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Abstract : A monolithic photoreceiver which consists of a double photodiode (DPD) detector and a regulated cascade

(R GC) transimpedance amplifier ( TIA) is designed. The small signal circuit model of DPD is given and the band2
width design method of a monolithic photoreceiver is presented. An important factor which limit s the bandwidth of

DPD detector and the photoreceiver is presented and analyzed in detail. A monolithic photoreceiver with 1171 GHz

bandwidth and 49dB transimpedance gain is designed and simulated by applying a low2cost 016μm CMOS process

and the test result is given.
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1　Introduction

Elect rical interconnect s on boards and between

boards have been becoming a problem due to the

increase of chip and system clock f requencies. Opti2
cal interconnect s and optical data t ransmissions via

fibers are alternative to avoid the problem[1 ] . Pho2
toreceiver is a key device in optical interconnect s

and optical data t ransmissions. To achieve high

speed and high volume ,the integration of t he p ho2
todetector wit h t he required circuit ry is desirable

for optical receiver . The optoelect ronic integrated

circuit (O EIC) receiver will be needed in t he next

years for optical interconnect s and optical data

t ransmissions.

Most modern CMOS and BiCMOS processes

implement self2adjusting well formation and re2
quire only t he lit hograp hy step for the formation of

both n - and p - type wells[ 2 ] . The p - type doping

concent ration in an n + / p - subst rate p hotodiode is

consequently higher t han 1016 cm - 3 ,and t he space2
charge region is very t hin. Therefore ,a large por2
tion of t he carriers is p hoto2generated out side t he

space2charge region and a large cont ribution of

slow carrier diff usion to t he p hotocurrent leads t he

bandwidth to be less than 7M Hz. To avoid slow

diff usion of p hoto2generated carriers wit hout con2
ducting additional p rocess step s ,a double p hotodi2
ode ( DPD ) was suggested by Woodward and

Krishnamoort hy[3 ,4 ] . The DPD detectors can be

fabricated in commercial CMOS technologies with2
out any p rocess modification. Their O EIC receiver

can operate at 1 Gbit/ s in 0135μm CMOS

process[4 ,5 ] . However , t he design method of t he

amplifier in t he O EIC receiver was not p resented in

Ref s. [ 4 ,5 ] and t he desired performance is difficult

to achieve in a 016μm CMOS process ; besides , t he

amplifier instability might be high due to t heir sim2
ple circuit st ruct ures.

In general , wide2band t ransimpedance ampli2
fiers ( TIAs) are t he necessary f ront2ends for opto2
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elect ronic communication systems. To achieve

higher gain and to get wider bandwidt h , Park and

Yoo [6 ,7 ] demonst rated a 215 GHz regulated cascade

( R GC) TIA in a 016μm CMOS process. But t heir

design met hod is just usef ul for R GC TIA not for a

monolit hic p hotoreceiver because the p hotodiode

model they used is a PIN (po sitive , int rinsic , and

negative region diode ) model , which can not be

manufact ured in standard CMOS process. In addi2
tion ,alt hough the R GC TIA can efficiently isolate

t he large junction capacitance of t he p hotodiode ,

t he slow diff usion carrier of any p hotodiode manu2
fact ured in standard CMOS process will affect

bandwidt h of p hotoreceiver , to which t heir re2
port [6 ,7 ] did not take into account .

In t his paper , we will demonst rate t he band2
widt h design met hod for an O EIC receiver . And we

will firstly (to our knowledge) give a circuit model

of t he DPD detector . The simulation result s and the

chip p hotograp h of the p hotoreceiver will be also

illust rated.

2　Structure and model of DPD detec2
tor

　　DPD is a CMOS2process2compatible detector .

Figure 1 shows it s cutaway sketch[3 ,4 ] . p2diff usion

is connected to t he t ransimpedance amplifier , n2
well is tied to t he detector bias (positive) and the

guard ring is grounded. So , t his st ructure forms

two junctions :n2p junction of n2well to p2subst rate

and p2n junction of p2diff usion to n2well . The n2
well region is surrounded by t he grounded p guard

ring. Inside t he n2well ,an interdigitated network of

t he p source2drain material forms t he active termi2
nal of t he detector . The n2well is tied to t he detec2
tor bias and intends to screen t he active terminal

f rom t he slowly responding bulk2generated carri2
ers.

