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Introduction:

Twenty journal and conference papers were published in 2013 from the research of, or
collaborations with, Professor Coldren’s group. Copies of these papers, and in one case
presentation slides, are reprinted in this volume. The majority of these papers originated
from proposals generated within Coldren’s group, but a few are due to efforts that originated
elsewhere and were supported by Coldren and his group members. As in recent years, the
work had a focus on I11-V compound semiconductor materials as well as the design and
creation of photonic devices using these materials. The work spans efforts from basic
materials and processing technology, through device physics, the design and formation of
devices and photonic ICs, to the characterization of these devices and circuits within systems
environments.

As in the past, the reprints have been grouped into a couple of areas: 1. Photonic Integrated
Circuits, and 11. Vertical-Cavity Surface-Emitting Lasers (VCSELS). Most of the work
is in the first area, which has been further subdivided into A. Review Articles; B. Novel Stable
and Tunable Lasers; C. Results with Integrated Optical Phase-Locked Loops; and D.
Coherent Beam Steering PICs. Integrated coherent transmitters and receivers continues to be
the leading application. MOCVD growth remains a support effort for this InP-based PIC
work. On the other hand, our MBE growth effort is key to the second major activity on
VCSELs (I1). A book chapter on high-speed direct-modulation of VCSELSs, a paper on the
fabrication of a novel three-terminal gain-modulated structure, and two papers on our fast
polarization modulation technique for VCSELSs are given in this section. In nearly every
project the work requires efforts in materials research, device physics, device design, process
development, device fabrication, and device characterization. Most students are deeply
involved in several, if not all, of these efforts, giving them an unusually broad education.

The work was performed with funding from several grants from industry and government,
some gift funds from industry, and support from the Kavli Endowed Chair in Optoelectronics
and Sensors. Two projects were funded by the MTO Office of DARPA, under the CIPhER
and SWEEPER programs. One was supported by the UC-Discovery program in
collaboration with Rockwell-Collins, and industry support included work with Ziva, JDS-
Uniphase, Telcordia, Corning, Freedom-Photonics, and Rockwell-Collins.

The first group of reprints (1A.) includes two papers that summarize some of our work on
Photonic ICs for coherent communication as well as one paper summarizing discussions
about nanolasers at a “Rump” Session of the International Semiconductor Laser Conference.

The second group (IB.) includes four reprints, the first two of which describe new linewidth
narrowing results possible with electronic feedback from detectors following an integrated
optical filter. As illustrated in Fig. 1 and presented at CLEO’13, the linewidth of a widely-
tunable Sampled-Grating Distributed-Bragg-Reflector (SGDBR) Laser can be narrowed by
from 10 — 50 X by a short-delay, high-gain feedback loop. The filter can also act as a
wavelength locker, if designed to have repeat modes at some desired interval.
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Fig. 1. (top-left) Photo of PIC with SGDBR and 60 GHz free-spectral-range (FSR) Asymmetric Mach-Zehnder
(AM2Z) filter and schematic of electronic feedback circuit (loop filter). (top-right) Photo of 10GHz FSR AMZ
filter extending from PIC. (bottom-left) Wide spectral plot of locked and free-running linewidth from 10GHz
FSR filter. (bottom-right) Narrow spectral plot of locked (150 kHz) and free-running linewidth—Iabels
switched.

The third paper in (IB) gives details of the stability map of injection-locked lasers, while the
fourth gives new results for integrated phase-locked, mode-locked lasers. A 430 GHz span
comb is demonstrated with < 550 Hz linewidth on the locked comb line and < 1kHz on
adjacent tones.

Section IC gives results with integrated Optical Phase-Locked Loops (OPLLs). This work
was done in close collaboration with Prof. Rodwell’s group. The first paper discusses the
electronic IC design, the second gives slides from a review of the OPLL work at the
conference on Optical Fiber Communications (OFC), the next three give details of
heterodyne and homodyne OPLL circuits for wavelength synthesis and coherent receivers,
and the last one discusses a new ‘super-channel” WDM receiver technique with de-
multiplexing in the electrical domain.

Figure 2 gives some results from our OPLL homodyne BPSK receivers. The Photonic IC
(PIC) included a widely-tunable SGDBR local oscillator, a 4-output 1 and +Q, 90°-hybrid,
and 4 high-speed (~35 GHz), high-power UTC photodetectors with microstrip lines matched
to the electronic-IC input lines. The use of directional couplers insured a 90° phase
relationship. As illustrated in the circuit schematic, electronic feedback is applied to the
tuning electrode of the SGDBR LO-laser to lock it to the carrier of the incoming optical
signal. The feedback loop has sufficient bandwidth (1.1 GHz) to narrow the linewidth of the
SGDBR to match that of the incoming optical carrier—in this case 100 kHz. The BER
shows error-free operation without any FEC up to 35 Gb/s. The whole receiver occupies an



area of about 1 cm2, and uses about 3W due to the use of an InP electronic IC and discrete
loop filter electronics. (Less than 1 W is predicted using Si-I1Cs.)
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Fig. 2. BPSK-OPLL homodyne receiver results. (top) PIC; (middle-left) circuit schematic; (middle-right)
photo of receiver; (bottom-left) linewidth of SGDBR-LO locked and free-running; (bottom-right) BER vs
OSNR. [M. Lu, H. Park, E. Block, A. Sivananthan, J. Parker, Z. Griffith, L. Johansson, M. Rodwell, and L.
Coldren, JLT, 31, (13), 2244-2253 (July 1, 2013)].

