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A 5-Gbit/s CMOS Optical Receiver With Integrated
Spatially Modulated Light Detector and Equalization
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Abstract—This paper presents an optical receiver with a mono-
lithically integrated photodetector in 0.18-m CMOS technology
using a combination of spatially modulated light (SML) detection
and an analog equalizer. A transimpedance amplifier employing
negative Miller capacitance is introduced to increase its bandwidth
without causing gain peaking. To provide sufficient reverse-bias
voltage to the photodetector’s p-n junction, the transimpedance
amplifier is operated with a 3.3-V supply, while the rest of the cir-
cuit blocks is powered with a 1.8-V supply. The on-chip SML de-
tector achieves a net responsivity of 0.052 A/W. Occupying a core
area of 0.72 mm?, the fully integrated optical receiver achieves 4.25
and 5 Gbits/s with power consumption values of 144 and 183 mW,
respectively.

Index Terms—CMOS integrated circuits, equalizers, monolithi-
cally integrated photodiode, negative Miller capacitance, photode-
tector, transimpedance amplifier.

1. INTRODUCTION

PTICAL RECEIVERS with monolithically integrated
O photodetectors can be used in short-distance communi-
cation systems, in-car fiber-optic networks, and board-to-board
links. Optical interfaces are also required in optical storage
systems such as CD-ROM, DVD, and Blu-Ray Disc. In all
these applications, a photodetector is necessary to convert light
into electrical signal for further processing.

Commercially, high-speed photodetectors have mainly been
implemented in III-V technologies such as GaAs [1] and
InP-InGaAs [2] for long-haul optical communication systems.
Although the cost of the entire system is high due to the use
of these expensive technologies, the cost per user remains low
thanks to the large number of users per channel. However, for
short-distance communication, a low-cost solution must be
investigated as the communication channels are often shared
by a much smaller number of users. This motivates the use of
850-nm low-cost vertical-cavity surface-emitting lasers (VC-
SELs) at the transmitter side as the source. To further reduce the
cost, the entire optical receiver can be implemented in standard
CMOS technology. Not only can this save the extra overhead
and cost during assembly for multichip solutions, but also
ground-bounce issues, ESD problems, and parasitics associated
with bond pads and bond wires can also be eliminated.
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In general, light detection in CMOS technology is achieved
by a reverse-biased p-n junction that creates a depletion re-
gion to collect the electron—hole pairs generated by the inci-
dent photons. However, the penetration depth of 850-nm light is
much larger than that where the depletion region occurs. Con-
sequently, many carriers generated deep in the silicon substrate
must diffuse all the way up to the depletion region. The slow
diffusion mechanism limits the data rate to only a few hundreds
of Mbit/s if no compensation techniques are employed [3], [4].

Several methods have been developed to compensate for the
slow diffusive carriers and improve the speed of monolithically
integrated photodetectors in CMOS. In many cases, this can
be achieved by using a buried oxide layer [5] or silicon-on-in-
sulator process [6], but this requires modification to the stan-
dard CMOS process that leads to an increase in cost. Similarly,
many photodetectors are built in BICMOS process due to its su-
perior performance for optical receivers [7], but this approach
disallows monolithic integration into a large-scaled CMOS IC.
In purely standard CMOS technology, speed can be improved
by applying a high reverse-bias voltage to the photodetector’s
p-n junction, often higher than the power supply, to generate a
very thick depletion region (e.g., 6 V in [8] and 13.9 V in [9]).
This approach, however, seriously impacts the reliability of the
photodetector.

A spatially modulated light (SML) detector topology
[10]-[12], which consists of alternatively covered and exposed
diodes, can be used to eliminate the slow diffusive carriers
at the expense of reduced responsivity because part of the
photodetector is covered and hence reflects incident light.
Equalization has also been applied to solve this problem. In
[4], a high-pass analog equalizer is used to improve the low
intrinsic bandwidth of the photodiode without SML detection.
The schematic of the analog equalizer is shown in Fig. 1, and
the transfer function of this equalizer [G(s)] is

RD SRDCZ SRD03 SRDC4

Rs 14+ 5RyCy 1+ sR3C3 14+ sR,Cy
Since SML detection is not used in [4], the slow roll-off re-
sponse of the photodetector begins at a very low frequency of
around 1 MHz due to the slow diffusive carriers. Therefore, a
high-order equalizer is needed to compensate for the photode-
tector’s slow roll-off of approximately 4 dB/dec from 1 to at
least 700 MHz. With SML detection (used in this paper), the
slow roll-off of the photodetector starts at around 100 MHz.
Thus, a single parallel RC' branch for degeneration is suffi-
cient to compensate for the photodetector losses over the much
narrower frequency range of 100 MHz-3 GHz. The reduced
number of resistors and capacitors also helps lower the impact of
component spread, thus obviating the need for adaptive equal-
ization. The presented work combines the SML detection with
equalization. The high reverse-bias voltage is avoided to ensure
the reliability of the photodetector. Although this combination
has been implemented previously, the highest data rate achieved
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was only 3.125 Gbits/s at a sensitivity of —4.2 dBm with a bit
error rate (BER) of 102 [13]. This work achieves a maximum
data rate of 5 Gbits/s at a sensitivity of —3 dBm with a BER
of 1072, To extend the state-of-the-art data rate to beyond 4
Gbits/s, a wide-bandwidth transimpedance amplifier (TTA) with
a large transimpedance gain is implemented as first reported
in [14]. The wide bandwidth is achieved by employing nega-
tive Miller capacitance [15], [16] in the core amplifier stage.
Between the TIA and equalizer, an ac-coupled active feedback
stage based on a Cherry—Hooper topology [17] improves the
common-mode rejection ratio of the TIA and increases the gain.
However, compared to the active feedback stage in [17], this
paper does not employ inductive peaking or negative Miller ca-
pacitance in the active feedback stage.

