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6.2 295DV ABAALADT (Quadrature Voltage Controlled Oscillator)
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6.2 IVIHISATIANAWNAY 2 (Divided by two)

savmwsaanudeiniy 2 ldbhanldluisesienzaan PLL @9ezviimsan
fhﬂ’najﬁf?fmvrgﬂm%uvg‘ﬂmas'mmﬂifhmmﬁ (Prescaler)  1Raaannududontuns
sanununenissnndairdemanelulad uashesedidaugudnludimnsnias
WA e ansinils aLi'ie‘lsﬁena.tm'iﬂi:qn@flﬁ"m%mﬁmmwﬁmﬂﬁu 2 ﬁmmﬁg\‘l
nn gimsaildmnuny Lm:miaanu:umaasé’nwmi{ﬁmﬂﬂﬂg"mﬂﬁ‘ﬁwé’emuﬁ
fwldeslvdnea Tﬂuqmﬁm]’?mao’zwsmsfi'm'nuﬁl.mﬁ'u 2 fduasdpsdsenals
@iaé"rym”'lmﬁumﬁga _zﬁa\smné’mﬂnpmﬁuﬂmaommﬁmnui’imwﬁu 2 fAednyoNm
11 WAYBINIT VCO fuwadyomezudituiumanad antwsemnIanuiidy
2 #ldfuees veo ﬁi’rﬁ’mm’mﬁé’tyrg'mmﬁwﬁni"n (wide-band VCO) R3diaams
qmauﬂ'ﬁmm‘miaﬁqm_jmﬁuv!@lﬁga LLazqmauﬁ'ﬁﬁéjﬁ'rgﬁnﬂﬁmwae'm-sm's
AT 2 ﬁammﬁaomsmmmmaé’tytugmtmﬁvgﬂﬁmn (Output signal swing)
Lﬁaa@qmauu"a'lumsaanLLuma%m'rm'nuﬁ'lunm@ia‘lﬂ FalaneaiafienTorienn
luﬁnﬁmxﬂé’a:ﬁaaﬁmsﬁan."’s‘mﬁwaomm%ama?ﬂ'mlmﬁv!ﬂé'\muﬁ’au (RBLANE
WSISUMTF% (Head-room voltage) IHAL935 Svmsaswssanufiiniy 2 fishan
ﬂi:éﬂ@]"l‘ﬁ'ﬂ:ﬁmﬂw‘ﬁama%’%uvgﬂﬁwﬁﬂﬁtﬂum:ﬁ'auzﬁwﬁ WM ISafIns e
Lmﬁ'vgmanmﬂﬁ'ﬁmwhﬁuﬁuﬁwlﬁlﬁfa'Nar‘f'&'um‘m'mul.mmwﬁmsmmﬁmﬁu 2
et [6.6] lasmssansmdmaaiudnumsiud %:'fhUammﬁ'mﬁuﬂszqﬁxmﬁﬂmaa
ARITSEeEBITY 2 Feesvhlieimsmeafiondy 2 ;e
fi’tmmﬁga%ﬂﬁ iiasnnalnmyheusssnsesmssmamufiinis 2 ssendunis
a"‘m'ﬁlﬁlaﬁ’zms?tmmaé’uﬁhummﬁvgﬂ Fiurua input dynamic range B89199IMY
dremufivhiy 2 ssduiudsuszeunslusausssuiivinavamsudseasaing
ﬁazfu%aé’aoi'namﬁ'ﬂtﬂafmaﬁumﬂéuﬁmﬁaﬁ’ammun‘szﬁuu:qéi’u"lvls\'swaqé'tyry?m
§uw‘mn'aua:Ehrhu'l.ﬁ'ﬁ'mamwﬁmﬂ’rmﬁm'lﬁ'u 2 Fammsuansauatusalasnnlsy
AANMUFTHINUMERINVBINITTINTUF IWER  szaunToUsuszauuseeulwesame
ﬁuwmﬁmmmamﬁu%ma‘fﬂ"im"lﬁ a:ﬁ'\nnﬂ'lﬁ"’hs:ﬁuLgsoﬁu‘lﬂﬂsanﬂﬂﬁuw%zﬁ
amuidgiunatnmtiwrsnemsmauiionty 2 dewtsann Gy
svwintasduenuisdniudygnamtiudaenivinesuseaniiianuduiiuaie

&9

198



A Y |KJ 80/2
b | ng=g8
1:=100-kHz :
| i 80n2
|| -

T e

20/0.35
Ve B C-128-1F o L. o oo, ng=2 0o
1.410.8 NP 1| o K o' o FF" o
e 1‘ 1‘ I
1.4/0.8 et 20/0.35
ng=1 + Vin 5I_ FMQ ng=2 PMQ
o e A
5U7 6.14 Rvwmsdemnuiiiniy 2[6.6]
P anm . P
M19797 6.2 AUABTAMILNULLIITIIITAIN IR EAY 2
Qmauﬁ'ﬁ
LIIGRUNEIEY 2.5 lad
NITREMT LA 3.6 dsduaud
' o »
FRaNnuinI T 1.9-2.5 GHz
- ¥irh — TN - VTN TY - YTTATV DY

.. ';{.‘: \‘ i

T
LB

Coap
(L]

=l . e
Eﬂﬂ 6.15 HRFDUFUDITIIILIANIITTRIIANATINGNNY 2

-

199



T S R S RN N N T

Y n 'y W 5
&{\_‘-.\\\\}‘;.\\ e A RN

T

gﬂ'ﬁ" 6.16 LLHquJﬂ']ﬂﬂ’]?\tjdﬂ‘iﬂ’liﬁ"lﬂ’nuﬁLTi’)ﬁU 2
6.3 2993W13@ A (Prescaler) -
Tumsaanuuusvmamudiissnsomnuiudygraiidianaeinoiu
azmansovn lddmaRydunIaTninddynmiinas  (Detecton) ﬁl.mﬁ»gﬂﬂvaa
- 293UV (Counter) lat9330 TR LAY N MAI0 08I TILTRENF LI 092995
iy eldmmnsaiudmnuiadvasdygnudenitasaunmaiia overflow ldundudam
Phsasmsamadiisimamsfindule

EniDis
c
fn LR
o—eFs |l . ] mmmmm e
Frogram
F P2
MC 2/3 ™ Counter .
£0 1
Prosg alar Lo giieclion |

A - ey wthl
5 n
Swallow - [* [(270)+8+2)

Pi — T H PR
Counter ki A

sastsp 0 Plz:0] AUyt uurugo
A
111 s ——
c U
Sigma-Ceha ' M—————— puten ——————
v TR UL
Wadulator
fw' I |

d 4
Eﬂﬂ 6.17 J3IVMTIANND

6.3.1 293 IMITANNA 213

32U9znoUa?87991 NOR gate ﬁﬁmﬂLmﬁvgmu"]mwmﬂwmwﬁmnu D-Flip
Flop @iaL?mﬁ'uﬁ'lmomumsﬂauné’mmuauﬁauam'lugﬂﬁ 6.18[6.8] Warlgun1Im1s
m’luﬁazmm'snmuqu‘lﬁﬁ'sm:ﬁuaa"ii'}nEmmﬂm Mc Tan MC=0 Iiumsmisamufl
WAL 3 waz MC=1 unsmisaanuiiinny 2

200



A15181 6.3 MINMBUAFINIHITNIIWIIANUD

N UAAN S EN =0 (PN+S3) EN = 1 (P(N+2)+S+2)
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6.3.2 2ATRUININNAA (Program Counter)
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RusuwadilsaraiedsnmidaBoaiurasemsanuiiviny 2 Tasmaiemas
ssoimshireiddodgnnm CLR duandlugil 6.19 Ssdyanoafiwes:ldin
2vIaTIiuFynIM (Detector) 1Rarsnngmuialaviainazeeeniuduruin sl
fiswridy 10 wisuelowiumsReswaudamsduiudn 1 fin (@-bit counter)

b) ' c)
P PV - 5 ' o e
gﬂn 6.19 a) FITULRTIUTUANEAR |, b) THATHEVIRINITUINIAY 2,

¢) WATIDBA D-Flip Flop

6.3.3 7999 swallow counter

2997 swallow counter TUIIVIHTINTURMULINIFIIUDBINIINIIATING
(Prescaler) Lﬁ'amuqu'lﬁ'fhn'nm'imw?ﬁﬂumuﬁaen'ni Fapdnmainamenivms
wWisuifsudygrioueiwannmsenivhwwisdiuvdygnaudunarmuadimmis
Tasmuisudigudygiuszlvioituredes XOR gate @i’quam'leﬂugﬂﬁ 6.20
Synono1rinafilian1aaT swaliow counter IzgNAINIWINTT RS-Flip Flop fiouezls
Lﬂut’{tyry”:mmuqummsmwarzm‘smsnmm‘mﬁ 2/3 (MC)

202



- -
-y AN
- o |I . -
| . - /1 =
J
" . 4
. SN | .= o
- L | precmmree
. T = ——
) oalnaia § -
i
. |
|
b4
: 1 31 o o
! e
- | . T—
| e
| ]
— | N
_| e P A
o LS
o =y 5
EEE |
»
i L]
I - 4 .
i1
SE |
- J-‘ < ! -
. | i - |
- PTG J: . o 1
A e Sy T e =5 ks
sl T o e = 5
| et | —ii I i)
" ;e T = 4
AL | T
| - 1 [T, ) i

b)

c)

zﬂﬁ 6.20 a) 2937 swallow counter , b) 2997 XOR gate , ¢) 7393937 NOR gate

NN
o

N N R PN A S
RN

R BT N 2 :




Truathat Berposin

H =1

1 — . ——— —

2 —

£ ——— i

1. . —_— -

EY ¥ il ie iy P i s s i S s e N

- —, r - S

= - ,ﬁ,fv._— ¥ | — — A

f. ,]_ 3 Jay o ol ___-ll LE — e -

b b e /i \ S . = <Hs 2 S
ey = i N e iz == L —~
@ P o " 0 ) w0

Lrepes
a)

Toumlunt Lugpanys

4 ) o
FUN 6.22 HRAALAUIINNIAWATUIIANNA (S = 001) a) EN = 1, b) EN = 0
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A1571911 6.4 ﬁ‘;ﬂ’mi}‘i programmable charge pump

Programmable charge pump circuit

7 Charge pump current (Icp)
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usrinanala(Sensitvity) 1892893501930 RTEUARIN U R D UAIRNBEIUIIRNT 2 UV
lagdasamaliilumsadufaanusmmundewll 1% (n=1) andenedmmulné
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Jaadulridmastd 2 denvenuidudadiennmiuuuliiaadslaidnasd 1 6 ua
sudisvenitanuudenaliduwdaduivavsnoaseldduns uIunIng
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7.4 2395WaiB 08 (Interface circuit)
4 ;] d' [ J ] -~ [ < ' [ L ) - o, &
sdairaniafisduislfanaiamsdioudanadunvrssizadoleifaans
b4 A W A a‘: n‘ - Ly | ar = ﬁ‘ L e A AI 1
wudotunarouuy nanldioenadudygruenidenfidunuiiunmnuisusany
- n‘ ﬁ‘ A - [ 3 [-{ [ oo A A ] (%]
awmufi)isuntas wazitliiandwaiwdypindiaas iRsdizlonilunisibadam
A 1 1 -9
aunsoitlszanana Fadmanilugunintiaiaas
‘I Y. | s ﬁl i s " >
JUN 7.2(n) waaddiTmsarsunsuwasudauatuniulasmsaredunsuauuuls
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GslaigaaafiRoanan TaumsaanuumwmEmunuTﬂ'sea‘mmna'nuuuam'lﬂmzﬂ
= A - ar ' & )
i 7.3 Fasznayludprsenivideinasonszusduna(Differential input-current buffer)
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usrnIsvagaaFyIainduasddudunis lasleleidaiast R (R,=R,+AR) ua:
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- o - 4 a % ' d a
auv‘gﬂmaawanwmvwln\la"s'n‘szuamutmﬂu%m?m(common-mode voltage) faNn fAIul

= a L [ » L & . El g
%x‘]‘i’l'ﬂ‘r’i LHAUNBNOTIUATTHATUNIUN aawmﬂmmﬂﬂm H|

comparalor

Digital
cutput
D a >
Flip-Fiop
> Q
p current
buffer
Ir 1-bit Ax
modulator

J a ' v e R ' < .~ d; [
gﬂ‘n 7.3 MmantFenssniviadmuudsuanusumurestolaidaas?

