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Abstract: A wideband monolithic optoelectronic integrated receiver with a high-speed photo-detector, completely

compatible with standard CMOS processes,is designed and implemented in 0. 6xm standard CMOS technology. The

experimental results demonstrate that its performance approaches applicable requirements, where the photo-detec-

tor achieves a — 3dB frequency of 1. 11GHz,and the receiver achieves a 3dB bandwidth of 733MHz and a sensitiv-

ity of —9dBm for A=850nm at BER=10"".
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1 Introduction

In recent years,research of transceivers (non-
optoelectronic integrated) based on CMOS has
made much progress'''?', where OC-192 chips
(10Gb/s) have been obtained by 0. 13ym CMOS
technology'®' . But for considerations of cost re-
duction and performance improvement, much
more attention should be attached to monolithic
CMOS optoelectronic integrated receivers, be-
cause the cost of receiving modules and packaging
will be significantly lowered,and the parasitic ele-
ments due to bonding pads and wires between the
photo-detector and the receiving circuit will be
climinated if present optical receivers are inte-
grated into single CMOS chips.

Much research about CMOS optoclectronic
integrated receivers has been reported by foreign
institutions. A 1Gb/s optoelectronic integrated re-
ceiver with a 0.04A/W
—6dBm sensitivity for A = 850nm in a 0.35pm
standard CMOS process was first reported by Bell
laboratory™* ,and a 1Gb/s receiver with a 0. 08A/
W responsivity in a 0.1pm standard CMOS
process was also presented in Ref.[5], but their

responsivity and a

sensitivity is far below the application require-
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ment, which is usually less than —10dBm. Rooman
et al .'" reported a — 18dBm optical receiver., but
its data rate of 250Mb/s cannot satisfy high-speed
requirements. For photo-receivers applicable in fi-
ber communication systems.a 1Gb/s data rate and
a 0.48 responsivity receiver at a sensitivity of
—15.4dBm was obtained in Ref. [ 7], but too
many modifications were made to the low-cost
standard CMOS process. Reference [8] also re-
ported a completely applicable optical receiver by
utilizing an analog equalizer in a standard 0. 18m
CMOS process, which achieves a 3Gb/s data rate
and a —19dBm sensitivity for A = 850nm. But the
application of low-gain amplifiers and excessive e-
qualizing devices sacrifices too much gain, signal
to noise ratio (SNR), area and power. Further-
more,it seems that capacitors used in the analog
equalizer are off-chip, which is inconsistent with
monolithic integration.

Though short gate length processes can im-
prove speed to some extent, they result in in-
creased cost,lower junction depth and responsivi-
ty of photo-detector,and also decreased sensitivi-
ty. Therefore, we have designed and implemented
a monolithic optoelectronic integrated receiver in
a low-cost 0. 6pm standard CMOS process to im-
prove sensitivity and speed. The design of a high-
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speed photo-detector and the circuit-level design
of a wideband receiver are presented,and the re-
ceiver is implemented.

2 Design of wideband CMOS opto-
electronic integrated receiver

The limitations of optical receiver bandwidth
can be broken into two components: intrinsic
bandwidth of the photo-detector and circuit elec-
trical bandwidth, where the former is related to
the physical speed (that is limited by diffusion
and drift of carriers) at which optically generated
carriers are collected by the photo-detector, and
the latter is mainly determined by the photo-
detector’s capacitance and the input impedance of
the preamplifier. To acquire an applicable high-
speed optical receiver operating at gigabits per
second,a high intrinsic bandwidth photo-detector
must be implemented first, which will be discussed
in section 2. 1. Then a high-sensitivity and wide-
band receiving circuit, which is needed for sensing
and amplifying a photo-generated current signal,
is given is section 2. 2. The block diagram of the
wideband optoelectronic integrated receiver sys-
tem is shown in Fig. 1.

2.1 Design of high-speed photo-detector in stand-
ard CMOS process

In conventional n-well/p-substrate CMOS
photo-detectors, the physical bandwidth is limited
by the — 3dB frequency of the p-substrate diffu-
sion current, formed by the diffusion of carriers
generated in the substrate which reach the junc-
tion many nanoseconds and several microseconds
later. To eliminate the slow carriers’ diffusion
effect, a fingered dual-photodiode is designed™’,
which is composed of an operation diode (n-well/
p+) and a shield diode (n-well/p-substrate), as
shown in Fig. 2. When the detector works, the
shield diode is reversed. Therefore, the carriers
generated in the substrate cannot diffuse to the
zone of the operation diode and do not contribute
to the current in the n-well/p + junction. Further-

High-speed
photo-detector

High- sensitivity wideband
receiving circuit

Fig. 1 Block diagram of the wideband optoelectronic
integrated receiver system
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Fig. 2 Cross section of the fingered dual-photodiode

more,the pn junction depletion zone of the opera-
tion diode is maximized by the fingered p + struc-
ture, which enhances the speed greatly. However,
the elimination of slow carriers also costs much
responsivity.

The designed fingered dual-photodiode is im-
plemented in a CSMC 0. 6pm CMOS process. Fig-
ure 3 is the experimental optic frequency response
characteristic for a 40pm X 40pm fingered dual-
photodiode, which achieves a — 3dB frequency of
1. 11GHz. The experimental results also indicate
that the 40pm X 40pm photo-detector shows a
0. 95pF junction capacitance and a 0.0378A/W
responsivity.

