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ABSTRACT

This thesis proposes the design of a differential CMOS transimpedance amplifier. The
open loop part of the circuit employs f; doubler and capacitive compensation technique. The
shunt-shunt feedback is used to reduce the input impedance and, at the same time, to increase the
bandwidth of operation. The circuit is designed based on a 0.5 um CMOS technology using the
supply voltage of 2.5V. The power dissipation is 23 mW while the gain and bandwidth of
operation are 80 dB and 1.7 GHz respectively. The output swing of the circuit is 400 mV and
input referred noise is 7.1 pA4/+/Hz. The noise from an environment is eliminated using the
negative feedback network consist of integrator and differential amplifier. The performance of

the circuit is verified using HSPICE and layout is done using LEDIT.
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YUIAVBITYYIUTUNIWIINUA 11186198301 ABUNN (Input referred noise) Tugl
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— 27 [ 2072
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x|t (Coity +Crizy + Coerty + Coaresy) (3.4)
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v 0 as o o ' Vo = s Y
uvaane I ldus sdusuig 2.5 Thav annulsey (Cpl) Taumiu 1 #lawisa dadunu
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a o o . s &,
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Sunndailvianiiiy 1.8 Taav weamswFanes M14-M17 gneanuuuviivue wiL
e 1H9931AARINANNIAS (Symmetry) RIRIUNIU Rol Hvwnaniidy 3.3 AlaTowy
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TandnaudrdoanaInthiioennennlnlaleafidnuaziuuudidies (signal
Ended) 2995 Tuimoniimudiiithinsesveronasia G'i’aﬁ’uNﬂsﬁnﬂm’fmmﬁuﬁ'mi\pmﬁuun
e fuusvaiiaiu 180 0an dwaaslugyi 3.12

U 3.12 uamsTaseadvosesadudyguduyndinan(is] Sunnvedrses
aofulnIa’laTon uaz wmiymAeiuT VNS WBNRUALY NoaNIUFMADS MI LAY
M2 seludnuuzanesaeuuownmiteimihiisaussdulusalianason T lala Toadl
Anlszana 0.7-1 Tami umdssiwnszud 13(4) gnesnuuuTasueansudmaesiiaduiaz
unaaninszud 15(6) gnoenuuylasueansuFmaosvian  unaatiunszud 13-16 M
wihitlusaueamsudmans M12) Thhawludnduduazgnesnuuuliiivinamiiiu
el dyana Inihiidhgesvnemswduiuaudimmsdnidudygadoyn M
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wurlsey col Mmhitmudayanadoyanininialalen Tuvazi co2 gminndoiialy
Nesiinwmnasiu Aududszy Col2) Humedeudralnajuazgndenousniallaoil
vnaluganluviia
mamhauvensesieiumannseny I TnlaToaaunsoesueldsd  dyanw
usaiidanazgnuilasioglugvesnszualasnnlalon dayganszuai ldezgn
dainudimanaeavememmsudmaes M1 uazduiulszy Col  Tasduiuilizy Col
smdhilafloudasesfinnuiigah i duaansauafioning (i, Jvwawinudyim
nsELATBUNN (i) Twhussduiudyanunszue ) flvuasuvoeamsmFmanT
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mstaussduludaanasonTrlnlalealugUit 312 awnsei1dTasoonuun i
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Vsmay =Vs =V,

gs.ml(2)

’ 21, +V. (3.8)
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ponuuLUMAIInIzIE 1316 IWHAuNN  dewahldvinavesdygasuniuiifiann
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3.3 299sveneluvazgiila

3.3.1 m3eenuuuRTvegiauarmsinniy
» » .
iomludauiifiunsiinauemsesnuuulesvnensmdsuRuauFn 1435 ms
dounduuvy vuu-vum dwaaslugdi 3.5 Taediiawsoudigwuiuudainiuas
dygrusunmumiavuluisvnegliladai ldnaluuni 2 msfleundudygruerfo

matind 15urs (Phantom Zero) Tasmsaedufulszy Cf1(2) vumfudadiumiu Rf(2)

~ han—
ipd Avo Vout
* -2

3UM 3.15 Taseafrnaesvnonswduiuaudmiveauo

mnzﬂﬁ 3.15 A, AedAT1BIUUYLiTa (Open Loop) AuRlszy CA(2) Huda
dumu rAE) dszneusuiiugatloundunuuay doineesveeiihimseenuuuly
dnuazquidladiIdnan i luiade 321 uar 322 unuasluudon A, s21dre0snsm
sufuaudiuugladsuaaslugii 3.16

2 3.16 iWunsesvnensnBuRuaudildoonuuy  weansuFaned M7-M27
ﬂsznauﬁmﬂmwswwunvqﬂﬁlﬂ Tuvagdl RAQ) uaz CAIR) ﬂsznaui’fmﬂmmwﬂ
floundunvvay unasswnszuayndignesnuuy lasueansmdamaes M7-M13 aeiily
Wesvnwmausniienuuuiiiiuiesveionasa (Differential Amplifier) Taverfumaiinnts
ao ludnymzuna Inauazmainnssawsnssumite Iaes lunmausnidaswoiugalna
wanvenasiivnalug uaz reesiidgapasunudh dyanaildnnmausngadsll
vgwAn lurvsvnumaiicesdalsenoudas M14-M19 Taverdiomaiinues f, Ao uay
maiiansyasRufuszyRomuua Tnases (@,,) fifauSnaBuNNveIIR

= = da o
NITVNUMANTOINUVUAINT



vDbD

1L

IIC2
M1sl;||_T_| M17
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31N 3.16 2995900 UBUALAUT
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VBINDANI IUT AN ﬁaﬁvu‘l'ﬂmmfmws?umuﬁwﬁmﬁnﬂs:@[14]
msflounduveadygnouiionssgnosnuuylasldneuueuremisaninia

