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Abstract

High Speed Integrated Circuits for High Speed Coherent Optical

Communications
by

Hyun-chul Park

With the development of (sub) THz transistor technologies, high speed inte-
grated circuits up to sub-THz frequencies are now feasible. These high speed and
wide bandwidth ICs can improve the performance of optical components, coher-
ent optical fiber communication, and imaging systems. In current optical systems,
electrical ICs are used primarily as driving amplifiers for optical modulators, and
in receiver chains including TIAs, AGCs, LPFs, ADCs and DSPs. However, there
are numerous potential applications in optics using high speed ICs, and differ-
ent approaches may be required for more efficient, compact and flexible optical
systems.

This dissertation will discuss three different approaches for optical components
and communication systems using high speed ICs: a homodyne optical phase
locked loop (OPLL), a heterodyne OPLL, and a new WDM receiver architecture.

The homodyne OPLL receiver is designed for short-link optical communication
systems using coherent modulation for high spectral efficiency. The phase-locked
coherent receiver can recover the transmitted data without requiring complex
back-end digital signal processing to recover the phase of the received optical car-

rier. The main components of the homodyne OPLL are a photonic IC (PIC), an

xiil



electrical IC (EIC), and a loop filter. One major challenge in OPLL development
is loop bandwidth; this must be of order 1 GHz in order for the loop to adequately
track and suppress the phase fluctuations of the locked laser, yet a 1 GHz loop
bandwidth demands small (<100 ps) propagation delays if the loop is to be stable.
Monolithic integration of the high-speed loop components into one electrical and
one photonic IC decreases the total loop delay. We have designed and demon-
strated an OPLL with a compact size of 10 x 10 mm?, stably operating with a
loop bandwidth of 1.1 GHz, a loop delay of 120 ps, a pull-in time of 0.55 us and
lock time of <10 ns. The coherent receiver can receive 40 Gb/s BPSK data with
a bit error rate (BER) of < 1077, and operates up to 35 Gb/s with BER < 107'2.

The thesis also describes heterodyne OPLLs. These can be used to synthesize
optical wavelengths of a broad bandwidth (optical wavelength synthesis) with
narrow linewidth and with fast frequency switching. There are many applications
of such narrow linewidth optical signal sources, including low phase noise mm-wave
and THz-signal sources, wavelength-division-multiplexed optical transmitters, and
coherent imaging and sensor systems. The heterodyne OPLL also has the same
stability issues (loop delay and sensitivity) as the homodyne OPLL. In the EIC, a
single sideband mixer operating using digital design principles (DSSBM) enables
precisely controlled sweeping of the frequency of the locked laser, with control
of the sign of the frequency offset. The loop’s phase and frequency difference
detector (PFD) uses digital design techniques to make the OPLL loop parameters
only weakly sensitive to optical signal levels or optical or electrical component
gains. The heterodyne OPLL operates stably with a loop bandwidth of 550 MHz

and loop delay of <200 ps. An initial OPLL design exhibited optical frequency
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(wavelength) synthesis from -6 GHz to -2 GHz and from 2 GHz to 9 GHz. An
improved OPLL reached frequency tuning up to 25 GHz. The homodyne OPLL
exhibits -110 dBc/Hz phase noise at 10MHz offset and -80 dBc/Hz at 5 kHz offset.

Finally, the thesis describes a new WDM receiver architecture using broadband
electrical ICs. In the proposed WDM receiver, a set of received signals at different
optical wavelengths are mixed against a single optical local oscillator. This mixing
converts the WDM channels to electrical signals in the receiver photocurrent, with
each WDM signal being converted to an RF sub-carrier of different frequency. An
electrical IC then separately converts each sub-carrier signal to baseband using
single-sideband mixers and quadrature local oscillators. The proposed receiver
needs less complex hardware than the arrays of wavelength-sensitive receivers now
used for WDM, and can readily adjust to changes in the WDM channel frequencies.
The proposed WDM receiver concept was demonstrated through several system
experiments. Image rejection of greater than 25 dB, adjacent channel suppression
of greater than 20 dB, operation with gridless channels, and six-channel data

reception at a total 15 Gb/s (2.5 Gb/s BPSK x 6-channels) were demonstrated.
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Chapter 1

Introduction

I have worked on the DARPA Photonic Integrations for Coherent Optics (PICO)
project during my Ph.D. study for four years (July 2010 - Aug 2014), collabo-
rating with Prof. Larry Coldren’s group (Mingzhi Lu, Abi Sivananthan, John
Parker and Leif Johannson) and Prof. John Bowers’ group (Molly Piels). I have
devoted all my efforts to coherent optical systems utilizing our high speed inte-
grated circuit (IC) designs (with Eli Bloch) and system designs and their system
experiments (Mingzhi Lu and Molly Piels). The main topics of my research were
high-speed ICs, homodyne optical phase locked loop (OPLL), heterodyne OPLL,
and new coherent wavelength division multiplexing (WDM) receivers under the
direction of Prof. Mark Rodwell. All topics were successfully demonstrated. In
my dissertation, I will describe all my work starting from high-speed IC designs
to system-level experiments, including their analysis to support our experimental

results.
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1.1 Background and motivation

Developments in advanced I1I-V and Silicon transistor technologies [1-5] have
made it possible to design high frequency ICs for sub-THz applications [6-17].
High speed ICs using these technologies can improve the performance of optical
components, optical fiber communications, and optical sensing systems. There
will also be many new applications in optics using high speed ICs, and different

approaches may be required for better and more efficient systems.

Photonic integrated circuit

<«<— 1> LOlaser

Loop filter
/ driver

Electronic integrated circuit

\ J

Figure 1.1: Conceptual integrated optical phase locked loop (OPLL) schematic.

In my dissertation, three main research approaches for coherent optical fiber
communication systems using high speed 1Cs will be discussed: Homodyne OPLL,
heterodyne OPLL, and a new WDM receiver architecture.

Optical coherent techniques can improve optical communication and sensor
systems, i.e. homodyne detections and wavelength synthesizers. The OPLLs
(optical phase synchronous techniques) may have a variety of applications and
will be very powerful, similar to their counterpart in the electrical domain [18-24].

However, designs of the OPLLs have been challenging because of feedback loop
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delay and laser linewidth. Current OPLLs use 100 ns delay and 10 kHz linewidth
lasers which are unsuitable, bulky and expensive [25-28]. The OPLLs must be
integrated, have wide loop bandwidth, and have small loop delay, i.e. >1.0 GHz
and <0.1 ns, which are known to be challenging [29-41]. In collaboration with
Prof. Larry Coldren’s group, integrated OPLLs were designed using high speed

photonic ICs and electrical ICs as shown in figure 1.1.
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Arrays of PICs Arrays of EICs
N
LPF ADC DSP

WDM -4
channels m
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L Laser, hybrid, PDs )\ )
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A Single PIC Arrays of EICs with PLLs
e R
PIC TIA SSBM AGC LPF ADC DSP
WDM
channels

Laser, hybrid, PDs || M

Frequency
synthesizers

J

(b)

Figure 1.2: Conceptual WDM receiver schematics for conventional architecture
(a) and new proposed WDM receiver architecture (b).

Digital coherent detection (or intradyne detection) techniques are currently
very popular in coherent optical fiber communications because of their powerful
DSP functions of carrier phase frequency estimation and linear and non-linear

compensation [42-47]. A single optical fiber carrying WDM signals can have
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capabilities of >100 Gb/s and even toward >1 Th/s [48-51]. Therefore, many
different receiver architectures and strategies have been suggested, i.e. DWDM,
super-channels, elastic optics [51-55]. However, conventional WDM receiver archi-
tectures still use an optical filter as an optical channel de-multiplexer and arrays
of coherent detectors for each channel as shown in figure 1.2 (a). These photonic
ICs are still bulky, complicated, and can be better optimized using current high
speed electrical ICs [44,56-58]. Thus, a new coherent WDM receiver architecture
using wide bandwidth and precisely designed electrical ICs has been proposed and
designed shown in figure 1.2 (b). The previous conventional WDM receivers are
expected to improve in terms of complexity, chip size, power consumption, cost,

and system robustness.

1.2 Challenges and Previous Work

Historically, a large loop delay and correspondingly narrow bandwidth has
been considered an inherent drawback of OPLLs: The PLL bandwidth was usually
limited below 1 MHz because of large loop delay, and it was difficult to maintain
system stability when semiconductor lasers had large phase noise and frequency
drift. This technical difficulty inherent in OPLL has not been solved perfectly even
when we use state-of-the-art distributed-feedback (DFB) semiconductor lasers. -
K. Kikuchi [29]. OPLL designs have been challenging because of feedback loop
delay and laser linewidth. Compared to OPLLs using ultra-stable lasers (10 kHz
laser linewidth), our integrated SG-DBR lasers are more compact and inexpensive.

They have naturally broad linewidth (~5 MHz linewidth), and drift is several 10’s
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of MHz [40,59]. Therefore, the integrated lasers in the OPLLs need as wide a loop
bandwidth as possible, i.e. >500 MHz loop bandwidth, to stabilize the integrated
lasers against wide phase and frequency noise and to track a reference laser. To
build the OPLLs with a wide loop bandwidth, a small loop delay 7 is necessary.
The absolute stability condition for the OPLL designs with significant loop delay

has been analyzed [18,60] as
wp, X 7 < 0.736, (1.1)

where w,, x 7 is a phase variation. Following equation 1.1, a loop bandwidth w,, =
500 MHz must have less than ~200 ps loop delay. In [61], the minimum total phase
error variation (rad?) and minimum noise penalty are obtained using 2-3 GHz loop
bandwidth for our SG-DBR laser including laser linewidth and thermal and shot
noise. However, a loop bandwidth of 2-3 GHz is physically difficult to obtain
given the loop delays, and therefore, the loop bandwidth should be as wide as
permitted by the loop delay. OPLL designs have also been challenging because of
laser loop stability. The diode lasers are very sensitive to external variations. For
example, temperature variation changes the laser frequency ~10 GHz/degree, and
mechanical vibrations can change optical coupling intensity and vary the phase
detector’s lock condition which leads to cycle-slip or false lock [30,33,37,38,62,63].
Therefore, we must apply techniques resistant to such external variations to the
OPLL designs [37,38,64,65].

Much coherent optical communication research including OPLLs has been per-
formed before the introduction of WDM, Erbium-doped fiber amplifiers (EDFA),
and digital coherent detection [28,66-69]. Recently, OPLL research has been re-

vived. The research focuses on minimizing the loop delay, for instance, through
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packaging OPLL with such loop delay of 380 ps [32], by hybrid integration of
the PIC and discrete electrical circuits, including amplifiers, XOR gates, and loop
filters on a printed circuit board with delay of 1.8 ns [31], OPLL integration on
to a small AIN carrier board using FETSs for loop filter designs with delay of less
than 300 ps [30], and recent flip-chip bonding of PIC and EIC at UCSB. Differ-
ent approaches of OPLL designs have also been published, using many auxiliary
components of the optical VCO with Mach-Zehnder modulator, and even digital
sampling using slow ADCs and DSPs [26, 70].

In our OPLL designs [37-41], we have used highly integrated PICs and EICs
to minimize the loop delay. In the high speed EIC, we have included complicated
functions to stable OPLL operations, i.e. limiting amplifiers, binary phase and
frequency detector, digitally operating single sideband mixers and all 50 2 high-
speed interfaces. In addition, we have proposed a dual-path (feed-forward) loop
filter to nearly eliminate loop filter delay at high frequencies near loop bandwidth
W -

In addition to OPLL designs, we have also focused upon WDM receivers in
this dissertation. Coherent WDMSs have been widely used in optical fiber commu-
nications, because of DSPs’ powerful carrier phase and frequency estimations and
linear /non-linear distortion and rotation compensations [42-47]. However, cur-
rent coherent WDM systems (figure 1.2 (a)), which consist of bulk optical filter
for de-multiplexing channels and arrays of coherent receivers for data recovery on
each channel, can be improved by using our high speed photonic ICs and electrical
ICs. The two key challenges are the speed and bandwidth of the electrical 1Cs

and photodiodes in the PIC. The numbers of WDM channels and total bit rates
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are limited by their bandwidth, i.e. 25 GHz channel x 8 channels need more
than 200 GHz circuit bandwidth. However, technologies of both the ICs have
been quickly developed, i.e. EIC’s III-V transistors exceed bandwidth 1 THz f,,.x
(silicon bandwidth ~500 GHz) [2,3] and their circuits can extend bandwidth to
>500 GHz (amplifiers) [6-8,11], 300 GHz (PLLs) [9], 200 GHz (digital logics) [71],
and 200-300 GHz transceivers [13-17], and the PIC’s UTC photo-detectors (PDs)
exceed bandwidth of more than 300 GHz [72]. Advanced circuit technologies also
can double the data channel bandwidth using single side frequency band oper-
ations (4 and - frequency channels). Hence, we have proposed a new coherent
WDM receiver concept of a cascade optical and electrical down-conversion (fig-
ure 1.2 (b)). This can improve the current coherent WDM receiver systems in
terms of cost, power consumption, complexity, and flexibility [73,74].

The main key concepts are that a single broadband PIC with one LO laser
can handle many WDM channels, i.e. 25 GHz x 8 channels now require 100
GHz bandwidth, and most complicated channel selection work can be done in
high speed and precise electrical ICs with electrical frequency synthesizers and
single sideband mixers or more advanced circuit technologies of analog FFTs, soft-
defined radio (SDR), and cognitive radio (CR) with sampling concepts [75-77].
Moreover, as this concept has recently been spotlighted as super-channel and
flexible (or elastic) channel WDM receivers, our proposed WDM receiver concepts
can minimize efforts on the ADC and DSPs’ circuit speed and bandwidth which
directly related to costs and circuit design challenges [51-55].

The similar concepts of broadband coherent receiver systems from 50 MHz to

1 GHz have been very popular in broadcasting DTV tuners [78-80]. The concepts
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have been demonstrated and proven in recent wireless communication electrical
systems. Many critical design issues of harmonic and image rejections have been
figured out by electrical circuit technologies and DSPs. Our proposed WDM
receivers from DC to 100 GHz (or even more) will have similar circuit design issues
including DSPs as the current WDM receiver systems do, except for electrical
circuit bandwidths, chip-to-chip interconnections, and power consumptions.

As initial demonstrations, I have designed various high speed 1Cs using Teledynes
500 nm InP HBTs. I also have designed high speed ~100 GHz sub-block ICs such
as TIAs, single sideband mixers, Cherry Hooper amplifiers, and poly-phase filters.
Also, sub-channel ICs of £12.5 GHz, +37.5 GHz, and +62.5 GHz and full-six chan-
nel WDM receiver 1Cs up to 75 GHz frequency bandwidth have been designed
including the sub-blocks. The sub-block ICs and the system ICs have been tested
and demonstrated for data recovery experiments to prove our proposed WDM

receiver concepts [73,74,81,82].

1.3 Preview of Dissertation

In this dissertation, I have investigated three research topics of homodyne and
heterodyne OPLLs and WDM receivers for high-speed coherent optical fiber com-
munications using high speed electrical ICs. In chapter 2, fundamental broadband
IC designs and their backgrounds are introduced, and then, our sub-block high
speed ICs for the optical systems (OPLLs and WDM receivers) will be shown with
their simulation (or measurement) results and chip layouts. In chapter 3, a ho-

modyne OPLL (an optical Costas loop receiver) for a short-link coherent optical
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communication is implemented in a compact size of 10x10 mm? single board, and
the receiver demonstrates 35 Gb/s data recovery with error-free (BER less than
10712) and 40 Gb/s data recovery with BER less than 10~7. In chapter 4, a het-
erodyne OPLL as a wavelength synthesizer is implemented, and the synthesizer
exhibits sign selectable +20 GHz frequency offset locking with ultra-low phase
noise performance. In chapter 5, a new proposed WDM receiver is proposed and
the concept is fully verified from three different experimental demonstrations of
image rejection, adjacent channel interference and full six-channel recovery. Six-
separate WDM modulated channels with 2.5 Gb/s BPSK (total 15 Gb/s BPSK),
10 GHz spacing are successfully recovered as initial concept demonstrations. In
last chapter, I will conclude my Ph.D. works and propose the future research
directions. For all results, detail design approaches, experimental methods, ex-
perimental results, and their analysis will be following in this dissertation.
Research highlights during my Ph.D are as following.
- Homodyne OPLL - collaborating with Mingzhi Lu and Eli Bloch.
e Highly integrated OPLL within 10 x 10 mm?2.
e Highly stable OPLL operations: 120 ps loop delay, 1.1 GHz loop band-
width, ~550 ps frequency pull-in time, <10 ns lock-time.
e Up to 40 Gb/s BPSK data reception without DSPs and latency.
- Heterodyne OPLL - collaborating with Mingzhi Lu and Eli Bloch.
e Highly integrated OPLL (the same as the homodyne OPLLs).
e First single sideband wavelength synthesis up to +20 GHz.
e Highly stable OPLL operations: <200 ps loop delay and 550 MHz loop
bandwidth.

10
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e Phase noise performance: -110 dBc at 10 MHz offset and -80 dBc/Hz at
5 kHz offset.

- Single-chip multi-channel WDM receiver - collaborating with Molly Piels and
Eli Bloch

e A new WDM receiver concept using broadband ICs

e Cascade optical and electrical down-conversions.

e First concept demonstrations: image rejection of greater than 25 dB, adja-
cent channel suppression greater than 20 dB, gridless channel operations,
and six-channel recovery.

e A dense WDM channel data recovery of 5 GHz channel spacing with 2.5
Gb/s BPSK for each channel.

e A broadband of 107 GHz trans-impedance amplifiers.

- Laser linewidth narrowing technique - collaborating with Abi Sivanathan (not
included in this dissertation).

e The first integrated laser stabilization.

e The compact size of less than 10 x 10 mm?.

e The 33:1 linewidth narrowing from 19 MHz to 570 kHz.

- W-band power amplifiers - collaborating with Saeid Daneshgar (not included
in this dissertation).

e The record >30 % PAE W-band (86 GHz) power amplifiers with >200
mW output power.

e The record >24 % PAE W-band (81 GHz) power amplifiers with ~470
mW output power.

e Novel 2:1 sub-quarter-wavelength baluns for 4:1 output power with <0.6

11
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dB insertion loss.

e Novel 4:1 sub-quarter-wavelength baluns for 16:1 output power with <0.9
dB insertion loss.

e High power density of >1 W/mm?.

e The highest output power of ~470 mW (26.7 dBm) at W-band using low
DC supply of 2.75 V.

This work was enabled by strong collaboration between the groups of Prof.
Larry Coldren (photonic integration), Prof. John Bowers (silicon photonics), and
Prof. Mark Rodwell (high speed integrated circuits). Mingzhi Lu, graduate stu-
dent a student in Prof. Larry Coldren group, developed the high speed coherent
photonic ICs including widely tunable laser, 90 degree hybrid and broadband pho-
todiodes (PDs) as key components of the OPLLs. Molly Piels, a graduate student
in Prof. John Bowers group, worked with me for the WDM receiver demonstra-
tions using her photonic circuits and BPSK phase estimation Matlab codes. Eli
Bloch (a visiting student from Technion University in Israel) and I have worked for
Prof. Mark Rodwell and we have designed high speed ICs for the optical systems
(most of the ICs worked on the first design cycle). They all will be promising
alternative solutions for the coherent optical fiber communications systems in the

near future.

12
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Chapter 2

High Speed ICs and Designs

This chapter is about high speed electrical integrated circuits (ICs) for high speed
coherent optical fiber communications systems in the PICO project. I was involved
in four main research topics: 1) homodyne optical phase locked loops (OPLLs)
for short-link coherent optical communications, 2) heterodyne OPLLs for opti-
cal frequency synthesis, 3) integrated sampled grating-distributed Bragg reflector
(SG-DBR) laser linewidth narrowing (stabilization) techniques using frequency
locked loops, and 4) new single-chip multi-channel WDM receiver IC desisgns and
demonstrations. All of the above systems used our high-speed electronic ICs for
stable feedback loop operations and wide bandwidth data reception. I designed
the ICs with Eli Bloch using Teledyne’s 500 nm InP HBT technology, with 300
GHz f, and fae. This work led to many conference proceeding and journal
publications for separate block ICs and system experiments.

In this chapter, I will introduce several broadband amplifier structures with

various characteristics. Then, I will show our electrical circuit designs with anal-
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ysis, their schematics, layouts, and simulation or measurement results.

2.1 Transistor Devices and IC Metal Layers

Ao SpotMagn Det WD |— Zum
500Ky 30 25000x SE 1838 56J CollCon 20nm Ti +630nm Au

Figure 2.1: An SEM image for a THz HBT device from UCSB’s facilities (L.
=4 pm, W, = 150 nm, and W}, = 450 nm), image courtesy J. C. Rode.

Transistor technology continues to advance rapidly. For example, THz transis-
tors [1-3] and high-speed, broadband analog/digital circuits with speeds over 100
GHz have been demonstrated recently [4-16]. Therefore, a variety of applications
in wireless and optical systems are becoming promising and their paradigms may
change in the near future. My research group (Prof. Mark Rodwell’s group) has
been pursuing 2 THz and 3 THz InP HBTs (figure 2.1) and high-g,, fast logic

MOSFET devices together with Teledyne Science (THz program) and with the
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SRC program. Commercial silicon-based devices have also been rapidly improving
and >500 GHz f,,. [17] are now accessible for relatively high-speed analog/mixed
ICs and complicated digital ICs. For decades my group, Teledyne and others have
achieved many high-speed ICs up to 600 GHz using cutting-edge InP HBTs. For
examples, 670 GHz amplifiers [4,18], 220 GHz 180 mW power amplifiers [19], DC-
300 GHz distributed amplifiers [20], ~0.5 W 81 GHz power amplifiers and 30%
PAE W-band power amplifiers [21-24], 300 GHz PLLs [7,9], 107 GHz resistive
feedback type TIAs [25], 100 GHz Cherry Hooper amplifier [26], 200 GHz static
divider [27], 300 GHz dynamic dividers [8], >50 GHz single sideband mixers, and
40 Gb/s sample and hold circuits [28].

I (and Eli Bloch) have also designed many high speed analog-mixed and digital
ICs primarily using Teledyne’s 500 nm InP HBT process (also 250 nm HBTs and
65 nm CMOS processes) for the optical fiber communication systems in the PICO
project, and almost all designs worked after the first run and were used as parts

of the optical fiber communication systems (OPLLs and WDM receivers).
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Figure 2.2: Metal layer information provided by TSC’s 500 nm InP HBT pro-
cess. Top metal (MET4) of 3 um, MET2-MET3 of 1 pum, and bottom metal
(MET1) of 0.8 pm thickness and a dielectric BCB (¢, = 2.7) separation of 1
pum between each metal. Metal-insulator-metal (MiM) capacitors have been
supported for high dense capacitance. Courtesy of Teledyne Science Company.

Teledyne’s 500nm InP HBT process provides four-metal layer stacks for passive
elements of capacitors and inductors including various transmission-lines [29, 30].
As shown in figure 2.2, the top metal (MET4) has a thickness of 3 um, the second
and third metals are 1 pum thick, and the bottom (MET1) is 0.8 pm thick. Each
metal is separated by benzocyclobutene (BCB) dielectric (e, = 2.7) material with a
thickness of 1 pm and connected by vias. Using the limited four metal layer stacks,

50 ) transmission lines and 50 €) resistor terminations have been used for high
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speed circuit-to-circuit interconnections, and dielectric separations of more than
3 pm have been used for proper 50 €2 characteristic impedance with relatively
wide metal widths for less conductor loss, i.e. MET1 as ground and MET4 as
signal line or vice versa. For the complicated mixed IC designs that have many
signal and supply lines, METS3 is used as ground and MET1 is used as the high
speed signal lines, while MET4 is used for power suppy lines to avoid line crosses.
Generally, all interconnections in IC designs have been characterized using ADS
electro-magnetic (EM) simulations; the EM simulation setup is explained at the

end of this chapter.

2.2 Transmission-lines and Broadband Intercon-

nections

(a) (b) (c)

Figure 2.3: Three different types of transmission lines in IC designs. Microstrip
transmission lines (a), co-planar waveguide (CPW) transmission lines (b), and
slot-type transmission lines (c).

In high speed IC designs, transmission-lines are generally used in circuit-to-
circuit interconnections and matching networks [31-33]. In the limited metal layer

stacks, three representative transmission lines are shown in figure 2.3. Figure 2.3
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(a) is a micro-strip transmission line which has a top signal-line and a bottom wide
ground-plane or vice versa, and this structure is the most popular transmission line
because of its well-defined structure, superior high frequency response and easy
implementation in ICs. The characteristic impedance of the line is determined
by the ratio of width and height. Figure 2.3 (b) is a co-planar waveguide (CPW)
transmission line which consists of two ground planes on both sides of a signal
line. This line is implemented on the same plane and this characteristic is good
for IC design if the IC process only provides a limited number of metal layers. The
characteristic impedance is set by the spacing between a signal line and the two
ground planes, and the width of the signal line. However, the two ground planes
have to be shorted at the edge of the grounds to prevent excitation of parasitic
slot modes. Figure 2.3 (c) is a slot-type transmission line which consists of one
signal line and one ground plane. The characteristic impedance is determined in
the same way as a CPW line, but the insertion loss may be serious if the signal
line and ground are thin. At high frequencies, the current crowds at the edges of

the signal line and ground.
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Figure 2.4: Transmission line theory. (a) Transmission line model with source
and load impedance, and (b) distributed circuit model using lumped Ldz and
Cdz (lossless).
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The transmission lines are simply described by the figure 2.4 (a) and are ana-
lyzed with periodic distributions of series Ldz and shunt C'dz as shown in figure 2.4
(b). Using nodal analysis, the voltage and current in the transmission lines are

extracted as

dV/dz = —L(dI /dt)

dl /dz = —C(dV/dt) (2.1)

Viz,t) =Vt —z/v) + V (t+ z/v)

I(z,t) =Vt —2/v)/Zo =V (t + 2/v)/Zy (2.2)
where Zy = \/L/C and v = 1/VLC = ¢/ /é.c5r. Forward and reverse waves
propagate, and reflection and transmission will occur. V™ and V'~ are voltages

in forward and reverse waves, respectively, and I and I~ are currents in forward

and reverse waves, respectively. Depending on the source and load impedance,

29



High Speed ICs and Designs Chapter 2

the ratio of the forward and reflective waves is given by the reflection coefficient

I', defined as:

Vo=t

VE =T,V +T\V,en (2.3)

where I'y = (Z,/Z0 — 1)/(Z))Zo + 1), Uy = (Zs/Zo — 1)/ (Zs/Zy + 1) and Ty =
Zy/(Zs+ Zy). For the total line length e, g, if the line length is short, the trans-
mission line can be simplified as a lumped component, and the total capacitance

Clengtr, and inductance Ljeng, are

Clength = 7—/ZO

Llength = 7—'ZO (24)

&7

where 7 = ljepgen/v. The loss term e~** in the transmission line due to finite metal

conductivity (ogoq = 4.10 x 107 S/m) is neglected here.
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Figure 2.5: Circuit-to-circuit interconnection using transmission lines. (a) Dou-
ble 50 ) terminations on the output of the first stage and input of the second
stage to minimize reflections and keep high speed interfaces (power consump-
tion is greater than for a single termination), and (b) a single 50 2 termination
on the input of the second stage only. The reflection occurs in the output of
the first stage.

In order to minimize reflections and enable high speed interconnections, 50 2
transmission lines with 50 €2 terminations are used as examples in figure 2.5. Fig-
ure 2.5 (a) shows a double terminated circuit-to-circuit interconnection, and 50 €2
resistors are loaded at the outputs of the first stage and used at inputs of the sec-

ond stage to minimize reflections for both sides. This is good for structures which
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have relatively long interconnection lengths, but power consumption is doubled.
On the other hand, figure 2.5 (b) is a single-terminated circuit-to-circuit intercon-
nection, and 50 €2 resistors are only used at the inputs of the second stage with
transmission lines. This is good for the structure as the interconnection length is
relatively short, leading to negligible reflection at the output load. As mentioned
above, when the transmission line length is short, the lines are approximated as
lumped components Ciepgep, and inductance Lienge,. This capacitance Ciepgey, can
contribute a switching speed and its power dissipation in logic switches. Therefore,
the line length has to be minimized to minimize both reflection and power con-
sumption. A high impedance interface, instead of 50 €2, may be a good approach

in terms of the power consumption (though not for bandwidth).
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Figure 2.6: Bus-type broadband signal distributions using transmission lines.
Two g,-block outputs are double-terminated at the input of the first g,,-block
and the input of the last g,,-block. The voltage signals with different delay are

transmitted to each g,,-block.