- & woa A o o =4 ) ' o =2

NnJUn 7.3 IRUFAI AL ARD IR NNITHINR 897995 Fudladmnudunuventsls
SEmaasiianmindasuutss il AR axvirlvnssuan e udiduiiamndgouwud sty A7

o o " - -~ B oA a P e [ A P »
soseAinTzusn madua B M Ui S mniia sy 7, muam'lugﬂﬂ 7.3 lapfAinszua
z ; 1 ¥ - - + = N . .
*naﬁaam:gnaa;4mtm‘hﬂmé%‘iuNw!a'%'u.uunamemmaawgm (differential input buffer)
A L5 = 1 - L
Faazliondwe 7 lunasdnizasnszusdunadiaunis

‘!ouu‘ = IF:I -Ii:l (7'5)
& L3 e N [3 ' a i ' A e
MnuuNTua st TIRie I DN BuYe £, sxgnasimdilldneTuegies
~ - ' w d & w w o e L .o - ‘I ’1 £
QY UIENNIASEAN ‘no'lmuai'ﬁwmwaaﬂauwuﬁnnm:uﬁauqﬂ Luazdslaylum
Y al - P
(synchronize) AUAMIHMIFURITUNTN 7.6

ﬁ - Ny T
I T

r [o1]

(7.6)

ar n’ L A v = bl [l o A o
w%magtaﬂam”tyﬂwnnﬂﬂsaamﬂmu'}'lmﬂmwmagmmargm;]m-ﬁnmmamawu

i (o , ) , . a <4
UL LIRS BIUSY(First-order continuous time sigma delta modulator) TanfinonTuvos

4« . dd o 4 . <
1IN TBIANUTITURLUF MR N DA aUAUNII(First-order low-pass  filter) uslagyity
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[ - » [ A o L ' o
AYUIBRTN AN LU UIHYIDATIN1I00U R0 81529 (Charge-balance TA modutator) 49

Bl UB:LS B9 |1 RBAIMIHITUDBINIVIVDNEILD ﬁ'ldﬂ:l.ﬁf_lﬂ‘lu'l.lﬂ ﬁ@’l‘lﬂ

P a o [ a o
7.4.1 HWITRDLBANF M TUIDATININAED ﬂ'l‘a‘L‘]JEI gAY ﬁﬂ%ﬂ?‘l&tﬂ il ek]

asIwTuATRE Twn el jua
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fp current

buffer
i-bit A%
Ir modulator
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3UN 7.4 »menBasdedmiuiadiimndisuansiuwnuzantolaiaaaflumsy Jud
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@TITUNTINE vedunainledn fiannswpanszuad masenannieesasretumnasuny
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Wyleddmesnfanisuldsuudasidruanin é’ofum:uai‘fa:gnﬂam{h'zwmagmm
fyanmdnieadsuuinmsanmida-Usastilufiamslnadinmes dagun 7.3 s
natamillaundukvyaurssnesuegadyg mdninassimurroinuldsudng i
mQmmiﬁa:tﬁﬂ%uﬁm’aLﬁam‘sﬁwGi'm'zwé"mﬂnamaa'i'aqLﬂu'[ﬁ%mma‘?ﬂfhwhﬁum"ia
Himsfuianudumulndvasiaadoleidaaeiio laviiu nszuraaniTan ladasl
ﬁﬂn’m'lmrﬁ"nw'magtamé’tymﬂmﬁmhmaﬁ'wuuu%’nmé’m'm'l‘sé'ﬂ-ﬂsiauﬂ's:qtmtfu olig
Wanrsesanudunulndaesizsg ulsidnaefifianufiansa udmilfife
nszugsadiralwitasnsumnlasuanudunimlasmianaianssuminifemas inssan
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o ey L n' F.‘ - .si L A A
ﬂgn@mmmmmnﬂzymﬁ‘l@%umnmjns:uammwmt-m'lﬂ'nLaw‘ﬂmanwwsmu
A - T L™ o A
madaguanumumulanldnisasiadunisug 3 7.4

w | » A s
7.6 lassaivressasasianssuaninnmalasnaia nudimmuiiiiana
= A a e ' v e A o as
1h 75uaadTarvdunndsudmenuanuduniuandsleiSaaeilasitnag
asdunsug lagdsasivinasuadenssuaduna(Differential input current buffer)wud
- A L o A b ¥ L b =k = £ 0 L
wihnarssduasilianasasanadunurasizadolridaaad warArienudiuns
b = - ] L3 b = L ﬁ‘ J‘ o
81989 WadanudmumurasTaadisloifaesfiiansudouudssdu aohldifianss
E] & da o ' a
Lﬂanuuﬁmm:umunam!@maammﬂMa‘?namqn'i:tmauvgm(Differential input current
& . . ~ P v 4 o v d ad
input) lannizuafiazgndaulldrseswegadyanudnineasaaimhinisun sy
s L o bt -~ o > et & 1 1
Funabiiludnuwadniaduiandna FdudsznovuaznanmwhouseIudszEIu
aanToeuridlunadeda i

Al
! Number of
ZA output pulse
i/p current Stgma delta
buffer medulator

2 ' o - = s v
Eﬂﬂ 7.5 GHUNTR D 'Wlill.%aiilﬂ DRTIVIANMAURHNARNURTUNIR

»

7.7 Qai}‘sﬁ'ﬂlﬂa{ﬂaéﬁani:uaﬁuﬂ m(Differential input current buffer)
7.71 TaseaFrevasnsasiviiadnszua _
1esirinesyszneu 1995 2 drudisiu Aaesludniunizuaduna uaziees
- . ar a . - o . v 4 w - <
nnmem:uﬂweﬂuaqﬂn 7.6 lagrsasluamusniduisesiviimiifaiusiaunsian
' [ o o e = w“ g v d = o [V & o
asauanudumusnduandoleifaned uwasdahminidursesdniviunusdunan
= - » : [ r = LY o 3 P 13
fiannmaddsudiamudiunwssirailoleifaeaiinde ﬁidﬂ?:l&ﬁlﬂﬁ@ﬂﬂﬂ‘lﬂ’ﬂ’m
y A [ ' - 4 . v ' o v w
N%ﬂumuusna:gnaqd’m'lﬂunnﬂumunaewamﬁmﬂﬂﬂmnn’uamﬂﬂmnw%ﬂu
1 = o [ )
FuuTnuImnsuIRefsanzus nuadwaanly
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VDD

R, R, +AR - .
Input corrent —|~
i, sense T, I
L 4 subtract ——-ﬁr—)
= Inpust current | ,
sense .

o -
-J'

b

31]1?1: 7.6 lasaaio amn‘sﬁ'ﬂMa%waehen‘mmﬁmg@

7.7.2 mMshansinsesludmiunssuadunauarasinasnszualnansos

Tﬂ'saai"nwaq*mm'lmi*m%’un‘s:ua‘éuﬂﬂmmmuﬁm‘lé'é'qgﬂﬁ 7.7 Saulasesii
TBIIITTANWKTIGUUUY Flipped voltage follower [7.6] simiuasssasiannizuaiiinng
flannsuuuusUIRIARA VLRI R TE R B RO TEUE RRSHITIBIRUSIANTEIRNIY
La'wﬁqtﬁma'a';wsazﬁ'aunszuaﬁnﬁ‘:zs TG\UQma:uﬁ'ﬁmasumﬂ:ﬁaum:LLaﬁﬁTﬂﬂa"‘ﬁwao
NITMAUTIFURLL Flipped voltage follower Wiiia Us9suAv D AT MTIMTMADT M1 Bn
srfienasnmmenazualuds 7, lasmansousaadnanmsld@ail

VDD
+
VEX'_VCMé
M3 jl—*—'—ﬂ M2, - R
£ Vs <«

- VG O———i M1

M4

ot

< » . .~ a
N 7.7 Tﬂ?afmwaa'mﬁ'lummum:uaamg@\
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27
Vi =V + |——E—— 1V, 7.7
o =Van JHPCM(W}'L), e {7.7)

s z ] el J - o O A * L E o b
FIUBATAU Y, Wi IdArusIduasnianadauanudunm R iy, - v, asluzl
] [y a =

n78 usshldifanseug 7, @vaunf 7.8

Ve =Vop ~Veu {7.8)

qmauﬁaﬁnaﬂﬂmﬁwae'zaa:ﬁaum:uﬁﬁmﬂwai’wwanwsmmtsaﬁu
W Flipped voltage follower iufia AaTuSIWNIRITaLINTaRTBINTINTAADT M1 HHaxs)
grawin iwsrzlasesavesntsilonndunu i udusduil awnsUUTISU (series-shunt
feedback)7.7] 39 lEasesasRounTzuaiidlateainines99sanan TS uLyy Fliped
voltage follower 1fumm:ﬁ%zﬂwﬂﬁﬂmwﬂuﬁ*m%’um:uaﬁuﬂs}ﬁLﬁﬂ%'mmslﬂénufi'l
anuaunurailyleitanad Tﬂnmﬁuﬁu@wﬁmaﬁmﬁuﬂmann‘sazﬁ'aumzuaﬁﬁ
TR39a3191037935A VLTI ULLY Flipped voltage follower WnaaNTRUAH IdaIaunTH 7.9
Fsih

1

= (7.9)
EAL gm0,

i

Lﬁaammmsa:ﬁ’aun‘s:ua'luahw'{un's:uﬂﬁuvj@ﬁguﬁm'sﬁauné’uuwé’ﬂﬂﬂ
sassdygineatuoniReinmusnduiiasursimmwdsinet M2 uaz M3 193
faad s lwamursins lumsasyt punszusvInduna lidnenduazessasasioliniua.
Aiilas9a51999929939 U TIG UL Flipped voltage follower HWSIFININTH UAZUENTINIL
z';'mﬂum's'ﬁamﬁ'ufi'm'nuﬁ"mmmmsfvgalﬁﬁ'moﬁﬁnmmﬁqﬁw 96190 IUNTU
Laﬁﬁﬂmamema:ﬁaum:ualuﬁm%’um:uaﬁwqgﬁdwé’eaumﬁﬁ 7.10

Rom -~ Avgn".'troerS (71 0)

[ A A A L o4 1 b e h‘;
'lmwsamﬂmLf_lmwm'l-ﬁ‘lumﬁﬁ'\mzLLan'lmnnmwmns:uaamgmmaaq
- ' | - - o a oA a
mmnmam:ua’[mumwaamwalvsns:uaﬂLmﬁvgmaweamwma%’mzuanumm:uamna
a : - .- o ¢ ¥ o [V v
nnngudmanudmunwas Taal sloidaasiivingy lagr9asivinindndsnIcua
' o [y o

T\Wm’m(Common-mode current) mmﬁﬂﬂmmmuam'\@m‘gﬂn 7.8
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AI L e o I o 3
sUn 7.8 Iﬂ'soa"nwana-’ﬂW.nmon's:uﬁiﬂum-mma"umw

o4 < o s o X a
gl 7.7 0esfldlunridndenszuslnnaiinCommon-mode current) fisnawauu fa
v da e 14 ' w = Ey
- nnvaxieunszuaffinslaunduuuuauiuiss lasdnnudiunmudunanazus993i
FINTARITIU IdReaunIA 741 waz 7.12 4

R, =~ ! 7.14)
&M
Rom = Avgmﬁroﬁroa (?12)

7.7.3 MAas et dineTuadag nszuaduna

A x o = - o o ' ' ar ome

L;Jmlnai}'ﬂuammm:uaauﬁmtmmawnmom:uaﬂtmﬁﬁﬂmmmmnum

= A A 2 - L ' _ .

