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Abstract

An optical receiver with monolithically integrated photodetector in 0.18-pm CMOS
technology was investigated. Using a combination of spatially modulated light de-
tection and an analog equalizer, a maximum data rate of 5 Gbps was achieved. A
transimpedance amplifier employing negative Miller capacitance is introduced to in-
crease its bandwidth without causing gain peaking. Occupying a total area of 4.2 mm?
and a core area of 0.72 mm?, the fully integrated optical receiver achieves 4.25 Gbps

and 5 Gbps with a power consumption of 144 mW and 183 mW respectively.
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Chapter

Introduction

1.1. Motivation

Optical receivers with monolithically integrated photodetectors are attractive as they
can be used in short-distance communication systems such as local-area networks
(LANS), fiber-to-the-home (FTTH), automotive interconnects, board-to-board links,
and chip-to-chip interconnects. Optical interfaces are also required in optical storage
systems such as Compact Disc Read-Only Memory (CD-ROM), Digital Versatile Disc
(DVD), and Blue-ray Disc. In all these applications, a photodetector is necessary to

establish the conversion from light to electrical signal for further processing.

Optical receivers built in standard Complimentary Metal-Oxide Semiconductor (CMOS)
technology have been an active area of research. Commercially, high-speed photode-
tectors have mainly been implemented in III-V technologies such as GaAs [1] and
InP-InGaAs [2] for long-haul optical communication. 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 com-
munication, a low-cost solution must be investigated as the communication channels
are usually not shared by a large number of users. This motivates the use of 850-nm
low-cost vertical-cavity surface-emitting lasers (VCSELs) at the transmitter side as the
source. To further reduce the cost, the entire optical receiver must be implemented in
standard CMOS technology. This not only can save the extra overhead and cost dur-
ing assembly for multi-chip solutions, but ground-bounce issues, electrostatic discharge
(ESD) problems, and parasitics associated with bond pads and bond wires can also be

eliminated.
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1.2. State of the Art

In general, light detection in CMOS technology is achieved by a reverse biased PN
junction which creates a depletion region to collect the electron-hole pairs generated
by the incident photons. However, the penetration depth of 850-nm light is much larger
than where the depletion region occurs in standard CMOS technology. Consequently,
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 Mbps [3, 4].

Several methods have been provided to eliminate the slow diffusive carriers in order to
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 insulator (SOI) [6, 7]
process, but this requires modification to the standard CMOS process which leads to an
increase in cost. Similarly, many photodetectors are built in Bipolar Complementary
Metal Oxide Semiconductor (BiCMOS) due to its superior performance for optical
receivers [8, 9], but this approach disallows monolithic integration in large scaled CMOS
ICs. In purely standard CMOS technology, speed can be improved by applying a high
reverse biased voltage, often higher than the power supply, to generate a very thick
depletion region [10, 11, 12]. This approach however seriously impacts the reliability of
the photodetector. A spatially modulated light (SML) detector topology which consists
of alternatively covered and exposed diodes has been used to eliminate the slow diffusive
carriers [13, 14]. The SML detection improves at the expense of a relatively smaller
responsivity. 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.

In addition, the highest reported responsivity of CMOS photodetectors is only 0.07
A /W with standard power supplies [15]; whereas the responsivity of the photodetectors
built in dedicated technology such as BICMOS can be as high as 0.4 A/W [9].

1.3. Objective

The highest data rate previously reported for a fully integrated CMOS optical receiver
is limited to 3.125 Gbps at a sensitivity of -4.2 dBm with a BER of 1072 [15]. The
objective of this thesis is to extend the state-of-the-art data rate to 4 Gbps by using
a combination of SML detection and an analog equalizer. In addition, a low-noise
optical receiver is also investigated to improve sensitivity in order to compensate for

the typically low responsivity of the CMOS photodetectors.
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1.4. Outline

The remaining chapters are organized as follows. Chapter 2 provides the necessary
background information on monolithically integrated photodetectors and the system-
level simulations of the photodetector with equalization. Chapter 3 details the transistor-
level design and simulations of various circuit blocks of the optical receiver. Chapter 4
presents measurement results. Chapter 5 concludes the thesis and provides suggestions

for further work.
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Chapter

Background and System Design

This chapter begins with background information on the photodetector and equalizer
in section 2.1 and section 2.2 respectively. It concludes with system-level simulation

results in section 2.3.

2.1. Photodetector

A photodetector converts the incident optical power into a current. The principles
of light detection in the photodetector along with its model are presented as follows.
A system-level simulation based on the model is performed to show the bandwidth

limitation of the photodetector.

2.1.1. Light Detection

Light comprises a stream of photons. Each photon can be characterized by its energy,
Epha

P he

= (2.1)

where h = 6.63-1073* J.s, ¢ = 3-10% m/s, and A is the corresponding wavelength.
Light detection may be performed by a reverse biased PN junction. The bandgap
energy of the semiconductor material used to create the PN junction is denoted as
E,. For each photon with F,;, > F,, an electron-hole pair is created; hence, current is
generated. The electron-hole pairs created in the depletion region of the PN junction
are separated by a large electric field corresponding to the drift current. The carriers

generated outside the depletion region in both P-type and N-type material correspond
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Table 2.1: « as a function of the wavelength.

Wavelength (nm) o« (um™!)
850 0.06
780 0.12
680 0.24
635 0.38
430 5.7

to the diffusion current as they must diffuse towards the depletion region before they
can be collected, provided they reach the junction before recombination occurs. The
absorption coefficient, o, determines how deep the light penetrates into a material and
is a function of the wavelength as shown in Table 2.1 [16].

According to Lambert-Beer’s law, the intensity of light penetrating into a medium

decreases exponentially with depth [17]:

O(x) = Dg-e . (2.2)

where ®(x) is the light flux at depth x into the semiconductor material, and ® is the
initial flux.