Using this transmission line and termination concept, broadband input signals

can be efficiently distributed to multiple paths as shown in figure 2.6. Figure 2.6
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shows bus-type signal distributions with double-terminated structures (figure 2.5),
and the periodic g,,-blocks have input delayed voltage signals Voyrel“™ for each
gm-blocks and equally distributes the voltage and power. If the length of trans-
mission lines are long and signal frequency is high, the conductor losses at longer

delay should be considered. This structure has been used in the multi-channel

WDM receiver 1Cs designs.

2.3 High-speed Amplifier ICs

2.3.1 Simple g,,-block Amplifier

Figure 2.7: g.,,-block amplifiers: differential-type on the top and single-ended
type on the bottom. In the right section, a bipolar junction transistor (BJT)
has been modelled as a simple trans-conductance (g.,), a circuit block as a
simple block, which are terminated by shunt resistors at both the input and
output.
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One of the simplest possible amplifier circuits is a g,,-block resistively loaded
amplifier as shown in figure 2.7 and it consists of two differential pairs with load
resistors and current sources at the tail. In the following designs, bipolar junc-
tion transistors (BJTs) are simply modelled as voltage-controlled current-source,
represented as g, trans-conductance blocks. This amplifier has the voltage gain
Vout/Vin given by

Vout/Vin = —gm"Re (2.5)

where ¢,, the trans-conductance of the transistor is

gm = ql./(nKT) = 1./(nVr) (2.6)

where I. is collector current, Vi is the thermal voltage and n is the ideality factor
(n = 2.2 in 500 nm InP HBTSs at low current density condition of 2.4 mA/um?).
The gain of the g,,-block amplifier simply increases in proportion to collector

current. The bandwidth of the amplifier is

fs—an =1/ (27 R:Ch.) (2.7)

where (. is an input base-emitter capacitance which is derived as

Che = gm/ (27 f7) (2.8)

where f, is the unity current gain cutoff frequency of the transistor. There-
fore, if the gain increases by the increasing the collector current and the trans-
conductance, the bandwidth decreases. In order to have broadband performance,
single or double 50 2 terminations with 50 €2 transmission lines have been used

for high speed amplifier circuits. Due to its simple configuration, I have used
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the modified g,,-block structure (shown in section 2.3.4 and 2.4.1) for the limiting
amplifier chains and buffer amplifiers in ICs for homodyne and heterodyne OPLLs
and WDM receiver 1Cs.

2.3.2 Resistive Feedback Amplifier; In/Output Matching

and Bandwidth Enhancement

Rs¢ Ry

AAA
vy

gm

Figure 2.8: Resistive feedback amplifiers for broadband input and output ter-
mination condition and higher f3_4;p performance.

Resister feedback amplifiers (RFAs) have been also widely used as linear am-
plifiers with the good characteristics of input and output to 50 €2 matched con-
ditions and higher gain bandwidth product. The circuit schematic of g,, block
with feedback resistor Ry is shown in figure 2.8. In resistive feedback amplifiers,
the transconductance g,, and feedback resistor 2y are determined by the desired
voltage gain A, and the desired input output impedances Z;, = Z,,; = 50 . The

required g,, of the transistor and the feedback resistor R are

Im = (1 - A)/Rin/out

Rf — (1 - A)'Rin/out- (29)
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It can also be shown that the resistive feedback amplifier has a bandwidth of

fa—ap = 2f-/(1 = A). (2.10)

Compared with the g,,-block amplifier, the resistive feedback amplifier has nearly
doubled the bandwidth. For a given gain, the resistive feedback amplifier requires
less ¢,, and therefore the transistor cell has less Cj,., which then results in greater
bandwidth. Due to this wide gain bandwidth and 50 2 input and output charac-
teristics, the resistive feedback amplifiers (Darlington-type with feedback Ry) are
used as the trans-impedance amplifiers for the front circuits of the WDM receiver
ICs and second versions of OPLL ICs. Under linear operating condition, these

circuits have 50 Q2 input and output impedances.

2.3.3 Cherry-Hooper g,, — Zr Amplifier; Broadband Lim-

iting Amplifiers

Re Rc
R¢ R¢
Ry
AAA
vy
—-gm |I -gm H—

%Rc

®

Figure 2.9: Cherry-Hooper amplifiers for broadband limiting amplifications. It
consists of a g,-block at the first stage and a resistive feedback block for the
second stage.
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Cherry-Hooper amplifiers (CHAs) have been generally used for broadband
limiting amplifiers, i.e. optical receivers and high speed digital clock chains. The
amplifiers consist of g,,-blocks at the first stage and resistive feedback amplifiers
at the second stage as shown in figure 2.9. The input impedance of the second

stage is very small as
Ring = (Re+ Ry) /(1 + gmaRe) — 1/gmo (2.11)

where goR. > 1and R, > Ry. The second stage has a transimpedance gain
of
o= Rf(gm — Gf)/(gm -+ GC) — Rf. (212)

Therefore the Cherry-Hooper amplifier has an overall gain of
Ay = Gm1 X 2. (2.13)

If the first stage is resistively terminated and second stage is resistive feedback,
under large signal conditions stage 1 will limit before stage 2, ensuring that stage
2 stays in small signal operation, maintaining small input impedance and hence
small RC charging times. The dominant time constant a; = (Cpea + CL)/gm2,
which, if C}, is negligible, is approximately 1/(27f,). The first g,,-block works as
a limiting amplifier and the second resistive feedback stage works as a broadband

linear amplifier.
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2.3.4 Darlington-type Amplifiers

Re

Re

Figure 2.10: Darington Amplifiers for f. Doublers or voltage level shifters. It
consists of an emitter follower and a g,,-block.

Darlington type transistors have been widely used because of the high current
gain of ~ (1-fy with high frequency bandwidth characteristic of 2 f, for broadband
amplifiers [34]. T have used modified Darlington-types of the emitter follower with
shunt resistive load (or current source) and separate collectors as a basic block for
most of broadband amplifiers and digital ECL circuits [35, 36].

The modified Dalington-type amplifiers have a gain A, of

Av ~ ng'Rca (214)

because of the emitter follower connection, where g,,5 is the second transistor

transconductance and R, is a load resistor. The amplifier bandwidth can be
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analyzed by the dominant time constant of
a; ~ Cb@g(Rbe + 7’571), (2.15)

where Cj,. o is the second stage input capacitor, Ry, o is the second stage parasitic
base resistance, and 7. is the first stage emitter resistance (1/¢,,1). The first
order time constant is now very small, and therefore, the charging time for Cj. o is
greatly reduced using the Darlington connection. On the other hand, the second

order time constant is derived as
A ~ Cbe,1Cbe,2Rm7“e,1, (2-16)

where R;, is an input termination resistor. The Darlington structure may have
a second-order damping issue, because of the series input capacitance Cj.; with
a broadband operation. The damping can be reduced using Rpg; shunt resis-
tive load on the emitter follower. I have used the modified Darlington structure
for broadband IC designs such as transimpedance amplifiers, g,,-block limiting

amplifier chains, analog/digital mixers, and ECL digital logic gates.

2.3.5 High Frequency ECL-type Circuits

The high speed digital logic in this thesis uses emitter-coupled-logic (ECL).
The ECL logic generally operates at high current density for high speed. Exam-
ples of (N)AND, XOR and static dividers are shown in figures 2.11, 2.12, and 2.13.
Analysis of gate delay in ECL logic is similar to bandwidth analysis of the Dar-

lington gain stages discussed earlier [35].
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Figure 2.11: ECL-type AND and NAND gate schematic.
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Figure 2.12: ECL-type XOR gate schematic.
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Figure 2.13: ECL-type static frequency divider schematic using two flip-flops of
master and slave and distributed microstrip lines. Courtesy of Z. Griffith [27].

2.4 High-Speed ICs for Coherent Optical Com-

munications

For our optical communication systems in the PICO project, many high speed

electrical ICs were designed (with Eli Bloch). Four different systems have been
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targeted including homodyne OPLL, heterodyne OPLL and single-chip multi-
channel WDM receiver ICs. We also designed laser liewidth reduction ICs for
A. Sivanathan. These systems all require various high-speed electrical circuits to
enhance the optical system performances. In many cases, the electrical ICs were
designed to tolerate a wide range of variation in the parameters of the optical
components, so as to ease the optical experiments. E. Bloch and I designed
various ICs using the Teledyne Science Corporation 500 nm InP HBTs technology
mentioned earlier. In this section, several key high speed ICs and their circuit

diagrams, layout, simulation and measurement results are described.

2.4.1 Trans-impedance Amplifiers (TIAs)

Extremely wideband transimpedance amplifiers (TTAs) were designed for the
single chip WDM receiver ICs of chapter 5. The WDM receiver ICs need differ-
entially operating trans-impedance amplifiers to amplify the outputs of the PIC
balanced photodetector outputs. To extend the data bandwidth capacity, greater
than 75 GHz TIA bandwidth is desired. Further, the TTA in the EIC should
provide -2 V bias to the photodiodes, and the TIA should have 50 £ input and
output impedance to drive transmission lines. The resistive feedback amplifier
and Darlington transistor topologies have been adopted because of their wide fre-
quency band characteristics, 50 €2 input and output impedances and desirable

voltage level shifting properties.

43



High Speed 1Cs and Designs Chapter 2

loc+AI(®)
GND
Ioc-AI(t) TIA
GND
PIC 1-stage, TIA 2-stage, TIA Level-shifter
GND
BE Cy <; 0
Diode = :;
Re 50 Q

/" ouT
Rin
Vee
Vee=-5:2V Re
Vee
Rin
PD _
ouT
He— e
/oﬂ Ry
R 500 B
BE = =
Diode C -
GND

Figure 2.14: Designed two-stage differential trans-impedance amplifiers. (a)
Detail TTA schematic, and (b) the layouts as a part of the WDM receiver 1C.
Courtesy of E. Bloch [25]
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Figure 2.15: Measured TIA s-parameter results DC-to 110 GHz [25]

Detailed two-stage TIA schematics are as shown in figure 2.14 (a) and the two
stage core layout are shown in figure 2.14 (b). The two photodiodes are directly
connected to the TIA inputs (in the experiments, short bonding-wires are used
for PIC to EIC connections). A Vgg of -5.2 V with a total current of 70 mA
are supplied for the TIA. The s-parameters for the TIA IC has been measured
using three-network xanalyzer setups: 100 MHz - 50 GHz using an Agilent PNA-
X network analyzer, 50 to 75 GHz using V-band OML heads with a DC-26 GHz
network analyzer, and 75 - 110 GHz using W-band OML heads with the same
DC-26 GHz network analyzer. The two-stage differential TIA exhibits 107 GHz
3-dB bandwidth, 9.8 dB gain, and S7; and Sy below -10 dB from DC-80 GHz
(figure 2.15). In large signal measurements, the TIA shows -9.0 and -9.2 dBm
1-dB gain compression points at 10 GHz and 20 GHz respectively. In addition,

pseudo-random data patterns (at input voltages of 128 and 134 mV,,) has been
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amplified by the TTA and the output eye diagrams (output voltage 357 and 372
mV,,) have been measured. The signals were at 30 Gb/s and 44 Gb/s, and the
PRBS sequences were 23! — 1 data patterns long. The output data patterns show
the same signal to noise ratio (Q factor) as the input signal (figure 2.16). Detailed

descriptions for the TIA are in [25].

Output

Input

(c) (d)

Figure 2.16: Measured eye inputs and outputs through the two stage TTA.
Data PRBS (23!1) modulated signals of 30 Gb/s and 44 Gb/s have been used
for the measurements [25].

2.4.2 High-Gain Broadband Limiting Amplifiers

Limiting amplifier chains and buffer amplifiers have been designed using basic

gm-blocks and Darlington transistors. This limiting amplifier has been used for al-
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most all circuits in the thesis, including homodyne and heterodyne OPLL limiting
amplifier chains for digitizing input photodetector signals. Since the photocurrent
signal amplitudes depend upon laser gains, input signal amplitudes, and opti-
cal waveguide loesses within the PICs variations which would change the OPLL
characteristics, the limiting amplifier chains amplify and limit the signals to 0.3
Vpp, only storing phase and frequency information. These limiting amplifiers are
also used for the WDM receiver 1Cs as buffer amplifiers in signal distribution.

(figure 2.5).
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Figure 2.17: Two-stage limiting amplifier chains using ¢,,-blocks and Darling-
ton-transistors. (a) Two-stage schematic with double terminated circuit-to-cir-
cuit interconnections, and (b) its layouts as a part of the homodyne OPLL IC,
heterodyne OPLL IC, and WDM receiver 1C.
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Figure 2.18: Simulation results for a single-stage and two-stage g.,-block lim-
iting amplifiers. The simulation results show ~8.6 dB gain with 75 GHz f3_4p
bandwidth.

Figure 2.17 shows 1-stage and 2-stage resistively-loaded Darlington differential
amplifiers. 50 €2 shunt resistors to the ground are double terminated between the
two stage amplifier’s load and input with 50 2 transmission lines. Simulation
results for these are shown in figure 2.18. The single stage amplifier shows ~8.6

dB gain with 75 GHz f;_4p bandwidth.

2.4.3 Cherry-Hooper Amplifiers

Broadband limiting amplifiers using the Cherry Hooper amplifier were also
designed. This amplifier and the four-stage amplifier chains are used in the WDM
receiver ICs for quadrature local oscillator (LO) clock (square-wave) signals and

their signal distributions. We targeted LO frequencies up to 70 GHz using the
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500 nm InP HBT process. Unlike the Cherry Hooper amplifier shown earlier, this
amplifier uses an emitter follower in the negative feedback path. Further, the
input g,,-block uses 20 ) emitter degeneration shunted by 80 fF. This extends
the amplifier bandwidth without excess gain peaking. This reduce the extrinsic

transconductance G, of the stage to

Im

= 2.17
1 +gm-Rdeg/2 ( )

m

Further, the transimpedance of the second stage is set to 60 2. Therefore, follow-

ing equation 2.15, the voltage gain of this Cherry Hooper amplifier is
V;)ut/‘/in = 09m X ZTa (218)

where the voltage gain is 3.3:1 (10.37 dB). The first order time constant for the

Cherry Hooper amplifier is

a1 = (Cre2 + CL)/ Gma- (2.19)

If the Cp is to be similar to the capacitance Cpe 2, the Cherry Hooper amplifier

has a dominant pole at ~150 GHz.
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GND
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Figure 2.19: Modified differential Cherry-Hooper Amplifier chains for the
WDM receiver LO limiting amplifier paths. (a) A single-stage schematic with
the degeneration resistor of 20 € with high frequency peaking capacitor of 80 fF,
(b) a single stage layout, and (C) the layout for the four-stage Cherry-Hooper
amplifier chains.
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Figure 2.20: Simulation results for a single-stage and two-stage Cherry-Hooper
amplifiers. Bandwidth has been extended because of high frequency peaking
using the degeneration resistor 20 Q with 80 fF capacitor.

The schematic of the modified Cherry Hooper amplifier cell is shown in fig-
ure 2.19 (a), its single stage layout is shown in (b) and four stage limiting amplifier
chains are shown in (c) [37]. For the amplifiers, the characteristics of the single
stage Cherry Hooper amplifier and two stage Cherry Hooper amplifier were simu-
lated (figure 2.20). The gain performance is slightly degraded because of voltage
dividing at the output load of 50 2, and the gain was extended using capacitor

peaking with a degeneration resistor, as mentioned above.

2.4.4 Analog Single-Sideband Mixers

A broadband analog single sideband mixer was designed using a Gilbert-cell

type mixer as the basic mixer component within a Weaver single-sideband topol-
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ogy [38]. This single sideband mixer has been used for a core block of WDM
receiver ICs that down-converts RF sub-carriers of either positive or negative fre-
quency offset relative to the optical carrier. This doubles the data capacity and
is therefore a key component. A different, digital single sideband mixer was used

in the heterodyne OPLL to provide desired positive or negative frequency offsets.

cos

Figure 2.21: Weaver-type broadband analog single sideband mixer. Block-level
single-sideband mixer architecture using four mixers with sin and cosin LO
signals.

The Weaver single sideband mixer concept is shown in figure 2.21. Input data
x,(t), the real or in-phase signal I’, z;(t), the imaginary or quadrature-phase signal
(Q’, are applied, as are sine and cosine local oscillator signals. Input carrier signals

of z,.(t) and z;(t) are defined as

x.(t) = cos(2m fet)

xi(t) = sin(2n fet), (2.20)

where f, is the carrier frequency. The two local oscillator (LO) sine and cosine
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signals are also defined as

cos(2m frot)

sin(27 frot), (2.21)

where fro is the LO frequency. Based on figure 2.21, the outputs of y,(¢) and

y;(t) are

y-(t) = 1/2[cos(2m(f. — fro)t)] + 1/2[cos(2n(f. + fro)t)]
+ 1/2[cos(2n(f.— fro)t)] — 1/2[cos(2n(f. + fro)t)]
yi(t) = 1/2[sin(27(fe — fro)t)] + 1/2[sin(27(f. + fro)t)]

+ 1/2[sin2n(fe — fro)t)] = 1/2[sin(2n(fe + fro)t)],  (2.22)

The single sideband mixer outputs have only down-conversion f.— fro outputs. If
the input frequency is — f. or different output connections, then the single sideband
mixer has only up-conversion f. + fro outputs. If the two different channel data
are at both positive and negative frequency of f., the single sideband mixer can
select only positive or negative channel data. The broadband single sideband
mixers are designed for greater than 30 dB alternate sideband suppression (31.6:1
signal to image rejection ratio). The circuit diagram of the mixer is shown in
figure 2.22 and the corresponding mask layout is shown in figure 2.23. z,., z;, y,,
and y; are correspond to I, (), I-data, and ()-data in the schematic and layout,

respectively.
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Figure 2.22: A schematic for the Weaver-type broadband analog single sideband
mixers.

%)



High Speed 1Cs and Designs Chapter 2

Figure 2.23: A layout for the Weaver-type broadband analog single sideband
mixers. The upper section is for I-data outputs and the lower section is for
Q-data outputs.

Using this core cells (figure 2.21) with buffer blocks, the both up and down con-
version single sideband mixers were designed and simulated. The single sideband
mixers exhibited >25 dB rejection ratio over ~50 GHz (figure 2.24) including full

EM simulations for all interconnects.
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Figure 2.24: Simulation of the single sideband suppression ratio. Weaver single
sideband mixer as a function of LO frequency. The simulations use EM models
for all interconnects.

2.4.5 Poly-Phase Filter

A three stage broadband poly-phase filter has been designed to generate the
quadrature LO signals needed for the single sideband mixers in the WDM receiver
ICs. Theory of such filters is given in [39,40], while the circuit diagram is in
figure 2.25. In the circuit diagram of figure 2.25, with capacitances 68 fF and
resistance 44.1 Q, the center frequency (in rad/sec) wy = 27 x 37.5 GHz satisfies
the relationship RCwy = 1. The cascaded three section poliphase filters have
slightly different values of RCwy, = 1 in order to obtain close to a 90 degree
phase shift over a wide frequency range. The optimized mask layout is shown in

figure 2.25 [40]. The simulation results including EM simulation of interconnects
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show less than 0.5 degree phase difference over 30 GHz (26-57 GHz) as shown in
figure 2.26.

=<
Y
\ 4
ry
\ 4
£
o
A\

l180

\V

Q270

Figure 2.25: A three-stage poly-phase filter schematic (a) and layout (b) for
quadrature LO signals.
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Figure 2.26: Simulation phase difference results for three-stage 37.5 GHz
poly-phase filter including EM-simulation of interconnects. The phase error
is less than 0.5 degree over a 26-57 GHz bandwidth.

99



REFERENCES

References

1]

V. Jain and M. J. W. Rodwell, “Transconductance Degradation in Near-
THz InP Double-Heterojunction Bipolar Transistors,” Electron Device Let-
ters, IEEE, vol. 32, no. 8, pp. 1068-1070, Aug 2011.

M. Urteaga, M. Seo, J. Hacker, Z. Griffith, A. Young, R. Pierson, P. Row-
ell, A. Skalare, V. Jain, E. Lobisser, and M. Rodwell, “InP HBTSs for
THz frequency integrated circuits,” in Compound Semiconductor Week
(CSW/IPRM), 2011 and 23rd International Conference on Indium Phos-
phide and Related Materials, May 2011, pp. 1-4.

M. Urteaga, R. Pierson, P. Rowell, V. Jain, E. Lobisser, and M. Rodwell,
“130nm InP DHBTSs with ft >0.52THz and fmax >1.1THz,” in Device Re-
search Conference (DRC), 2011 69th Annual, June 2011, pp. 281-282.

M. Seo, M. Urteaga, J. Hacker, A. Young, A. Skalare, R. Lin, and M. Rodwell,
“A 600 GHz InP HBT amplifier using cross-coupled feedback stabilization

and dual-Differential Power Combining,” in Microwave Symposium Digest
(IMS), 2013 IEEE MTT-S International, June 2013, pp. 1-3.

M. Seo, M. Urteaga, A. Young, J. Hacker, A. Skalare, R. Lin, and M. Rodwell,
“A single-chip 630 GHz transmitter with 210 GHz sub-harmonic PLL local
oscillator in 130 nm InP HBT,” in Microwave Symposium Digest (MTT),
2012 IEEE MTT-S International, June 2012, pp. 1-3.

M. Seo, M. Urteaga, J. Hacker, A. Young, Z. Griffith, V. Jain, R. Pierson,
P. Rowell, A. Skalare, A. Peralta, R. Lin, D. Pukala, and M. Rodwell, “InP
HBT IC Technology for Terahertz Frequencies: Fundamental Oscillators Up
to 0.57 THz,” Solid-State Circuits, IEEE Journal of, vol. 46, no. 10, pp.
2203-2214, Oct 2011.

M. Seo, M. Urteaga, M. Rodwell, and M.-J. Choe, “A 300 GHz PLL in an
InP HBT technology,” in Microwave Symposium Digest (MTT), 2011 IEEE
MTT-S International, June 2011, pp. 1-4.

M. Seo, M. Urteaga, A. Young, and M. Rodwell, “A 305-330+ GHz 2:1 Dy-
namic Frequency Divider Using InP HBTSs,” Microwave and Wireless Com-
ponents Letters, IEEFE, vol. 20, no. 8, pp. 468-470, Aug 2010.

M. Seo, M. Urteaga, A. Young, V. Jain, Z. Griffith, J. Hacker, P. Row-
ell, R. Pierson, and M. Rodwell, “>300GHz fixed-frequency and voltage-
controlled fundamental oscillators in an InP DHBT process,” in Microwave

60



REFERENCES

Symposium Digest (MTT), 2010 IEEE MTT-S International, May 2010, pp.
272-275.

J. Hacker, M. Seo, A. Young, Z. Griffith, M. Urteaga, T. Reed, and M. Rod-
well, “THz MMICs based on InP HBT Technology,” in Microwave Symposium
Digest (MTT), 2010 IEEE MTT-S International, May 2010, pp. 1-1.

M. Seo, B. Jagannathan, J. Pekarik, and M. J. W. Rodwell, “A 150 GHz
Amplifier With 8 dB Gain and + 6 dBm p,, in Digital 65 nm CMOS Using
Dummy-Prefilled Microstrip Lines,” Solid-State Circuits, IEEE Journal of,
vol. 44, no. 12, pp. 3410-3421, Dec 2009.

H.-J. Song, J.-Y. Kim, K. Ajito, M. Yaita, and N. Kukutsu, “Direct quadra-
ture modulator MMIC for future terahertz communications at 300 GHz,”
in Microwave Integrated Circuits Conference (EuMIC), 2013 European, Oct
2013, pp. 208-211.

H.-J. Song and T. Nagatsuma, “Present and Future of Terahertz Communi-
cations,” Terahertz Science and Technology, IEEE Transactions on, vol. 1,
no. 1, pp. 256263, Sept 2011.

H.-J. Song, K. Ajito, Y. Muramoto, A. Wakatsuki, T. Nagatsuma, and
N. Kukutsu, “24 Gbit/s data transmission in 300 GHz band for future tera-

hertz communications,” Electronics Letters, vol. 48, no. 15, pp. 953-954, July
2012.

[. Kallfass, J. Antes, T. Schneider, F. Kurz, D. Lopez-Diaz, S. Diebold,
H. Massler, A. Leuther, and A. Tessmann, “All Active MMIC-Based Wire-
less Communication at 220 GHz,” Terahertz Science and Technology, IEEE
Transactions on, vol. 1, no. 2, pp. 477-487, Nov 2011.

C. Jastrow, S. Priebe, B. Spitschan, J. Hartmann, M. Jacob, T. Kurner,
T. Schrader, and T. Kleine-Ostmann, “Wireless digital data transmission at
300 GHz,” FElectronics Letters, vol. 46, no. 9, pp. 661-663, April 2010.

B. Heinemann, R. Barth, D. Bolze, J. Drews, G. Fischer, A. Fox, O. Fursenko,
T. Grabolla, U. Haak, D. Knoll, R. Kurps, M. Lisker, S. Marschmeyer,
H. Rucker, D. Schmidt, J. Schmidt, M. Schubert, B. Tillack, C. Wipf,
D. Wolansky, and Y. Yamamoto, “SiGe HBT technology with {fT/fmax of
300GHz/500GHz and 2.0 ps CML gate delay,” in Electron Devices Meeting
(IEDM), 2010 IEEE International, Dec 2010, pp. 30.5.1-30.5.4.

61



REFERENCES

[18]

[19]

[20]

23]

[24]

[25]

2]

J. Hacker, M. Urteaga, M. Seo, A. Skalare, and R. Lin, “InP HBT amplifier
MMICs operating to 0.67 THz,” in Microwave Symposium Digest (IMS),
2013 IEEE MTT-S International, June 2013, pp. 1-3.

T. Reed, Z. Griffith, P. Rowell, M. Field, and M. Rodwell, “A 180mW InP
HBT Power Amplifier MMIC at 214 GHz,” in Compound Semiconductor
Integrated Circuit Symposium (CSICS), 2013 IEEE, Oct 2013, pp. 1-4.

M. Heins, C. Campbell, M.-Y. Kao, M. Muir, and J. Carroll, “A GaAs
MHEMT distributed amplifier with 300-GHz gain-bandwidth product for
40-Gb/s optical applications,” in Microwave Symposium Digest, 2002 IEEE
MTT-S International, vol. 2, June 2002, pp. 1061-1064 vol.2.

H. Park, S. Daneshgar, J. Rode, Z. Griffith, M. Urteaga, B. Kim, and
M. Rodwell, “30% PAE W-Band InP Power Amplifiers Using Sub-Quarter-
Wavelength Baluns for Series-Connected Power-Combining,” in Compound
Semiconductor Integrated Circuit Symposium (CSICS), 2013 IEEE, Oct 2013,

pp. 1-4.

H. Park, S. Daneshgar, Z. Griffith, M. Urteaga, B.-S. Kim, and M. Rodwell,
“Millimeter-Wave Series Power Combining Using Sub-Quarter-Wavelength
Baluns,” Solid-State Circuits, IEEE Journal of, vol. PP, no. 99, pp. 1-14,
2014.

H. Park, S. Daneshgar, J. Rode, Z. Griffith, M. Urteaga, B. sung Kim, and
M. Rodwell, “An 81 GHz, 470 mW, 1.1 mm? InP HBT power amplifier
with 4:1 series power combining using sub-quarter-wavelength baluns,” in
Microwave Symposium (IMS), 2014 IEEE MTT-S International, June 2014,

pp. 1-4.

S. Daneshgar, H. Park, J. Rode, Z. Griffith, M. Urteaga, B. sung Kim, and
M. Rodwell, “High efficiency W-band power amplifiers using ring-shaped sub-
quarter-wavelength power combining technique,” in Microwave Symposium
(IMS), 2014 IEEE MTT-S International, June 2014, pp. 1-4.