High capacitance is generally believed to be

t he main reason of limiting t he detector’s speed ,

but we have found a remarkable rest rictive factor

by t he met hod of device simulation. Though the

Fig. 1　Cross section of DPD detector st ructure

slow carrier diff usion in p2subst rate can be avoided

by applying two vertically arranged p2n junctions ,

it is unavoidable t hat t he hole carrier diff uses slow2
ly to t he p2n junction in n2well . The noticeable slow

speed of the hole carrier brings t he DPD detector a

delay time. Through a detailed simulation of t he

carrier movement [8 ] ,we can reasonably assume t hat

t he diff using distance of the hole carrier is 1/ 2～

1/ 3 of the dept h of t he n2well . Then , t he circuit

model of DPD detector which has taken t he limita2
tion factor into account can be deduced.

The circuit model of DPD detector can be ob2
tained by consulting t he circuit model of PIN p ho2
todiodes which has been presented in Ref . [ 9 ] . We

can ignore the delay time generated by p2diff usion

and depletion region. Then the current equation can

be writ ten as

Iop = Cn0
dV p

d t
+

V p

Rp
+

V p

Rpd
+βp Pin + Ipo (1)

IJ = Ip + Ii + Cj
dV j

d t
+ Is (2)

where Iop is t he p hoto2generation current in n2well ,

Cn0 is a constant and it can be t hought as a capaci2

tance , V p =
qPn

Cn0
, q is t he elect ronic charge , Pn is

t he total excess holes in n2well , Rp =
τp
Cn0

,τp is t he

hole lifetime in n2well , Rpd = ch ( W′n / Lp ) - 1 ,

ch ( x) =
e x + e - x

2
, W′n is t he distance of t he drif ting

hole carrier in n2well , Lp is t he diff usion lengt h of

hole in n2well , Ipo is a steady state value for t he op2
tical inp ut , Ij is t he outp ut current of DPD detec2
tor , Ii is t he p hoto2generation current in depletion

region , Iop / Ii≈W′n / W i , W i is t he depletion region

widt h of t he p2n junction. Ip =
V p

Rpd
+βp Pin + Ipo , Cj
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is t he junction capacitance , Is is t he dark current

under t he inverse bias state ,and it is independent

of V j . Let

V p = V p0 +ΔV p , 　Ip = Ip0 +ΔIp ,

Iop = Iop0 +ΔIop , 　Ii = Ii0 +ΔIi ,

V j = V j0 +ΔV j ,

where V p0 is t he steady state value of V p ,etc. , t he

dist urbance equations of (1) , (2) are given by

ΔIop = Cn0
dΔV p

d t
+
ΔV p

Rp
+
ΔV p

Rpd
(3)

ΔI j =ΔIp +ΔI i + Cj
dΔV j

d t
(4)

whereΔIp =
ΔV p

Rpd
. Alt houghβp Pin is not a steady

state value for t he optical inp ut ,it is very small and

independence of V p ,so it can be ignored in t he dis2
t urbance equations. From Eqs. (3) , (4) , t he small

signal model for DPD detector can be const ructed

(see Fig. 2) . Rs is t he contact resistance.

Fig. 2　Small signal model of DPD detector

3 　Analysis of RGC TIA circuit and

bandwidth of photoreceiver

　　Figure 3 shows the schematic diagram of a

R GC TIA [6 ,7 ] . M1 and M2 make up of t he R GC in2
p ut stage and form t he first gain stage. Due to the

low impedance characteristics of t he R GC circuit ,

t he total inp ut capacitance determines t he non2
dominant pole of t he amplifier . A common drain

stage ( M3 ) is inserted between t he R GC inp ut

stage and t he t ransconductance stage ,and works as

a voltage follower . Wit hout t his voltage follower

stage , t he large inp ut capacitance of M4 will re2
st rict t he potoreceiver’s bandwidt h. Meanwhile ,

t his inserted voltage follower reduces t he open2loop

gain. Therefore it is necessary to optimize t he size

of M3 for t he desired bandwidt h and gain. The

common source stage ( M4) is the second voltage

gain stage. For wide bandwidt h , it s gate2widt h

should be selected to be small because of Cgs4 . M5

and M6 are outp ut buffers.