As shown in equation (2.2), the smaller « is, the deeper the light can penetrate down.
Since the penetration depth of 850-nm light is much larger than where the depletion
region occurs in standard CMOS technology, it is therefore desirable to have a wide

depletion region so that the diffusive carriers can arrive at the junction as quickly as
possible. The depletion width, W, is [17]

265’1 NA + ND
- \/ Nt W v v, 23)

where N4 is the doping concentration of acceptors in the P-type material, Np is the
doping concentration of donors in the N-type material, eg; is the permittivity of Si, ¢
is the charge of an election, Vj,; is the built-in voltage which is technology dependent,
and Vj is the reverse-bias voltage and is a negative number. Hence, a wider depletion
region can be achieved with lower doping concentrations and higher reverse biased
voltage. In a standard CMOS process, the n-well has a lower dopant concentration
than the n+ region and the p-substrate has a lower dopant concentration than the

p+ region. Hence, the PN junction of the photodetector was built between a n-well
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and p-substrate to increase the depletion width.
The total current density, Jiota, is the sum of the drift component in the depletion
region together with the diffusive components in both p-substrate, Juitf, p—substrate and

n—well, Jdiff, n—well *

Jtotal = Jdrift + sz’ff, p—substrate + Jdiff, n—well- (24)

The overall bandwidth is mainly limited by Jyiff, p—substrate and has been reported
to be only 70 MHz [18]. To obtain a higher speed, the slow diffusive carriers must be
eliminated. This can be achieved by using a spatially modulated light (SML) detector.
A simplified cross section of the SML detector is shown in Figure 2.1. It consists of
an exposed and a covered photodiode with a light-blocking metal. When the light is
incident on the surface of the detector, carriers generated in the depletion region are
immediately collected by the exposed photodiode. Carriers generated in the deep sub-
strate will diffuse towards the depletion region and have equal probability of reaching
either the exposed or the covered photodiode. Hence, when the signal currents collected
by these two photodiodes are subtracted, the slow diffusive currents are cancelled and
a faster response is obtained. The cancellation however reduces the responsivity of
the photodetector, and a low-noise receiver is necessary to amplify differential currents
in the range of a few microamperes from the SML detector without degrading the

sensitivity.

2.1.2. Photodetector Model

The frequency response of Jarire, Jaiff, p—substrate, and Jyifs, n—wen are discussed indi-
vidually as follows based on the simplified cross section of the SML detector shown in

Figure 2.1.

\ \ Light \ \

Blocking metal

i+ ] e[l [t

n—-well n-well

o /2 ly

)
))
«

p—substrate

Figure 2.1: Simplified cross section of the SML detector.
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[dB]
(=)
1

diff, p—substrate
1
[$))
1

Normalized J

Wavelength = 850 nm
[| = Wavelength = 680 nm |-
L = = = Wavelength = 430 nm |:

10 10 10° 10° 10 10
Frequency [Hz]

Figure 2.2: Normalized Jyiff, p—substrate for different wavelengths.

Jdm’ft

Due to the large electric field in the depletion region, the bandwidth of Jy.;p will
always be much larger than that of Jyr¢ p—substrate a0d Jaiff, n—weu- Therefore, Jyif
is assumed to be frequency independent, and its magnitude is directly proportional to

the width of the depletion region.

Jdiff, p—substrate

The current response of Jyiff. p—substrate 1S shown in equation (2.5) [19].

Jdiff, p—substrate — qaLne—aZx Z - .
=D \AM)? + 1+ jwr, + aLy,

(2.5)

where L, is the diffusion length of electrons, [, is the distance between the surface
and the PN junction, 7, is the lifetime of electrons, and [ is the periodicity of the
structure. Since « is related to the wavelength, normalized Jyitf, p—substrate for different
wavelengths is shown in Figure 2.2. The result confirms that smaller « results to a
lower bandwidth as light penetrates deeper into the substrate and carriers generated

further down must slowly diffusive up to the junction.

Jaiff, n—well

The current response of Jyiff, n—wen 18 shown in equation (2.6) [19].
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Figure 2.3: Normalized Jyitf, n—wen for different [,,.

L? 3 1—6 ols) & & 21lz(
p==
Jdiff, n—well = q—- o E :E : (@ 17rLZ

-1
nlml 2, (

)+ gt ()’
(2m

. (2.6)
7rL”) + 14+ ijp

where [, is the width of the n-well, L, is the diffusion length of holes, and 7, is the
lifetime of holes. As [, reduces, holes arrives at the junction more quickly and results
in a higher bandwidth. Normalized Jyiff, n—wen is shown in Figure 2.3. It can also be
observed that although [/, = 1 um results in the highest bandwidth, but it also leads

to a lower responsivity and has less effect on the overall bandwidth.

2.1.3. Photodetector Simulation in Matlab

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 allowable
distance set by the design rules, 1.4 um. Hence, this results [ = 8 um. The photode-
tector occupies a total area of 75 um x 75 um. The normalized total current response,
Jiotal, 18 shown in Figure 2.4. The slow roll-off at high frequencies is due to the summa-
tion of the different current responses. The bandwidth of the SML detector has been
improved to 700 MHz. An eye diagram of the SML detector at 4 Gbps is shown in
Figure 2.5 simulated using the presented model. The tail seen in the eye diagram is

the result of the slow-roll off of J;,, and can be removed by an equalizer.



10

Background and System Design
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Figure 2.5: Behavioral simulation eye diagram of the SML detector at 4 Gbps.
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2.2. Equalizer

The SML detector acts as a built-in equalizer to eliminate the slow diffusive carriers;
nevertheless, the resulting intrinsic bandwidth of the photodetector is not sufficient for
the targeted 4 Gbps operation. Hence, an additional equalizer is used to compensate
the frequency roll-off of the SML detector.

2.2.1. Equalizer Model

Peaking equalizers have commonly been used to provide a simple implementation to
compensate notch-free and low-pass channels. The zero provided by the peaking equal-
izers may be implemented using a weighted sum of low-pass and high-pass paths [20] or
capacitive degeneration [21, 22]. In this work, the peaking equalizer was implemented
with capacitive degeneration. The peaking in the equalizer is modeled with a zero and

two poles in its transfer function, H.,,
14+ =
(1+ wipl)(l + wiﬂ)

where w,, wy1, and wyy denote the zero and the two poles of H,, respectively [22]. The

H.,(s) = (2.7)

second pole of the equalizer is used to model the output parasitic capacitance of the

equalizer which arises during circuit design.