This paper is organized as follows. Section II discusses the
SML detector and equalization. A block diagram of the entire
optical receiver is presented in Section III. Section IV describes
the circuit implementation of the TIA, and other blocks are dis-
cussed in Section V. Section VI presents the measurement re-
sults. Concluding remarks are given in Section VIIL.

II. SML DETECTOR AND EQUALIZATION

A simplified cross section of the SML detector consisting
of an exposed and a covered photodiode with a light-blocking
metal is shown in Fig. 2. When the light is incident on the sur-
face of the detector, carriers generated in the depletion region
are immediately collected by the exposed photodiode. Carriers
generated in the deep substrate will diffuse toward the depletion
region and have equal probability of reaching either the exposed
or the covered photodiode. Hence, when the signal currents col-
lected by these two photodiodes are subtracted, the slow diffu-
sive carriers are cancelled, and a faster response is obtained. The
cancellation, however, reduces the responsivity of the photode-
tector, and a low-noise TIA is necessary to amplify differential
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Fig. 2. Simplified cross section of the SML detector.

currents in the range of a few microamperes from the SML de-
tector without degrading the sensitivity.

Using p-diffusion, a guard ring is realized around the pho-
todetector, as shown in Fig. 2. The guard ring isolates the cur-
rents generated by the photodetector from the rest of the cir-
cuitry. Metal 2 was used to block incident light. A higher metal
layer would have resulted in a lower parasitic capacitance, but
the incident light is blocked more effectively by using a metal
close to the active circuitry.

With an area of 75 ym X 75 pm, the simulated photodiode ca-
pacitance is 0.5 pF. This is in close agreement with the simulated
photodiode capacitance reported in [18] at the same technology
node and at the same TIA supply voltage of 3.3 V.

The total current response of the SML detector (Jiota1) [se€
(4), is the sum of the drift component (.J4,if; ) in the depletion re-
gion together with the diffusive components in both p-substrate
(Jdiﬂ‘,p-substrate) and n-well (J(iiﬂ,n-well) defined in (2) and (3)9
shown at the bottom of the page

“

Note that the diffusion current densities (Jaiff,p-substrate and
Jdiff n-well) denote the current density difference between the
exposed and covered photodiodes. As reported in [19] for
a typical SML detector in 0.25-um CMOS, below 1 GHz,
Jdiff p-substrate 1S approximately 84% of the total current
density, Jaiff n-well 1S approximately 10% of the total current
density, and Jq,iry iS approximately 6% of the total current
density.

Due to the large electric field in the depletion region, the
bandwidth of Jg,i will always be much larger than that
of J(iiﬂ,p-stll)strate and J(iiﬂ,n-well~ Therefore, Jdrift is as-
sumed to be frequency independent. The current responses
of Jaitf p-substrate and Jaifr n-wenr are shown in (2) and (3),
respectively [19]. The procedure to derive these expressions
is briefly discussed in the Appendix. In these equations, L,
and L,, denote the diffusion lengths of holes and electrons,
respectively; 7, and 7, are the lifetimes of holes and electrons,
respectively; [, is the distance between the surface and the p-n

Jtotal = Jdrift + Jdiﬂ,p-substrato + Jdiﬁ,n-wclb
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junction; I, is the width of the n-well, and [ is the periodicity
of the structure.

Fig. 3 shows normalized Jyaiff p-substrate [1-€., (2)] for dif-
ferent wavelengths. The absorption coefficient («) determines
how deep the light penetrates into a material and is a function of
wavelength. Longer wavelength light gives a smaller value of
«, resulting in a lower bandwidth because the light penetrates
deeper into the substrate and carriers generated further down
must slowly diffuse up to the junction.

Fig. 4 shows normalized J4ig n-wen [i.€., (3)] for different
n-well widths ([,,’s). As [,, reduces, holes arrive at the junction
more quickly, thus resulting in a higher bandwidth. It can also be
observed that, although I, = 1 pm results in the highest band-
width, it also leads to a lower responsivity and has less effect on
the overall bandwidth. The final dimension of /, = 2.6 um was
chosen as a compromise between bandwidth and responsivity.
The spacing between neighboring n-wells was the minimum al-
lowable distance set by the design rules, i.e., 1.4 ym. Hence,
this results to [ = 8 pm. The actual layout of the SML detector
consists of alternating fingers of the exposed and covered photo-
diodes with a total area of 75 pum X 75 pm to facilitate coupling
to multimode fibers.
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The normalized total current response of the SML detector
(Jtota1) is shown in Fig. 5. Note that the total current shows
more or less the same frequency behavior as Jqiff p-substrate 1N
Fig. 3 since it is the dominant component. This is consistent with
the results reported in [19]. The slow roll-off at high frequencies
is due to the summation of the different current responses. The
resulting intrinsic bandwidth of the SML detector has been im-
proved to 700 MHz (relative to the case when only the exposed
photodiodes are present [19]) but is insufficient for the target
5-Gbit/s operation. Hence, an additional analog peaking equal-
izer is used to compensate the frequency roll-off of the SML
detector. The peaking in the equalizer is modeled with a zero
and two poles in its transfer function