Tawvia 'l ifummsﬂﬁflﬁ’f?ﬂﬂﬁ%ﬁnwsmmmmuﬂﬁmﬂﬁﬁnwﬂwﬂ (mafiaw) udrieh
nmstleundudyana  Fdsnanidodaulszmsnanie Uszmsusn 29959 14ivua

o
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dygradesldnalumadumadiiuiesvnonama  waz  dszmisgaiis 23esl
- 4:; et & - o [l £ A s =
@ dosnwi iAo Indeesil Inanawdrdwwalimsidoumavesdygruiiaunn - Tu
a a a ° o @ - 4 -
Inntimui it idinauenmstloundunuu lvidaandluglit 316 Faldresvnuiios
aoamam lisesansahaldnnudguesliadosnming
mseenuvuyatloundudygruoifumaiinnmsounduuuviia s udrvase
i . a1 " 3 o
NNANWD (Feedback-Zero Compensation)[8] I Isdanangnesnuuuiuningailoundy
Ay venuguAMLIved Ina ludanyusinaUsnounuaIn (Quality factor) Hifin
Tiguiuldihldsesverwi 1dfiiadesnmind F15dand1agniSondt FTsuda (Phantom
- ' - ar ' e = =
Zero) YAV Iudalinanumdidsenouguniniaoass 9102993 1ug19 3.17 wavesd

Tsushawnsom lanmaeestleundudynudail

CA(2)

Rf1(2
iOUt,f T ( ) viﬂ,f

3UN 3.17 2estloundudyaaihimsesnuuy

dnsveevosgatounduiin

ﬂ: !nuf.f = b{)(l +i) (3‘9)

in.f a)ZI
- A o v o do 1 ow & As
Yz b, i BAs1LYBsTounduNadMliaumiy I/RAQ2) uaz o, Ao 313
uraina lusestloundulinuminy 1/RAQ2)CA(2)

] o
1HpInINdATweILYe I vzgUTlamunson 1duin

AV() (3.10)

] + AV()ﬁ
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Taun 4, fie sasveevenssvuzgiiladauansluaunsi (3.6) uaz B fie sasvey
o o d
voavstloundudaanaluaumsi (3.9)
HI = i A = " o
nnauMsi (3.10) Mguinaai (4,,8) fiswnnimianng Z, awify

Z, (3.11)

g
B

diohaumsii 3.9) unuasluaumsdi .11 wud danvnuveanesvuzgiilad
AnuamElMIAY RAQ) FafumsU$udsuds (@.,) Taohililinansznuaodasiveie
¥912993 o ld TasmsUiuvuavesduiulszy cr)

nimaesluglit 3,17 STudsiidadulunsestloundy Snaildfmmemsindoud
voa Inandnuaz Inaseslusvnwguillainsn/ounasmuguinasl  (Loop  Gain)

TaviisnavoadumiiaTna (Root Locus) dmnsauanalugili 3.18

Im
N

pl

U7 3.18 msindeuived InamuidunmaAuYeIsIn (Root Locus) Tavanuyaliasvsvazqll

laiiTwaey 2 Tna

NNAUMITNH (3.6) 1AL (3.9) QUINAT (Loop Gain) ¥DITUBNAIWEAIIM

Ny
Loop Gain = a,b, (3.12)

1

laoi a, = gm?(&)gmmni)RdHZ)Ru'sm)Rj|(2) uag b, =
S1(2)
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VUi 3.8 inFeamnumnumimudumia Inandn (@, ) waz Tnases (@,,)

P ' a A o " "
vornvsvniisegluannzquilla Tuvazinisamuersnaugnunudofumiad 5us
(w:i)

H ar 3 4 ﬁ. J . 3 o
nnglit 3.8 dunaldi vwavesguinasiiiuvudamai 1dvuaves Twandn
uazInases inamsnfasunlaniliuuudiniverisssveuiiodmsaeuuugiilaiaiga
ﬂ. J o Q' @
nmsuvavesqlinauai luaumsit - 3.12)  annsam 18 Tasmsmiudasveoyeanans
varglila  (a,) luvazidnsvosvenestfoundy (5, Wiausandounlasld
A “ o o a o 4
iWiesnn b, i muasasvnevessvnen BN RauFILUQUTA
a o S A EY = wa
MIVBNUVVNITVINT DN NLANFTIND IR s DguaiAgaaunsoi 14 Tay
MIHIITUINNUDTITUYIA (natural  frequency, @, ) 1AE AIUTTNOUNIITNUA (dampling
factor, ) 'IJiJ4ﬁnﬂ"lil%»!ﬂ’lmﬁﬁﬂﬂﬁad‘lu;ﬂ%mﬁﬁaﬂﬂ#l (General second-order system in

frequency domain) qﬂuaﬁﬂuaumsﬁ (3.13)

2

Z . Z()wn
T +a@’
5+ 20,5+,

(3.13)

151850MATNLULUTA (close loop gain, Z,) 14 Taumsunusasversvea
nvsuvuglida (4,,) Tuaumsi G.6) uaz dasvowveanesiloundy () Tuaumsi
(3.9) aaluaumsi (3.10) Tasliawnim

Z, = Ap@p Dy (3.14)

2, | (@py + @p,)0,, + a,b,0,0,,
+ s+ (1+ayby)wp p,

s
@z

d. a 4 = 3 = 'd‘ -
Tath @y, @, fio Inandn uaz Tnasesiifaiulussvnovuzglitle o ,, fio 3157iAn
2 "
wulugatloundu

dohaumsi (3.14) HeuAuaumsi (3.13) 11ARNTOMIANUATITNIA (natural

frequency, @, ) 1ag AI15LNBUNITHUI (dampling factor, ¢ ) TAUMIAY

@, = \/(] +ayb,)w,0,, (3.15)

_ (0p) + @p,) + (a()bf)wplwpl )/6021

, = (3.16)
2\/(1 +apb, )wp,@p,
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iﬂl A ] o o o H J . .
VINAUNITH (3.15) 11199910 @, TAIWFURUT 1AUATIAUTINIINYY (rise time)
' | 1 . . ' y - e ' &
uaz ¥RANNFAN1ILAM (settling time) nafeiile @, Hsuiuvwilddranarniu
] > 1]

uaz Paaudiganizasiilinianas Anfuninaunisi (3.15) 151592300 nuu 1
Ay by Wy, @py AN ANITNOUNIINUIL (dampling factor, ¢ ) Tuarunish (3.16) i1lu
A MUALDANAY (Peaking) Y9393 Taomalsznoun1snuantiosni 0.707 sz v
uuuAINiveIAAeAnduIare v dIna sdhganzeeaFaian mssum ¢

