iRk e %IE: .—o ouT
* Compensation ‘f‘”‘“ p

_ R E RSVV RSVV CG
Ce _R_ch (1+ R4 * Re ) pole-zero Bandwith-enhanced integrator-type S/H

cancellation. b Bandwidth- .
* C=1pF, Cc=1.2 pF, R- =R, = 1IKW, Rg,, = 100W P 8-bit, 50 MHz.
Toating = 12 ns~ 8.5 nsfor 2V step.
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2-nd S/H Subtractor

To 1-st ADC Limiter From ADC

Reference
Ladder

Block diagram of pipelined S/H and subtractor

* The output of the subtractor is set to analog ground by closing the switch for

\"DDHWJ

T g it

[éw Lo our

;
"y
Ly

the limiter.
=H
oot O ;{lh
{+2.5V)

L

High-speed operational-amplifier circuit diagram

TABLE 1
AMPLIFIER CHARACTERISTICS

D C Gain 53 dB
Unity Gain Frequency 380 MHz
Phase Margin 60 degree'"’
Settling Time [AMP 54 ns'™'

(0.2%) [S/H 8.5 ns'"’
Power Dissipation 83 mW

(=) Smulation
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e 1401
Bb ADC = o __
Spec. e i o ek — =01 %
. -02 B
. -04 =
Integrator S/H with Ge % g

', 1-0s6

S/N+D{(dB)
58 & 2 :.g.' g g
|
5
I I
7
i
| a';
8l A
[
/
| %g——*
J-"r g
S’é
b

= Sampling Frequency = 50 MHz

| | R PSP T Dy S 1 L1 |

1 2 5 10 20 50
INPUT FREQUENCY (MHz)

Simulated linearity characteristics for §/H circuits

Comparator for the second A/D subconverter

* Comparators for the second A/D subconverter have an inaccuracy £% LSB.

(3mV at 3V input)
(FS)
* 3 100 MHz with a7-8 mW power dissipation.
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ANALOG
INPUT i vz

Vi
CLOCK ] | I | I J

WSH [ & [ wm [ s2 [ w2 ss [m ][
ist ADC | Az |[comPi| az |comp2] AZ | COMP3]

2nd S/H — ]m[m]sz[az]sal

.!':!;!""’ AMP1 ] AZ | amP2| AZ |
and ADC (LATCH) AMP1 |LATCHT AMP2 |LA

{ADDER} [ commecm | [comecra|
e {OUT-LATCH) | ouri |

Timing diagram for pipelined subranging A/D converter

Experimental results:

1 m CMOS, 5V single power supply, sampling rate 50 MHz.

8 = = .
o ——————
£
w
] ¥ el MHz
O J0MHr
A ! affective resolution handwidth
1 1 | i b i &3] 1 | |
1 2 5 w0 20 50
ANALOG INPUT FREQUENCY (MHz)
+0.2
i ] i
=02
g_uﬁ f3=30 MHz
]
t T IR [N Il L O

1I 5 LY 0 50
ANALOG INPUT FREGUENCY (MHz)

Effective bits and gain as a function of analog input frequency

TABLE II
CHIP PERFORMANCE

Resolution 8b
Conversbon Tate S0MHz
Effective: bits 7.9b (W0Meps)

7.3b (30Msps)

B.7b (50Msps)
Eftactive resciution bandwidth  25MHz
Input bandwidth S55MHz {—0.1d8)
Input capacitance 1.5pF
Power dissipation GOOmMW (5V power supply)

Chip size 3.2 %4.3mm
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§13-6.2 10-bit 5--MSPS CMOS Two-Step Flash ADC

Ref.: IEEE JSSC, vol. 24, no. 2, pp. 241-249, Apr. 1989.

1. Classical two-step flash ADC

* Limited by matching between the MSB ADC and DAC transitions

* Limited by op-amp settling time

(conversion rate)

Ve Ve | v,
G e (s e =
V. . - : LS |
) L N ifi DAC ~H2)72 ADG—IZU
MsEs " LsBs
SiH | : : :
MSB ADC . , | NI
D/A, Subtract & Gain ; ; I
LSB ADC | : .' ;
(b)

2. (a) Classical two-s

flash ADC block diagram limited to

Fi
%ip{}lﬂr technology. Limitations include matching the MSB ADC and
DAC transitions otherwise missing codes and nonlinearity may result.
(b) Timing diagram for the classical two-step flash ADC. Although the
four phases are shown as equal length, the subtraction and gain are the

slowest. They are limited by
sion rate.

2. New structure
* No OP amps.
* No gain block

op-amp settling time and limit the conver-

Uraf
V I. e _| I.IIrE
i~ B/H | MSE ADC— — T MSB
_l;lﬁ V4 Vi | Hee
s w el
2
| { pac — +1 !
‘ ¥ "-"’? &:1 ’—|
ISBADCIT—— —— || 2 LsBs
\ II"rﬂ u:’ul |
Ps.
i # 2 "
|—< DAC |———
b, T'IIH

Fig. 3. Prototype subranging ADC
no op amps. [The timing is similar

block diagram. Notice that there are
to that in Fig. 2(b). The ADC's and

DAC”s share components to eliminate matching requirements among

them.
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3. Circuit implementation
TABLE I
CIrcuIT DESIGN PROBLEMS AND SOLUTIONS
| Problem_ Solution
Digital Compatibilsty 5-V Operavon
Power Supply Noise Fully Differental Circuits
Charge Injection Errors Fully Dniferenual Circuus
Monotomcity Cancel Comparator Offsel
Fas1, High-Gan Comparator Mulustage Comparalor
MSEB Cnrm:lner
- :
ﬁ L 1_32'3 J_""" Latch
. . EII i GIJII'II.;;H:': :Sa;u:: T BEEIL_E'; MSBs
* Shared binary weighted Ve : o vn | By | Output
capacitor array for the v, |9 @Eﬁ;‘l‘fnm*
MSB ADC and DAC and | M 2 "
the LSB ADC. \71 :
P mismatches .. -
mc achT t:'r]—"
] r fT r 1

Fig, 4. Prototype converter's MSB ADC and DAC. Tt operates like a
standard CMOS flash converter. The 32-C capacitor is used as part of
an $/H. It is a 5-bit array used for subranging in the LSB conversion.

The DAC and ADC transitions match eac

other since the same

resistor string is used for both,

"'{—.v-l ADC zat to Code 00001 —I—

L

|
ADC sat to Code 11111 |—*

v, . Latch

g Bank

=3 and 'EJEIEE t
Vi ’ Birary EHLpnt
a Encoder

5, I

il

A s S M S e T s
1860 BE - A0 2GS © V

i T“ Josabod P J’
v [ 1] Switches
ra sat to

I “Code”
i1+ — . -
Fig. 5. Prototype converter's LSB ADC. Thirty-one ADC subsections

eax.h preset to codes 00001 through 11111 subdivide the region between
K, and F,, in the LSB’s flash decision. The ADC subsections are 5-bit

binary-weighted capacitor-array ADC’s. The comparators, capacitors,

latch bank, and encoder are the same ones used in the MSE ADC.
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TrBo

-ﬂ"JM:aL’Ll M2 |—|EM4L =

BlasprL_ [ LV BIAS

| —Tout £ P
| 1. Feoat

BIAS .

N
+vm'_| M1 # "ll"llm

BIAS,

Fig. 7. Three-stage comparator is capacitor coupled to cancel each
stage’s offset voltage independently, The gain block is based on a
differential pair input and diode-connected load devices that eliminate
the need for CMFB that uses area, power, and time.

4, ADC Performance

TABLE 11
Pro1oTYPE ADC PERFORMANCE AND SPECIFICATIONS

Summary
Resolstion 10 bits |
Conversion Rate 5 Msamples/soc
Maximum DML naLsSE
Maximum INL (W ith comp.} JOLSB
Maximum SMNR (With comp.) 30 dB

Technology 1.6 pm CMOS
| Input Capacitance 30 pF
Power Dhssipation 350 mW

Area 54k mils




813-6.3 The Proposed A/D Converter
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1. Parallel processing with two 8-bit subconverters. (Time-interleaved ADC)

2. Two-step structure with single resister ladder.

3. Using 31 dynamic coarse and 15 fine comparators for 3V Vdd design.

(No op amps s required)

4. 1-bit digital error correction.

* The proposed A/D converter with parallel processing architecture.

—— ¢kl

ck2

VN ! 1

ck2 8-bits 8-bits

ckl A/D A/D
I

i

Y

Output buffer

Output



The proposed 8-bit A/D subconverter.

Y =

VEREFs

24

l

|

Coarse transition point detector

Coarse and fine reference voltage generator

:

Coarse AD(C

--4--IHHHHHHHHHHHHH
¥/

5

%

T

N/

1

t

T
I
|

A

Fine reference voltage switch array

VEREF-

Lo (e
Encoder

=

ADDER

Fine transition point detector

g

e

MSB

The timing diagram of a8-bit A/D subconverter.

ckl ( sample & autozero ) n-11 m I-“:Il f_‘ J 1
[ 1L

Coarse comparator output < X el )X a Xl X X
X n-1 X n X ntl X X b

ck2 ( fine comparison)

Fine comparator output {

L ml_[n]

o

Fime
Emcoder

L

LsB

Coarse encoder output < o4

Fine encoder output

Adder output

Xn-]

n

n+l

€K Xwl X6 XX >
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X Kt X XX )
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* Thecircuit of the coarse comparator.
sense amp __ latch |
M6 = | ckl L Q

[

MS‘E" "1E* M4

ckl

_[r—p—

Vin |
52}

Vekr =
Mi=H M= M2

Ly T, TV
Ly | iy

i

_T‘

z
i

=

%
-
. .

ey
i

* Fine comparator and its clock sequences.

ckl f,kl
VN 81 Sazi

ck2*(1 ck2
VR — I (r—— — — —
s oA E ¥ ¥

ck2*(h
Vll‘L—g

£kl S:JT; latch
S4 ckl S;
ck2 ck2
6 1@
ck1 (sample & autozero ) ) S
ck2 (fine comparison) I L
n ntl

latch output



13-49
CHUNG-YU WU

Intermeshed resistor reference ladder.

e

oy S 59 S
.._ulm... m b eess L L D oeese O
.mn T -~ ._VS > d o > U..5 e
=/ 5 5 5 sioeledwo)) aur o o =
_..ﬂ\ /ﬂf.z m m sses m > ek 22ttt W._
S \ - - > > >
Bl ) ! b _ ! }
| W # 4 J __;, aneeR # --!-# B1lYy ﬂuu_._ﬁw J...._ _:i__-/v _-_-_-!-J (1311213
[ 3 \
m Py
.M < miin o wor| o4 o | | 2 2 e
! I9ppeT J0)SISY 2ul]

Lo

13ppeT 10)SISaY] SO _R o _ wr | _ wi | R_ o

WREF+

e
- e

:

siojeredwo)) as1e0)) 0],

}

.4

h

o

h

ol

h

—

VREF-
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* Thelayouts and their equivalent circuits (a) with and (b) without separated
unit resistors.

- Poly

Metal

O Contact

@ (b)

Experimental Results:

* Chip photograph of the fabricated A/D converter.

Y P i o i e ST

4 -'“.‘;‘E

£
SIPEE |:
T .li_r- LR

o £
] 0

i [
-r'l
e
Pt !
1
VLW
T i
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* A typical plot of the differential nonlinearity.

L

AT

1
i
1
i H
{
| | I
! !
i ;
|
I i
i |
| ¥
2

-0.800= i i
0

i H ! i ] H
25 5o 75 100 125 150 175 200 225 255

* A typical plot of the integral nonlinearity.
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The FFT spectrum for a85 KHz sine-wave input signal

SNR+D| SN T pesk vistortion
46.87| 147.98 { §-53.33 63,78 |
dB
0.0

N
256

15.0E+0 85.0E+0 ATS.0E+D 1.6E+3 6.2E+3 24.5E+3
Frequency {KHz)



13-53
CHUNG-YU WU

Table 1 Major characteristics of the A/D converter.

Process: 0.8mm CMOS
Resolution: 8hits
Differential nonlinearity: -04t0+04LSB
Integral nonlinearity: -06to+1LSB
SNDR(for 85KHz input): 46.8 dB
Sampling rate: 50 MHz

Input dynamic range: 0.5V to 2.5V
Power supply: 3V

Power dissipation: 100 mW
Active area: 4950 um~ 3790 nm
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§13-7 Pipdined (Multistage) ADC

€ Need m(2V™-1) comparators R tapes.
€4 Need m op ampsfor S/H subtractors.
< High-performance op amp is not easy to be achieved (especially for 3V Vdd).

Block diagram of a pipelined A/D converter

Digital Qutput

i1

Digital Correction

S/t
Analog - ™ | . o
ln_r.-utg | >— stage 1 stage 1 stage k
/ 2 bits \
Clock ____| Clock To All I ;
Input Gen. | Biocks ADSC JDAC

[ sm
* (=
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Pipelined ADCs
§13-7.1 A Pipelined 5-Msps 9-bit ADC

Ref.: |IEEE JSSC, vol. 22, no. 6, pp. 954-961, Dec. 1987.

1. General pipelined ADC

IEISL&QHJ—~ Stage 2 = e —‘S'lagg-k
b b P

o1 bits n2 bits nk bits

H(:sllt.‘ll.le
N .
—5H -

ni

| 2
i

et L
il

n1 bits
Fig. 1. Block diagram of a general pipelined A /D converter.

2. Two-stage pipelined ADC

S

' —'_,.L.

n1 bits n2 bits

Fig. 2. Block diagram of a two-stage pipelined A/D converter with
offset and gain errors.

3. Prototype

" S/H Am

IN : . T Residue
| . .

3bit || 3 bit
apc |1l pac

i

3 bits
Fig. 5. Block diagram of one stage in the prototype.

=
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e #21LJF
L — \ ) cuemﬂ_ BIAS
[+ % npmp/ JE CH'_'*—Q
B

2

|'¢'2 ,—DL_E !
e, |

=
.

2
s

By
Ih._l

(b)

Fig. 6. (a) Schematic of S/H amplifier. (b) Timing diagram of a two-
phase nonoverlapping clock.

SHOUT DAC OUTPUT

+VREF - —
#1 N
T F 1L}

!
DmooOzZm

-VREF
Fig. 8. Block diagram of A /D, D/A subsection.
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4 B
VR« ﬂ'—-'l?.é___l ¢ %1-”{ ﬁfg

SHOUT+o ‘EE e IN Enmp 9C OUT-
SHOUT- =2 2 : G 1 | COuUT+
_E'g Cs ._]
VR o 2 7
by ‘l

Fig. 9. Connection of comparator with A /D, D /A subsection.

OP AMP:

VDD

|
] ““-"’@—J ey Preer e riie
Hdﬂ M1 I 1| NB e }E‘IZ‘: i
Em  med }i .»--|E|-|Bz

7] — —]-[_[ms e | vss m?:h—{ [

VoD
M106
; M5
vss
oa__ QA VS
QUT+ i VDD QuT-
{ M7
M108
+ vsS

Md:ﬂw u13I

CMBIAS CMEIAS
Fig. 7. Op-amp schematic.



e Comparators:

VoD

2]} cm

hEl

V55
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< COUT-

+ O COUT.

m:sat— LATCH

Fig. 10. Comparator schematic.

4, Measurement results:
Conversion Rate = 5 Ms/s
0.75 Input Frequency = 2 MHz

0.50

0.25

DHNL -
(LSBs)%- 04} Ml

-0.25

-0.50

Ty ) A
0 128 256 384 512

Code
Fig. 11, DNL versus code.

56,
50/

42 36 30 24 8 42 6 0
Input Level (dB)

Fig. 13. SNR versus input level.,

1.25
1.00
0.75
0.50
0.25;

Conversion Rate = 5 Ms/s
Input Frequency = 2 MHz

|
Fm
ﬂ“i ”!'JFJ ‘

I

|
'i

ﬁ,

Mlﬁ W‘

0.0

31.25. .JIA N ’Hir

0.50. ” FWM l‘
-0.751 { L

1.00] [

-1.25. ; : i
0 128 256 384 512
Code
Fig. 12. INL versus code.
TABLE

DaTa SUMMARY OVER INPUT FREQUENCY VARIATION
U-bit Resolution; 5-Msample /s Conversion

Rate; +5-V Power Supplies

Input Frequency 2 kHe

Feak DML {L5E} 0.5
Peak INL (LSB) Lo
Peak SNR (dB) 50

2 MHz
0.6
1.1
30

5.002 MHz
0.5
1.2
49
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TABLE 11
Tyrical PErFoRMANCE: 25°C

Technology 3-u CMO3

Resolution 9 bits
Conversion Rate 5 Ms/s
Arca® 8500 mils®

Power Supplies LAY
| Power Digsipation 180 mW
Input Capacitance 3 pF

Input Offset < 1LSB
CM Input Range 5V
DC PSER 50dB

*Does not include clock gen-
erator, bias generator, refer-
ence generator, digital error
correction logic, and pads.

813-7.2 A Pipdlined 9-Stage Video-Rate ADC

Ref.: IEEE 1991 Custom Integrated Circuits Conference (CICC). pp. 26.4.1-
26.4.4

Digital Output
* 10 bits

Digital Correction

SHA t 1 11

Analog : |
iripik «s—=5lage it= tage 9

/ 2 bits \
A

Glock lock | To Al 1“) %LD
input ] Gen. [~ Blocks s
= SHA

+

DAC + & + @SHA P MDAC



inp

refp  refn outp

)n )E /‘: 7‘?1 /o bias5
TR E A
o op amp
JI;QSQ %Cl )@1

/f /J* /th /ﬂh -/!i'h 1 biass
il

elp outn’

inn

Fig. 5 - Multiplying Digital-to-Analog Converter Schematic

8

Conv. Rate = 20 Msamp/s

SNDR (dB)
S

£
=

1.0 10.0 40
Input Frequency (MHz)

Fig. 11 - Si nal-tn-NﬂIsa-and-Distn'rtiun-m
Ratio (SNDR) versus Input Frequency

o
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VDD
bias1 % r‘_l %
| E | 11
| |
bias3 1 |
outn | outp
| |
bias4 o § |

1C

S
—_— | ﬁ

Fig. 6 - Operational-Amplifier Schematic

Table 1 - ADC Performance: +5 V and 25°C

Technology 0.9-um CMOS |
Resolution 10 bits
Conversion Rate 20 Msamples/s
Area 9.3 mm?
Power Dissipation 300 mW

Input Offset 10 LSB

DNL 0.6 LSB

INL 1.1 LSB
SNDR (f,=100kHz) 56.6 dB

SNDR (f, = 5 MHz) 54.2 dB

DP 0.15°p-p

DG 0.23 % p-p
PSRR (1 kHz) 55dB

CMRR (5 kHz) 70 dB
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813-7.3 A Single-Ended 12-bit 20 MS/s Self-Calibrating Pipeline ADC
Ref.: IEEE JSSC vol. 33, pp. 1898-1903, Dec. 1998.