E. Bloch, H. Park, Z. Griffith, M. Urteaga, D. Ritter, and M. Rodwell, “A
107 GHz 55 dB-Ohm InP Broadband Transimpedance Amplifier IC for High-

Speed Optical Communication Links,” in Compound Semiconductor Inte-
grated Circuit Symposium (CSICS), 2013 IEEE, Oct 2013, pp. 1-4.

S. Daneshgar, 7. Griffith, and M. Rodwell, “A DC-100 GHz Bandwidth and
20.5 dB Gain Limiting Amplifier in 0.25 ym InP DHBT Technology,” in Com-

62



REFERENCES

28]

[29]

pound Semiconductor Integrated Circuit Symposium (CSICS), 2013 IEEE,
Oct 2013, pp. 1-4.

7. Griffith, M. Urteaga, R. Pierson, P. Rowell, M. Rodwell, and B. Brar,
“A 204.8GHz Static Divide-by-8 Frequency Divider in 250nm InP HBT)”
in Compound Semiconductor Integrated Clircuit Symposium (CSICS), 2010
IEEE, Oct 2010, pp. 1-4.

S. Daneshgar, Z. Griffith, M. Seo, and M. Rodwell, “Low Distortion 50 GSam-
ples/s Track-Hold and Sample-Hold Amplifiers,” Solid-State Circuits, IEEE
Journal of, vol. PP, no. 99, pp. 1-13, 2014.

M. Urteaga, R. Pierson, P. Rowell, M. Choe, D. Mensa, and B. Brar, “Ad-
vanced InP DHBT process for high speed LSI circuits,” in Indium Phosphide
and Related Materials, 2008. IPRM 2008. 20th International Conference on,
May 2008, pp. 1-5.

E. Bloch, H. Park, M. Lu, T. Reed, Z. Griffith, L. Johansson, L. Coldren,
D. Ritter, and M. Rodwell, “A 1-20-GHz All-Digital InP HBT Optical Wave-
length Synthesis 1C,” Microwave Theory and Techniques, IEEE Transactions
on, vol. 61, no. 1, pp. 570-580, Jan 2013.

G. Gonzalez, Microwave Transistor Amplifiers: Analysis and Design, 2nd
Edition. Prentice Hall, 1996.

D. M. Pozar, Microwave Engineering and 4th Edition. Wiley, 2005.

M. Rodwell, High Speed Integrated Circuit Technology Toward 100 GHz Logic.
World Scientific, 2001.

C. Armijo and R. Meyer, “A new wide-band darlington amplifier,” Solid-State
Circuits, IEEE Journal of, vol. 24, no. 4, pp. 1105-1109, Aug 1989.

M. Urteaga, S. Krishnan, D. Scott, Y. Wei, M. Dahlstrom, S. Lee, and
M. J. W. Rodwell, Submicron InP-based HBTs for Ultra-high Frequency Am-
plifiers, ch. 4, pp. 107-145.

S. Krishnan, D. Mensa, J. Guthrie, S. Jaganathan, T. Mathew, R. Girish,
Y. Wei, and M. Rodwell, “Broadband lumped hbt amplifiers,” Electronics
Letters, vol. 36, no. 5, pp. 466-467, Mar 2000.

H. Park, M. Piels, E. Bloch, M. Lu, A. Sivananthan, Z. Griffith, L. Jo-
hansson, J. Bowers, L. Coldren, and M. Rodwell, “Flexible, compact WDM

63



REFERENCES

receivers using cascaded optical and electrical down-conversion,” Optics Fx-
press, vol. 22, no. 1, pp. 102-109, Jan 2014.

[38] D. Weaver, “A Third Method of Generation and Detection of Single-Sideband
Signals,” Proceedings of the IRFE, vol. 44, no. 12, pp. 1703-1705, Dec 1956.

[39] M. Gingell, “A new wide-band darlington amplifier,” Electrical Communica-
tion Magazine, vol. 48, pp. 21-25, 1973.

[40] M. Ozasa, A. Yokoyama, M. Ookubo, and T. Soramoto, “Passive polyphase
filter - US 7405636 B2.”

64



Chapter 3

Homodyne OPLLs for Short-Link

Optical Communications

One of the main goals of this research was to demonstrate stable optical phase
locked loops (OPLLs) having wide loop bandwidths, and therefore small loop
propagation delay. Through this work, we demonstrated stable OPLLs and many
results in data communications [1-7].

I collaborated with M. Lu and E. Bloch from March 2012 to September 2012
to demonstrate stably operating OPLLs. Through this research, we used inte-
grated photonics and integrated electronics to build OPLLs with very low loop
delay, which was the key weakness of previous published OPLLs [1-4,8-16]. Using
our homodyne OPLL, as a key achievement, we demonstrated a 40 Gb/s coherent
optical receiver using an optical Costas loop [17-19]. This was the first highly inte-
grated optical Costas loop that has high loop bandwidth, which permits the OPLL

to track fast laser phase variations, and that the OPLL was compact and simple.
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The homodyne OPLL was realized on a compact AIN single carrier board, and
all components of 1) the photonic integrated circuit (PIC) designed by Mingzhi
Lu [4,20], 2) the electrical integrated circuit (EIC) designed by Eli Bloch [6, 7],
and 3) the loop filter are highly integrated within a compact size of 10 x 10 mm?.
To ensure stable operation, several key concepts were implemented: 1) limiting
amplifier chains and binary phase and frequency detection improve the OPLL
stability against to the external variations such as photocurrent fluctuations and
temperature variations. 2) Integration of both electronic and photonic circuits re-
duce the interconnection delay while implementing multi-stage amplifications and
phase and frequency detection functions of in a small IC footprint. 3) A dual-path
(feed-forward) loop filter minimizes effective loop delay for higher frequencies and
significantly extends the loop bandwidth.

In this chapter, I will describe design of the homodyne OPLL using Costas
loop. I will also describe experiments which demonstrate the OPLL performance
and which demonstrate the OPLL recovering BPSK data. I will also describe
design of the high speed integrated circuits using InP HBTs, will describe the

simulation of the feedback loops using Matlab and Simulink.

3.1 Motivation and Background

Since 1980s, coherent fiber optical communication has been interested because
of long signal reach and high data capacity [5,8,21]. To increase the reach, PSK
homodyne coherent detection was widely studied in 1980-1990s because of its

superior receiver sensitivity, and its capability for multi-bits/symbol transmission
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using multi-level I-Q constellations, i.e. QPSK, 8-PSK, 16-QAM and 64-QAM.
However, the interests in homodyne coherent detection in 1990 declined due to
the Erbium-doped fiber amplifier (EDFA), which significantly extended the signal
reach without requiring coherent detection. Further, with the introduction of
wavelength division multiplexing (WDM), the communication bit rates could be
increased by the number of wavelength division channels [8,21].

Recently, coherent detection has become a topic of interest again because of
the exponentially increasing demands on data capacity (high spectrum-efficiency)
[22,23]. Intradyne detection, a form of digital coherent detection, uses analog-
digital-convertors (ADCs), and digital signal processing (DSP) to recover the car-
rier. Intradyne system also uses DSP to correct for polarization-mode dispersion
(PMD) and chromatic-mode dispersion (CMD) to increase both the communica-
tion distance and data capacity [24-26]. Intradyne detection technique is widely
used in long-haul optical communications.

In short distance optical communications, i.e. Ethernet accesses, metropoli-
tan links, data-cener links, PMD and CMD are negligible, and the ADCs and
DSPs used in the intrdyne links would serve only to recover the phase of the
transmitted optical signal. Such short-range links would be much cheaper if the
ADC and DSP could be eliminated. Although intensity modulation and direct
detection (IMDD), widely used in current short link optical communications, is
simpler and lower-power than intradyne because if does not require ADC and DSP
ICs, this short-link optical communication has limited spectral efficiency. Demon-
strated intensity-modulated links include 100 Gb/s 4-PAM links using VSCEL

transmitters and equalizers [27,28]. As an alternative, homodyne detection based
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on OPLLs can be a promising solution, because it has a simple configuration,
high data rate per frequency bandwidth by QPSK and QAM modulations and
high data rate per power consumption.

In the past, OPLL (Costas loop) based homodyne detections have been re-
garded as challenging because of long loop delay and laser linewidth. The size of
optical circuits were composed of bulk components and implementations of many
complicated electrical circuits, i.e. TIA, limiting amplifiers, phase and frequency
detector, including a loop filter on a printed circuit board take a very long inter-
connection delay [8,10]. This long loop delay limits the loop bandwidth, which
determines frequency suppression ranges for LO laser phase / frequency noise and
track-hold ranges for an input reference laser (a transmitted carrier). Due to these
interconnection delays, an ultra-stable and narrow linewidth laser source, such as
very narrow linewidth external cavity lasers [29-32] for both the LO and trans-
mitted lasers, were required for stable OPLLs which had relatively narrow loop
bandwidth.

Recently, many OPLL results have been reported; A homodyne OPLL using a
high speed FET for a small delay loop filter with a loop bandwidth of 300 MHz [9],
a heterodyne OPLL using an RF exclusive-OR (XOR) as a phase detector with
loop delay of 1.8 ns [10], and a highly integrated heterodyne OPLL using an
integrated single side band mixer and a phase frequency detector (PFD) with
delay of 0.2 ns and closed loop bandwidth of 550 MHz [16] have been published.
OPLL based coherent optical receivers have been also developed. Costas receivers
using homodyne OPLLs with below 10 Gb/s [18,19,32-34], decision-driven loops

including sub-carrier modulation scheme [35,36], and a digital OPLL using a
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sampled [ — @ signals with slow DSP for homodyne reception of PSK 40 Gb/s
[30] have also been published. However, the receivers still require a very narrow
linewidth on the LO and transmitting lasers due to a narrow loop bandwidth, and
they may need additional blocks such as VCO, MZM, optical filter, even ADCs
and DSPs to recover the carrier signal.

In this chapter, I will show a stably working 40 Gb/s coherent optical receiver
based on the homodyne OPLL (the Costas loop). In section 2, the basic Costas
loop concept for both electrical and optical systems will be briefly explained. In
section 3, all PIC and EIC devices are characterized and the feedback loop will
be fully analyzed to optimize the OPLL systems with a novel loop filter design
topology. In section 4 OPLL implementations and their experimental results will
be described in detail. Mainly, the OPLL is realized within a compact size of 10
x 10 mm?, and it exhibits a closed loop bandwidth of 1.1 GHz and loop delays
of 120 ps. In addition, the digitally operating electrical circuits make the OPLL
more robust against component variations, and the PFD extends phase-lock and
frequency pull-in ranges. As a result, a stable OPLL and binary phase shift keying
(BPSK) coherent receiver exhibits error-free (BER less than 107'2) up to 35 Gb/s
and BER less than 1077 for 40 Gb/s are achieved.
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3.2 BPSK Coherent Receivers Based on Costas

Loops
Mixer LPF
I(t
N -\ (1 .
Mod. IN A
vCO PFD Y
QO
90° Loop A
LPF Filter
_.> \ =
(a)
Photonic IC Electrical IC
_~ -l I® ,
BPSK DATA
Mod. IN' | optical P}
Hybrid | PFD Y
5 He

Loop
Filter

Figure 3.1: Costas loop receivers for BPSK modulated signals. The Costas
loop using electrical components only (a) and the Costas loop using optical
components (hybrid, PDs and laser) and electrical components (mixer as a
PFD and loop filter)(b).
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Figure 3.2: Stable phase locked loop conditions. The stable conditions of 0 and
180 degrees in the I — @ constellations (a), and the same results with (a) in
the sinusoidal plot sin(26.) of the voltage error V. vs. phase error 0. (b).

To design BPSK coherent detection based on homodyne OPLLs, we selected
Costas loop concept as shown in figure 3.1. Such loops were widely used in 1970s
and 1980s electrical communication prior to the widespread adoption of phase
locked loop (PLL) frequency synthesizers [37]. This is well-known as simple and
inexpensive phase synchronous receiver architecture and has a superior signal-to-
noise performance. Many versions of the Costas loop have been applied for QPSK,
8-PSK and M-QAM modulation formats [38].

Figure 3.1 (a) shows general electrical circuit configurations of a Costas loop
receiver for BPSK modulated signals [17]. As shown in figure 3.1 (a), this structure
consists of voltage-controlled-oscillators (VCO), down-conversion mixers on I and
@ paths, low-pass filters (LPF), XOR-type phase (also frequency) detector and
loop filter. The VCO as local oscillator (LO) can track a transmitted carrier within

binary phase modulated signals without losing locks. The Costas loop with [ — Q)
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mixing keeps two stable phase lock conditions of 0 and 180 degrees. Therefore,
the Costas loop can recover original BPSK data without the DSP which has a
carrier phase and frequency estimation function.

Using its simple configuration, we can build an optical coherent detector using
the Costas loop concept as shown in figure 3.1 (b). The optical Costas loop consists
of optical components of a laser as an optical local oscillator (LO), optical hybrid
and photodiodes, and electrical components of phase detector and loop filter. The
optical components down-convert optical BPSK modulated input signals to the
electrical domain with I and () signals. The electrical components may requires
high speed operations.

I will now explain the principles of both electrical and optical Costas loops.

The input transmitted BSPK signal is defined as

TX(t) =m(t)-cos(2mfet + Oppsk) (3.1)

where the BPSK data m(t) has values of only £1, the carrier frequency is f., and
the carrier phase is Ogpsx. This transmitted signal is mixed with the LO signal
LO(t) of

LO(t) = 2cos(2m fot + 010) (3.2)
where the LO phase is 0.0 (at present we assume that the LO frequency is the
same as the carrier frequency). After the TX (¢) and LO(t) are mixed, the I(t)

and Q(t) signals are derived through the low path filters as

I(t) = m(t)-cos(6.)

Q(t) = m(t)-sin(6,) (3.3)
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where the phase error is 0, = Oppsx — Oro. Then, I(t) and Q(¢) are multiplied

(mixed) by the XOR gate to extract the phase error
1(t)-Q(t) = 1/2[m(t)]*-sin(26.). (3.4)

Since [m(t)]? in equation 3.4 is always 1 (the binary-PSK signal being +1), this
sin(20.) represents the measurement of phase error. Equation 3.4 is simply ex-
pressed as figure 3.2 using I and () constellations (a) and voltage error vs. phase
error (b). Equation 3.4 and figure 3.2 both show that the Costas loop has two
stable phase-locked conditions of 0 and 7 in a single period 27. The Costas loop
will therefore operate with BPSK data without losing phase-lock. The BPSK data
is recovered through the I-path. The phase of the BPSK data has a + ambiguity,
because of the two stable conditions of 0 and 7, but this issue will be solved by
differential encoding for input signals and differential decoding for output signal.
This will be discussed in detail in the section of the data reception experiments.
In this section, I did not include loop delay and device parasitics in the OPLL
(Costas loop) analysis. In the following sections, I will show each device charac-
teristics and parasitics as loop parameters to build stable feedback loop systems
(OPLL). Then, I will show our OPLL design procedures within the loop parame-

ters.

3.3 Device Characteristics and OPLL Designs

A homodyne OPLL has been designed using the optical Costas loop concept as
the schematics shown in figure 3.3. It consists of three main blocks of a photonic

integrated circuit (PIC), an electrical integrated circuit (EIC), and a dual-path
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loop filter. Each device has been carefully characterized through measurements
and simulations, and considered in feedback loop designs for a stable and well-

working OPLL.

BPSK Photonic IC Electrical IC

Mod. IN
° ¥ M 0° I(t)

) 90° DATA
Optical Limiting
Hybrid. §180° Amps
> LO P
~ 270°
¥

Loop Filter — T
o e —
+

] PFD

Figure 3.3: A concept schematic for a homodyne OPLL structure using a Costas
loop which consists of three main parts of the PIC, EIC and loop filter.

3.3.1 Photonic Integrated Circuit

IN/ SG-DBR Laser 90° Optical Hybrid | PDs_

oUT e > >

o)

Figure 3.4: Photo image for the fabricated PIC in the UCSB facility, courtesy
of M. Lu [4,20].

The PIC (figure 3.4) is fabricated based on the InGaAsP/InP platform using
the UCSB NNIN nano-fabrication facility. This PIC includes a widely tunable
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sampled grating distribute Bragg reflector (SG-DBR) laser which can tune over a
40 nm wavelength span (>5 THz) by current injection into front and back mirrors
and a phase tuning section diode. The PIC also has a 90 degree optical hybrid and
four single-ended uni-traveling carrier (UTC) photodiodes for mixing the optical
fields of input transmitted signal and optical LO signal and for down-converting
quadrature (I — ) photocurrents in the electrical domain. Detailed PIC process
flows and device characteristics are explained in [4,20]. In order to build a stable
OPLL, I will describe the PIC device characteristics and its balanced detection

operation using several equation steps [39].

E AEs*Eio) TIA I
%(Es + jELO)
Optical |—’|'
Hybrid". | %(E:- E.o)
Eio Y2(Es - JEL0) TIA Q

Figure 3.5: Balanced detection using the 90 degree optical hybrid, four photo-
diodes and electrical trans-impedance amplifiers (TIAs).

The input optical signal field E,(t) and optical LO field Eo(t) are

Ps(t) ej (t)+0s(t))
Ero(t Pro(t 6] (wro®)+0r0(1)) (3.5)
where Py(t), 05(t) and ws(t) are input power, phase and frequency, respectively,
and Pro(t), Oro(t) and wro(t) are the LO power, phase and frequency, respec-

tively. The optical input and LO fields Ey and E;o are mixed in the optical
hybrid, and four optical fields of 1/2(Es + Ero), 1/2(Es — Ero), 1/2(Es+ jELo)
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and 1/2(FEs — jELo) are obtained at the hybrid outputs. These four output fields

(powers) are down-converted through the four UTC photodiodes as

L1+ (t) = R/2(Py(t) + Py(t)) + R/Py(t) + Py(t)-cos[(ws —wro)t + 6,(t) — Or0(t)]
I1-(t) = R/2(Py(t) + Py(t)) = R\/P,(t) + Py(t)-cos|(ws — wro)t + 0,(t) — o (t)]
Io+(t) = R/2(P,(t) + Py(t)) + Ry/Pu(t) + Py(t)-sin[(ws — wio)t +0,(t) = Oro(1)]
Io-(t) = R/2(P(t) + P,(t) — R\/Py(t) + Py(t)-sin[(ws — wro)t + 6,(t) — 610(1)]

(3.6)

where the I-differential current outputs are I, () and I;_(t), the Q-differential
current outputs are I, (t) and Ig_(t), and R is photodiode responsivity [A/W].
The currents I, (t) and I_(t) and are subtracted by the balanced PDs as shown in

figure 3.5, forming AC differential current outputs Al;(t) and Alg(t), which are

Al (t) = 2R/ Ps(t) + Ps(t)-cos[(ws — wro)t + 05(t) — Oro(t)]
Alg(t) = 2R/ Py(t) + Ps(t)-sin](ws — wro)t + 0s(t) — 0o(t)].  (3.7)

Ipc*Al(Y)
GND 2Al(1) GND |_K
» Inc-Al(t) | TIA
Vee o e

(a) (b)

Figure 3.6: Two different balanced-types of the photodiode connections with
TIAs: (a) balanced PDs and single-ended TIA and (b) single-ended PDs and
differential TTA.

In figure 3.6 (a), the DC currents are subtracted by the series photodetector

connection from GND to Vgg, and only the AC current of 2A/(t) is an input
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to the single-ended TTA circuit. In figure 3.6 (b), the balanced single-ended pho-
todetectors can also be directly connected to differential inputs at a TIA, with
proper ~-2 V DC biases for both the photodiodes and the TIAs. In our OPLL
design, we used the parallel single-ended PD connections with the differential TTA

operation (figure 3.6 (b)), as this simplified the PIC fabrication.

40 L L L L
e Meausred laser sensitivity .
35 || = = = = First order approximation ¢ /
-
30 * -

'0/

N
(3,}
\J
L)

7 GHz/mA
at TmA - 3mA

3 4 5 6 7
Currents (mA)

Tuning sensitivity, dAf/dl (GHz/mA)

Figure 3.7: Measured SG-DBR laser tuning sensitivity and its first order ap-
proximation between 1-3 mA bias ranges, courtesy of M. Lu.

The PIC device characteristics have been measured for the OPLL feedback
loop design. First, the frequency tuning sensitivity of the widely tunable SG-DBR
laser was measured. The measured result is shown in figure 4.3. The laser tuning
sensitivity is approximated by the first order slope of Koco = 2nx7 GHz/mA =~
4.4 x 10%[rad/sec/A] at a DC current bias of 1-3 mA (this initial current con-
dition of 1-3 mA was used in our OPLL system experiment). This Kcco plays

a comparable role in OPLL design to the VCO sensitivity Kyco [rad/sec/V] in

77



Homodyne OPLLs for Short-Link Optical Communications Chapter 3

electrical PLL design.

2

— 0.5 mA DC hias
—— 1.0 mA DC bias

Frequency Response (dB)
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lph Ibias Iph lbias
Z #
Cd Rd

SG-DBR SG-DBR
Laser Laser

(b)

Figure 3.8: The frequency response for laser tuning section diode. The mea-
sured frequency response has a single pole at approximately 100 MHz (a).
Simple diode R4 and Cy model for the frequency response (Rg ~10 Q and Cy
~160 pF) (b), courtesy of M. Lu.

Another important PIC device characteristic is the frequency tuning response
at the SG-DBR laser phase tuning. The laser wavelength is tuned by varying the

current injection. However, the resulting laser frequency tuning response is re-

78



Homodyne OPLLs for Short-Link Optical Communications Chapter 3

tarded because of the minority carrier life time. This phenomenon is represented
by a single-pole frequency response 1/(Tiuness+1) with a pole frequency at approx-
imately 100 MHz in the SG-DBR laser, as shown in figure 3.8 (a). The response
is simply modeled as the R,C} parallel shown in figure 3.8 (b). This capacitance
is the diode diffusion capacitance and is measurable. The diode resistance Ry of
10 €2 is measured, and therefore, C; of approximately 160 pF' is extracted. This
parasitic factor might be easily neglected in the OPLL loop design. However, the
effect of this laser tuning resposne must be considered in the OPLL feedback loop
designs, if the OPLL requires wide loop bandwidth. This 100 MHz pole would in-
troduce 5.7 degree phase variance in a 10 MHz loop and 45 degree phase variation

in a 100 MHz loop.

5

-10

Diode Frequency response (dB)

5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 3.9: Measured PD 3-dB bandwidth. More than 30 GHz bandwidth has
been achieved. Courtesy of M. Lu [4,20].

The third PIC device characteristic is the photodetector’s 3-dB frequency
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bandwidth, as shown in (figure 3.9). The photodetector bandwidth is limited by
the photodetector output capacitance C'pp and the TIA’s 50 ) input impedance.
The four-element arrays of single-ended UTC PDs were designed and fabricated
by M. Lu [4,20]. The photodetectors exhibited greater than 30 GHz 3-dB band-
width, measured by an Agilent PNA-X network analyzer (N5247B). This 3-dB
bandwidth can also be modeled as a single pole 1/(7pps + 1). However, this de-
vice characteristic was ignored in the OPLL feedback loop designs, because the
pole frequency is far enough from the target loop bandwidth of >500 MHz. This
bandwidth does however limit the tuning range of the offset PLLs reported later
in this thesis.

After considering physical delay including electrical and optical waveguide
length and the transit delay in the laser, hybrid and photodetectors, the total
PIC delay 74_p;c of ~40 ps was determined by M. Lu. This small delay results
from the PIC integration.

The PIC open loop transfer function Tp;c(s) including all the above PIC

device characteristics is

Kcco _
Tpro(s) = 200 o=rrics), 3.8
p1c(s) $(Tiuness + 1) ¢ (3.8)

Table 3.1 gives a summary of the photonic IC device characteristics for the OPLL

designs.
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Table 3.1: Summary of the PIC device parameters for the homodyne OPLL design

Parameters Value Unit Descriptions

1/s sec/rad  Phase/frequency: ©(s) = F(s)/s
Kcco 27 x 7 x 1012 rad/A Laser tuning sensitivity
Tiune 1/(2m x 100 x 10°) sec Tuning frequency responsivity
TPD 1/(2m x 35 x 107) sec Photodetector 3-dB pole frequency
Td—PIC 40 ps Total PIC delay
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3.3.2 Electrical Integrated Circuit

PIC Limiting Amplifier Chains Data Path
|-path % %
Tl -gm -gm DATA
0
H— <7
x5 x2

PFD OUT
Binary PFD

PFD OUT
Q-path %
\
-gm BEP OLIT
o
x5
(

Figure 3.10: The EIC schematic (a) and layout (b) for the binary phase and
frequency detection with BPSK data outputs. TI: trans-impedance (current

to voltage conversion), g,,-blocks as limiting amplifiers, and XOR gate with a
delay line for PFD functions, courtesy of E. Bloch and T. Reed [7].
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Figure 3.11: The biasing circuit to supply -2 V' to the single-ended PDs [7].

VEE
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We describe an EIC for phase-locked BPSK receivers. The EIC has high-speed
binary phase and frequency detector and binary PSK data outputs. Teledyne’s
500 nm InP HBT process which has 300 GHz f; and f,., [40] and four metal
stack layers were used for the EIC designs. Block-level IC schematic and layout are
shown in figure 3.10. The EIC has I — () signal paths generated by the PIC. These
two 90 degree out-of-phase I — () signals are amplified and limited (digitized) by
five-stage g,,-block limiting amplifier chains. The binary I and @) signals are then
mixed in an XOR phase detector with a delay line (10 ps). The combination of
the two optical mixers (the photodetectors), plus the XOR gate and delay line,
forms Quadri-correlator PFD [41]. The BPSK data are amplified and are output
through the I output data path. In detail, the EIC has several key blocks. The
input biasing circuit (figure 3.11) was designed to provide a negative DC bias
of around -2 V for each single-ended PD and a proper 50 ) termination for the
photodiode AC outputs. Using transistor current mirrors to bias the diodes, the
photodiodes are biased at -2 V' for the photodiode’s DC currents of 0.3-1.5 mA.

Thus, the photodiode voltage bias condition is set by the input DC circuit from
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the photodetectors as
VPD(S) =Ver + Vpc-100Q + 2-Veg, (39)

where the supply voltage of Vgp is -3.8 V and transistor (diode) turn-on voltage
VpE is approximately 0.8 V. If the DC currents from the two detectors are equal,
the connection point of the two 50 €) resistors is a virtual ground and the AC
signals AI(t) are equally terminated by 50 2 loads.

GND

i m | |:|: gm — gm — gm — gm
? g

Figure 3.12: g,,-block amplifiers for limiting amplifier chains (a) and five-stage
limiting amplifier chains (b) [7].

The EIC includes limiting amplifiers, designed by the modified Darlington
(ECL-type) gp,-blocks (figure 3.12 (a)). The limiting amplifiers limit the pho-

tocurrent ranges of 0.3-1.5 mA to 0.3 V,,, digitized signals only carrying phase and
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frequency information. This limiting scheme is important for stable OPLL oper-
ation. The photocurrent amplitude fluctuations are suppressed by the five-stage
limiting amplifier chains of figure 3.12 (b). Five-stage differential g,,-amplifier
blocks and the double-terminated interconnections were used for the limiting am-

plifier chains. Each stage has a voltage gain of approximately
Vout/Vin = (ql./nKT)-25 Q, (3.10)

where the DC bias current for the differential tail 27, is 12 mA, a thermal volt-
age KT/q is 25 mV | an ideality factor n is approximately 2.2 and 50 2 double
terminated interconnection has a total of 25 §2 output resistance. Thus, a single
stage has a voltage gain of approximately 2.7:1 (8.71 dB) (Teledyne’s HBT are
operated at a lower current density (2.4 mA/um?) condition than that optimum
(6.0 mA/pum?) for the highest f, and f,... [40]).