2.3. System Simulation

The frequency response of the SML detector, the equalizer, and the equalized SML
detector is shown in Figure 2.6. A boosting of 4 dB extends the bandwidth of the
SML detector to 3 GHz. The eye diagram of the equalized SML detector at 4 Gbps
is shown in Figure 2.7. The ISI shown in Figure 2.5 has been significantly removed
by the proposed equalizer. With the combination of the SML detector and an analog

equalizer, a higher speed of operation is achievable.
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Frequency Response[dB]

= = = SML detector
----- Equalizer
= Equalized SML detector

-10 i
107 10 10° 10 10°
Frequency [GHz]

Figure 2.6: Frequency response of the SML detector, the equalizer, and the equalized
SML detector.

LS

Voltage [V]

~0.5 i i i i i
-375-250-125 0 125 250 375
Time [ps]

Figure 2.7: Behavioral simulation eye diagram of the equalized SML detector at 4 Gbps.
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Circuit Design and Simulation

This chapter discusses the circuit design of the optical receiver front-end whose ar-
chitecture is shown in Figure 3.1. Section 3.1 provides a top-level description of the
design. Sections 3.2 to 3.6 detail the design and simulation results of each circuit block.
The remaining two sections verify the design by showing simulation results of the entire

receiver and concluding the chapter respectively.

Photodetector TIA AC Coupling Subtractor Equalizer PA  Output Buffer

it d i,
i< B vl DT

.||~> | o
Vi

Figure 3.1: Optical receiver block diagram.

3.1. General Information

3.1.1. Circuit Description

As shown in Figure 3.1, the entire optical receiver front-end begins with the SML detec-
tor which converts the incident optical power into two currents. When the subtraction
of these two signals is performed, the signal due to slow diffusive carriers from the

substrate can be removed and the bandwidth of the photodetector can be improved

13
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to 1 GHz [14]. A differential TIA converts the two currents from the photodiodes into
two voltages. The supply of the TTA was 3.3 V in order to provide a high reverse bias
voltage for the photodiodes so that a large photodetector bandwidth and responsivity
can be achieved simultaneously. AC coupling with a cutoff frequency of 100 kHz was
used to connect the TTA to the rest of the circuit blocks which operate from a 1.8 V
supply. Since the current from the exposed photodiode is always larger than that from
the covered photodiode, the AC coupling link has the added benefit of eliminating any
difference between the common-mode levels of the two signals. A subtracter follows to
further improve common-mode rejection and cancel the slow diffusive carriers generated
by photon absorption deep in the substrate. The resulting signal after the subtracter
is completely differential. An equalizer and a post-amplifier (PA) follow to further
remove inter-symbol interference (ISI) and increase the signal swing respectively. For

testing purposes, an output buffer was used to drive the signal to the oscilloscope.

3.1.2. Technology

The design was implemented in 0.18-pm CMOS technology with fr ~ 48 GHz which
offers 1 poly and 6 metal layers.

3.1.3. Simulation Corners

The entire design was optimized for T'T/60°C. However, simulation corners at SS/100°C
and FF/20°C were also performed in order to ensure robustness with process variation.
Current densities were maintained across corners by adjusting control voltages associ-

ated with the bias circuitry.

3.2. Transimpedance Amplifier

Among all the building blocks in the whole receiver, the TTA is the most critical
one in this design. Since the current signals from the photodetector are only tens of
micro amperes, the performance of the TTA often limits the overall performance of the
entire receiver. Hence, trade-offs between transimpedance gain, bandwidth, noise, and

stability will hence be discussed in this section.
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3.2.1. Specifications

Noise

Since the TIA is placed right at the input, its noise contribution often dominates over
that from other blocks. The total integrated input-referred noise current, I, jn tor, is
determined by dividing the total integrated output noise voltage, V;, ou,tot, by the TIA’s

low-frequency transimpedance gain, Ry, as expressed by

[ - Vn,out,tot
n,n,tot — R .
T

(3.1)

While a low-noise TIA is desirable, the main focus of this optical receiver is to extend
the state-of-the-art data rate for integrated CMOS photodetectors to at least 4 Gbps

with standard voltage supplies.

Transimpedance Gain

A large transimpedance gain is desirable for two reasons. First, it relaxes the gain
requirement in the PA. Second, increasing Ry reduces the input-referred noise as noise
contributions from later stages will be divided by a large transimpedance gain as shown
from equation (3.1). A minimum transimpedance gain of 5 k2 (74 dB2) was targeted
for Rr.

Bandwidth

The bandwidth of the TIA must be chosen carefully. A small bandwidth causes ISI
and reduces the eye-opening; a large bandwidth increases the total integrated noise and
reduces the input sensitivity. As a compromise between ISI and noise, the bandwidth
of the TIA is often targeted to be 0.7- R, [23], where R, represents the data rate of
the NRZ signal. For 4-Gbps operation, the bandwidth was aimed to be about 2.8 GHz.
Since the bandwidth of the photodetector is only 1 GHz, a TIA bandwidth of 2.8 GHz
is large enough to carry the signal to the equalizer. In addition, the selected bandwidth

also ensures peaking at 0.5 - R, from the equalizer is not attenuated.

Stability

As TIAs generally employ feedback, stability must be examined. A minimum phase
margin of 60 degrees was targeted to minimize overshoot and hence ensure the quality

of the eye diagram.
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3.2.2. Design

The shunt-shunt feedback TIA has been frequently used in optical receiver front-ends.
Its general architecture is shown in Figure 3.2. Denoting the low-frequency voltage

gain of the core amplifier as Aq, the DC transimpedance gain, Rr, of the TTA can be

=

approximated as

Im

Figure 3.2: Shunt-shunt feedback TTA.

_ RpAc

Hence, Ry is approximately equal to Rp for large Ac. The input current source,

Ry (3.2)

I;,, models the current of the photodetector. The total input capacitance, Cj,, at
the input of the TIA includes the input capacitance of the core amplifier and the
parasitic capacitance of the photodetector. The total output capacitance, C,,;, at the
output of the TTA includes the output capacitance of the core amplifier and the input
capacitance of the next stage. The core amplifier has an output resistance R,,;. Making

the following approximations:

Ao+ 1~ Ag, (3.3)
Rout < RFa (34)
Rout out K RFCiny (35)

the bandwidth of the TIA, BWyr;4, can be approximated as [17]

A
BWT[A - ﬁ (36)

where Rp and (), form the dominant pole of the closed-loop system.
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A regulated cascode (RGC) stage has often been employed to alleviate bandwidth
reduction of the TIA due the large parasitic capacitance of photodetectors [11], [15].
This topology however increases the noise contribution from the TTA due to the added
components directly at its input. In addition, the RGC stage often leads to a lower
reverse bias voltage for the photodetector which further degrades its responsivity. Since
the sensitivity degrades with an increase of noise in the TTA and a decrease of respon-
sivity in the photodetector, the RGC stage is not considered for the implementation of
the TIA.