Fig. 3　Schematic diagram of R GC TIA

The inp ut impedance of t he R GC TIA can be

yielded by small signal analysis ,

Zin =
1

gm1 (1 + gm2 R2 )
(5)

where 1 + gm2 R2 is t he voltage gain of t he local

feedback stage (M2 and R2 ) . The inp ut impedance

is so small t hat it efficiently isolates the large inp ut

parasitic capacitance , resulting in a potential for

wideband widt h. The dominant pole of t he ampli2
fier is determined by t he time constant (τ1 ) at t he

highest impedance node which is t he drain of M1 ,

τ1 = ( R1 ‖Rfm ) ( Cd1 + Cg3 + Cfm ) =
1
ω1

(6)

where Cd1 is t he total drain capacitance of M1 , Cg3 is

t he total gate capacitance of M3 , Rfm and Cfm are t he

Miller’s equivalent resistance of the feedback re2
sistance Rf and Miller’s equivalent capacitance of

t he parasitic capacitance of Cf ,respectively. Rfm and

Cfm are given by

Rfm =
Rf

1 + gm4 R4
(7)

Cfm =
Cf

1 + gm4 R4
(8)

　　There are several ot her non2dominant poles in

t he R GC TIA ,which have been detailedly analyzed

in Ref s. [ 6 ,7 ] . In order to analyze R GC TIA and

DPD together we can neglect t he other non2domi2
nant poles in R GC TIA.

Two poles are determined by t he time con2
stant (τ2 ) and (τ3 ) at t he circuit model of t he DPD
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detector in Fig. 2 ,

τ2 = Cn0 ( Rp ‖Rpd ) =
1
ω2

(9)

τ3 = Cj ( Rs + Zin ) =
1
ω3

(10)

For t he low2pass characteristic with t hree poles ,we

get

A (jω) =
A low

(1 + j
ω
ω1

) (1 + j
ω
ω2

) (1 + j
ω
ω3

)
(11)

where A low is t he low2f requency gain. At 3dB fre2
quency ,t he denominator of Eq. (16) should be

(1 + j
ω
ω1

) (1 + j
ω
ω2

) (1 + j
ω
ω3

) = 2 (12)

or

1 - j
ω
ω1
×
ω
ω2
×
ω
ω3

+ jω 1
ω1

+
1
ω2

+
1
ω3

-

ω2

ω1ω2
+
ω2

ω1ω3
+
ω2

ω2ω3
= 2

Assumingω< ωiωj ( i , j = 1 ,2 ,3 and i≠j) ,t he all

p roduct terms can be neglected. The one imaginary

term will remain when

1
ω =

1
ω1

+
1
ω2

+
1
ω3

=τ1 +τ2 +τ3 (13)

whereω is t he effective 3dB frequency and is the

sum of three time constant s. Thus , t he - 3dB

bandwidt h of t he O EIC receiver f 3dB is approxi2
mately given by

f 3dB =
1

2π(τ1 +τ2 +τ3 )
µ

(1 + gm4 R4 ) / { 2πRf ( Cd1 + Cg3 +
Cf

(1 + gm4 R4 )
) +

2π(1 + gm4 R4 ) ( Cn0 Rpd + Cj ( Rs + Zin ) ) } (14)

According to Eq. ( 14 ) , for wider bandwidt h , Rpd

should be reduced , t hat means W′n should be re2
duced according to Rpd = ch (W′n / L p ) - 1 . The W′n

is determined by selecting CMOS process and has

t he relationship wit h t he dept h and the doping con2
cent ration of t he n2well in the DPD. The ot her fac2
tors to increase bandwidth are the Cj and Zin ( t he

series resistor Rs of t he DPD detector is very

small) , Cj is determined by t he area of t he DPD de2
tector , Zin can be cont rolled by choosing t he inp ut

stage of t he R GC TIA. Rf also should be increased.