A PFD is designed using a Gilbert-cell-mixer (ECL-type XOR-gate) with a
10 ps delay-line. This structure detects both phase and frequency errors. Due to
using 10 ns delay, as we will show, this PFD will ideally have a 50 GHz frequency
pull-in range (w,7 = 7). The ECL XOR circuit diagram is shown in figure 3.13
(a) and the Quadri-correlator PFD block is shown in figure 3.13 (b).
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Figure 3.13: ECL-XOR gate schematic for the PFD design (a) and Quadri-cor-
relator PFD structure including the XOR and delay-line (b) [7].

The inputs I(t) and Q(t) of the PFD are derived from the photodetector

outputs as equation 3.7. They can be analyzed as sinusoidal waveforms with

I(t) = A-cos(wet + 0,)

Q(t) = A-sin(wet + 6.), (3.11)
where A is a signal amplitude, w, is the frequency difference between the two
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lasers, 0, is the phase difference (the time variation of 6, is neglected). The Q(t)

is delayed by the time delay 7 (10 ps in our OPLL design), and Q’'(¢) is
Q'(t) = A-sin(we(t — 7) + 6,). (3.12)

Then, the two inputs of I(t) and Q(t) are multiplied by the XOR gate, and the
PED output OUT (w, 0.) is derived as

OUT (we, 0.) = 1/2(A)*sin(2wet + wer + 26.) + 1/2(A)*sin(w.7).  (3.13)

Here we have treated the XOR gate as a product device and have neglected its
limiting characteristics. The signal OUT (w,, 0.) is plotted in figure 3.14. This
result shows stable locking conditions: phase errors at 0 rad and +7 with a
positive slope from blue to red, and a frequency error at 0 Hz with a positive

slope from blue to red.
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Figure 3.14: 3-D frequency and phase detection plot: voltage error vs. fre-
quency (-50 GHz to 50 GHz) and phase (-7 to 7). Dark red corresponds to a
0.5 V output and dark blue to -0.5 V output. Phase detection and frequency
detection slopes must have the same sign for negative feedback loop operation.

This Quadri-correlator PFD is simply analyzed with two separate conditions
of frequency detection mode (frequency error f, # 0) and phase detection mode

(frequency error f. = 0). If the frequency error is non-zero, OUT () is derived as
OUT (w.) = 1/2(A)*sin(w.T). (3.14)

This OUT(w,) represents a measure of the frequency error. The detection range
is determined by the length of the delay line, and is ideally 1/(27).

If the frequency error is zero, the OUT'(,) is

OUT(0,) = 1/2(A)*sin(26,). (3.15)
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Figure 3.15: Measured frequency detection results through the PIC and EIC.

In our EIC, the digitized I and @) signals with V,,, of 0.3 V' are used for our
PFD operations as a binary PFD. In the frequency detection mode, I and Q'
(time delayed) signals are mixed by the XOR gate, and OUT'(w.) have different
duty cycles, depended on w,. Then, the mean values of the different duty cycles

represent a linear triangular waveform
OUT(w,) = 0.15/sgn[sm(we7')]dwe. (3.16)

The frequency detection mode was measured through the PIC and EIC, and the
measured results are shown in figure 3.15. In the phase detection mode, the phase

detection becomes binary
OUT(0.) = 0.15sgn(26,). (3.17)

This binary phase detection has a strong non-linear characteristic, and it re-

quires different feedback loop analysis, compared with linear and sinusoidal phase
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detections. In our OPLL design, I have simplified the binary non-linear phase de-
tection characteristics to an equivalent linear function of 0.2 — 0.5 [V//rad]. It has
been simulated and compared to Matlab Simulink simulation using the non-linear
phase detector. The details of the OPLL design and simulations will be discussed
in the next section.

As shown in figure 3.10, the EIC has output paths for BPSK I-phase and Q)
phase data. In the middle of te limiting amplifier chains, the signals were fanned-
out 2:1 and were amplified with two-stage vg,,-block limiting amplifiers. The EIC
has been designed with a compact size of 1.30 x 1.20 mm? and has a propagation
delay 7;_grc of 50 ps including HBT circuit delays. This delay has been verified
using ADS circuit simulation including EM simulation. The detailed EIC designs
and results can be found in [7].

The EIC open loop transfer function Tg;c(s) for the phase error is
Tch(S) = KPD'e_TdeICS, (318)
where the key parameters are as follows.

Table 3.2: Summary of the EIC device parameters for the homodyne OPLL design

Parameters Value Unit Descriptions

Kpp 0.2-0.5 V/rad Linear equivalent phase detection gain
Krp 0.3/(2m x 50 x 10%)  V/rad/sec Linear frequency detection gain
Td—EIC 50 ps Total EIC delay
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3.3.3 Hybrid Loop Filter

Given the PIC and EIC device characteristics in Table (1) and (2), two design
goals were set for a stable OPLL: 1) the open loop bandwidth w, /27 of greater
than 500 MHz to track the phase noise (linewidth) and to hold the LO’s 10’s
(100’s) MHz frequency drifts, and 2) hence, total (effective) loop delay of less
than ~200 ps to meet the absolute stable condition between loop bandwidth vs.
delay [42]. Since the total delay in the PIC and EIC is ~90 ps, the loop filter
should be designed with small loop delay and stable loop conditions. A second
order type-1I PLL including an active loop filter was selected for our OPLL designs,
because of its simple configuration and powerful working with a non-steady state
error for phase error [43,44].

Feedback loop analysis starts with the open loop transfer function 7'(s) in-

cluding the critical loop delay

F
T(s) = Kpp-Kcco (5)_6_“3’ (3.19)
s

where F'(s) is a loop filter transfer function. Then, a closed loop transfer function
H(s)=T(s)/(1+T(s))is

. KPD'KCCO'@'e_TdS B 2§Wn8 + Wn2'€_7-d8 (3 20)
14+ Kpp-Keco 28 emmas 82 + 26wys + wy,2-e77as’ :

s

H(s)

where ¢ is a damping factor, w, is a natural loop bandwidth, and 7, is the total
loop delay [43,44]. Given all the device characteristics in the tables (1) and (2),
the final loop transfer function should be similar with equations 3.19 and 3.20.
Then, the loop filter F'(s) for the second order type-1I should be carefully designed

including the loop delay and additional parasitics, i.e. laser slow tuning response
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of Tyune. In general, the loop filter for the second order type-II PLL consists of

one pole and one zero as

ToS + 1
F(s) ~ . 3.21
(5) ~ B (3:21)

This transfer function is determined by the phase detector gain Kpp, laser (or
VCO) tuning sensitivity Kcco, and the loop bandwidth w,. However, it is more
complicated if the feedback loop requires to consider long loop delay, other para-
sitics, and wide loop bandwidth (targeted for more than 500 MHz), may require
many additional design consideration such as the laser slow tuning response, the
loop delay for each device, and the poles of the op-amplifier. As discussed in the
previous section, the laser pole frequency is approximately 100 MHz, and a zero
(1 + Tueros) must be added to compensate the laser parastic pole.

Loop filter design using commercial op-amplifiers has several design challenges:
1) op-amplifier unity gain frequency is small (less than 200 MHz) even on parts
labelled as GHz op-amplifiers, and 2) total loop delay through the op-amplifier
package including leads is not known or easily measured. In summary the fastest
voltage feedback op-amplifier having small DC offset commercially available has
only 200 MHz unity gain bandwidth and the second and third pole (the first pole
being at DC) at the OPLL transfer function will be located at approximately 200
MHz [45]. This makes broadband OPLL impossible using commercial op-amplifier
with the classic loop filter transfer function F'(s) of equation 3.21.

To solve these issues, I have proposed a new loop filter-type for our wide loop
bandwidth OPLL. To meet design requirements, two basic PLL design constraints
have been followed: 1) high gain at DC and low frequencies to suppress laser phase

noise, and 2) large phase and gain margins including the additional poles and loop
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delay. To achieve the two basic PLL design approaches, we developed a modified
dual path loop filter. This approach, used to reduce the size of the compensation
capacitor in IC design, is here adopted to minimize high frequency delay and to

extend the loop bandwidth in an OPLL.
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Figure 3.16: Dual-path loop filter schematic with low frequency path and high
frequency path (a), and the conceptual bode gain plot open loop transfer func-
tion T'(s). The feed-forward loop significantly enhances the loop bandwidth
wp, pr compared with the conventional loop wy, . (b).

A schematic of the modified dual-path loop filer is shown in figure 3.16 (a).
This loop filter consists of two paths: 1) a low-frequency main signal path having

an integrator for DC and low frequencies, giving gain with an 1/s? slope, and 2) a
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short, high-frequency passive feed-forward path for high frequency signals which
will set the phase margin. Due to this modified loop, the feedback loop keeps
the second-order 1/s? phase noise suppression capacity by the high gain at low
frequencies and yet gives almost no added delay through the feed-forward path.
The dual feed-forward loop is modeled by two independent paths (figure 3.8 (b)).
As a result, the total loop delay at high frequencies is not largely impacted by the
loop filter, and the loop bandwidth is limited by the PIC and EIC delays.

The integrator path includes a first order active loop filter with integrator time
constant 7 = R,C5, the op-amplifier internal second pole 7op, a resistor R, as
voltage to current conversion, and the op-amplifier delay 7;_op. The differentiator
has a zero of time constant C'rr Ry and a path gain determined by the capacitor
value Cpp, given the laser and phase detector gains. Figure 3.16 (b) shows the
detail open loop transfer function 7'(s). The dual-path loop must avoid a 180
degree phase difference between the two paths to prevent an amplitude notch at
the gain crossover frequency. In addition, the laser tuning response 7y,,., the laser
tuning sensitivity Koco, the integrator arising from frequency to phase conversion
1/s, and the total effective loop delay 74_.ss are all included in the feed-forward
path.

Based on all loop parameters, the final open loop response T'(s) is expressed

as

1 T3S + 1 1 1 _ CFF _
T(s) ~ Kpp-Kew: . . eTTdOPS L ZU ) oS
() PP TiuneS + 1 ( s TopS+1 R, ¢ + 2 c
(3.22)
where a linear equivalent phase detection gain Kpp = 0.2 — 0.5 V/rad, a laser

frequency tuning sensitivity Kcco ~ 5.0 x 103 rad/sec/A, and a laser slow tuning
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response Tyu,e gives a single pole at 100 MHz. The active loop filter has a pole
time constant 7, and a zero time constant 7 with frequencies at 0.17 MHz and 2.2
MHz, respectively. The op-amplifier second parasitic pole time constant 7op is at
200 MHz, the resistor R, is 500 €2, and the op-amplifier delay 7;_op of ~200 ps.
The coupling capacitor on feed-forward path Crr is 1.0 pF, and a total effective
loop delay 7,4 is 120 ps. Based on the equation 3.2, the Bode diagram of the open
loop response T'(s) is as shown in figure 3.17. The total loop response follows
the main path at low frequencies and the feed-forward path at high frequencies.
From the response, the feedback loop response shows a natural frequency w, of

4.4 x 10° rad/sec (700 MHz) and 65 degree phase and >7 dB gain margins.

Bode Diagram
15 A

o e
- - s - Active-Loop Path:- - -
——— 'F.F. LoopPath : '

Magnitude (dB)

Phase (deg)

DT RN R N R T R ST N A A R SR I S S S R AT T
10 10’ 10’ 10°

Frequency (Hz)

Figure 3.17: A Bode diagram for the OPLL open loop response T'(s).
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This linear transfer function 7'(s) is simulated in the Matlab Simulink. In
this simulation the phase detector was modeled as a nonlinear limiting element
as shown in figure 3.18. Note that the gain of the PFD is given a high value and
the output is truncated by a limiter to V,, = 0.3 V. Also, the loop filter has dual
paths and the delay of the feed-forward path is ignored. The laser section includes
the laser tuning response, and a total effective time delay of 120 ps is included.

A phase step is simulated. The OPLL feedback loop tracks the phase step
within 2 ns, corresponding to a reasonable settling time ~ 4/cw, (figure 3.19
(a)). The phase detector output show digital switching because of the use of the
binary PFD. Figure 3.19 (a) is the phase detector limiting amplifier output and

figure 3.19 (b) is the modified dual-path loop filter output.

> Phase Detector -~ L Feed Forward Loop L Laser Gain, Delays 1

LI [l ) gL ) g |

sin(2*u(1))

Non-linear Kep

Received
Signals

Phase
Subtractor

OPA
Loop Filter Parasitic Pole Delay

Laser Tuning  Kcco Integrator Loop
Response Delay

Differentiator

Figure 3.18: Matlab Simulink simulation including the binary PFD, laser device
characteristics, feed-forward loop filter and the total effective loop delay.
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Figure 3.19: Matlab Simulink simulation results for the phase step jump. (a)
The phase step jump in the reference and the LO laser’s phase acquisition
through the designed feedback loop, and (b) Binary (bang-bang) PFD output
and the modified loop filter output.
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Table 3.3: Summary of the loop filter parameters for the homodyne OPLL design

Parameters Value Unit Descriptions

1 9.5x 1077  sec/rad Active loop filter pole, R1C5

Ty 7.2x107%  sec/rad Active loop filter zero, RyCo

ToP 8.0 x 1071°  sec/rad OP-amp parasitic pole (second pole)
Ti—oP 2.0 x 10710 sec OP-amp delay (assumed as relatively big number)
Td 1.2 x 10719 sec Total effective loop delay (high frequency path)
R, 500 Q Voltage to current conversion

Crr 1.0 pF Feed-forward coupling capacitor
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3.4 Implementation and Experimental Results

3.4.1 OPLL Integration

Ref. Laser
BPASK mod

==

T

Main integrater Path Dual-path 4
Feed-fopwardiPath & = fuduallc

Figure 3.20: The OPLL hybrid integrations including the PIC, EIC, and hybrid
loop filter. Red: short feed-forward path through the single capacitor Crp,
yellow: long integrator-path through the commercial op-amplifier.
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Figure 3.21: The mask layout, discrete component soldering and wire-bonding
locations.

The OPLL for the Costas loop receiver is realized as shown in figure 3.20.
The fabricated PIC is at on the top of the image, the EIC on the bottom left,
and the hybrid loop filter on the bottom right. These are mounted on a single
AIN substrate (e, = 9, thermal conductivity = 140 — 180 W/m/K) within a total
size of 10x10 mm?. The ICs are interconnected by wire-bonds and transmission
lines. The feed-forward path (red-dots in figure 3.20) is kept shunt to decrease
the interconnection delay. The main integrator path (yellow dots in figure 3.20)
passes through an op-amplifier to have a high gain but long loop delay. The
loop filter uses a commercial voltage-feedback op-amplifier, Texas Instruments
LMHG6609, which has a 70 dB open loop gain and a 200 MHz unity gain bandwidth
[45]. Together with discrete chip capacitors and resistors, the active loop transfer
function (equation 3.22) is realized. The mask layout, component placement and

wire-bond connections are also shown in figure 3.21.
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3.4.2 Homodyne OPLL Experiments

To verify the homodyne OPLL performance, several OPLL tests were per-

formed.

1 90%

ECL

[ PIC |
[ 1 10%
EicH, oo
i 500/
Filter 6 OSA
Carrier 50%
Amps

Homodyne OPLL

Costas Loop 100 Mz @‘D" (:ES,\?)

Figure 3.22: The test setup for the first homodyne OPLL experiment to mea-
sure the beating spectrum between the reference laser and the locked SG-DBR
laser. ECL: external cavity laser, PC: phase controller, OSA: optical spectrum
analyzer, and AOM: acousto-optical modulator.

We tested the beat spectrum between the reference laser and the locked SG-
DBR laser, measuring its phase noise performance. We used a tunable Agilent or
Koshin laser, which have 100 kHz linewidth, as a reference laser, and the locked
SG-DBR laser output is shifted by 100 MHz using an acousto-optical modula-
tor (AOM). This shifts the beat note away from DC. A test setup for both two
measurements is shown in figure 3.22. The beat signal, which arises from multi-

plication in time domain, is
co8(Wreft + Opn,. , (t))-cos(wst + 2m(L00M H2)t + Opp o (1) + Opng(t))  (3.23)

where w,.s is the reference laser frequency, 0,,, . f(t) is the reference phase noise,
wg is the SG-DBR laser frequency, 0,,,,.(t) is the AOM modulator phase noise,
and 6,,,,(t) is the SG-DBR laser phase noise.

cos (21 (100M H 2))t + Opny (1) + Opnsapn (t) = Opn,. (1)) (3.24)
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where homodyne lokcing forces wy.y = ws, and where we assume that the path
lengths between the two lasers are matched. As shown in equation 3.24, the beat
spectrum shows the relative phase noise at the homodyne OPLL and the phase
noise of the RF signal source. The latter is very small compared with the noise
of the SG-DBR laser. Given an ideal PLL, the noise of the locked laser will be
following the phase noise of the reference laser.

Using the test setup in figure 3.22, the measured beat spectrum between the
two lasers is as shown in figure 3.23 (a). The peak is at 100 MHz, with two side
peaks at 1 GHz and 1.2 GHz. These correspond to noise peaks at the OPLL
at tw,/m. This result shows that the SG-DBR is stably locked at the same
wavelength of the reference laser, and that the closed loop bandwidth is a 1.1
GHz. The beat spectrum between the two lasers (figure 3.23 (a)) was directly
connected to the phase noise analyzer to measure the relative phase noise of the
two lasers. This was measured for 1 Hz to 10 GHz offsets and compared to the
the phase noise of the RF signal source and the background noise of the two
broadband amplifiers. The measured single sideband phase noise is below -100
dBc/Hz at offsets 20 kHz, and shows two side peaks at approximately 1 GHz,

indicating gain peaking near the loop bandwidth.

103



Homodyne OPLLs for Short-Link Optical Communications Chapter 3

-20 Beat lasers (locked SG-DBR &
Reference with 100MHz mod.)
-30 /
__-40
=
o
X .50
£
3
é -60
o Left side peak Right side peak
-70 \
-80 U
o 500M 1G6 1.5G 2G
Frequency (Hz)
(a)
0

= SGDBR w/0 BPSK mod + Reference
== SGDBR w/ BPSK mod + Reference
== Signal Generator — 100MHz
Background Noise

Phase Noise (dBc/Hz)

-100

-120

-140
1 10 100 1k 10k 100k 1M 10M 100M 1G 10G

Frequency (Hz)
(b)

Figure 3.23: The homodyne OPLL performance.Beating lasers through the
external photodiode to the electrical spectrum analyzer (ESA). Peak tone at
100 MHz and side tones at 1.0 and 1.2 GHz (a). Phase noise performance for
the beating lasers and compared with the self-beating reference laser, RF signal
phase nosie, and background noise through the amplifiers for the external PD
thermal noise and shot noise (b).
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Figure 3.24: The test setup for the homodyne OPLL linewidth measurement
experiments (self-heterodyne linewidth measurement technique) [46,47].
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Figure 3.25: The homodyne OPLL linewidth measurement experiments. Self
heterodyne linewidth measurements for the locked SG=DBR laser (black),
locked SG-DBR laser with BPSK modulated input signals (red), free-running
SG-DBR laser (blue), and reference laser (green):(a) RBW 20 kHz and span 50
MHz, (b) RBW 10 kHz and span 5 MHz, and (¢) RBW 3 kHz and span 1MHz.
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The second measurement of the homodyne OPLL performance is a linewidth
measurement of the locked SG-DBR laser using the self-heterodyne linewidth
measurement technique [46,47]. This is shown in figure 3.24, and the linewidth
result (black) is compared with the locked SG-DBR laser with a 25 Gb/s BPSK
modulated signal (red), the reference laser (green) and a free-running SG-DBR
laser (blue). As shown in figure 3.25, the free-running SG-DBR laser measured
with the self-heterodyne technique shows approximately 10 MHz linewidth, while
the locked SG-DBR laser shows ~ 100 kHz linewidth. This is the same linewidth as
the ~100 kHz reference laser (figure 3.25). The locked SG-DBR laser can strongly
track the reference in the homodyne OPLL. The result again verifies stable OPLL
operation. To check stable operation, the homodyne OPLL was left running for
over two hours during which time it maintained phase lock. Linewidth results

with different spans and resolution bandwidths (RBWs) are shown in figure 3.25

(a)-(c)-

PC PC EDFA
0 ()] 90%
[ .—T—.—< I ECt
L 1 10%
1| Loop
BCH Fiter 1 L il OSA
Carrier | ]50%
Homodyne OPLL RF Sweep .
Costas Loop (100k-5GHz) PD @‘D" ESA

Figure 3.26: The test setup for the homodyne OPLL closed loop bandwidth
measurement experiment using the phase modulation.
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Figure 3.27: The homodyne OPLL closed loop bandwidth measurement ex-
periment. Simulated and measured loop bandwidth results are shown and the
results show ~ 1 GHz closed loop bandwidth.

The third measurement of the homodyne OPLL performance is a closed loop
bandwidth test using the setup of figure 3.26. In this experiment, the reference
laser is phase modulated using a 40 GHz bandwidth optical phase modulator
(PM). This response has been measured from 100 kHz to 5 GHz by monitoring
the phase modulation using an electrical spectrum analyzer (ESA). The measured
result is shown in figure 3.27. The frequency response was compared with the
simulations of the closed loop response H(s) = T'(s)/(14+T(s)). A slightly under-
damped closed loop response is observed and the 3-dB frequency bandwidth of

H (s) is approximately 1 GHz.
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Figure 3.28: The test setup for the homodyne OPLL lock time experiments.
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Figure 3.29: The homodyne OPLL lock time experiments. (a) Automatic
phase lock acquisition monitoring through the real time oscilloscope for the
on-off-keying reference input, and (b) pull-in time and lock-time monitoring

for the worst measurement result.
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Finally, the locking (settling) speed of the OPLL was measured. For this, we
used a fast on-off-keying (OOK) modulator (40 Gb/s) with low speed modulation
(1 MHz) on the reference laser path to turn on and off the transmitted BPSK-
modulated reference signal. The data stream was modulated as a ~1 MHz rate.
This forces the OPLL to lose lock, and then acquire lock at this 1 MHz rate.
Figure 3.28 shows the test setup, and figure 3.29 shows the outputs measured
on a real time oscilloscope (DSO-X91604A - 40 GSa/s). The yellow trace is the
EIC I-data output. Under the locked condition, the I-data output shoud be a logic
high level, while under unlocked conditions this output rapidly alternates between
binary 1 and binary 0. The red trace is the output of and external photodiode
carrying the beat note between the reference laser and the locked laser. This beat
note is modulated at 100 MHz using an acousto-optic modulator. Consequently,
when the loop is locked, this will be a 100 MHz sinusoidal signal, while when the
OPLL is not locked the signal will rapidly fluctuate in frequency and will appear
as noise. As shown in figure 3.29 (a), the locked and unlocked condistions are
repeated with a period of 1 us. Figure 3.29 (b) shows a zoomed-in measurement
of the worst-case locking time among various measurments. The frequency pull-in
time is ~ 550 ns, while the phase lock time is less than 10 ns. We estimate that
the frequency deviation before locking is 3-4 GHz.

As the above measurements show, the homodyne OPLL suppresses the SG-
DBR laser’s free-running phase and frequency noise over a broad frequency range
and extends the track and hold ranges against the received (reference) carrier
frequency drift. Given the phase-frequency difference detection, the OPLL can

maintain phase- and frequency-lock given an initial frequency offset of at least 3-4
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GHz.

3.4.3 BPSK Receiver Experiments
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Figure 3.30: The test setup for the optical Costas loop receiver BER vs. OSNR
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Figure 3.31: The measurement BER vs. OSNR results for the optical Costas
loop from 10 Gb/s to 40 Gb/s. The eye diagrams for 25 Gb/s and 40 Gb/s
are shown in the polot and they are measured directly to the sampling oscillo-
scope without the external 40 Gb/s XOR and phase shifters for the differential
de-coding.

111



Homodyne OPLLs for Short-Link Optical Communications Chapter 3

This homodyne OPLL can be used as a coherent optical receiver for binary
PSK-modulated data. To demonstrate the BPSK coherent optical receiver perfor-
mance, the bit-error-ratio (BER) vs. optical signal to ratio (OSNR) was measured
using the test setup shown in figure 3.30. A PRBS 23! — 1 pulse pattern generator
and MZM are used for BPSK optical data modulation up to 40 Gb/s. The OSNR
was controlled by a variable optical attenuator (VOA) at the input to before the
Erbium doped fiber amplifier (EDFA), and optical band pass filter (BPF). Dif-
ferential I-outputs from the EIC are connected a 50 Gb/s BERT measurement
system through an external differential decoder formed from a high speed XOR
gate and a 1-bit delay. This differential decode resolves the 180 degree phase ambi-
guity of the Costas loop, preventing a continuous stream of errors if the loops slips
180 degrees in phase. During this measurement, the lock status of the SG-DBR
was monitored with an ESA.

The BER vs. OSNR was measured from 10 Gb/s to 40 Gb/s, as shown in
figure 3.31. The coherent BPSK receiver exhibits nearly error-free operation (BER
less than 107'%) up to 35 Gb/s operation. It shows less than 10~7 error rate for
40 Gb/s operation. In addition, open received eye outputs were measured for
25 Gb/s and 40 Gb/s operation. This measurement used a 70 GHz sampling
oscilloscope, was measured with a high OSNR, and was measured without using
the external differential decoder. The demonstrated coherent optical receiver can

demodulate up to 40 Gb/s BPSK data in real-time without the DSP and latency.
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Figure 3.32: The test setup for the homodyne OPLL long-haul data reception
experiments for the fiber lengths of 0 km to 100 km and the data rate of 10
Gb/s to 40 Gb/s.
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Figure 3.33: The eye-diagrams for the homodyne OPLL long-haul data re-
ception experiments for the fiber lengths of 0 km - 100 km. (a) 10 Gb/s eye
diagrams, (b) 25 Gb/s eye diagrams, and (c) 40 Gb/s eye diagrams.

Finally, long distance fiber dispersion effects on the optical homodyne OPLL

and the Costas loop receivers were studied using the test setup shown in fig-
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ure 3.32. The eye-diagrams were measured for BPSK modulated signals with
varying bit rates from 0 Gb/s to 40 Gb/s, and with varying fiber distances of 0
km to 100 km. Figure 3.33 shows measured results. The chromatic dispersion
is less than 18.0 ps/(nm-km) Corning’s SMF-28e+ commercial optical fiber [48].
The effects of dispersion become more serious as data-rate and fiber length in-
crease. At a short distance of 25 km with low bit-rates of 10 Gb/s eye-diagrams
are still open. On the other hand, at high bit-rates of 40 Gb/s with even 25 km
transmission, the eye-diagrams close. The signifcant result here is that the homo-
dyne OPLL has kept phase lock even given serious fiber dispersion. This means it
may be possible to use simple analog dispersion compensation filters between the
PIC’s PD outputs and the EIC’s TTA inputs. Then, a high data rate of more than
40 Gb/s for the short-link up to 100 km is feasible with the coherent heterodyne

OPLL scheme using the Costas loop.

3.5 Conclusion

In this chapter, a highly integrated homodyne OPLL based coherent optical
receiver was demonstrated using a Costas loop. The photonic circuits and electri-
cal circuits were designed and fabricated using UCSB facility for optical ICs and
the Teledyne InP HBT process for electrical ICs, this giving a high data rate and
small loop delay. The PIC and EIC were fully characterized for the OPLL feed-
back loop design, and their OPLL operation was examined in detail. Key features
include the PIC’s balanced detection with quadrature current outputs, the EIC’s

binary phase detection and linear frequency detection, and the novel feed-forward
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dual-path loop filter. With these a stable OPLL has been demonstrated within
a compact size 10 x 10 mm? module. Measured characteristics include a closed
loop bandwidth of 1.1 GHz, 120 ps effective loop propagation delay through the
feed-forward loop path, 100 kHz locked SG-DBR laser linewidth (the same as the
reference laser linewidth), a frequency pull-in time of 550 ns, and less than 10 ns
lock-in time. The homodyne OPLL based coherent BPSK optical receiver exhibits
error-free (BER less than 107'%) up to 35 Gb/s and BER less than 1077 for 40
Gb/s. The receiver consumes less than 5 W power (PIC: 0.5 W, EIC 4.2 W and
loop filter: 0.1 W).

Future work would include demonsatration of improved homodyne OPLL ar-
chitectures QPSK modualtion, possibly 16-QAM modulation, dispersion compen-
sation in the analog signal path after the OPLL, and polarization insensitive

OPLLs.