LHUMWLRBNA 7.5 ud) a:m’lmnsuwn«la?wamam:uaauvgm(oiﬁerentlal input  current

[ ol & a - [} e -
buffer) @93UN 7.9 Famainsmuedsvtamesunnlédlan 'Jm's'lua'mmm:uﬂauﬂm:
- v 4 w N e v ' [ o o . > e e =
mumnmquwaumnh&ﬂﬂmamaqtﬂu‘[mwmm pFUREANSIUNIUT I BIFIRIMTH 7.8
L -‘: A [ » ot o oy -, A ] & g
AR mammwmumumanaqL'i']uhwa«mﬂa'smmn’mﬂauuuﬂam*ﬂlﬂ(auqmmmw
e o & =k 3 v 1 . . >
awnmudidangu) Jsialmifanscuanadng (Differential  cument) 7, - Af nsidg

= A J‘ - ar - = L 7 J
niwdaaes M3 mﬂ's:uam:g}na:ﬂau'lz]z}mﬁummmm' M5 uastudndunisnizuslnya
' d a [ ar Y o ' - b
SRt g ‘nmmnnmmmumumaaw:gnamaumum’mmmaai’ Md LRE M6 T3nTsuand
& ar w o F' a ¢ A o e .
aam%:gmi']‘lﬂ“naunuma'wngmao'}wmmv{am's:ua INBBIANTERELNUASI
e z L LYl > A F-9
(common-mode current) 880y F3maiawaeNTIWINs fnTzua N zuaNRd TG
A ’ " " al e . -

mmsnlowianudunuseriaedoleiFaasiirinn
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VoD

g
\g\;ﬁf} Se =y N
3 Msji—._.iEMim Vm jr——|ltms
:
A;-W 1'E M1 #2 j‘r y:
4|E M7 s MB:]
Ve ‘ [0
Cj =5

o ;ls— —;E -

M11 le ]I_I M12
< : b
L

= -
Jun7.9 'Jaa'iuwma%mmam:uaauvg@ (Differential input current buffer)

Lﬁaﬁmimﬁemﬁw@]ua:m@fﬁ@ﬁuﬁu@wf’naan%‘sﬁ'ﬂtﬂa{ni:uaﬁum WA
16 f-i'fémq@‘éazﬁuﬂwimann‘s\fuﬁfi’;Lﬁwﬁudﬁuﬁmﬁwﬁuem‘uana%ﬁaim%'un‘s:ua‘émgﬂ
Famansousasldmesunsi 7.9 ua:Lﬁaﬁ%’rsmﬂmauﬁumwﬁﬁ'mtmvagﬂ'uamoa'sﬁ'mﬁm‘
NTTUALH '»J:Lﬁm'wi’nLa’aﬁﬁmﬁuﬁuﬂm?manwi?mfhtme‘fv!m%mﬁuﬂmfmaﬂsaﬂuﬁ'm%’u

a -, a = [ . 4 [
nizuadunaTWIRAVA N aBnaudras NI InTualnu ey Ssmansouaasla
bl A

@ITYNIIN 7.13

R A8l ol o I AL 8M 0T, 1012 (7.13)

a - - = A v 2
sunInTzuEianave e intusl unanumpTan lgmsAnIanms
Ld » 1 1 b » A =
srfieunsmuasaiesasipunsuRudasg lanaunsasiaunssuauna v IasiounTsuadsdl

nuTaaeT M3 uar M5, M4 Uas M6 , M11 Lar M12 Lﬂufja:ﬁ'auns:uamm‘muaﬂﬂﬁﬁo
o = o
FUNIH 7.14 D9 7.16 anuday

(/L) (1+ Wsps)
(W /L) (1+ AVsp3)

(7.14)

s =43
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(W1 L)g(1+ W)

= (7.15)
¢ WL, (L AVgp)
WLy, (t+ AV, -
u=1 ( I os1y) (7.18)
(W /L) (L+ AVpg10)
mngﬂﬁ 7.9 niAudY nasua 1 = 1) doin alé i
WL (1 AV sy (V1 L)1+ AV 0) 7.47)
12— 13 )
: (W /L)y A+ AV ) (W/L);(1+ AV p5)
aumsh 715 auRuaumsa 7.17 wlddad
L WD+ W) 1, 1Dl W png) (¥ T 1)1+ W)
our =14 (7.18)

(W IL),(+ AVp,) (Wf L) (14 AV ) (W 1 L), (1+ Wep)

d -] L T = 3 L. 1 o=y
illilﬂ’]“uﬂ‘!%ﬂ'lﬂﬂ'i’]ﬁ’)%ﬂ"l'li]ﬂ'ﬂ\]ﬂEJFZ')’I&JU'I'I’UQGY}T’!%‘HE%QEI‘;: M6 = M4 ,M12 = M11
M5 = M3 azie

(1+AV5p6) (1+/1VDS,2) 1+ AVgn5)

Lo = (7.19)
T T (14 W) (1 + W) A+ AVgps)
mngﬂﬁ 7.8 unwnszug [, @3 I ussunwnszu 1, éan 1+ A wle
Loy =1 [ (+AFgps) L+ AW ey ) (14 Wgps )] o ay U+ Wpsip) (1 + AWsps) (7.20)
A+ W)  (L+ AV L+ AWp3) (1+ AV 5,) A+ AVgp3)

A v o s ve
IINFEUNTR 720 waasbiiiwirdthifanasastnngmscinsasswiesivsiniiuem
& w 8 A ol
u’umuamawﬂwmmas’zzuunamvlez(Channel length modulation) WRTUBRUNTIN 7.20 323
[} el A’
AR

Ioyr = -AI (7.21)
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MNRUNIN 7.21 PRWIINIIRARANITNVVDI TIRGNITANITAABUINRIVBIAINUHY
urHInsBaINTIRIFAasLUVNBRWA(Channel length  modulation) imzinlwdaraeny
Fygnadeafiringy -1 UWAHANRTDINTERFBBWITAN T ULANANAAIFIY Fruntits
m‘sﬂi}uﬂé’mmuauLﬁaﬁﬂﬁmusa@'fmm'inm‘u@muamaa‘naaﬂﬂw“nama?ﬁtﬂuﬂazﬁau
n3rURIIV#IUT1IUN138aRa103UT1INHNITDINITANURINRIT2INIIN BIIUTRIRAT DS
nyrwdmassiuunaaing (Channel fength modutation) dLiluatine

7.7.4 HANISIIRDINTI TNV HIN DS HA FINTEUADUNG
fanmudunuusdilslaisanss 2500 Taudt uasSmaasnulasimnaaiuniy
"lxjmnﬁfgﬂﬁmﬂu 1% rfanadsiwnisyndrasiandoleifnaad Faiu VINRGHD
FTnazBnit enuudndrlunrsasRounszuaraszesisvsiwinadnrzusimdwidasd
aman tﬁaemrm'mﬂ'a’zmu.ﬂmmmwé’wmwaﬁﬂmﬂUlfﬁﬁmﬂaﬁfuﬁFh'tl'azi Fariu
Tanafavensesiivainssuafimslonduurusy é’o’[mmi’wolugﬂﬁ 7.8 e
anzaufiasianlfam mmzlanghaaimioundussislinmsasiaunszuaaindune
1ﬂﬁataﬁe§\qm'ﬂamn$ﬁ'mwa%ﬁmmuaﬁuﬂqﬁﬁu wazI N oRIIWIBIVHIALY UG Arivas
fygnaifiennnsuasudanadunuses iz delridnasfudnunaunauuudian
wzaglugioliivia 30 Hz [ 24] ﬁaﬁulﬁmsaammmaﬁﬂ'ﬂLﬂafnﬁzuaﬁuvgﬂﬁﬂsjﬁmﬂu
FRINMIUVUAIAVVBINITIN
'lumsﬁnmqmamﬁmamamﬁ'ﬁMa-?n's:uaﬁmgﬂlugﬂﬁ 7.8 wn v lelanms
$hapsnavinamlasldlusunsn CADENDE SPECTRE lasltinslulafiFuasvure 035

Tulrsiwes Tasdmualdisesidundsiioussan 1.5 Tad Mdnszusluda I, 50 pA ussu
O ) e - o wr o b o w -
luda v, wirdu 0.5v uazusmsauluds V,, vidy 1v anudiey ssnszualudauscusdu
ludenlsignatulassarehaussduuasnsuadreda(voltage and current reference) L

-~ [ 3 A’ L 3 o L a P L
lumssanuuuasesiuianizuad nseensuuldusidulnueiunfi (v, ) naflay
'mn“ahu?um:uﬂﬁw!mamwsﬂ'mwa‘%’na@han'i:uaﬁuﬂm(oiﬁerential input current buffer)

] o ' - . A ' - L - 3
fetszanm 1.4 Lied tiailumssesinszuaingaiinntnadusnusiumudiadauase
L3 - o o £ W P A L. [ ] [ 3
ﬂ'numumuﬂnﬂ'nasti']umeama‘smhﬁuaﬂnqﬂ W aaan T8I BI9ss v e
L L) z w
HadInIzuRBuwa(Differential input cument buffer) uanINURlAIIAITABNRLLNINT
e Suas19nzuaBunwa(Differential input current buffer)launin taaiuenulusuway
fiuMismatch) wpasanussmuvasiaadslridmaaiuardranudumusndalati
fin 2.5% nndanuawmutndvanloleidaqnd lavdanunhnszanusives
o P o ° v o
vasmmMudmasinitinmsitassmahnuuaas laaianTen 7.3
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= a r's e v, a a & a
A1TNN 7.3 mu’](ﬂ'ﬂaﬁ‘nﬂu‘ﬁﬁl»ﬂES&LUU&!aalﬂ@]ﬂl’ﬁmﬂ?ﬁ?ﬁaﬁﬁﬂtﬂaﬁn?:LLﬁa“w‘ﬂ

nudaiasd W(pLm) L{Hm)
M1, M2 320 . 5
M3, M4, M5, M6 510 S
M7 , M8 200 5
M9, M10 20 2
M1t , M12 28 5

A = ° o e ’. o .
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40010 [ 2
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.l

148
N
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1K 12K 1HEK bl
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= a - o a
311?1 7.1 DR TVINUNINTIUFUR AR 1892995 EI'%-HS:LI.EIB%V!@I

3'1]1‘31 711 umsdiapimimaudiueassanmsuensnisuaAouiuma
wanamﬂﬁtwa%'m:uﬂﬁuwba '[61umn;z‘ﬂuﬁm"lﬁlﬁu'j'na%iﬁé’@ﬁ’l’ummﬂu 0 dB us: AR
(ilu 180 agrnasfianaainuANNAN 0 §9 10 kHz FuRoswaruuuuTIan Tasdygmi
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.J = L P A L4 A L &
1NN 7.4 11 umsfqﬂqmﬁuv GII@ B30V WL W eI U.R?’I'lﬁ%'mﬂ’}'i'%’l AIHA
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p| . o . a
A9 7.4 ajﬂqmauudﬂ YIINY anwmﬂwla‘?nwmn's:uaauﬂa

WITneT wosiiWeinus Wiy
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Gain 0. dB
-3dB Bandwidth 900k Hz
Input impedance 6.8 - O
Ou_tput impedance 0.9G O
Power diss‘ipation 195 oW

7.8 wanulSvudyarmuuuunada (Dynamic comparator)
W o ] d A o L

wssnfoudganouvpweimduiudsnaunisngninlilulansivaiiiueg
wadgyrisdndusam lasazldunuludinvarsesIsuisufyg s(Comparator)uaz
esdUraadFlip-Flop) inTizdnsensnuwseseandisuifsudyn awvuwaiaiues
MNIFIuFY Y ImMBunauazuIaueIdmn s 10Ny I MwIRNUazizadIntg
=1 z b " s ) z -] = ]
wWisufsuiulisuniezvevmesdygramwimgniniiezands Sshnmsuisufioving

o L w - o o | d
Felawainlesmlirennfisuifisudygauuwa uuaniouaaslddasun 7.12

SIS

Preamplifier Regenerative latch

A b = bl bl
3U7 7.12 Iensshnnnoufisufygnausuwaia

mngﬂﬁ 712 sndwineiivuifisudyarauuunsia dznsudienas 2 dulng 9
fla 299 TUENENAFW(preamplifier) s‘ﬁwzmmwmuérywm%uwﬁeaasﬁma"aﬂmwmﬂﬁ
deligeuniin unslud i aasfa 1991 aa iU TIFuEUIINAY (regenerative fatch) 9l
adnnmasmstlaunsuturuiniiaiuisanmyeisyssinual¥iuneniouiou
CHTRIRIY
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b A A - o = r ' -
lagdrdanmsifsunasusiduniierdng (a%,) ifludsitulond lwmumiTaavasengdr

