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Abstract: A novel high-bandwidth, high-sensitivity differential optical receiver without any additional cost compared to

general optical receivers, is proposed for high-speed optical communications and interconnections. High bandwidth and

high sensitivity are achieved through a fully differential transimpedance amplifier with balanced input loads and two pho-

todetectors to convert the incident light into a pair of differential photogenerated currents,respectively. In addition,a cor-

responding 0. 35,m standard CMOS optoelectronic integrated receiver with two 60pm X 30um, 1. 483pF fingered p* /n-

well/p-substrate photodiodes is also presented. The simulation results demonstrate that it achieves a 1. 37GHz bandwidth

and a 81. 9dBQ transimpedance gain, supporting data rates up to at least 2Gbit/s. The device consumes a core area of

0. 198mm” and the optical sensitivity is at least —13dBm for a 10~ '* bit error rate under a 2" —1 PRBS input signal.
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1 Introduction

Differential optical receivers are commonly ap-
plied in high-speed fiber communications because of
their high immunity to common-node noises and their
high stability. Progress has also been made recently
based on CMOS processes. References' ™! have repor-
ted several high-speed CMOS differential optical re-
ceivers,some of which achieve a 3. 125Gb/s data rate.
However,all of these receivers are either hybrid-inte-
grated'"*’ or inapplicable”’ because of the poor re-
sponsivity of standard CMOS photodetectors and the
tradeoff limitation between the sensitivity and the
bandwidth.

To solve these issues,the concept of a novel high-
bandwidth,high-sensitivity differential optical receiv-
er is proposed based on general differential optical re-
ceivers. A corresponding differential optoelectronic
integrated receiver is also presented in an unmodified
Chartered 0.35pm standard analog CMOS 2P4M,
3. 3V process.

2  Concept of a novel differential optical
receiver

In this section,a method for improving the band-
width of a single-beam differential transimpedance
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amplifier (TIA) is introduced. Then,a novel method
of doubling a single-beam differential optical receiv-

er’

s sensitivity is proposed. Combining these two
methods, a high-bandwidth, high-sensitivity differen-

tial optical receiver is acquired.
2.1 High bandwidth design of differential TIAs

In the high-frequency domain,differential ampli-
fiers are commonly used for overcoming instability
caused by supply variations and parasitic inductors’
effect of bonding wires'* . In addition, a differential
amplifier can also achieve a cut-off frequency twice as
high as a single-input, single-ended amplifier®. A
doubling of bandwidth could be achieved if the two
input loads of a conventional single-beam differential
TIA are balanced, which could be implemented by
adding a dummy capacitor™ or a shaded detector™/,
or by applying a spatially modulated photo-detec-
tor %),

Figure 1(a) is a differential TIA with balanced
input loads proposed to acquire high bandwidth,
where C is a dummy capacitor added for input load
balancing. The capacitance of Cy is equal to the pn-
junction capacitance of the 40ym X 40pm, 1. 313pF
p’ /n-well photodiode D1, supplied in a Chartered
0. 35pm standard analog CMOS 2P4M, 3. 3V process.
In the circuit design, nMOS transistors are applied
here to replace load resistors for stable performance
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Fig.1 A differential TIA with balanced input loads (a) Sche-
matic; (b) Frequency response

because of the resistors’ poor precision. Figure 1(b) is
the simulated frequency response characteristic ac-
quired by a Cadence Spectre Simulator with the Char-
tered 0.35um standard analog CMOS 2P4M, 3.3V
process model library, where [ V (outl)-V (out2)] _
asym and [ V (outl)-V (out2)]_sym are the results
without and with the dummy capacitor Cg , respec-
tively. The differential TIA has a great improvement
in bandwidth,from 105MHz to 2. 42GHz.

2.2 Circuit architecture of a novel differential optical
receiver

Though differential TIAs with balanced input
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loads could double the bandwidth, the branches for
input loads balancing do not contribute to incident
light sensing'***
novel fully differential TIA is proposed in Fig. 2(a).
The biggest distinction of this TIA is that a dummy

capacitor or a shaded photodiode for input loads bal-

. To improve optical sensitivity, a

ancing in a conventional differential TIA is replaced
with an illuminated photodiode,that is,two complete-
ly identical illuminated photodiodes are applied here
to convert the incident light into a pair of differential
photogenerated currents.

To maintain balanced input loads, D1 and D2
should be designed with the same size and work at the
same reverse bias. Thus, DC operating voltages at the
differential TIA’ s two input nodes should both be
Von/2. When the receiver works, the photo-currents
generated by D1 and D2 will be approximately equal
to immew » Dut with opposite current directions. It acts
like there is a current source i between the two in-
put ports of the differential TIA. Consequently, the
total input photo-current is 2i 40 » twice that of a con-
ventional differential TIA,and the doubling of sensi-
tivity is achieved.

Figure 2(a) is the circuit architecture of the no-
vel high-bandwidth, high-sensitivity differential opti-
cal receiver proposed in this paper. The TIA is the
aforementioned fully differential transimpedance am-
plifier,the LMA is comprised of several stages of a
fully differential amplifier.and the DFSO is a differ-
ential to single-ended output buffer.

Another prominent advantage of the differential
optical receiver is that no additional fiber is needed
and no extra cost is produced compared to conven-
tional single-beam differential receivers. Taking the
example of fingered p” /n-well/p-substrate photodi-
odes'” , the two photodiodes could be placed side by
side as in Fig. 2(b). Therefore, they can acquire inci-
dent lights from only one fiber simultaneously.
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Fig.2 A novel high-bandwidth . high-sensitivity differential optical receiver (a) Circuit diagram;

(b) Layout of the two illuminated photo-detectors
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Fig. 3 A standard CMOS implementation of the novel differential optical receiver

3 Design of a standard CMOS optoelec-
tronic integrated receiver

Most back-end digital processing cells in fiber
communication systems have been implemented in
standard CMOS processes. However, no applicable
standard CMOS optical receivers have been reported
yet. In this section,a high-bandwidth, high-sensitivity
CMOS differential optoelectronic integrated receiver
is presented, which shows a great potential for com-
mercial applications.

