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Abstract: A sensitivity design method for a CMOS optoelectronic integrated circuit (OEIC) receiver is reported.

The receiver consists of a regulated cascade (RGC) transimpedance amplifier (TIA) and a double photodiode

(DPD) detector. The noise and sensitivity of the receiver are analyzed in detail. The noise mainly comes from the

thermal noise of resistors and the flicker noise of MOSFETs. The relationship between noise and receiver sensitivi-

ty is presented. The sensitivity design method for the receiver is given by a set of equations. The OEIC receiver was
implemented in a CSMC 0. 6pm standard CMOS process. The measured eye diagram shows that the CMOS OEIC
receiver is able to work at bit rates of up to 1. 25GB/s and the sensitivity is — 12dBm.
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1 Introduction

With the increase of chip and system clock
frequencies,electrical interconnects on boards and
between boards have become a bottleneck of IC
systems. Optical interconnects and optical data
transmission via fibers are alternatives to avoid
the problem'’ . The photoreceiver is a key device
in optical interconnects and optical data transmis-
sion. Generally, photoreceivers must have high
sensitivity, high speed,and a high gain-bandwidth
product. A large number of photoreceivers have
been proposed and studied over the past few dec-
ades for improving their performances with re-
spect to the above characteristics. The integration
of the photodetector with the required circuitry is
desirable for a photoreceiver. Optoelectronic inte-
grated circuit (OEIC) receivers will be needed in
future years for optical interconnection and opti-
cal data transmission.

CMOS OEICs can eliminate some parasitic
effects caused by wire-bonding between optoelec-
tronic devices and Si-based signal processing cir-
cuits, thus increasing the band-width and decrea-
sing the noise of the optoelectronic system. Some
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work on this field has been reported’™* by
Woodward and Krishnamoorthy**',showing that
DPD detectors can be fabricated in commercial
CMOS technology without any process modifica-
tion. Their OEIC receiver can operate at 1Gbit/s
in a 0. 35um CMOS process™** . However, no noise
analysis or sensitivity design method for the OEIC
receiver was presented. Park and Yoo"” demon-
strated a 2. 5GHz regulated cascade (RGC) TIA
in a 0. 6pm CMOS process,but they only gave the
noise analysis of the RGC TIA, not including the
photodiode. The important performance and sen-
sitivity of the OEIC receiver were not given.

In this paper,we demonstrate the noise anal-
ysis and sensitivity design method for a CMOS
OEIC receiver. A photograph of the fabricated
chip and the measured results will be also illustra-
ted.

2 System structure

As shown in Fig. 1,the CMOS OEIC receiver
front-end consists of one DPD,one RGC TIA used
to convert the weak current detected by the PD
into a voltage signal, and an MA that amplifies
the voltage signal of the TIA and boots the signal
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swing to logic levels. An output buffer is used to
make measurement convenient. For the design of
high sensitivity, we should optimize the noise of
the CMOS OEIC receiver systemespecially of the
DPD and TIA, because the noise of other units
can be neglected when compared to these two
parts.

Output

\‘\‘ buffer Output
DPD RGC Main-

TIA amplifier

Photoreceiver

Fig.1 System structure of the OEIC receiver

3 TIA circuit topology

Figure 2 shows a schematic diagram of the
RGC TIA. M1 and M2 make up the RGC input
stage and form the first gain stage. Due to the low
impedance characteristics of the RGC circuit, the
total input capacitance determines the non-domi-
nant pole of the amplifier. A common drain stage
(M3) is inserted between the RGC input stage and
the trans-conductance stage,and works as a volt-
age follower. Without this voltage follower stage,
the large input capacitance of M4 will restrict the
circuit bandwidth. Meanwhile, this inserted volt-
age follower increases the total noise and reduces
the open-loop gain. Therefore it is necessary to
optimize the size of M3 for the desired band-
width, gain, and noise. The common source stage
(M4) is the second voltage gain stage. For wide band-
width, its gate-width should be selected to be small
because of C,,.M5 and M6 are output buffers.
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Fig.2 Schematic diagram of the RGC TIA (with ca-
pacitors used in the noise analysis)