4

- e A
A8 IBULIeTIeeS {r,.,)[4] A38UMIN 7.22
AV, = AV,e!lie (7.22)

ar N . =l a &, a
lag AV, ReAYYIMRAFIITIINTIFWBIGHANINTTUGY (8T 1, RommIAIAIDBINTT

v ' , v o oa P
ﬁﬂGI“u {Regenerative time - tkdx) "LiE}G’JG%‘iuaﬂ’Eﬂ’ltL‘iGQQNHQU ﬂ-&u.a@]\ﬂ.%ﬂ”ﬂqiﬂ 7.23

LZ
unVe}}'

ton = K (7.23)

‘J T [ > bl Il " o ar 5 ; e
MMaUN1IA 7.23 uaastiiiudt Ausmmaailnisasnssuadaussdulsnauuuinediv
' = ™ a P P &
# augnusmmudsaas (channel length ) danudwmmsaelniidasiaanu

1] o A‘ b A r-9 wal ¢ » A
a‘ma:nm*ﬂmmuagnumaTuIaﬁm‘sa‘s*rm'ﬂuwmaﬂ“ummmmmazmq@uﬁm‘h
A . [ a e ' . nr R ar
Warnaudasnif 7.22 IRRIAIHAANTOILTIRUBIARAVEIHTIUAGATIAU
ol ' " [y a
wnduinsilay lesunudi ¢, wWhllerld@saunish 7.24

2 AV,
t= gL :’n( “’g“] (7.24)
unVeﬂ' lﬁVO

INRBNIA 7.24 LLa@ﬂﬁ'Lﬁu'htﬁaﬁmuﬂd’mamau'swaatmé’mmﬁﬁﬂqﬂﬁ'wﬁ
dasms uszlden ¢,  Hreadaudd 'milmaeffhl,mé’mané’mfm:'lﬁ'fi'nma‘mq@ﬁﬁzi
AVME‘lé'L?qﬁf»‘mLﬁaﬂ"ma@i'nm_aé’m.aw‘f&gmﬁ'm'{u AV, finanniige Femussduardna:
L‘%ué'mfuﬁfhﬁnﬁuﬁﬁv&hﬁ'ﬂﬂm’masmanwwmumﬂﬁu AU ATIVIN BV NITIIN
madudsdenuddgiuslisudouussduidismuilummnihnugsdas

lndmvesnendToufsusuomeuunaiaynamic  comparator)  tsznavlyédas
FIMIURANRANS, S unfdvasy, URZATNYDIINTUAASTRAT R é'm&ﬂo'lugﬂﬁ 7.43(n)
7. ollaslumsrihnwnesssnSouifisudygrsssuwada ugssandu 2 asdniufa
FRINSILTR(reset time interval) UWASTIIINNTATIINY (Regeneration time inierval)

A » gl R 4 e s -
TpnavaudwdganawdEnuoylinudau ¢ uas g, dsuaaslugd 7.13(2)
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O <D |- s <>35
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b O— - H, U -
M3 M4 ws ME M4 Mi5 Mi1d MI19
(n)
F § : : :
i Reset time ‘;J Regeneraion e i Reset ime ;
¢, i L _ 1 b,
¢3 F | J_ 1>

)
3N 7.13 (e ndTenAsusygnauuuwada (1)dganamnAnmaiuay

wtwamnsiae Fygnuwininuay g wldnin o usz g elidniu 1 iild

#2301 R uar S 184 erfisauaaddduduaaindt unsliiondwary @ usz O adlu
r ot ] a » a a - -4 s T £ v
gmuzliimaufsundamIsnsmaainidnly nensnsumaiirmludeiduiiuniaii
wsasmInen (AY,) ) lddugranansafulvnaidndin lasdygnuaiven g, wwviivsiad
nTudmaad M7 waz M8 1TIa4es waradednudamss M9 Taaas Mldrwmsean V,uas
- el F‘

V, 4mauaunin 7.25 uar 7.26

= _87"2["02 oo H(Ron + (7o, ”"m))][%] (7.23)
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Vy = gmy [ 1 1 1 (R + (g 7 ))\[izi] (7.26)

lasd1 R, Besmenudunmesweanmdaasd M9 anzagluanminihinizua uaze
v, ABAHRENITTWINIUTIAK V, Unzusiduinegs vV,

Wishaun s 7.25 auday 7.26 lagaay@lieanudumuszniteriesu (1)
wazwaanndsszanmini a:‘léx’aumwa:.lmma@i'uﬁ'%:Qnﬁw‘lﬂ’l‘ﬁ'tﬂuunﬁm‘éué’ﬂu
FaammIaalna

AVy =V, =V, =—gm, ,r v, (7.27)

lwﬁnnmm‘sa%"mlmiﬁa'zmnmﬁé’q;mgmmﬁm'mmﬂu é, adignilu 1 usz
g siendu o lasluinsiigiadnrudnasi M8 usz M9 a:llansvsuardiadniudaant
M3 uaz M6 ailarsasrivWiunasdusuidu(Ma , M5) uaz Wadrsaduuuw (M10 , M11)
V016 AN MURETNMIN TR T U DT RATANUTIGUAHIINAY (regenerative  latch) #1leaTuns
1wsran lapdianmeninnusds(True table) vasvsiiouifisudgygnauuunaia
LFAITIANTIN 7.5

‘i . = = A Rt
AN 7.5 M TRIATUTITaINHYTom ALY U THULURR R

é, ¢, qoke Via Q 0
1 0 Reset time Don't care Q 0
Positive 1 0

ot 1 Regeneration time =
. Negative 0 1
1 1 _ Reset time Don't care 0 0

7.9 osadudygrawiRniuuulsiriugan (Non-overlap clock circuit)

Jvsaay o uAnuuylairiudan(Non-overlapping clock) é’mamlugﬂﬁ 7.14(n)
amh Wiridyaumugumadsmsessenlioufsudyanauuunaiales ¢ uaz
¢, lasdnwusdygiafaieonuiiu sswindyonm ¢ was ¢, sxldfidraaindf
meﬁué’qﬂﬁ‘ 7.14(v) lamrvesdsznavlydreesdiaesinauas (NOR Gate) dpauNIVNY
TWITAUININ %ea‘?wmmoi}'sﬁu,na%ma‘%’eﬁaat&n‘mﬁ'mﬂuﬁ‘m'xuﬂ waziizsvtduietiaed

v A o 4 ar A e Y o -~ y B R
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|> D i
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|>' D 2z
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oulp; I -4' ' | . I » Time(s)
Oumul_nor ] 4' | I — Time{s)
Quitput_nar2 —I J | p Timels)
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A [ -~ Y 1w -~
3UN 7.14 () waseFuFya s iuylFauny @) s

7.10 TNagEATYYIMBRINAaAT(Sigma-delta modulator)
7.10.1 wannIIMMwRINagIRadyyImBninaasuuuSaBaaTInIg
an-iaayilsxy
1mmaﬂtamz'fryry'xm%nmma@'hl.iflmwmagmﬂé’tymﬁm“z‘mmmaéﬁé’ué‘wﬁa
LLUUl.'m’m'al.ﬁad(First-order continuous time sigma delta moduiator) %ﬂﬂ‘imf’lwanﬂi
uam‘la"e‘x’a;ﬂﬁ 715 dsznavldressudaenszusinwssduA Wi unanoyanads
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7.10.2 Msllarwisstaqaasuuisdndneadinuuinsannisde.
Uaasisey
Tumaiamsinisienuduiuiewineivasn i pIMTU3EY (N, ) ez uaunis
masastszy (v, ) itudfussadmenszuaillunssn @) uasenys (7, -7,)
WUl
mnﬁ‘loﬁ’nénxfmé":'ﬁ"md'u’ina%maglaﬂﬁ'@npm%nahLﬂas‘{muu%‘nmmié'ﬂ-ﬂéan
Usy a:ﬁﬂﬁﬁ‘umé’umﬁnﬁﬂnﬂianﬁntﬁuﬂu‘:qﬁﬁ’uﬁﬁﬁ'vusoé’ua"ﬂaﬁa %oﬁﬂﬁﬂmuﬂizq

J ﬂ. L 1 F-3 o - - B ] bl L
ﬂgmwuL'm"lﬂLLazﬂaauaanmmmﬂmawl’unuﬂ'szqumtmnumEmmi 7.28
BQepacge + Durscharge =0 (7.28)

Fauui R TINITILR 7.13 Tugassimasyazy nsua 7 sxinadl i linud

o - [ . a g a . a & a s o
I.ﬂ'lJi.]'i:’ﬂ‘ ﬁ'llmt'smunﬂnﬂ'sa:ummuﬂ‘s:qummwumnmumu

A1
—V(0) == (7.29)

AV{r)charge = V(r)c(charge} c{charge)
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lapsn V(0)

& 1 el [ " = A ﬂ‘ b [} L e =3
wermgey MBI UGN ATBUENAVY TR RS udu lud R s sy IR AU a R A Y
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chatpe

a ., o . ~ = o a X \ w X,
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o o X - ve &
Uszehondszaivawnniaulagnizus 1, awrsom idasit

AQﬁ':arge = CAV(t)c(chargg) (730)

of | F . w o f ~ o =l = & A
draunisn 7.30 ‘]Iw‘]itﬁ@]\‘lﬂd‘ll80ﬂ']u‘id@ﬂﬂﬂﬂﬂ'ﬁﬂ&]ﬂ’]tﬂﬁﬂ?:'gﬂgﬂiﬂﬂﬂluﬂl‘]ﬂﬂIﬂ‘]

W A - - 4 - o ar w g
V(1) g W I MGUNTA 7,31 Ramsnuaudssafignussyfsd ) Indaing szadsil

AQ e =1, {7.31)
= L) A 1 1 r
MAIIWMIIIITUN 7.16 lugrmmidsantsey nszua (7, -7,) sxinaddan

[ TR "] Gt - a -~ L A ¥ L (-3 o - L= J’
Ymliiudnfiuyesg ldussdunanateudifulzaifnaeasnn@udsi
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7.32
c (7.32)

aV(I)discharge = V(r)c(discharge) - V(O)c‘(a‘ischa‘r];e) =

' a_ . ' - a o o ' ' . w
181 V() ionmgey NOFMTITURNATONGUA VY Sz AN THAUUT M SR a e 52 WA
D = ' = ] B 1 A = P =
duinbizy uasi AV, fadwssduenaieudauiudizyngneassainidaiugisnm

o, P : a o A
At saudlszahgnidessansnni@nlaonizur (7, -7,) mumanilaasd

AQdischaxge =CAV(£)c(discharge) - (733)
o o A = 1 A J 1 o = nl d
HAFUNIIN 7.32 ‘ﬂduﬂ@]ﬁﬂi‘ﬂﬂéﬂﬁllﬁdﬂuﬂ@ﬂﬂiﬂ&l@I?kﬂﬂﬂ?:?ﬂgﬂﬂ@ﬁdﬂl?a'ﬂ.@] g
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an'i.wharge = (Is - I'r)"&Ir (734)

v v | & = [ ' Y
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REEN -/ S 7.39
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M (742)
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r

2% =AN, =

A o l A Fad x » » A A
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Low-voltage wideband compact CMOS
variable gain amplifier

A. Thanachayanoni and P. Naktengkul

A novel low-vohage widcband CMOS vanabie gam amplificr (VGA)
is propased. Using a 0.13 pm CMOS technelogy. the YGA cxhibits a
lincar-dB conwollable eain range of 40 dB wnh a bandwidth in excess
of 130 MHz while drawwng only SO pA from 2z single |V power
supply voluge.

Introduction: FThe varizbte gain amplifier (VGA} is an indispensable
building block in modemn wireless communication systems |3 2% In
deep submice tre CMOS technotogy whers the supply voltage can
be ag small as 1.2 ¥, designing 2 ¥GA with high linearity and wide
bandwidth with piable power dissipation is a real challenge. In
this Letter, a new fow-voltage low-power wideband CMOS VGA
circuit is proposed.