] »
Timmnzaniuaunsoi 1 TasmsuSvaviumdunls a,,b,,0,,,0,, 1oz o,,

v -1 A 4 o Yt ¥ & a a9 Vo
ot lsnmuiiieannd a, msiimseenuuuldiaunnwemugilinuail¥iules uay
A o o .’o ar ] L=
b, NBOATIVUIWVDINTVULYUTA AnTumsdSuvuiaves ¢ Tavkiu a, uaz b, 39
Tirunsohld vweves o, uaz ,, fioTwandnuazInaseslunavsvnsvuzglila
A ar H o ar d‘ e z e 4
FamslivvuavesInaendnansenuiudunlsmenduluszuy dniumsdsvm ¢
& ) = fa  Oa a  d ¥ a o -
e s luuudIninmuzaunaznandsanmsdiganzesadaanlunsdinagesi
- = o o ' ' o o

yoANAY (Peaking) ¢ Wi 1d TasmsdSvauedls (o, ) Fumsauinlszgues
yatloundy Cf1(2)

Tumsialudavesnesvnsnuugddaiu swausesunass (D0) RBuwnvea
295901030 (V0 ) A0S MuaTasussduiite niynue1avsvsioniaiana uaz

ar @ 4 A = \ L
2993 uYU AsaalugUn 3.16 Faliawiny

v

IN(DC)

= Voo =Vrasw) —Vasaan G.17)
VINTUMTN (3.17) VWIAYBIUT AU THATINBUNN (V () MgaTia T RBBAILY IAd DT
nnamnniussauianaion I InlaTeasauiuussdudumvesneansudmaos M34)
A o { 1 i 4 o o
(Vosaraeny ) F0hmihiuduumdssionszua 3@) o l¥ I la laToadnammnsaiam g
usau Irlasatieniynawidy

Vour =Vop — VRd3(4) - Vcsz4(25) (3.18)

nNauMIi (3.18) usau asaieninnaisesnuuudiivnamanvnavesdyaa

£

FoYATIMAVUTIAU V000, VDIMMAINIONIZUT 126(27) tHOTDITUMIgNAAY VDS

dygnu uaz fosiulildundstionssua 12627) hgannzBudu (Linear)
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3.3.2 Ay IMIUNIU
mﬁms1=ﬁﬁ’tytymsumui’iﬁuunmuﬁnﬁﬂﬁ'humﬁagmmmmuﬁmﬁw'ﬂ
nnunasdutiadyapusunmuvesgunseiyndluissudnhdganusuniuiie ninnms
#106n3 190109992993 Ty IUIUNIUTIAAINII AUV (Buffer) Mu13nazian]d
o indygusunuiinasinies fusudeagminnmisdiosnueisveainiaos
nn ﬁﬁﬁ’ﬁ'tymmmmui’itﬁﬂmmmﬁuwxﬂaé’nﬁanﬁumﬁﬁuunﬁwmtﬁn N3
fs‘mﬂzﬁﬁmtymsumwanqosmuwmmﬁuﬁumucﬁﬁﬁmsﬁnqﬂ{launﬁuuuuwm-
vu ndnmsiinszdlaousnundaduiindyapusuniuson dauaaslugui 3.19(n)
Tawii 2 foundsfuiladyyiusuniuisuynuesssvnovazquidaluglvesnszusa
V2 oocer ﬁmma’qrhn‘im?q;aptumfnu‘?i8m!mm4mwu1uum=qﬂ1ﬂa°luz1luamsﬁu
waz i2,,,, Aoundsiuiiadygyiusuniuves RAQ) Freglugdvesnszua wavInms
Insziundafuiadygrasunulugili 3.190) MR 1dFyaasunuisuwm i)

[ 4:5 A = v e
Aalugun 3.19(9) Fadinuviii

0 i 7 1 2
i, = 20y +in +2VE o) 2—-+a)2(C,,m+Cﬁ,(8,+CM(8,) J (3.19)
f12)
8kT
= +2q1 554,
f12)
8kT 1 8kTT
" _'z—z[zrgmldnﬂ"' ]+ 2 Ems19) :
Em18)8miaq15) Rysa) Ems) (gmH(IS) +gm|om))

1 2 C
gs14(15) 2
Xl=3 1o (ngeuo)"'_—z +Conansy + Ciay)

d1(2)
8kT 1 4q1,
+— rgm7(3)+rgml2(l3)+ + 2‘“(15)
En1s) Rdlm Em1®)
L ie?(C, +C :
R +a)( Nt 537(3)+C8d7(3)+cpd)
TU2)

Tagh & 7 uaz r AvInaNvealuariu (Boltzmann Constant) guungil fimiuiiy
7M. (Kelvin) 1o fsenoudye nsunIu (Noise Factor) YBINDANIIUTAADT

o_ a o g { '
awdny C,, Ao AunudszgianasouInlnlalon
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n.GI(8) n

— >

Vioomt ]

(n) ()
3N 3.19 (7) unasduliadyapusunuvensvnenuuiitnstlounduvuiu-vui

() unasiuliadygusunIunouyn

vnauMsi - (3.19) mumf‘fmﬂpmmmuﬁxﬁﬂﬁuﬁ'ﬂﬂ‘h}ﬁ’mmmmmuﬁﬁ'mgn
DUIUNDTI t'ﬁ"mmnTvITm"lﬂTaﬂgﬂeiaag'mewsﬁ%’nﬁmtymﬁuvmﬁ'«uaﬂa‘lug’dﬁ 3.12
ﬁqﬁuﬁmmmmmuﬁ&aé’mﬁ'nmﬁﬁuuwmsi1uwa11mﬁ'agmu1miumuﬁxﬁﬂmm:ms
adndygrudunndie Tavilvnamdy [makuan 9]

i2 =8kTT (gmm, + 8 sies ) (3.20)