Part (1D) in the PIC section gives papers describing a collaborative effort on coherent 2-D
beam sweeping with Prof. Bowers’ group and two outside companies: Packet Photonics and
Rockwell-Collins. The first item was an invited paper from the Bowers’ group overviewing
results with a Si-photonics approach. With the InP-platform, we have been successful in
fabricating and testing 32-waveguide array PICs. All 32 phase shifters and SOA-power
amplifiers work after flip-chip bonding the ‘PIC-on-carrier’ to a connectorized circuit board.
This ‘intermediate board’ is tested by plugging it into a larger computer-controlled control
board. Figure 3 summarizes some results from this mounted 32 channel PIC. Complete
characterization, including high-speed beam sweeping, still remains to be demonstrated.

As can be seen, beam widths of < 1° in the lateral and <0.5° in the longitudinal directions are
observed. Also, sweeping over far-field angles of ~ 10° in both directions has been
demonstrated.
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Fig. 3. 32-channel InP-SWEEPER PIC results. (top-left) PIC; (top-right) PIC-on-carrier; (middle-left)
PIC/carrier flip-chipped on intermediate board with micro-channel cooler attached; (middle-right) lateral and
longitudinal far-field beam profiles; (bottom-left) SGDBR tunable-laser superimposed outputs; (bottom-right)
example 2-D far-fields for different wavelengths and phase-shifter currents.

The second major element of work in Prof. Coldren’s group is on high-speed and
polarization modulated VCSELs. This is broken out as Section Il. The high-speed
component of our work in 2013 resulted in a book chapter co-authored by Yu-Chia Chang



Vi

and Prof. Coldren. This work was actually performed about two years earlier, but the
publishing process was slow. It was continued by Y. Zheng, who completed his work in
2012. The second paper discusses a high-yield contacting scheme, and the last two give new
results for high-speed polarization modulation.

Figure 4 illustrates results for fast polarization modulation of a multimode, oxide-confined,
elliptical diode VCSEL, a new regime of operation discovered this year. Prior work with
purely electrically modulated VCSELs only showed kHz to MHz modulation rates. Dr.
Barve in Coldren’s group is the first to demonstrate that with dc + rf modulation, very high-
speed switching can be obtained.
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Fig. 4. (a) Measured L-1 characteristics of an elliptical, oxide confined VCSEL showing high polarization
contrast ratio even in multimode regime; (b)-(c) high resolution optical spectral measurements as a function of
current, for X and Y polarization; (d) response for the VCSEL biased at 4.4 mA and subjected to a fixed RF
frequency of 4.95 GHz with the RF power modulated at 1.5 GHz
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Abstract
InP photonic integrated circuits continue to play
important roles in realization of modern optical

communication systems, optical sensing and free-space
communication systems. In this paper, we report on our
recent work on InP advanced modulation format tunable
transmitters and receivers, as well as 2D optical beam
steering InP PICs.

I. INTRODUCTION

InP photonic integrated circuits continue to play
important roles in realization of modern optical
communication systems, as well as to find new
application areas, such are optical sensing and free-space
communication. In this paper, we report on our work on
advanced modulation format optical tunable transmitter
and receiver components, as well as on 2D optical beam
steering using PICs.

Il. COHERENT OPTICAL RECEIVERS AND
TRANSMITTERS

After more than three decades since conception,
optical coherent systems are finally a reality. They are
being deployed throughout transport optical networks in
order to provide more optical bandwidth through existing
optical fiber, as well as simplify dealing with the
impairments of transmission, given that in most cases,
both optical amplitude and phase are being recovered.

Avrbitrary vector modulation can be generated using the
combination of both amplitude and phase modulation.
One popular way to accomplish this task is to use the
nested Mach-Zehnder modulator structure shown in
Figure 3c. Because this structure assigns the | axis to one
MZM and the Q axis to a second MZM, it can modulate
the resultant vector to any (1,Q) point in the plane of the
I-Q diagram. For QPSK modulation, four equal
amplitude (1-Q) points are accessed.

InP  Photonic integration and photonic integrated
circuits play a prominent role in realization of coherent
optical systems. Example devices include modulators and
receivers [1],[2], as well as fully integrated transmitter
and receiver arrays [3].

Our fully integrated tunable coherent transmitter chip,
reported in [4], consists of a widely-tunable sampled-
grating DBR (SGDBR) laser monolithically integrated
with a nested Mach-Zehnder modulator, as shown in
Figure 1.
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Figure 1 — (left) Photograph of the widely tunable optical transmitter
integrated circuit mounted on an Aluminum-Nitride ceramic carrier.
(right) A representative constellation diagram from coherent link
demonstration using a 20 Gbps QPSK encoded optical signal with 2%-1
PRBS, after DSP post processing. Linear color coding corresponds to
symbol density.