Proposed ¥GA cell: The architecture of the proposed VOA circuit is
showm in Fig. 1, which is a cascade of a linear transconductance
amplifier and a linear transimpedance amplifier. The transimpedance
amplifier is realised vsing 3 current amplifier with shunt-feedback
FESISLOrS {R,} This allows constant bapdwidith when varying the
voltage gain {1 The volr.;gc gain of the VGA circuit is the pmd'ul:t
of the wansconduciance gain ((,) and the transimpedance gain (A}
The wansimpedance gain is given by (1), where R, and A,, respec-
tively, arc the input resistance and the current gain of the current
amplifier. Nate that, when 4,2 1, we have R, = —R8; Therefore, a
lingar G, and a high-gain cwrrent amplifier are required 0 realise a

ugh-lincanity VOA:
ReA — R,
- it in
R = ( I+ 4 ) M

Fig. 1 shows the circuit implementation of the praposed VGA cell,
which combines a source degenemtion differential input transcondue-
tance amplifier (M), M, aad K} and a current-mode transimpedance
amplifier (M,-M, and R} \" _ Transistars M, and A, perform two roles
simuitancousty, both as part of the transconductance amplifier and as an
input section of the current amplifier. This saves power dissipation and
chip arca. As part of the transconductance amplifier, M; provides
negative feedback to force a constan cument flowing through M);
thus the differential input voltage appears across R, and the differential
ouiput cureent flows in My, As an inpul scction of the curvent amplifier,
M\ and M, provide low input |rnpeda-ncl: for the ditferential cument
signal. The diffecential s gain is given by (2), where
Ryt 2 21 /8 m1Znez 15 the resistance loghing into the source of M. Thus,
it is cequired that £, 1/R,, 10 obtain high Yinearity:

i
Gt = o————
it ('Rsl. + R:)

2)

The wansimpedance gain is given by (3). where @ is the current gain,
2r=1/8s Cy=cpn+ Cpn =] + 9} ard g3 =0Lu2. and assuming
that g, % Z,- When 23 1, the jow-frequency u'nnslmpedano: gain is
equal to —Xr and the poles are at co,, =—Emi/Cen  and
Wp2 = —Zmz/ Cpea, Which are at the f7 of the transistors. Therefore the
proposed VA circuit inherently has a wide operating bandwidth,
which is determined by the cutput load capecitance (Cy). Varying R,
affects the output pole and thus the bandwidth of the VIGA. Therefore to
design the VGA, Ry and €, should be chosen first according to the
bandwidth requirement and R, is vsed to adjust the voltage gain white
keeping the bandwidth constant:
_ B —TEm1
gr&mit +12) -
t
X
1+ s[(@/1 + D{C /81 ) + {Cps2/802)

+ 5 [(Con /8 ) Con /80 }}

4]

Stmulatign results: The proposed VGA circuit was designed to
operate with a single 1 V power supply voltage. The circnit was
simulated using Spectre™ with process parameters from a 0.13 pm

standard CMOS technology. Wide-swing cascods current souyces
were used, and fp and 2 equal 5 pA and 4, respecnively. Resistors R
and R, were implemented wsing miode PMOS transistors. To allow
direct coupling of ™wo or mare YGA cells for higher voliage gain,
both input and cutput common-mode valtages were designed I be at
onc-half the supply voltage.

Fig. } shows three families of AC frequency response with different
—3 4B bandwidth, as set by using MOS swilches and Rz Each farmly of
curves shows a linear-in~iB gain range of 12 dB m steps of 24dB, as
obiained by varying R,. The VGA cell inherently exhibits constant
bandwidth of 130, 350, and 650 MHz, when the gain ranges are 18 w©
30, 16 0 4 and 2 w — 10 4B, respectively.
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Fig. 2 Proposed VGA circuir
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=
(=]

]
-107
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Fig. 3 AC frequency response
—A— Rp=T30 k2
—{0— Rr=130 k2
—T— Re=30 12

Fig. 4 shows the simpiated total harmonic distortion {THD) against a
1 MHz gifferential mput voltage. For high gain settings (10 dB), the
THD is below —40 dB for a 500 mV peak differential cutput, voltzge.
For low gain settings {<10 dB), the THD is below —30 dB for peak
differential input voltage less than 120mV. The THD is roughly
constant over 130 MHz bandwidth. The siroulated inpit-referred [P3
were at —20.5, —0.9 and 4.9 dBm for gain settings at 30, ¢ and
—1G dB, respectivety. For 30 dB gain, the input-referred noise inte-
grated over 130 MHz bandwidth was 404 pV .
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Low-Voltage Current-Sensing CMOS Interface Circuit for
Piezo-Resistive Pressure Sensor

A new low-voltage CMOS interface cirenit with digital
output for piezo-resistive transducer is proposed. An input
current sensing configuration is used to detect change in
piezo-resistance due to applied pressure and to allow low-
voltage circuit operation. A simple 1-bit first-order delta-
sigma modulator is used to produce an output digital
bitstream. The proposed interface circuit is realized in a
035 um CMOS technology and draws less than 200 pA
from a single 1.5 V power supply voltage. Simulation
results show that the circuit can achieve an equivalent
output resolution of 9.67 bits with less than 0.23% non-
linearity error.

Keywords: CMOS amplifier, current amplifier; resistive
readont, interface circuit current sensing, Wheatstone
bridge, piezo-resistive sensor.
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Apinunt Thanachayanont and Suttisak Sangtong

[. Iniroduction

Recent advances in CMOS processing and micromachining
technologies have allowed various types of microsensor to be
integrated with signal processing circuitry in a singfe chip [1]-
[3]. The so-called “smart sensor” is increasingly employed in
many applications. A smart sensor basically integrates an on-
chip sensor, 2 front-end readout amplifier, an analog-to-digital
converter, and a digital microcontroller in a single chip. With
the continuing downsizing of submicron CMOS technology
and reduction of power supply voltage, a singlechip smart
sensor would require all circuitry to operate urder fow power
supply voliage. Therefore, there is a need for a low-voltage
interface circuit, which serves as a bridge between the on-chip
sensor and the backend digital processor.

The aim of this work is to realize a low-voltage interface
circuit for a CMOS piezo-resistive pressure sensor. The sensor
resistance is changed when a pressure variation is applied. The
resistance change is traditionally measured by using the
Wheatstone bridge circuit, the sensitivity of which depends on
the excitation voltage or' current. For high bridge sensitivity,
high excitation voltage or cwrrent is needed; which prevents
low-voltage and low-power operation.

In this paper, a new low-power low-voltage interface circuit
with digital cutput is proposedh A current-sensing topology is
used to detect the sensor resistance variation and allows low-
voltage circuit implementation. The paper is organized as
follows. In section II, the circuit configurations for resistive
readout, including the tradidonal Wheatstone bridge, the
current-mode  Wheatstone  bridge, and the proposed low-
voltage current-sensing configuration, are described. Sections
1T and 'V describe the architecture and the mnplementation of
the proposed interface circuit, respectively. Simulation resuits

ETRI Joumal, Volume 29, Number 1, February 2007
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and conclusions are given in sections V and VI, respectively.

II. Input Configurations for Resistive Readout

1. Voltage-Sensing Configurations
A. Voliage-Driven Wheatstone Bridge

Tradiionally, the voltage-driven Wheatstone bridge
configuration is used for the precise measurement of small
resistance changes. It is comprised of four resistors connected in a
quadrilaterat form and an excitation voltage connected across one
diagonal of the bridge. The output voltage of the bridge is
measured differentially between the voltage divider outpuis
connected across the other diagonal. The deviation of one ot more
resistors in the bridge from a nominal value is measured as an -
indication of change in the measured physical 'variable, and the
output voltage across the bridge indicates the resistance change.

The bridge can have one, two, or four piezo-rasistors, whose
values are deviated with the applied physical varable, as
shown inFig. §. Typically, in sensor applications, the nominal
values of four resistors are chosen to be equal. The differential
oytput voltage and the end-point linearity error of the bridges in
Fig. 1 are summarized in Table 1, where Vi is the excitation
voltage to the bridge. The linearity emor is calculated as the
maximum error in percentage full scale from a straight line that
connects the origin and the end point at full scale. Table 1

Vex

{b} Two-slement varying (1)

(d) Single-efament varylng

(¢} Two-glement varying {2)

Fig. 1. Voltage-driven Wheatstone bridge configurations.
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Table 1. Summary of input configurations for resistive readout.

Input QOutput voltage or current Eincarity crror
configuration WpaLvolage or " {%2/%}
AR
Fig. i(a) |V, = Vav['jk‘o—] 0
i e AR
Fig i(b) |Vo=— [Ro] 0
AR”
Fig. He) ¥, :{ER" +AR]VN "“"[‘—]VEX 0.5
. L AR AR
Fig. 1{d) V°-2[2RO+AR]VEX 4[)? ]er 0.5
Fig. 2a) |V, =(aRM ry ]
AR
Fig 2(b)&(c) | Ve -_-[—2‘]-".5;( o
. | AR
Y =2 = —
F'% 2(d) o 4 [R“ +¥}EX "'.E,r 0.25
Fig. 3(a)&(b) | Af =/, - 15 =(AR/ B, )] o 0
ar = Wexr =Veu) (BRI Ry)
[+ AR/ Ry)
Fig. 4(a) w R_‘JV ) ( % 1
=M-(Mfﬂn)
g o Wex ~Veu) (BRI,
1- (AR Ry)?
Fig. 4(b) . Rjy (AR R0 0.0l
« Hex Vo) sz ) (arsRy)

shows that inherent linearity between the piczo-resistance
vanation and the output voltage variation can be obtained with
the alk-clement and two-clement varying configurations in Fig,
1(a) and Fig. (b}, respectively. However, linearity esror is not
critical because it can easily be compensated by using software
in digital systems [4]. More importantly, to reduce offset and
increase the sensitivity of the sensor, the bridge should have
accurate resistance matching among piezo-resistors and equal
absolute tesistance variation with pressure. These requirements
are difficult to achieve in the all-element and two-element
varying bridges, not to mention the drawbacks in terms of larger
arca and cost The previously mentioned difficulty can be
alleviated by using a single piezo-resistor as shown in Fig. 1(d).

Omne drawback of voltage-driven Wheatstone bridges is that
the bridge sensitivity (8 = V (AR/Ry) is proportional to Vg
and inversely proportional to the baseline resistance of the
piezo-resistors. Therefore, to abtain high sensitivity, large Ve
and small piezo-Tesistance are preferred, which prevent low-
voltage operation and lead to considerable power consumption
of the bridge.

Apinunt Thanachayanont etal. 71



B. Current-Driven Wheatstone Bridge

The Wheatstone bridges can also be driven by a constant
current source, as shown in Fig. 2. All current-driven bridges
are inherently linear, except for the single-clement varying
configuration m Fig. 2(d). The sensitivity of cumrent-driven
bridges is proportional to the exeitation current, lg. Therefore,
& large I is required to obtain high sensitivity, which increases
the power consumption of the bridge.

2. Current-Sensing Configurations
A. AZKA Cell: A Cwrent-Mode Wheatstone Bridge

Ags an altemative 10 the traditional voltage-mode Wheatstone
bridge, a current-mode Wheatstone bridge has been proposed
based on the circuit dualilty concept [6]. A current-mode dual
network for the all-element varying Wheatstone bridge is
shown in Fig. 3(a). It is stratghtforward to show that the current
difference, Al = Ii-1I, is linearly proportional to the change in
resistance, AR, as shown m Table 1. Due to the circuit duality,
the curmrent-mode Wheatstone bridge inherits all characteristics
and behavior of its voltage-mode counterpart in the current
domain, such as sensitivity, linearity, stability, and so on. The
input sensitivity is proportional to the constant excitation
current vahue, Ig,. Unforhmately, it is not easy to measure Al

() Single-el?emenl varying

[} Two-elem_ent varying {2}

Fig. 2. Current-driven Wheatstone bridge configurations.

72  Apinunt Thanachayanont et al.

practically; thus, the circuit in Fig. 3(a) is seldom used.

A practical current-mode Wheatstone bridge, shown in Fig.
3{b), has been proposed in [6] and s called the AZKA cell. The
circuit uses two resistor elements driven by a constant
excitation current. One end of both resistors is tied together,
while the other end is forced to be equipotential, that is, V| =V,
by a differential cument or transimpedance instrumentation
amplifier, which can be implemented by a number of

Differential
cument
ampiifiar

R.3 AR
(b) AZKA cell. 2 practical cusrent-mode Wheatslone bridge

Fig. 3. Current-mode Wheatstone bridge configurations.

.