Nevertheless , t he affection degree of t he junction

capacitor Cj for 3dB bandwidth is not obvious , be2
cause the inp ut impedance Zin is very small due to

t he st ructure of t he R GC inp ut stage .

4　Simulation results

Figure 4 shows t hat W′n and area of the DPD

detector have obviously different influence on t he

bandwidth of t he monolit hic p hotoreceiver . W′n is

t he diff using distance of t he hole carrier and it is a2
bout 1/ 2～ 1/ 3 of t he depth of t he n2well . For a

016μm CMOS p rocess , t he dept h of n2wells is ap2
proximately 1 ～ 2μm , t hen W′n is about 013 ～

110μm. In Fig. 4 (a) ,when t he area of t he DPD de2
tector is fixed at 20μm×20μm and W′n value chan2
ges f rom 013 to 11 0μm , t he bandwidth will de2
crease f rom 2173 to 0149 GHz correspondently.

When W′n is fixed at 014μm and t he area of t he

DPD detector increases f rom 10μm×10μm to 40μm

×40μm ,the bandwidt h merely decreases f rom 2165

to 1188 GHz correspondently in Fig. 4 ( b) . Com2

Fig. 4 　Bandwidth of the monolithic photoreceiver

based on different W′n (a) and different area (b) of the

DPD detector
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pared wit h t he two figures ,t he area of t he DPD de2
tector is less limitative to t he bandwidt h because of

t he lower inp ut impedance in t he R GC inp ut stage

t hat can efficiently isolate t he large DPD detector

junction capacitance Cj . The junction capacitance Cj

of 10μm ×10μm is about 25f F and Cj of 40μm ×

40μm is about 400f F. Thus ,we can select t he p rop2
er CMOS process ,which can make W′n value smal2
ler for wider bandwidt h. Meanwhile ,we can prop2
erly use larger area’s DPD detector which can in2
crease it s performance when W′n is small enough.

5 　Optimization design and manufac2
ture for photoreceiver

　　Available receiver bandwidt h is optimized un2
der t he given inp ut optical power and detector

area. The model parameters are f rom CSMC2HJ

016μm CMOS process ,a foundry in Wuxi , China.

The simulation result s of t he R GC TIA are

3138 GHz bandwidt h and 5111dB t ransimpedance

gain. The simulation result s of t he p hotoreceiver

with a 20μm×20μm DPD are 1171 GHz and 49dB.

This p hotoreceiver has been realized in CSMC2
HJ 016μm CMOS p rocess t hrough MPW in China.

Figure 5 shows t he chip p hotograp h of t he p hoto2
receiver .

Fig. 5　Chip photograph of the photoreceiver

　　Figure 6 shows t he optic f requency response of

t he p hotoreceiver , wit h inp ut light of 017mW on

t he p hotoreceiver . The experimental system con2
sist s of a high speed optical t ransmit ter model ,

N F1780 , New Focus , and a network analyzer ,

HP8757C. From this figure t he optic f requency re2
sponse is about 116 GHz. The result is very near

t he design bandwidt h.

Fig. 6　Optic f requency response of the photoreceiver
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CMOS单片光接收机的带宽设计 3
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摘要 : 设计了一个由调节型级联跨阻抗放大器 ( TIA)和双光电二极管 (DPD)构成的光电集成接收机.给出了 DPD

小信号电路模型和单片集成光接收机的带宽设计方法 ,给出限制 DPD和光接收机带宽的重要因素 ,分析和模拟了

这个光电集成接收机的带宽 ,用低成本的 016μm CMOS工艺设计出 1171 GHz带宽和 49dB跨阻增益的接收机 ,并

给出测试结果.
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