115



REFERENCES

References

1]

H. Park, M. Lu, E. Bloch, T. Reed, Z. Griffith, L. Johansson, M. Rodwell,
L. Coldren, and M. Rodwell, “40 Gbit/s coherent optical receiver using a
Costas loop,” in ECOC2012 conference, PD Th.3.A, Sept 2012, pp. 1-3.

H. Park, M. Lu, E. Bloch, T. Reed, Z. Griffith, L. Johansson, L. Coldren,
and M. Rodwell, “40 Gbit/s coherent optical receiver using a Costas loop,”
Optics Express, vol. 20, no. 26, pp. B197-B203, 2012.

M. Lu, H. chul Park, E. Bloch, A. Sivananthan, J. Parker, Z. Griffith, L. Jo-
hansson, M. Rodwell, and L. Coldren, “An Integrated 40 Gbit/s Optical
Costas Receiver,” Lightwave Technology, Journal of, vol. 31, no. 13, pp. 2244—
2253, July 2013.

M. Lu, H. Park, A. Sivananthan, J. Parker, E. Bloch, L. Johansson, M. Rod-
well, and L. Coldren, “Monolithic Integration of a High-Speed Widely
Tunable Optical Coherent Receiver,” Photonics Technology Letters, IEEE,
vol. 25, no. 11, pp. 1077-1080, June 2013.

L. Coldren, M. Lu, H. chul Park, E. Bloch, J. Parker, L. Johansson, and
M. Rodwell, “New opportunities for optical phase-locked loops in coherent
photonics,” in Optical Fiber Communication Conference and Exposition and
the National Fiber Optic Engineers Conference (OFC/NFOEC), 2013, March
2013, pp. 1-3

E. Bloch, H. Park, M. Lu, T. Reed, Z. Griffith, L. Johansson, L. Coldren,
D. Ritter, and M. Rodwell, “A 1-20 GHz InP HBT phase-lock-loop IC for
optical wavelength synthesis,” in Microwave Symposium Digest (MTT), 2012
IEEE MTT-S International, June 2012, pp. 1-3.

E. Bloch, H. C. Park, M. Lu, T. Reed, Z. Griffith, L. Johansson, L. Coldren,
D. Ritter, and M. Rodwell, “A 1-20-GHz All-Digital InP HBT Optical Wave-
length Synthesis [C,” Microwave Theory and Techniques, IEEE Transactions
on, vol. 61, no. 1, pp. 570-580, Jan 2013.

K. Kikuchi, Coherent optical communications: historical perspectives and fu-
ture directions. Springer, 2010.

S. Ristic, A. Bhardwaj, M. Rodwell, L. Coldren, and L. Johansson, “An
optical phase-locked loop photonic integrated circuit,” Lightwave Technology,
Journal of, vol. 28, no. 4, pp. 526-538, 2010.

116



REFERENCES

[10]

[15]

[16]

[17]

[18]

R. Steed, F. Pozzi, M. Fice, C. Renaud, D. Rogers, I. Lealman, D. Moodie,
P. Cannard, C. Lynch, L. Johnston et al., “Monolithically integrated hetero-
dyne optical phase-lock loop with RF XOR phase detector,” Optics Express,
vol. 19, no. 21, pp. 20048-20053, 2011.

L. Langley, M. Elkin, C. Edge, M. Wale, U. Gliese, X. Huang, and A. Seeds,
“Packaged semiconductor laser optical phase-locked loop (OPLL) for pho-
tonic generation, processing and transmission of microwave signals,” Mi-

crowave Theory and Techniques, IEEE Transactions on, vol. 47, no. 7, pp.
1257-1264, 1999.

M. Fice, A. Chiuchiarelli, E. Ciaramella, and A. Seeds, “Homodyne coher-
ent optical receiver using an optical injection phase-lock loop,” Lightwave
Technology, Journal of, vol. 29, no. 8, pp. 1152-1164, April 2011.

N. Satyan, A. Vasilyev, W. Liang, G. Rakuljic, and A. Yariv, “Sideband lock-
ing of a single-section semiconductor distributed-feedback laser in an optical
phase-lock loop,” Optics letters, vol. 34, no. 21, pp. 3256—-3258, 2009.

N. Satyan, W. Liang, F. Aflatouni, A. Yariv, A. Kewitsch, G. Rakuljic, and
H. Hashemi, “Phase-controlled apertures using heterodyne optical phase-
locked loops,” Photonics Technology Letters, IEEE, vol. 20, no. 11, pp. 897—
899, June 2008.

J. Bowers, A. Ramaswamy, L. Johansson, J. Klamkin, M. Sysak, D. Zibar,
L. Coldren, M. Rodwell, L. Lembo, R. Yoshimitsu, D. Scott, R. Davis, and
P. Ly, “Linear coherent receiver based on a broadband and sampling opti-
cal phase-locked loop,” in Microwave Photonics, 2007 IEEE International
Topical Meeting on, Oct 2007, pp. 225-228.

M. Lu, H. Park, E. Bloch, A. Sivananthan, A. Bhardwaj, Z. Griffith, L. Jo-
hansson, M. Rodwell, and L. Coldren, “Monolithically integrated heterodyne
optical phase-lock loop with rf xor phase detector,” Optics Fxpress, vol. 20,
no. 9, pp. 9736-9741, 2012.

L. Franks, “Carrier and bit synchronization in data communication - a tu-

torial review,” IEFEE Trans. on Communications, vol. COM-28, no. 8, pp.
1107-1121, Aug 1980.

T. Hodgkinson, “Costas loop analysis for coherent optical receivers,” FElec-
tronics Letters, vol. 22, no. 7, pp. 394-396, March 1986.

117



REFERENCES

[19]

[20]

H. K. Philipp, A. L. Scholtz, E. Bonek, and W. R.. Leeb, “Costas loop exper-
iments for a 10.6 micron communications receiver,” IEEE Transactions on
Communications, vol. COM-31, pp. 1000-1002, Aug 1983.

M. Lu, H. Park, E. Bloch, A. Sivananthan, J. Parker, Z. Griffith, L. A.
Johansson, M. J. Rodwell, and L. A. Coldren, “A photonic integrated circuit

for a 40 gbaud/s homodyne receiver using an optical costas loop,” in IEEE
Photon. Conf., Post Deadline, vol. 1, 2012, pp. 1-4.

G. P. Agrawal, Fiber-Optic Communication Systems, 4th Ed. Wiley, 2010.

J. Kahn and K.-P. Ho, “Spectral efficiency limits and modulation/detection
techniques for dwdm systems,” Selected Topics in Quantum FElectronics,
IEEE Journal of, vol. 10, no. 2, pp. 259-272, March 2004.

R. Griffin and A. Carter, “Optical differential quadrature phase-shift key
(odgpsk) for high capacity optical transmission,” in Optical Fiber Commu-

nication Conference and Fxposition and the National Fiber Optic Engineers
Conference (OFC/NFOEC), 2014, March 2002, pp. 1-3.

S. Savory, “Digital coherent optical receivers: Algorithms and subsystems,”
Selected Topics in Quantum Electronics, IEEE Journal of, vol. 16, no. 5, pp.
1164-1179, Sept 2010.

P. Winzer, A. Gnauck, C. Doerr, M. Magarini, and L. Buhl, “Spectrally
efficient long-haul optical networking using 112-gb/s polarization-multiplexed
16-qam,” Lightwave Technology, Journal of, vol. 28, no. 4, pp. 547-556, Feb
2010.

S. Tsukamoto, K. Katoh, and K. Kikuchi, “Unrepeated transmission of
20-gb/s optical quadrature phase-shift-keying signal over 200-km standard
single-mode fiber based on digital processing of homodyne-detected signal
for group-velocity dispersion compensation,” Photonics Technology Letters,
IEEFE, vol. 18, no. 9, pp. 1016-1018, May 2006.

C. Xie, S. Spiga, P. Dong, P. J. Winzer, A. Gnauck, C. Grus, C. Neumeyr,
M. Ortsiefer, M. Mller, and M. Amann, “Generation and transmission of 100-
gb/s pdm 4-pam using directly modulated vesels and coherent detection,” in
Optical Fiber Communication Conference and FExposition and the National
Fiber Optic Engineers Conference (OFC/NFOEC), 2014, March 2014, pp.
1-3.

118



REFERENCES

28]

[29]

[30]

[31]

[37]

[38]

K. Szczerba, P. Westbergh, M. Karlsson, P. Andrekson, and A. Larsson,
“60 gbits error-free 4-pam operation with 850 nm vesel,” FElectronics Letters,
vol. 49, no. 15, pp. 953-955, July 2013.

J. Kahn, C. Burrus, and G. Raybon, “High-stability 1.5 pum external-cavity
semiconductor lasers for phase-lock applications,” Photonics Technology Let-
ters, IEFE, vol. 1, no. 7, pp. 159-161, July 1989.

T. Sakamoto, A. Chiba, A. Kanno, I. Morohashi, and T. Kawanishi, “Real-
time homodyne reception of 40-gh/s bpsk signal by digital optical phase-
locked loop,” in Optical Communication (ECOC), 2010 36th European Con-
ference and FExhibition on, Sept 2010, pp. 1-3.

A. Mizutori, M. Sugamoto, and M. Koga, “12.5-gbit /s bpsk stable optical ho-
modyne detection using 3-khz spectral linewidth external-cavity laser diode,”
in Optical Communications (ECOC), 2012 38th European Conference and
Exhibition on, Sept 2012, pp. 1-3.

J. Kahn, A. Gnauck, J. Veselka, S. Korotky, and B. L. Kasper, “4-gb/s
psk homodyne transmission system using phase-locked semiconductor lasers,”
Photonics Technology Letters, IEEE, vol. 2, no. 4, pp. 285-287, April 1990.

S. Norimatsu, K. Iwashita, and K. Sato, “Psk optical homodyne detection us-

ing external cavity laser diodes in costas loop,” Photonics Technology Letters,
IEFEE, vol. 2, no. 5, pp. 374-376, May 1990.

Y. Wang and W. Leeb, “Costas loop self-homodyne experiment for a diode
laser receiver,” Electronics Letters, vol. 22, no. 13, pp. 686—687, June 1986.

L. Kazovsky, “Decision-driven phase-locked loop for optical homodyne re-
ceivers: Performance analysis and laser linewidth requirements,” Lightwave
Technology, Journal of, vol. 3, no. 6, pp. 1238-1247, Dec 1985.

S. Camatel, V. Ferrero, and P. Poggiolini, “2-psk homodyne receiver based
on a decision driven architecture and a sub-carrier optical pll,” in Optical
Fiber Communication Conference, 2006 and the 2006 National Fiber Optic
Engineers Conference. OFC 2006, March 2006, pp. 3 pp.—.

V. Reinhardt, K. Gould, K. McNab, and M. Bustamante, “A short survey of
frequency synthesizer techniques,” in 40th Annual Symposium on Frequency
Control. 1986, May 1986, pp. 355-365.

M. K. Simon and J. Hamkins, “Chapter 8: Carrier synchronization.”

119



REFERENCES

[39]

[40]

[48]

Y. Painchaud, M. Poulin, M. Morin, and M. Tetu, “Performance of balanced
detection in a coherent receiver,” Optics Fxpress, vol. 17, no. 5, pp. 3659—
3672, 2009.

M. Urteaga, R. Pierson, P. Rowell, M. Choe, D. Mensa, and B. Brar, “Ad-
vanced inp dhbt process for high speed Isi circuits,” in Indium Phosphide and
Related Materials, 2008. IPRM 2008. 20th International Conference on, May
2008, pp. 1-5.

D. Messerschmitt, “Frequency detectors for pll acquisition in timing and car-
rier recovery,” Communications, IEEE Transactions on, vol. 27, no. 9, pp.
1288-1295, Sep 1979.

M. Grant, W. Michie, and M. Fletcher, “The performance of optical phase-
locked loops in the presence of nonnegligible loop propagation delay,” Light-
wave Technology, Journal of, vol. 5, no. 4, pp. 592-597, Apr 1987.

F. Gardner, Phaselock Techniques. Wiley-Interscience, 2005.
W. F. Egan, Phase-Lock Basic: 2nd Edition. Wiley-Interscience, 2007.
LMHG6609: 900MHz Voltage Feedback Op Amp, TexasInstruments.

T. Okoshi, K. Kikuchi, and A. Nakayama, “Novel method for high resolution
measurement of laser output spectrum,” FElectronics Letters, vol. 16, no. 16,
pp. 630-631, July 1980.

P. Horak and W. H. Loh, “On the delayed self-heterodyne interferomet-
ric technique for determining the linewidth of fiber lasers,” Optics Fxpress,
vol. 14, no. 9, pp. 3923-3928, 2006.

Corning SMF-28e+ optical fiber, Corninglncorporated.

120



Chapter 4

Heterodyne OPLLs for

Wavelength Synthesis

This chapter describes my work at UCSB in collaboration with M. Lu and E.
Bloch. This work was supported by the DARPA Photonic Integration for Coherent
Optics program (PICO). M. Lu and I had worked many long hours in Prof. L.
Coldren’s lab in an attempt to demonstrate our first OPLL. An initial result
with locking turned out to be not due to electrical phase-locking but due to
optical injection locking. In the course of these experiments, we discovered that
the OPLL failed to operate because of large DC and signal imbalances from the
photodetectors on the PIC, and from the low optical power levels. We were able
to suppress the DC imbalances, and demonstrate a working OPLL, by adding four
RF-chokes at the signal connections between the EIC and PIC, these chokes short-
circuiting the ports at DC and thereby suppressing the DC imbalance. This result

was the first highly integrated heterodyne OPLL for which the offset frequency
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sign could be controlled. This heterodyne OPLL provided over +1.5 GHz to +9
GHz frequency tuning range.

Following this first result, we improved the PIC, and the OPLL, allowing a
wider frequency tuning range. Frequency offsets from ~ +1 GHz to £20 GHz
can be produced by changing only the RF offset generator frequency. No laser
bias tuning is required similar to the previous chapter describing the homodyne
OPLL, many key techniques were developed to demonstrate a stably-operating
heterodyne OPLL. These include 1) EICs with an all digital single sideband mixer
(D-SSBM) with Quadri-correlator phase-frequency detector (PFD), developed by
Eli Bloch [1,2], 2) enhanced PIC designs giving larger output currents and better
signal balance, fabricated by M. Lu [3-8], and 3) a dual-path (feed-forward) loop
filter within a highly integrated OPLL. Many experiments [7, 8] were performed
using this system.

In this chapter, we describe our development and demonstration of a stably
operating heterodyne OPLL having a wide frequency offset locking range of over
+25 GHz. In section 2, I will briefly describe optical frequency synthesizers and
compare these to PLL based electrical frequency synthesizers. In section 3, I will
briefly describe component characteristics of our heterodyne OPLL designs. The
EIC, and its digital single sideband mixers (DSSBM) and Quadri-correlator PFD
will be described in detail. In section 4, I will describe the dual-path loop filter
and describe how to reduce the OPLL feedback loop propagation delay. In section
5, I will show the heterodyne OPLL implementation and experimental results. I
will also describe the OPLL’s phase noise. Finally, I will summarize this chapter

by describing several possible future research directions.
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4.1 Motivation and Background

Phase locked loops (PLLs) have been widely used in electrical systems as
frequency synthesizers, and for clock recovery in wireline and wireless commu-
nications, radar, computers, and other applications [9-17]. PLLs in electrical
systems are generally integrated, use a crystal oscillator as a reference oscillator,
and precisely set and rapidly tune frequencies under complicated digital controls

as shown in figure 4.1 (a).

reference e(t) out(t)
—] PFD —
74 CCO
div(t) SSBM
4—

t1

foffset Switch

(b)

Figure 4.1: Block diagrams for frequency synthesizers. An electrical PLL using
the fractional-N divider using a sigma-delta modulator (a), and a direction se-
lectable heterodyne optical PLL (OPLL) using a single sideband mixer (SSBM)
and an external RF signal (b).
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On the other hand, optical phase locked loops (optical PLLs or OPLLs) have
not yet fully matured. Optical phase lock loops would enable many coherent
optical applications, including coherent optical communications, high resolution
image sensing in LIDAR, THz-signal generation, and optical phased arrays [18—
22]. Since the OPLLs were proposed in 1965 [23], they have been an important
area of research. Research demonstrations include stable OPLLs with narrow-
linewidth external-cavity lasers [24-28], packaged OPLLs using micro-optics [29],
loops using a combination of optical injection-locking and electrical phase-locking
[18], homodyne OPLL using discrete high speed FETSs in the loop filter [30], and
a highly integrated heterodyne offset locking using an exclusive-OR (XOR) for a
phase detection [19]. Early OPLL research in, the 1980’s and 1990’s was target
towards developing sensitive coherent (phase sensitive) optical receivers to extend
the reach of optical fiber communications [31-33].

In this prior work, it was noted that OPLL design is challenging [4-8,18-21,
29-31, 34], despite the simple structure of a heterodyne OPLL (figure 4.1 (b)).
One critical consideration is the loop bandwidth. If the loop has a long propaga-
tion delay, then the loop bandwidth must be narrow. A narrow loop bandwidth
can suppress phase and frequency noise only over a narrow frequency range, and
has limited frequency tracking ranges and tracking speed. Much OPLL research
has focused on minimizing the feedback loop delay. It is difficult to reduce this
delay because of long path lengths in free-space optics [29], and long interconnec-
tion delays in electrical circuits constructed on printed circuit boards [19]. The
OPLL feedback loops can also be sensitive to optical intensity fluctuations caused

mechanical vibrations and optical frequency drifts caused by temperature changes.
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To address these issues, in this work we implemented highly integrated hetero-

dyne OPLLs within a compact size of 10 x 10 mm?

using a photonic integrated
circuit, an electrical integrated circuit, and a hybrid loop filter. The total effective
loop delay of the OPLL was reduced to less than 200 ps. This can enable at least
500 MHz loop bandwidth. A novel all-digital single-sideband mixer (D-SSBM)
with a quadri-correlator phase and frequency detector (PFD) was designed [1,2]
using Teledyne’s 500 nm InP HBT IC technology. The D-SSBM allows optical
frequency synthesis with control of the sign of the frequency offset between the two
lasers, while the PFD provides a wide frequency acquisition range. A dual-path
(feed-forward) loop filter minimizes the loop delay and to allow us to realize even
500 MHz bandwidth loops with op-amplifiers of relatively limited bandwidth. As
a result, our heterodyne OPLL operates stably, has a wide frequency tuning range
of £25 GHz, and exhibits phase noise of -80 dBc/Hz and -110 dBc/Hz at 10 kHz
and 10 MHz offsets from carrier. The PIC device characteristics have been dis-
cussed in the previous chapter and in [3-5]. Therefore this chapter will primarily

focus on describing the EIC, the dual-path (feed-forward) loop filter analysis, and
the design of the full heterodyne OPLL.

4.2 Basic Heterodyne OPLLs and Design Chal-
lenges

However, loop configurations and critical design issues of electrical optical
PLLs differ. A classic frequency synthesizer (figure 4.1 (a)) consists of a phase

and frequency detector (PFD), a loop filter, a voltage-controlled-oscillator (VCO),
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and a frequency divider modulated under sigma-delta for frequency tuning under
digital control. In an electrical PLL a second-order feedback loop is commonly
used because of relatively simple topology and because of zero static phase error
even when tuned in frequency. For such a second-order loop, the loop transfer
function Tpyr(s) is

F(s
Tpri(s) = Kpp-Kyco- i ), (4.1)

where K pp is the phase detector gain [V/rad], Kyco is the VCO tuning sensitivity
[rad/sec/V], the integration term 1/s arises from frequency to phase conversion
[sec], and F'(s) is the loop filter voltage gain. Given that the VCO provides the
first loop integration, the loop filter transfer function F'(s) for a second order loop
1s

Fls)~ 21 (4.2)

TS

where 7 is the filter integrator time constant and 75 is the time constant associated
with the compensation zero which is required for a stable second-order loop. The

closed-loop transfer function Hpyr(s) is then

F(s)

s (4.3)

s

Kpp-Kyvco-

HPLL(S) =
1+ Kpp-Kyco-

A heterodyne OPLL used in an optical wavelength synthesizer presents several
design challenges not present in an electrical PLL. As shown in figure 4.1 (b), an
OPLL has a frequency-tunable laser. This laser is an integrated tunable laser
in our OPLL designs, and is a current-controlled-oscillator (CCO). Other OPLL
components include a single sideband mixer (SSBM) to introduce a frequency
offset with controlled (+ or -) sign, a high-speed PFD, and a wide bandwidth loop

filter. The frequency of the optical local oscillator (LO) laser, at ~194 THz (1550
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nm wavelength), is much higher than the VCO frequency in common mobile RF
frequency synthesizers at 500 MHz - 2 GHz [9,10,13-16,16,17]. Therefore, initial
frequency offsets, the frequency drifts, and the oscillator phase-noise bandwidths
are all much larger than with electrical oscillators. For example, the integrated
tunable lasers used in the OPLLs have ~5 MHz linewidth and several 10’s or even
100’s of MHz of frequency drift [3,4]. Hence, the OPLL design needs to have a wide
loop bandwidth w, /27, c.a. 500 MHz in our integrated OPLL designs. A small
OPLL loop delay 74 is therefore critical. As mentioned in the chapter describing
the integrated OPLL, the loop bandwidth sets the bandwidth over which the LO
laser noise is suppressed, and sets the frequency lock-in range and pull-in speeds.
Hence, though challenging to attain, wide loop bandwidths are necessary.

The phase shift 6, introduced by the loop delay 7, at the loop bandwidth w,
is

0. = 75 X wy. (4.4)

For a stable feedback loop this phase shift must be at most 6. < 0.736 when other
poles in the loop transfer function are considered [35]. Delay less than 1.0 ns and
100 ps are required for loop bandwidths of 100 MHz and 1 GHz, respectively. The
propagation loop delay must be minimized, and the effects of the loop delay must
be carefully considered in the design of the OPLL .

The OPLL loop transmission is

F S —T4s
Toprr(s) = KPD'KCCO'O%L()'(/’ e, (4.5)

where Kcco is the laser tuning sensitivity [rad/sec/mA|, Foprr(s) is the OPLL

loop filter transfer function [A/V], and e~ ™@* arises from the loop delay. The closed
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loop response Hoprr(s) = Toprr/(1 + Toprr) is

FopLL(s) ,—7as

Hopri(s) = : | (4.6)
pLi(®) 1+ KPD'KCCO'LP?(S)e—TdS

Kpp-Kcco-

In the following sections, more OPLL design will be described in detail. Due to
the wide loop bandwidth, many minor parasitics must be carefully considered.

Key parameters in the PIC, EIC, and loop filter will be carefully characterized

4.3 Heterodyne OPLL Architecture

Ref e e
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Figure 4.2: A full heterodyne OPLL architecture including three main blocks of
the PIC, EIC and loop filter. (SG-DBR: sampled grating-distributed Bragg re-
flector, TTA: trans-impedance amplifiers, LA: limiting amplifiers, SSBM: single
side band mixer, and PFD: phase and frequency detector)

The full architecture of the heterodyne OPLL is shown in figure 4.2. It consists
of three main blocks: a photonic integrated circuit (PIC), an electrical integrated
circuit (EIC), and a dual-path loop filter. In this section, the detailed device
characteristics will be described and the feedback loop will be analyzed. Goals
for our heterodyne OPLL design include: less than total 200 ps propagation loop

delay, wider than 500 MHz loop bandwidth, a sign-selectable frequency offset
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controlled by the EIC, frequency synthesis by an RF signal source, frequency
synthesis over as wide a frequency tuning range as possible, a highly integrated

OPLL in a single carrier board, and stable operation.

4.3.1 The Photonic IC

The PIC in turn consists of three main blocks: a sampled grating-distributed
Bragg reflector (SG-DBR) laser, a 90 degree optical hybrid, and four single-ended
uni-traveling carrier (UTC) photodiodes (PDs) as shown in 4.2. The SG-DBR
laser wavelength is widely tunable over 40 nm (>5 THz band) in wavelength by
injecting current into to the laser front mirror, back mirror and phase-tuning diode
sections. The front and back mirrors are used for rough wavelength tuning, and
only the phase-tuning section is controlled by the OPLL feedback loop.

This PIC operation is simply analyzed with following equations. The reference

laser field E,.f(t) is defined as
Emf(t) = Aref-cos(wreft + Href)a (47)

where A, s is the intensity of the reference laser, w,.y is the laser frequency, and
Orcf is the laser phase. As similar, the LO laser (SG-DBR laser) field E;o(t) is
also defined as

ELo(t) = ALO'COS(wLot + eLo), (48)

where Ao is the intensity of the LO laser, wyo is the laser frequency, and 6.0
is the laser phase. The two optical fields of equations 4.7 and 4.8 are mixed by

the 90 degree optical hybrid and down-converted through the single-ended PDs

129



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

to obtain four quadrature phase photocurrents Iy(t) - Io7o(t) as

Io(t) = Ipc + R-cos|(wrep — wro)t + Orep — 010]
[go(t) = [DC -+ R-sin[(wmf — wLo)t + Href — eLo]
[180(t) = ]DC — R~cos[(wref — wLo)t -+ Href — eLo]

[270(t) == ]DC — R~sin[(wref — wLo)t -+ erf — HLO] (49)

where Ipc is a DC photocurrent which is proportional to the intensities of both
laser powers, R is the amplitude of the AC current outputs, and depends upon the
laser intensities and the PD responsivity, wy.r—wro is the frequency offset between
two lasers, and 0,.; — 010 is a phase error. In our OPLL design, the current Ip¢
will be removed by subtraction in the EIC differential amplifiers. Further, the AC
outputs will be converted to binary levels (digitized) by limiting amplifier chains
in the EIC to make the IC operation insensitive to intensity fluctuations from the
PIC. The frequency and phase information in the limited square wave signals will
be used by the OPLL feedback loop. It is necessary to have the both quadrature
I — @ current outputs (equation 4.9) to operate the single-sideband mixers for

sign-selective (+ or -) frequency synthesis.
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Figure 4.3: Measured SG-DBR laser tuning sensitivity of 7 GHz/mA
(2m x 7 x 102 [rad/sec/A]). The first order approximated laser tuning gain
has been obtained the DC bias ranges 1-3 mA.

To build a stable OPLL feedback loop, the PIC was carefully characterized.
The SG-DBR laser can tune over a wide wavelength range, and hence has a
large tuning sensitivity (tuning gain), as is shown in figure 4.3. The laser tuning
gain of Kcco = 27 x 7 x 10'? [rad/sec/A] is determined from this measurement
(figure 4.3) for DC bias currents of 1-3 mA. the laser wavelength responds only
slowly to tuning currents in the phase tuning section diode, as a results of the
minority carrier transient time 7;,,.. This tuning characteristic can be represented

as a single pole frequency response as

1

S — 4.10
1 + TtuneS ( )

The corresponding measured pole frequency, is approximately 100 MHz [5]. Since

this pole frequency lies inside of the target loop bandwidth of 500 MHz, this
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laser parasitic pole frequency must be considered, and compensated for the OPLL
feedback loop design. Adding one zero (147,..,5) to the loop filter will compensate
the laser pole if T.¢r0 = Trune.

As noted in prior chapters, the UTC PD has more than 30 GHz 3-dB band-
width. While this is vastly larger than the target loop bandwidth, this parameter
does limit the OPLL tuning range. By integrating all optical components into a
single InP/InGaAs platform, total PIC delay is small at ~40 ps.

We again give a summary of the PIC characteristics, this being the same PIC

that was used in the homodyne OPLL of the previous chapter.