Vex=Voo

FaxAR &
- Differential

- current amplifier

Ly

(a) Slngle-e%emen] varying

Vex=Voo

Ro 28R oy AR
_ Differentia
a3y ol current amphifter
+
L
Voul —
[by) Two-etemant varyiang

Fig. 4. Proposed low-voltage current-sensing configuration.
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circuitarrangements  with operational amplifiers, second-
generation current conveyors (CCIT), or operationat floating
current conveyars (OFCC) {6), [7). [t can be shown that the
circuit in Fig. 3(b) exhibits the same properties and behavior as
those of Fig. 3(a), while using only two resistors.

B. Proposed Low-Voltage Current Sensing Configuration

This paper proposes a new current-sensing arrangement
suitable for low-voltage integrated circuit implementations,

The proposed configuration, shown in Fig. 4, uses two
resistors connected between an excitation voltage, Yy and a
fixed input common-mode voltage, Vg of a current buffer.
Since the voltages across both resistors are fixed, change in
resistance due to applied pressure generates an input current to
flow into the current buffer. In this work, Ve is equal to Vpp”
and Ve and is designed to be near Vpp to minimize the DC
current flowing through both resistors. Figures 4{a) and 4(b)
show the proposed configurations with one and two piezo-
resistors, respectively. Both resistors have the same baseline
resistance, Ry undet no pressure variation. Under a pressure
vartation, the input current signal and the linearity error of both -
current-sensing configurations can be summarized as shown m
Table 1. The two-elernent varying configuration has a much
lower linearity error However, as previously mentioned,
finearity error can be compensated easily by using backend
digital systems; thercfore, the singleclement varying
arrangement is chosen in this work to save cost and area, and to
mitigate the resistance matching requirement. In addition, the
fixed resistor can be used to compensate for temperature
dependence of the piezo-resistor [5].

3. Comparison of Input Configurations

This section compares the input configurations described
above. In voltage-sensing configurations, both voliage- and
current-driven  Wheatstone bridges, the DC common-mode
voltage of the following input amplifier is about one half of the
power supply voltage (assuming that Vg = Vpp) due to the
voltage divider effect. Under low power supply voltage (Vpp <
2V), where the transistor’s threshold voltage is a significant
portion of Vpp, it is not easy to realize a high CMRR arnplifier
with an input common-mode voltage in the middle of Vi
This may be alleviated by using the current-sensing
arrangements shown in Figs. 3 and 4.

Compared with the traditional voltage-mode Wheatstone
bridge, the AZKA cell offers a number of advantages,
including reduction of resistive sensing elements, summation
of sensors’ effects (namely, superposition ability), and simple
tinearization technmique [6].

However, the input common-mode voltage of the AZKA

ETRI Journal, Volume 29, Number 1, February 2007

cell is determined by the values of [zx and the sensor’s baseline
resistance, Ry For high input sensitivity, a large Tgx is desired;
this may prohibit the use of the AZKA cell for low-voltage
operation due to the voltage headroom required by Iex.
Furthermore, the voltage at the input coupled nede V) is varied
with the resistance variation, AR, as descnibed in (1). Due 10
finite output resistance, Rgy, Igx will fluctuate with input
pressure variation; this produces an input-dependent and time-
varying non-linearity error, which is not casy to compensate.
Providing that Rgx >> Ry and AR << Ry, this consequence may
be insigruficant in many circumstances; however, it may not be
ignored in low-voltage operation when there is not adequate
voltage headroom for lgx and the use of cascode structure is
prohibited, rendering Ry not much larger than Re.

Vo:,,,,fﬂ[ﬂo_&]

2 R, o

-

The input sensitivity of the proposed current-sensing
configuration in Fig. 4 is proportional to (Vgx-VeuYRg, which
is the cumrent through Ry This is similar to the AZKA cell
whose sensitivity is proportional to Jgx. However, the
advantage of the circuit in Fig. 4 is that there is no headroom
voltage associated with Igx, making it more suitable for low-
voltage operation under the same required input sensitivity.

Input-dependent and time-varying non-linearity may also
occur in the circuit in Fig. 4, providing Ry is not much greater
than the Thevenin resistance of the excitation volitage or the
supply voltage. Nevertheless, in many circumstances, a low-
impedance and well-regulated supply voltage is usually and
easily provided Therefore, under low-voltage operation, the
cuorent-sensing arrangement in Fig. 4 is likely to provide
superior performance.

111 Architecture of the Proposed Interface Circuit

Using the low-voltage single-element varying current-
sensing configuration in'Fig. #(a), Fig. 5 shows the stmplified
circuit diagram of the proposed interface circuit, which consists
of an input current buffer and a 1-bit deita-sigma analog-to-
digital converter The piezo-resistor (Rp = Rgt+AR, assuming
that Rp increases with pressure variation) and the reference
resistor, Ry, are connected between the power supply voltage
and the input of the current buffer. The input common-mode
voltage, Ve, of the current buffer is kept constant due to the
negative feedback within the circuit. Thus the voltages across
the resistors are constant, and when pressure is applied, it
creates a current flow into the current buffer. The current buffer
measures the input current differentially and delivers a single-
ended output current, I, to charge a capacitor, which functions
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as an integrator of the following delta-sigma converter. The
digital output pulse rate will be proposticnal to the applied
pressure vanation. The delta-sigma converter is a synchronized
charge-balancing converter suitable for an embedded smart
sensor due to jts simplicity.

The operation of the circuit can be descobed as follows.
When no pressare is applied, Is is zero and the capacitor wili
not be charged or discharged; thus, there is no digital cutptit
pulse. Assume that the output of the comparator is low, the
switch SW will be open and the current Is charges the capacitor.
The voliage across the capacitor increases until it reaches the
reference voltage, V. At this instance, the oufput of the
comparator goes to the negative saturation state and the output
of the flip-flop goes LOW at the next rising edge of the clock,
Then, the switch SW is umed on, thus allowing the capacitor
to be discharged with the cument 115, where I, is a constant
reference current. The capacitor voltage is discharged until it is
less than V', at which the cutput of the comparator goes back 1o
the positive saturation state. Then, at the next asing of the clock,
the output of the flip-flop goes HIGH and tums off SW and [
thus, the capacitor is charged again with L.

It can: be deduced that the mumber of digital output pulses (N)
over a fixed measuring time interval {T},) is proportional to the
value of Is as described in (2), where Ty is the digital
sampling clock period. The output pulses during Ty, are
counted by a digital countes, which acts as a first-order digital
decimation filter, and the total number of pulses is the digital

representation of the applied pressure.
I NT,
fen ook @
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Fig. 5. Proposed low-voltage current-sensing interface circuit.

IV. Proposed Circuit Implementation
1. Differential Input Current Buffer

Figure 6 shows the circuit implementation of the differential
input current buffer, which cafi be described as follows. The
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input secton of the current buffer is realized by M,-M, and DC
biased current sources (W, +-May). This kind of circuit has been
called the “flipped voltage follower” [8]. The circuit uses
negative feedback to achieve small input resistance and to fix the
input common-made voltage, Vo, as given by (2), where peCo
is the MOSFET s transconductance parameter and Vg, I, Vi
and (W/L}, are the gate voltage, dmin current, threshold voltage,
and the aspect ratio of M, respecuvely. Thus, the voltages
dropped across both resistors are kept constant to Vpp-Ve.

Under a presswre variation, the piezo-resistance is changed,
creating an input current {Al) into M, which is mirrored ro M,
On the other hand, the reference resistor is fixed and does not
vary with pressure; thus, a constant common-mode current
flows through M; and Ms The common-mode current is
subtracted from the input cwrent signal at the output of the
current buffer to produce an output current signal which is free
of conmumon-made variation. The accuracy of current mirroring
is vital to the linearity and cormmon-mode rejection ratio
(CMRR) of the curent buffer. Therefore, two auxiliary
amplifiers, A, and A; are used o match the drain-source
voitages of M;, M, and M,, M, in order to improve the
accuracy of curreat mirrors. The two amplifiers are identical
and are realized by using the conventional two-stage
operational amnplifier. Transistors Mg-M,y realize a cascode
current mirror used to eliminate the common-mode component
of the input signal.

Note that, although the same circuwit functions (that is,
detection of resistance change and differential input current)
may be cbtained with a simpler current differencing circuit [9],
which is essentially one of the two identical input sections
shown in the dotted box in Fig 6 with two DC bias current
sources, and without the NMOS current mirror, Mg-M ;. In this
work, we opted for two dentical input sections because they
provide identical and symmetrical low-input impedartce to both
inputs, which minimizes input offsets and signal-dependent
voltage vanations to enhance accuracy and linearity at the
expense of increased power dissipation and area. i
24,

V¢ |—"1 Ly 3
“! .Uocox(W"'L)l ™

Vew =

For DC stability of the following delta~sigma modulator, a
DC current, [, is added to the output current signal {Al) by a
current mirror, My -My,, vielding the final output current, | =
IyrAL Transistors My and My, also realize a flipped voltage
follower to fix the output common-made voltage of the current
buffer for best matching and accuracy of the current mirror.

Since the bandwidth of the pressure signal is in the order of a
few tens of hertz, the pressure readout can be sampled with a
sufficient sampling rate without any loss of information.
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Fig. 6. Differential input current buffer.

Fig. 7. Clock generator circuit.
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Fig. 8. Timing diagram of clock signals.
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Therefore, the circuit operation is controlled by two non-
overlapping clock signals, ¢y and ¢,, rendering two modes of
operation: active and idle modes. In idle mode, &, and ¢, are
LOW, Mjs and M, are turned on shorting both resistors, and
the input bias current Iy is tumed off to save power and disable
the circuit. In active mode, ¢y and &, are HIGH, Mps and My
are krned off, and [, is tumed on allowing the circuit to operate
and measure the input resistance variation. This scheme allows
power saving during the idie interval, which is useful for
implantable and battery-operated applications. The clock
signals &, and ¢, are generated by the circuit in Fig. 7, and its
timing diagram is depicted in Fig. 8. [n this work, the active
sampling clock rate {clkl) and the active time interval (cik?)
are chosen as 800 kHz and 3 3 ms, respectively.

L

2. First-Order Delta-Sigma Modulator

The output current L of the current buffer is converted to a
digital bitstream by a first order [-bit delta-sigma modulator as
shown in Fig. 9. The circuit consists of an integrating capacitor,
C; a reference current souree, I; and a flip-flop and a dynamic
comparator, My,-Mse The capacitor C performs the integration
of [, yielding the capaciter voltage, Ve The value of C is
chosen so that non-linear clipping does not occur at the
desirable maximum input signal amplitude. The dynamic
comparator compares V¢ with the reference voltage, V,, and
produces the 1-bit output digital bitstream. The comparator
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Fig. 9. Circuit diagram of the 1-bit delta-sigma modulator.

[10] consists of a positive feedback differential amplifier and a
data larch. Finally, transistors M;; and My, swiich the current I,
on and off according to the output digital bitstream; thus,
performing 1-bit digital-to-analog conversion,

V. Simulation Results

In this work, the proposed interface circuit is targeted for an
imnplantable pressure sensor as in [3], with a sensitivity of
5 pV/V/mmig The nommal resistance of piezo-resistance
Ry is 2.5 ¥ The maximum change of +£1% from the
nominal value is expected from a typical blood pressure range
(-500 to +500 mmHg). The circuit was designed to cperate
with a single 1.5 V power supply, and was simulated using
Spectre™ with process parameters from a 0.35 pum CMOS
technology. The value of Ve, of the input current buffer was
set to 1.4 V to minimize the quiescent current flowing through
Ry¢. The value of C was chosen to be 20 pF. Each transistor in
the input current buffer was biased to have its drin-source
voltage around 0.4 'V, except for M;-M, which have 0.1 V.

Main circuit and bias parameters are displayed in Figs. 6 and
7. Bias currents and voitages were provided by on-chip
bandgap voliage reference and a regulated cascode current
generator with a precision external resistor. In the idle mode, all
circuits are powered down, except the bandgap reference,
which remains active in order to allow fast recovery return to
the active mode.

Figure 10 shows the digital output pulde rate versus the input
current and its linear regression” The maximum absolute error,
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Fig. 10. Number of digital output pulses versus input current.

calculated by the best-fit line method, is less than $.23% for an
input current range of 500 nA, which comesponds to 1%
resistance varation of Ry N .