LYo 5)
(1+ w';) (1+ w;)

where w., wp1, and wy,o denote the zero and the two poles of
H(s), respectively. The second pole of the equalizer is used
to model the output parasitic capacitance of the equalizer that
arises during circuit design. The normalized frequency response
of the equalizer and the equalized SML detector is shown in
Fig. 5 together with that of the SML detector. The boosting of
the equalizer extends the bandwidth of the SML detector to 3
GHz when w, = 2.2 Grad/s, w1 = 3.89 Grad/s, and wps =
33 Grad/s. With the combination of the SML detector and an
analog equalizer, a higher speed of operation is achievable. Note
that Fig. 5 shows the results of a system-level simulation without
considering the bandwidth limitation due to the TIA. Practically,
one of the poles in (5) may be due to the TIA’s finite bandwidth.

H(s) =

III. OPTICAL RECEIVER

As shown in Fig. 6, the entire optical receiver front end be-
gins with the SML detector that converts the incident optical
power into two currents. When the subtraction of these two sig-
nals is performed, the signal due to slow diffusive carriers from
the substrate can be removed, and the bandwidth of the photode-
tector can be improved. A differential TIA converts the two cur-
rents from the photodiodes into two voltages. The photodiodes
are dc coupled to the TIA to avoid the extra parasitic capaci-
tance due to ac coupling. A supply voltage of 3.3 V was used
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in the TIA to provide a high reverse-bias voltage for the photo-
diodes so that large photodetector bandwidth and responsivity
can be achieved simultaneously. AC coupling with a cutoff fre-
quency of 100 kHz was used to connect the TIA to the rest
of the circuit blocks that operate from a 1.8-V supply. A dif-
ferential gain stage follows the ac coupling to further improve
common-mode rejection. An equalizer and a postamplifier (PA)
follow to further remove intersymbol interference (ISI) and in-
crease the signal swing, respectively. For testing purposes, an
output buffer was used to drive the signal to the oscilloscope.

IV. TRANSIMPEDANCE AMPLIFIER

Among all the building blocks in the whole receiver, the TIA
is the most critical one in this design. Since the current signals
from the photodetector are only tens of microamperes, the per-
formance of the TIA often limits the overall performance of the
entire receiver. Hence, tradeoffs between transimpedance gain,
bandwidth, noise, and stability must be examined.

A regulated cascode (RGC) stage has often been inserted be-
fore the TIA to present the photodetector with a low input re-
sistance [8], [13], [20], [21]. The schematic of an RGC stage is
shown in Fig. 7. The small-signal input resistance at the source
of M1 is approximately [21]

1
gm1(1+ gmBRB)

Rin ~ (6)

The small input resistance provides a smaller input time con-
stant (R;,C}y,) than what is achievable without the RGC. Thus,
the RGC stage acts as a buffer between the photodetector capac-
itance and the TIA and reduces the dependence of the stability of
the TIA on the value of the photodetector capacitance. An RGC
stage proves useful in applications where the optical receiver has
to operate with a variety of detectors. However, the additional
thermal noise sources of the RGC stage reduce the receiver’s
sensitivity, and the RGC stage limits the available reverse-bias

AC Coupling Differential Equalizer PA
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Output Buffer

voltage for the photodetector, further degrading its sensitivity.
For these reasons, an RGC stage was not used in this paper.

Since the TIA is placed right at the input, its noise con-
tribution often dominates the overall receiver. A large tran-
simpedance gain is therefore desirable as it reduces the
input-referred noise contribution from later stages. The band-
width of the TIA must also be chosen carefully. A small
bandwidth causes ISI and reduces the eye opening, while a
large bandwidth increases the total integrated noise and reduces
the input sensitivity. For a data rate R, a TIA bandwidth of
0.7 - Ry is a common compromise between ISI and noise [22].
For 4-Gbit/s operation, a target bandwidth of approximately
2.8 GHz was established. Since the bandwidth of the photode-
tector is only 700 MHz, a TIA bandwidth of 2.8 GHz is large
enough to carry the signal to the equalizer. In addition, the
selected bandwidth also ensures that peaking at 0.5 - R} from
the equalizer is not attenuated. Moreover, as the TIA generally
employs feedback, stability must be examined. A minimum
phase margin of 60° was targeted to minimize overshoot and
hence ensure the quality of the eye diagram.

The shunt—shunt feedback TIA has been frequently used in
optical receiver front ends and is shown at the front end of the
receiver in Fig. 6. Denoting the low-frequency transimpedance
gain as Ry and the low-frequency voltage gain of the core am-
plifier as A¢, we can approximate Rr as

_ RpAc
= Ac-l-l.

R (N

Hence, Ry is approximately equal to R for large Ac.