P ' o a & o —
Tagh g, UAZ g, 710 AMIUABURAUALFYBIBAM IWTamEsFI My
P, o w ey @ ia &
UNAINNITZUT [3(4) uaL I5(6) MWAIAY i2 Ao wwnadygyiusunuinaiulu
NesvenIvBinauguuqUla duaadluaumsi G19) 2 e vwadugw

n

sunuiBuymverIadudyaduyn faitlduans 3 ugli 3.2

nnauMIh (3.20) viAvedgIUTUAIUTBUNN (i,f,) Uszneududaynu

sumuiifa s udygiaudugn fuidyarasuniuvenesvnumausn uag mn

q03  MSAAVUIATYYIUTUNIUNDUNNYDININTVLUMALIN (ifq) ¥maminvna g,

Tasmsuiuundstionszud HasiuvIARIR LM RAI-Rd4 YOITVEMALTAUAL
Mesvemages dsiildnanluidemssenuuuasesunumansn ey mssenuu
NITVIBMANDY MsanviadygusuNILTiA lusadedyanadumm aunsedh
18Tasmsanvinaundsiionssua 316 oaadmsmnoudauaud (g,) iiaen

UBANIIUFAADS IUUNAIDWNTZUE
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3.3.3 HaMI9IA0IMINNU

Tasms§raeamsmannnslugilil 3.16 wazrvsadudyanusuynlugli 3.12
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1ﬁu1ls='qmla?iiﬁn’lu1'?u1lmIwﬁc‘iﬁnau (Poly Silicon) LOANYN (Active) itaz Tane (Metal) A3
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M13197 3.9 AUANTAVBINVINTUBURUAUFMINTUD UALININTIUBURUAUTT

UuauoInNeU
msiiwes [19] 201 | 211 | Minaue
ma TuTadduod (um) 0.8 0.6 025 |05
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M319N 4.2 HA$1A0IMIMNUVDINVIBUTINTIND T

mniines HOMINARDY
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A CMOS Differential Transimpedance Amplifier
for Gigabit Optical Communication

Wacharapol Pongpalit and Varakom Kasemsuwan
Department of Electronics, Faculty of Engineering, King Mongkut's [nstitute of Technology Ladkrabang, Bangkok 10260,
THAILAND, kkvarako@kmitl.ac.th

Hyungkeun Ahn
Depariment of Electrical Engineering, Konkuk University, Scoul, KOREA 143-701, hkahn@konkuk.ac.kr

Abstraci— 1n this paper, a CMOS differential transimpedance

amplifier is presented. The basic amplifler employs f; doubler
and compensation capacitor techniques to enhance the
bandwidth. The shunt-shunt feedback configuration is used to

compromise between the wide bandwidth of the low impedance -

design and the low nolse performance of the high impedance
design. The phantom zero Introduced by the feedback network 1s
used to position the pole In the desired region of the close loop
systems. HSPICE is used to verify the circuit performance with 2
standard 0.5 pm CMOS technology and supply voltage of 2.5 V.,

Simulation results demonstrate the gain and the speed of
operation of 80 dB and 3.25 Gb/s respectively. The equivalent
input noise current spectral deasity is found to be 7.4 p4//Hz st

1 GHz and the total power dissipatdonls 29.6 mW

Keywords — CMOS, differential tran.llmpedance amplifier,
optical recelver

1. Introduction

In an optical communication system, optoelectronic
receiver  which consists of a photdetector and @
transimpedance amplifier is used to convert the optical signal
into electrical signal in the front end. In the design, it js well
known that the design of the front end preamplifier is the most
difficult because it plays a critical role ir: dictating the whole
system performance. The design involves carcful
oplununnon of a number of tradeoffs. bctwcen bandwudth

- gain, noise and power consumption.

Recently, several Z amplifiers have bccn suo\.cssﬁzlly

designed and developed as gigahertz-band amplifiers using
GaAs based devices such as MESFET, PHEMT and HBT
[1-2]. However, as to the advanced performance progress in
deep sub-micron MOSFET technology, MOSFET boeomes 2
promising option to realize high speed and high frcquency
integrated circuits. | MOSFET offers low cost, low power
consumption, small silicon area and compatibility with the

dominant transistor technology in both analog and digital
In addition, MOSFET can achieve very high’

applications.
cutoff frequencies [3] comparable to that of Si-Ge bipolar
transistor or 1}I-V devices but at a much lower cost.

This paper presents 8 CMOS difTerential transimpedance
amplifier for gigabit optical communication. In the design, a
standard 0.5pm CMOS technology is employed. Our
proposcd basic amplifier consists of two mejor stages of which
the first high gain stage is connccted in a differential cascode

configuration and the second wide band stage employs fr - °
- doubler [4] and capacitor compensation techniques [5] to

provide further amplification and to increase the loop gain.
The feedback network is arranged to introduce phantom zero

enabling the designer to position the poles in the desired

region of the close loop systems. The differential feedback
structure makes the circuit immune to the supply noise.

2. Transimpedance amplifier
The transimpedance (Z) amplifier can be designed in the
open loop configuration as shown in Figure | where R is used
to perform current to voltage conversion and Cy is the parasitic
capacitor associated with photodetector.

VDD

‘hl.
I l Vou

L
11

Rz

Figure 1. Open loop transimpedance amplifler.

The voltage is then amplified via an open loop volage
amplifier A,,. Large resistance Ry (high impedance design) is
employed to minimize the input thermal noise level and hence
the resulting amplifier shows good detection sensitivity. The
amplifier however has limited bandwidth due to large RC

‘time-constant making the circuit not suitable for operating at

high bit rate. The solution to the problem is 10 use low value
resislor Rz (low impedance design) to minimize RC

. time-constant. However, low value resistance of Ry would

affect sensitivity of the amplifier due to large thermal noise
associated with Rz. Therefore, it is obvious that this open loop
configuration can not achieve good scnsitivity and bandwidin
simultaneously and trade off between these two parameters are
to be considered.  Unfortunately, both sensitivity and
bandwidth are two among most important parameters in the

=3
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design of ransimpedance amplifier and stringent requirement
for both of them are needed for optical sysiem 1 operate
properly.  Altemative approach in the design of the
transimpedance amplifier is to use feedback configuration as
shown in Figure 2. This feedback (or close loop) amplifier is
currently the most widely used in the optical system because it
avoids the dynamic range problem associated with high
impedance design, and because it provides a good compromise
between the wide bandwidth of the low impedance design and
the low noise performance of the high impedance design. A
large resistor Rey» can be placed across the gain stage as
shown in Figure 2 because the resistor Ryy; does not need to
carry a bids current allowing more voltage headroom. In

-addition, .the ncgative  fecdback reduces:::the effective

resistance seen-by the pholodlode by a factor of (1+AL)

- where A,, is the open Joop gain of the basic amplifier and fis
the feedback factor. As a result, the thermal noise from the
feedback resistor Rg;; can be minimized and the bandwidth
can be matched to that of the signal eliminating the need for
equalization simultancously.