Advantages: concurrent processing of analog signals

P optimal speed and power dissipation

P high speed and low power

Disadvantage: * Inherent passive component matching problem

P hard to control and yield

p self-calibration and correction technique

* Latency P acceptable in most applications

1. The pipeline architecture
* CMOS SC implementation
P conversion stage speed
u feedback factor
U (interstage gain)*
P 1-bit/stage for power and speed
optimization.

P simple calibration.

* Transfer characteristic:
The output residue voltage Vout
Vout =2Vin+ D Vref
D=+1for0O<Vin<Vref

=-1for-Vref <Vin<O0

* Digital correction technigue:
Very attractive for submicron
CMOS (small chip area)

Vin Vi
+ out
_ (3 ;
7
I!
+
“Vref, +Vref

Fig. 1. Block diagram of the 1-bit converter stage.

Vout

Vref

Di=r-'| Di=+1

-Vref Vref

-Vref

Fig. 2. Transfer characteristic for the 1-bit converter stage.
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* The "radix = 2" overrange stage , ﬂ
1 X2 ;{:’z \\; Vout
To correct residues up to 5 Vref _-T/
outside the nominal +Vref range for )
Vin. Nref)2 i}
2Vref, O, <2Vref

e
+Wrelf 2

Fig. 3. Overrange stage implementation.

Vout
Transfer characteristic:
Vref -

Vout = 2Vin + 2 xD Vref

1 . Di='1 D=D i D|=+T
D=+1 =Vref <Vin<Vref

2 Vret

] f— Vin

=0 - %Vref <Vin<%Vref ute

=1 - Vref <Vin<- %Vref

—VrefT

Fig. 4. Overrange stage transfer characteristic.

Lower feedback gain for the overrange stage
P maximum operating frequency

* Qveral architecture only 3 =
overrange stages are used for {} D%D% >_|\
| | e

NI

digital correction.

Raw data bits

Fig. 5. Architecture of the ADC including three overrange stages.

2. Self-calibration and correction algorithm
* Starting from the eleventh pipeline stage and working toward the MSB stage.
Therest of the stages (12-15) are not calibrated.
* For each calibration stage, the calibration consists of
(1) forcing an analog input value of OV (differential)
(2) forcing the digital decision to the left and to the right of the transition.
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* The calibration coefficient
Memi = code | - code h
Vout = Vref  Code |=0
Vout = -Vref  Code h=0
P Memi =2DVout| @DVin|

code_1
Mem, = code_ - code_h

one coefficient for regular
stage.

two coefficients for overrange
stage. Vref

All the correction coefficients

are stored in 15 registers. o

Fig. 6. Principle of digital self-calibration and correction.

* All the digital correction is
performed in 16 bits, and the last 4 LSB's are truncated for the final 12-bit output
code.
* Global offset and full-scale error can be calibrated.
3. Implementation of Analog Blocks.
* The single-ended to differential input S/H:

ref in Wref

error amplifier < relin

Fig. 9. Block diagram of the single-ended to differential imput 5/H.



* |nput common-mode fb amp.

Fig.
* op amp
(telescopic op
Vid
AN
S
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WVdd Vdd Wd
/_"}, £
T
]nL#- IH%EL REF_EH’QJ
170
. Out
Vdd Vdd _
[n]"; IHL‘SRDLE{H
o
L B L
10.  Error amplifier in the input S/H.
amp)
Vdd Wdd Wd
PN 5 j
& )éj Wit 7 ﬁ!,
Woul+ :|:|_ =
-
- 41
=
®
L

v

Fig. 8,

-]

|
- JI
by ~ ~

Opamp circuit diagram, including outpul common-mode leedback.
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4. Measurement results
DNL:

(L8 —+

0.6 —+

i

DNIL. (1.SB)

0.2 4+

0.6 +—
0.8

| i | } ] i | i | i | i ! i | } |
! . 1 i ! 7 1 : I ¥ ! ! T J 1 L |

0 500 1000 (5000 2000 2500 MHO0 O 3S00 4000
Code

Fig. 12, Typical DNL plot.

INL:

i

(0.6

INL (LSE)
=]

ey g

-0 500 1000 1500 2000 2500 3000 3500 4000
Code

Fig. 13. Typical INL ploi.



Spectrum:

SNR & THD

13-66
CHUNG-YU WU

-Rly —

1K} —

=120

Fig. 14.

10 2.0

40 50 60 70 K0 90 100

Frequency (MHz)

Spectrum for a single-ended 2-Vpp 1-MHz input sine wave.

T T - -84
69 + A2
1 - -80
68 |
3 + 7 3
z 7T [ .. B
<z SNR -+ 76 =
6 L 1
I H-‘-\-\\‘_\"-‘_-""H.._\_\_\_H_ 5 IS ?d
-\-..\_‘_\_\_‘-H_\_ 1
65 -t THD
- 72
- _h-_‘__'_‘qq_______ o
e
———— et
1 2 3 3 & 7 B 9 1)
Fin (MHz)
Fig. 15. Single-ended dynamic performance wversus input frequency (20

Msample/s).
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0 == —<4 ¥4

'!:FI} 1 N B -Hl

_ ~+ -80

o —+
) ) 28 B
= —
- 6T =+ - =
j= 4
s ] SU S -

6 1T THD

- T4
65 - 4 7
04 == -+ T
Il 1 | i | | I | | {

4 & 8 1m0 i2 14 1s 14 20
Fclk (MHz)

Fig. 16. Single-ended dynamic performance versus clock frequency (fin=1
MHz).

TABLE 1
SUMMARY OF ADC PERFORMANCE

Sample rate 20 MHz
Resolution 12 buts
INL 0.75 L5B
DNL 045 L5SB
SNR (Nyquist) 654 dB
THD (Nyquist) -72.6 dB
Power dissipation 250 mW
Noise (rms) 0.36 LSH

Input range Dio 2V
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813-8 Folding and Interpolating ADC

Ref.: Johns & Martin, Analog |C Design, pp. 516-523.
813-8.1 Interpolating ADC
* The number of input amplifiers (or comparators as in flash ADC) attached
to Vin can be significantly reduced by interpolating between adjacent output
of these amplifiers.
A 4-bit interpolating ADC with interpolating factor of 4

Vref =1V
F 3
v, (Overflow)
ol i
Vin ’ = 16
R [latch |2
R=
) R
R
0.75 V i
> H — b!
R= o
9 R Digital
logic b
R
05V R 7
c
L H - E bd
i - e i
Vo = 5
i e
0.25 V ﬁ 3
R = Input R
= amplifiers
1 R
H

comparators

L

* Transfer response of V4, V,,, Vo, Vo, V, Vs Vin: Logic 1 =5V, Logic 0 = 0V
Gain of input amplifier =-10
Latch threshold = 2.5V

More reference levels between V, and V,: V,,, Vo, V.
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5.0

(Volts)

in

Possible transfer responses for the input-comparator
output signals, V; and V,, and their interpolated signals

* If V, and V, are accurately linear between their own thresholds,
i.e.0.25V <Vin< 0.5V
P correct crossing points of the latch threshold.
P linearity - .

And therest of the interpolated signal responses are of secondary importance.

* For fast operation, the delays of latches must be equalized by adding series

resistors.

* |nterpolation can be implemented by R string, current mirrors or capacitors.

I“"..in
e W R
latch
0.5V4+—i+ R R/4 7
latch
R 6
S Jlatch
R= R/4 5
T—W—Jatcn >

R

1
2

025V R

Adding series resistors to equalize delay times to the latch comparators



§13-8.2 Folding ADC
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A 4-bit folding ADC with afolding rate of 4.

2-bit
MSB A/D
converter
Vi =1V
Foldi Y
bﬁ'm:(ng Latch
T111
v _l4'8 1216
"7 116" 16° 16" 1
* VE
e Latch
| 5 5
3 7 1115
"~ 116’16’ 16’ 16
. vV
Folding 8
block Latch
T131
Vo & A
r~ 116" 16’ 16" 16
; \'
| 4
E;g:{ng Latch
TT11

v-[L15 913
! 16’ 16’ 16' 16

* The use of afolding architecture to reduce significantly the number of latch
comparators (2Vin interpolating ADC).

Digital
logic

b,

b, Folding block responses

* The use of analog preprocessing to determine the LSB set directly.

* Folding rate © the number of output transitions for a single folding block as

Vinis swept over itsinput range.



13-71
CHUNG-YU WU

VE '—%Q1 Vb L QQ
<\
b

' i
Vl' Vrz Vl'a' V:’d
I, I, I Iy
Vin
I
ri

R,

(o, - l Vee
(a)

A

UCC - vBE - Ibﬂ‘l

|
|
v Vrz Vr!j 1""'rd-

(b)
A folding block with a folding-rate of four. (a) A possible single-ended circuit
realization; (b) input-output response.
* 4-bit folding ADC architecture:
MSB 2-bit:  flash
LSB 2-bit:  folding
LSB: V,, V,, V;, and V, produce athermometer code for each of the four

MSB regions.
* Examples: Vin: 0® 14V
Thermometer code: 0000, 0001, 0011, 0111, 1111
Vin: VAV ® 12V

Thermometer code: 1110, 1100, 1000, 0000

* Total number of latches: 8
as compared to 16 in flash ADC.

* No S/H isrequired.
* Folding blocks realized by BJT cross-coupled differential pairs as an example.
* Large input capacitance seen by Vin.

* The output signal frequency = input signal frequency ~ folding rate
P limitsthe practical folding rate used in high-speed converter.
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813-8.3 Folding and I nterpolating ADC

b,
2-bit
MSB A/D |
converter o b, Folding-block responses
err = 1 V
Threshold
— V1 L LR
V, Latch
R : - Vin
12 1
=R 16 (Volts)
v Vo Threshold
th Folding .
block Latch pigtal [ > | G,
logic
TITT 9 3 7 11 15
3 7 11 15
Vr By ey ey q:H
16 16 16 16 | = ¢ oy
V3¢ Latch '
pvin
=R
Foldi Ve
oldin
D T Vs
_ /1 5 9 18]
"~ |16' 16" 16" 16

A 4-hit folding A/D converter with afolding rate of four and an interpolate-by-two. (The
MSB converter would usually be realized by combining some folding-block signals.)

* Folding rate: 4; Interpolation: 2
* 'V, isanew inverted signal from V.
* Latch number
Input capacitance
* Capable of > 100 MHz operation.
* Can be implemented in CMOS.
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813-8.4 A 400-M¢/s 6-bit CMOS Folding and I nterpolating ADC

Ref.: IEEE JSSC, vol. 33, no. 12, pp. 1932-1938, Dec.1998

1. The structure of afolder with differential outputs.

* A practical folder has e #,. a ———
- iﬁ'4> T J? s
5 amplifiers. [>— 7 .

L= b

vin |
-

I
xe:
1
\v
|
uA

XA N AN

(a) (b) (c)

Fig. 2. (a) In this figure, a simple folder is highlighted. (b) A practical folder
has an odd number of amplifiers. (¢) The differential outputs are plotted.

2. A 3-bit folding converter and its cyclic code:

* Folding rate N, full-scale \
sinusoid Folder 1 §E;§—

Decode
|

P Folded signal frequency

LSBs

vin —1 Folder 2

»% N>requency Fin

MSB
Coarse ADC}—————»

Fig. 3. A more complete diagram of a 3-bit folding converter.

6 0o 1 1 0 0 1 1 ©0 O LSB+1
o 1 0 1 0 1 0 1 0 1 LSB

Vin —»

Fig. 4. The figure shows the cyclic code generated by the two comparators.
The 2-bit decoded binary value is also shown.
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3. The block diagram of the 6-bit converter

Folder 1

Falder 2 |

- Folder 16 :D
1
L Coarse ADC >

Fig. 5 Block diagram of the 6-bit converter

Decode
]
1

4. The folder structure:

TETHY

Fig. 6. The folder is made of five two-stage amplifiers. The reference ladder
is shared among all the folders.

_|
g H

4
—
a4

* Folding rate: 4
Interpolation: 2
* 16 comparators and 16 folders® cyclic thermometer ® 5 LSBs.
* 5 amplifiers are used
* Two stages® higher gm.
* Resistor load ® better transient performance.

* Qutput current mode ® speed - .
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5. Practical folders:

\fin+

_ un-used

@ (b)

Fig. 7 (&) The contribution of the fifth amplifier goes unused.
(b) Thisredundancy is used to reduce the number of preamplifiers

* Vxland Vx2 are fixed voltages generated by a single preamplifier shared
by all folders.

* Power dissipation .

6. Interpolation with current-mode folder signals

F3R
L FIL
— Folder 1 [___

F1R

_ T e H
ViRl " e PR

| FiL :
— F3R |

— Folder 3

Vin —»

Fig. 8. Interpolation can be used to eliminate half or more of the folder blocks

ifr4
If/4

Folder 1 Spiit | .
) ina [F— FIR it 14
vin - i itr4

it
Folder 3 P B— Fr
1

Fig. 9. Interpolation with current-mode fol der signals. A current split-in-
four block is shown on the right.

* The number of folders . b 16® 8

* Problems: (1) It adds an extra node to the signal path, reducing the
bandwidth of the folder circuit.
(2) It does not work readily at low power supply voltages.




* Improved circuit:
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Merge the current division within the folder.

14
21
LiE 44

Vin— Foider i3 |_ .,

— 1/4

L
]

_|

Y pecr

Fig. 10. The folder is modified to include current division. The modified amplifier
ison theright. A block diagram for a modified folder is aso shown.

* Fast operation and low-voltage operation.

7. Comparator design

(1) First stage:

{a)

(b)
Fig. 12. The comparator core (a) tracking and (b) latching.

* Current-input voltage-output comparator.

* Resistor |oad.
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Tracking Latching

)
=

Fig. 13. Output voltage of comparator first stage during tracking and latch-
ing.

* Advantages:
(@) Currents are summed to drive the latch (i.e. lin_ + ling) P The input
signal has very little effect after latching begins.
(b) lin_ and liny always flow from tracking to latching P The folders are
little disturbed.
* Need the second-stage buffer and latch.

(2) Second stage:

linL —— —+— linR

First Stage

(Core)
Outl OutR

unclocked
SR-Latch

f‘-‘ﬁlﬂut

Fig. 14, Comparator second stage,
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(3) Third stage to reduce metastability errors:
S Bl e Slave
Amplifiers SR
Current : :
3 . 1st Stage and : latch
el SR-Latch | -
Clk
Clk

Fig. 15. Three comparator stages.

8. Complete ADC block diagram

The sync block: To suppress the delay mismatch between the coarse ADC and

the rest of the circuitry (i.e. the fine converter)

_| Folder
- MSB
= Fnlder;2 .§ 5 MSB-1
Vin : 3
== a . '
1
; MSB_Lo
: ; ‘
Folder 8 ! MSB_Hi
H ] : -
- & —>
1| =} EE; Vin
) @
MSB w (1
(a) (b)

Fig. 16. (@) ADC block diagram with detail of coarse ADC. (b) Coarse ADC
waveforms

* MSB-Lo and MSB-Hi are offset by % Fs at either side of the MSB

transition voltage.
*|f MSB-1=0, MSB =MSB - Lo

If MSB-1 =

* Can tolerate

1, MSB = MSB - Hi

arelative offset of up to t:—é Fs.
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9. Measurement results:

80
60

60 ' ' '
0E+0  1E+07  2E+07  3E+07  4E+07  5E+07

Frequency Hz

Fig. 17. FFT for 1-MHz sinusoid sampled at 400 Msample/s (decimated).

dB

Signal to Noise and Distortion
36 -

34 .
32 4
30
28
28 A

22

20 A& 1 i Biii} b H Tl ||||ui i1 1 I“"i - - IlIII.I 11 ||||r|{
1

0.01 0.1 1 10 100 1000
Fin
Fig. 18. SNDR versus input frequency at 400 Msample/s

TABLE 1
PERFORMANCE SUMMARY

Technology 0.5mm BiCMOS (CMOS only)
SNDR (1MHz sine-wave) 33.6dB @ 400Msample/s

32.9dB @ 450Msample/s

Supply voltage 3.2V
Power 200mW
Area 0.6um’

Input capacitance 1.4pF
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Fig. 19. Die photo
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CH 14. MOS Switched-Capacitor Filter Design
§14--1 Preliminary Considerations

§14-1.1 Classification of systems and filters

1. Continuous-time, discrete-time, and sampled-data systems

A
Ampt. Inputx(ty ~ Ampt. T Input x(kt) Ampt.