The sensitivity of an optical receiver at a BER = 1072 (Ps)
is related to the input-referred noise current of the TIA (fin,T14)
(assuming that no noise is generated by the photdetector itself)
and the responsivity of the photodetector (Rpp ) as follows [16]:

_ Tl TIA

Ps = . 8
S Ron (8)

Assuming that the transimpedance gain of the TIA is approx-
imately equal to Rp, the input-referred noise current can be
calculated from the output noise voltage using the following
relation:

Vn o

by

Iin 1A = Rr 9)

where V,, , is the total noise voltage at the output of the TIA.
Combining (8) and (9) leads to

T,
~ RppPs’

Rp (10)

Thus, a large transimpedance (Rp) is essential for low Ps.
However, the bandwidth of the receiver degrades with high
transimpedance.
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With an average input optical power of Ps = —5 dBm and "
assuming a photodetector responsivity of Rpp = 0.03 A/W, Cy
as reported in [23], a photdiode current of 9 pA is anticipated. _| I
Thus, to achieve a swing of at least 50 mV at the TIA output, ; R
we require Rr to be approximately 5.6 k. Using (10), this R LI Rz | Tout
provides a BER of 10~!2 as long as the TIA output noise is
restricted below 7.5 mV rms. Cin Cor Cpz
The schematic of the TIA is shown in Fig. 8. The transistor — — —
size is specified as Ny x Wy /L, where Ny, Wy, and L denote

the number of fingers, the finger width, and the finger length, re-
spectively. The gate—source and gate—drain voltages of all tran-
sistors are kept within 1.8 V to guarantee reliability of opera-
tion with the 3.3-V supply. To increase A, two identical dif-
ferential-pair amplifiers were cascaded to implement the core
amplifier. The number of stages was limited to two as a com-
promise between gain and stability. A capacitor can be added
in parallel with R to eliminate gain peaking but with reduced
TIA bandwidth [24]. Instead, in this paper, a negative Miller
capacitance [15], [16] C,, is employed in the core amplifier,
which increases the pole frequency of this stage and leads to
an increase in the overall TIA bandwidth. The negative Miller
capacitance reduces the net parasitic capacitance at the inter-
mediate node between cascaded stages. However, the negative
Miller capacitance cannot be increased without bound as this
will deteriorate the stability of the TIA. To understand the ef-
fect of the negative Miller capacitance on the stability of the
loop, we model the TIA, as shown in Fig. 9. Here, C,,, denotes
the negative Miller capacitance, C;,, denotes the input capaci-
tance of the TIA (including the photodiode capacitance and the
input parasitic capacitance of the first amplifier stage), Cp; is
the parasitic capacitance at the intermediate node between the
first and second stages, C), is the parasitic capacitance at the

Fig. 9. TIA model used for analysis.

TIA output, Ry is the output resistance of the first stage, Ry
is the output resistance of the second stage, and A1 = g1 R
and Ay = g2 R are the gains of the two stages. Note that the
TIA is a three-pole system, with the input pole being the domi-
nant pole due to the large photodiode capacitance (= 500 fF).
In order to achieve minimum input-referred noise, the TIA
front-end transistors were sized to match the photodiode ca-
pacitance [16], [25]-[27]. Therefore, the input pole (including
photodiode and TIA input parasitics) with Rp = 5.6 k2 is
at approximately 28 MHz. The core amplifier is a cascade of
two identical stages, and the intermediate-node parasitic cap
Cp1 is 680 fF, resulting in a pole at 1.8 GHz (with C;,, = 0
and Rr1 = Rpil|rass = 130 Q). The load of the TIA was
sized to set the output pole to 7.2 GHz (with C,, = 0 and
Rpo = 130 Q). Note that, with increasing C',,, we expect the
intermediate pole to move away from the origin and the output
pole to move toward the origin. Fig. 10 shows the effect of
increasing C,,, on the poles of the system.
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Specifically, the loop gain is

—A1A> (1 + s Cm )

gm2

LG(s) = (1+ s7in) (L + s71)(1 + s72) (i
where

Tin =CinRp (12)
71 =0.5 (TA + \/m> (13)
9 = 0.5 <TA — \/Ti - 47'%) (14)

TaA =Rp1Cp1 + Rp2Chpo
+ Ch (Rpa(1 — As) + Rypo) (15)
75 =/ Bu1 R (CpCyr + Cn(Cpr + Cya)). (16)

In these equations, 7;,, denotes the input time constant, 7; is the
intermediate time constant, and 75 is the output time constant.
Both 71 and 7 are related to C,,, through time constants 74 and
7. Since 74 > 7 when C,,, = 0, 71 > 7». As C,,, increases,
T4 decreases and 7p increases, thus causing 77 to decrease and
To to increase. At some point, 71 equals 7. A further increase
in C,,, causes 71 and 7, to become complex, thus degrading the
stability of the system.
The phase margin of the TIA can be expressed as

Cnm
PM = 180° — tanfl(wtnn) + tan ! <wt—>
gm2

— tan" (w1 — tan” N (weme)  (17)
where w; is the unity-gain frequency of the loop gain. Ne-
glecting the phase contribution of the zero in (17) (since g2 is
large) and approximating the second term in (17) to 90° (since
Tin 1S large) result in the following expression:

1— 2 1— 2,2
PM = tan™! (ﬂ> — tan~? (ﬁ> . (18)

wi(T1 + T2) WiT A

As C,, is increased, 74 decreases and w; increases slightly,
resulting in little net change in phase margin. However, at larger
values of C,,, the value of 75 increases, approaching 1/wy, thus
causing the phase margin to degrade.