Table 4.1: Summary of the PIC device parameters for the heterodyne OPLL design

Parameters Value Unit Descriptions

1/s 1/sec  Phase/frequency: O(s) = F(s)/s
Kcco 27 x 7 x 1012 rad/A Laser tuning sensitivity
Tiune 1/(2m x 100 x 10°) sec Tuning frequency responsivity
TPD 1/(2m x 35 x 107) sec PD 3-dB pole frequency
Td—PIC 40 ps Total delay in the PIC

4.3.2 EIC: Digital-Single Sideband Mixers (D-SSBM) and

Phase Frequency Detector (PFD) operation

The EIC integrates high speed analog and digital circuits and minimizes crit-
ical interconnection delay, while providing the loop’s key high speed electrical
features. The EIC has been designed in Teledyne’s 500 nm InP HBT technology
(300 GHz f. and f4:). The EIC includes several key blocks. Input biasing cir-

cuits supply a negative voltage bias of around -2 V' to the arrays of single-ended
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PDs and terminate these connections in 50 (2. Five-stage Darlington g,,-block lim-
iting amplifiers are cascaded to amplify the in-phase I (Vj) and quadrature-phase
@ (Voo) signals and to limit these to binary values at 0.3 V), amplitude paths.
The digitized square-wave signals are insensitive to fluctuations in the PIC out-
put current, either short-term or due to component fabrication variations. This
limiting technique makes the OPLL robust with regard to chip-chip variations in
the power levels and photocurrents within the PIC. Given this limiting, the out-
put signals carry only phase and frequency information. The quadrature outputs

of the differential limiting amplifier chains Vi (t) and Voo (t) become

Vo(t) = 0.3sgn|(wrer — wro)t + brep — Oro + /2]

Voo(t) = 0.3sgn[(wref — wro)t + Orer — 010, (4.11)

where the function sgn is a sign function, i.e. sgn(z) =1 for x > 1 and sgn(z) =0

for z < 1.
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Figure 4.4: The core blocks of the EIC including the Digital-single sideband
mixer (D-SSBM) and Quadri-correlator PFD. Courtesy of E. Bloch [1,2]

To process these digitized signals (equation 4.11), all circuits within the digital
single side-band mixer (D-SSBM) and the phase-frequency detector were designed
with using high-speed emitter-coupled-logic (ECL) gates. Design of this IC was
by Bloch et al. [1,2]. The D-SSBM (figure 4.4) consists of two main blocks, a
180 degree rotation block using two XOR gates with a 2f; clock signal, and a 90
degree rotation block using a combinations of (N)AND and XOR gates with f

clock signal input.
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Figure 4.5: The logic status for the DSSB operations: (a) The limiting amplifier
outputs of Vg and Vyy. The 90 degree out-of-phase output signals have four
different status. (b) The RF offset frequency inputs (fp and 2fp) have the
DSBBM rotation status. Courtesy of E. Bloch.

The phase state of the input digital signals V(¢) and Vogo(t) are represented
as only four states, represented by A-D in figure 4.5. Similarly, and the phase
of the RF frequency offset signal applied from the synthesizer (fy and 2f;) can
also be represented, to two-bit precision, as four status conditions of 0-270 degree
rotations. In the IC design, the delay between the two clock frequency paths
at 2fy and fy, and the two blocks of 180 degree and 90 degree rotation blocks
must to carefully matched. The single sideband frequency offset sign (direction)

is determined by a control bit I.,; port in the 2f; path through an XOR gate.
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Figure 4.6: The time domain phase detection mode analysis with the D-SSBM
and PFD rotation status.

To understand the EIC’s phase and frequency detection mode working through
the D-SSBM and PFD, digital logic timing diagrams are used to analyze the

operation of each block, as shown in figures 4.6 and 4.8. Figure 4.6 analyzes the
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phase detection mode if fy = (wyef — wro)/2m. To compared the outputs, the
phase of the RF offset (clock) frequencies f, and 2f; are shifted from 0 degree
(first), 22.5 degree (second), 45 degree (third) to 90 degree (fourth), and the
phases of the input signals Vj(t) and Vgo(t) are now fixed for this analysis. In
the I and @ results, while the phase of RF offset (clock) frequencies are shifted
from 0 degree to 90 degree, the I-output changes its sign from (-) to (4) with
different duty cycles and the @-output has a fixed condition of (4). This means
the status of the I — ) outputs alternate between the D and A states. If the RF
offset (clock) frequency is shifted from 90 degree to 180 degree phase, the I — @
outputs oscillate between the A and B states, as well. Thus, the PFD outputs
OUT have varying duty cycles of from 0% (first), 25% (second), 50% (third) and
100% (fourth), respectively. The time-averaged PFD output thus varies, and has
a linear variation with the phase of the RF offset clock signal. Using the results
(figure 4.6) and its expansion (0 to 27), the heterodyne OPLL has stable phase
lock conditions of the phase difference 0,.; — 00 — 0y = 45 or 225 degrees. On
the other hands, the phase differences 135 and 315 degrees are unstable positive
loop conditions. Note in particular that the PFD output signal is independent of

the amplitude of the photocurrents produced by the PIC.
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Figure 4.7: The measurement results for the phase detection mode. The results
show a 0.3 V},, periodic triangular waveform with a cycle of w. Courtesy of E.
Bloch

Measured operation of the EIC in phase detection mode as shown in figure 4.7
using very low frequency offset (wyef —wro —wp)/27= 1 kHz. The EIC output was
electrically low-pass filtered and then measured on a digital sampling oscilloscope.
The measurement shows a nearly linear variation in output with phase difference
between 0 and 90 degrees, with a periodic triangular waveform with a cycle period
of 7, and a linear phase detection gain of Kpp = 2 x 0.3 x 4/7 [V/rad] between

0 - 90 degrees. This phase detection result is represented as
ouT.) = 0.3/sgn[sm(28€)]d86, (4.12)

where 0. = 6, — 010 — 6y — 7/8. This result is similar to the characteristics of

an XOR-gate phase detector [11,12].
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Figure 4.8: The time domain frequency detection mode analysis with the
DSSBM and PFD rotation status.)
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Operation in frequency detection mode is analyzed and shown in figure 4.8,
when fy # (Wref —wrer)/2m, and four different detection conditions are graphically
analyzed: 1) fo = 2 X (Wyef —wro)/2m with (+) L, 2) fo = 2 X (Wref —wro)/2m
with (-) L, 3) fo = 1/2 X (wref — wro)/2m with (+) L, and fo = 1/2 X
(Wref —wro)/2m with (-) Iy The D-SSBM I and Q outputs show single sideband
operation as expected: 1) 2 X (wyef —wro)/2m — fo, 2) 2 X (Wref —wro)/27+ fo, 3)
1/2X (Wref —wro)/2m— fo, and 4) 1/2 X (wyef —wro)/2m+ fo, and I and @ outputs
still have digital and quadrature outputs. Using the quadri-correlator PFD (the
Q@ output is delayed in time by 7, producing the signal )’. This produces a phase
shift of w.7, which is proportional to the frequency error w.. The delayed '
output and the I output are then multiplied by a high speed XOR gate. The
output of the XOR gate has a duty cycle which then varies in proportion to the

frequency error f,. In frequency detection mode, the phase-detector output is

ouT(f.) = O.3/sgn[sin(27rfe7')]dfe, (4.13)

where the delay 7 of 10 ps is set in the EIC designs, and therefore, this PFD has
a 50 GHz frequency detection range. As shown in figure 4.8 (first) and (third),
the average PFD output is varies with the difference between the RF synthesizer
frequency and the laser beat-note frequency. The PFD output is zero is when
fe = 0 with the phase error 6, = 0 or 180 degrees.

Operation of the frequency difference detector was measured with the PIC and
EIC connected together with offset (clock) frequencies of fy = -12 GHz, +6 GHz,
+12 GHz and +20 GHz as shown in figure 4.9. The results show proper frequency
detection to within a ~0.5 GHz error. Because this frequency error is less than

the OPLL phase lock-in range of ~3:1 times loop bandwidth w, [11,12], the loop

140



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

will reliably acquire lock. Due to this frequency detection mode, frequency pull-in

and hold-in ranges are significantly extended (to, ideally, 50 GHz), making OPLL

operation more robust.
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Figure 4.9: The measurement results for the frequency detection mode. The
results show a 0.3 V), periodic triangular waveform with a cycle of ~50 GHz.
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Figure 4.10: The EIC layout designed using Teledyne 500 nm HBTs with the
IC size of 1.55 x 1.15 mm?2. Courtesy of Eli Bloch [1,2].

Final layout of the EIC is shown in figure 4.10. The EIC includes several
limiting amplifier chains, the two-stage digital single sideband mixer blocks, the
XOR gate with the delay section for the phase frequency detector, plus frequency
dividers and delay matching networks.

The total signal propagation delay of the EIC is minimized by integration to
less than 100 ps, even though the EIC contains a larger number of analog and
digital circuit blocks. This delay should be compared to that of an XOR-type
phase detector constructed on a printed-circuit board [19]. The total delay of the
PIC and EIC is ~140 ps.

The table below gives a summary of the EIC device characteristics for the

heterodyne OPLL feedback loop design.
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Table 4.2: Summary of the EIC device parameters for the heterodyne OPLL design

Parameters Value Unit Descriptions

Kpp 0.3 x4/m V/rad Linear phase detector gain
Krp 0.3/(2m x 50 x 10?)  V/rad/sec Linear frequency detector gain
TEIC 100 ps Total delay in the EIC
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4.3.3 Hybrid Loop Filter: Dual-Path (Feed-Forward) Loop

Filter
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Figure 4.11: The OPLL feedback loop analysis including the feed-forward idea
to extend the loop bandwidth. (a) The conventional second-order type-II loop,
(b) the conventional loop with the parasitic poles which make the OPLL un-
stable or may decrease the loop bandwidth, and (c) the modified loop with
additional novel feed-forward path to minimize the effective loop delay and
extend the loop bandwidth.
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Finally, the loop filter was designed for a stable locking with as wide as pos-
sible a loop bandwidth. The EIC PFD outputs are differential voltage signals
terminated by 50 2. An active filter based second-order type-II loop is selected.
This uses a commercial high-speed and high-gain op-amplifier. A conventional
type-II PLL open loop transfer function including one pole and one zero is shown
in figure 4.11 (a). This loop is targeted around 500 MHz loop bandwidth with 65
degree phase margin and 10 dB gain margin. However, to obtain low DC offset
voltage, we have used high-speed voltage-feedback op-amplifiers, as opposed to
the commercial current feedback op-amplifiers which have wider bandwidth but
smaller low-frequency gain and larger DC offset voltages. These voltage feedback
op-amplifiers have only ~200 MHz unity gain bandwidth and have additional
poles in their transfer function slightly above 200 MHz. Further, additional phase
shift is introduced by the size of the op-amplifier package and from lead lengths
on the circuit board connecting to the IC. This adds excess phase to the loop
transfer function 7'(s) (the red dotted trace in figure 4.11 (b)). Together with the
additional poles in the transfer function, the 7op degrades the phase margin and
the OPLL loop becomes unstable. In the figure, the basic feedback loop charac-
teristics, shown by the black solid line, include the critical delay (equations 4.4-6),
and the op-amplifier loop delay 7,_0p ~200 ps. The contributions of additional

poles are included in the red trace. The OPLL open loop transfer function is then

1
1+ Ttunes)(]- + Tops

Toprr(s) = KPD'KCCO'S( )~FopLL(s)-e_(Td+Td*OP)S. (4.14)

Including all the above parasitics, the OPLL feedback loop becomes unstable and
the target loop bandwidth of ~500 MHz cannot be attained. The target loop

bandwidth must be reduced or other loop design must be proposed.
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Figure 4.12: The dual-path loop filter schematic including the feed-forward
path: 1) the low frequency path with an integrator, and 2) the high frequency
path with the passive capacitor Cpp.

To address the issue of loop delay, again we use a feedforward (two-path)
loop design (figure 4.11). The loop must 1) have high gain and DC and low-
frequencies to suppress the laser’s phase noise at low frequencies, and 2) must
have low excess phase shift at high frequencies to provide high bandwidth yet
high phase and gain margins. The dual-path loop filter shown in figure 4.12
satisfies both these conditions and provides a stable open loop transfer function
as shown in figure 4.11 (c). The first-order conventional active loop filter has been
slightly modified (blue solid-line in figure 4.11 (c¢)) and a short feed-forward path
using a single passive capacitor C'rr as one zero at DC is added between Vj,+
to the phase tuning section diode. The transfer function for this signal path is
indicated by a green dotted line. Including all loop parameters, the main path
still has 1/s? integrator slope at low frequencies, but the integrator time constant
and the zero time constant have been modified to 7’ and 7. Due to additional
feed-forward capacitor C'rp, the total loop gain through the feed-forward path

has constant gain at DC and low frequencies and a first order 1/s slope at the
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laser tuning frequency of 1/(1 + Tyunes) until 0 dB gain (gain crossing point).
Since R; and R, are relatively large, this path can be analyzed independently
from the input voltage at (+) input node to a current conversion into the phase
tuning section diode modeled as a parallel connection of Ry and Cy via the series
feed-forward capacitor Crp. Measured the Ry is relatively small at ~10 €. From
this, the necessary value of C; capacitor determined to be ~160 pF. Therefore,
the expression for the gain of the feedforward path can be simplified (see the
Appendix) to

8-0.5'CFF
(1 + TyuneS + TPES)

Trp(s) = KPD'KCCO'S e et (4.15)

where the time constant of the feed-forward pole is 7pr by R4 Crp and where
the effective loop delay through the feed-forward path is 74_.¢y ~ 200 ps. The
transmission-line delay through the PIC and EIC is less than 140 ps and the
interconnection delay with the feed-forward capacitor C'rp is less than 60 ps. We
will later neglect 7pr because Tyupe > Trp.

The path length in the feedforward path is almost negligible. The feed-forward
path gain is determined by the feed-forward capacitor Crr as 0.5-Kpp-Kcco-Crr.
This path keeps a constant gain up to the 100 MHz laser pole frequency. Beyond
the laser pole frequency, the open loop transfer function has a first order slope 1/s.
Therefore, the loop bandwidth is automatically determined by the feed-forward
loop gain multiplied by the laser pole frequency, i.e. 20 dB feed-forward gain cor-
responds to 1 GHz loop bandwidth. The phase margin is determined by the total
effective loop delay 74_.sf, i.e. the first order slope 1/s and 200 ps at 1 GHz cor-
respond to 72 degree phase variance. In summary, the OPLL’s loop bandwidth is

determined by the DC gain of the feed-forward path 0.5-Kpp-Kcco-Crr, and the
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phase margin PM is determined by the total effective loop delay 74_.¢s through

the feed-forward path and the loop bandwidth w,, as
PM:W/4—wnX7'd_eff. (416)

Due to this feed-forward loop filter, the loop delay has greatly reduced to less
than 200 ps. The total loop delay is only limited by the PIC and EIC, with
no contributions from the loop filter. This allows significantly increased loop
bandwidth, being the difference w,, . — w, pr (figure 4.11 (c)).

The wire-bond connection to the capacitor Crp introduces 0.5 to 1 nH induc-
tance. This introduces second-order poles above 4 GHz. The component values
of Crp, Lyire, together with the 50 €2 termination resistors, were chosen to damp
this resonance. As shown in (figure 4.11 (¢)), the feed-forward path (green dotted
line) is summed with the main-path (blue-line) which has been slightly modified
71" and 7’ to avoid a 180 degree out-of phase condition between these two signal
paths at the gain crossing point, as this would otherwise produce a notch in the
summed transfer function. Finally, wideband and yet stable open loop transfer

Toprr(s) is attained

1
TOPLL(S) = KPD‘KCCO'ﬁ
tune
1‘|"7‘é$ —Tu_op CFF —ry
: maops ¢TI o=Tasepss (417
(7‘{82(1+7'ops)Rx6 + 2 ¢ ( )

This feedback loop gain Tpprr(s) has been simulated in MATLAB. A Bode plot of
gain and phase is shown in figure 4.13. The modified dual-path loop gain Topp1($)
shows a much wider loop bandwidth, more than ~400 MHz, with a phase margin

of more than 60 degrees and a gain margin of more than 7.5 dB. As seen in
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figure 4.13, the modified main-path has a high gain of 1/s? and this gain curve
smoothly transitions to the feed-forward path at around 50 MHz without the a
notch at the crossover frequency. As noted above, the proposed loop has high gain
at DC and at low frequencies through the main integrator path, and has a greatly
extended loop bandwidth without additional significant delay through the short
passive feedforward path. As a result, the total loop delay can be approximated
as the effective loop delay 74_.ss of less than 200 ps (PIC: 40 ps, EIC: 100 ps,

others: less than 60 ps) only for the high frequency.
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Figure 4.13: The OPLL bode-plot including the feed-forward loop: The open
loop bandwidth w, ~400 MHz, the phase margin of more than 60 degree, and
the gain margin of more than 7 dB.

Parameters of the loop filter are summarized in the table:
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Table 4.3: Summary of the loop filter parameters for the heterodyne OPLL design

Parameters Value Unit Descriptions

Td—cff 200 ps Effective loop delay

T 2100 ©2 x 470 pF  sec Modified pole time constant

75 160 €2 x 470 pF sec Modified zero time constant

Top 1/27/200 MHz sec Op-amplifier second pole frequency

TdoOP 150 ps Op-amplifier delay

Tother ~50 ps Interconnection delay (T.L. and wire)
Crr 1.0 pF Feed-forward capacitor Crp

R, 500 Q Voltage to current conversion (V/A)
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4.4 OPLL Implementation
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Figure 4.14: The photograph of the heterodyne OPLL: The PIC, EIC and loop

filter are highly integrated in a single carrier board within 10 x 8 mm?2.

Based on the loop analysis, our heterodyne OPLL has been realized on a single
AIN (e, = 9.0) carrier board as shown in figure 4.14. All components are integrated
within the a compact core of 10 x 8 mm?. Masks for all AIN carrier boards were
fabricated in UCSB’s facilities by M. Lu, and all devices and discrete components
are mounted using solder paste and conducting silver epoxy. Wirebonds are used
for electrical connections between devices to devices and boards to boards, and
the lengths of the wires are as short as possible to minimize the length of lines.
Many wire-bonds are made between the IC and carrier ground planes.

The PIC and EIC were designed and tested on-wafer and after mounting on the

151



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

board. The hybrid loop filter was designed using the commercial TI’s LMH6609
voltage feedback op-amplifier which a high DC gain of 70 dB, unity gain bandwidth
of more than 200 MHz, a low DC-offset of less than 1 mV'. The supply voltage
supplies are £3.3 and £6 V. Loop poles and zeros are realized using 0201 inch
discrete R and C' surface-mount components.

As shown in figure 4.14, the distance between the PIC and EIC was kept as
short as possible to minimize the interconnection loop delay and to maintain the
high frequency interface of more than 50 GHz. In addition, the length of the feed-
forward path (red arrow dot in figure 4.14) was kept as short as possible to again
minimize the loop delay and wire-bond inductance, which is critical to the OPLL
stability. Additionally, vertical DC power supply bypass capacitors are connected
adjacent to DC paths.

We have carefully considered many implementation issues and successfully
achieved stable heterodyne OPLLs, which show widely synthesizing frequency
offsets of up to £20 GHz. Various experimental results will be shown in the

following sections.
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4.5 OPLL Experiments and Measurement Re-

sults

Heterodyne OPLL PC

1 m 90%
PIC =

I ECL |
| Loop S -g o
EICHR Filter - 50%
OSA

Carrier 50%
PD Amps

Source (P.N.)

Figure 4.15: A test setup for the heterodyne OPLL for the performance of
the locked SG-DBR laser (frequency synthesis and phase noise measurements).
EDFA: Erbium doped fiber amplifier, PC: polarization controller, OSA: optical
spectrum analyzer, and ESA: electrical spectrum analyzer.

To verify the heterodyne OPLL performance, frequency offset locking at +6
GHz was performed using the test setup of figure 4.15. An Agilent external-
cavity laser, with a wavelength at 1550 nm and ~100 kHz linewidth, is used as
the reference laser. This reference light signal is coupled into the PIC through a
90 % - 10 % optical divider and a polarization controller (PC). The OPLL’s locked
SG-DBR laser output is coupled out, the two laser signals are monitored through
an optical spectrum analyzer (OSA), and the lasers are combined together and
mixed on a 40 GHz photodiode. This allows the relative phase noise between the
two lasers, and their frequency offset, to be measured by an electrical spectrum
analyzer. An RF signal source at twice the clock frequency (2fy) is applied as
frequency offset signal to D-SSBM within the EIC, and the sign (4 or -) of the

frequency offset is controlled by the EIC’s I, port.
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Figure 4.16: The beating spectra between the locked SG-DBR laser and the
reference laser. (a) An offset frequency lock at (+) 6 GHz, (b) offset frequency
lock at (-) 6 GHz, and (c) offset frequency offset lock at 20 GHz and unlock
(free-running) near 20 GHz frequency offset.

In the first offset-locking experiment, the heterodyne OPLL showed stable
frequency locking at 6 GHz offset frequencies from the reference laser frequency.
The beat-note spectrum between the locked SG-DBR laser and the reference laser
is shown in figure 4.16 (a) and (b). Since the difference frequency between two

lasers is +£6 GHz, the main peak tone of the beat note is at 6 GHz. The side
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peaks at 350 MHz offset correspond to OPLL phase noise peaking at the OPLL
loop bandwidth.

The above results were obtained using the first PICs fabricated. Subsequent
development efforts by M. Liu improving the PIC performance. Using these im-
proved PICs, frequency synthesis with the heterodyne OPLL was extended up
to 20 GHz tuning range (figure 4.16 (c)). The figure shows measurement of the
spectra of both the locked SG-DBR laser at 420 GHz frequency offset (red) and
the un-locked SG-DBR laser, again near 20 GHz offset (blue). With the feedback
loop, the locked SG-DBR laser in the heterodyne OPLL has the desired frequency
offset, has a narrow linewidth, and tracks the reference laser carrier with the 20

GHz frequency offset set by the RF frequency signal source.

O | | | |
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Figure 4.17: The phase noise measurement results for the beating spectrum in
figure 4.16 (a), and the compared phase noise results of the reference laser, RF
signal source, and background noise.
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To further examine the OPLL performance, the beat signal between the two
lasers (figure 4.16 (a)) is directly connected to a phase noise analyzer and the
single-sideband (SSB) phase noise of the locked SG-DBR laser is measured at
offsets from 1 kHz to 10 GHz (figure 4.17). The OPLL phase noise is then com-
pared with the phase noise of the reference laser (homodyne-beat with a 100 MHz
AOM modulator), the phase noise of the RF signal source, and the background
noise, the latter including thermal and PD shot noise and the noise figure and
gain of amplifiers. The measured phase noise of the locked laser is only slightly
larger than that of the reference laser source. The heterodyne OPLL exhibits a
phase noise of -80 dBc/Hz and -110 dBc/Hz at 50 kHz and 10 MHz offsets, re-
spectively. Phase noise variances extracted by the phase noise show ~0.03 rad?

in a integration from 1 kHz to 10 GHz offset from carrier.

Heterodyne OPLL PC  EDFA
1 90%
I PIC I PM ECL
11 1 10%
eicH Loop 1—6 Fiberq
Filter 50% OSA
4 Carrier 50%
| PD Amps
v @D &
Source (P.N.)

Figure 4.18: A test setup for the heterodyne OPLL for the closed loop frequency
response measurements (figure 4.19 and figure 4.20 (b)).
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Figure 4.19: The closed loop frequency response for the heterodyne OPLL (red
line-dot), and comparison results of simulated closed loop frequency response
for the open-loop response Toprr, (yellow) and fitted frequency response for
the measured result (blue).

The closed-loop frequency response H(s) = T'(s)/(1 4+ T'(s)) of the hetero-
dyne OPLL was measured using the test setup shown in figure 4.18. With the
heterodyne OPLL is operating, reference laser is phase modulated. The resulting
frequency response measurement is shown in figure 4.19 (red dotted line). The
measured frequency response is compared with simulation (yellow line) using the
OPLL’s open loop response Tpprr. A response (blue line) fitted to the mea-
surement is used to estimate the OPLL open loop bandwidth. The closed loop
bandwidth of ~550 MHz is measured, and the open loop frequency response of
~270 MHz is extracted from the fitted closed response. The target open loop
bandwidth in the previous simulation is set at around 400 MHz, and the realized

OPLL has slightly lower bandwidth than designed.
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Figure 4.20: The measured beating spectra (a) and the closed loop frequency
responses (b) at the frequency offset of 5 GHz. The values of the feed-forward
capacitor are varied with 0.5, 1.0 and 1.5 pF, and the different loop responses
are measured.

Additionally, using the previous test setup for the frequency response, we

158



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

examined adjusting the loop damping. As discussed previously in the loop filter
and OPLL feedback loop analysis, the loop bandwidth is determined by the feed-
forward gain, Kpp X Kcco X 0.5Crr with the laser pole at 7y,,.. This means that
the gain is easily controlled by the value of the feed-forward capacitor Crp and
that the OPLL damping factor is also easily adjusted. A capacitance of Cpp =
1.0 pF was used in the initial OPLL design. This was then varied from 0.5 pF to
1.5 pF. The closed-loop frequency response was measured for these cases, giving
different loop bandwidths and loop damping conditions. The results are shown
in figure 4.20. The OPLL feedback loop shows an over-damping (¢ > 0.707) with
Crr = 0.5 pF, a critical damping with Crr = 1.0 pF, and an under-damping
(¢ < 0.707) with Crp = 1.5 pF. In figure 4.20 (a), the under-damped result shows
higher noise-enhancement peaks at around 500 MHz offset from the 5 GHz carrier.
In contrast, the over-damped result shows lower noise-enhancement at around 300
MHz offset. The closed loop bandwidth results in figure 4.20 (b) represent the

same performance results as figure 4.20 (a).
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Figure 4.21: The frequency synthesis experimental results. (a) The negative
frequency sweeps from -6 to -2 GHz with Iy, = (—)1 in the EIC, (b) The
positive frequency sweeps from 2 to 9 GHz with .4y = (+)1 in the EIC, and
(¢) The wide frequency sweep range up to 20 GHz using the improved OPLL.

Finally, broadband frequency synthesis experiments have been performed as
shown in figure 4.21. Simply, the frequency offset is determined the RF signal

source of 2fy and the direction is selected by the I, bits (-1 or 1) in the EIC.
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The initial heterodyne OPLL exhibits frequency offset synthesis ranges of -6 GHz
to -2 GHz (figure 4.21 (a)) and +2 GHz to +9 GHz (figure 4.21 (b)). Using the
improved heterodyne OPLL, much wider frequency synthesis ranges of up to 20
GHz (figure 4.21 (c)) are demonstrated.

4.6 Conclusion

A new highly integrated heterodyne OPLL was demonstrated using a photonic
IC, an electrical IC, and a feed forward loop filter. The design challenges for
stable and wide bandwidth OPLLs were discussed, and a full architecture for
the heterodyne OPLL was introduced. The loop characteristics for each block
and total loop responses were analyzed including practical characteristics such as
the loop delay and the limited operational bandwidth from the electrical circuits.
Based on the loop architecture and analysis, the heterodyne OPLL was built on
a single carrier board with the compact size of 10 x 8 mm?2. In addition, by
using a feed forward loop filter, a total loop delay of approximately 200 ps at high
frequencies is obtained. The OPLL exhibits a unity gain bandwidth of 270 MHz
and the 3-dB closed loop bandwidth of 550 MHz. Moreover, the locked SG-DBR
laser at 6 GHz offset frequency shows phase noise of -110 dBc/Hz at 10 MHz offset
and -80 dBc/Hz above 10 kHz, respectively.

161



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

4.7 Additional Analysis-I: Phase Noise Analysis
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Figure 4.22: Laser phase noise analysis. Optical PLL system diagram including
the noise sources of input reference, ni(t) of shot and white noise including an
amplifier noise figure, and no(t) of laser (oscillator) noise (a), and phase noise
(dBc¢/Hz) vs. frequency from 1 Hz to 10 GHz.