Figure 2. Feedback transimpedance amplifier.

In our design,-the open loop gain A,, has two major poles
while the feedback factor f contains one zero, '

- 9o . E (1)

[ PR (iR
o \ -on
L ubyiet) )
@y,

where a,, b,, @p;, wp; and wz are DC gain of the basic
amplifier, DC gain of the feedback factor, dominant pole of
the first stage amplifier talung into account. the -depletion
capacitance of the photodiode, second pole and phantom zero
introduced by the feedback nctwork(lo be discussed later)
respectively. .

As a result, the transimpedance gain Z of the amplifier
(Z—A.J(H-A.,J}) with A, and S replaced by (I) and (2), is

shown as

Qolp 3)

Z=
[(@,, +Nn)4’2| *aobamnoil}' +(1# aobo):’nwn
@y,
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. Flgure 3. Schematic dlagram of wransimpedance (Z) amplifier,

Figure 3 shows our proposed Z amplifier. Mj.ay-Ms.a
consist to be basic amplifier while Ry, )and Cgyp) consist to be
the feedback network. The differential structure makes the
circuit immune to any common mode disturbance by rejecting
those ‘common mode signals by virtue of symmetry.
M..@,,-Mz.m forms the first stage differcntial amplifier, Mauy
is connected in the cascode configuration to avoid the
multiplication(Miller effect) of gate-drain capacitance of

"My In the design, R.pare chosen to be large to enhance

the gain of the first stage and to reduce thermal noise from
itself and other noises from the laticr stages. My, in the
cascode configuration reduces the voltage swing across Cpy of
M. and its noise contribution when referred to the input is
negligible. It is noted that, with the low supply voltages, a
large dc voltage drop across the large load resistor in the first
stage amplifier is impractical thercby limiting the gain and
yielding a high input referred noise. To alleviate this problem,
Ib, which is implemented using PMOS, is biased to operate as

_a current source 1o provide a path for the bias current of M),

allowing a greater value of R,.a) for a given supply voltage.
Although the signal swing of the cascode configuration does
not allow wide swing, it is not much of the problem because
the output signal amplitude from the first stage is still quite
small. -

. The gain of the the first stage amplifier, Az, can be derived
and shown as
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Ay = e R Revny )
1+ =
o,
where
1
Wpy =

g.
Rran(Cany + Cpven "(l" =2 v +Corn)
Boran) * Boirun)

Emlo) and Emieqy Are the transconductance _OfMln) and Mm.
Rrigy are the feedback resistance of the transimpedance
amplifier, Cy and C,; are the parasitic capacitance. of the
photodiode and capacitance required at the other input 0
rebalance the circuit, Cprap) 20d Cpuren are the parasitic gate
to source and gate 1o drain capacitances of M, ) respectively.

Mgy Misg) form the second stage amplifier. This second
gain stage should be designed in the way that its dominant pole
is far from the pole of the first stage so that the stability of the
circuit in the close loop syster is obtained. Because the load
resistance Ry.q) in the first stage arc designed to be large, the
input capacitance of the second stage amplifier should be kept

minimized. In-this work, a method of reducing the input:

- capacitance of differential pairs while maintaining the same
gain is realized using fr doublers together with the capacitor
compensation techoiques. From Figure 3, Mygy- Mg, form fr
doubler circuit. The cross connection.of My, is 1o keep the
voluage gain of the circuit the same as that of conventional
differential amplificr while the input capacitance of the the
second stage i3 Cppp.ay2. The bias voltage Vi, is chosen equal
1o the common mode:level of the output signal from the first
stage allowing. the differential. pairs to operale with zzro

systematic offset. Another capacitances that could decrease .

the poles of the second stage are the gate drain overlap
czpacitance Cpr of My ). These capacitanicesare the resulf of
an unavoidable ‘lateral diffusion under the: poly-silicon gate
material. Cpy of My, degrade the output to input isolation
and reduce the unity gain frequency, £, and their effects on the
input capecitances of the second gain stage are multiplied by
the Miller effect. In this work, the capacitor compensation (or
neutralization) technique is used to reduce this effect. The
capacitor Cyq are employed to cancel the signal flow through
Cyasny by adding additional signal paths around the amplifier
so that the net signal flow. throtigh Cpayepy is zero. In other
words, since the drain voltages of My, and Mg, are 180°
phase shified, the current through Cp, is. equal in magnitude

and opposite in phase 10 the ¢urrent flowing through Coasoty

" provided that Cp) are cqual to Cpypay. .
The gain of the second stage, Ays, can be found using small
signal equivalent circuit and can be shown as

8 o301 Rruiy

(%)

m

Ay,

I
1+ — [+__s_

:
v Fm A Cny

where

o
Crree
Rm-u["cy sy ¥ -'E';_‘_I + C,ﬂ-nJ + ]Cpﬂﬂukhqn

i

(‘c,nqu + cg'l-q.l + 2c|¢lo(ﬂ’kl¢|’ll + 6C,,,,‘.,R,.“,

@
" (uc:nm. +3C 1300 C prery * GC,,,,,,,C._,,_t.,)R,,(.,R..‘.,

Itis noted that @, is much greater than w,;. Therefore, itis
reasonable 1o assume that the basic amplifier consists of only
two major poles, namely, @, in (4) and w,, in (5) as shown in

(1). From (4) and (5), one can easily derive the low frequency ** .-

gain of the proposed basic amplifier,
“BateaiBmsetRispRiutRe 10y

In the feedback network, the cross connections consisting
of Rrigyand Cr, g as shown in Figure 3 are employed. The
choice of this shunt feedback configuration is to avoid the
third inveniing stages. As a result, the power consumption is
reduced and the loop delay can be minimized while the
stability at high bit rates can be achieved. In addition, this
feedback network introduces the phantom zero which allows
the circuit designer to position the pole of the Z amplifier as
desired.

a, o be

Sun

Rum

al

-

Vi

Figure 4. Feedback network.