The TIA’s closed-loop transfer function is

—Rpo
A =
(S) 1—|—K18—|—K282+K383

19)

where

RrpAi1 A,

Rpy = —F£12°2
FO= 11 4,4,

(20)
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TABLE I
PERFORMANCE COMPARISON OF DIFFERENT VALUES OF C,,,

Cy, (fF) - 0 90 150
DC gain (dBS2) - 74.6 74.6
Bandwidth (GHz) Using (19) 1.7 2.5 3.0

Circuit sims 2.0 2.9 33

Peaking (dB) Using (19) 0.8 0.13 16
Circuit sims 0.48 0.18 10.38
PM (degrees) Using (17) 57 64.5 28
Circuit sims 59 64 34
20 4 DD oIII:i:
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Fig. 11. Frequency response of the TIA with different values of C', .
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Fig. 12. TIA: Output noise spectrum density.
Tin +T1 + T
Kl — in 1 2 (21)
1+ A A,
T1To + T1Tin + T2Ti
K2 — 172 17in 27Tin (22)
1+ A1A,
T1T2T;
Ky =127 (23)
1+ A4

Using (19), the performance of the TIA with different values of
C,, is computed and compared with circuit-level simulations.
Table I summarizes the comparison results. Good agreement be-
tween circuit-level simulations and the TIA model is observed.
Thus, increasing C,,, improves the phase margin, bandwidth,
and peaking of the TIA up to a certain limit. A further increase
in C},, degrades the stability and should be avoided. For this de-
sign, C,,, = 90 fF was chosen as the optimal point since it results
in minimal peaking. Simulation results also indicate that £10%
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Fig. 14. Schematic of the equalizer.

variation in the value of C,,, resulted in less than F6% varia-
tion in TIA bandwidth and less than +1.2% variation in phase
margin. Thus, the design is robust in the presence of £10% vari-
ations in C,,, around its chosen nominal value of 90 fF. Fig. 11
shows the circuit-level simulations of the TIA response for dif-
ferent values of C,,,. Note that C,,, = 90 fF ensures a flat fre-
quency response with a simulated transimpedance gain of 74.6
dBS2 and a bandwidth of 2.9 GHz. A TIA gain of 74.6 dB}
and a bandwidth of 2.9 GHz compare favorably with the design
in [13], which reports a (simulated) TIA gain of 60 dB{2 and a
bandwidth of 2.58 GHz at the same technology node.

Fig. 12 shows the simulated output noise spectrum density
of the TIA for C},,, = 90 fF. The simulation was performed
assuming a photodiode capacitance of 0.5 pF using the Pnoise
tool in Spectre. From the plot, the total integrated output noise

current is 0.19 pA. The input-referred noise of the TIA does not
include the effect of equalization and other subsequent receiver
blocks.

V. INTEGRATED FRONT-END BLOCKS

This section describes the receiver blocks following the
ac-coupled TIA stage. From Fig. 6, these blocks are the differ-
ential gain stage, equalizer, PA, and output buffer.

A. AC Coupling

Since the TIA is the only block using a 3.3-V supply, ac
coupling provides a shift down in the common-mode voltage
going into the subsequent stage. The values of R,. and C,. were
chosen so that the cutoff frequency is 100 kHz, which is low
enough to pass the lowest frequency content of a 23* — 1 pattern
at 3-5 Gbits/s. To reduce the load on the TIA, a combination of
lower C,. and higher R, were used, as shown in Fig. 6.



KAO et al.: 5-Gbit/s CMOS OPTICAL RECEIVER WITH INTEGRATED SML DETECTOR AND EQUALIZATION

0.3

e
N

e
-

Amplitude (V)
5
— o

o
)

&
w
o

100 200 300
Time (ps)

(a)

400 500

0.3

0.2

0.1

Amplitude (V)
o

0 100 200 300
Time (ps)

©

400 500

2851

0.3

0.2

0.1

0.1

Amplitude (V)
o

0.2

0.3 100 200 300 400
Time (ps)

(b)

(=]

500

0.3

0.2

0.1

Amplitude (V)
o

0 100 200 300
Time (ps)

(d

400 500

Fig. 16. Equalizer input and output eye diagrams over process corners at 4 Gbits/s. (a) Input to equalizer: pattern-dependent jitter = 30 ps. (b) Equalizer output with
typical corner: pattern-dependent jitter = 5.5 ps. (c) Equalizer output with slow corner at 100° C and with 20% increase in resistor values: pattern-dependent jitter =
7.8 ps. (d) Equalizer output with fast corner at 20 °C and with 20% decrease in resistor values: pattern-dependent jitter = 6.8 ps.

B. Differential Gain Stage

The purpose of the differential gain stage is to improve the
common-mode rejection of the optical receiver. It also provides
additional gain, which is important to reduce the noise contri-
bution of later stages.

The schematic of the differential gain stage is shown in
Fig. 13. To achieve a high gain—bandwidth product (GBW), it
is based on a Cherry—Hooper amplifier with active feedback
[17]. The transfer function of this amplifier is

2
Vout A'uown

o 24
Vin (s) s2 + 2(wps + w? 24
where
m19m3lp1 R
A,, = 9m19m3iip1itD2 25)
1+ gmagmsRp1Rp2
= 1 Rpi1C1 + Rp2C 26)
2 ¥Y/Rp1Rp2C1C5(1 + gmsgmsRp1Rp2)
1 m50m3lRp1 R
9 1+ gmsgmalipifip: @7

w2 =
Rp1Rp2CiCs

In the aforementioned equations, g.,,1, gm3, and g,,5 denote the
transconductances of M1, M3, and M5, respectively. As seen
from (25), to achieve high gain, ¢,,,5 must be small, and g,,1
must be large. g,,,3 must also be large to support a high band-
width, as depicted by (27). A low g,,,5 was achieved with a lower
bias current, and high g,,; and g,,3 were achieved with wider
device sizes for M1 and M3 in order to save power consump-
tion. The differential gain stage had a simulated dc gain of 10
dB, a bandwidth of 12.4 GHz, and 28 dB of common-mode re-
jection. Since the TIA output signals are not fully differential,
the equalizer will not work properly without the differential gain
stage.

