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Bandwidth Design for CMOS Monolithic Photoreceiver
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Abgtract : A monolithic photoreceiver which consists of a double photodiode (DPD) detector and a regulated cascade
(RGC) trans mpedance amplifier (TIA) is designed. The small signal circuit model of DPD is given and the band-
width desgn method of a monolithic photoreceiver is presented. An important factor which limits the bandwidth of

DPD detector and the photoreceiver is presented and analyzed in detail. A monolithic photoreceiver with 1 71GHz
bandwidth and 49dB trans mpedance gain is desgned and smulated by applying a low-cost 0. 4 m CMOS process

and the test result is given.
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1 Introduction

Electrical interconnectson boards and between
boards have been becoming a problem due to the
increase of chip and system clock frequencies. Opti-
cal interconnects and optical data transmissions via
fibers are alternative to avoid the problem'"!. Pho-
toreceiver is a key device in optical interconnects
and optical data transmissons. To achieve high
speed and high volume ,the integration of the pho-
todetector with the required circuitry is desrable
for optical receiver. The optoelectronic integrated
circuit (OEIC) receiver will be needed in the next
years for optical interconnects and optical data
transmissons.

Most modern CMOS and BiCMOS processes
implement self-adjusting well formation and re
quire only the lithography step for the formation of
both n” and p~ type wells? . The p~ type doping
concentration in an n*/p~ substrate photodiode is
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consequently higher than 10*°cm™® ,and the space
charge region is very thin. Therefore,a large por-
tion of the carriers is photo-generated outside the
space-charge region and a large contribution of
dow carrier diffuson to the photocurrent leads the
bandwidth to be less than 7M Hz. To avoid dow
diffuson of photo-generated carriers without con-
ducting additional process steps,a double photodi-
ode (DPD) was suggested by Woodward and
Krishnamoorthy®*'. The DPD detectors can be
fabricated in commercial CMOS technologies with-
out any process modification. Their OEIC receiver
can operate at 1Ghit/s in 03 m CMOS
process*®' . However , the design method of the
amplifier in the OEIC receiver was not presentedin
Refs. [4,5] and the desired performanceis difficult
to achieve in a 0. 4 m CMOS process; besides,the
amplifier instability might be high due to their sm-
ple circuit structures.

In general , wide-band trans mpedance ampli-
fiers (TIAs) are the necessary front-endsfor opto-
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electronic communication systems. To achieve
higher gain and to get wider bandwidth, Park and
Yoo'®"! demonstrated a 2 5GHz regulated cascade
(RGC) TIA ina0 ¢ m CMOS process. But their
design methodisjust useful for RGC TIA not for a
monolithic photoreceiver because the photodiode
model they used is a PIN (postive,intrinsc,and
negative region diode) model , which can not be
manufactured in standard CMOS process. In addi-
tion ,although the RGC TIA can eficiently isolate
the large junction capacitance of the photodiode,
the dow diffuson carrier of any photodiode manu-
factured in standard CMOS process will affect
bandwidth of photoreceiver, to which their re
port®” did not take into account.

In this paper ,we will demonstrate the band-
width desgn method for an OEIC receiver. And we
will firstly (to our knowledge) give acircuit model
of the DPD detector. The smulation results and the
chip photograph of the photoreceiver will be also
illustrated.

2 Sructure and mode of DPD detec-
tor

DPD is a CMOSprocess compatible detector.
Figure 1 shows its cutaway sketch®“!. p-diffusion
is connected to the transmpedance amplifier, n-
well is tied to the detector bias (postive) and the
guard ring is grounded. So,this structure forms
two junctions:np junction of n-well to p-substrate
and p-n junction of p-diffuson to nwell. The n
well region is surrounded by the grounded p guard
ring. Ingde the n~well ,an interdigitated network of
the p source-drain material forms the active termi-
nal of the detector. The n-well is tied to the detec
tor bias and intends to screen the active terminal
from the dowly responding bulk-generated carri-
ers.

High capacitance is generally believed to be
the main reason of limiting the detector’ s speed,
but we have found a remarkable restrictive factor
by the method of device smulation. Though the

n-well
contact

n-well

Guard ring

p-subtrate

Fig.1 Cross section of DPD detector structure

dow carrier diffuson in p-substrate can be avoided
by applying two verticaly arranged p-n junctions,
it is unavoidable that the hole carrier diff uses slow-
ly to the p-njunctionin n-well. The noticeable sow
speed of the hole carrier brings the DPD detector a
delay time. Through a detailed smulation of the
carrier movement'® \we can reasonably assume that
the diffusng distance of the hole carrier is 1/2
1/ 3 of the depth of the n-well. Then,the circuit
model of DPD detector which has taken the limita
tion factor into account can be deduced.