Output y(t)

- Output y(kt)
T k: integer
continuous-time system sampled-data system discrete-time system
e.q.: analog Filter e.q.: SCF e.q.: digital filter
- J
differential equations difference equations

2. Tine-invariant systems and causal systems

T.I. . x(kty— y(kt) => x[(k-n)T]— y[(k-n)T] for any x(kt) and n.
Causal : x(mt)=>y(kT)=0 for k<m

3. Filter types:

(1) Low-Pass(LP) |H(ja))
B 4

(s)y= f —_ _ _
H(s i
S? + (a)p / Qp )S + a)f, N*Zoflig;cade

(biquad)
Two complex poles (LHP) 0, O ®
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(2) High-Pass(HP)
KS*

HO= gy (@,/0)S +

Two complex poles(LHP)
Two zeros at S=0

H(jo)

-N*10dB/decade
N: order

3) Band-Pass(BP) 3B

K(w, /0)S +N*10dB/decade
5 = K 5 N: order
S +(w,/0,)s + o,

H(s)=

center freq. gain: k
center freq. o,

evY

Two complex poles (LHP) Pt Ppr Pp Pz Os2
One zeros at S=0
4)Band-Reject(BR) |H (j ‘(f’)
Hee K" ) B
S +(w./0,))s + o,
0p=0,
Two complex poles(LHP) o, °
Two imaginary zeros
o,>0, High-Pass Notch filter (HPN)
op,<m, Low-Pass Notch filter (LPN)
(5)Low-Pass Notch (LPN) (6)High-Pass Notch
[H(j@) Hg)
dB dB

O I

e

0dB 0dB

o
N
e



(7)ALL-Pass (Delay Equalizer)

14-3
CHUNG-YU WU

A A
S*—(w,/0,)S +
HES)==3 2 0dB .
S+ (a)p /Qp )S + , A\ Gain
-180°
Two complex poles (LHP) hase
Two complex zeros (RHP) . >
mirror-imaged P
§14-1.2 Sampling Process
§ ideal impulse sampling: ~—-multiplier
© t
S(t)=S, ()= Y St~ kz) Xt
k==e Xd(t)

T: sampling period

x4(H)=x(8)S , ()=x(t) 250 —kr)= Y x()8(t - ko)

k=—0

remember: f O(t—kr)dt=1 6(t—kr)=0 for t+kr

=> x4(t)= Zw:x(kr)é'(t —krt)

S(t)=S,(t) for ideal
impulse sampling

k=—0
Fourier transformation of S ;(t): Sg(t)= i Cke’ ' o= 2
fr=—o0 T
1 - ko t _ 1
Where CkE—J‘zf s(t) ¢ dt=—
T - T
—>xy(=x(OSH(D)= Y, Cx(r)e™”
k=—o0
FIxdOI=F[ Y. Cx(e”™ 1= Y. CFx(t)e""]
k=—0 k=—0
= ick X(jo-jkws) where F[x(t)]=X(jo), k=+integer

k=—0

v

base-band spectrum
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A X(o)
-0, 0 ®, e
Aliasing: A X(jor-jko,) o <20,
introduces an
ambiguity into
X(jeo-jkaey)
and prevents |
the eventual 0 o, 0 2'coC
ey of A X(o-iko,) ng >
Q)] ()]
aliasing ® °
. V >
0 _2|(‘0c 0% 0 ®c 2ICOC N ©

Sampling Theorem:
A function x(t) that has a Fourier spectrum X(jo) such that X(jw)=0 for

|a)| > a)é is uniquely described by a knowledge of its values at uniformly spaced

time instants, r instants apart(z =27z /w,)

2m.: Nyquist rate.
Anti-aliasing filter is required.
Reconstruction filter is also required to recover x(t).

spec
H(jw)
" The smaller the os-2m. (TB),
A Transition ]
band. the higher the filter order!
: Stop
Pass i band
. band =
—Ogto, % O oS0 >(x)
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§ Finite -Pulse Sampling (non-ideal sampling):

Sp(t)=i[u(f—kr—%)—u(t—kr+%)] a>0 A

a
‘ . —> |-
Cmt[2 Syt) e dt (1"
T
a j 2
=lj_ie‘Jk‘”*’dt:ﬁsm(kwsa/ LU _
T, T koall © o7 37 47 t
Now, we have sina/a envelope onto X (jo-jkws)
X, (t
a=kwal?2 K Pulse Amplitude Modulation
(PAM
T 21 /] H -
§14-1.3 Z-Transformation H V 3t 4t t

xa(t)= Y x(k7)5(t - kr)

Laplace Transformation=> Xy(s)=L[x4(t)]= i x(kt)e™*
k=—o0

Let z=¢*"® => X(z)= > X(kr)z™" two-sided z-transform
k=—0

. — joT
S=jo  z=¢ - .
X(z)=Y.X(kr)z™" one-sided z-transform

k=0

example 1:  x(t)=u(t)=>x(kr) =1=>X(z)= i A 1;_1 |2[>1

K=0 —Z
example 2:  x(t)=e¢™u(t)=>x(k7) = e * =>X(2)= i PR 1_;_1
—e Z

k=0
for |z/>e*"

For single input/output, linear, time-invariant, sampled data (or discrete-time)

system:

y(k)+ 3 b, yi(k-n)r1=Y a, x[(k-n)z]

n=l1 n=0

M.N: non-negative integers
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Two cases:(1) b, =0 foralln => nonrecursive system

M+1 tap transversal filter
Finite-Duration Impulse Response(FIR)Filter

(2) b, #0 forn>1 => Nth-order recursive system

Infinite Impulse Response(IIR) Filter
z-transform:

YQ(U+3 6,2 =X@) S a4,

n=1

M
v Z a,z"
H(z)= (2) _ = pulse transfer function
X(2) N
1+ anzf"

n=1

_a(-pZY1-BZ")....A-p,Z")  z=0ipoles
(1 o OtlZ_l)(l - 0522_1) ........ (1 — aNZ_l) Z:Bii ZEros

Mapping between Z-plane and S-plane:

ST

z=¢" s=otjo => z=¢"'e&"" =

For os>2m,, the base-band response X(jw) over the range-— a; <wlw /2 is

S

sufficient to determine X(jo) for all .

* —a;SSa)Sa)S/L —w<g<ew =>allZ-plane LZ=-7—>7x
—3620°' Sa)S—CZS , —w<g<ow =>overlaponZ-plane £Z =-37—>-x
o, 3w,
2° <w< 25, —w<g<w =>overlap on Z-plane £Z =7 —>3x
* 0=, —wo<g<ow =>astraight line from z=0 to z=« with angle m;t

*jo axis => 0=0=> |z|=1 unit circle
*0>0  |z/>1 for all ® => RHP — outside the ||=1 circle

*0<0 |£<1 for all ® =>LHP — inside the |z[=1 circle



* S=0 z

1 ;o 0=0 —oo<g<towo

First-order transfer function:
1

H(z)= — Z=ais the pole
l-az
h(kt) k=0,1,2,3,.......
——
(1)a>1, diverging unstable
(2)a=1 sequence of 1's  unstable
(3)a=0 a<l stable
(4)—1<a<o stable <0, otr=*n
okt=tkn
(5)a=—1 unstable
(6)a<—1 unstable

G(w)=20log[|H(2)| ,_gjer ] dB

L ImH@) |
d(w)=tan" Re F(2) el rad
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=> Real Z axis (positive)

njCO
@, TZ
7, 0 o
Z .
Z stable region
1,7}

magnitude

Pan e
% )

The magnitude and phase can be determined graphically in the same way as

those determined from the s-plane poles & zeros.

§14-1.4 Sample and Hold Circuit

Zero-order hold or S/H function:
1 _ —ST

e
ST

Ho(s)=

sin(wt/2)
wt/2

Ho(jo)=e™""
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h,(t)f
1h
Impulse response
ho(H) =2 u(t)- L u(t-1)
T T
T Tt
..................... T A
: : G =N
— 2wy B N —
-7 X(f— Tl
S e—x(b ‘ -
T
* may serves as a reconstruction circuit X(0=x() ht

X(jo)=Xq(jo)H(o)
* The different between X, (jo) & Xy (jo) at ®=+w. can be eliminated by setting
o/ >>1.

§14-2 Switched-Capacitor Network System

General Switched-Capacitor Network (SCN):

ideal capacitors, ideal voltage-controlled-voltage sources (VCVS's), ideal switches
& sampled-data voltage inputs.
VCVS: freq. indep. gain amps or infinite gain OP amps.

* Typically, the sampled-data voltage input is only single, not multiple.

* The input may be a continuous one.

* The effects of non-ideal switches, non-ideal OP amps, & non-ideal cap. should be
considered as & second order effects.
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Block diagram:
e
| |
| |
' I
| — (SH)i |
I A I
A |
Continuous : Switched- | Continuous
O— Anti-aliasing e ©— Capacitor —» (S/H)o = Reconstruction —»
Filter : o Network : Filter
| |
| ¥ o
| — —
| ¢ ¢ 9 ¢ |
| |
| |

Switched-Capacitor Network
(Two-phase clock) (can be multi-phase)
General symbols:

4
e 0 ¢ o 77

T N T

V. (kT) C G = Ve C 6D = VD C V6D
o { O o { o o { o
even clock
T .
e ' ~1
Ir 2T r
¢o A
T.<T
to avoid overlapping
of ¢e and (I)o odd clock
k7. T,
-1

T: sampling period 1=2T

* Generally, SCN is time-variant since the network topology is different in the case of
¢° and ¢°. However, if we separate the input/output sampled-data voltage into one
even component and one odd component and separate the whole SCN into one
even part and one odd part, then we have two time-invariant networks coupled
together. Analysis thus can be performed.



Sampled-Data Waveforms
1. Return-to-zero waveforms
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vaeﬂ
VA —‘ -t
= o T 2T 37 ar ST
! > t' v o)
or Ir 2T 3r 4T 5T a
+ ; ; ; ; .
V() 0 g V(1) or IT 2T 3T 4T 5T
V(f)i 0 g v, (0)
Vi(@2)=V,(2)+ V) (2)= V;(2) V' (z)=0
Similarly, we have Vy(z)= V(2)+V, ' (z)= V,(z) Ve(z)=0

2. Full-clock-period (Full-cycle) sample-and-hold waveforms

v.(0h

Vc(z)=

ar

Vi)t V. (2)

4T

ST

o4
Ve
\ \ >
. 1T 2T r AT 5T
v,
‘ >
1T 2T r AT 5T

V22 V@) (VKT Ve [(-1)T])

Similarly, we have V4(z)= V; (2)+V, (2)



Vi@2=Z*V](2)
¢ ord

+
Vo

Va

co

¢
>%V
C

Z

Full-cycle S/H circuit

§14-3 Filter Design Process

1. Specification

(1) Low-Pass Filter

Specification:
‘H(]COX 4 TransitionBand
Gain TB S:PB_ripple
dB [ -iS_.-" T
\\ Stopband SB
Passband \ | SB attenuation
PB ‘\
i« 7N ' J< 7D
NN L N > (1)
w, @ Actual — filter — response
Cutoff — frequency  Stopband — frequency
delay
sec

/
M actual — delay — function

AN
\_ R \ /
v T~ -

| » (V)
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Specification

1

A
!

Approximation

N

No
Yes

Realization [«

d

No

Yes

Stop
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(2) Band-Pass Filter

JANMNAAAANANANANAA VAN,

N s ~N
SN TN

A AN SB,,

AN

SP Y | PB P

(RRRRRRRRRSVR: '\ /

= NP » (1)

2.Approximation
(1) Classical approximation
a. Butterworth
b. Chebyshev
c. Elliptic
d. Bessel
(2) Modern approximation

3.Realization
Two methods:
(1) Realization of the biquad (2™ order filter)and the first-order filter=>cascade
or couple them to form a high-order filter.
(2) Realize H(s) using LC network =>replace L by some integrated-circuit

simulator or simulate the LC network using integrators.
* Low-sensitivity, high-performance
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§14-4 SC Integrators via OP AMPS

§14-4.1 SC Inverting Integrator

1,
(I)o((l)e) Vcl =0 ) n VCl _ ¢e ¢0)
(I)e(d)o) Vcl Vl 'VZ ( O V2
AQ=C(Vi-V2) T c
T
—>R—— e e

f: clock frequency
1

f=100KHz, C,=10PF

=>SC simulated positive resistor —>R=1MQ
Switch realizations:

4,014, Qs
T

4,019, 1L
o—'—0 —=> © TIT o or O_+VI +—O
— Ve 1yl
E/D NMOS 019,
The inverting SC integrator
i |
Avs ',
R ?,

Operation:
(1)¢, phase
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C, Vout

Vin O
out
dA
n—1 n n+l1
)
DA
[\ [\ [ A\, ¢
vin‘
+1V
-
voutA Vout (Tn ) Vout (Tn+1 ) l_
o 11 g
Sy {
Vuut (Tn—l ) CZ { |
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"Ideal OP AMP"
out(Tn) ch(Tn) Vout(Tn 1) 1 Vm(Tn)

out(T) out( ) —— Cl
T e

/AT)== )

2

dt Vout R C in 1 Vin - C 1 1 V;n
12 —C 2 .
G (ﬂ@&)

High-precision integrator time constant RC—C—%
Z-domain Expression: .
Vou Vol DZ' = £ Vin(2)
2
5
1-z

Backward Euler Transformation: S—

1 1
(C,/C)TS  RC,S

H(S)=

Parasitic-Free structure:
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§14-4.2 Non-inverting SC Integrator

Oe(o) - Ver=tV,
¢0(¢e) . VCIZ'VZ

Achl(-Vl-Vz) .
MO Vit N
—rT Y
T
£V.=0 . —CV, +V, ¢e(¢0) + VCI _ ¢0(¢€)
= —>j=_ U1 _ 1
ST Tk po——e—{—¢"—>oy,
I 6,0 4.4,) (¢
=> SC simulated negative resistor!
The non-inverting SC integrator:
| [ |
1 { 1T
C G,
_R ¢€ o

Operations:
(1)¢. phase

—_
Q
8]

C
Vout (Tn)zvout(Tn-l)+ Fl Vin (7:1—1 )

4y -1y
dt ™ RC,
—>Lo ()2 H(g) = L=
I/in RICZS QLS

G f
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Z-domain expression:

Lo 2D
Hiz="=@_ &
-1
Forward Euler Transformation: S— I;ZZI
H(s)=+ c L + 1
Cors RC,S

1

® Simpler non-inverting integrator!

§14-5 Fully Differential-Type SC Integrators Using OP AMPs.

@) O
J—— J—— C
Viouss 0 | L—9 - ] I
I a I
T ™
vin O Ovout_
VBIAS O |::| l |::| - Ovout+
1 aC _|
v o 1 o 1

* Better noise rejection

* Better CMRR and PSRR

* Better Frequency response

* Better slew rate
** More components (switches, capacitor, OP AMPs)
** Thermal noise 1 due to the added components and switching operations.
** Need common-mode feedback or common-mode bias circuit
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§14-6 SC Differentiators Using OP AMPs

Inverting:
V. o—
in ¢
. C,
Voul To)=V,, (To)=— C v, @)=V, (T,)]
=>H(z)=—2(1-Z")
C
) 1-z!
Backward-Euler Transformation: S—
HS)=-SSr-—sS1__se, -1
C Cf cf
Noninverting:

out
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H(z)=+ % (1-z7)

Differential-Type SC Differentiator:

Vi O—" ¢e_| (_tcl
Vin 0 ¢e—| (_Icl

Characteristics of SC differentiators:
1. Parasitic-free structure.
2. No dc instability problem as in SC integrators.
3. No high-frequency-noise problem as in continuous-time differentiators.
4. Can be used to design filters as SC integrators.
Ref: IEEE JSSC vol.sc-24, pp.177-180, 1989.
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§14-7 The Design of SC Biquads (Second-Order Filter)

H(S)=— (K,S" + KS + K)) _ V()
V()

@
S+ =8+ o

§14-7.1 Low-Q SC Biquads

Step 1: Flow diagram generation.

SV, = [K,S+K S+K, ] Vi — (coog + 02)oVoy
_ 1 w
- >V0ut_' E [(K1+KZS)Vin+( E) b Vout+ 0, ® Vl)

where Vlzé [(KO/(DO) oVitm,e Vout]

~w,
@, /0
(4
Vm - l O - l Vout
K, S S
@, 4
K, +K,§
Step2: Active-RC design
WA

in O——/\! - @,

out

T

~
[\S)
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Step 3: SCF
C2
| L P
C,=1 a
—=C,
9, G,
e oxiast o
in \ q)z
(|)1 ¢2 q)
L TN
e e e C ' — 1
| (— 4
I =
|{C1"
It
Ci=T*KJo=|4,| *o0,*T=|4,|L |4,|="2
X

C2 = C3:(DO * T=l

X

Ci=(m, * T/Q)=L :>£ = G (not suitable for high Q)

Ox oT C,
1
Cl': K1 *T :Kl—
®,Xx
Ci"=K, 1
CA/C2:—
ol _ _ B ..
o => f,=="— f,: center (cutoff) frequency
1 27mx
X:—
o T

Step 4: refinement
Z-domain block diagram (If the accuracy is not good, change to Z-domain diagram)

-C,Z"
A
-C,Z2" -1/C -1/C
Vin 9 1 A : > °© Vout
1-Z-1 1-Z-1

C,+C,"(1-Z")
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"n __
C"=ap

Cl' = adx-qq

C,=1/C; * (ap+ a;+ a12)=cL (2C,"+C'+ay)
3

C4 = bz -1
C,*Cs=b;+by+1
C2:C3
In this diagram, each op-amp and its feedback capacitor (C, or Cp) is replaced by
its voltage-to-charge transfer function.

0.2 _ -vg _ V,.(2):C
V.(2) 1-z7 V (z)

Here Cf is the feedback capacitor.
Similarly,
C * (1-z") for an unswitched capacitor (e.g. C;")
C for a non-inverting capacitor (C,', C;, Cy)
-C*z! for an inverting capacitor (C,, C,)

From the block diagram, the exact transfer function is

Vouz(Z) — (Cl '+C1")Zz + (C1C3 B Cl '_2C1")Z + C1"
V.(2) (1+C)z" +(C,C, - C, -2)z+1

As compared to H(z) specifications, the capacitances can be determined.

* 2 *
a,*z +a1 Z+a0

H(z) = -
@) b,*z* +b *z+1
TYPES COEFFICIENTS
C,'=C,"=0
L-P CASE K,=Ko=0  ay—a,=0
C1:C1":O
B-P CASE K0:K2:O a0=0,211:-212
C1:C1'=0
H-P CASE K=K,=0 aj~a,= %
C1'=0
NOTCH CASE Ki=0  aya




§14-7.2 High-Q SC Biquads

<o
- A
K
oS s/a
VARS S RN VA R o Vs SN R/ LS oV
in EO_VW ll '\“/ o o out
1
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1
K2S V1 Vout = E [K2SVin _ COOVI]
K K
Where V,=— L [(—+—8W, + (o, + E)VOW]
S w0, o,
2. Active-RC design
1
§EY
I {
W
Kl
Ao CA =1 _L
| ( | ( o,
[\ [\ |
. e, =1
oO—+—/W—-
a)%(o —QO Vout

3. SCF
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Koz )a)nT = ‘Adc‘on
(0]

C1:K0 T/(D() = (

0

Q

(instead of ——

G,
W c,(1-z7" ?
C (-2
C] 4.—>OVout
H(Z)~— C"Z*+(CC,+C'C,-2C"Z+(C"-C,'C,)

Z*+(C,C,+C,C, -2)Z+(1-C,C,)

Choose C,=C;
Coeftficient matching:

Cra

b,
C/'=(C"-)/C,y = 2%
1 ( 1 bz) ’ b,c,

C1=(a1/b 1 -C 1 'C3+2C1 ")/C3=(ao+al+a2)/(b203)
Cm(1-)/Cs

C3=C,"=(b/b,-C3C4+2)=(b;+b,+1)/b,
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§14-7.3 Design Examples
Example 1: Low-Q Lowpass SCF Biquad

f . o
- 4 |

?,

0o

C\=Cp=6.3 C;=4 H(S)=— &
ST +1.25+1
iy f.: CENTER FRE.
C2:1 C3:1 C4:1.2 f

C Derge Cy f.. SAMPLING FRE.

Example 2: Low-Q Bandpass SCF Biquad

| ° P
1
c 4 |
?,
—C,
1§
C, (C g
vOZ/lt
e Cl'
Ni
1T
\ 4
CA:CB:6.3 C1 = H(S) = 2
ST +1.25+1
f
C=1 Ci=1 Cs&=12 f =—— S f.: CENTER FRE.

C 2e7eC, f,; SAMPLING FRE.
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Example 3: High-Q Low-pass SCF Biquad

C, 0
I el
| \?2 =
o_y_ C, i
A
P2 C,
C C
V. o—r _T_II_T_/ 3 B
In §02 _/_T_II_T_/
N 2 ¢4 oV
§01 §D1 out
— —_ = §D1 §02
4
C,=Cp=6.3 C=4 H(S)= 5 5
S“+-——+1
5.25
f
C=1 Cy=1 Cs&=12 fczﬁ

f.: CENTER FRE.
f;: SAMPLING FRE.

|

&, +

1 2 -

Vi o1 J AN
|

Example 4: High-Q Band-pass SCF Biquad

O

A I
0—6—1 C3 CB
2 _T_II_T_/_I
1 ou
— = ? 1 4
Cyi=Cpg=6.3 C'=2 H(S)= 5 25
S“+1.25+1
C=1 Ci=1 Cs=12 f fS
= B A C 2ereC,

f.: CENTER FRE.
f;: SAMPLING FRE.
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Frequency response of low-Q Low-pass SCF biquad

Vou'!