2.2 Circuit design of wideband CMOS optoelec-
tronic integrated receiver

Considering the low responsivity characteris-
tic of the high-speed photo-detector, sensitivity
improvement should be the main design point in
the receiving circuit. Usually, it can be enhanced
greatly by applying a high input impedance tran-
simpedance amplifier, but this also contributes to
a much bigger time constant because the photo-
detector has a very large pn junction capacitance,
which is the usual tradeoff between sensitivity and
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Fig. 3 Optic frequency response curve
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Fig.4 A folded active inductor

bandwidth. To improve bandwidth, the inductive
shunt peaking technique is generally applied"*'" .
Nowadays,an on-chip spiral inductor can be im-
plemented in RFCMOS processes, which is provid-
ed by many semiconductor foundries. Compared
to an off-chip inductor, an on-chip spiral induc-
tor’ s performance is worse due to limitations of
area and process,and its inductance value is usual-
ly less than tens of nanohenry, which is quite small
and can only satisfy the requirements of high fre-
quency circuits. In the domain of intermediate fre-
quency,active inductors are generally used to re-
place spiral inductors for frequency compensation
because they occupy much less area and achieve
much higher inductance values.

The realization of a folded active inductor,
composed of an nMOS transistor and a resis-

tor''*), is shown in Fig. 4(a). Figure 4(b) is the

small signal equivalent circuit of Fig. 4(a) when f
<fr/2 (fy is the cut-off frequency of the MOS
transistor) . Figure 4(c) is the characteristic curve
of the input impedance Z;, versus frequency.
When fe0<<f<fpor » Figure 4(b) is equivalent to
Fig. 4(d),where L, = (CxR3)/(guRs— 1), R, =
Ry/(gnRs—1),and Ry = R,.

The designed receiver with photo-detector
and active inductor is shown in Fig. 5, which con-
tains one transimpedance input stage,four amplif-
ying stages and one output stage. In Fig. 5, I and
C, are the photo-generated current and the pn
junction capacitance of the photo-detector, re-
spectively, and they comprise the equivalent cir-
cuit of the photo-detector. In each amplifying
stage,including the transimpedance input stage,an
active inductor and parallel resonant peaking
technique are applied to extend bandwidth, where

Negative
feedback circuit

Fig. 5 A CMOS optoelectronic integrated receiver
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Negative feedback circuit
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Fig. 6 Die photograph of the CMOS optoelectronic integrated receiver

the parallel resonant loop is comprised of an ac-
tive inductor,an output resistor,and the input ca-
pacitor of the next stage,and the peaks formed in
every stage intersect in the frequency domain to
get maximal bandwidth. Furthermore, a direct
current negative feedback technique is also ap-
plied to overcome the instability caused by tem-
perature drift and supply power variation. The
negative feedback circuit is shown as the part of
the circuit below the dashed line in Fig. 5, where
the circuit,comprised of Mx,Mbl,Mb2,Mb3 and
Mb4 ,supplies bias voltage V.

3 Experiment results

The proposed CMOS optoelectronic integrat-
ed receiver has been implemented in a low-cost
standard 0. 6um CMOS process. Figure 6 shows
the die photograph, where a 40pm X 40pm fin-
gered dual-photodiode designed in section 2.1 is
applied and the supply voltage is 5V. The core
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Fig. 7 Simulated transimpedance versus frequency

characteristic

area is 0. 15mm?”.

Figures 7 and 8 are the simulated and meas-
ured frequency response characteristic curves, re-
spectively,where the transimpedance gain in dBQ
equals the output voltage V., in dB minus the
photo-generated current I, in dB. The measured
results show that a 733MHz 3dB bandwidth is
achieved where the input photo power is —5dBm
at a wavelength of 850nm, which matches the sim-
ulated — 3dB frequency demonstrated in Fig. 7.
Figure 9 shows that the total equivalent input
noise current at the input port is 626nA from zero
up to — 3dB frequency, which means a sensitivity
of —9.4dBm can be achieved under the limitation
of a 107" bit error rate (the calculation method
of sensitivity is described in detail in Ref.[12]).
The measured eye diagram has been depicted in
Fig. 10 under — 8dBm 1Gb/s input photo signal at
850nm wavelength, and the measured output sig-
nal amplitude is 163mV.
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Fig. 8 Frequency response with — 5dBm input photo
power
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Fig. 9 Simulated output voltage and equivalent input
noise current versus frequency characteristic

39.6mV/div =

500ps/div

Fig. 10 Eye diagram for — 8dBm 1Gb/s input photo
signal

4 Conclusions

The integration of a photo-detector and a re-
ceiving and amplifying circuit in a single CMOS
chip not only reduces the cost of the receiver ef-
fectively, but also greatly improves the perform-
ance of the receiver because of the elimination of
parasitic capacitors and inductors caused by bond-
ing pads and wires between the photo-detector
and the receiving and amplifying module. This pa-
per describes the design of an optoelectronic inte-
grated receiver that is completely compatible with
standard CMOS technology and the implementa-
tion of it in a CSMC 0. 6um standard CMOS
process. The experimental results indicate that it
achieves a 733MHz 3dB bandwidth and a —9dBm

sensitivity for A =850nm at BER=10"".
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