11 Ma
Voutp

Voutn

Fig. 17. Architecture of the PA.

C. Equalizer

To compensate for the slow roll-off of the photodetector (<
20 dB/dec), the equalizer provides a corresponding roll-up. This
slow roll-up can be realized using a higher order equalizer to
generate multiple poles and zeros.

With the SML detection employed in this paper, the slow
roll-off of the photodetector starts at a much higher frequency
of about 100 MHz. Hence, the equalizer only needs to provide
the corresponding roll-up over a much narrower frequency band.
For this reason, the well-known technique of capacitive degen-
eration using single parallel RC branches is sufficient to achieve
data rates up to 5 Gbits/s while minimizing area. The reduced
numbers of resistors and capacitors also help lower the com-
ponent spread and avoids the use of adaptive equalization. The
schematic of the equalizer used in this paper is shown in Fig. 14.
The transfer function of the equalizer is

Vout()_ gm1Ep 1+wsz1
ST | ey

where w,1 = 1/(R505), Wp1 = (1 + (gmle/Q))/(Rscs),
and wp2 = 1/(RpCl). To achieve a slow roll-up response with

(28)

S
Wp1
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the equalizer shown in Fig. 14, it is sufficient to place w;,; close
to w,1. The degeneration capacitors are MOS devices in accu-
mulation mode, realized by placing NMOS structures inside an
n-well.

The frequency response of the equalizer over process and
temperature variations is shown in Fig. 15. The equalizer had
a simulated dc gain of 0 dB with a maximum high-frequency
gain of 5.8 dB. Transient simulation was used to verify the per-
formance of the equalizer by comparing the eye diagrams be-
fore and after the equalizer at 4 Gbits/s, as shown in Fig. 16.
A poor-quality eye was introduced at the input to the equal-
izer by sending a portion of a 23! — 1 pseudorandom bit se-
quence (PRBS) pattern through a low-pass filter with cutoff at
1.3 GHz. Fig. 16(a) shows the input eye to the equalizer with a
pattern-dependent jitter of 30 ps. The eyes at the output of the
equalizer for typical, slow, and fast corners had pattern-depen-
dent jitters of 5.5, 7.8, and 6.8 ps, respectively, and are shown in
Figs. 16(b)—(d). Current densities were maintained across cor-
ners by adjusting control voltages associated with the bias cir-
cuitry. Measurement results with the equalizer activated and de-
activated are shown in Section VI, Figs. 24, and 26.

D. PA

The purpose of the PA is to amplify the small signal coming
out of the equalizer to a level that is large enough to ensure
the correct operation of any subsequent circuitry. For the pro-
posed system architecture, it is important to ensure good lin-

AC Gain [dB]
o

-5 i
107!

Frequency [GHz]

Fig. 20. Output buffer: Frequency response.

earity until equalization is performed, but only after the equal-
izer clipping can be tolerated as the binary information is still
preserved. Hence, a limiting amplifier (LA) is used. With a typ-
ical received average optical power of —5 dBm from the VCSEL
source, a photodiode responsivity of 0.03 A/W, and a combined
gain of approximately 80 dB2 from the TIA through the equal-
izer, an input signal of 95 mV is expected at the LA input.

The architecture of the PA is shown in Fig. 17. It consists of
an input stage that performs offset cancellation, four identical
gain cells to provide the necessary gain, and an offset cancella-
tion network to low-pass filter the output and sense any dc offset.
Each gain cell was implemented using the same topology as the
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Fig. 21. Die photograph of the fully integrated optical receiver.

Fig. 22. Photograph of the evaluation PC board.

one for the subtracter, shown in Fig. 13, but with 2.8, 2.8, and 0.4
mA flowing through M7, M8, and M9, respectively. Although
a greater overall GBW can be achieved with a higher number
of stages, power consumption increases and noise performance
degrades as the gain per stage drops. Since the bandwidth re-
quirement is less than one-tenth of the nMOS devices’ peak fr,
four stages were sufficient.

The frequency response of the PA is shown in Fig. 18. The PA
has a simulated dc gain of 39 dB and a small-signal bandwidth
of 3.7 GHz through all five stages. The low-frequency cutoff
due to the offset cancellation is 40 kHz—which is low enough
to avoid baseline wander with a 23* — 1 PRBS pattern.

E. Output Buffer

The schematic of the output buffer is shown in Fig. 19. An fr
doubler was used to halve the effective input capacitance [22].
As the signal goes through the PA, it has such a high amplitude
at the input of the output buffer that the small-signal bandwidth
becomes inapplicable. However, the small-signal bandwidth can
be used as a conservative lower limit, and a target of 5 GHz was
established assuming a 400-fF output load, which models the
pad and package parasitic capacitances. A small-signal band-
width of 5.4 GHz was achieved, as shown by the frequency re-
sponse of the output buffer in Fig. 20.