~2efop——
4\lUm l — . —— e e i e

tof LB **_ Eee X

! S '
i . :
; T .
: E I : ! : SR [ E‘
i I | :‘ o ! M.
H 1 Voo l : ok ' E
1 I ] ', ! i - . v
i N ] ' i
I R R I JOUH-‘_ ! :
[ A I T N =

] CENTER FREQUENCY: 1K Hz

- SAMPLING FREQUENCY: 39.6 Hz

i

. T . —
I R A L T B

~ o COMPUTED BY SWITCH CAP

|~ x EXPERIMENTAL

ﬁ_—a:?EQUENm F%ESPO
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Frequency response of low-Q Band-pass SCF biquad

WUin._

e e MRS e RN S

| " CENTER FREQUENCY: 1K Hz T

| —* SAMPLING FREQUENCY: 39.6 Hz o
——|— o COMPUTED BY SWITCH CAP x EXPERIMENTAL ~ ~
: PR e L A O I i T 5 B, W 9 I Y O VT ) e (O

P gl Rk e l-.' > I_-.
e e e (e ol s R e S e L e e




Frequency response of High-Q Low-pass SCF biquad

0dB

20809 |

iﬁmt, ﬂ
Vin

JJJJJ
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logHz

v
| CENTER FREQUENCY: 1K Hz \
| SAMPLING FREQUENCY: 39.6 Hz

COMPUTED BY SWITCH CAP x EXPERIMENTAL !

~REQUENCY RESPONSE

10kHz"
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Frequency response of high-Q Band-pass SCF biquad
20( og Vn ut
T
ddE~ /1‘
'-.
100 Hz IKHz 10K Hz
0dB ,-;: Bl
L\
e
! —CALCULATED
X
i i
' \
} |
X
/

o “

/ \\

% X

CENTER FREQUENCY: IK Hz
SAMPLING FREQUENCY: 39.6 Hz
o COMPUTED BY SWITCH CAP x EXPERIMENTAL

l\L

a NCY R= SPONS&*
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§14-8 First-Order SCFs

KS+K
H.(s)=— —IS M) H(z)=— 4z*d,
S+o, bz+1
1. Flow diagram
K0
) O—DGT_)_> = o
K,S
2. Active-RC design
/@,
WW— !
1/K, Cp=1
V., o ” *— -
K1 —O Vout
+
3. SCF =
?y ‘
| “/ i i
1 | | | | 1
|} i 1l T 4"'
C1 = K1 0,
Cl' = TKO \ 2
C2 = (D()T
fC: /. Vin o ®

out
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4. Z-domain block diagram

H(Z): I/out —_ (Cl + Cl )Z — Cl

”

in

/G,
1-71 out

§14-9 Switched-Capacitor Ladder Filters

§14-9.1 Approximate Design of SC Ladder Filters

(1) Third-order low-pass filter without finite transmission zeros

v,V
mR 1 _[2)

S

1
V= —
: SCI(

-1
-IzZST(Vl =V)

2

1 V. ) )
-1, +— LCR prototype circuit
SC}( ) RL) prototyp

(no loss) ﬂ

A Loss transmission zero
=> o0

V3: -

Loss response b 4 -

1R,
Flow diagram

g4
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R
AARA
\AAA
Active-RC realization
_V1
CS CS
Vo o— N [ [
@,
= |1
:=-1 ey / lCl
1
4 Il ) ¢, '_/_‘_/_ll'
OV - @, @1
out
=l - c
AAAA |1
YVVY L]
L L2
/S 1/
- — |
s (4
9, 9, .
CcC = =l
SCF 1" -— C
11
- \_ovout
SCF realization equations: I
T C
C=— oT<<] t
IR|
=> (C= r
Rs
CzT
CL=T/R,

Due to the approximation made in finding C values, error still exists which may be

refined by the z-domain analysis.
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(2) Third-order low-pass filter with transmission zeros

-1
'12: I [Vl V3 ]a Loss
2 k /
-1 V.
+Vi=— | —sCV, -1, +—
s(C, + ) R,
“p \j!
LCR Prototype circuit: Wap Was
Vin
1/Rg
1R ]
Vin —>( 1 e -1
s(C,+C,)
A

/ Y
Flow diagram: 4\ < ¢

SC,

-1

| ) 4

-, -1
T sL, T

-1
N /T\ <
J <
SC,
\ 4 +V
—I_ ! > > O Vout
S(C,+C,)

CHUNG-YU WU

wWa
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Active-RC —— WW————

Realization:

O
N
O
N

o Vout
+ V,

Vin o_\

- O

—— ()
—— )

SCF: o1/

C, Cs=T/Rs,
7] -=c
|} Ca=C+C,,
NI S .
i— , o~ D C=T,
b2 b1 CB:L29
= CC:C2+C3,
CLE T/RL.

o=
| ommm 7

oV

out



14-36
CHUNG-YU WU

(3) Fourth-order Bandpass filter

C2
T
I
L

2

Vin 3T L o
LCR Prototype Circuit
1/Rg
1/R -
Vin = C 1‘C ) > -\/1
S+ %, -1 V. —
-Vi= n L+ sCV, -1, -1, |
-, s(C+C) [ R
-| - -1 _
«—— L < ¥vi_="0
SL, : sL,’
A 1
-l _12: — Vl + VS
2
M < 3 sL,
sC,
VB 13:£,
V, I sLy
) -1 -1
) Sk CV, +1,— I, +2
v - =SV Hdy =Ly +—=
© V,0 ©® s(C, +C5)
> <
sC,
_|2
I, -1 -1
@‘ sL, < y Q€

\ I5-1,
-1 Vv

: >¢—o0V
S(C,*C,)

out

IR,
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** The circuit has a stability problem at dc.

Due to inductor loops!

AB — -
VA Circuits below @® and ® disconnected Sle (Cl + Cz) + SLI /Rs +1
Hew = Ve _ —sL,
Ch — -
VD Circuits below © and © disconnected S2L3 (Cz + C3) + SL3 /RL +1

When S—’O, HAB—)O, HCD_)O
=> There will be no dc feedback paths around the
center integrator which provides -1,

=> OP AMP will be in the open-circuit status with A—oo.

=> Saturation occurs

How to solve this problem?

Don't model the inductor loop currents separately.
1.€. Il, Iz, 13.
Only two inductive currents [ and [ ® entering nodes

@and @ are modeled.

=>V,,=0and S—0,I»=0and I =0

=>No any instability at dc.
1.e.
Treat only two inductors as independent inductors.
I@ :Il+12
I® 212-13

New flow diagram:
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1/Rg

s(C1+C»p) 1

L1+L2

-l® SL1 2

SL1 2

L+l

T2
3

N

© Vout

S(C2+C3)

1/R

~1 V, =V
V= in +sCV, =1
Vl S(Cl +C2) |: RS SC2 3 ®:|9

-1 LYV,
A= +1,)= V,-———,
Oa-th+L) SL12|:1 L1+L2:|

-1 V.
V3=— | —sC,V, — 3+ —
S(C2+C3)|: e ®+ RL}

— L
1 |:_ v, + 4 :|’
SL12 L1 +L2

Where LizAL|L, =L,L, (L, +L,)

-IOé 13-12:



in

o

A

A
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C’Vout
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SCF:
¢’2 o ||s
Vin © T - i}
1
|1
= il
¢ 6 C1+C2
"l \] \? - ¢2 "V1 ¢1
I r—\ & \\ =|'
+
T
T Fant + s
2 L = =C
L12/R<  Ly+Lo
—— 1l
=0C mli
¢ ¢
P4 b2 = .__‘\1 | \2 n
'|= . v
Co—= =£Co L12!R2
i}
¢1 ‘#‘2
¢ ¢ EE o S k&
||% \\\1 \\2 <|J— s ) ||
- +
®
Fan o~
Fan "
J:C = == =
7 — oo e
¢-| ¢2 2+C3
2 s N ¢ &
4 \}':3
= ¢ = © Vout
L
— |
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General Procedures for the approximate design of SC ladder filter
1. A doubly terminated LC two-port is designed from
the SCF specifications can be prewarped using the relation:
W, =2sin(a)—T)
T 2

which represents the frequency transformation due to

the LDI transformation implicit in the design

produce.

Inverting SC integrator + Noninverting SC integrator
_ (Cl /Cz )inv (Cl /C12)noninvZ_1

H(z)=
@ -z -z
_ - Kz ___-K
a -z (Z% _Z_%)Z
Ton z=¢*"
—> H()=—
4sin’(wT /2)

LDI mapping (Lossless discrete integrator):

1
S=—(z-2z"
2T(z z7)
T 1 1 1
If — isused =>S=—(z? -2z ?)
2 T

=> (DfLSin(a) Z)
T/2 2

2.The state equations of the LCR circuit are found. The
signs of the voltage and current variables must be chosen
such that inverting and noninverting integrators alternate in
the implementation. If inductor loops exit, the inductive node
currents can be used.
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4. The block diagram or signal flow graph (SFQG) is
constructed from the state equations. It is then
transformed (directly or via the active-RC circuit)

into the SCF.

5. If necessary, additional circuit transformations can
be performed to improve the response of SCF.

§14-10 Exact Design of SC Ladder Filters

* Ladder synthesis based on the bilinear S,-to-z transformation

PAGIN)

2

T

z—1
+1

(1)jow,—axis =>unit circle

(2)preserves the flatness of PB and SB

§14-10.1 Third-order SCF (Low-pass with finite transmission Zero)

{CZ'C2+CL2
_T?
-Cy =
YA
- - -1 _V1+Vin+SaC2V3 ]2 s
S, (C+C,) R,

Sa 2
|/l S PR LN |
s,(C2'+C3) R,
LCR Prototype Circuit:
C2
___!%
_CL
__{ 2
@ L, b @ +
Vin @) Ci ¥ Cas 3RL Vout




Flow diagram

1/Rg
v o 1R - 1 v,
in / 8,(C1+C5)
-\
-1
s.C-
av2 -lp | 1-(saT/2)? ®
SaL2 \"
2 N2 N -1
Sacfz
~ 1 Va
+ - - 0V,
_—(J 5,(C5+C3) out
1/R

The center block has the transfer function:

1 _1-8°L,C, 1-(S,T/2)

H(S.)=S:CLo = -
( ) - SaLZ SaL2 SaL2

Transformation of the blocks into SC circuits:
(1) Finding Q-V relations of all blocks and branches in
the S, domain.
(2) Transforming the Q-V relations into the z-domain.
(3) Realizing the transformed z-domain equations into
SC circuits.

Five different blocks:
(a) The input branch %es

14-43
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1,1

Qin (Sa)_ Rs Vin Sa
_ _ Z z+1V, (2)
@™ )
e (1-Y0 =L (Y
=> (1 z )Qm 2RS (1+Z )Vm(Z)
C
Qin(tn)'gin(tn- 1 )= 2b [Vin(tn)+vin(tn- 1 )]

SC realizations: ,
P 4 Optional. To guarantee the charge flow only when ¢;=1

Cy/2 cC C
(p 2 (pl . 2 : 2 [Vm (tn) - Vin (tn—l )]
V. Virtual
" H ground Cs : Cs Vi, (to1)
Cs :?: C,
=== * Not stray insensitive.
C, + Cs not C
b) The feedback branch 1/, |
(b) The feedback branc A AL
: C C

V. 0| N A ALLACE)

lECS/Z 0, ground

92 Cs 9, Cy: CyVin(tn)

i u

9, I ¢ % [Vin(ta)+ Vin(ta1)]

* Stray insensitive.
(¢c)The branches S,C

% =C§, SL =C Only a C is required.

a

(d) The blocks L
SC

a

<O
[l
|
a

=> OP with a feedback capacitor C.
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(e) The center block
DAl O AN (g LT /2 (Vi-V3)
L 1-(5,7/2)
Q(Sa) 3 S°L (Vi-V3)
. 0(z) 1= [z-D/(z+ D _4C,z

Vi(z)-V(z) AL I/TH(z-D/Iz+D]  (z-1)’

AQ(z)=(1-z )Q(Z)— Cu — V=)

AQ(z2) 4CLZZ Ly, —4C, /C2
=(-Cz C
AT =(=C ) (——)C)
Realizations:
%
RY; O—\ | \ I|I
! ¢, ¢,
| (/){ Virtual
I|| \—)ground a4
_T_ C7aC,, = cC
C ||
?, s, —e— i
||I N\ _T_ ¢, ¢,
C l—
¢, ¢, = C
'II \ ® \—— Virtual —
AQ ground
V3 0—\ @ N\ I|I
- ¢, b,

The final realization is shown in the next page.
* This circuit is not fully stray insensitive.

: : C . :
* The negative capacitor — 2°' has been merged into the feedback capacitors

Ca and Cg, respectively.

CA:C1+C2' - % CB:C2'+C3 - %

* Why Cz', -CL2 ?
To create a block which is realizable by SC circuit.
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SCF:
&
Il N\
egr2 .
S
v_O—L—0\ 0—@ > ||
n ¢1 ¢2
I °
= ¢ 1
LN d{.
1] 9 _
! \_._\_|
— |
+ ¢2 gb1 I
\VV
M = —C
C
= C ||B
1
¢, ¢ —\—o—\—||
Ill N\ L \2 ¢, ¢, I
C,=—= ﬁf c, L - =i —=C
CC
[
LN gbi. ”
1] ® -
! \_._\_|
|
+ $s ¢ I
Y
[ a
] 7
CL
@ Ovout

The complete bilinear ladder circuit equivalent to the LCR circuit
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§14-10.2 Bandpass LCR filters

C, C,
|1 |1
V
LC prototype " @ 2 " Vs, L
Circuit: v, , i I,
L IL3 L
1 C2 |_2 3

!

-V, can be produced as:

1 1 V.
L=(SC+ ) (V1-Va)H(SCat —) (Va-V)- 2
»=(SC, SLI)( 1-V2)+(SCs SL3)( 3-V2) SL,

2
Note that l(i—zp) 1s realizable !

=>I,(S)=S[(C+Cp)VIH(C+Cs+Cp1+Cp3)(- Vo) HC5+Cr3) V3]
1 Ts
+ (E - T) [T Vi +I A+ 5)(-V2)+ 15 V3]

2
1
Where Cy ;= T—, I'i=—
4L, L

1

First Term:
Q2'(S)=(Ci+Cp) Vi H(CiHC5+CriHC13) (- Vo) H(C5+C3) V3
Can be realized by unswitched capacitors.

Second Term:

Qz"(z)z[(Z i 1)2 - T—] [ Vi +(I AT+ 5)(- Vo) + T3 V3]
2z-1 4
Tz

:m [ Vi) (- Vo) + T3 V3]
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The same as before but now three functions are

superposed together. (AQ,"/V,,AQ,"/(-V,),AQ,"/V,)

2
Conditions: GG I 4C,; &G TZ(L +L+L) =4(C, +Cp, +C3)
C, L, Cy L L, L
2
T,
CS L3
Stage providing Q,”(z):

v, -V, v,
.|}_1J> .”_lé ,|}_<1J> LC prototype circuit:
T C4 C5 —l— Ce

Q,(z
C 2(2) Vitrual

! S ground

Design equations:

|
CL=T*(4L) | I B
¢;=C+Cp,
C,=C+CytCs+Cp+Cpp+Crs
¢;=C3+Cp3 v,
|
|

CS
c=4-2C,,
C7

1| o

C
C5=4C—8(CL1 + CLZ + CL3)

7

CS
c=4-2C,,
C

| e
¢7, ¢g arbitrary .




LC prototype circuit with Rg:

v@ c

SC realization:
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“ETM

cz

._ —I H | .
M LY. Y
o | S !

C2:C3:C9
C4:C 1+C2+CL1+CL2-C3/2

C6
c5=4c—(CL1 +C,,)

7

cs=C,+Cp,

_C6
c=4—2C,,
C

7

c¢, C; arbitrary



LC prototype

circuit with Ry :
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SC realization:

C3:CL
C4:C1+C2+CL1+CL2-CL/2

C6
cs=4 . (CritCr2)

7

C1

| |
--------- ®
' L, C, ——
L

¢, €7 are arbitrary
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Z-domain verifications:

Upper OP AMP:
Ci(1-zYV+C5(1-2)V3+Cy(1-2)V+C7 V=0

Lower OP AMP:

-C4Z_1V1 - C6Z_1V3-C5Z_1Vt+C8( 1 —Z'I)Vb=0

NV + NV,

D
z” (1 - Zﬁl)[(C2C4 _ Clcs)Vl + (C2C6 B C3C5)V3]
C.D

=> Vt:_

Vb:

where

N@)cgma)+gg -

178

Nﬂ)@@Ma)+gg‘ﬂ

378

C.C
D(z)=CyCs[(1-2 Y +——Lz"
(2)=C,Cs[(1-27) CCZ]

28
* All poles and zeros of the transfer functions Vi/V,, Vi/V3, Vi/Vy, and Vy/V;
are located on the unit circle.
After the bilinear s-to-z transformation,
yo_lCG-CC, /4)S? +C,C, IT*W, +V,[(C,Cs — C.C, /4)S* +C,C, /T"]
(C,C, —C,C,/4)S> +C,C, /T?

1 S
S(? - E)[(C2C4 - Clcs)V1 + (CZC() - C3C5)V3]

(C,C,-C.C,/14)S* +C,C,/T*

* The phase shift between V, and V, as well as between
V. and V; are either 0° or 180° for s=j®

=>The same as for the LC prototype regardless of the

element values Ci.

=>Can simulate a lossless LC with the same low

sensitivity.
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* It can also simulate the behavior of any LC ladder section which hasa T

configuration.
o z I ’s
"""" *—| | @
C1 C3
L2
High-pass
P
Low-pass
Vt:'VZ

2 2
:>V2=(aS +b)V, +(cS™ +d)V,
eS* + f

* High-Pass Case :

At Z=¢"T =1 ,1.e. 0= D _ 27T
2 2

If the loss is zero (i.e. passband),
T

-INv
2R (1+z2)Vin(2)

=>(1-2")Qu(2)=
=0
Qin(2)=0, but loss is zero
=>The other part of the circuit
should have an infinite gain.
=>unstable.

R; input (i.e. input termination) is a problem!
* Inductor loop is O.K.
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§14-10.3 Comparisons

LDI Realizations of Ladder Filters using SC Integrators
(1) Prewarping is required
(2) Inductor loop exists

=>Modified design

=>Component sensitivity 1

Bilinear Realizations of Ladder Filters using SC Integrations
(1) Prewarping is not required.
(2) Low-pass, band-pass ladder filters are O.K.
But they are not fully stray insensitive.
(3) Can't realize high-pass or band-reject filters.

=> Instability exists.

(4) Some modifications are proposed.
But they are not fully stray insensitive.

§14-11 The Scaling of High-Order SCF's.

Why scaling? (1) Improve the actual performance.
(2) Reduce the silicon area

SC filter section.
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Let all branches connected to the output terminal of OA; be modified such that

their AQ/V transfer functions F4, Fs, and F¢ are multiplied by a positive real constant

factor k. This can be achieved simply by multiplying all capacitors in these branches
by ki.