Phase noise of the OPLL was analyzed using our dual-path feedback loop
system of Toprr(s) in equation 4.17. The typical phase lock loop system diagram

is modeled as figure 4.22 (a) and three noise sources are defined in this loop [36,37].
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The first noise source of ny(t) includes photodetector shot noise Ss(f) = 2¢1, and
thermal noise Sr(f) = 4KpT/Ry including amplifiers’ noise figure NF' in the
OPLL system and they are assumed as -149 dBc/Hz, -153 dBc/Hz, and ~22 dB
at the photodetector current output conditions of ~1 mA [38,39]. The second
noise source of ny(t) is from the free-running SG-DBR laser and it is assumed as 1
MHz linewidth laser and its 1/ f? noise slope extrapolated to 1 Hz. The third noise
source is the input reference laser which is modeled using a Lorentzian linewidth
of 1/m-Av/(Av* + f?) and total phase error variation are set to have 10 Hz with
~0.01 rad? which is derived by integrations of the spectral density. The output
of the locked SG-DBR laser in the feedback loop has been derived as

) KPD'F(S)'l/S'KCCO
1+ KPD-F(S)'l/S-KCCO
) F(S)-I/S'KCCO
1+ KPD'F(S)-1/8~KCCO
1
1 + KPD-F(S)'l/S-KCCO’

OUT(s) = Ref(s)

+ Nl(S)

+ Ny(s) (4.18)

As shown in figure 4.22 (b), the SG-DBR laser’s phase noise is suppressed through
the feedback loop Toprr(s) and cloned to the reference laser until ~10 Hz. The
first order loop by the main path and the feed-forward loop are smoothly mixed
and transited. The total closed loop bandwidth of ~1 GHz are noticed. The noise
limits of -131.7 dBc/Hz are derived from the shot, thermal noise including noise in
the feedback loop system. Total phase error variation of ~0.011 rad? (as similar
as the reference laser) in the locked SG-DBR laser is obtained.

In summary, the integrated SG-DBR laser source, which, without phase-
locking is not suitable for coherent multi-order constellations and very sensitive

sensors, becomes a very narrow coherent laser source when phase-locked by a
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wideband OPLL [40]. Using this system, there will be many applications such
as high spectral efficiency coherent data transmission and reception, narrow line-
width mm-wave and sub-THz signal generation, and in high resolution LIDAR

imaging and sensing systems.

4.8 Additional Analysis-II: Dual-path (Feed-forward)

Loop Filter Analysis
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Vin+ o——My——
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~ —
—_
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Figure 4.23: Dual-path (feed-forward) loop filter analysis. The circuit
schematic for low frequency path including an integrator and pole and zero
(a), and the circuit schematic for high frequency path through the feed-for-
ward capacitor Crp as a zero (b).
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In the OPLL designs, we have targeted as wide a loop bandwidth w,, as feasible.
The loop delay a the critical parameter limiting this bandwidth. Given the loop
delay by the PIC and EIC, a loop filter design using a high gain active loop filter
with commercial op-amplifiers has been challenging because of the op-amplifiers’
long delay and their limited bandwidth. As mentioned, in this reason, we could
not target a loop bandwidth of even 100 MHz. Therefore, we adopted the dual-
path concept in the electrical PLLs. This technique had earlier been introduced
to decreasing the size of capacitors in ICs [11,12]. We have used this concept
to separate a low-frequency path and a high-frequency path. The low frequency
path including an integrator through the op-amplifier has high gain but long loop
delay. The high frequency path including only a passive capacitor has a zero with
a coupling factor but short delay. Then, the two paths are smoothly combined by
controlling the loop parameters. The main path figure 4.23 (a) has pole 7" and

zero T frequencies of

7'{ = Rng

Té = RQCQ. (419)

In our feedback loop design, the values of 7" and 75" are not designed for the
optimum loop characteristics for the second order type-II feedback loop. The
values are set to avoid the 180 degree output-of-phase (which will produce a gain
notch) at the gain crossing point, when the main path gain is the same as the
feed-forward path. Then, the main path loop filter transfer function F,q,(s) is

set as
Iout o Tés + 11
Vine  Ts R,

Frnain(s) = (4.20)
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and the feed-forward path loop filter transfer function Frp(s) is

[out . SCFF(l -+ SCde)

F = = .
FF(S) Vm+ 1 + S(Cde + CFFRd)

(4.21)

The feed-forward loop filter path has two zero at 0 and Cy;R4 and one pole at
CyR4+CrrRy. Because of CyR,; > Crr Ry, the feed-forward path loop is assumed
as

FFF(S) ~ SCFF. (422)

The feed-forward loop filter has only one zero with the feed-forward coupling
factor value, and the total feed-forward loop has a constant gain including laser
pole 1/s, laser gain Kcco, and phase detector gain Kpp. As mentioned in the
main chapter, I have used the first order slope using the laser slow tuning response
at the phase tuning section diode 7, at around 100 MHz, and the phase margin
and loop bandwidth is properly determined by the total effective loop delay 74_cf

through the feed-forward path.
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Figure 4.24: Dual-path (feed-forward) loop filter simulation and measurement
results from 10 MHz to 5 GHz. Gain curves (a) and phase curves (b) from V,_
port of the main path and Vj, 1 port of the feed-forward path.

166



Heterodyne OPLLs for Wavelength Synthesis Chapter 4

Loop filter characteristics have been simulated and measured from 10 MHz
to 5 GHz for each loop filter port of the Vj,, and V;,_ as shown in figure 4.23.
The V,+ path include the both main path and feed-forward path, but the feed-
forward path is more dominant at the high frequency. The V;,_ path includes
only the main path. The simulation setup for the op-amplifier does not consider
the op-amplifier’s additional second and third poles and delay. The measurement
and simulation results for the feed-forward path are nearly matched. However,
the main path of (-) path represents additional poles and delays.

In summary, because of to the feed-forward path, the loop bandwidth perfor-
mance of the OPLL is not limited by the loop filter and only limited by the PIC
and EIC delay. As a result, a wide loop bandwidth of ~550 MHz and total effec-
tive loop delay >200 ps are achieved in the heterodyne OPLLs, and thus, we have
demonstrated stably operating OPLLs and state of the art 220 GHz frequency

synthesis.
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Chapter 5

Flexible Compact WDM Receiver

This chapter describes my third research topic at UCSB, for which I collabo-
rated with M. Piels and E. Bloch. The results of this work have been reported
in conference and journal publications [1-3]; this chapter includes recent addi-
tional, unpublished experimental results. We have proposed a new wavelength
division multiplexing (WDM) receiver concept which uses cascaded optical and
electrical signal frequency down-conversion. Initial design began with WDM re-
ceiver ICs and their sub-IC blocks using Teledyne’s 500 nm InP HBTs [4], and
later, the sub-block ICs were tested and system-level WDM receiver experiments
were successfully demonstrated. In this work, I have only considered first system
demonstrations using our high speed ICs. I have not considered other key system
parameters including power consumption, noise, chip size, dynamic range, and bit
rate.

In this chapter, I will introduce our proposed WDM receiver concept and com-

pare it with a conventional WDM receiver architecture. The WDM receiver 1Cs
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using high speed IC sub-blocks (discussed in chapter 2) will be examined, and sim-
ulation and measurement results will be described. I will then show three system
experiments to demonstrate the proposed WDM receiver. The first experiment
tests an image rejection within the WDM receiver. The second measures adjacent
channel interference and its suppression. From this we to find a maximum spec-
tral efficiency. The third experiment tests a 6-channel data reception using a core
analog single-sideband mixer (SSBM) IC. In the conclusion chapter, I will briefly
discuss several alternative (advanced) receiver architectures and IC designs using

silicon-based processes for future research.

5.1 Motivation and Background

High spectral efficiency and high channel capacity wavelength division multi-
plexing (WDM) systems such as Th/s super-channels [5-10] are needed to meet
future demands for high data rate transmission. For these systems, simple hard-
ware and low DC power consumption are both desirable. Moreover, WDM sys-
tems with elastic and flexible channel allocations have been proposed to aid in
adapting to variations in network traffic and conditions [11,12]. A conventional
coherent WDM receiver consists of a fixed- or flexible-grid optical de-multiplexing
filter and an array of coherent receivers, as is shown in figure 5.1 (a) [5-10]. The
photonic IC (PIC) is complex, containing the optical filter and an array of co-
herent receivers. Each coherent receiver contains a local oscillator (LO) laser, a
90 degree optical hybrid, and a pair of balanced photodiodes (PDs). Each pair

of PICs and electronics requires its own high-speed electrical interface [5,8]. The
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large number of components and interfaces can increase manufacturing costs and
decrease manufacturing yield. The number of PIC components can be reduced
by high-speed and high-resolution analog-digital-converters (ADCs) and digital-
signal-processors (DSPs), but this imposes a large power penalty and comes at
the cost of reduced optical reach [8].

As shown in recovering flows in figure 5.1 (b), the optical filter (i.e. arrayed
waveguide grating (AWG)) demultiplexes a desired channel from received multi-
channels, the balanced detector down-converts the desired channel (still in an

optical domain) to an electrical domain, and the receiver chain recovers original

data through the TIA, LPF, ADC, and DSP.

174



Flexible Compact WDM Receiver Chapter 5

1 Photonic IC Electrical IC
Lol*” h Optical < 1-ch
X, - PDs = TIA \ ADC H DSP ’
LOZ*/")\:\-, -------- Hybrid Data
WDM == "5/ A
LO3*/"' VAR 4 Optical 2-ch
Channels VAN pticall | i | | .
i o: mybria [ PP [ 1A \ <ADC psP H oo
. s
M, - <= . = o
9 Optical _< -ch.
. 5 - PDs == TIA ADC | DSP |
Optical Scoood Hybrid Data
FI |t ers Balanceci detectors .
L] L]
L] L]
L] L]
(a)
, PSD 256HZ, |
|
n n n n q n “\ § O
. 5 T
) y LEZ
« fo Freq. [Hz] } j§> g
j PSD Optical LO S8
“
25GHz .
T
p—nnnnllnnn, %§
f Freq.[Hz] & 2
PSD o q. [Hz] i _g
S SE
" 58
25GHz )
S
P P P P >
625G -37.5G  -125G | 125G  37.5G Freq. [Hz]
(b)

Figure 5.1: The conventional WDM coherent receiver concept, (a) block dia-
grams: optical filters (AWG) for wavelength channel de-multiplexing (b) optical
to electrical de-multiplexing flows.

In this work, we have proposed and demonstrated a new coherent WDM re-
ceiver architecture (figure 5.2 (a)) which can scale toward Th/s operation while
using only a pair (I and @ phases) of optical detectors to recover multiple wave-
length channels. The proposed receiver has a simple circuit configuration, can
provide high spectral efficiency, and accommodates a flexible range of channel

spacing and data modulation formats. The complexity of the required PIC is

greatly reduced, removing the optical filter and leaving only one set of balanced
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detectors and an LO laser. Most of the signal processing is instead performed
in electrical integrated circuits (EICs). Sets of optical WDM channels are re-
covered in the EIC using single-sideband (SSB) mixers and their associated LOs
as frequency down-converters. The EIC requires only a single broadband trans-
impedance amplifier (TTA). Figure 5.2 (b) shows the proposed concept of two step
optical and electrical down-conversions. All optical channels are down-converted
to the electrical domain as RF sub-carriers and each channel is selected by single-
sideband mixers (SSBMs) with the electrical LOs. The rest of section from the
outputs of the SSBMs are the same as the conventional WDM receiver.

The channel capacity in the proposed receiver is ultimately limited by the
bandwidth of the photodiodes (PDs) and of the de-multiplexing EIC. Very wide
bandwidths are now feasible for these components. Uni-travelling carrier (UTC)
PDs with 3-dB bandwidth higher than 300 GHz [13] and high-speed InP hetero-
junction bipolar transistors (HBTs) having power-gain cutoff frequencies f,q.
greater than 1 THz have both been reported [14-16]. Even silicon-based tran-
sistors have attained 500 GHz f,q. [17,18]. Amplifier EICs operating above 670
GHz have been reported [19-22]. Given such components, the proposed receiver
architecture can scale beyond 1Th/s capacity using >125 GHz bandwidth PDs and
EICs together with dual optical polarizations and 16-QAM modulation. Using 300
GHz photodiodes [13] and transistor amplifiers [23], a single EIC receiver could
process 24 WDM channels at 25 GHz channel spacing. Further, in the proposed
receiver, the optical channel wavelength allocation can be adjusted dynamically

by tuning LO frequencies within the electrical frequency conversion circuits.
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Figure 5.2: The new proposed WDM receiver concept, (a) block diagrams: a
single photonic IC and channel de-multiplexing in the electrical domain (b)
optical and electrical two-step de-multiplexing flows.

In this chapter, I will describe (section 2) a new architecture for the co-
herent multi-channel WDM receiver using cascaded optical and electrical down-
conversions. [ then describe (section 3) WDM receiver ICs in detail, i.e. each
channel WDM receiver ICs for +12.5, 437.5, and £62.5 GHz channels and a full
6-channel WDM receiver IC (25 GHz with 6 channels - DC to 75 GHz bandwidth).

To prove the new WDM concept, (section 4) I will describe demonstrations of im-
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age rejection and of adjacent channel interference using the two-channel receiver
IC and six-channel data reception demonstrations using the broadband analog
single sideband mixer. I have successfully demonstrated the proposed concepts
using simulation and experimental results, and I will also propose several future

directions in section 5.

5.2 A Single-Chip Multi-Channel WDM Receiver
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Figure 5.3: A concept schematic diagram for a coherent single-chip multi-chan-
nel WDM receiver and its de-multiplexing flows for six modulated channels.

Figure 5.3 shows a six-channel WDM receiver configuration with 25 GHz chan-

nel spacing (block diagram level). The receiver de-multiplexes the six channels si-
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multaneously using a single but broadband PIC and a single but complex EIC. The
PIC only includes one standard coherent balanced detector. The EIC includes a
broadband TIA, clock and RF signal distribution networks, and broadband analog
SSB mixers. Use of single-sideband (SSB) mixers permits the receiver to recover,
without crosstalk, WDM channels lying both above and below the frequency of
the optical LO. This SSB mixing therefore doubles number of the optical WDM
channels which can be recovered within a given EIC and PD analog bandwidth.
De-multiplexing of the six WDM carriers proceeds as follows: 1) An optical
hybrid combines the six modulated WDM channels with a relatively strong optical
LO (fo) mixing these together on balanced photodiodes. In this optical down-
conversion, the WDM channels become six electrical RF sub-carriers with 25 GHz
spacing (at +£12.5 GHz, £37.5 GHz, and +62.5 GHz). 2) Each RF sub-carrier is
then down-converted to a baseband using the SSB mixer. This signal has both
the outputs of I and () components of the optical modulation. Independent SSB
mixers independently recover the (+12.5 GHz, £37.5 GHz, and +62.5 GHz) sub-
carriers. 3) Low-pass filters in the [ and ) outputs suppress interference from
adjacent channels. Data can then be recovered through standard ADC and DSP.
Note that if the optical wavelength separations in the WDM transmitter are set by
optical wavelength synthesis [3], then the WDM channel frequency separations are
determined by the precision of the microwave synthesizers used to set the optical
frequency offsets. In this case, the SSB mixers can use stable but asynchronous
local oscillators with the resulting LO phase and frequency errors corrected by

electrical differential phase-shift-keying demodulation [24-26].
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5.3 IC Designs for the Single-Chip 6-Channel

WDM Receiver Systems

To prove the proposed WDM receiver concept, four different WDM receiver
ICs have been designed as two-channel receiver ICs for +£12.5 GHz, +37.5 GHz,
+62.5 GHz layout, and full six-channel WDM receiver 1C using Teledyne’s 500 nm
InP HBT processes. The HBTs have 300 GHz f, and f,,,. and 4.5 V breakdown
voltage and four metal layer stacks have been provided for 50 2 transmission lines

for high speed circuit-to-circuit interconnections (figure 2.2) [4].

5.3.1 Two-channel Receiver IC Designs
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Figure 5.4: (a) Two-channel WDM receiver circuit schematic for + 37.5 GHz
and + 62.5 GHz channels, (b) Photo image for the two-channel IC and its
probing. PD I’ and @’ outputs are connected with the direct probing and
others are wire-bonded.
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Figure 5.5: Two-channel WDM receiver circuit layouts for + 37.5 GHz and +
62.5 GHz channels (a) and for + 12.5 GHz channels including three electrical
LOs for a harmonic rejection vector summation scheme (b).

As parts of the full channel WDM receiver, three different two-channel WDM
receiver 1Cs were designed for +£12.5 GHz, £37.5 GHz, and £62.5 GHz channels
as shown in figures 5.4 and 5.5. The receivers consist of a pair of differential broad-
band resistive feedback TIAs for the input stage, a pair of single-sideband mixers
to recover the (4) and (-) channels simultaneously, and LO signal distribution cir-

cuits including a single-to-differential amplifier, three-stage poly-phase filters for
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sine and cosine signals for single sideband operation, four-stage Cherry-Hooper
amplifier chains, and buffers with microstrip line-type signal distributions. Fig-
ure 5.4 (a) is a block level IC schematic and (b) is a die photograph taken during
testing. The IC layouts shown in figure 5.5 also include a (a) £37.5 GHz receiver
IC and (b) £12.5 GHz receiver IC including a harmonic rejection technique.
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Figure 5.6: Harmonic rejection mixer scheme. (a) The vector sums for the
fundamental frequency fy, the third order harmonic frequency 3fy, and the
fifth order harmonic frequency 5fy, (b) Time domain signal sum for the three
vectors, 1 amplitude with 0 degree, 1/2 amplitude with +45 degree, and 1v/2
amplitude with -45 degree, and (c) Therefore, the 3 LO vector sum shows no
harmonic components at 3fy and 5 fy. [27]

The £12.5 GHz channel receiver 1C differs from receiver ICs for +37.5 GHz
and +62.5 GHz channels. Since the RF sub-carrier frequencies are again set at
+12.5 GHz, £37.5 GHz which is 3 x 12.5 GHz, and +£62.5 GHz which is 5 x
12.5 GHz, the down-converted channel, mixed from the 12.5 GHz electrical LO,
receivers interference from the other sub-carrier channels at 37.5 GHz and 62.5
GHz, because of the harmonic components of 3fy and 5f, from the 12.5 GHz
square wave LO input signal. This is a well-known issue in broadband DTV

turner (receiver) ICs and the harmonic rejection mixer scheme can solve this issue
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as shown in figure 5.6 [27-30]. This harmonic rejection scheme requires three
mixers with 1 (0 degree), 1v/2 (4+45 degree), and 1v/2 (-45 degree) vector output
summations (figure 5.6 (a)). The fundamental fy signals are summed, and the
third 3fy and fifth 5f, harmonic signals are canceled. As seen in figure 5.6 (b)
and (c), in the time domain, the total summed signal (green) looks more nearly
sinusoidal (b), and in the spectral domain, there will be no 3f, and 5fy spectral
components after the harmonic vector summations (c¢). The layout is shown in
figure 5.5 (b). Compared with the 37.5 GHz channel receiver IC, the three mixers
and three LOs have been used in this 12.5 GHz frequency channel receiver 1C.
These two-channel receiver ICs are tested and exhibited more than 25 dB
single sideband suppression ratio over the poly-phase filter bandwidth (~20 GHz).
Using the two-channel receiver 1Cs, image rejection tests and adjacent channel
interference tests have been performed as a part of the full six channel WDM
receiver 1Cs. The system experiments and measured results will be discussed in

the next sections.
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5.3.2 Six-Channel Receiver IC Designs
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Figure 5.7: A proposed six-channel WDM receiver IC schematic (a), a layout
for the six-channel receiver IC and its port assignments (b), and a photo image
of a 6-channel WDM receier IC with wire-bonding on carrier board (c).
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Figure 5.8: Simulation results for the 6-channel WDM receiver ICs. 5 Gb/s
BPSK for 6-channels (in total 30 Gb/s) are applied as the inputs signals. The
5 Gb/s BPSK eye diagrams on both £12.5 GHz I- and @Q-outputs (a), 5 Gb/s
BPSK eye diagrams on both +£37.5 GHz I- and Q-outputs (b), and 5 Gb/s
BPSK eye diagrams on both +62.5 GHz I- and @Q-outputs (c). The eye heights
are getting smaller because of the bandwidth EIC bandwidth (limited by the
multiple buffer stages).

The full six-channel WDM receiver IC has been also designed to receive six
WDM data channels simultaneously. The WDM receiver IC schematic, layout and
photo image are shown in figure 5.7 (a) block-level schematic, (b) layout with pin
information, and (c) IC photo image showing signal wire-bonds, respectively. The
WDM receiver IC includes many blocks. A pair of extremely broadband TTAs for
the I and @) signal paths are at the input [3]. A double-terminated transmission-
line-based network (figure 2.6) distributes the electrically down-converted REF-
sub-carriers to each of the receivers. Because of the high conductor losses for
the high frequency receiver, the +62.5 GHz channel receiver is located close to
the TIAs. The distributed signals are again distributed using buffered ampli-

fiers with the transmission lines to each core ICs of the single sideband mixers
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(SSBM). All transmission lines and their conductor losses and mismatches have
been characterized by ADS 2.5-D Momentum electro-magnetic (EM) simulations
and included in the circuit and system simulations. The LO signal distribution
paths have constructed in a form similar to the input signal distribution networks.
The single-ended LO signal is converted to a differential signal for the quadrature
sine and cosine signal generation through poly-phase filters. The sinusoidal LO
signal is then limited through four stage Cherry-Hooper amplifier chains, as de-
scribed in previous sub-sections. The square-wave LOs are distributed with the
same buffered amplifiers with distributed networks as the input to match the delay
and phase of the signals.

In system-level simulations, 5 Gb/s BPSK data, hence a total 30 Gb/s for
the six-channels, is successfully performed, and the results of open eye diagram
outputs for each channel are shown in figure 5.8. In addition, the designed
WDM receiver IC also recovers 2.5 Gb/s QPSK data for all six channels. Higher-
order, multi-level constellations and higher bit rates were not simulated because
of limited CPU and memory performance in our servers. It is clear that the
down-converted I and () outputs retain their phase and amplitude information.
High symbol rates up to 12.5 GHz, the Nyquist channel bandwidth, can be
supported. In addition, the bit rates, multiplied by higher symbol rates, i.e.
BPSK-1 bit/symbol, QPSK-2 bits/symbol, 8-PSK-3 bits/symbol, and 16-QAM-4
bits/symbol, are feasible, depending on the systems’ signal-to-noise ratio (SNR)

and bit-error-ratio (BER) tolerance.
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Figure 5.9: Full six-channel receiver IC measurement results in the electrical
spectrum analyzer (ESA). (a) Two-channel results at £12.5 GHz are shown
for the single-sideband suppression and the SSB result of more than 25 dB for
both channels, and (b) Two-channel results at 36 GHz (because of 40 GHz
ESA range) are shown for the single-sideband suppression and the SSB result of
~30 dB for both channels. I could not measure the 62.5 GHz channel because
of measurement equipments’ bandwidth limits (ESA, signal source, and RF
probes.
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The six-channel WDM receiver 1C was tested as shown in figure 5.9. Single
sideband suppression tests for all channels (12.5 GHz and 36.0 GHz LOs) have
been performed, and all channels work properly with more than 25 dB single
sideband suppression ratio, as predicted from simulation. In this measurement,
the proposed harmonic rejection schemes for the 12.5 GHz channel spacing WDM
receiver also work properly. The output signals and image suppression capability
are changed by changing the phases of LO signals. However, this receiver IC was
not used for system-level experiments because of its extremely high DC power
consumption of more than 20 W within the small chip size of 5.0 x 1.3 mm?2. This
high DC current generates a great deal of heat dissipation, and therefore, the IC
performance was degraded. Many buffer blocks for signal distributions, core single
sideband mixers and LO distribution chains must be optimized to decrease the
IC power consumption and decreasing the IC size. Therefore, the whole system
demonstrations for multi-channel WDM receivers have been performed using the
core single-sideband mixer (SSBM) ICS with sweeping the LO signals with 10 GHz

channel spacing. The detailed experiments will be shown in the next section.

5.4 System Demonstrations and Experimental

Results

To demonstrate the WDM receiver system, using the two channel receiver
IC (figure 5.4), 1) we have measured image rejection for the two modulated car-
riers at fo +£25 GHz and thus £25 GHz electrical sub-carriers, and 2) we also

have measured adjacent channel interference using three modulated carriers with
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channel spacing varying from 5 GHz to 20 GHz. Moreover, we have generated
6-modulated channels with 2.5 Gb/s BPSK data with 10 GHz channel spacing
(because of system equipment of an optical modulator analyzer’s frequency band-
width limit), and we have recovered original data for the 6-modulated channels
using the single sideband mixer core IC and the different LO frequency from +5
GHz to +25 GHz.

5.4.1 Image Rejection Experiment

PRBS PRBS
Gen.1 || Gen.2 0sA Agilent OMA

(N4391A)

Real-Time |,| DSP
o | Oscilloscope | |(Matlab)

Optical
Hybrid

o EDFA BPF PC |
Lo } == 0) f_, H

) 25GH )
25GHz, | Opiical LO 5GHz Electrical LO

.
-
i
f——l
(1550nm) (25GHz)
" Optical ﬂ ‘ m “Electrical
Down-conversion Down-conversion
[ -25G [ 256 Hz Hz

Figure 5.10: Test setup for image rejection using two wavelength channels.
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To double the number of WDM channels processed, the single sideband mix-
ers are used in the receiver IC, independently recovering signals both below and
above the optical LO frequency. Figure 5.10 shows a test configuration of the im-
age rejection experiment. Three free-running distributed feedback (DFB) lasers,
which have a narrow linewidth and low relative intensity noise (RIN), are used:
L, as a transmitter carrier laser #1 at optical carrier frequency fy +25 GHz, Lo
as a transmitter carrier laser #2 at frequency fy -25 GHz, and L3 as the LO

laser at frequency fo. The carrier lasers Ly and Ly are modulated using 2.5 Gb/s
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binary-phase-shift-keying (BPSK) data with two pseudo-random-binary-sequence
(PRBS) pattern generators and Mach-Zehnder modulators (MZMs). PRBS of
lengths 23! — 1 and 2'° — 1 are applied to lasers L; and L, in this test. The mod-
ulated channels are combined in a 50/50 optical directional coupler and coupled
to the optical signal port of the receiver, with the LO laser L3 connected to the

receiver LO port.
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2.5 Gb/s BPSK
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Figure 5.11: Experimental results for image rejection measurement: The eye
diagrams for the activated (+) channel and the suppressed (-) channel with
a single modulated carrier (a), the eye diagrams for the (+) and (-) channels
with two modulated carriers (b), and the measured output spectra when the
signal and the adjacent (crosstalk) channels are active. Crosstalk suppression
is ~25dB (c).
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In this experiment, we have used a free-space 90 degree optical hybrid and bal-
anced PDs contained in an Agilent optical modulation analyzer (OMA) N4391A.
The balanced PDs have more than 33 GHz 3-dB-bandwidth. The relative delays
of the I-channel and ()-channel cables between the OMA and the two-channel
receiver 1C were carefully matched within 50 ps by adjusting RF cable lengths
and using phase shifters. This delay mismatch limits the bit rate to no more
than 2.5 Gb/s, but this mismatch issue can be solved by the hybrid integration of
PIC and EIC. The EIC was contacted using multi-finger GGB RF probes. The
two-channel receiver IC has I and @) outputs for both the 425 GHz channels.
One pair of I, and Q. outputs was low-pass filtered, amplified, and stored in
an Agilent real-time oscilloscope (DSA-X 92004A). Frequency and phase errors
were corrected by DSP (in this work, we used a simple phase error estimation
technique using a Matlab code), thereby recovering the I — @) transmitted data
streams, as shown in figure 5.11 (a)-(b). The second pair of I, and Q.,_ outputs
are connected to an electrical spectrum analyzer (ESA) to monitor the suppression
of adjacent-channel interference in the frequency domain. Figure 5.11 (c) shows
the spectra measured from the EIC output, comparing the cases when one of the
lasers Ly and Ly is active (or suppressed).

Figure 5.11 (a) show the recovered data outputs on (+) and (-) channels using
a single 2.5 Gb/s BPSK modulated carrier (L; is on and Ls is off) without the
50/50 directional coupler. After the post signal processing, figure 5.11 (a)-left
shows fully activated (open) eye diagram on the (+) channel, and figure 5.11 (a)-
right shows suppressed (closed) eye diagram on the (-) channel. Figure 5.11 (c)

indicates that there is about 25 dB (18:1 in voltage) image rejection ratio between
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the activated and suppressed channels. This is typical of that expected for well-
designed SSB mixers. Regarding two 2.5 Gb/s BPSK modulated carriers (L is
on and Ly is on), both (+) and (-) channels show open eye diagrams, as shown
in figure 5.11 (b). The slightly degraded eye diagrams in this test are most likely
because the input power to the two-channel receiver IC is 2:1 lower than that in

the experiment involving only a single modulated carrier.