VI. MEASUREMENT RESULTS

The optical receiver was implemented in a one-poly six-metal
0.18-pm CMOS technology without the use of additional masks
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|

or antireflective coatings to enhance the optical performance of
the photodetector. It occupies a core area of 0.72 mm?. The
die photograph of the circuit is shown in Fig. 21. An output
buffer with 50-(2 on-chip termination was employed to provide
matching. The chip was decapsulated and mounted on a printed
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Fig. 25. Measured eye diagrams in LP mode for a 23" — 1 PRBS pattern with varying input optical power and data rates. (a) 2.5 Gbits/s and optical power of
—9.5 dBm. (b) 3.125 Gbits/s and optical power of —8.5 dBm. (c) 2.5 Gbits/s and optical power of —3 dBm. (d) 3.125 Gbits/s and optical power of —3 dBm.

circuit board to allow access to the photodetector, as shown in
Fig. 22. A stand-alone SML detector with the same dimension
as the one attached to the TTA of the optical receiver was con-
nected to their own package pins for dc responsivity measure-
ment. A 50/125-pm multimode fiber was used to couple the light
emitted from a 850-nm VCSEL source (HFE4192-582) to the
on-chip photodetector. The extinction ratio for the laser source
is ten, as recommended in the laser data sheet. A power meter
(Noyes OPM4) and a multimeter (Keithley 2400) were used to
measure the input optical power and the output current in order
to determine the dc responsivity of the photodetector. With an
input power of —3 dBm or, equivalently, 500 W, the currents
coming from both the exposed and covered photodiodes were
68.4 and 42.5 A, respectively, when the reverse-bias voltage
was set to 2 V. This leads to a net responsivity! of 0.052 A/W.
The net responsivity of the photodetector was also measured at
other reverse-bias voltages, and the result is shown in Fig. 23.
As expected, the net responsivity increases with the reverse-bias
voltage since increasing the reverse-bias voltage increases the
width of the depletion region in the photodiode. For a fixed op-
tical power, this causes more carriers to be captured by the elec-
tric field in the depletion region, resulting in less recombination

I'The net responsivity refers to the difference between the responsivities of
the exposed and covered photodiodes.

of electron—hole pairs, thus translating to a higher responsivity
[28].

A pattern generator (MP1701A) was then used to modulate
the 850-nm VCSEL with NRZ data. A BER tester (Anritsu
MP1800A) was used for BER measurements. The optical re-
ceiver was operated in two modes that differ only in the current
consumption of the TIA. Hence, two sets of measurements were
obtained. The first set of measurements (low power or LP) cor-
responds to a total current consumption of 9 mA in the TIA. The
second set of measurements (high speed or HS) corresponds to
a total current consumption of 20 mA in the TIA. A 231 — 1
PRBS pattern was used to modulate the VCSEL.

For the LP mode, the highest data rate with a BER of less
than 107'2 and an average optical input power (Pop;) of —3
dBm is 4.25 Gbits/s. In order to verify the performance im-
provement provided by the equalizer, the boosting must be elim-
inated. This was achieved by pulling both Vrs and Vs to 1.8
V. The eye diagrams with equalization off and on are shown
in Fig. 24(a) and (b), respectively. The eye diagrams at 2.5 and
3.125 Gbits/s are shown in Fig. 25(a) and (b) for average op-
tical input power values of —9.5 and —8.5 dBm, respectively.
Increasing the optical input power to —3 dBm improves the
output eyes at 2.5- and 3.125-Gbit/s data rates, as shown in
Fig. 25(c) and (d), respectively.
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Fig. 26. Measured eye diagrams in HS mode at 5 Gbits/s for a 23! — 1 PRBS
pattern and an average P, of —3 dBm with (a) equalization off and (b) equal-
ization on (horizontal scale: 75 ps/div; vertical scale: 50 mV/div).

For the HS mode, the maximum data rate with a BER
of less than 1072 and an average P,,; of —3 dBm is in-
creased to 5 Gbits/s due to a larger TIA bandwidth. Shown
in Fig. 26(a) and (b) are the eye diagrams with equalization
off and on, respectively. The boosting of the equalizer was
deactivated using the same approach done in the LP mode. The
measured BER as a function of average P, at different data
rates is shown in Fig. 27(a) and (b) for the LP and HS modes,
respectively. It can be observed from Fig. 27(a) that the BER
improvement becomes small at higher data rates with increasing
average P, . This suggests that the BER in the LP mode is not
limited by noise at these data rates but rather by the bandwidth
of the receiver. To enable a higher data rate, the bandwidth of
the TIA is increased with a higher current consumption in the
HS mode. As shown in Fig. 27(b), significant improvement
in BER is observed with increasing average P, at 4.25 and
5 Gbits/s.

Fig. 28 shows the optical sensitivity with a BER of less than
1012 at different data rates in both modes. The sensitivity is
better in the LP mode at lower data rates because an increased
TIA bandwidth in the HS mode leads to a higher total integrated
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Fig. 27. Measured BER as a function of average P, at different data rates
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Fig. 28. Optical sensitivity with a BER of less than 10~ for different data
rates in both modes, with the HP mode consuming 36 mW more than the LP
mode.

noise. Therefore, while the HS mode is suitable for higher data
rates, the LP mode is preferred for data rates below 4.25 Gbits/s
from both power consumption and sensitivity perspectives.