Since the input branches and their voltages were left unchanged, the change
flowing in the feedback branch is

AQu(2)=-AQ1(2)-AQx(2)-AQ5(z) remains at its original value.

=>  V,'(2)=AQu(z)/ [kiF4(Z)]=Vz’%A

The new output voltage of OA; The old output voltage of OA;
Vi—V//k; due to scaling.

V.(2)
k,

1

AQs=Fs'(z2)V/(2)=kFs(z) =Fs(2)Vi(z)=A0;(2)

Voltage scaling does not change charge flowing from the scaled branch
to the rest of the circuit.

=>0Only V/k,, all other voltages or changes are not affected.

Optimization of the dynamic range using scaling

OA, ——oO
+ +
V Vout

Vinax/Ap2Vin max  Ap: passband gain.
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Op-amp output voltage responses for a low-pass filter.

OA,; will saturate before OA;s because |,| > |V;|for 0~,.

Now, we choose Vi max=Vimax/ Az

AZ:‘sz /Vm > Ap:‘Vps /Vm

A2=AP |VP2 1V ps |

Vin, max: Vmax — Vmax VPS < Vmax Since VPS/VP2<1
AZ AP VPZ P

=>Maximum Vin | => Dynamic range |

Reducing V, by scaling.
Vz'(O)):VQ((D)/ k2 kZZVPZ/ VPS

=>V,' has a peak value of Vp, which is equal to Vps.

= >Vin, max=Vmax/ Ap

Similarly, k3:Vp3/Vp5. k1:Vp1/Vp5<1, k4:Vp4/Vp5<1 .
It is not good to choose kj(k3)> Vpo/Vps(Vps/Vps)because the noise will be increased.

=> dynamic range |.

CONCLUSION:
For maximum dynamic range, all op-amp outputs should be scaled such that
each (at its own maximum frequency) saturates for the same input voltage level.
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Let the transfer functions Fj(z)=AQ, /¥, of all branches connected to the input

terminal of OA; be multiplied by a positive real constant M; => C,—>mC;

AQ, ,n=1,2,3,4— AQ '=mAQ,
0, o AQ 0

Fi, Fo, F3, F4

B0 _mAQ, A0,
F' mF, F

4

V,; unchanged!

The output charges AQ, and AQ, also remain the same

=>The above scaling by m, leaves all op-amp output voltages
in the SCF unchanged. Only the charges in the scaled
branches get multiplied by m,.

=>Effective in reducing the cap. spread and the total
capacitance of a SCF.

C:. min among all capacitors contained in these four branches

is located. =>All capacitors contained in these four branches

are multiplied by m=C;;n/C;, min

=> The smallest capacitance becomes C,,;, and all op-amp

voltages remain unaffected.

* Scaling for optimum dynamic range should be performed first,
and scaling for minimum capacitance afterwards.

1. Scaling for Maximum Dynamic Range

(a) Set Vi,(®) to the largest value for which the output
op-amp does not saturate. Record Vi,(®) and V; max

(b) Calculate V; for all internal op-amp output
V,i usually occur near the passband edges.

(c) Multiply all capacitors connected or switched to the
output terminal of op-amp i by k=V,/V;mx Where
V. max 18 the saturation voltage at the output.

(d)Repeat for all internal op-amps.

2.Scaling for Minimum Capacitance
(a) Divide all capacitors in SCF into nonoverlapped sets.
Capacitors in the i set S; are connected or switched to the input terminal of
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op-amp I.
(b) Multiply all capacitors in S; by m=C,in/C;. min-
(c) Repeat for all sets S,.

* Scaling for optimum dynamic range may also reduce the sensitivity to finite
op-amp gain effects.

Y1
v, 0— 1

Y2 Vout
V2

Y3
V, '

(YHY 4Y +Y Y+ )/A
Y

Y1
v, 0—— 3 >

Y2 © Vout
Vv, +

Y3
v, (b)

The influence of finite op-amp gain: (a) actual circuits; (b) equivalent circuits.

3. The block diagram or signal flow graph (SFG) is constructed from the state
equations. It is then transformed (directly or via the active-RC circuit) into the
SCF.

4. If necessary, additional circuit transformations can be performed to improve the
response of SCF.
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§14-10 Design Examples on Cascaded SCF and LDI Ladder SCF

§14-10.1 Cascaded SCF

Filter Specification
Passband: 0 to f,=1kHz
passband ripple 0,<0.05dB
(Maximum allowable passband gain variation)
Stopband: f,<1.5KHz to f./2
Minimum stopband loss o>38dB
(Maximum allowable gain value)

Sampling frequency: f= % =50KHz

Design Procedures:
1.S-domain transfer function H(s)
Frequency prewarping

o T
0, =gtan ’ =6291.4667 rad/s
T 2

O\)as: 3 tan &T
T

Selectivity parameter

@
k=—"=0.6656
W

as

Elliptic filter is chosen to minimize the filter order.

Results:
k
. 0.068 Sta+a,
H(S,)=( ; = 77)
S, +0.78140011" S ° +0.96934556S_ +a,” +b,
(' &0) -2 &1)
( S’ +a,

S’ —-24,S +a, +b
where 4,=-0.48467278, b,=0.82815049, 4,=-0.128006731,

5,=1.100351473, W,=1.5514948, W,=2.32131474



=> filter order=5

Wap=1 rad/s, ¢,=0.044dB, W,=1.49448 rad/s,
é=39.57dB, k=0.669

=> The specifications are satisfied with H,(0)=1
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2. frequency denormalization and z-domain transfer function H(z)

Denormalization: ~ S,—S/m,
H(S,) —H(S)

H(S)=K

Bilinear transformation:

H(z)=(C

(S*+0,)S* +m,")

(S —a,)(S* —2as+a’ +b’)S*—2a,s+a,’ +b,)

Where K=428.247646, ®,;=9.76117788x10°,
©,=1.46044744x10%, a,=-4.91615278x10°
2,=-3.04930266x10°, b;=5.21028124x10°
2,=-805.350086, b,=6.92282466x10°
2z-1 z

S——

Tz+1

=10’

H(s) —»H(2)

z+1 22 +Cz+1

-1
z+1

22+ Cz+1

2 2
z+d, z +ez+ f, z +ez+ [,

Where C=3.8719271x107, C,=-1.962247471, C,=-1.916465445,
d,=-0.906284158, e,;=-1.871739343, £,=0.88543246,
€,=-1.949416807, £,=0.968447477.

Check: ‘H (e’ )‘ satisfies specifications.

T

1
|H(e“T)| *

20

/2

0 1 2 3 4 656 8 T 8 i!011!2'1311|61U|718|0202|22232‘42‘!

fp

1

, vs. f
|H(Ee“T)|

(a)

0=f=f/2

—— f{kHz)
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Loss
(dB)
]
0.06 1 |
004 ] Vil 7\
0.03
0.02 {
0.01-
00601 02 03 04 05 06 07 08 09 1
1 f —— ttkH2)
Y vs. f ® o<f<f P
| H(eleT) | p

3. SC realization

z+1
1) H(z)=——
(1) Hoz) z—0.9063
CD
/L 1/C Ho(2)= CCS% 8 C jzl C
- + — +
V., Cs &) 1-2-5 OV , P £ E( ? E)
= (1+Z-) Cs=2 arbitrarily chosen

¢ =>C=0.9063 , Cp=0.0937
L
|

||
|| T
C./2 C
||S ] °
1
\ O—l—d)‘/ i &
. I—V—o—¥c—|
CSI

]

22+ Cz+1 0 @’ +b12)%
1/ )z + (e, / f)z+1 2|a1|
The SCF 1s shown on P.14-21.

The component values are: C,"=a;=1,
C1'=a2-a0=O,

(2) Hi(z2)= =0.99 Low-Q

Co=Cs=\/b, +b, +1=\/(e, +1)/ f, +1 = 0.12436,
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C1=(a0+a1+az)/C3 = 030358,
C4=b,-1=1/1;-1=0.12939,

CA:CB:1 .
2 2 2\ Y
B Hyg)-— = &7+ Q=L 507 . 433 —High-Q
(V)2 +(e,/f)z+1 Jas|
The SCF is shown on P.14-23.
The component values are:
C"=a,/b, = f, = 0.96845 C.'=(a, —a,)/b,c, =0,

C,=C,=\J(+b +b,)/b, =\f, +e, +1 20.13795,

Ci=(apta;ta,y)/byC3=(2+c,y)f,/C52 0.58645,
Cs=(1-1/by)/C5=(1-1;)/C5= 0.22873.
(4)Overall SCF
* Ho (low-pass linear section) is placed first
=>High-frequency out-of-band signals and input noise can be attenuated.
The antialiasing filter preceding the SCF has a lower requirement.
* H, (high-Q section) is placed to the center=>good signal-to-noise ratio

SECTION 1

@—»H—\—J—H—-—
J

I

o, 0 c,
1

SECTION 3 (LOW Q)
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4. Scaling
1) V,;=occurs at dc where Hy(1)=-Cs/Cp=-21.345
(1)We want an overall passband gain of 1. =>Ho(1)—-1
= Cp=Cs=2, Cg=19.345, C,"20.672, C,=12.518
(Multiplying all capacitors connected or switched to the output node
of op-amp A, by 21.345)
(2)All capacitors at the input node of A; should be scaled so that the

smallest (C%) equals 1. (O.K.)

2) Vp, (peak output voltage of op-amp A,) occurs around f;,,=1.10kHz
(1) V= 177.05 for Viy=1
Reducing V,,;/Vi, to 1
=>C, and C; are multiplied by 177.05=> C,=177.05, C;=24.424.
(2) V;3=180.80 at 1.07kHz
=>(Cp,C,, and C,4 are multiplied by 180.80=>Cg= 180.80, C,=24.941,
Cyz=41.354.
(3) Minimize total capacitance=>C;, C,, C4, and C, at the input
node of op-amp A, are scaled to make C,=1
=>C=1, C,=21.9926, C,=3.3036, C,=14.144
(4) Similarly, C,"=1, C321.1815, Cg= 8.7466. (The input of A;)

3) Vp4=503.57 and Vps=230.14
Thought the same procedures, we have

C,=17.666,C, =7.7286
C, =1.9926,C, =1

C,=2.1116,C, =2

C, =6.3085
5 Final Design

Ciin 18 chosen as 0.5pF => C=1
op amp: gain 70dB bandwidth 3 MHz
passband sensitivity to capacitance variation = 0.2dB/1%

§14-12.2 Bilinear Ladder SCF Design

1. The same filter specification.
Elliptic ladder filter is chosen(fifth-order).
The result is
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Normalized component values:
Rs=R; =1 C=0.85535 C,=0.15367 L,=1.20763
C;=1.48438 (C,=0.46265 L1,=0.89794 (C5=0.63702
Wap=1 rad/s

2. Frequency prewarping and denormalization

o T
0wz 2tan L 22 ¢ tane = 6291 4667rad /s
T2 [

c

Multiplying each resistor by z,, each inductor by Ly=z(/®,,, and
each capacitor by COZ% Oap-
0

50Q
Usually choose zy=real source and termination resistance 100€2
600Q2
: 1 1
Here, Cyp=1 is chosen => zj=—— and Li=—
o, ®,,

We have the denormalized element values as:
C,=0.85535, C,=0.15367, L,=1.20763xL0=3.05090x10"®,
C;=1.48438, C,=0.46265, L,=0.89794xL0=2.26851x10%,
C5=0.63702, Rs=R;=7,=1.58945x10™*

3. SC realization

Using the exact design technique of SC ladder filter (Section 14-10),
the state equations are

11 |
-VIZ_E(R_S(VM -V)—1,+sC, V),

1
'IZ:'( _SCLZ)(Vl 7V3)5
sL

2

1
V3= (=1, —sC',V,=sC,'Vs +1,),
sC'

3




1
I4:( =sC )V =V5),
sL

4

-Vs= —| (I, +sC', V, —5),
sC's R,
where
Cio= T =0.003278,
4L

2

C'2:C2+CL2:O.15695,
C'1:C1+C'2:1 01230,

T2
Ci =
=7

=0.0044082,

4

C'4:C4+CL4:O.46706,
C'3:C3+C'2+C'4:2. 1083 9,
C'5:C5+C'4:1 .10408.

SCF:

arbitrarily chosen

A/\

C=C,=0.003278

Cszl =0.1258293,
Rs

CA:C1+C2+CL2- % =0.9493 8,

= =S 200008195,
4C,, 4
C.=C';=2.10839,
_C* G,
D= = =0.001102,
4c,,
C

Cg=C's- 7L =1.041165,

CL=1 =0.12583.
R

L
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The signal flow diagram is:

21

C'=C14=0.004408

UV

c i
. ° »—\dﬁ—c
= szlll_ ¢ ¢ @
= C, =
Q—||—lCC
= Cos
N = =
o1
D \411_‘
I||_\$|_“_ ¢ @ .
-C,, == C,, - C,, c - i
—r\_.,_”E_
TCL

d/OUt
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4.Scaling

V=1V, we have:
A1: CA,Cz,CZI, and C02 Vpl = 092V’ Cl:l .00000 C05=114172

multlphed by Vpl sz = 34\/, C2=1 .83854 C06=1 52861
Ay Co.Cop. and Cos Vp320.764V,  C3=2.00000  C¢;=2.02212
Vps=28.86V, Ca=13.87171 Cy=1.00000
Vp520.5V, Coi=1.77112  Cg=8.27441

Cpp=1.20275 Cp=14.43078
Cp3=1.00000 C,=1.00000
Cos=1.00000 C4=2.09575
Cp=11.11901 C4,=5.67396
Cc=14.46156 C,;=1.29480
C2=1.90667

multiplied by Vp,

for dynamic range scaling
minimum-capacitance scaling: C, / C% =13.87171

5.Final design
Cuin, OPamp: 70dB 3 MHz
=>Passband ripple: 0.06dB minimum stopband loss = 39.5dB

Maximum sensitivity: 0-0561%)

§14-12.3 LDI Ladder SCF Design

1. LCR prototype circuit
Fifth-order elliptic LC ladder filter with the same lowpass specifications.

2. Frequency prewarping and denormalization
O4p = 0, (for simplicity)

|
—-1Q=>C . H
“ " /2 107 o™ 2r10°)

The denormalized element values: State equations:

R=1Q, V= I e -1,
C,=136.13318uF, C,=73.633034uF, s(C,+C,) Rs
C=2445734pF,  L=142911S9H, v,y
L,=192.20028uH, Cs=10138488uH, ~2 7,
C,=236.24641uF, R.=1Q.
’ H - Vi=- 1 (_Iz_Scle_SC4V5+I4)a
s(C,+C,+C))
V.-V,

L=23 5

4 L,

AV R S AL,

S(C4 +C5) R,
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3.SCF design
The flow diagram is shown on P.14-? whereas the active-RC
circuit is given on P.14-?.
The SCF is shown on P.14-? where T=20us is chosen and the component values

are
C+C,=160.59pF, Cy+C5+C4=334.34pF,

CS=Rl=20uF, C,+Cs=175.0184F,

N

cz%zouF, cLlezzouf

L
4.Scaling
Dynamic range scaling with V,; listed:
followed by minimum-capacitance scaling

for A;:Vp;=0.927 V at 1.182kHz.
for A,:Vp,=1.198 V at 1.121 kHz.
for A;:Vp;=0.857V at 1.061 kHz.
for A4:Vp,=1.105V at 1.061 kHz.
for As:Vps=0.501 V at 967 kHz.

Element values: SCF:
C,=8.03214, (C5=12.97271, o 1l
Cia=1, C34=1.08390, (P P QR il
C15=1.07930, Cy=1, NN Tl T Ll
Cic=1.29263, Csc=1.02540, | 11‘ [ i
Cip=1.13212, Cip=1.66885, e | TO0 = . T
C,=13.42236, C4=15.76379, il *1:}— i 11
Co4=1.08053, Cap=1.71203, o (* ﬂj e
Cop=1, Csp=1, AP i
Cs=8.75121, R T Cs o
CsA=2.20614, (b |
Cs5c=6.29664. i1 20D
= ciill ,_T}__<i1 1¢
5.Final design ﬁ' it lz i
Cmin  Passband ripple: 0.095dB>0.044dB i = I i
Minimum stopband loss: 40.5dB el il
OP amp: 70dB, 3MHz Jﬁ L + \* fes,

Maximum passband sensitivity: 0.084B/%
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§14-13 Nonideal Effects in Switched-Capacitor Filters

1. Switch Turn-On Resistance
The turn-On resistance of a MOSFET can be written as

1

Ron= uc, w
¢ 2y Wes =7
_t
Y- TFL * Nonlinear behavior
in 1 c
signal voltage _\/gg _‘l'_
The R,, effect on the sim-ple SC integrator:
Cc2
Il
1
¢ 1 Qo 2
o_’—l o1 J | |_|
J_ - I I
C1 —Vout ! |
1 e
= = = t=r|1T t=(rL+1)T

R1

R2
W W— : 02 LI
+ o Vout
Vin Vi e _|__+ 1 t=nt nT+F2 (n+1)T

At t=nT, V|(t)=V(nT)=Vi(nT)(1-e T2RCy
Assume ¢; and ¢, are activated for %

AQ (nT+ g) =CiVi(nT )(1-e " )=[Vou(nT+T)-Vou(nT)]C,

Let R1:R2:R

=> H(Z)= — (1 —e )2 Cl /Cz
z—1

Ideal: H(z)=—%

z —
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Error:  e=1-(1-e"/**%)> =2¢77/?%4

Usually €<0.1%(cap. ratio error) is acceptable.
2eT/2RC <10

—RG =RC,f.< L 005
T 21n 20000
orRC;< L1
200 20fc
f=500KHz, C;=5pF R<20KQ ; f=100MHz, C;=2pF, R<250Q2?

Ron(k )
32

28

24 |

20

16 +

12F

VSS -2 4] 2 vDD
(-5v) (Signal Voitage) (+5v)

FIGURE 7.4. Variations in the small-signal ON resistance of several commonly used switch types
vs changes in the voltage level v;, (from Ref. 6, © 1983 IEEE).

2.Clock Feedthrough Noise
* All switches directly connected to the integrating node
generate clock feedthrough noises.

o1 —'m _|

$2

I d I

<—T—>

* All clock feedthrough noises are proportional to the sampling
frequency. They may have a dc component.
* As soon as the clock feedthrough error voltage does not
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saturate the OP AMP, it can be eliminated at the
output by reconstruction filters(LPF).
* The dc component cause offset voltage problems.

3.Junction Leakage
* Worst-case (100°C or 125°C) leakage at the integrating node:
~10 nA/mil? Sumx5Sum junction => 400 pA leakage
* {5, max 18 about 25KHz in this case to avoid significant errors.
* The leakage cause dc offset voltages.