As C}, is mainly dominated by the capacitance of the photodetector which is fixed
for a given dimension to comply with the diameter of the multimode fiber, the only
two ways to increase the bandwidth is to either reduce Rp or increase Ac. Reducing
Rp is undesirable as it leads into a higher input-referred noise current due to the
decrease of the transimpedance gain as seen from equation (3.1). Therefore, a high Ax
is targeted during the design of the TIA to achieve both high transimpedance gain and
high bandwidth.

By assuming that the core amplifier has only one dominant pole, the close-loop
response of the TTA forms a two-pole system and peaking might occur if the two poles
were complex conjugate pair close to the jw axis. It can be shown that for A¢ > 1,

the condition to guarantee a flat frequency response is [24]

2A¢
BWeay > ———— 3.7
oA = 2 WRFCm ( )

Equation (3.7) shows that Az cannot be maximized indefinitely to achieve a high
bandwidth without causing too much overshoot in the time domain due to the peaking
in the frequency response. Although it is derived based on a two-pole system, in the
case of a multiple-pole system, it is still important to note that the bandwidth of the
core amplifier must be high enough in order to ensure a flat frequency response thus a

good stability.

In summary, to achieve a high transimpedance gain, a large Rr must be chosen.
Since the bandwidth of the TIA varies inversely proportional to Rg, the gain of the
core amplifier, Ac, must be made large to keep the bandwidth high. As As increases,
the bandwidth of the core amplifier also needs to be extended in order to ensure a flat
frequency response so that the amount of the overshoot in the time domain can be
minimized.

The schematic of the TIA is shown in Figure 3.3. The transistor size is specified as
Ny x Wy / L, where Ny, Wy, and L denote the number of fingers, the finger width, and
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the finger length. A supply of 3.3 V was used to provide a large reverse-bias voltage
for both the exposed and covered photodiodes so that bandwidth and responsivity of
the photodetector can be improved together. The gate-source and gate-drain voltages
of all transistors are kept within 1.8 V to guarantee reliability of the operation. To
increase Ac, two identical differential-pair amplifiers were cascaded to implement the
core amplifier. The number of stages was limited to two as a compromise between gain
and stability. A capacitor can be added in parallel with Ry to eliminate possible gain
peaking but at the expense of a reduce TTA bandwidth [16]. Instead, the topology used
in this work employs a negative Miller capacitance in the core amplifier, which extends
the dominant pole of this stage and leads to an increase in the overall TTA bandwidth.
In addition, the improvement in the phase margin created by this shift of the core-
amplifier pole allows Ag to be increased without sacrificing stability. This further
increases the bandwidth of the TIA as shown in equation (3.6). In conclusion, the use
of the negative Miller capacitance achieves a higher bandwidth without sacrificing the

transimpedance gain and stability.

3.2.3. Simulation Results

The frequency response of the TIA is shown in Figure 3.4 with different values of C,,.
The value of C,, was optimized in order to achieve a maximally flat response. The
performance comparison of different values of C,, is summarized in Table 3.1. While a
larger core-amplifier gain could be implemented to achieve a higher TTA bandwidth, it
often sacrifices the PM. The result of Table 3.1 shows that with the appropriate value
of C,,, PM is improved due to a higher bandwidth of the core amplifier. The output
noise spectrum density of the TIA is shown in Figure 3.5. A summary of the simulation
results in different corners with C,, = 90 fF is shown in Table 3.2. The eye diagrams
at both positive and negative output terminals of the TIA are shown Figure 3.6(a) and
Figure 3.6(b). A portion of a 22! —1 PRBS pattern including 31 CID was used for the
input. It can be observed that the output common-modes at both output terminals of
the TIA are different since the current converted by the exposed photodiode is always
higher than that by the covered photodiode. Furthermore, since the eye diagrams of the
signals at both terminals look different, the common-mode rejection must be improved

in order to effectively remove the slow diffusive carriers.
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Figure 3.3: TTA: Schematic.

Table 3.1: Performance comparison of different values of C,,.

Cr (fF)

0 90 150

DC gain (dB)

74.6 746 746

Bandwdith (GHz) 2.0 29 3.3

Peaking (dB)

0.48 0.18 10.38

PM (degrees)

29 64 34
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Voltage [V]

Table 3.2: TIA simulation summary.

Corner TT/60°C SS/100°C FF/20°C
DC gain (dBX?) 74.6 74.5 74.6
Bandwidth (GHz) 2.9 25 35
Peaking (dB) 0.18 0 0.76
PM (degree) 64 68 62
Input-referred noise current (uA,,s) 0.19 0.17 0.20

2.75¢ ' ' ' ' '

Voltage [V]

26 1 1 1 1 1 26 1 1 1 1 1
-375 -250 -125 0 125 250 375 =375 -250 -125 0 125 250

Time [ps] Time [ps]

(a) (b)

375

Figure 3.6: TIA: Eye diagram at 4 Gbps at the (a) positive output terminal and (b)

negative output terminal.
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3.3. Subtracter

A subtracter was added to ensure the proper cancellation of the slow diffusive carriers
by improving the common-mode rejection since that from the TIA is insufficient. AC
coupling was used so that a new input common-mode could be set to comply with
the 1.8 V supply. The different output common-modes at both terminals are also re-
aligned through an external bias, V}. Lastly, the subtracter provides DC gain which is
particularly important since some DC gain is lost by the equalizer; consequently, the

input-referred noise of all subsequent stages is kept small compared to that of the TIA.

3.3.1. Specifications

Bandwidth

The bandwidth of the subtracter was targeted to be greater than 10 GHz so that it

does not limit overall bandwidth.