The feedback resistor R; is not applied to the
source of M1, but to the drain of M1. There are
two reasons™®*! for this scheme. First, it is desira-
ble for the DC bias conditions not to be altered a-
long with adding the feedback resistor R;;other-
wise ,the DC voltages at each node of R; should be
as close as possible,and hence the feedback resis-
tor is preferably fed back to the drain of M1. Sec-
ond, the bandwidth extends a few times due to the
parallel combination of R, and R; with the Miller
gain. Also, due to the Miller effect, the feedback
resistor R; can be made larger than R, ,providing
lower thermal noise and higher transimpedance
gain.

4 Noise and sensitivity analysis

4.1 Noise analysis of DPD

The noise of the DPD detector system is
caused mainly by the surface leakage current
and the equivalent input noise current. The sur-
face leakage current spectral density can be de-
scribed by

i) = 2qla (1
Here, I, is the surface leakage current of the
DPD detector.

4.2 Noise analysis of the RGC TIA

According to the noise analysis steps in Ref.
[11],by a series of complex derivation,the equiv-
alent input noise current spectral density of the
RGC TIA can be described by
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The first three terms in Eq. (2) represent the
thermal noise contributions given by R;, R;,,and
R, respectively. The next three terms are noise
contributions caused by gate leakage currents of
M1,MZ,and M3, which can be assumed to be neg-
ligible. The rest represent the equivalent current
noise at the gate of M3. The voltage and current
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noise sources of M4 are referred back to the gate = i(ﬂP"Pl )2 %
of M3 and shown as an equivalent voltage noise b 2 hy

source. This voltage noise source, plus the voltage
noise source of M3, is converted to the current
noise source at the drain of M1.

According to Eq. (2), R¢s Rius Ris 2 s s s
and g., should be made as large as possible to re-
duce the total noise. To increase g.;.either the
width of M2 or the bias current of M2 can be in-
creased. Large W, means a large capacitance C, »
which will increase noise and reduce the stability
due to the decrease of the non-dominant pole at
the input terminal. Large bias current means that
R, should be reduced, but the noise will be in-
creased again consequently. In this design, an ad-
visable choice of the optimal width and the opti-
mal bias current gives a minimum noise and maxi-
mum R; and bandwidth.

The total equivalent input noise current spec-
tral density of the COMS OEIC receiver is the
sum of the two components and is thus given by

Cltow? = Ciben) + Cirge) (3)
4.3 Sensitivity analysis of the CMOS OEIC receiv-

er

The mean-squared input noise current can be

deduced from Eq. (3) and is given by"'"

N "B §
= | T
0
Here B is the operation bandwidth of the receiv-
er.

€Y

In CMOS OEIC receivers the number of pho-
to-generated electrons contained in a single bit is
usually very large (i.e.=>10*). Thus, the use of
Gaussian statistics is justified for describing the
detection probabilities in p-i-n or the DPD photo-
diodes. The equal probability or the so called bit-

error-rate (BER) can be expressed as"'"

BER = exp(— %)/«/ZKQ

This expression readily yields the conclusion
that for the standard BER of 1077, the value of Q
is 6. For all practical purposes, Q =+/S/N, where
S/ N stands for the signal-to-noise ratio. The RMS
(root mean square) detected photocurrent can be
Ip/«/f for 100% modulation,
where I, is the product of responsivity (R,) and

(€P)

expressed as i, =

the incident optical power (P,,),we can express

the mean-squared signal current as''

where & is Plank’s constant,y is the optical fre-
quency,and 5 is the quantum efficiency. The sig-
nal-to-noise ratio(S/N) is the same as z_f,/z The
sensitivity (S,) is defined as the detectable mini-
mum optical power,i. e. Popl/«/?, for a specified
value of §/N.,and it can be expressed as
Py _ hy T

NEA VSIN iy
Here the responsivity is R, = r;q/hv.