4. DC offset Voltage of the OP AMP

1> >

pratical op amp

Voff = 5~20mv

C2
T
I
02 02
/ )

J— C1 —0 Vout

T * * Vout:(l—’—g) Voff

L c,

- Voff * Integrator-based design may have a dc offset

problem if no other negative feedback paths
— exist.
* Too-low-frequency operation is not good.
C2

T
1
5. Finite Gain of the OP AMP. , ,

¢ ]

1
Vou(nT)=Vea(nT)-— ~Vou(nT) o ——
C1
N\

o

Cy[Veo(nT)-Vo(nT-T)] o1 /
+O V(0T Vou(n )]0

Vout
¢ 1

+
L+

o —_— —

V() _ (CC+(+C/CYI A2
V,(2) z—(1+%1 )[1+(1+C,/C,)/ A4,]

=>H(Z)=
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- - 1
H(e]mT):Hl'(e]mT)
| 1\ + (%10)(1 +C./2C,) - j(C,/C,)/24, tan(a)T/2)J
C/C e
H,-(Z)=M F(o)
z—1
Foy=——— m)= —+S0) o(@)=—C:
1-m(w)+ jO (w) 4,  2C, 24, tan(wT /2)
-GG
. AT
‘F (a))‘: \/(1 T = L2 4m e » relative magnitude error
—m + —m
A
-0

ZF(ow)=-tan l—m = tan’'@ =@ » relative phase error

A

m<<I 0<<1

oT<<1,A,>1000, C,/C, normal value.
Y

AwT>>1 A0>1000=>0.1%
S A0>100=>1%
AT A

=>m and 0 are very small. —» <0.1%
But for ®<2/A,T , 0 is large.

6. Finite Bandwidth of the OP AMP.

A(s)= VA ; 1S o, single-pole response
Similarly
m(w)=-¢“'[1-KcosoT] k= &
0(0)=—c¢™'KsinoT k1=K woT/2

If o,172=t0,/n.>>1=>m—0, 0—0.
** o= 5m, 1s adequate.
* The unity-gain bandwidth ®, of the OP AMP should be
(at least) five times as large as the clock frequency ..
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M, VS O

(1) Given ®,, ®. should be chosen low enough so that the OP AMPs have
enough time to settle.

But o, should not be too low, or the noise aliasing effect becomes serious
the antialiasing and smoothing filters must be too selective and too
complex.

(2) Given o, ®, should be just high enough to assure that the stage can settle
within each clock phase. Any higher value worsens unnecessarily the
noise aliasing effect, and raises the dc power and chip area requirements
of the op-amps.

(3) A,=1000 (60dB), f,=10MHz, {,=10KHz

choose f.=2MHz, and f<40 KHz

Typically f/f,=48 i.e. 0, T= %

7. Finite Slew Rate of the OP AMP
* The output voltage of the OP AMP must be settled down with the clock
active duration.
totew Tt serttle<12
* May cause nonlinear distortion.

8. Nonzero OP AMP Output Resistance
cC 1
2R L2+ C)) 2T, <=T,,
0(C1+C2 L) 1 7 O2=1

C,: feedback cap ; C;:input cap; Cy: load cap.

9. Overall considerations:
For an integrator settling error of 0.1% or less,
we must have
A,>5000
0,/ 0. >4
T/RonC1>40

10. Noise Generated in SC Circuits
(1) Clock feedthrough noise
(2) Noise coupled directly or capacitive from the power, clock,
ground lines, and from the substrate.



14-72
CHUNG-YU WU

(3) Thermal and flicker (%f) noise generated in the switches and op-amps.
Thermal and flicker (%,) noise:

* Internal sampling and holding=>If %, noise has no

aliasing=>It can be eliminated.

* Thermal noise will be sampled and held with the OP AMP as
a frequency limiting element.=> m,>>®, is not suitable.

* The circuit noise | if the circuit cap. 1
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CH 15. Continuous-Time Filters in CMOS

§15-1 Categories of continuous-time filter ICs

Amplifier Types

Continuous-Time Filter Types

Voltage OP AMP Ay

(Voltage-mode) Active RC filters

Current OP AMP A,

(Current-mode) Active RC filters

Finite-gain voltage amp

(Voltage-mode) Active RC filters

Finite-gain current amp.

(Current-mode) Active RC filters

Infinite-gain Operational Transconductance
Amp. (OTA) G,

X

Finite-gain OTA or g,, amplifier

(Voltage-mode) G,,-C filters

Infinite-gain Operational Transimpedance
Amp. R,

X

Finite-gain Transimpedance Amp. or R,
amplifier

(Current-mode) R,-C filters

Mixed G,, and R,;, Amplifiers

?

Mixed Ay, A;, Gy, and R, Amplifiers

2

RF amplifier

O : well developed

A : less developed but with great potential

much less developed
not explored
to be developed with potential

-~9 X

Integrated LC filters

Common characteristics of continuous-time filters:

1. Not parasitic free
=>Qreater tolerance in performance.
2. No switches or clocks

=>Lower noise (clock-induced) or simpler circuit.
3. Need tuning to accommodate the process variations on
filter characteristics if high accuracy is required.

=>Extra overhead and higher cost.

=>Might not be needed if process-independent design
1s used and reasonable tolerance 1s allowed.
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4. Could achieve higher-frequency operation in the VHF
or UHF range if finite-gain amplifiers are used.

5. Could achieve GHz operation if deep submicron CMOS
is used.

§15-2 Gm-C or OTA-C (Operational-Transconductance-Amplifier-C)

Filters

§15-2.1 Transconductor or OTA characteristics
G,, amp or OTA symbol

Ideal characteristics:
gn=hlapc or h'Vpc
L=gn(V'-V")
Ri>x ,R,=0
h(h') is a constant.

Nonideal characteristics:
g, 18 not linearly proportional
to Ipngc Or Vagc.
R; and R, are finite. Vv

1
A
v 9V, -V) |

ideal equivalent circuit
P o

§15-2.2 Basic OTA building blocks

Ref.: IEEE Circuits and Device Magazine, pp.20-32, March 1985.
1. Voltage amplifiers G, or op amp + resistors.

IABC IABC
Vie—]- y Vio—+ ’
gm B gm ©
+ -
— RL —— RL
VolVi= - gmRL VolVi= gmRL
Zo=RL Zo=RL

(a) Basic inverting (b) Basic noninverting



Vo/Vi= - gmRL
Zo=0

3

(c) Feedback amplifier

-V—O.I_.—z-g'“R N~ R]'
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W-

RL

Vo/Vi= - gmRL
Zo=0

(d) Noninverting feedback amolifier

] Lasc

Vo SalRI*RY) R

V| "quR[ _+(’+R’/
_RI+RZ '

Zo I+gmR,

(1) Buffered VCVC feedback

z RitRa
° l"'c.lle
(e) Buffered amplifier
gm|
+
Lasc,
Vo
Vi Gma
Zy -

(g) All OTA amplifiers

Vo
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2.Controlled impedance elements

- | :
o B —— + = ™~ =
+ - z B e——
n gm

Zin I ’ | ]
Zin @
(a) Single-ended voltage (b) Floating VVR
variable resistor (VVR)
g .
Rg | | o™ Z. il U
Z. = I:B_.-L Zin I QZL m" g“‘l“"‘zzl-
" 9m ' - =
L—| 9m,
13

(d) Voltage variable impedance inverter

(e) Voltage variable floating impedance

2. - Zy 9m3Img

[ =

—

Zin ZL

(f) Impedance multiplier
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- 52C| Ca
A gfI'||gf|\2 gm3
_T_ r./ 7 gm!gm29m3
L3 = /] ya " 52C|C2 amlamz
Z; N SUPER
" gmz :i INDUCTOR
\4_]: =
(f) FDNR

(d) Variable Impedance Inverter (VIC) or Gyrator
* 71 1s a capacitor=> Z;, is a inductor=>active inductor.
* Can be used in voltage-controlled oscillator (VCO)

(h) FDNR (Frequency Dependent Negative Resistance)

Sjo Zu(jor-— X
[0

* Gyrator +super inductor.

3. Integrators G, or OTA+RorC
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Vo/Vizgm1/(SC+gm2)

(b) Adjustable

§15-2.3 Gm-C or OTA-C filters (first-order)

(a) First-order lowpass voltage-controlled filter, fixed dc gain, pole adjustable

IHI4 H(s)="2 = &n
v, sctg,
1
]
(b) Lowpass, fixed pole, adjustable dc gain
H V, "
b 4 Hel=t
! \ Posct—
' :
] M
: gm T \
i\
]
[}
: )
1/RC
(c ) Highpass, fixed high-frequency gain, adjustable pole
H H(S):Vo __ s¢
g V. sc+g,
1 Vo
Inm —0
L
=3 -
@

g9,/C
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(d) Shelving equalizer, fixed high-frequency gain, fixed pole, adjustable zero
S =Z _R(sc+g,)
V. sRC +1

ey

V. o V 1+ sRC
y H(s)="L2 = 8. ( )
—0 ° v sc+g,
I
1 '
= Y9,R>1|
- 1/RC >
(f) Lowpass filter, adjustable pole and zero
V sc,+g,
H A= = + e
IIC2 A 1 28
1
VI O- i- I !
—0 ° |
l
]
l
4 . -
C / o

Lal Voo sC+
A H(s)=—% = T Em
V. sC+g,,
Vo
o gm1>gm2
1 9117 9m2
gm’l<gm

>
@
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(h) Lowpass or highpass filter, adjustable zero and pole, fixed ratio or

independent adjustment

Lal
= R |
gm'] gm1+gm2
t
Vields m
| v,
-gm J‘C1 CH(C+Cop------ _
_— In1/(Gmit9ma) > CJ/(C+C,) @
lHlA
= o/(o3Y o3| NN,
Il !
gm1/(gm1+gm2)
H(S):Z_ gml +SC2 >
Vi S(Cl + Cz) + gml + gmz gm1/(gm1+gm2) < CZ/(C1+CZ) @
(1) Phase shifter, adjustable with g,
V C -
C H(S):_o — N gml
]
V4 HA
Vi o— - Y ngRzl
] Ve 180
+

- 90°

gm2
+ 0o
— = 9,,/C

§15-2.4 Second-order Gm-Cor OTA-C filters
(a)

SzCICZVC +SC1gm2VB +gm1gm2VA
S2C1C2 +SC‘lg-mZ +gmlgm2

Vo=
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Transfer functions for the biquadratic structure (a)

Circuit Type | Input Conditions Transfer Function If gn1=2m>=8m
0, |Q (fixed)
®, Adjustable Vi=Va gm&m En Cc2
Lowpass |Vgand V¢ Grounded|s’C,C, + SC\g,, + £,.2.. | VC.C, Cl
®, Adjustable Vi=V;p SC, 82 En 2
Bandpass |V, and V¢ Grounded| s’C,C, +SC.g,, + &,.2.. | VC,C, Cl
o, Adjustable Vi=Ve s’C,C, g C2
Highpass [V, and Vi Grounded| s*C.C, + SC.g. ., +g..g.. | JC.C, Cl
®, Adjustable|  Vi=V,=V s°CC, + 8,8, g, 2
Notch Vg Grounded  |s°CC,+S8Cg  +g. g |CC, Cl
(b)

VC W= gmlng Q _ 1 ngml
) ’ -
\ GG, g.sR ngmz

* Can implement lowpass, bandpass, highpass, and notch.

* If g3 1s fixed and g, 1=gm,=gm 1s adjusted, the poles can be moved in a
constant-Q manner.

*If g3 1s adjusted with g,,; and g, fixed, the pole movement in a constant-w,

(©)

manncer.

— SZCICZI/C + SClngVB + nggleA
S2C1C2 + ng3C1 + gmlng

03

LV

o3
W= gmlng Q:( g) gmlng
° GG, ’ G g3
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* o, can be adjusted linearly with g, 1=g..,=gn and g,,3 constant
=> constant-bandwidth movement.

*If g1, gmo, and g3 are adjusted simultaneously, constant-Q pole movement.

* Interchanging "+" and "-" terminals of g,,; and g,» and setting V,=Vg=V =V,
and making g, =gm=gm=gn =>2"%-order g,, adjustable phase equalizer.

(d)

VCce,S*+V,g sC+g gV

m2’~ A

S2C1C2 + SClgm3 + gmlgm2

04—

gm3 V = gmlgmz — 1 gmlngCZ
+ o4 Mg R Q
CICZ gm3 Cl

* The adjustment of the bandpass version with g.,;=g,,=g,, will result in a
constant bandwidth, constant gain response.

(e) Elliptic biquadratic filter

V C,

S*’+g /CC
( )( gm 172

H(s)=—>= .
I/i C2+C3 S +Sgn12/(C2+C3)+gm1gm2/C1(C2+C3)

)

* Can be applied to the realization of high-order voltage-controlled elliptic
filters.
=>(Cascading these second-order blocks with interstage unity-gain buffers.
All g,'s are made equal and adjusted simultaneously.
* The voltage-controlled amplifier of Fig. (g) on p.15-3 can be
inserted between x and x'. The transconductance gain of the two OTAs in the
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amplifier can be used as the control variable to adjust the ratio of the zero

location to pole location.

(g) General biquadratic structure

— SZCICZV; + SClgm4VB + ngngVA

’ S2C1C2 +SClgm3 +gm2gm1
* when V=V ,=Vp=V, the o, and Q for the poles and zeros can be adjusted by

gn's to any desired value.

§15-2.5 Fully Differential Gm-C or OTA-C Filters

1. General first-order filter

2Cy i
| Loc, "+
Miame P 1 + ¥
Vo 112 I Vou
L, 1
Gn 2C G
— I ma o~
2Cy =
V KS+K
H(S): out — 1 [
V. S+o,
S Cx )+ G,,
H(s)= SCx+ G, _ C,+& C,+Cx
S(C,+CH+G,, g4 Om
C,+C,

K
=C,=( " _}( )C,, Gmi=Ko(CatCx), Grp=mo(Ca+Cx)
1
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2. General biquadratic filter
-0,/Q
KO/O)O (DO
o—o 18 b 1/S o
Vin(S) T Vout(s)
K+K,S
2

K

gLl KSR S K,
Vul®) 524 (P50,

T T .
R e st Yall
- - VOl.ll
[ ]/
+o Gine L <
Ve D
=
G .G
SZ( GX )+S( Gms )+ m2 ~ m4
V. (s) C,+C, c,+C,” C,(C,+(C)
HO= 3 oy = G G G
Vin (S) S? 4+ S( m3 ) m1 ™~ m2

Design equations:
gn ¢q -K,

Gmlz(’)oCA
Gmr=0,(Cp+Cx)

G @(Cy+C)
0

Gm4:(K0CA)/ o
Gm5:K1 (CB+Cx)

+
Ce+C C(C,+Cy)

Cx=Cpg( K, ) where 0< K, <I
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§15-3 CMOS Transconductor or OTA

1. CMOS transconductor using triode transistor

fVDD

ll}—-—i

* . . . . G, = Unccx{\f_vl(vgse - th)
Qo: operated in the triode region. S

* G, can be adjusted by Ve and scaled by the current
mirrors Q5/Q; and Q4/Qs.

* Qs/Qg are feedback devices to set the drain voltages

of Q1/Qx.

2. CMOS transconductor using varying bias-triode transistors.
VCC

b @ &11

<+
o—y
i

|01 ol

4k1k3’\/l_1

I I G, =
’ % ;‘ ‘ (k, + 4k3). /K,

* Qs and Qq are in the triode region.
1 1
* Q= where ry4;3=r44=
Fa + Vg +(Fys | 74) i ’ 2K (Visi = V)

1 1
= Visi-Vin=  |—
&m 2K Vs =V,) K,

I1=T=
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3. CMOS differential-pair transconductor with floating voltage supply.
Conceptual circuit:

iy ip2
o,
Vi oy Qq, 2 o Vs
_ + - iy —ips) = 4KqVe(Vy=Vy)
Qw%l_l + - O?b ( D1 DE) eq 1 2
Vx + Vl-eq Vx + Vi eq # .
o1 b2
Real circuit:
Ip1 ip2
vo Voo oV
O1a 023.

(ipi-ip2)=4\ K, I, (V, = V)

Q Q
1® fll__l Qg 3b I—"*ltl * _
¢ * G,=4 KquB
i1 L G % L, Ioz * 30~50 dB linearity.
Vss

4. CMOS bias-offset cross-coupled transconductor.

Iy I

vy v

Voo Voo
4 A
v He o £ Q, Q. G = v
1 =+ g~ lt 1 2:.1| ...{f += 2
VB_,_{':IQs V Od'jl'—“'—vs
- (i1-2)=2KV3(V,-V2)
&) Iss Gn=2KVpg
Q? * . .
. 4 Q 30~50dB linearity
Vgs + Vg oy 1t 'l: 8
Vg _
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§15-4 Design Example of Gm-C or OTA-C Filters

Ref.: 1. IEEE Trans. Circuits and Systems, pp. 1132-1138, Nov. 1986
2. IEEE JSSC, pp.987-996, Aug. 1988
1. CMOS linear transconductance amplifier (CMOS inverter-based
complementary differential-pair transconductor)

Voo
= gn=2Ketr (V1T Ve, -XVr1)
Va1 O ||1- M,
ZVT:VTn1+VTn3+ |VTP2 | + |VTP4 |
l_
eff— —  /— —,
\Zn_ |__V%ut (\/E"'\/E)z
= m,
l_ kn’pzl(uejfcor X K)n P
— N A
Ve P M,

|_T

<

Tunable g, amplifier symbol: AD(P
SS

2. Gm-C biquad (general)

o—“— C
Vg C, \7—|f, Q 6 o
H Y v

\Y

-Cg, SN, +Cg,S°N,, +8,'N,, +(CC,8,5 +2,,8,)N,
CCg,5+Cg,(2,,-8)5+8,

Nip: V0, Vi =Vy=0

Nup: V=0, Vi=VE=0

Nip: VL#0, Vg=VE=0

Ngr: Vi=Vu=VgRr, V=0

H(s)=
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Experimental results on BP filter:

. MARKER 4 000 000.0 Wz
g‘:tfglg'. RANGE .0 dBa =%5.22 din

START 3 000 000.0 Hz
REM 10 KWz VBM 30 KNz

STOP S 000 000.0 Hx
ST .2 SEC

Fig. 10. Passband detail of the filter gerforma.nce at 0°C (lower trace)
and at 65°C.