3.3.2. Design

The schematic of subtracter is shown in Figure 3.7. In order to achieve a higher GBW,
the implementation of the gain cell is based on the Cherry-Hooper amplifier with active

feedback. The transfer function of this amplifier is [25]:

V:)ut Avowi

W(S) T2 2 wns + w2’ (3.8)
where
Im19m3p1 Rpa
Ay, = , 3.9
1+ gm3gmsRp1Rp2 (3.9)
= % : Rp1Cr1 + RpaCre 7 (3.10)
Y Rp1Rp2CriCra(l + gmsgmaRp1 Rp2)

o 1+ gmsgmsBRp1Rp2 (3.11)

o Rp1Rp2Cr1CLs

In the above equations, Cr; and (s represent the load capacitance at the internal
and output node respectively, while g,,1, g3, and g,,5 denote the small-signal transcon-
ductance of M1, M3, and M5 respectively. As seen from equation (3.9), to achieve

high gain, ¢,,5 must be small and g¢,,; must be large. ¢,,3 must also be large to sup-
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port a high bandwidth according to equation (3.11). These goals were achieved with

appropriate bias currents and device sizes. A nominal value of ¢ < v/2/2 was chosen

so that a high bandwidth could be achieved without causing peaking.

The schematic of the AC coupling channel is shown in Figure 3.8. The values of R4¢

and C'4c were chosen so that the cutoff frequency is small enough to pass the lower

frequency content in the 23! — 1 pattern. To reduce the load on TIA, a combination of

lower C'y¢ and higher R, o were used.
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Figure 3.7: Subtracter: Schematic.

Vo
Vinp Voutp
o || o
2 pF 800 kS
o || o
Vinn Cuc Rac Voutn
Vi

AC coupling: Schematic.
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Table 3.3: Subtracter simulation summary.

Corner TT/60°C SS/100°C FF/20°C
DC gain (dB) 10.0 8.4 11.0
Bandwdith (GHz) 124 10.3 14.7
GBW (Gllz) 39 27 52

15 . .

AC Gain [dB]
=
o

5 E E E E 2 ;;;; 2 PR 2 PR
10" 10° 10" 10
Frequency [GHZ]

Figure 3.9: Subtracter: Frequency response.

3.3.3. Simulation Results

The frequency response of the subtracter is shown in Figure 3.9. A DC gain of 10 dB
and a bandwidth of 12.4 GHz were achieved. A summary of the simulation results at
different corners is shown in Table 3.3.

The frequency response of the AC coupling channel is also shown in Figure 3.10 and

the cutoff frequency is 100 kHz.

3.4. Equalizer

While the SML topology acts as a built-in equalizer within the monolithically inte-
grated photodetector, the data rate using this approach done has been limited to only
2 Gbps [14]. The purpose of the equalizer was to further remove the remaining ISI so

that a higher data rate could be achieved.
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Figure 3.10: AC coupling: Frequency response.

3.4.1. Specifications

Peaking

Based on the results of the system-level simulations in Section 2.3, 4 dB was required
from the equalizer. Although intended as a fixed (not adaptive) equalizer, in this pro-
totype some tunable boost was designed to account for any inaccuracy in the modeling

of the photodetector or preceding circuits.

DC gain

As the minimum DC gain of the subtracter was 8 dB, a minimum DC gain of -8 dB
was sought from the equalizer so that the contribution of the two maintains at least

the same signal level at the TTA output.

3.4.2. Design

The schematic of the equalizer is shown in Figure 3.11. It consists of a capacitive
degeneration to provide a zero in the small-signal transfer function. Triode device, M3,
and the MOS varactors, M4 and M5, were used to adjust the values of the degeneration
resistance and capacitance respectively in order to provide fine-tuning. The transfer

function can be expressed as [22].
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Figure 3.11: Equalizer: Schematic.

V;ut
Vi

14 =
1+ 250+ 25)

where Ey, w,, wp, and wye denote the DC gain, the zero, and the two poles of the

(s) = Ey - (3.12)

equalizer which can be expressed as follows:

gmlRD
Ey= ———-, (3.13)
1 + g'ml2 S
where g¢,,1 is the transconductance of M1,
1
= —, 3.14
W= R (3.14)
1 + 9m12RS
= — 3.15
wpl RSOS ) ( )
! (3.16)
Wpo = ———. .
” " RpCp

The maximum amount of boost is provided when M3 is turned off. As M3 turns
on, the amount of boost compared to the DC gain is reduced as the effective source
resistance is lower which in turn leads to a higher DC gain. The MOS varactors were

implemented in the accumulation mode by placing NMOS transistors inside an n-well.
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Table 3.4: Equalizer simulation summary.

Corner TT/60°C SS/100°C FF/20°C
DC gain (dB) -02to7.1 -0.1to5.0 -0.4to85
Peaking range (GHz) 2.0to3.3 21to3.2 22to34

A wider tuning range can be achieved by tuning the gate-source voltage of the varactors.

3.4.3. Simulation Results

The frequency response while varying Vzg and Vg are shown in Figure 3.12(a) and
Figure 3.12(b) respectively. Transient simulation was used to verify the performance of
the equalizer by comparing the eye diagrams before and after the equalizer at 4 Gbps
as shown in Figure 3.13(a) and Figure 3.13(b) respectively. A portion of a 23 —1 PRBS
pattern including 31 CID was used, and the qualizer was tuned to its optimal setting
with Vog = 1.2 V and Vzg = 0.8 V. The pattern dependent jitter was reduced from
36.6 ps to 9.9 ps. A summary of the simulation results in different corners is shown in
Table 3.4.

3.5. Post Amplifier

The purpose of the PA is to enlarge the signal swing to ensure the correction function-
ality of subsequent blocks. As linearity is only important up to the equalizer, an LA

was used to amplify the signal without a gain-control mechanism.

3.5.1. Specifications

Gain

With a minimum expected received average optical power of -12 dBm from the VCSEL
source, a large extinction ratio, a photodiode responsivity of 0.03 A /W, and a combined
gain of approximately 80 dB2 from TTA to the equalizer, LA would sense an input
signal of 38 mV. The gain of the LA was targeted to be at least 30 dB to provide

enough swing.
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Figure 3.12: Equalizer: Frequency response while (a) varying Vzg for Vog = 1.2 V and
(b) varying Vg for Vgs = 0.8 V.
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Figure 3.13: Equalizer: Eye diagram at 4 Gbps (a) before and (b) after the equalizer
with Vog = 1.2 V and Vs = 0.8 V.