3.1 Circuit design

Figure 3 is a standard CMOS integration example
of the receiver shown in Fig.2 (a) in a Chartered
0.35pm standard analog CMOS 2P4M, 3. 3V process
on p-type substrate. In the design,two 60pum X 30pm,
1. 483pF fingered p"*/n-well/p-substrate photodi-
‘1,D1 and D2,sense 850nm incident light signals.
The photodiode is fully compatible with standard
CMOS processess where the n-well region of the pho-
todiode and the n-well (substrate) regions of pMOS

odes

transistors are fabricated simultaneously. The fingered
p* region and the p* guard ring of the photodiode
and the p* (source and drain) regions of pMOS tran-
sistors are fabricated simultaneously. The pn-junction
capacitance of the photodiode is acquired by layout
extraction. The LMA is composed of three low-gain,
high-bandwidth fully differential amplifiers. Except
the TIA,LMA,and DFSO,an additional BIAS stage is
also needed to supply a bias current for the whole
chip. For bandwidth enhancement, folded active in-
ductors'”' are also used,such as R, and M3, R, and
M4,R, and M8, R; and M9, R, and M13,and R; and
M14.

In the high-frequency domain above gigahertz, it

is significant to take parasitic inductors of bonding
wires into consideration. Usually,a 1mm bonding wire
will produce about a 1nH parasitic inductor® . There-
fore, the circuit model of a bonding wire can be equiv-
alent to the series of a 1nH inductor and a 50mQ re-
sistor (large enough for a bonding wire’s resistance) ,
shown in Fig. 3. Excluding the parasitic inductors, the
circuit model of the oscilloscope / probe system™’ is
also considered in the design.

3.2 Simulated performance

Figures 4 and 5 are the simulated results acquired
by a cadence spectre simulator with the Chartered
0. 35pm standard analog CMOS 2P4M, 3.3V process
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Fig.4 Simulated characteristics (a) Frequency response and
noise characteristics of the optical receiver; (b) Frequency re-

sponse of the DFSO
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Fig.5 Simulated eye diagrams under a 2'° — 1 PRBS input sig-
nal (a) 2Gb/s without parasitic inductors; (b) 2Gb/s with par-
asitic inductors

model library. Figure 4 (a) is the corresponding fre-
quency response and noise characteristic of the receiv-
er shown in Fig.3.Curves a and b are the character-
istics of the output voltage V (out) versus frequency
with bonding wires and without bonding wires, re-
spectively. Curves ¢ and d are the characteristics of
the differential voltage V (outl)-V (out2) versus fre-
quency with bonding wires and the total equivalent
input integral noise current, respectively. A 1. 37GHz
—3dB frequency and a 81. 9dBQ transimpedance gain
are achieved. Comparing curve a with b,the parasitic
inductors of bonding wires contribute to a several
hundred megahertz reduction in the — 3dB frequency.
Curve c¢ indicates that a 2GHz bandwidth could be
obtained if the — 3dB frequencies of the LMA and the
DFSO are enhanced to about 10GHz, meaning that
smaller gate length processes should be applied. In ad-
dition, curve d demonstrates that the total equivalent
input integral noise current of the chip is about
0.274A from zero to — 3dB frequency, and a
— 13dBm sensitivity can be achieved under the limita-

tion of a 10™ " bit error rate for 60pm X 30pm fin-
gered p* /n-well/p-substrate photodiodes, the respons-
ivity of which is about 0. 0378A/ W™ (the calculation
of optical sensitivity is described in Ref.[9]).

Generally, the bandwidth of a typical DSC (dif-
ferential to single-ended conversion) is only several
hundred megahertz because of its high output resist-
ance. To extend the bandwidth, a new DFSO is de-
signed,shown in Fig. 3, where two pMOS diodes are
added in parallel with the two pMOS loads to reduce
the output resistance greatly. Figure 4(b) is the simu-
lated frequency response of the DFSO and the corre-
sponding conventional DSC without pMOS diodes.
The bandwidth has been greatly improved, from
510MHz to 1. 68 GHz.

Figures 5(a) and 5(b) are simulated output eye
diagrams under a 2'° —1 PRBS input signal,where the
intensity of the photodiode’s photogenerated current
is assumed to be 3pA (the experiment photogenerated
current of a 40pm X 40um fingered p* /n-well/p-sub-
strate photodiode under a — 11dBm or 79. 4W inci-
dent optic power is 3pA™”™) . The figures show that the
output voltage signal amplitude is about 90mV, and
the receiver can achieve at least a 2Gb/s data rate.

3.3 Chip layout

Figure 6 is the entire chip layout of the receiver,
shown in Fig. 3.in the Chartered 0. 35um standard an-
alog CMOS 2P4M, 3. 3V process. The core area is a-
bout 0. 198mm? and the total chip size with pads is a-
bout 1285pm X 303pm.

4 Conclusion

A novel high-bandwidth, high-sensitivity differ-
ential optical receiver is proposed,and a correspond-
ing optoelectronic integrated receiver is also presen-
ted in a Chartered 0.35pm standard analog CMOS
2P4M, 3. 3V process. In the receiver, two completely
identical photodetectors are used to double the band-
width and the sensitivity simultaneously. They are also
integrated into a single layout cell to acquire incident
light from the same fiber for cost reduction. In addi-
tion, a high-bandwidth differential to single-ended
output buffer is also designed.

Fig.6 Chip layout
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