Center frequency 4MHz

TABLE I

EXPERIMENTAL FILTER DATA

Control Automatic Manual
Passband ripple 1dB 0.5dB
Stopband attenuation >60 dB
Bandwidth 800 KHz
S/N in passband ~40dB 75dB
Distortion (for 0.5Vpp) 0.5%
Max. signal level 1.2V,
Frequency control range 1 MHz 1.5 MHz
Q-control range 40% unlimited
Offset (reference inverter) ImV @ Gain = 50

§15-5 MOSFET-C Filters
* MOSFET-C filters are slower than Gm-C filters
"."Miller integration.
* Smaller speed
"."The load of op amps is resistive

* Straightforward design methodology
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. VC
R |p1 Q o |p-| i
no -
Vpy o P > o Vor P TE —» _"; C,
. IL . Il
| Ll | i
R, PF2|v Q.+ "2 |V
Vo2 ’E‘p‘M‘! =J h.:“_'> o Vno V2 :QPE‘TL_} ’ }+ o Vno
2 _ S
Voo °_n~v' —) } o Voo V2 o n TT’—} += ° VDO
R in2 [V, Q iz [V, ¥
Vn1 O_MM____’ - I [ Va1 o " ]--I —» HCI
Int o Ir:’ Ipo

(a) Active-RC integrator

R, = Rp] =R, R, = sz =R,

(b) Two-transistor MOSFET-C integrator

lpo _ Gy +150) = +1,)

l‘ —
VdiffEVpo-Vno: -

SC, SC,
1
= V., -V )+——(V,, —V,
SRICI ( pl nl) SRZCI ( p2 112)
2.General biquadratic MOSFET-C filter
Active-RC circuit:
A AG4
W' |lc;1 A Gs
} C i M_‘"“
A
G
| G —— 2 Cg
G1 G _W'l’ “
Vi o AAA - >3
YVy ‘L_D Ay - v
% vy — °
[ 4
MOSFET-C biquadratic filter: R
o4
C1 ..LGs
// i r
b Fo2 | G
G w L}
S A N 7 N S
Vi 1 + 1 v
I 5= G N =
G LG C
IL -IT 2 IL B
C
. [~ ) ||ICI 1J_1_G5
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GG
(hsr+ (P54 00
Vi) C, C, C,C,
H(S)=——=-=
V) gy (s &9
G, (G,
3. Four-transistor integrators
Vdiff = Vpo'Vno
1 1
- (Vpi B Vm‘)+ (Vm o Vpi) Vc1
SrDSlcl SrDSZCl l Op1
1 Vpi og—d L C,
where I'Ds1— W VCQ I
U, Co Vo =V, = V) "
I 1 1 On2 MT ~ . Vno
1 T+
I'ps2™ W Op?. + _> o Voo
NV, -V -V b
uncox( L )2( c2 X ) Vc1 l;/f )
All four transistors are matched 2 Q. “C
1 Vni o4 l
=>Vairr= V=V
S7,4C,
1
where rps=

w
uncox (f)(Vcl - VCZ)



16-1
CHUNG-YU WU

CH 16. Oversampling Data Converters
§16-1 Fundamental Concept

§16-1.1 Oversampling without noise shaping

1. Quantization noise modeling e(n)
x(n) , y(n) x(n) y()
o—>—— Quantizer —>—=0° T
s e(n) = y(n) - x(n)

* e(n) can be approximated as an independent random variable uniformly

distributed between i% where A is the difference between two adjacent

quantization levels, i.e. Vgp.
2

* The quantization noise power :E =P

* The quantization noise power is independent of the sampling frequency f;.

* The spectral density of e(n), Sc(f) is white and all its power is within + %
s s, , . N >0
JasiNdf =[5 K df =K f =+
2 2 Height K,
A 1
:>KX: R -
s
-5 0 s f
2. Oversampling Advantage 2 2
H(f)
1 x(n) T y.(n)
quantizer—| y(@) :
O] . —
f N-bit H®
(0]
1 filter
| | f
- sl IS f °
T

Oversampling ratio OSR = 2f

o
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Assume that the input signal is a sinusoidal wave between 0 and A2".
The signal power Py is

AZN AzzzN
2\/_ 8

With H(f), P; remains the same since the signal's frequency content is below f,
but the quantization noise power P, becomes

P=(

R[S = [ K =2 =B

OSR Tx2 =>P, i% or -3dB, or 0.5 bits

SNR ,..x=10log( i )= 1010g(%2”) +101log(OSR)
=6.02N+1.76+10log(OSR)
=>SNR enhancement obtained from oversampling: 10log(OSR).
SNR improvement of 3 dB/octave or 0.5 bits/octave

3.The advantage of 1-bit D/A converter

* Oversampling improves the SNR, but it does not improve linearity.

* Theoretically, 1-bit converter with f,=25 KHz can obtain a 96-dB SNR(16 bits)
if the sampling frequency f=54,000 GHz!

* The advantage of a 1-bit DAC is that it is inherently linear.

Vouik
out always linear

-
L
-
L
-
-
-
L
L
-

-
.
A
.
.
-
-
-
[ = >

0 1 B.

n

§16-1.2 Oversampling with noise shaping

1. The system architecture of a AZ oversampling ADC is shown in the next page
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Oversampling Delta-Sigma Analog-to-Digital Converters:

T ° © Decimation Filter
1-bit
. Delta-Sigma stream DSP .
Analog S1g_>na1 A-to-D Converter Decimation Multi-Bit
(Modulator) Chip Output
f, >> 21
"""""""""""""""""""""""""""""""" 2f = 1 Nyquist
. " (OSR)T Rate PCM
: Minimum Analog N ]
i—» Anti-Aliasing — Delta-Sigma ! Digital '
| Filter Modulator Low-Pass =lOSR
brmmmmmmmmmsmmmmmmmm oo 1‘2 """""""""""""""" Filter

e(n)
2. Noise-shaped AYX modulator

u(n) X

2 HZ) Lbit | YW u(n) o no R0

Quantizer
DAC L DAC

1-bit 1-bit

Two independent inputs: U(z) and E(z)
Signal  Noise

Signal transfer function St(z)= 5 ((Z)) - f ;[Z() :
4 z
Y(z) 1

Noise transfer function Ntg(z) = =
E(z) 1+H(2)
=>Y(2)=Str(z)U(2)+Nr1r(z2)E(2)

If|H (z)| > o0 for 0<f<f,=> [S,.(z)| >1 and |N,(z) >0

=> Quantization noise ¥ and signal unchanged.

3.First-order noise shaping:



16-4
CHUNG-YU WU
-1

H(z)=lz—71 (Noniverting Forward-Euler SC integrator)
—Z

H(z) — !
1+ H(z)

_ (1 _ Z_l) Z:ejcoT:ejan/fs

:>STF(Z):

Nrr(z)=

1+ H(2)

Nrp(f)=1-¢7"""=gin (g) x (27)x (e *)

N

. 7f
N = 2sin(“L
[N, ()] = 2sin( I )

The quantization power noise power over 0 to f; is

Pe[" S2 NIV, () dr =" 412)7 2sm<7;f YT df

Since f, << f, i.e. OSR>>1, sin( %) ~ 7;—f

_ 7 21 _A27Z'2 1
> Pes (12)(3)(f) 36 (OSR)

2~2N
poA2

=> SNR,.x=10 log( i )= 1010g(%22N) + 1010g[%(0SR)3]
T

=> SNR,,ax=6.02N+1.76-5.17+30 log(OSR)
Double OSR => SNR,,, T by 9dB or 1.5bits/octave
Without noise shaping: SNR .« T by 3dB/ octave or 0.5bits/ octave.

Y=Z"U+E(1-Z"")
Block diagram: L

U Z_l

I-z Y=UZ"+E(1-Z")
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SC implementation:

Latch Y
(2) V| —— 1
phase 2

Reset 5
Quantizer(1-bit ADC)

et ettt

— 0
C -
1-bit DAC — -5
s 0‘0 5
2 -1
N J O’L 0.5 Control signal

Can be eliminated by connecting
the node A Directly to the node A'.

First-order noise shaping with 2-bit ADC and 2-bit DAC

U z 2-bit Y
'< > ’ ] A/D

i |
[ 2-bit

Y
\ 4

A

D/A
/T
0.5 /
T > 1.
75 125 %57!_ : | —:_O
| 1t

—e MUX <
Control line
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4. Second-order noise shaping

E
H, H, l
Us 1+ z”! . Y
P - — —> Quantizer >
_. _
¢ < DAC =
StH(Z)=Z" N1r(2)=(1-Z"Y Y=7"U+(1-Z")’E

¥l =2sinCyy
N, () [Sm(ﬂ)]

2 __4
60 OSR

P
SNR ,.0x=10log( P )= 1010g(%2N) + lOlog(%) +10log(OSR)’
V3

=6.02N+1.76-12.9+50log(OSR)
OSRx2 => SNR,,,T by 15dB/Octave or 2.5 bits/Octave

General formula of SNR,,.x with k-order noise shaping:

2k +1
p )+ (2k +1) 10log(OSR)
OSRx2=> SNR,,.., Tby 3(2k+1)dB/Octave or 0.5(2k+1)bits/Octave

SNR.x=6.02N+1.76- 10log(

Noise-shaping transfer functions:

A
(N ()

Second-order

| |
0 0 f; fs

The SC implementation of the second-order AX modulator is shown in the next page.
* Single-ended structure
* Can be converted into fully differential structure for better noise rejection and

\ A
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linearity.
* The capacitor and switches in the feedback path to OP, can be reduced as
shown on page 16-5.

SC implementation: Single-Ended type circuit diagram

C V+e—
| ——2
1 Control
signal
C C C
o ) TII 2 2 TII 1
Y
?b 1|2 )

—_
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§16-2 System Architecture of Oversampling A2 ADC

1. Architecture

X (0 x, () X, i X x, (M x, (1)
Anti- AT | Digital
—! aliasing — jﬁ;}ﬁéﬁ > Mod low-pass > lOSR >
filter f | filer |, 2/
. . Decimation filter
2. Signals and spectra Analog { Digital
A X.0 A xc(f)
ﬁ X.,®
>t »f
— /. s
A
X ()
t ¥, (n)==1.000000...
: LYy f
L] s f
12[4. =1 A
xdsm (a))
. . > O
A 2n(f /T ' o §
X (n) 77155(/60 ¥ i 27
A
il : x, @
123..... I| ‘ ‘ I H ‘ ‘ > N M
T 76 o0 > wﬂ
£/f)=—""—
A “27t(0 ¥ 0SR OSR=6
Xs (n) X, (a)) ~&—]6-bit resolution in 16-bit ADC
T AL
DN | - w2z 4r 6 8z 10r 12x Lo
_______________ - T

2 oT,
6
* The decimation process does not result in any loss of information, since the
bandwidth of the original signal was assumed to be f,. The spectral information is

spread over O~% in X, and O~m in X.
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§16-3 System Architecture of Oversampling AX DAC

1. Architecture

X, (")

x, (1) X,,(1)
Interpolation
—> XOSR » (low-paaa)
2 f f.|  filter
OSR = L
Zf 0
2. Signals and spectra

A X (m)

\ X2 (n)

3.0 N]

A
x, ()

il H

A Xc @)

Y

xdsm (n) Xda (t) XC (t)
AY | 1-bit ‘ Analog
Mod "D/ A » low-pass ——
f, filter

Digital Analog

xs (@)

M.,

n2r 4n 6x 8z 107 127

AL

exf)/f,
- M
| 0T
(Zﬂf‘o) 27
W’” >
. M o
(27#‘0)/fx 27

W\ xda (f)
7 -1

JAVAY
/
x.(f) M
> f
I

f 0 Frequency
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§16-4 High-Order Modulators

Multi-stAge noise SHaping (MASH) architecture:
To use a cascade-type structure where the overall higher-order modulator is
constructed using lower-order ones.
=> The stability could be maintained.

U -1 lQl

z . N > -1
-1 _ -1 -1 Z
1 - z Y, =Uz +Q1(1—Z )

‘1_

T

Q

g - (1-z7H)—

Y

yz1=0272"+0Q (-2
Y =UZ’1—Q 1-2z7"?

§16-5 Design Considerations

§16-5.1 Limitations on accuracy and linearity

A. Noise
® Thermal noise in resistors, conducing switches, op-amps. Usually aliased
by sampling
1/f op-amp noise, dc offset
Supply, ground and substrate noise
clock feedthrough noise
clock jitter noise

quantization noise leakage
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B. Nonlinear effects

® R&C nonlinearities

Amplifier nonlinearities

Finite op-amp slew rate

Signal-dependent clock feedthrough noise
Signal-dependent sampling aperture noise
Internal A/D and D/A nonlinearities

Linearity of 1-bit DAC:
1. The two output levels somehow become functions of the low-frequency

signals=> Linearity limitation

® Power supply voltage are changed for different low-frequency signals to
cause distortion.
=> must be well-regulated.

® The clock feedthrough of the input switches is also dependent on the gate
voltage and thus the supply voltage.
=> low-frequency input signal dependent

® The clock jitter could be a function of the low-frequency input signals.

2.The memory between output levels also causes severe linearity limitation.

Typical

Ideal
A N N

VI |
Binary 1 1 1 1 1 1 |

Area for

symbol A‘+81 A1 AO +6 2 Ao A1 +8 1 Ao+8 2 A1 +8 1

d1, 02 The area difference of the present binary state with different past states.

-1->1: 6, 1—>-1: 6,
Average 0 :1,-1,1,-1,--- Va(t) = 4, ;Ao L9 ;52
Average l 1,1,-1, 1, -1, 1-- WO): 24, + A4, +§1 +0,
3 3 3
Average —% -1L,-1, 1L, -1,-1, 1, -1 ve(n) = 4 +32A0 N 0, 4;52
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Ideal case: 8,=0,=0, practical case: 6,6 #06,#0

=>Three averages do not lie on a straight line=>Nonlinear.

How to improve this nonlinearity?
1. 81=-62 : To match falling and rising signals => Very difficult to achieve.
2. The use of memoryless coding scheme, i.e. return-to-zero (RTZ) coding

scheme.
Typical
Ideal
VZ //\ /I\ \ //\ \7\
w0 !
Binary 1 1 -1 -1 1 -1 |
Area f
S}I;i?bglr Al Al AO AO A1 Ao Al

I :-1->1and 11
-1 1 -1->-1
=> Better linearity.

Every 1 has the same area.
Every -1 has the same area.

3. Basically, SCF or SC circuits are memoryless if enough time is left for settling

on each clock phase.

Idle tones phenomena
1-bit DAC

dc level %=> ym)={1,1,-1,1,1,-1....}

periodic pattern with the power concentrated at dc and

Jo
T

After low-pass filter=> only dc level remains.

3

delevel L+ 3= ym)={1,1,-1,1,1,-1,1,1,-1,1,1,-1, 1, 1, 1,-1, 1, 1, -1,
3 24 8
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periodic pattern with 16 cycles and some power at dc and {_6

=> lowpass filter

=> dc level gand A tone
8 16

('.'f(,:lf_é is assumed and lowpass filter will not attenuate /16 signal)

=> Low-frequency tones cannot be filtered out by the lowpass filter and can lead
to annoying tones in the audible range. They exist even in high-order modulators.
There tones might be a signal varying over some frequency range in a random-like
fashion.

Dithering technique to reduce idle tones.
® To add the dithering signal to the modulator just before its quantizer.
® The dithering signal has a white-noise type spectrum and is a random
(psuedo-random) signal.
® The dithering signal breaks up the tones so that they never occur.
® Add about 3-dB extra in-band noise
® Require rechecking the modulator's stability.

§16-6 Advantages and Applications

Advantages of Delta-Sigma Converters:

® [Low-Complexity Analog, High-Complexity Digital
High-Resolution Conversion
Low-Precision Analog (no trimming)
Simple Anti-Aliasing Filters
No Sample & Hold Needed
Can be Built Completely In CMOS
Overall Small Chip Area in Fine-Line Technology
Can be Integrated on Chip With Other DSP Functions
Ideally Suit for Rates up to and Including Audio Band

Commercial Applications Well-Suited for Delta-Sigma ADC
® Standard Voice Band Telephony
13-bit dynamic range, 8-bit linearity (u/A-Law), 8KHz Sampling rate
® Digital Mobile Radio (same req. as above)
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® High-Precision Voice-Band (CCITT V.32 9600-Baud Modems)

14-15 bit dynamic range, 12-bit linearity, 3-4kHz BW, 9600 Sampling rate

ISDN Wideband Speech (CCITT G.722)

13-bit dynamic range, 16kHz Sampling rate

ISDN U-Interface

13-bit dynamic range, 80kHz Sampling rate, 160kb/s Transmission Rate

® Audio-Band (CD, DAT; stereo (2))

16-18-bit (18-20 bit) resolution, 14-16 bit)(15-16bit) linearity, 48kHz

Sampling Rate

5 1/2 Instrumentation A/D Converter

10Hz BW with Self-Calibration Circuit

Integration with Digital Signal Processors

20 bit resolution, 0.1

Ideally Suited for Rates up to and Including Audio Band

A variety of applications from voice-band through audio-band

§16-7 Examples

2"order AY modulator implemented by fully differential SC circuit.

Delta-Sigma ADC (Second order_1)

o
| PRSI E S e
e et (R
i e = - - -
| g S ———
| SR ey = .
h {o e
o g== e =4
1 | o
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wnnuunnn.WK.W.m” o
et S R
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e o e e e e ) e O
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.I\sq.i‘rl.a.r..
- —-——md e - - -
] 1
1) 1
V ........
) ]
] - 1
] ._.,...,..V =
) 1
e e
||||||| 4= - -
£oonta=s . s
R == ==
boosaso e kL K -
| oo\
T T e T e e
| 1 '
ST N S, )
' : z \
lllllllllll ) ) L]
[] I i D »IIIIIII{ﬂ IIIIIIII
[] ] i | ] 1
] 1 ] 1 1
1 1 ] 1 1
[ 1 1 L 1 20
o o o o o o
4 -
N o g A ©

(gp) epnyiidwy

Frequency



16-15
CHUNG-YU WU

Testing Environment:

SIN Ratio (dB)

Digital-to-Analog Converter

.. Low-noise cable
Precision
Function Pure test Good AY Mearurement
Generator - o . — ADC}——
Pattern Transmission Line
Chip under test

*Develop design-for-testability ADC and environment

The measured SNR versus input signal level.

. SNR’

0 ! 1 : ! !
i E ? L el

60~ --=-=-~ e S brmmmmniis e e e
i i ! i

so=--+o-o- T R . sl o]

40 === ==n- T e SRR T s s smmmmiany

e B cas co i R A
1 1 1 )
| : : :

0 eemans e e e s e
i : i :

s cinon fote SN Reur Baa =
‘ Sampling ratel 2048KHz :‘ E

| dosmmmafuca tnput signal 8KHz - -~~~ e e
E E‘I‘ime record c:omprises 16384 points '

-10 e 26KHznotionat baseband -1~ - - - - =~~~ e e
_20 1 1 1 L 1

-100 -80 60 40 -20 0 20

Input Signal Level (dB)
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CH 17 Phase-Locked Loops (PLLsS)

§17-1 General architecture and Operational Principle

1. Applications of PLLs: 1. Clock recovery in communication and digital systems.
2. Frequency synthesizer used in televisions or wireless
communication systems to select different channels.
3. Demodulation of FM signals.

2.Basic PLL architecture: Low-pass Gain
V. + \Y4 filter
in O———  Phase pd Ip Output
— H (s) —» K
—» detector Ip Ip voltage
i Loop filter
Average voltage proportional to phase difference
Vcntrl
Vasc VCO |«

Voltage-Controlled Oscillator

If the phase detector is of analog-multiplier type, its output voltage V4 can be written
as
Vpi=KMmVinVose=Km Ein Eqsesin(mt)cos(mt-dg)
where ¢4 is the phase difference between the input
signal V;, and the output V. of the VCO.