Bandwidth

The bandwidth of the LA is designed to be larger than the TTA bandwidth such that it
does not limit the overall performance. A common approach is to target a bandwidth
equal to the data rate [23]. However, this is based on a small-signal approximation
which becomes less valid as the amplitude increases. Hence, while the bandwidth of
the first few stages must be close to the data rate, the bandwidth of the entire LA can
be slightly relaxed.

Noise

The majority of the noise in the receiver is attributed to the TIA; however, the noise
generated by the LA also adds to the total noise and degrades the overall sensitivity
of the receiver. As the number of stages reduces, the gain per stage becomes large
which makes the noise contributed by all of the stages less significant. As a result, the

number of stages for a high-gain LA is usually limited to less than 5 stages [23].

Offset Voltage

Due to the large gain of the LA, even a small input offset voltage may saturate the

latter stages. Thus, offset cancellation must be incorporated into the LA.
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3.5.2. Design

The block digram of the LA is shown in Figure 3.14. It consists of 4 identical gain cells
to provide the necessary gain, an input stage that performs offset cancellation, and an
offset cancellation network to low-pass filter the output and sense any DC offset. Each
gain cell was implemented using the same topology as the one in the subtracter but

with different biasing as shown in Figure 3.15.

Vinp7OC Vinn,OC

o o

ALA = Roc $
V%np Voutp
o + + + + + ' 0
DS D N >
o _ — - — - o
V%nn Voutn
Small Signal Operation Large Signal Operation

Figure 3.14: LA: Block diagram.

Although a greater overall GBW can be achieved with a higher number of stages,
power increases and noise performance degrades as the gain per stage drops. Since the
bandwidth requirement is less than one tenth of the nMOS devices’ peak fr, 4 stages
were sufficient.

The schematic of the input stage of the LA is shown in Figure 3.16 which consists of
two differential inputs. one input passes the data through the chain of gain cells with
a total gain of Ap4, and the other input takes the DC signal fed back from the offset
cancellation network through an error amplifier with voltage gain, Ag.

The cutoff frequency, feo, of the offset cancellation network is given as

ApaAg +1
fo = m. (3.17)
fo must be low enough to reduce baseline wander and data-dependent jitter. Since
ApaAg is large, RocCoc must also be large, and were implemented using high-ohmic

resistors and MOS capacitors to achieve 11 M2 and 70 pF respectively.
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Table 3.5: LA simulation summary.
Corner TT/60°C SS/100°C FF/20°C
DC gain (dB) 39 31 46
Small signal Bandwdith (GHz) 4.7 4.0 6.0
Overall Bandwdith (GHz) 3.7 3.2 4.5
GBW (GHz) 352 110 862

3.5.3. Simulation Results

The frequency response of the LA is shown in Figure 3.17. A DC gain of 39 dB was
achieved. The small signal bandwidth simulated from the input stage of the LA up to
end of the second gain cell and was at 4.7 GHz beyond which the signal will normally
saturate the remaining stages. A summary of the simulation results in different corners

is shown in Table 3.5. The cutoff frequency, fo, was 40 kHz.

3.6. Output Buffer

In order to facilitate the measurement in the 50 €2 testing environment, an output
buffer with 50 €2 on chip termination was used to provide matching while delivering an

appropriate signal swing to the oscilloscope.
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3.6.1. Specifications

Bandwidth

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.

Swing

A swing of 200 mV,, per side is targeted for the doubly-terminated 50 €2 (25 (2 effective)
output load.

3.6.2. Design

To deliver a swing of 200 mV,,, per side to an effective load of 25 €2, the buffer must
steer a total current of 8 mA. Hence, the transistors need to be sized large enough
to ensure the driving capability. As a result, the input capacitance of the differential
pair presents a significant load to the last stage of the LA and can reduce its overall
bandwidth. A fr doubler was used to halve the effective input capacitance [23]. The
schematic of the output buffer is shown in Figure 3.18. A differential pair with half of
the transistor width (20 x 1.5 um / 0.18 um) also achieves the same input capacitance
to the first order; however, this would lead to a lower voltage head room for the tail
transistor compared to M5 and M6 if the same total current (8.4 mA) were supplied.

Therefore, the differential pair was not used to implement the output buffer.

3.6.3. Simulation Results

A small-signal bandwidth of 5.4 GHz was achieved as shown by the frequency response
of the output buffer in Figure 3.19. A summary of the simulation results in different

corners is shown in Table 3.6.

3.7. Complete Optical Receiver

The complete optical receiver operated under two power supplies. The supply of the
TIA was 3.3 V in order to provide a large reverse-bias voltage for the photodetector

while the supply of the remaining blocks was 1.8 V. The overall frequency response is
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Figure 3.19: Output buffer: Frequency response.

Table 3.6: Output buffer simulation summary.

Corner TT/60°C SS/100°C FF/20°C

Bandwdith (GHz) 5.4 5.3 5.6
Swing (mV) 200 200 200
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Figure 3.20: Complete optical receiver: Frequency response.

Table 3.7: Simulated power consumption break down.

Block Power (mW)
TIA 32
Subtracter 23
Equalizer 5

LA 55
Output buffer 14
Biasing circuit 16
Total 145

shown in Figure 3.20 with the optimal equalizer setting at Vog = 1.2 V and Vs = 0.8 V.

The overall small-signal transimpedance gain from TTA to output buffer was 119 dBQ2
with an effective load of 25 €). The amount of boost at 2 GHz is 2.7 dB. The output
buffer delivered a swing of 200 mV,,, per side to an effective load of 25 €2 at the output.

The power consumption break down is summarized in Table 3.7. All targeted speci-
fications of each block have been met in SS/100°C, TT/60°C, and FF/20°C corners.

Measurement results will be presented in Chapter 4.
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Chapter

Layout and Measurements

This chapter presents the circuit layout and measurement results of the optical receiver
front-end. The test-chip was fabricated in 0.18-um CMOS technology with 6 metal
layers and deep n-well option. Section 4.1 describes the circuit layout and section 4.2

addresses the measurement results.