Figure 11(a) shows the waveforms of the capacitor voltage
and the digital output bitstrearn, when a 30 Hz 500 nA
sinusoidal current is applied to the mput The capacitor voltage
does not saturate at the maximum input current amplitude, as
desired. Figure [1{b) shows the power spectral density of the
output digital data, and the noise-shaping charactenistic of the
delta-sigma converter is clearly displayed The in-band noise
floor is more than 60 dB below the signal, which is equivalent
to an effective number of bits of 9.67. The input-referred noise
current, integrated over 30 Hz bandwidth, is equal to 288 nA.

Figure 12 shows the layowut of the overall interface circuit,
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Fig. 12, Layout of the proposed interface circuit.

which occupies 0.2 mm’® of silicon area. Table 2 summarizes
the simulated performance of the proposed circuit Although
the power dissipation of the proposed civeuit is not the lowest, it
is still on par with those of other sensor interface circuits
intended for implantable applicarions, such as 250 ¢W in [3].

ETRI Journal, Volume 29, Number t, February 2007

Table 2. Performance summary of the proposed interface circuit

Parameters Value
Supply volrage 1.5V
Max. lineanty error (x1% change in Rp) [0.23%
ﬁctive resolution 9.67 bit
Conversion lime 33 ms

270 pW{Active mode)

Power dissipation -

13.4 W (1dle mode)

V1. Conciusion

A low=-voltage CMOS interface for a piezo-resistive ransducer
has been described. The proposed circuit detects change in piezo-
resistance by using a current-sensing configuration and employs
a simple first-order delta-sigma modulator o convert the
resulting input current to an output digial bitstream. Simulation
results shows that the circuit can achieve a 60 dB signal-to-noise
ratio with less than 025% non-linecarity error. while operating
with a single 1.5 V power supply. The proposed circuit is suitable
for a single~chip CMOS smart sensor.
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Abstract

A compact low-power low-voltage CMOS variable gain amplifier (VGA) is proposed. The proposed circuil merges a
source-degenerated transconductance amplifier with a current-mede transimpedance amplifier, which renders voltage gain
control with constant bandwidth. Coarse gain tuning is achieved by using a switched-resistor network, while fine gain wning
is obtained by using a voliage-controlled active resistor. A two-stage VGA was fabricated in a (135 jun CMOS 1echnoiogy.
Experimental results show that the prototype VGA has a gain range of 40dB with more than 10 MHz bandwidth, while

drajning only 600 A from a 1.5V supply voltage.
© 2007 Elsevier GmbH. All rights reserved.

Keywords; Variable gain amplifiers: CMOS amplificrs

1. Intreduction

The recent emerge of vbiquitous computing, ambicnt in-
telligence and wireless sensor network [1] has prompted a
considerable interest in the quest for a truly low-cost low-
power wireless transceiver. In these applications, low power
consumption is the most important constraint, while other
requirements can be relaxed. Variable gain amplifier (VGA)
is a vital building block for wireless communication sys-
tems. The function of a VGA is to control the signal power
level and maximize the dynamic range of the overall system.
Therefore, it is desizable to realize a low-power low-voliage
VGA in CMOS technology.

In wireless communication receiver, VGA is typicaily
employed in a feedback loop to realize an automatic gain

L

* Corresponding author, Tel.: +662 737 3000,
E-mail address: ktapinon@ kmit.ac.th.

1434-8411/% - see front mauer © 2007 Elsevier GmbH. AN rights reserved
doi: 1010164 .aeue. 2007.06.002

control (AGC), to provide constant signal power io a base-
band analog-to-digital converter for unpredictable received
stgnal strengths. The voltage gain of the VGA is controlled
by the AGC loop, and 2 linear-in-dB gain control charac-
teristic is usually desired to obtain constant settling time of
the AGC loop [2]. In addition, VGA is generally required to
maintain high linearity and low noise over the entire band-
width and gain range. It is also imporant that the bandwidth
of the amplifier remains constant when the voliage gain is
varied. Therefore, realizing a wideband VGA with low power
dissipation is a real challenge, especially in modem deep
submicron CMOS technology where the supply voltage can
be as fow as | V.

This paper describes detailed analysis and expedmental
implementation of the recently reported low voliage CMOS
VGA in [3]. The rest of the paper is organized as follows.
Section 2 describes the analysis and circuit realization of the
proposed VGA. Simulation and experimental resulis of Lhe
proposed VGA are given in Sections 3 and 4, respectively.
Finally, the paper is summarized in Section 5.

(2007), doi: 10.1016/1.aeue.2007.06.002
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2. Proposed YGA
2.1. YGA architecture

The architecture of the proposed VGA is shown in
Fig. i, which is a cascade of a transconductance ampli-
fier and a transimpedance amplifier. The transimpedance
amplifier is realized by using a current amplifier with shunt-
feedback resistors (R¢). This particular transimpedance
configuration exhibits gain-bandwidth independence char-
acteristic [4]). which is conveniently inherited 1o the pro-
posed VGA.

The voltage gain of the VGA is given by (1). where Gy
and Ry are the transconduclance gain and transresistance
gain. respectively. The wransresistance gain is described by
(2). where Rj; and A;, respectively, are the input resistance
and the current gain of the current amplifier. It can be de-
rived from (2} that the transresistance gain is approximately
equal 1o — R when A, » 1. If Ry is realized by using a linear
passive resistor, then a lingar G, and high-gain current am-
plifier are essential for high lincarity of the proposed VGA

Av=GmRm- {1}

_(RyAi — Rin)

Rm =
(1 4+ A;)

2.2, Circuit design

2.2.1. Input transconductance amplifier

The differcntial input transconductance amplifier is real-
ized by the resisiive source degeneration configuration as
shown in Fig. 2. Transistors M a b, M2, p and the DC current
source fp essentially form a voliage follower circuit which
provides a very small impedance at the source terminals of
M 4.p. This circuit has been coined by the authors in [5] as
the “Hipped voltage follower’. The differential input voliage
is closely seproduced across the source degeneration resis-
wor R, producing the corresponding differential ourput cur-
rent into Mz, n. The DC differential ransconductance gain
of the circuit is given by (3), which can be further approx-
imated to R, if R;3 got/gm1g£m2. This condition should be
exercised to achieve high lineariy of the circuit.

A practical limitation of the flipped vohage follower is
that. 10 keep both transistors in saturation region, its input
voltage swing is limited to about V¢ — Vpgar, where Vr
is the threshold voltage and Vpsar is the drain-source satu-
ration voltage of MOSFET. Thus the input signal swing is
decreased with V1. which becomes a serious probiem and
limits the applications of the flipped voltage follower when
reatized in deep sub-micron wechnologies [3].

Gmdal/(L+Rs). (3)
ImlEm2
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2.2.2. Transimpedance amplifier

The transimpedance amplifier is implemented as shown
in Fig. 3 [6], where the current ampfifier is realized by using
a scaled cascode current mirror with a mirror rato of 2. The
input current is applied to the source terminal of M p. which
is a low impedance node provided by the flipped voliage
follower circuit. The input current flows into M, and is
copied 10 M3, and the output, with a current gain of .
With the feedback resistor By, the DC transimpedance gain
is approximately given by (4), assuming that R 1/gm3-

i
i 1412 L4 1/

4
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VDD Map. to the output node, at which it is multiplied by the

feedback resistor Ry o produce the output voltage signal.
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Fig- 4. The proposed VGA cell.

2.2.3. Proposed VGA cell

The transconductance and the transimpedance amplifiers
in Figs. 2 and 3 are merged to realize a compact YGA
cell as depicted in Fig. 4. The transistors M, (Mp) and

M3 (M) perform two functions simultaneously, both as,

part of the transconductance amplifier and as an input part of
the current amplifier. This saves power dissipation and chip
area, PMOS input transistors. in separate n-wells, are used
to avoid distortion caused by the body effect. Cascode cur-
rent wirrors are used 1o implement the DC current sources.
The operation of the VGA cell can be explained as follows,
Transistors My (M) and M2, { M) form the flipped volt-
age follower circuit, which allows the input voltage signal
10 appear across Rg. This generates an input current signal
which is forced to Aow into A; and My, because M|, and
Myp are biased with fixed DC curemt sources. The current
signal is then copied with a curvent gain of  , via M3, and

Applying the half-circuit principle for small-signal anal-
ysis. the differentinl voltage gain of the VGA celi in
Fig. 4 can be approximately described by (5-11), assum-
ing that gm > ga. Cgs B Ced. €gs2 + Cgs3 = Cps2(] + &) and
£m3 = gm2- The DC voltage gain is given by {6), where
ror 18 roughly equal to the ouiput resistance of the cascode
current mirror as described by (7). If Re 2 1 /g3, Rs €72
and a3 |, the DC voliage gain is reduced 10 Ry/R;.

The transfer function in (5) consists of one right-half plane
{RHP) zero and three left half piane (LHP) poles, as given
by (8~11). The RHP zero is associated with the feedforward
path from the input to R, via cpg). [t is well-known that
the RHP zero should be located at a very high frequency
to minimize the degradation of phase response and stability
of amplifies. This can be achieved by having R, €rp, o2,
which wil} place the RHP zero at a frequency higher than
the transition frequency of M| (fT = [gm) feps1)-

The pole wp is related to the node at the source of M.
Assuming that a» 1. wp| is around the fy- of M| as given
by (9). The pole wyp2 is associated with the node at the gate
of M> and M3 and it is equal 1o the fr of M3 divided by the
current gain, as given by (10). The pole wps is associated
wilh the output node and the lead capacitor Cp. Assuming
that gma Re » 1 and roe 2 Ry, the output pole is equal to the
inverse of R (L times the current gain.

It can be deduced that a3 will be the dominant pole that
determines the bandwidih of the circuit. Thus. for a given
CL. R should be minimized and « should be large to obtain
wide bandwidth. However, these reduce the voliage gain and
increase non-linearity and power dissipation. Hence. there

are rade-offs for bandwidth against gain, linearity and power

dissipation. Therefore, 10 design the VGA, Ry and €y should
be selected first according to the bandwidth requirement
and R, is used 1o adjust the voltage gain while keeping the
bandwidth constant.

N l —s/fe, )
YO s op) (1 + s/0p) (1 + 5/w0p3)
() (52
Bm3 i+
Av(): = .
R/ re) (1 + 7z )
SR
- Rs ( l -+ EX.) ’ (6)
FoC = Smalodlods (N
o L 8mi Fol
wxw+¢ssi (-"ozﬁRs)’ ®)
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culated as given by (12). Assuming that gn2Rp3» 1 and

Gain controf Cutput Buffer

4 A. Thanachayanont ¢ Int. J. Electwon. Commun, (AEL) 181 (1T FER-000
2mifol £ | R oo 20,35
ol 3
g e = BT By TEE (l L, R ) w2 g,
€51 (Fo1&miroc + Rp) S Y _ 1280 35 V200 35 O
. Zmi | e Vg Ra
|+, {9) Meo - T "
Cexl -4 1025 _ 20058 T
Va
r, | R
op2 > — gm3 oC (1 L e
Cps2 -+ Cgsa (roc + Ry} 24 Erol
v,
~ Em3 (l+l)__1_g£ a0) s {a) ()
cgs3(l + o) v &g Fig. 5. Circuit implementalions of (a) Ry and (b) Ry
Em3 1 1 R¢
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2.2.4. Noise analysis of the proposed YGA cell Vor : ol ol { N : Ve
Considering thermal noise sources only, the input-referred | i . T L
mean-square noise of the VGA cell in Fig. 4 ¢an be cal- t L &
I t
! |
b |

83 = &m2, the_input-referred noise is further estimated
by (13), where il = 4kTgndf. v> o = 4kTRsAf, and
vy g, =T Red f. For small input-referred noise, it can be

deduced from (13) that gmy, @ and A should be maxi-
mized. while g2, g3 and R should be minimized.

— | e e 2
2 _ P2 ;2 a
Vi = gzl (‘nl + "uZ} + vn.Rs +vy
m

1

Ao

2
n,Rg

2

I 4+ g1 Rs{] + g2 RE}
em(~1 + gm3iRF)

2

i

+{n3

~ ) 3
w7 U i) i =
ml

-

+ g5+ Vo go| o (13)
2.2.5. Realizadions of R; and Ry

Fig. 5(a) and {b) show the implementations of R, and Ry,
respectively. The source degeneration resistar & is realized
by a luneable active resistor {7]. Transistors Mgs) and Mgs2
are biased in the triede subthresheld region and their gate-
source voltages are controlled by a simple common-mode
feedback circuit (i.e. Mci, Mep and Icy), which keeps the
gate-source voltages of Mps) and Mpg> constant regardless
of the voltage across the resistor R;. As a result, this keeps
Rs independent of the common-mode voltage at the resisior
terminals, rendering a more linear active resistor K.