2856

TABLE II
PHOTODETECTORS IN STANDARD CMOS TECHNOLOGY
Technology Responsivity Highest Supply Data Rate
4 0.18-um CMOS - 1.8V 3 Gbps
8 0.18-um CMOS - 6V 2.5 Gbps
9 0.18-um CMOS  0.38 A/W 130V 5 Ghps
12 0.6-um CMOS 0.1 A/W 5V 250 Mbps
13 0.18-um CMOS  0.07 A/W 33V 3.125 Gbps
23 0.18-um CMOS ~ 0.03 A/W 1.8V 1.2 Gbps
This work (LP) 0.18-um CMOS  0.05 A/W 33V 4.25 Gbps
This work (HS) 0.18-um CMOS  0.05 A/W 33V 5 Gbps
TABLE III

DETAILED COMPARISON OF FULLY INTEGRATED OPTICAL RECEIVERS,
INCLUDING PHOTODETECTOR, TIA, AND PA

Power  Data Rate  Sensitivity Area
8] 138 mW 2.5 Gbps -45 dBm  0.53 mm?2
13 175 mW  3.125 Gbps -4.2 dBm 0.7 mm?2
23 250 mW 1.2 Gbps -8 dBm 4.5 mm?
2.5 Gbps -9.5 dBm
This work (LP) 144 mW  3.125 Gbps -85dBm  0.72 mm?
4.25 Gbps -3 dBm
2.5 Gbps -1.5 dBm
. 3.125 Gbps -6.8 dBm
This work (HS) 183 mW 4.25 Gbgs -45dBm  0.72 mm?
5 Gbps -3 dBm

VII. CONCLUSION

By combining an SML detector and an analog equalizer in a
monolithically integrated photodetector, a maximum data rate
of 5 Gbits/s was achieved. To the authors’ knowledge, it is the
fastest photodetector integrated in a standard CMOS technology
using standard supplies at or below 3.3 V. A low-noise TIA
with high bandwidth and high transimpedance gain has also
been proposed. By employing a negative Miller capacitance,
the bandwidth of the TIA can be extended while keeping a flat
frequency response. The measurement results of the optical re-
ceiver operating in two modes are compared with that of re-
cently published photodetectors built in standard CMOS tech-
nology in Table II. Among the references mentioned in Table II,
only [8], [13], [23], and this paper have integrated the TIA and
PA together with the photodetector on-chip. A more detailed
comparison between these fully integrated optical receivers is
summarized in Table III. Although 5 Gbits/s was reported in [9],
it used a very high supply voltage of 13.9 V to reverse-bias its
photodiode through an external bias-T. In addition, the authors
failed to report the sensitivity at 5 Gbits/s. Moreover, since the
TIA and PA were not integrated on chip with the photodetector,
an external TIA was used for testing. In conclusion, the optical
receiver achieves better sensitivity at 2.5 and 3.125 Gbits/s at a
BER of less than 10~'2 compared to [8] and [13] in both LP and
HS modes. When operating in the LP mode, the optical receiver
accomplishes so with less power consumption than that in [13].
The improvement in sensitivity justifies the design of the pro-
posed low-noise TIA compared to the TIA with an RGC input
stage [8], [13]. The reported work achieves sensitivities of —9.5
and —7.5 dBm for both LP and HP modes, respectively, at 2.5
Gbits/s. This is much lower than, for example, the sensitivity of
—20.1 dBm at 2.5 Gbits/s reported for an optical receiver with
a p-i-n detector [29] due to the large intrinsic region in the p-i-n
photodiode where a high electric field provides higher sensi-
tivity and bandwidth [28].
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APPENDIX

This section derives (2) and (3) for Jyig p-substrate and
Jdif,n-well, respectively. They are treated in detail in [19]. The
transport of minority carriers (i.e., electrons) in the p-substrate
can be expressed as [19]

Oony 9%n
~—2_Dp, P
ot 0%z

8277‘1’ Tp —ax

+D

(29)

where n,, is the minority-carrier concentration in the region
below the space-charge region normalized to the equilibrium
concentration, D,, is the diffusion coefficient of electrons in the
p-doped layer, 7,, is the minority-carrier lifetime, « is the ab-
sorption coefficient, and f(t,y) is the electron generation rate
at the lower border of the space-charge region (z = 0).

To evaluate the current density Jqifr,p-substrate USing (29),
first, the carrier profile is computed by taking the Laplace trans-
form of the variable ¢. From this carrier profile, a current density
profile is calculated at the border of the space-charge region. In-
tegrating the current density profile over both the junction length
of the exposed and covered photodiodes and subtracting yield
(2).

The transport of minority carriers (i.e., holes) in the n-well
can be expressed as [19]
9%pn pn pn

Ipn
—=D,—"+D - t
ot P o2y D 0%y Tp +9(t)

(30)

where p,, is the minority-carrier concentration in the region
above the space-charge region (i.e., n-well) normalized to
the equilibrium concentration, D,, is the diffusion coefficient
of electrons in the p-doped layer, 7, is the minority-carrier
lifetime, and ¢(¢) is expressed as

D,(t)

90 = T ey (31)
Here, ®,(t) denotes the incident-light flux density. In this case,
pn and g(t) are rewritten as a product of two Fourier series,
i.e., one of a square wave in the x-direction (having index n),
and the other of a square wave in the y-direction (having index
m). For each set of indices m and n, a carrier profile can be
calculated, and the current profiles can be determined from these
carrier profiles. The total contributed current is the integral of
the current through the two sidewalls and the bottom layers. It
can be expressed as the sum of the contributions for each of the
indices m and n as in (3).
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