4.1. Circuit Layout

The die was packaged with Quad Flat No leads (QFN). The total chip area is 2.8 x
1.5 = 4.2 mm? as shown in Figure 4.1. Shown in Figure 4.2 is the core area of the chip
which occupies 0.86 x 0.84 = 0.72 mm?, and consists of the photodetector described
in section 2.1 attached to the optical receiver front-end presented in chapter 3. The
die includes a duplicate of the electrical receiver with the photodetector removed so
that an electrical test can be performed to verify the functionality of the electrical
circuit blocks. A stand-alone photodetector (including both the exposed and covered
photodiodes) with the same dimension as the one attached to the TTA of the optical

receiver front-end was also included as a test feature for DC responsivity measurements.

4.2. Measurements

The packaged chip was mounted on a Printed Circuit Board (PCB) for testing as shown
in Figure 4.3. Commercial voltage regulators and potentiometers were used to generate
the supply voltages and provide proper biasing for the transistors on chip. This section
describes the test setup and experimental results for an electrical test, a photodetector

responsivity test, and an optical test with BER measurements.
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1.5 mm

Figure 4.1: Die photo of the chip with the optical receiver highlighted.

Offset
Cancellation
Network

Bias with Decoupling

0.86 mm

Figure 4.2: Die photo of the optical receiver.
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Figure 4.3: PCB.

4.2.1. Electrical Test

The electrical test setup is shown in Figure 4.4. A pattern generator (MP1701A) was
used to generate the PRBS signal to the input of the TIA to verify the functionality of
the electrical circuit blocks. The measured output eye diagram at 5 Gbps using 23! — 1
PRBS pattern with an input swing of 8 mV,,, is shown in Figure 4.5. As the data
rate exceeds 5 Gbps, both the horizontal and vertical eye opening reduce sharply even
with a larger input amplitude. As a result, 5-Gbps represents an upper limit on the

achievable data rate in a complete optical test including the photodetector.

{ Electrical Test

Figure 4.4: Electrical test setup.



40 Layout and Measurements

S fle Conrol Sewp Measure Calbrate Uiites el 230ct3008 0917 =

ps ‘Tg%d.'k

s 4

v : 2 info.

e

.03

=2

; 100 /i a0 OmyAdy | Time:S0.0ps/div | Tiig:Mormal | o Patiem
2 :*D_TF'fes'?"t I 2‘ Nat Present Iﬂ 40 ’!ﬁm{ I Déléx-zd'.zﬁﬁﬁ'ns I R I i Lok l

Figure 4.5: Measured eye diagram at 5 Gbps using 23! —1 PRBS pattern with an input
swing of 8 mV,,.

4.2.2. Photodetector Responsivity Test

The photodetector responsivity test setup is shown in Figure 4.6. The photodetector
occupies a total area of 75 um x 75 um. A 50/125um multi-mode fiber was used
to couple the optical power emitted from a 850-nm VCSEL source (HFE4192-582) to
the on-chip photodetector. 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 uW, the currents coming from both exposed and covered
photodiodes were 68.4 uA and 42.5 uA 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

plotted in Figure 4.7.

4.2.3. Optical Test

The optical test setup is shown in Figure 4.8. The same pattern generator was used
to modulate the VCSEL source through a high-speed VCSEL driver (MAX3795). A
wideband oscilloscope (Agilent 86100B) was used to capture eye diagrams. In addition,
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Figure 4.6: Photodetector responsivity test setup.
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Figure 4.7: Net responsivity of the photodetector at different reverse bias voltages.
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BER measurements were performed to determine the sensitivity of the optical receiver
front-end. The BER measurement setup is shown in Figure 4.9. A BER tester (Anritsu
MP1800A) was used to send patterns to modulate the VCSEL source.

The optical receiver front-end was operated in two modes which differ by the current
consumption in the TIA. Hence, two sets of measurements were obtained. The first set
of measurements corresponds to biasing the TIA with a total current consumption of 9
mA. This is referred to as the low-power (LP) mode. The second set of measurements
corresponds to biasing the TIA with a higher total current consumption of 20 mA in
order to increase its bandwidth so that a higher data rate can be achieved. This is
referred to as the high-speed (HS) mode. A 23! —1 PRBS pattern was used to modulate
the 850-nm VCSEL source for all eye diagram measurements. The equalizer shown in
Figure 3.11 was fixed with Vgs =0 V and Vg = 1.2 V for all measurement points in
both modes.

Figure 4.9: BER measurement setup.

Low Power Mode

Eye diagrams at 2.5 Gbps and 3.125 Gbps are shown in Figure 4.10(a) and Fig-
ure 4.10(b) for an average optical input power of -3 dBm. The highest data rate
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Figure 4.10: Measured eye diagrams for a 23! —1 PRBS pattern with an average optical
input power of -3 dBm at (a) 2.5 Gbps and (b) 3.125 Gbps.

that can be achieved at a BER less than 107!? with an average optical input power of
-3 dBm in the LP mode is 4.25 Gbps. In order to verify the performance improvement
provided by the equalizer, the boosting must be eliminated. This was achieved by
pulling both Vzg and Veg to 1.8 V. The eye diagrams with equalizer off and equalizer
on are shown in Figure 4.11(a) and Figure 4.11(b) respectively. The measured BER as

a function of average optical input power at different data rates is shown in Figure 4.12.

High-Speed Mode

With a higher current consumption in the TIA, the data rate was extended to 5 Gbps
attributed to a larger TIA bandwidth. Shown in Figure 4.13(a) and Figure 4.13(b) are
the eye diagrams with equalizer off and equalizer on for an average optical input power
of -3 dBm. The boosting of the equalizer was deactivated using the same approach
done in the LP mode. The measured BER as a function of average optical input power

at different data rates is shown in Figure 4.14.

Comparison

The main measurement results of both LP mode and HS mode are summarized in
Table 4.1. As shown in Figure 4.12, the highest date rate with BER less than 10712 is
4.25 Gbps for the LP mode. It can also be observed that at 5 Gbps, the BER improves
very little as average optical input power increases. Therefore, the BER at 5 Gbps is
mainly limited by the bandwidth of the receiver rather than noise in the LP mode.