VoK EoLiein, - sinot - )

Since the lowpass filter is to remove the high-frequency (2w) term, the signal V. 1s
given by

VcntlzKlpKM m2 = Sln(l)d

= KlpKM = > = (I)d:Klprd(I)d where I<pd =K M %

The frequency of VCO can be expressed as

(Dosc:Kochcntl-HDfr
where oy 1s the free-running frequency of the VCO with its control voltage V,4=0.

a)i" _a)fr

=> Vcntlz

osc
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where ;, is the frequency of the input signal, which is equal to the
frequency of VCO output when the PLL is in the locked state.

a)i” B a)fr

Vcntl
Kl PKpd Kl PKpd Kosc

3.Linearized small-signal analysis

When a PLL is in lock, its dynamic response to input-signal phase and frequency
changes can be well approximated by a linear model, as long as these changes are
slow and small about their operating point.

A signal-flow graph for the linearized small-signal model of a PLL when in lock:

Gin(s) K
pd K, H,(5) o

cntl

Dose(5)

A

1 /S 0osC

Vcntl(s):KdelleP(s) [(I)in(s)'d)osc(s)]

(I)osc(s):Kosc(Vcntl(s)/S) ( .z (D(t):% ¢(S) = %S))
V) SKKHL0)

¢in (S) S + KdelPKascHlP (S)

* General transfer function applicable to almost every PLL.
* Different PLLs => Different H,(s), Kyq, Kosc.
If a lead-lag lowpass filter is used in Hy,(s), we have

I+s7
H,,(s)= : T,<<1
w(S) l+s7, b
1
e ( ) KiS(l + STZ)
"Rl S osc
= HE)= ¢ ](s) B 1 s’t

" 1+S(———+7)+— 2 —

K pd Klp Kosc K pd Klp Kosc

* H(s)=0 as s—>0 => Ad;,=0 leads to AV ,;=0
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RN SA+s7))
I/cntl (S) _ Kosc'
(5) s't

@, () 1+ S(; +7)+—

K pd lpKosc K pd Klp Kosc

%k Vcntl (S) — 1
a)in (S) - Kosc

The above second-order s-domain transfer functions have m, and Q as
K dKl K K 1l
— P ‘P osc  __ P
®,= =
T, J7,
NTp NTp

1 T
- 47, K KK —+1,K
V Kpd KlpKosc ’ e Kpll o

Q:

* Q=% — good settling behavior

Q=% =0.577 - maximally flat group delay
Q=% =0.707 — maximally flat amplitude response

* Usually Q=% 1s recommended in PLLs

In most cases, when ®,<<mg, we have

1
'[:Z>>—2
pll
\T 1 1
=> Q = L = —_
K, oz, 2
2z, 2
K, o
D o

The transient time constant 1, of the complete loop for small phase or frequency
changes can be expressed as

Toll=——
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Design considerations:  1.Choosing K4 and K, based on practical considerations
2.Choose T, to achieve the desired loop settling time
3.Choose 17 to obtain the desired Q of the loop
2
If 17=0, = Q=\/r, Ky, ®,= Ké” = K"dQK = (Kp=D)

4. Capture range and acquisition time

Capture range: The maximum difference between the input signals' frequency and
the VCO free-running frequency where lock can eventually be
attained.

The capture range is on the order of the pole frequency of the
lowpass filter.

Acquisition time: The time required to attain lock If the initial difference between the
input signal's frequency and the VCO frequency is moderately large,
the acquisition time t,eq 1S

O, -0,)

3
@

o

tacq =

*If a PLL is designed to have a narrow loop bandwidth o,, t,.q can be quite large and
lock is attained too slowly.

Solution: 1. To add a frequency detector that detect when w;,-®, 1s large. Then drive
the loop toward lock much more quickly. When w;,-m,. 1s small, the
frequency detector and the driver are disabled.

2. To design the lowpass filter with a programmable pole frequency w,.
Initial acquisition: @, T speed up acquisition.
Lock : oV increase noise rejection.

3. To sweep the VCO's frequency range during acquisition with the PLL
disabled. When o,s.—>®;,, sweeping is disabled and PLL is activated.

5. Lock range
Lock range: Once lock is attained, the PLL remains in lock over a range as long as

the input signal's frequency w;, changes only slowly. This range is the
lock range, which is much larger than the capture range.

E E
Vcntl-maszlp I<M % =I<lpI<pd

== M)k = + KoscKlprd
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§17-2 Phase Detectors in PLLs

Three categories: 1. Analog phase detectors (PDs) or multipliers:

Rely on the DC component when multiplying two sinusoidal
waveforms of the same frequency.

2. Sequential circuits (e.g. EXOR and Flip-Flop PDs):
Operate on the information contained in the zero-crossings of
the input signal to aid acquisition when the loop is out of lock.
Also a sequential circuit actually.

3. Phase-frequency detector:
Provide a frequency sensitive signal to aid acquisition when the
loop is out of lock. Also a sequential circuits actually.

§17-2.1 Multiplier PD
Vpa =KMmEinsin(o;t+0;)Eqs.cos(m,t+0,)
=KM% {sin[(®;-my)t+0;-0,]+sin[ (0 +w)t+6,16,]}
At phase loczk, O1=,
—> V= Ky Z P [5in(0,-0,)+sin(2ot+0,+0,)]
After the lowpazss filter, we have
vpd=KlpKM%sin (91—92)=KM% $infy oc 04 if O is small.

* The multiplier PD is especially useful in applications where the reference
frequency is too high and where the loop bandwidth is sufficiently narrow so
that the filtering of the undesired components can be effective.

* The loop could lock to harmonics of the input signal.
=>False lock

* m=m, is required.

§17-2.2 EXOR PD

(a) (b) T T

D

&

>

@®

V)
—
—
it fnfofe
—
—_ 7} -
—
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(c)

Average M
value of C
-7

"1 05 0 05 1

* when A(Vi,) and B(V) are 90° out of phase, the output V4(c ) has 0=2w;,
and 50% duty cycle. This is a reference point. V4 oc 84 for 0°<04<180°.

* False lock could occur

* 0=, 1s required.

§17-2.3 Flip-Flop PD

- |——]

— T
—

J
()C_LI U

Average W
value of C
] } ) } >
"1 05 0 05 1 /T

* The average value of V4 or C has the shape of a saw tooth, with a linear range
of a full cycle.

* At the center of the linear range of V4 average, the most important harmonic 1s
situated at the fundamental of the reference frequency as compared to the twice
of reference frequency in the EXOR PD.
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(@) EXOR PD (®)  Flip-flop PD
} } > Phase } } >
0 05 1 0 05 1
Center of the linear
Center of the linear range
N -
: ! » Average : >
1 i i
1 1 1
1 1 1
1 1 1
1 1
i 1 i
T | I Fundamental m
1 1 o 1 »
| i i " | i -
1 1 1
1 1 1
1 1 1
1 1 1
I I 2nd H
! ! Harmonic :
| " | "
§17-2.4 Charge-pump PD
VDD
Ich
Vin P
. u
o— Sequential — S, V,
vV phase P, l o "
e detector ——

S, C,
ln R —C,
/-VSS N — _T_/

Charge-p\t]mp phase
comparator

v

Low-pass filter

1. Desirable features: 1. It does not exhibit false lock.
2. Vi, and V. are exactly in phase when the loops in lock.
3. The PLL attains lock quickly even when my, 1s quite different

from og.



17-8
CHUNG-YU WU

Some typical waveforms of a charge-pump PD

-
VOSC | .

P, |

Po |

vy

27

Time

2.Small-signal analysis of a charge-pump PLL:
The average charge flow into the lowpass filter is

Ag,

s Ich
T

Iavg_

avg pd(¢1n d)osc) KpdAd)ln

ch

=> Kpd=

For the lowpass filter R, C, has a transfer function Hy,(s) as

Hiy(s)= V. (s) R4 1 _ 1+ SRC,
I,,(s) SC, SC,
_ : . V,()
Substituting H;,(s) and K4 into the transfer function ﬁ,
(s
we have
V,(s) 1 S(1+SRC)

2
2.(s) K, 1+ SRC, + 75 G

1
TR Co, R‘/CKK “R\CIK.
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3. Design Considerations:
(1) Choose I, based on practical consideration like power dissipation and speed.
(2) o, 1s chosen according to the desired transient settling-time constant T, as

(3) C, is chosen from the equation of ®, whereas R is chosen using the equation of Q.
The chosen Q value is slightly less than what is eventually desired. RT => QJ

(4) Add C,; to minimize glitches.
C,=> QT => chosen Q value is smaller => Exact Q.

C=l~L of ¢
g 10

R 1
= Hy(s)=37 SRC, | SC,
4. Phase/Frequency detector (PFD)
* The most common sequential phase detector is the PFD.
* Asynchronous sequential logic circuit.
* 4 NOR-type RS flip-flops.
* Can also be realized in NAND gates.

FF3 FF4

set set

3 4

* Basic operating principle:
Assume the PLL is in lock with V;, leading V
Initial conditions: P,=0, P4&=0, P,.4s5:=0, P4.¢s6:=0, Reset=0 V;,=0, V ,,.=0
SA

inputs: 1001
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Vi—1 => P,=1 => Charge pumping starts and V, T=> @y T
Vose—1 => Reset nor gate inputs: 0001—->0000 => Reset 0— 1
=> P,=0 and P4=0 after one gate-delay ; P40—1—0
Pu.4soi=1 and Py 44, =1 after two gate-delays.
=> Reset 1—0 after one gate-delay of P_4s,—>1 and Py 41— 1
or after three gate-delays of V,—>1.
=> Keeping P,=0 and P4=0 => No charge pumping.
=> FF3 is reset and P_44,;=0
=> FF4 is reset and Pd—dsb1:O

It is only when V;, 150
Vose 10

* The waveforms of a PFD when Vj, is at a higher frequency than V..

V.

n

Vv

osC

PU
S

P

u-dsbl

I:>d-dsbl

®in™>Wesc => P,=1 => Charge pumping to increase . until lock is achieved.

* Transfer characteristic of a charge-pumping PFD

(@)

Ref—
Div—

PFD

Up

Dn
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Q.

(c) |_|

Average
value of C

05 T

§17-3 Loop Filters and Loop Gains

§17-3.1 First-order PLL with zero-order loop filter

Loop gain of the feedback structure with ¢,(s) and V na(s)
Loop gain=GH(s)=K ,q Ky, KoscHip(s) -
A

Zero-order loop filter: Hyy(s)=1 loglG (@ )‘“ Bode plots of GH(s):
= GH(S)=K K ;K oso
S
0 @ (0]
PLL with zero-order loop filter
=> First-order type-1 PLL
Vcntl (S ) — SKpd Klp
¢,(s) S+K, KK, #GH ()| §
close-loop transfer function 0 @
-90
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§17-3.2 Second-order PLL with first-order loop-filter

. Bode plots of GH(s):
First-order loop filter: Hy(s)=———— log|GH (o)
1+S/w, \
o GH () = KKK @K K Ko
SA+S/w) S+, “p R
PLL with first-order loop filter
=> 2" order type-1 PLL HGH(w)
4
le (S) Sa)prdKlp 0 :a)
g (s) S*+ oS+o K KK, 90
-180 L

§17-3.3 Third-order PLL with second-order loop filter

To improve the transient characteristics of the PLL, a low-frequency pole , is

introduced in the loop filter. => Extra phase shift of 90°.

To compensate the extra phase shift, a compensating zero m, must be introduced in

order to keep the phase margin high enough.

log|GH(w)
2"order loop filter: Hi,(s)= (1+S5/w,)
(1+S/w,)1+S/w,)
a)a
K, KK, (1+S/o)
=> GH(S)=
S(1+S/w 1+S/w,) \
Bode plots of GH(S): © O
=> Third-order type-1 PLL
z/(s) S(1+S/a) )Kpd »
] #GH (o),
¢W(S) S(1+S/w”)(1+S/w”)+Kpd Ip m(l"‘S/a) )
0 ()
If ®,=0 2
=> Third-order type-2 PLL. \/\
-180
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§17-3.4 Third-order type-2 charge-pump PLL

1+s7. Loop filter:
Hlp(s): O o)
s(C, +C)[l+s7,]
1= RZCZ é RZ
1,=R,(C,'+C, )" —C,
K dKl Kosc(l-l_sz-z) :: CZ
=>GH(s)=—"—
SUC. +C )1 +s7,) o o

§17-4 Voltage-Controlled Oscillators (VCOs)

Basic VCO specifications/requirements:

1. phase stability:
The output spectrum of the VCO should approximate as good as
possible the theoretical Dirac-impulse of a single sine wave, i.e. low
phase noise.

The definition of phase noise:

noise power in a 1-Hz bandwidth at freq. ®+Awm
carrier power

L{A®w}=10 log ( ) units: dBc/Hz

Am: offset frequency

VCO output
2. Electrical tuning range
The VCO must be able to cover the complete required frequency
band of the application, including initial frequency offsets due to
process variations.
3. Tuning linearity
To simplify the design of the PLL, the VCO gain K, should be
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constant.
4. Frequency pushing (MHz/V)
The dependency of the center frequency on the power supply
voltage.
5. Frequency pulling
The dependence of the center frequency
6. Low cost

§17-4.1 Relaxation oscillator as VCO

* Multivibrator-based nonlinear oscillator.

* f,s~1n the order of a few 100 MHz

* In CMOS, phase noise value of -90dBc/Hz at S00KHz offset.
Ref.: IEEE JSSC, vol.23, pp.1386-1393, Dec. 1988.

§17-4.2 Ring oscillator as VCO

* Tosc=2neTy n: number of inverters;  Tg: one inverter delay.
* Tuning: varying the current of the inverters.

* High phase noise: “."switching action introduces a lot of disturbances.

* Power consumption T linearly => phase noised
* Typical phase noise:
-94dBc/Hz at 1 MHz offset from a 2.2GHz carrier.
-83dBc/Hz at 100 KHz offset from a 900MHz carrier.
* Circuit structure

1. Three-stage ring oscillator
inverter

2. Differential two-stage ring oscillator

"\

+ + ++2
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3. 1-stage-delay ring oscillator

bl

* £, MHz ~ GHz

Ref.: 1. Proc. of IEEE 1995 Custom Integrated Circuits Conference (CICC),
pp.331-334.
2. IEEE JSSC, vol.31, pp.331-334, March 1996.

§17-4.3  LC-oscillator as VCO

* Typically a 20dB better phase noise obtained over ring and relaxation oscillators.
* High-speed operation is possible due to the simple working principle.
* The realization of the inductor is the key point.

Design example: 0.7um CMOS planar-LC VCO.
— \ 4

M4.:||_I L1 I I:MS L2
00— 00—

Ve

—D K

@ llbias C1 C2
Vout+ Vout-
M1 :| |:M2

—+ | l
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* Constant current => To limit power dissipation
* M; and M,: To provide a negative resistance for oscillation
* L=L,=3.2nH planar spiral inductors
* p" — n-well junction diodes C, and C, as varactors for frequency tuning by V..
C=Cyz 1pF
* Different output voltage.
Chip photograph of the VCO. (Die size 750x750 pm?)

Measurement results:
1. Measured output spectrum for a carrier frequency of 1.81 GHz.

70 1 -

-8R0 4

Output Power [dBm]

290 +

=100 4

Frequency Offset [kHz]
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2. Measured phase noise w.r.t. frequency offset
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* At V=0.5V, the diode varactors C, and C, have a larger leakage current

noise T 3dB.
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Reference Technology Freq. | Power |Tuning|Phase noise [dBc/Hz] |Remarks
[-] [GHz]| [mW] [[%] reported  |equiv.*
Relaxation oscillators
[Banu JSSC88] [0.75-um CMOS |0.56 |50 100 |90 @500kHz |-81 Tuning from 100kHz to1 GHz
[Sneep JSSCI0] (3-GHz Bip 0.1 |30 100 |-118 @IMHz |-90 Tuning from low freq. to 150MHz
[Dobos 9-GHz Bip 04 |? 100  |-110 @IMHz |-92 Tuning from 800kHz to 800MHz; Fast
CICC94] start-up
Ring oscillators
[Kwasn 1.2-um CMOS 1(0.74 |6.5 6 -89 @100kHz |97 Comparison of 3 designs
CICC95]
[Razav JSSC96](0.5-um CMOS (2.2 |[NA NA |-94 @1MHz 91 Three-stage; differential gain stage
[vd Tan 9-GHz BiCMOS 2.0 |[NA 95 -106 @2MHz |-96 Two-stage CCO; stacked with mixer
ISSCC97]
LC-tuned oscillators
[Nguye JSSC92]{10-GHz Bip 1.8 |70 10 -88 @100kHz |-104 |High-ohmic substrate; tuning with 2
tanks
[Based ESSC94]|1-um CMOS 1.0 |16 0 -95 @100kHz |-105 |Wide metal turns; substrate back-etched
[Soyue 12-GHz 24 |50 0 -92 @100kHz |-110 |4-level, extra thick metal; high-ohmic
JSSC96a] BiCMOS substrate
[Ali ISSCC96] |25-GHz Bip 0.9 |10 N.A. |-101 @100kHz [-110  |Complete PLL; planar inductors

*at 600 kHz offset from a 1.8-GHz carrier
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Reference Technology Freq. [Power | Tuning| Phase noise [dBc/Hz] [Remarks
[-] [GHZ][mW] | [%] | reported equiv.

LC-tuned oscillators(cont'd)

[Rofou ISSCC96] {1-um CMOS 0.9 1(10..40 |14 -85 @ 100kHz [-95  |Front-etched inductors; quadrature
signals

[Soyue JSSC96b] (0.5-um BiCMOS 4.0 |12 9 -106 @ 1IMHz [-109 |Thick metal (2.1 um) and field oxide
(11pm)

[Razav ISSCC97] |0.6-um CMOS [1.8 |15 7 -100 @ 500kHz|-102 |Linear tuning; quadrature signals

[Dauph ISSCC97]|11-GHz BiCMOS|1.5 |40 10 -105 @ 100kHz|-119 |Hollow rectangular coils standard
process

[Janse ISSCC97] |15-GHz Bip 22 |43 11 -99 @ 100kHz [-116 |High-Q MIS capacitor and varactor

[Parke CICC97] [0.6-um CMOS |1.6 |NA |12 -105 @ 200kHz[-114  |Full PLL circuit; capacitor bank for
extended tuning

Presented designs

[Steya EL94] 6-GHz Bip .1 |1 0 -75 @ 10kHz |-106 |Bonding wire inductor

[Crani JSSC95] |0.7-um CMOS |1.8 |24 5 -115 @ 200kHz|-124  |Bonding wire inductor; enhanced
LC-tank

[Crani JSSC97] [0.7-um CMOS |1.8 |6 14 -116 @ 600kHz[-116 |2-level metal; conductive substrate;
standard CMOS

[Crani CICC97] |0.4-um CMOS |1.8 |11 20 -113 @ 200kHz[-122 |2-level metal; standard CMOS
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