The circuit model of DPD detector can be ob-
tained by consulting the circuit model of PIN pho-
todiodes which has been presented in Ref. [9]. We
can ignore the delay time generated by p-diffusion
and depletion region. Then the current equation can
be written as

|Op:C1OdFth+%£+%::+BpRn+lpo (1)

LV

dt * (2)

b =1lp+1i+G

where o isthe photo-generation current in n-well ,

Co isaconstant and it can be thought as a capaci-

_ 9P
Cq

tance, Vp = , qis the electronic charge, Pnis
0

. 1, .
the total excess holesin rwell , R, = C, Ioisthe
0

hole lifetime in nmrwell , Ry = ch(Wn/Lp) - 1,

ch(x) = e_+2e_ ,Wh is the distance of the drifting

hole carrier in nrwell ,L, is the diffuson length of
holein nrwell , 1, isa steady state value for the op-
tical input, I; is the output current of DPD detec-
tor, li is the photo-generation current in depletion
region, lo/ li= Wh/ Wi ,Wi is the depletion region

width of the p-njunction. I, = é‘L +Bp Pn + I, G
d
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is the junction capacitance, Is is the dark current
under the inverse bias state,and it is independent
of Vj.Let

Vp = Voo +AVp, Ip = I +A 1y,

lop = lopo *A lop, i = lio +A I,

Vi = Vjp +A VvV,
where Vo is the steady state value of V, ,etc. ,the
di sturbance equations of (1) ,(2) are given by
VP VAR \VA

A|op = Go dt Rp de (3)
Al :A|p+A|i+Q% (4)

whereA 1, = ATR\;“ Although B, P is not a steady

state valuefor the optical input ,it is very small and
independence of V, ,90 it can beignoredin the dis
turbance equations. From Egs. (3) , (4) ,the small
signal model for DPD detector can be constructed
(see Fig.2). Rsisthe contact red stance.

T T T2
AI" AL deAl’ AL 1€
op P i !

T °

FHg.2 Small sgna model of DPD detector

3 Analysis of RGC TIA circuit and
bandwidth of photoreceiver

Figure 3 shows the schematic diagram of a
RGC TIA"®" M1 and M2 make up of the RGCin-
put stage and form the first gain stage. Due to the
low impedance characteristics of the RGC circuit ,
the total input capacitance determines the non
dominant pole of the amplifier. A common drain
stage (M3) is inserted between the RGC input
stage and the transconductance stage ,and works as
a voltage follower. Without this voltage follower
stage,the large input capacitance of M4 will re-
strict the potoreceiver’ s bandwidth. Meanwhile,
thisinserted voltage follower reduces the open-loop
gain. Therefore it is necessary to optimize the sze
of M3 for the desred bandwidth and gain. The
common source stage (M4) is the second voltage

gain stage. For wide bandwidth, its gatewidth
should be selected to be small because of Cyu. M5
and M6 are output buffers.

M4
>
RST R,

Fig.3 Schematic diagram of RGC TIA

The input impedance of the RGC TIA can be
yielded by small signal analyss,

o1 @
Zn = gml(l + gme RZ) (5)

where 1 + g R is the voltage gain of the local
feedback stage (M2 and R:). The input impedance
is 90 small that it efficiently isolates the large input
parasitic capacitance, resulting in a potential for
wideband width. The dominant pole of the ampli-
fier is determined by the time constant (1) at the
highest impedance node which is the drain of M1,

1
o ®

T: = (Rl Rm) (Ca + Cg + Gm) =
where Ca isthe total drain capacitanceof M1,Cgis
the total gate capacitance of M3 ,Rm and Gm are the
Miller’ s equivalent reds stance of the feedback re-
sstance R and Miller’ s equivalent capacitance of
the paradtic capacitance of G ,regpectively. Rm and

Gm are given by

__ R
Rfm-1+gm4RA (7)

__ G
om-1+gm4R4 (8)

There are several other norn-dominant polesin
the RGC TIA ,which have been detailedly analyzed
in Refs.[6,7]. In order to analyze RGC TIA and
DPD together we can neglect the other non-domi-
nant polesin RGC TIA.