44 Layout and Measurements

ool Sewp Measre Cabrae Uites teb  omevms o 7] 4 b Sep vewmwe Calbrae Ulites tep  zovns mes) |

Figure 4.11: Measured eye diagrams for at 4.25 Gbps for a 231 — 1 PRBS pattern with
an average optical input power of -3 dBm with (a) equalization off and
with (b) equalization on.
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Figure 4.12: Measured BER as a function of average optical input power at different
data rates under low power setting.
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Figure 4.14: Measured BER as a function of average optical input power at different
data rates under high speed setting.
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Table 4.1: Main measurement results in low power mode and high speed mode.

LP | HS
Technology 0.18-um CMOS
Supply voltages 3.3V, 18V
Total chip area 1.5 x 2.8 = 4.2 mm?
Core area of optical receiver front-end 0.86 x 0.84 = 0.72 mm?
Optical wavelength 850 nm
Average input power -3 dBm
Current Consumption in the TTA 9 mA 20 mA
Highest data rate with BER less than 107 | 4.25 Gbps 5 Gbps
RMS jitter 8.89 ps 11.6 ps
Total power consumption with output buffer 144 mW 183 mW
Power consumption without output buffer 129 mW 168 mW

To alleviate the bandwidth problem, the current consumption of TTA is increased in
the HS mode. As shown in Figure 4.14, at 5 Gbps significant improvement of BER
is observed as average optical input power increases in the HS mode. Consequently,
5 Gbps operation was achieved with a BER of 10712 at an average optical input power
of -3 dBm. One can note that the sensitivity level for a BER less than 107!2 has
become worse when switching to the HS mode for the lower data rates. This is because
an increase in the TTA bandwidth leads to a higher total integrated noise. Therefore,
while the HS mode is able to operate at higher data rates, the LP mode is preferred for

data rates below 4.25 Gbps from both power consumption and sensitivity perspectives.
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Conclusion

5.1. Conclusion

The design of an optical receiver with monolithically integrated photodetector was
investigated. Due to the low intrinsic bandwidth of the CMOS photodetector, a com-
bination of a SML detector followed by an analog equalizer was used to extend the
state-of-the-art data rate to 5 Gbps. To the authors’ knowledge, it is the fastest
photodetector integrated in a standard CMOS technology using standard supplies be-
low 3.3 V. A low-noise TIA with high bandwidth and high transimpedance gain was
also proposed. By employing negative Miller capacitance, the bandwidth of the TIA
can be extended while keeping a flat frequency response. The measurement results
of the optical receiver operating in two modes are compared with recently published
photodetectors built in standard CMOS technology and operated with 850-nm optical
light source in Table 5.1. The areas of all these photodetectors are approximately equal
to 50 um x 50 um to comply with the core diameter of the multimode fiber. Among
the references mentioned in Table 5.1, [11], [15], and [26] are the only ones that have
an integrated TTA and PA together with the photodetector on chip. A more detailed
comparison between these fully integrated optical receivers with this work is summa-
rized in Table 5.2. Although 5 Gbps was reported in [12], it used a very high supply at
13.9 V to reverse-bias its photodiode through a bias-T. In addition, the authors failed
to report the sensitivity at 5 Gbps. Moreover, since TTA and PA were not integrated
on chip with the photodetector, an external TIA was used for testing. In conclusion,
the optical receiver achieves a better sensitivity at 2.5 Gbps and 3.125 Gbps at a BER
less than 107! compared to [11] and [15] in both LP and HS modes. When operating

in the LP mode, the optical receiver accomplishes so with 4.3 dB improvement in sen-
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Table 5.1: Photodetectors in standard CMOS technology

Technology Responsivity Highest Supply Data Rate
4] 0.18-pm CMOS - 1.8V 3 Gbps
[11] 0.18-pm CMOS - 6V 2.5 Gbps
[12] 0.18-um CMOS 0.38 A/W 13.9V 5 Gbps
[13] 0.6-pm CMOS 0.1 A/W 5V 250 Mbps
[15] 0.18-um CMOS 0.07 A/W 3.3V 3.125 Gbps
[26] 0.18-um CMOS 0.03 A/W 1.8V 1.2 Gbps
This work (LP)0.18-um CMOS 0.05 A/W 3.3V 4.25 Gbps
This work (HS)0.18-pm CMOS 0.05 A/W 3.3V 5 Gbps

Table 5.2:

tector, TTIA, and PA

Detailed comparison of fully integrated optical receivers including photode-

Power Data Rate Sensitivity Area
[11] 138 mW 2.5 Gbps -4.5 dBm  0.53 mm?
[15] 175 mW  3.125 Gbps -4.2 dBm 0.7 mm?
[26] 250 mW 1.2 Gbps -8 dBm 4.5 mm?
2.5 Gbps -9.5 dBm
This work (LP) 144 mW  3.125 Gbps -8.5dBm  0.72 mm?
4.25 Gbps -3 dBm
2.5 Gbps -7.5 dBm
. 3.125 Gbps -6.8 dBm
This work (HS) 183 mW =) o7 GbEs 45dBm  0.72 mm?
5 Gbps -3 dBm

sitivity and 18 % power reduction compared to [15]. The improvement in sensitivity

justifies the design of the proposed low-noise TIA compared to the RGC stage used

in [11] and [15]. With a maximum data rate of 5 Gbps, it is the only fully integrated

optical receiver operating at speeds exceeding 3.125 Gbps.

5.2. Future Work

This thesis has demonstrated that equalization can be used to extend the data rate
of monolithically integrated CMOS photodetectors. Due to the bandwidth limitation
from the TTA, the highest data rate achieved was 5 Gbps under the HS mode. In terms
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of future work, a high-bandwidth and low-noise TIA should be investigated so that the
data rate can be further extended with reasonable power penalty.

Furthermore, the influence of technology scaling must be studied. As higher doping
levels and lower supply voltages are used in newer technologies, the depletion region
unavoidably decreases. This in turn leads to a simultaneous reduction of responsiv-
ity and intrinsic bandwidth of photodetectors; consequently, it poses serious design
challenges.

Upon successful integration of a high bandwidth and high responsivity photodetec-
tor in standard CMOS technology, a low-cost fully integrated optical receiver can be

realized.
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