The feedback network is redrawn for convenience and

shown in Figure 4. From Figure 4, the feedback factor is
given by

C)

S= b . bolt+——)
v @y

where b, and wg, are -1/Rrigy and 1/Rri)Crip) respectively.
Having known both transfer function of the open loop gain

*-and feedback factor allows us to find both natural frequency

w, and damping factor § in terms of circuit elements. By
reamanging the denominator in (3) in the form of
s+ 2{w,s+a’,, natural frequency w, and damping factor { are

@, =0 +agho)w,,, ™
& w (@4 + @p,) +(apb0,,0,,) [0,
2J(1+ apb, Yo,

Because large natural frequency, w,, decreases the rise time

. and settling time of the system, w, should therefore be

maximized indicating that a,, bs, wp) and wp,; should be large.
The damEing factor { on the other hand determines the peaking
in the frequency response. It is well known that the peaking
can be used 10 enhance the bandywidth and thus the speed of the
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operation. From (7), one can adjust the damping factor { via a,,
ba wp; wpy and wyz. Because a, should be maximized o
increase the loop gain and b, determines the close loop gain of
the Z amplifier, therefore their values can not be arbitrarily
chosen. @p; and wp; are major poles in the first and second
stage of the basic amplificr and can not be arbitrarily adjusted
as they affects other characteristics of the whole systems.
Therefore, we decide to adjust { via the feedback capacitor
Crir It is instructive to note that, although the peaking
improves the bandwidth, the peaking should not be set too
high because it directly affects the stability of the close loop
system. [t is known that the peaking should be set less than
6dB to enjoy both speed and well-behaved response to the
incoming random data [§].

The value of capacitor Cr as a function of damping factor {
can be found by rearranging (6) and (7) as

(": * ";t,

C,
""’- aba @, R,

—
Z _
Avo . v,
v +
— -
¢§
R,
‘_@f:.l"
:é'l
(®
] ey
Cn
Rn
— r b—— &
'ié Nl L D

Figure 5. (a) Shunt-Shuat transimpedance amplifier with nolse
geaerators (b) Eqaivalent represeatation of input
nolse geoerator

Figure 5a) shows shunt shunt feedback amplifier with all
noise generators. Noises in the basic amphﬁer A... are

represented by equwalcn: input generators v “and : . The
noise pcrformance of the overali circujt is- rcpmscmcu oy
equivalent mput noise cwrent generator i‘ 25 shown in

Figure 5b) In our analysis, the noisc generator in the basic
amplifier ignores the 1/f noise of the transistors because the
bandwidth of the circuit is quite large and only the thermal
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noises are considered here. In addition, the noise due to the
second gain stage is also ignored since the noise sources in the
second stage, when referred to the input, are divided by the
large gain of the first stage amplifier.

. The equivalent input noisc current spectral density is ZE
where

4
Eo S e T

! 8
WGy +—— ()
-umx-am T Rwl]

1 C
x[ 3 “‘ﬂll(cuu-m *'_";i"“cﬂn:n"'cuu):]
4

LAk +r8.‘n]
xnum k 8’.‘-mR--m

l 1,1
x +0'C
[R:'l(!) nm]

where X, Tand I m the Bolzmann constant, armmbicnt
temperature and noise factor of the MOSFET respectively.

Eater) 8-1-{»)

248 ]

3. Simulation Results

To verify the circuit performance, HSPICE is used to
simulate the proposed circuit using a standard 0.5pm CMOS
process with 2.5V supply voltage. The depletion capacitance
of photodiode is 0.5 pF. Bias current of the-first and second
siage ampiiliers are chosen 0 be 10 mA and 300 pA
respectively. These bias current values are chosen W optimize
speed, input noise current spectral density and power
dissipation of the circuit. Figure 6 shows frequency response
cf the propesed Z amplifier. As scen, the transimpedance gain
is found to be 80 dB and the bandwidth of the proposed circuit
depends on the peaking caused by phantom zero introduced by
the feedback network. It is noted that different values of
capacitance Cgy cause different magnitudes of the peak gain
and bandwidth without sacrificing the low frequency gain.
We have found that the capacitance Crg) of 35 fF results in
the bandwidth of 2.29 GHz and the peaking of 2 dB, The
equivalent input noise current spectral density is shown in
Figure 7 and found to be 7.4 pa/JHzat 1 GHz The total
power dissipation is 29.6 mW.

4, Conclusion

A 3 Gb/s and 80 dB CMOS differential transimpedance
amplifier is proposed. The circuit is based on shunt-shunt
feedback structure, The basic amplifier uses differential
cascode, fr doubler and capacitor compensation techniques

_ while the feedback network introduces phantom zero allowing

the designer.te pesitior. the pols in any desired region of the
close loop systems. The difTerential feedback structure makes
the circuit immune o the supph noise.
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Abstraci— In this paper, a 3 Gb/s 80 dB differential CMOS

transimpedance ampllfer is proposed. The shunt-shunt
feedback configuration is used to compromise beh\'e:n the
wide bandwidth of the low impedance design and the low noise
performance of the high impedance design. The basic
amplifier employs fy doubler and compensation capacitor
téchniques to enhance the bandwidth. The phantom zero
introduced by the feedback network is used to position the pole
in any desired region of the close loop systems. HSPICE is
used to verify the circuit performance with a standard 0.5 pm
CMOS technology and supply voltage of 2.5 V. Simulation
results demonstrate the gain and the speed of opcranon of 80
dB and 3 Gb/s respectively. The equivalent input noise current
spectral density is found to be 7.8 p.uJ_ at 1 GHz and the

total power dissipation is 58.4 m\W

L lNTRODUCTION
The technology of optical fiber communication systems

2re advaneing rapidly in both hizh bit rate short and medium
range due to the absence of electromagnetic cmission of
optical fibers and their inherent insensitivity to electrical
interference. In the design of these systems, the design of
the front end preamplifier is well known to be the most
difficult as it plays a critical role in dictating ‘the whole
system . performance. Normally, a high  speed
transimpedance (Z) amplifiers are the most widely used as a
front end preamplifier where its function is to convert the
optical signals into electrical signals. The design involves
careful optimization of a number of tradeoffs between
bandwidth, gain, noise and power consumption.