Two poles are determined by the time con-
stant @2) and @s) at the circuit model of the DPD
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detector in Fig.2,
1

T2 = Co(R Il Ra) = o (9)
Ts = G(Rs + Zn) :j; (10)

For the low-pass characteristic with three poles ,we
get
Alow

LW LW LW
(1 +le) (1 +Jw2) (1 +J(,03)

A(w) = (11)
where A 1S the low-frequency gain. At 3dB fre
guency ,the denominator of Eq. (16) should be

‘(1 +jw%) (1+jw%)(1+jw%)‘ =2 (12

or
L0 oW w1 1A
‘1 i J(.l)l sz XU)3 +J(A)[(Dl +(A)2 +(A):J )

|-

+
(A)l(.k)z (A)l(A)S (‘02(1)3

Assumingw < »&mj (i,j=1,2,3and i #j) ,the al
product terms can be neglected. The one imaginary
term will remain when

é:(ﬂ:+(ﬂ;+(ﬂ; =T1 +T2 4T3 (13)
where® is the effective 3dB frequency and is the
sum of three time constants. Thus, the - 3dB
bandwidth of the OEIC receiver fss is approxi-
mately given by

_ 1
AT 4T +T3)

12

fam

G
(1+ gmR)

It (1 + guRe) (GoRua + G(Rs + Zn))} (14)
According to Eq. (14) ,for wider bandwidth, Ru
should be reduced,that means W, should be re-
duced according to R = ch(Whs/ Lp) - 1. The Wy
is determined by selecting CMOS process and has
the relationship with the depth and the doping con-
centration of the n-well in the DPD. The other fac-
tors to increase bandwidth are the G and Zn (the

(1+ gmRe)/{ATR(Cu + Cp + ) +

series redgstor Rs of the DPD detector is very
small) ,G is determined by the area of the DPD de-
tector , Zn can be controlled by choosng the input
stage of the RGC TIA. R as0 should be increased.
Nevertheless,the affection degree of the junction

capacitor G for 3dB bandwidth is not obvious,be-
cause the input impedance Zn is very small due to
the structure of the RGC input stage .

4 Smulation results

Figure 4 shows that W, and area of the DPD
detector have obvioudy different influence on the
bandwidth of the monolithic photoreceiver. Wi is
the diffusng distance of the hole carrier and it isa
bout 1/2 1/ 3 of the depth of the n-well. For a
0. 4 m CMOS process,the depth of nwellsis ap-
proximatedly 1 21m, then W, is about O 3
1L @ m.In Fig.4(a) ,when the area of the DPD de-
tector isfixed at 2 m x 2 m and W, value chan-
ges from 0.3 to 1 M m,the bandwidth will de
crease from 2 73 to 0 49GHz correspondently.
When W, is fixed at 0 4 m and the area of the
DPD detector increasesfrom 1Qu m x 14 m to 4 m
x 4 m ,the bandwidth merely decreasesfrom 2 65
to 1L 88GHz correspondently in Fig. 4 (b). Comr
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Fig. 4
based on different Wh (a) and different area (b) of the
DPD detector

Bandwidth of the monolithic photoreceiver
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pared with the two figures,the area of the DPD de-
tector islesslimitative to the bandwidth because of
the lower input impedance in the RGC input stage
that can efficiently isolate the large DPD detector
junction capacitance G. The junction capacitance G
of A m x 1 m is about 25fF and G of 4 m x
4Q misabout 400f F. Thus,we can select the prop-
er CMOS process ,which can make W, value smal-
ler for wider bandwidth. Meanwhile ,we can prop-
erly use larger area’ s DPD detector which can in-
crease its performance when W is small enough.

5 Optimization design and manufac-
ture for photoreceiver

Available receiver bandwidth is optimized un-
der the given input optical power and detector
area. The model parameters are from CSMGC HJ
0. &4 m CMOS process,a foundry in Wuxi , China.
The dmulation results of the RGC TIA are
3 38GHz bandwidth and 51 1dB trans mpedance
gain. The smulation results of the photoreceiver
with a2@ m x2Q m DPD are 1 71 GHz and 49dB.

This photoreceiver has been realizedin CSMC
HJ 0. &4 m CMOS process through MPW in China.
Figure 5 shows the chip photograph of the photo-
receiver.

Fig.5 Chip photograph of the photoreceiver

Figure 6 shows the optic frequency response of
the photoreceiver ,with input light of 0. 7mW on
the photoreceiver. The experimental system con-
ssts of a high speed optical transmitter model ,
NF1780, New Focus, and a network analyzer ,
HP8757C. From thisfigure the optic frequency re-
sponse is about 1. 6GHz. The result is very near
the design bandwidth.

Fig.6 Optic frequency response of the photoreceiver
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