5.4.2 Adjacent Channel Interference Experiment
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Figure 5.12: Test setup for adjacent channel interference measurements using
three wavelength channels.
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Figure 5.13: Measured optical spectra for different channel spacing: (a) 20
GHz, (b) 10 GHz, and (c) 5 GHz. The narrow band tone visible in (b) and (c)
is from the LO laser.

To measure receiver crosstalk from adjacent channels and to determine the
maximum spectral efficiency given the minimum channel grid spacing, three-
channel experiments have been performed using the test configuration shown in
figure 5.12. Three DFB lasers and a Koshin (LS-601A) tunable laser, which also
have a narrow linewidth and low RIN, are used: L; as a transmit carrier laser #1
at an optical frequency variable from fy +5 GHz to fy +20 GHz, L, as a fixed
transmit carrier laser #2 at an optical frequency fy +25 GHz, L3 as a transmit
carrier laser #3 at an optical frequency variable from fy +30 GHz to fy +45 GHz,
and Ly as a fixed LO laser at frequency fo. Again, three channels of 2.5 Gb/s
BPSK data are modulated on the carrier lasers of Li, Ly and L3 using differen-
tial outputs of a PRBS 23! — 1 pattern generator and two MZMs as shown in
figure 5.12. The two patterns are de-correlated using a path length difference of
about one meter. The three modulated channels are combined using 50/50 direc-
tional couplers and the power of each channel is equalized and monitored through
an APEX high-resolution optical spectrum analyzer (OSA). Figure 5.13 shows the

measured spectrum of the three optical modulated channels with channel grids of
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(a) 20 GHz, (b) 10 GHz and (c) 5 GHz, the final case having no frequency guard

band.

Q Factor

—a— Filter #1: 2.2GHz, Filter #2: 3GHz

o Filter #1. 2.2GHz, Filter #2: 7GHz
—&— Filter #1: NONE, Filter #2: 3GHz
—w— Filter #1: 5.5GHz, Filter #2: 3GHz
—4— Filter #1: NONE, Filter #2: 5.5GHz

8 10 12 14 16 18 20 22

Channel Spacing (GHz)

Figure 5.14: Measured eye diagram qualities for the different channel spacing
and filter combinations (filter #1 before the optical modulators, and filter #2

after the EIC).

In this experiment, the quality of the recovered data were measured and com-

pared in figure 5.14 for the different channel spacing and differing combinations

of input and output low-pass filter bandwidths. Here filter #1 is low pass filters

(LPF's) located before the optical modulators (MZMs) to suppress spectral side

lobes in the transmitted optical spectrum, while filter #2 is LPF's located at the

two-channel receiver IC outputs to suppress adjacent channel interference. With

2.2 GHz LPFs in the transmitter and 3 GHz LPFs in the receiver, even with a

5GHz channel spacing, corresponding to no frequency guard band, a signal-to-

noise including interference ratio (Q-factor), extracted from eye diagram outputs,
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of approximately 10:1 is measured. Note that Q = 6 corresponds to 1077 BER
given Gaussian statistics.

As figure 5.14 demonstrates, the receiver IC operates with high signal /crosstalk
ratios even when channels carrying 2.5 Gsymbol/second modulation are spaced
in frequency by only 5 GHz; the proposed WDM receiver system provides high

spectral efficiency.

5.4.3 6-Channel Data Reception Experiment
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Figure 5.15: Test setup for 6-channel data reception measurements using the
core analog single-sideband mixers.
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Figure 5.16: Six-modulated channels using six-independent laser sources, two
high speed Mach-Zehnder modulators (MZMs), and one-differential PRBS pat-
tern generator.

Finally, to verify our proposed concept of the single-chip multi-channel WDM
receiver, the 6-channel experiments were performed using a test configuration
shown in figure 5.15. The key blocks, the broadband analog single-side-band
mixers (A-SSBMs), 6 modulated channels, a single fixed-frequency optical LO
laser, and a widely swept electrical LO (+25 GHz, £15 GHz, and +5 GHz) were
used in the tests. The 6-independent lasers (three DFB, two Agilent tunable and
one Koshin tunable lasers) are used as carriers for the 6 modulated WDM channels:
each laser source from f; - fs are set with 10 GHz channel spacings and 2.5 Gb/s
BPSK modulated data using the differential 2.5 Gb/s PRBS 23! —1 patterns with
different lengths of the RF cables (more than 1 m length difference) to de-correlate

the data patterns in each channel. Due to the limited number of BPSK modulators
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available at UCSB, two high speed Mach-Zehnder modulators (MZMs) have been
used to generate the 6 modulated channels. To separate the channel data from
the adjacent channels, the lasers f;, f3 and f5 are combined, then passed through
one modulator, and the lasers fy, f; and fs are combined and passed through
the second modulator. Each data extinction ratio has been measured through
an optical sampling oscilloscope, and then, the total 6-modulated channels has
been observed in the Apex’s optical spectrum analyzer as shown in figure 5.16.
The optical signal intensity has been carefully adjusted within less than 1 dB
power for the all-modulated channels. Again, the Agilent’s optical modulation
analyzer (OMA-N4391A) has been replaced by the coherent balanced detector
(90 degree optical hybrid and high speed photodetectors), and the photodetectors
show more than 33 GHz 3-dB bandwidth. An internal local oscillator (LO) laser
in the Agilent OMA was used and the LO frequency is set and adjusted to the

middle of f3 - f4 lasers.

2 5 GbISBPSK 2 5 Gbls BPSK

***** 1"Channei
r (b)

Figure 5.17: Single-sideband suppression tests using the core SSBM ICs. (a)
The eye-diagram with single-channel 2.5 Gb/s BPSK modulated data, and (b)
The eye-diagram with two modulated channels (+ 5 GHz).
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Figure 5.18: Down-converted spectra to measure the single-side suppression
ratio (>30 dB) - measured through the ESA.

In this 6-channel experiment, I have successfully demonstrated (recovered) all
6-channel data, not simultaneously, but one by one with sweeping the electrical
LO from 5 GHz to 25 GHz. As learned from the previous 3-channel data recovery
experiments, the 3 GHz electrical filters prior to the optical modulators and after
the EIC have been used for optimum data reception. I also used the same Matlab

code (corresponded to the DPS functions) for the all 6-channel 2.5 Gb/s BPSK

data recovery.
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(d) () (f)

Figure 5.19: Six-channel eye outputs: the modulated channels (f3 and f4) close
to the LO laser show more opened eye outputs than other channels.
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Figure 5.20: Six-channel down-converted spectra with the 5, 15 and 25 GHz

electrical LOs.
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First, the single sideband image rejection experiment was repeated using two-
channel modulated signals (at + 10 GHz). Fully open eye diagrams were obtained,
as shown in figure 5.17. The wideband frequency spectrum results up to 40 GHz
show high single-sideband image rejection ratios of more than 30 dB for both
the activated channel and the suppressed channel with + 10 GHz electrical LOs
(figure 5.18). After proving the 2-channel system, I then applied all 6 channels,
forming the spectrum shown in figure 5.16. These signals were applied to the
receiver IC (analog single sideband core) through the OMA, and the output of
the receiver IC was captured on an oscilloscope and processed off-line with Matlab
code. This recovered fully open BPSK eye diagrams as shown in figure 5.19. Due
to the limited bandwidth of the photodetectors in the OMA and the electrical
ICs, the signal-to-noise ratio (SNR) in the eye diagrams are slightly degraded for
the channels (i.e. f; and fg) which are far in frequency from the optical LO signal
(i.e. the high-frequency RF sub-carriers). Figure 5.20 shows the EIC’s output
spectrum as the electrical LO frequencies are changed (5, 15 and 25 GHz). The
power of the down-converted signal near DC again is slightly reduced because of
their higher frequency RF sub-carriers.

It would have been preferable to demonstrated the 6-channel receiver with all
data channels recovered simultaneously using the full-six channel WDM receiver
IC. As mentioned, since the WDM receiver ICs for the six-channel consumed over
20 W DC power, heat dissipation was excessive, and such system-level experiments
were not possible. The above experiments and their results fully verify that the

electrical multi-channel WDM receiver is feasible.
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5.5 Conclusion

We have demonstrated a WDM receiver using cascaded optical and electri-
cal down-conversion to recover multiple optical wavelength channels. Given the
demonstrated bandwidth of modern photodiodes and EICs, the receiver can read-
ily scale to a large number of WDM channels using only a single (I and @) pair
of optical coherent detection channels. Three full demonstrations indicate high
image rejection, low adjacent channel interference, and full data recoveries within
the multi-modulation channels.

Using the proposed concepts with optimized IC designs, it is possible to de-
crease the receiver complexity, the power consumption, IC size, and cost, and to
increase the spectral efficiency. In this receiver, the channel bandwidth alloca-
tions and symbol rate are flexible. More than 1 Tb/s receivers using the single

multi-channel electrical IC may be feasible.
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5.6 Additional Analysis-I: RF Sub-Carrier Gen-
erations for Circuit Simulations

cos(w.)

!

I(t)
W(t) = 1(t)-cos(@y) - Q(t)-sin(wt)

Q(t)

!

-sin(wt)

Figure 5.21: Optical I-Q modulation concept. u,(t) is the up-converted I — Q@
modulated signal, and the multi-channels are generated with different frequen-
cies we.

I have generated multi-channel RF sub-carriers for ADS circuit simulations.
As I — @ modulations, two independent I(t) and Q(t) are modulated using a
carrier frequency of w, (1550 nm, ~194 THz for optical fiber communications) as
shown in figure 5.21. Data I(t) is mixed by the cos(w.t), another data Q(t) is
mixed by the quadrature —sin(w.t) and two up-converted signals are added in the

optical domain as
uy(t) = I1(t)-cos(wt) — Q(t)-sin(w.t). (5.1)

The optically phase modulated signal u,(t) is optically mixed with an optical local
oscillator (LO), cos(wrot), in an optical hybrid and down-converted by the arrays
of photodiodes for 90 degree output of phase signals in the electrical domains as

shown in figure 5.22. Here is an important assumption. The intensity (power)
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of the optical LO cos(wrot) must be much higher (i.e. 100:1) than the optical
channels to avoid cross modulation between the WDM channels. In this condition,

the down-converted electrical photocurrent outputs I’(t) and Q’(t) are derived as

I'(t) = (uy(t) + cos(wrot))? = 2u,(t)-cos(wrot)

Q' (t) = (up(t) — sin(wrot))? = 2u,(t)-sin(wrot), (5.2)

where the high frequency components of (u,(t))? and (sin(wrot))?* are filtered out
and ignored in this equation. The first optically down-converted data I’(¢) and
Q’(t) as the RF sub-carriers should consider both I(t) and Q(t) components on
I’(t) and also Q'(t). Therefore, the test setups for the electrical circuit simula-
tions are as shown in figure 5.23. To generate the direct RF sub-carriers in our
circuit simulations, the PRBS I(¢) and @Q(t) modulated signals are up-converted
by cos(wrost) and sin(wpost), where wros = w.—wro, and summed and band-pass

filtered as shown in figure 5.23. The final I'(¢) and Q’(t) are derived as

I'(t) = 1/21(t)cos(wroat) — 1/2Q(t)sin(wroat)
Q'(t) = 1/2I(t)sin(wrost) + 1/2Q(t)cos(wroat), (5.3)
where the high frequency components are filtered out. The other RF sub-carrier

channels are generated using different frequencies with independent PRBS seed

values and root raised cosine filters (matched filter) for each frequency.
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Figure 5.22: Optical to electrical down-conversions through the optical hybrid
and by photodiodes. Outputs of photodiodes are I'(t) and Q'(t).
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Figure 5.23: ADS circuit simulation setup for the modulated channel sources of
the WDM receiver ICs. All-channels are independently modulated by different
seeds for the PRBS I — @ sources and wrps is RF-subcarrier frequencies, i.e.
wro2 = £12.5 GHz, £37.5 GHz and +62.5 GHz) .
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5.7 Additional Analysis-II: Local Oscillator (LO)
Laser Power

One of the main concerns in WDM receiver systems is a system efficiency, and
total required optical local oscillator (LO) power is one of the critical issues in the
proposed WDM receiver design. In this analysis, I have compared the LO power
requirements of a conventional WDM receiver array with that of the proposed
WDM receiver. Simply, the conventional receiver array with N wavelengths re-
quires N LO lasers, while the proposed electrical WDM receiver requires only a
single LO laser. At first examination, it would appear that considerably smaller
total LO power is required. Yet, optical cross-modulation in the proposed elec-
trical /optical WDM receiver somewhat increases the necessary LO power for this
topology. The total LO power remains well below that of the conventional WDM
receiver array.

I will first calculate how much LO power and input signal power are required
for a maximum signal-to-noise ratio (SNR) including shot and thermal noise.
Then, I will compare how much LO power and input signal power are required
for a maximum SNR and signal-to-interference ratio (SIR), with the interference
resulting from optical intermixing between adjacent channels.

First, the optical signal field is defined as

Ey(t) = /Po-exp(jwst + ¢5)

Ero(t) = v/ Pro-exp(jwrot), (5.4)

where Ey, P,, w,, ¢4 are input signal field, power, frequency, and phase, respec-
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tively, and Fro, Pro, and wro are LO signal field, power, and frequency. The

photocurrent Ipp(t) produced by the combined optical signal and LO is

]PD(t) = n%'Popt(w + [na (55)

where 7 is a quantum efficiency [A/W], ¢ is the electron charge 1.6 x 107
[Coulombs], h is Planck’s constant 1.05 x 1073 [J — s], v is the optical frequency
1.94 x 10" [Hz2], P,y is [E4(t) + Ero(t)]?, and I,, includes shot and thermal noise.

Ipp(t) also can be expressed by power and current terms as

Ipp(t) = n%[PS + Pro + 2/P, Pro-sin(¢s)] + I,
= Is+ Ipo+ 2 I Ipo-sin(os) + I,. (5.6)

The current noise spectral density S, (f) includes shot noise and thermal noise as

AKTF
Zy

Sn(f) = 2qIDC,pD + (57)

where Ipc pp is a photocurrent DC component, KT is a product of the Boltzmann
constant K and temperature 7', F' is the electrical amplifier noise factor, and 7 is
the TTA termination impedance. Because I, < I in general, the noise spectral
density S, (f) is approximated as

AKTF

Su(f) =~ 2qIro + 7 (5.8)
the noise power (RMS) is
< it >= <2qILo + 4KZfF) -B (5.9)
and the RMS signal power i%, ,,,, is
iigams = 2L I 0. (5.10)
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Therefore, the signal to noise ratio is

I 1
SNRW/W) = —————. 5.11
(WIW) = e (5.11)

In order to keep the SNR of ql—g, a minimum LO photocurrent current (power) of
I o > % is required to keep the SNR within 3dB of the shot-noise limit. If
we assume Zp = 50  and F' = 1.0, then the minimum current is 1.04 x 1072
[A] . This corresponds to an LO optical power of 8.30 x 1072 [WW] if we assume

100% quantum efficiency. In order to have minimum SNR above the shot noise,

minimum signal photocurrent per WDM optical channel is required as
Ly min(t) = Q%-q-B, (5.12)

where the Q-factor of 6 (SNR=36) is assumed, giving a BER of < 10~? for uncoded
BPSK data. Therefore, the minimum input photocurrent is required to have
5.76 x 1078 [A], where the data bandwidth (bit rate) B is assumed to be 10 Gb/s.
The corresponding optical signal power is 4.60 x 107° [W].

In summary, the coherent WDM receiver systems require a minimum input
signal power of 4.60 x 107® [W] and a minimum optical LO power of 8.30 x 107*
[(W]. As expected, the LO power is much higher than the input power (~ 1:10°
ratio, five orders of magnitude). For N WDM channels, N greater optical LO
power is then required.

Our proposed WDM receiver systems may require also strong LO power to
keep high SNR as well as high SIR from WDM channel-to-channel interference.
The most critical interference is a second order intermixing between most adjacent
channels. For N WDM receiver channels, there are at most (N —1) of intermixing

frequency components falling into a desired signal channel, and it is represented
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by
Is2ig,IM2 = 2(N - 1)(DR]s,m2n)2 (513)
Here we have assumed in input signal DR:1 larger than I i, where DR is the

receiver dynamic range. Then, the SIR is derived as

SIR(W/W) = (NI_%)[ (5.14)

where I; = DRI . In order to have a minimum SIR against such multi-channel

interference, a minimum LO photocurrent 170 min2 is required, where
I.0,min2(t) = Q*(N — 1)-DR-I i (5.15)

If N is 20 and DR = 10, then 10 min2(t) = 4.15 x 10~* [A], which is still much
less than N X I10 min(t) = 2.08 x 107! [A].

In conclusion, the optical LO power requirement for our proposed electri-
cal/optical WDM receiver is far below that required for an array of receivers in

the conventional WDM architecture.
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Chapter 6

Summary and Future Work

6.1 Summary

Using high speed integrated circuits (ICs), I have improved coherent optical
components and communication systems. First, in homodyne optical phase locked
loops (OPLLs), integrated sampled grating-distributed Bragg reflector (SG-DBR)
lasers have been stabilized by a feedback loop including photonic integrated cir-
cuits, high speed electrical circuits and loop filter. The linewidth of the SG-DBR
laser exhibited <100 kHz linewidth which is the same linewidth performance of a
reference laser. The un-locked SG-DBR laser’s linewidth was ~10 MHz, which is
not suitable for coherent local oscillator (LO) laser sources for multi-bits per sym-
bol modulation formats, i.e. QPSK, 16-QAM. Because of the homodyne OPLL,
the SG-DBR laser can reduce phase noise for wide frequency ranges and can dy-
namically track a reference laser carrier frequency and phase as coherent optical

BPSK receivers.
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The homodyne OPLL was designed using integration of photonic IC (PIC),
electrical IC (EIC) and loop filter. It was integrated on a single AIN carrier
board, and realized within a compact size of 10 x 10 mm?. Our homodyne OPLL
operated stably with a closed loop bandwidth of 1.1 GHz, propagation loop delay
of 120 ps, pull-in time of 0.55 us, lock time of less than 10 ns, and hold-in range of
~15 GHz. The coherent optical receiver based on the homodyne OPLL exhibited
40 Gb/s BPSK data recovery with BER of < 1077 and 35 Gb/s data recovery
with BER of < 10712,

A heterodyne OPLL was also designed by the PIC (the same PIC in the ho-
modyne OPLL), EIC (including a digitally operating single-sideband mixer and
a PFD), and loop filter. All ICs were highly integrated in a compact size of 10
x 8 mm?2. Our heterodyne OPLL operated stably with loop bandwidth of >550
MHz and propagation loop delay of <200 ps. An initial heterodyne OPLL showed
frequency synthesis from -6 GHz to -2 GHz frequency offsets and from 2 GHz to
9 GHz frequency offsets. An improved heterodyne OPLL performed frequency
synthesis of up to 20 GHz. The improved OPLL has a higher photocurrent and
better I and () signal balance. For the beat spectrum between the locked homo-
dyne OPLL and a reference laser, the measured phase noise performance showed
-110 dBc¢/Hz at 10 MHz offset and -80 dBc/Hz at 5 kHz respectably.

Using our high speed and broadband ICs, a new WDM receiver concept was
proposed and designed for digital coherent optical fiber communications. Com-
pared with the conventional WDM receiver, our proposed WDM receiver can be
simple, compact, flexible, and inexpensive, because of its simple photonic circuit

configuration and high speed broadband electrical circuits. To prove the proposed
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WDM receiver concept, I have designed several electrical ICs and demonstrated
three main system experiments of image rejections, adjacent channel suppressions
and six-channel data receptions. The WDM receiver performed image rejection of
>25 dB to double the number of the WDM channels, gridless channel operation
to maximize the spectral efficiency, and 6-channel data reception at a total 15
Gb/s (2.5 Gb/s BPSK x 6-channels).

In addition, many high speed ICs have been designed for our coherent optical
fiber communication and systems: 107 GHz 3-dB bandwidth resistive feedback
amplifiers as TIAs, modified Darlington-type limiting amplifiers for OPLL in-
puts, Cherry-Hooper amplifiers for WDM receiver LO clock chains, analog/digital
single-sideband-mixers as core blocks for the heterodyne OPLL and the WDM re-
ceivers, Quadri-correlator-type PFD, and poly phase filter for broadband I and
@ signal generations. All ICs have been properly working as parts of the OPLL

and WDM receiver systems.

6.2 Future Works

Additional improvements and future works are described in the following sub-

sections.

6.2.1 Modified Optical Costas Loop for Higher Bits per

Symbol

Our homodyne OPLL is used as cohernet BPSK optical receiver with 1 bit per

a symbol, and it performed up to 40 Gb/s data rate. By simple electrical circuit
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changes, the homodyne OPLL systems can increase the symbol rates to 2 bits, 3
bits, and even 4 bits per a symbol, and therefore, more than 100 Gb/s data recep-
tion is feasible. In electrical systems, a modified Costas loop architectures were
proposed [1]. Figure 6.1 (a) shows a modified Costas loop receiver architecture for
QPSK modulated signals, and figure 6.1 (b) shows another modified Costas loop
receiver architecture for QAM modulated signals. The receiver configurations use
limiters and mixers on both I — () paths, and need an adder to have four stable
QPSK lock conditions. Small changes of the electrical circuits can provide 2:1
and 4:1 higher bits per symbol rates, and data rate of >100 Gb/s is feasible us-
ing our OPLL concept which does not require a digital signal processing. These
architectures can be one of the promising solutions for the short range optical
communication systems which require simple configuration, high data rate, low
cost, and low power consumption. DC and AC signal imbalances and phase mis-
match in the PIC and EIC need to be considered for stable OPLL based receiver

designs.
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6.2.2 Polarization Insensitive OPLLs

Optical fields rotate and disperse in fibers because of fibers” birefringence effect,
which is one of the critical challenges to use OPLLs in commercial systems. The
OPLLs may lose phase locks because of the dynamically rotating optical fields.
Compared to polarization mode dispersion in long haul fiber communications, a
slowly rotating polarization is an issue for short-link optical fiber communications.

This rotation can be compensated with simple and slowly operating analog circuits
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or ADCs and DSPs with OPLLs. A polarization insensitive OPLL for a single
polarized signal was introduced in [2] and a slightly modified OPLL for QPSK
receivers are shown in figure 6.2. The rotating single polarized optical field is
split by a polarization beam splitter (PBS) at input, and two separate optical
fields by the PBS are down converted to electrical domains as I;(t), Q1(t), I2(t)
and (Q2(t). By summing each I and Q components, the original I(t) and Q(t) are
dynamically restored by I(t) = I;(t) + I>(t) and Q(t) = Q1(t) + Q2(t). The I(t)
and Q(t) are fed back to the laser through the EIC QPSK function and a loop
filter. This polarization insensitive OPLL receiver has capability of 2-bits/symbol

and 4-bits/symbol for QPSK and 16-QAM modulation formats, respectively.

QPSK
Functions
Loop Filter
I(t)
PIC
~ 1 ~ | ° ()
PMD Optical  90°
QPSK Hybrid . J180°

~ 2700
*. He—o [[>
LO

| 00 I2(t)

Optical  90°
Hybrid . JA80°

ﬂ)o
He Qa(t) [>

Figure 6.2: Polarization insensitive OPLL architecture for a single polarized
input and a QPSK modulation format (2-bits/symbol).

For the dual polarization division multiplexing (PDM), a new polarization
insensitive OPLL architecture has been proposed to double the spectral efficiency.

The compensation concept has been adopted based on digital coherent detections
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[3-5]. Since the polarization rotation is a slow mechanism (several MHz or 10’s
MHz), the polarization rotations can be compensated by low speed and low power
analog/digital circuits (ADCs and DSPs) with 4:4 analog matrix with broadband
variable gain amplifiers (VGAs) as shown in figure 6.3. For example, constant
modulus algorithm (CMA) or least mean square (LMS) algorithm can be used for
the dynamic polarization compensation. Using the CMA, four complex coefficients

Dazs Pay, Pye and Py, for the 4:4 analog matrix can be derived as

n(1 = (I% + Q%)) (Ix + jQx) (L, + jQu)*dt

/,u (1—( IX—l—Qx)>(IX +jQx) (1, + Q)" dt
/ (1= (12 + @)Ly +JQv) (s + jQu)'d

b= [ (1= (2 Q) + 1@, + i@ (61

where I, + 7@, and I, +jQ, are before compensations, Ix +jQx and Iy +jQy are
after the compensations, and p is a feedback gain factor. The complex coefficients
are dynamically varying to manage the polarization rotation, and therefore, the
transmitted dual-polarization Iy 4+ jQx and Iy + jQ)y data are recovered through

an EIC (QPSK receiver) and a loop filter (figure 6.3).
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Figure 6.3: Proposed polarization insensitive OPLL architecture for dual po-
larized inputs and QPSK modulation formats (4-bits/symbol).
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6.2.3 Silicon Based Low Power, Compact High Speed IC

Designs

Figure 6.4: The advanced 65 nm CMOS IC designs for BPSK optical Costas
loop receiver including an op-amplifier to realize more compact receivers, wider
loop bandwidth, and less power consumption.

Two additional ICs have been designed using 65 nm CMOS processes which
has ~200 GHz f, and f,,... One of the IC designs is a BPSK receivers including

an op-amplifier as shown in figure 6.4. The regulated Cascode structure is used
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for high speed trans-impedance amplifiers (TTAs), limiting amplifiers and XOR
type phase detector are applied for this designs. Conventional rail-to-rail op-
amplifier has been included in this IC with the performance of >60 dB gain and
50 MHz unity gain bandwidth. The data bandwidth of BPSK 25 Gb/s has been
targeted. The core IC has a chip area of 0.42 mm? and low DC power consumption
of <0.5 W (InP HBT based BPSK receiver IC: <2.2 W). Compact and power
efficient coherent optical Costas loop receiver is possible using this IC, and the
loop bandwidth of more than 1 GHz with loop delay of <100 ps is feasible using

the chip-to-chip integration.
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Figure 6.5: The advanced 65 nm CMOS IC designs for dense WDM receiver.
10 GHz channel spacing with 6-WDM modulated channels.

Another IC is for a dense WDM (10 GHz channel spacing) receiver and the
layout is shown in figure 6.5. The regulated Cascode structure is also used as high
speed trans-impedance amplifiers (TTAs), and passive type single sideband mixer
with TIAs (5 GHz bandwidth) are applied for this IC designs. Total six-WDM
channels are targeted in this design. The WDM receiver IC has a compact die
areas of 0.72 mm? and it has small power consumption of >0.65 W (c.f. our

previous InP HBTSs design: die area of ~5.0 mm? and power consumption of >20
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W). The maximum data rate of 30 Gb/s for BPSK, 60 Gb/s for QPSK, and 120
Gb/s for 16-QAM are feasible in this receivers.

6.2.4 Advanced WDM Receiver Concepts

The previous proposed WDM receiver in this chapter can be improved using
the proposed concepts as shown in figures 6.6 and 6.7. The first WDM receiver ar-
chitecture is a modified structure using analog filter chains. This architecture can
reduce the trans-impedance amplifiers’ overheads such as dynamic range, band-
width, noise contribution, and power consumption. Highest frequency channel
(fn) only passes through a capacitor C1, the next frequency channel (fy_1) comes
out through L; and Csy, Ly and Cj, ..., and Ly_; and Cy. The selected /filtered
channels are amplified by narrow band trans-impedance amplifiers, and they are
down-converted by each electrical LO (fy, fyv—1, fn_2, ..., and f).

More advanced version of the second architecture uses multiple high speed
samplings with different delays of ¢1, ¢o, @3 ..., and ¢. Then, an analog summing
matrix as an analog FFT's selects and extracts the desired channels. The similar
concepts have been proposed and demonstrated in the low frequency wireless
communication systems as soft-defined radio (SDR) or cognitive radios (CRs),
and have many advantages of impedance matching, rejection of blocker at LO
harmonics and low noise contributions [6-8]. The numbers of channels, total data
rate, and channel bandwidth can be determined by high frequency clocks and

numbers of samplings.
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