With recent advance in fabrication technology for ultra
high speed devices, many Z amplifiers have been
successfully desugned and developed as gigahertz-band
amplifiers using - -GaAS based devices such 'as MESFET,
PHEMT -and HBT([1-2]. However, as 10 the advanced
pcrfonnancc progress in ‘deep sub-micron - MOSFET

tachenlazy, MOSFET tucomie: o sramisies setlem e
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reahzc h:gh speed and high frcquency integrated circuits.
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silicon area and compatibility with the dominant transistor

" technology in both analog and digital applications. In

addition, MOSFET can achieve very high cutoff frequencies
(3] comparable to that of Si-Ge bipolar transistor or 111-V
devices but at a much lower cost.

This paper presents a 3 Gb/s and 80 dB CMOS
differential transimpedance amplifier. It is realized in a
standard 0.5pm CMOS technology. The basic amplifier
consists of two major stages of which the first high gain
stage is connected in a differential cascode configuration
and the second wide band stage. employing fr doubler[4]
and capacitor compensation techniques[5]. provides the
further amplification to increase the loop gain.  The
feedback network introduces phantom zero allowing the
designer to position the pole in any desired region of the
close loop systems.  The dificrential feedback structure
makes the circuit immune 1o the supply noise.

1. THE PROPOSED TRANSIMPEDANCE
AMPLIFIER

The transimpedance amplifier as shown in Fig. 1 is
currently the most widely used because it avoids the
dynamic range problem associated with high impedance
design, and because they provide a good compromise
between the wide bandwidth of the low impedance design
and the low noise performance of the high impedance
design. A large resistor R, can be placed across the gain
stage as shown in Fig. | because the resistor Ry, » does not
need to carry a bias current allowing more voliage
headroom. In addition, the negative feedback reduces the
effective resistance seen by the photodiode by a factor of
(1+A,of) where A, is the open loop gain of the basic
amplifier and f is the feedback factor. As a result, the
thermal noise from the feedbuck resistor Rp, s can be
minimized and the bandwidth can be matched 1o that of the
signai eiiminating e need for equalization simuliancous!s.
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Fig.1 . Differential shunt shunt uansirr{pcdancc amplifier.
.. The transimpedance gain. Z. in Fig. | is given by
P e ke (1)

2, (@), +g.)a, +aubo€‘_'|_3_@1
@

+(! +aflbﬂ)a"| ‘q'_’

where a,, b,,, w,;, wp; and w., are low frequency gain of the
basic amplifier. feedback factor(b,, =1/Rg,). dominant pole
of the first stage amplifier taking into account the depletion
capacitance of the photodiode(to be discussed later), second
pOlC and phanlom zero (wy; = I/RFH:JCHQ, ) introduced b)'
the feedback network respectively.

Cdt

Fig. 2‘ Schematic diagram of’ fransimpedanc: (erémplitict

.are the parasitic gate
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Fig. 2 shows the proposed Z amplifier. The differential
input currents are obtained from the output current of the
photodiode with its phase inverted. M ,p)-Ms,p) consist to
be basic amplifier while Ry and Cgy consist to be the
feedback network. The differential structure makes the
circuit immune to any common mode disturbance by
rejecting those common mode signals by virtue of
symmetry. M,p)"Maq) forms the first stage differential
amplifier. M,,q,) is connected in the cascode configuration
to avoid the multiplication(Miller effect) of gate-drain
capacitance of M,p). In the design, Ry, are chosen to be
large to enhance the gain of the first stage and to reduce
thermal noise from itself and other noises from the latter
slages. My, in the cascode configuration reduces the
voltage swing across Cyy of My, and its noise contribution
when referred to the input is negligible. It is noted that,
with the low supply voltages, a large dc voltage drop across
the large load resistor in the first stage amplifier is
impractical thereby limiting the gain and yielding a high
input referred noise. To alleviate this problem, Ib, which is
implemented using PMOS, is biased to operate as a current
source to provide a path for the bias current of M,
allowing a greater value of Ry,q, for a given supply vollage.
Although the signal swing of the cascode configuration does
not allow wide swing, it is not much of the problem because
the output signal amplitude from the first stage is still quite
small.

The guin of the she first siage amiplifier can be derived
and shown as

¥ 0 T (2)

I+ 20,

where
|

J. lath) + (l + gmlul»l/gmz..(m]C;,-Jl.r{l!j + (‘f II!I)

@, =

l‘|| I(Cnl n

8miarp) 15 the transconductance of My,q) and My,q), Reyq) and
Crizy are the feedback resistance and capacitor of the
transimpedance amplifier, Cy4 and Cg are the parasitic
capacitance of the photodiode and capacitance required at
the other input 10 rebalance the circuit, Cystamy and Cygium)
o source and gate to drain
capacitances of M, respectively. It is noted that the gain
of the first stage is designed to be large in order to minimize
the input referred noise.