The value of R is inversely proponional to an exponential
function of Vi, which is a logarithmic function of fcr.
Thus, 1/Rs and the voliage gain are Lincarly proportional to
Igi, which is generated by a DC reference voltage and an
external resistor. Rexr. Therefore the voltage gain is linearly
proportional o Rexy. Note that one can overly design the

|
o1
1

|

Fig. 6. Architeclure of the overall VGA.

tning range of R; to cope wilh the effects of statistical
variation of parameters in subthreshold MOSFETS.

The feedback resisior Ry is realized with a highly resistive
polysilicon sirip because it is fixed for a given bandwidih.
Two potysilicon resistors, Ry and R, were included in this
work to demonstrate their effects on the VGA's bandwidih.
Two idemtical PMOS switches {W/L = 20um/0.35 jun) in
separate n-wells, driven by complemertary control signals,
are used to select either Ry or Rpz, as shown in Fig. 5(b).
This may be used to obrain a coarse gain control, but at the
cost of bandwidth variation,

2.2.6. Overall VGA

In this work, a rwo-stage VGA was realized to verify the
operation and demonstrate the performance of the proposed
VGA circuit. The architecture of the overall VGA is shown
in Fig. 6. Each VGA stage is optimized for low-power and
low-voltage operation with a target controllable gain range
of 0 to +204B. To allow direct coupling of the two VGA
stages, hoth input and ouiput common-mode voliages were
designed to be at one half of the supply voltage. The output
voliage buffer, which is used io drive load capacitors, is
realized by using a simple operational amplifier with unity-
gain feedback.

3. Simulation results

The proposed VGA was designed and simulated by using
Cadence Specire wilh process parameters from a 0.35um

(2007), doi: 10.1016/j.acue.2007.06.002
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Parameters Simulation Measurement
Bandwidih (O, = 5pF)

With Ry = 180k$2 20MHz 10.9 MRz

With Rp = 67.5kQ2 40MHz 18 MHz
Ouiput THD {at | MHz and V,,, = 0.2 V)

Aw = 04dB with Ry -41dB -39dB

Ayn =204dB with Rp ~43dB -424dB

Avp =20dB with Ry -57dB -554dB

Aw = 40dB with Ry -52dB —-49dB
Inpul-referred noise (Bandwidth = 20 MHz}

Ao = 0dB with Rp 58.7nV/ JHz 62.9nV/ vz

A =40dB with Ry, 44.5nV/V/Hz 493 nV/v/Hz
Total gain range 00 dB
Gain range ai constant bandwidib 20dB
Total supply current 0.6 mA

Core VGAs 0.1 mA

Culput buffer 0.5 mA
Total dic arca 0.051 mm*

A single VGA stage 0.014 mm?

CMOS technology, with typical NMOS and PMQOS thresh-
old voliages of +0.50 and --0.65 V, respectively. The cir-
cuit was designed to operste with a 1.5—V power supply
voltage and both VGA stages were identical. Wide-swing
cascode currenl sources were used, and Jg and x equal
5 and 4pA, respectively, The physical sizes {i.e. W/L in
um /um) of the main ransistors of the VGA cell are shown in
Figs. 4 and 5. The load capacitor was 5 pF. Under the nomi-
nal biasing condition, the total power dissipation is 0.9 mW.
Table ] summarizes the simulation results of the VGA.

The feedback resisiors. Ry and Rz, were selected 10 be
180k and 67.5 k2. respectively to obtain high voltage gain.
Smaller values of Ry and R can be used to obtain higher
bandwidth, while maintaining the voliage gain. However,
Rs must be much larger than the resistance looking into
the source of M, (r5;) to achieve good linearity (i.c. see
Eq. (3)). Reducing ry; implies a higher value of ggy /801,
which requires higher power consumgption. Therefore higher
bandwidih can be obtained at the penalry of increased power
consumption.

Fig. 7 shows the simulated AC magnitude response of 1he
overall VGA. including two sets of curves with 1wo different
values of By, 67.5 and 180kQ. Each set consists of three
curves, which demonstzate fine gain control with constant
bandwidth by varying R, from 1.6 to 17.2 k€. The gain is
controlled in a linear-in-dB manner b¥ varying the current
Icy in Fig. 5. For both values-of Ry, the total linear-in-dB
gain control range at constant bandwidth is about 20dB. As
seen in Fig. 7, the single-ended gain is varied from —6 10
14dB for Rp =67.5kQ, and 14 10 34 dB for R = 180 k.
The —3dB bandwidth is 20 and 40MHz for Ry equals to
180 and 67.5 k), respectively.

[ SP—
= -+
el ey }R.‘=1som -j:j}Ra:s?.sm
LIS - | 3 - - Ha {
g [ 1 i i
Tt T o
i -l ] ey Bl ~3
L 1) 1 X St T
H Y A Sl 1 =
BT |
a ¥ Pl S TS § A
20 _
30

i

i Freguency (MIi a7

Fig. 7. Simulated AC magnitude response.
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e «
P O‘r T I [ry = 2% eder D88

nped Voltmge (V)

Fig. 8. Simuiated output THI vs. input voltage.

Fig. 8 shows the simulated output total harmonic distor-
tion (THD) against the input amplitude when a | MHz sinu-
soidal input voltage is applied. The THD is below —40dB
for a peak differential input voltage of less than SmV af

(2007) doi: 10. lﬁlﬁ!j.aeue 2007.06.002
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the maximum gain of 40dB. At lower gain settings, max-
imem input voltage for THD less than —40dB is around
40 mV. It should be noted that, at the same voltage gain of
20dB, the oulput THD with R (67.3kQ) is higher than
that with Ry (150k£). This is because, wilh the same volt-
age pain, R is smaller then using Rp, which does not
favor the condition required for good linearity of the in-
put source-degeneration transconductance stage (see Section
2.1). Simulation results also suggested that the THD figures
are roughly constant over the frequency bandwidih of the
VGA. Note that the maximum ipput voltage swing is limited
to about 400 mV. due 10 the limitation of the flipped voltage
follower.

Al the maximum gain seiting. the input-referred noise was
44.5 0V //Hz. At lower gain settings when R, is increased,
the input-referred noise voltage is increased because the in-
put transconductance gain is decreased. Consequently, tun-
ing the voltage gain with R affects the noise and linearily
of the VGA such that increasing R 10 decrease the gain
intreases linearity while increasing noise, and the reverse
is true. Therefore there is a trade-off between linearity and
noise. when changing R,.

4. Experimental results

The two-stage VGA with on-chip output buffer was fabri-
cated, and Fig. 9 shows the microphotograph of the die. The
whole amplifier occupies an active area of 408 x 125 um?,
of which a single VGA stage occupies 195 x 7Qum?. The
resistors Ry and Ry are 180 and 67.5 k€. respectively, and
both are realized by using high-resistivity polysilicon strips.
The total power consumption is 0.9 mW from a single |5V
power supply voltage, of which the core VGA stages con-
sume 150 W, The rest of the power dissipation is consumed
by the output voitage buffers used to drive the maximum load
capacitor of 5pF. A suminary of the experimental perfor-
mance of the overall VGA is listed in Table 1. The measured
results compare well with the simulation results as follows:

Fig. 10 shows the measured gain response of the VGA.
There are two families of curves. The upper fumily of curves,
which shows high gain settings {(+20 to +40 dB), is achieved
by selecting Ry (180 k€2), while the lower family of curves,
which shows low gain settings (0 to +20dB), is obtained
by selecting Rpx (67.5kQ). The bandwidth of the VGA is
10.9 MHz for high gain settings ard 18 MHz for low gain
settings. The effects of statistical vanations of process pa-
rameters, especially in subthreshold MOSFETs, the extra
parasitic resistances and capacilances of the test setup ac-
count for the bandwidth discrepancy berween simulation and
measurement resuits.

Fine gain tuning was obtained by varying R, which was
performed by varying the cument /¢y in Fig. 5 via an ex-
ternal resistor Rexy. Measurement results showed a 20dB
linear-in-dB gain tuning range with constant bandwidth for
both high and low gain settings. when Rgxr was varied

Fig. 9. Micropholograph of the VGA,
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Fig. 10. Frequency responses of the VGA an dilferent gain seitings
by varying Rg with Ry = 180k0} and Ry = 67.5k()
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Fig. 11. Gain conirol characienstics of the VGA.

manuatly from about 1.5 to 80k as depicted in
Fig. [1. Slight deviations in the gain control characteristics
are caused by inaccuracy of current mirrors and or-chip

(2007), doiz 10.1016/5, aeue.2007.06.002
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resistance values. Thus. it is verified that the voltage gain
can be controlled independent of bandwidih by varying Rg,
while changing R affects the bandwidih of the VGA.

0 ‘—‘-‘_‘*‘_‘_&_ﬂ-v-o—l
o oo R
T
g ra2
-
- M T
- e
5 50 ~ -
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ST SN A O 20dB with RI2
701 —— ==~ 20 ¢B with Rt1
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Fig. 12. Ouipwt THD vs. input amplitude a1 different gain seutings
when applying a | MHz sinusoidal input voltage.
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Fig. 13, Measured ogutput THD vs. input (requencies al constant
differentiat output amplitude of 200mV.

Table 2 Performance comparison of CMOS VGAs

Fig. 12 plots the output THD against the amplitudes of
the input voltage at 1 MHz with different values of voliage
gain. [t can be deduced thar the proposed VOA exhibits good
lincarity (i.e. with output THD < —40dBE) with a maximum
output voltage of 200 mV, white operating under tow power
supply voliage and low power consumption. At the gain
of 20dB, the THD obtained with Ry is higher than thal
with Ry since the linearity of the input source-degengration
transconductance stage is degraded due 10 smaller & value.
Note that the output voltage saturates at high voltage gains
and Yarge input amplitudes, rendering Jarge THD.

Fig. 13 plots the output THD against the input frequencies
at constant differentizl output amplitude of 200 mV. Tt can
be seen that the output THD is reasonably constant over the
bandwidth of the VGA. Note that the THD figures for 0dB
gain are higher than that of 40dB gain because larger inpui
amplitude (i.e. 200mV for 0dB gain and 2mV for 40dB
gain} is applied 1o the input transconductance stage.

Table 1 summarizes the experimental performance of the
proposed VGA, while Table 2 gives a performance compar-
ison of the proposed VGA against some of the previously
reported VGAs. Tt can be seen that the proposed VGA per-
forms favorably in terms of low supply voltage, low power
dissipation, and small die area, while performing modestly
in terms of noise, linearity and bandwicth.

Finaily. it should be remarked that simulation results of the
2-stage VGA in a 0,13 pm technology showed a controllable
gain range of 60dB with more than 100 MHz bandwidth.
while draining 1.5 mA froma 1V power supply voltage.

5. Concluston

A novel compact low power low voltage VGA has been
designed and implemented. The proposed VGA combines a
source-degeneration transconductance amplifier with a™cur-
rent amplifier in transimpedance configuration 1o achieve
gain conirol independent of bandwidth. The key advantages
of the proposed VGA are compaciness, low-power, low-
voitage operation, and constant bandwidth.

Paramelers [8] [9] [10] [11) This work
CMOS Technology (pm) 0.8 0.35 1.2 0.35 0.35

Supply volage (V) 3 33 +1.6 33 1.5

Bandwidth (MHz) . 15(CL=7pF) 125 (CL=2pF) 4.1{CL=I15pF) 250 (C,=0pF} I8 (Ci =35pF)
Gain range at constant bandwidth (dB) -2-12 0-19 —6-24 16 0-20

Output THD (dB) < = 60 < - 74 < = 3] < =60 < —40
Input-referred noise (nV/+/Hz) 20 8.63 21 373 49.3

Towal current consumption (mA) 5 6.4 0.9 055 0.6

Total die area (mm?) 0.175 0.18 0.442 n/a 0,051

(200?) dol.. 10. l().l6!j aeve.2007.06.002
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