The mean-squared equivalent noise current is

S, = D)

thus given by
i_i — Popl X
2 VS/N
For a BER of 107? it has been shown thaty/S/N =
6.

(8

When the area of the DPD detector is in-
creased,the noise current of the CMOS OEIC re-
ceiver will not change a lot. The reason is that
though <E> will increase along with the in-
crease of the area of the DPD detector,it is only a
very small proportion of <ﬁ>. At the same
time, for a larger detector area, more photo-cur-
rent is generated when the optical power is con-
stant, and then more signal current can be ob-
tained. As a consequence, S/N becomes larger;
that is to say, BER of the CMOS OEIC receiver
can be improved.

5 Simulated results

The simulated results of sensitivity and noise
versus frequency characteristics are shown in
Fig. 3. The curves in the left coordinate are the
sensitivity when the responsivity of the DPD de-
tector is 0. 01 and 0. 04A/W™?* , respectively. The
curve in the right coordinate is the equivalent in-
put noise current. When the bandwidth is
1. 25GHz and the responsivity is 0.01 and
0. 04A/W ,the sensitivity of the CMOS OEIC re-
ceiver is approximately — 6.38 and — 12. 4dBm,
and the equivalent input noise current is 0. 27 A.
As the bandwidth is 1. 71GHz and the responsivity
changes from 0. 01 to 0. 04A/W,the sensitivity of
the OEIC receiver shows approximately — 5.62
and —11. 65dBm,correspondingly. Thus the sensi-
tivity of the CMOS OEIC receiver is evidently im-
proved with a higher responsivity. Nevertheless, a
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larger area of the detector is necessary for a bet-
ter §/N, which becomes a pressure to the RGC
TIA. Thus, an appropriate trade-off among these
many parameters is important.
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Fig.3 Detectable minimum optical power (sensitivi-

ty) and equivalent input noise current of the CMOS
OEIC receiver versus frequency characteristics

6 Chip implementation and measure-
ment results

This CMOS OEIC receiver has been realized
in a CSMC-HIJ (a foundry in Wuxi,China) 0. 6pm
CMOS process. Figure 4 shows a photograph of
the photoreceiver.
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Fig.4 Photograph of the CMOS OEIC receiver

The achieved CMOS OEIC receiver is meas-
ured with a 1. 25GB/s pseudorandom bit sequence
(PRBS) signal at the input. The responsivity of
the DPD is 0. 04A/W, and the sensitivity of the
CMOS OEIC receiver is estimated to be —12dBm.
That is to say, the achieved CMOS OEIC receiver
can respond when the optical signal is about
63.W. Figure 5 the eye diagram at
—12dBm signal input. From the eye diagram, the
signal output voltage swing is 288. 84mV,RMS jit-
ter is 40ps,and the signal to noise ratio (S/N) is
about 36,s0 the value of Q is 6.

shows
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Fig. 5 Eye diagram of the OEIC receiver

The sensitivity of the real chip is a little low-
er than simulated value. That is partially because
in simulating we use the operating frequency
(1. 25GHz) and when measuring the chip we use
PRBS (1. 25GB/s) signal;and partially due to the
difference between real processing parameters
and the model parameters used in simulation.

7 Conclusions

In this paper, a CMOS OEIC receiver with

1. 25GHz bandwidth and — 12dBm sensitivity was
introduced. The noises in the receiver are mainly
from the DPD and RGC TIA. Reducing the noise
from these two parts can optimize the sensitivity
of the whole receiver. The chip was fabricated
using a CSMC 0. 6pm standard CMOS process.
From the measured eye diagram we can see that
the receiver can be operated at bit rates of
1. 25GB/s with 107 BER. The simulated and
measured results show that the achieved CMOS
OEIC receiver has the merits of low noise, low
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