M;sap)yMae, form the second stage amplifier.  This
second gain stage should be designed in the way that its

dominant pole is far from thc first pole of the first stage so
thar the cakitin

A ke aleads etk alaca faen sy etem ic

obtained. Becuuse uu luad nsm.mu. Ry in the first slage

2w 2

R .. T vy g ee o
g Parges Vh e wefie dhiance o dheisduand

stage ‘lmpl:ﬁcr should be kept minimized. In this work. a
method of reducing the input cepacitance of ditferential
pairs while maintaining the same gain is realized using f;
doublers  together  with  the capacitor compensation
techniques.  From Fig. 2, My,-Ma,e, form f; doubier
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circuit. The cross connection of My,p, is to keep the voltage
gain of the circuit the same as that of conventional
differential amplifier while the input capacitance of the the
second stage is Cpupy2. The bias voltage Vg, is chosen
equal to the common model level of the output signal from
the first stage allowing the differential pairs to operate with
zero systematic offset. Another capacitances that could
decrease the poles of the second stage are the gate drain
overlap capacitance Cyy of My, These capacitances are
the result of an unavoidable lateral diffusion under the poly-
silicon gate material. Cgy of M,,q,) degrade the output to
input isolation and reduce the unity gain frequency, f, and
their effects on the input capacitances of the secoad gain
stage are multiplied by the Miller effect. In this work, the
capacitor compensation (or neutralization) technique is used
to reduce this effect. The capacitor Cy(, are employed to
cancel the signal flow through Cys,p) by adding additional
signal paths around the amplifier so that the net signal flow
through Cyag) is zero. In other words, since the drain
voltages of My, and My, are 180° phase shifted, the
current through C,g is equal in magnitude and opposite in
phase to the current flowing through Cggy,e) provided that
C[u) are cqual to Cm.(b)-

The gain of the second stage can be found using small
signal equivalent circuit and can be shown as

4 s g..\..‘mR:..(n (3)
T (14 sy w,.)(1+s/w,;)

where -
|

Riuis (2C asmr * Croramr /2)+ 3C s R
— (AC 30m * C vt Riuins + 6C ruiniRruny
4 (IZC:_,M“ ¥ 3C,.1.t..mc,;».\u(h:)Rz..le..m

@, =

2usi)

It is noted that w,, is much greater than wp;. Therefore,
it is reasonable to assume that the basic amplifier consists of
only two major poles, namely, @y in (2) and w,;.in (3) as
shown in (1). From (2) and (3). one can easily derive the
low frequency gain of the proposed basic amplifier. g, to be
8intattiBusahRiam)R2a0)RE12). '

. In the feedback network, the cross connections consisting
of Rgy and Cgy(s) are employed. The choice of this shunt
feedback configuration is to avoid the third inverting stages.
As a result, the power consumption is reduced and the loop
delay can be minimized while the stability at high bit rates
can be achieved. In addition. this feedback network
introduces the phantom zero which allows the circuit
designer 10 position the pole of the Zamplifier as desired.
_From (I). one can arrange the denominator in the form
5 +2(w,s+w’, where the natural frequency w, and damping
. factor § can be shown as ' )

@, = \/(] +a,b, )wmwi': (4
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Cm (@, + Wy )+ (a‘,b,,a),.,w,, ) Wy,

ZJ(I +a,b, )"’m“’n

Because large natural frequency, w,. decreases the rise
time and settling time of the system. w, should therefore be
maximized indicating that a,. b,. w,, and w,, should be
large. The dampling factor { on the other hand determines
the peaking in the frequency response. It is well known that
the peaking can be used to enhance the bandwidth and thus
the speed of the operation. From (4), one can adjust the
dampling factor ¢ via a,. b. w,. wp; and wz,. Because a,
should be maximized to increase the loop gain and b,
determines the close loop gain of the Z amplifier, therefore
their values can not be arbitrarily selected. @, and w,,, are
major poles in the first and second stage of the basic
amplifier and can not be arbitrarily adjusted as they affects
other characteristics of the whole systems, Therefore, we
decide to adjust ¢ via the feedback capacitor Ceyay. It is
instructive to note that, although the peaking improves the
bandwidth. the peaking should not be set too high because it
directly affects the stability of the close loop system. It is
known that the peaking should be set less than 6dB to enjoy
both speed and well-behaved response to random duta[6).
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Fig. 3 Shunt-Shunt transimpedance amplifier with noise generators

Fig. 3 shows shunt shunt feedback amplifier with all
noise generators. Noises in the basic amplifier, A4,,, are

represented by equivalent input generators v,f, and i'f, . The
noise performance of the overall circuit is represented by

equivalent input noise current generator ;L In our

analysis, the noise generator in the basic amplifier ignore all
the I/f noise of the transistors because the speed of the
circuit is quite high and only the thermal noises are
cunsidered here.  in addition, the noise duc o e seeond
gain stuge i< alen iennred since the nnice canrces in the
second stage, when referred o the input. are divided by the
large gain of the first stage amplitier.

The equivalent input noise current spectral density 5

can be calculated and shown as
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where K, T and T are the Boltzmann constant, ambient
temperature and noise factor of the MOSFET respectively.

lII.  SIMULATION RESULTS

To verity the circuit performance. HSPICE is used to
simulate the proposed circuit-using a standard 0.5pm CMOS
process with 2.5V supply voltage. The depletion capacitance
.of photodiode is 0.5 pF. Bias current of the first and second
stage amplifiers are chosen to be 10 mA and 400 pA
respectively.  These bias current values are chosen to
optimize speed, input noise current spectral density and
power dissipation of the circuit. Fig. 4 shows eye diagram of

- the circuit connected to the limiting amplifier at 1.6 GHz.
Fig. 5 shows frequency response of the proposed Z amplifier.
As seen. the transimpedance gain is found to be 80 dB and
the bandwidth of the proposed circuit depends on the
peaking caused by phantom zero introduced by the feedback
network. It is noted that different values of capacitance
Cruya cause different magnitudes of the peak gain and
bandwidth without sacrificing the low frequency gain. We
have found that the capacitance Crigzy 01 33 IF results in the
bandwidth of 2.16 GHz and the peaking of 2 dB. The
equivalent input noise current spectral density is shown in
Fig. 6 and found 10 be 7.8 p4/JHzat | GHz. The total
power dissipation is 58.4 mW,

IV. CONCLUSION

A 3 Gb/s and 80-dB CMOS differential transimpedance
amplifier is proposed. The circuit is based on shunt-shunt
feedback structure. The basic amplifier uses differential
cascode, fr doubler and capacitor compensation techniques
while the feedback network introduces phantom zero
allowing the designer to position the pole in any desired
region of the close loop systems. The differential feedback
structure makes the circuit immune to the supply noise.
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