The chip was realized using monolithic integration in
Indium Phosphide (InP) based on quantum well
intermixing. The single-mode SGDBR laser provides 40
nm of tuning around 1550 nm. The signal from the laser
is amplified with a semiconductor optical amplifier
(SOA), and then split into 4 paths, using a 1x4 multimode
interference (MMI) splitter. The light in each path is sent
through a static phase adjustment electrode embedded in
the S-bend waveguides, which is essential for setting the
MZMs in the quadrature state. The high-speed MZMs are
formed using 400 pwm long quantum-well intermixed
(QWI) regions, with a photoluminescence (PL) peak at
1.5um, utilizing the quantum-confined Stark -effect
(QCSE) for light absorption. After the light in each of the
four arms is modulated, it is recombined in a 4x3MMI,
which allows for monitoring of the MZM in the OFF
state. Thus, the chip is capable of transmitting a single
transverse-electric (TE) polarization QPSK data stream in
a compact footprint. The key issue with tunable laser
integration for coherent transmitter purposes is that of
achieving sufficiently narrow linewidth and low phase
noise, and this will remain the area of active research in
the near future. Recent progress has been reported using a
widely tunable laser with heater electrodes, which
reduces the shot noise in the laser cavity [5], as well as
through using frequency stabilization based on on-chip
integrated monitoring [6].

As with coherent transmitters, integration of a widely
tunable local oscillator would further benefit the level of
integration in coherent receiver PICs. The first
implementation of an integrated widely tunable coherent
receiver, reported by Freedom Photonics, is shown in
Figure 2 [7]. The chip was realized using photonic
integration in Indium Phosphide. At the center of the chip
is a widely tunable sampled grating distributed Bragg
reflector (SGDBR) laser, used as the receiver LO,



providing 40 nm tunability and bandwidth coverage. The
signal from the LO is split into two identical paths. In
each of the two paths, the LO power is amplified with a
semiconductor optical amplifier (SOA), before the signal
is routed using 2 total internal reflection (TIR) mirrors
with a perpendicular waveguide connecting them. The
signal from the second TIR mirror is then guided into a
2x4 multimode interference (MMI) hybrid. The receiver
chip has two signal input waveguides, which are used to
independently couple each of the two demultiplexed
polarization data streams from a polarization multiplexed
network data stream. The four outputs of each of the
hybrids are separated using S-bend waveguides, which
terminate in 4 photodiodes. Thus, the chip is capable of
simultaneously detecting two independent data streams
from a polarization multiplexed QPSK data stream —
however, polarization demultiplexing and rotation of the
transverse-magnetic (TM) polarization into transverse-
electric (TE) has to be performed external to the Chlp

TE -Polarized Optical Detectors
Signal Input (5"

% TMPolarized Opgcal
.. Signal lnput (S™) Detectors’

Figure 2 — (top) Schematic of Freedom Photonics’ monolithically
integrated dual-polarization tunable photonic integrated coherent
receiver, including SOAs, MMIs and total internal reflection mirrors
and a tunable local oscillator laser (bottom) Photograph of the widely
tunable optical receiver integrated circuit mounted on a ceramic carrier

[7.

Error-free, 20Gbps (10Gbaud) operation with this chip
has been demonstrated. Our more recent work, using a
similar device as part of an optical phase locked loop
(OPLL) subsystem, for homodyne coherent detection,
was reported as an alternative to high power consumption
digital signal processing based detection methods. The
OPLL was realized using Costa’s loop, as shown in Fig.3.

Hybrid Loop
Filter Parts

Figure 3 — Photograph of a homodyne optical receiver using an optical
phase locked loop based on Costa’s loop.

1. PICSFOR 2 DIMENSIONAL BEAM STEERING

Electronically controlled optical beam steering is
potentially useful for a number of applications such as
LIDAR (light detection and ranging), free space secure
laser communication, printing, etc. Various methods have
been demonstrated to achieve this goal. One typical
method is the optical phased array (OPA) which is used
for one-dimensional (1D) optical beam steering .
Recently, we have demonstrated 2D optical beam
steering with an InP photonic integrated circuit (PIC)
using the scheme of 1D OPA plus wavelength tuning
with surface emitting gratings. The PIC used is shown in
Figure 4. It consists of an on-chip widely tunable SGDBR
laser, followed by a set of 1x2 splitters, forming 8
individual waveguides with an SOA array, and an
emission array. On-chip power monitors are integrated as
well.

SGDBR laser

Emission array

Figure 4 — Layout of the beam-steering photonic integrated circuit,
consisting of an on-chip widely tunable SGDBR laser, followed by a set
of 1x2 splitters, forming 8 individual waveguides with an SOA array,
and an emission array.

Beam steering angle ranges of 5° in longitudinal and

10° in lateral direction have been achieved with this chip.
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Abstract—This paper attempts to summarize some of the discus-
sions that took place during the “Rump” Session at the 2012 Inter-
national Semiconductor Laser Conference. The discussion mostly
centered around the topic of how one can identify lasing in a given
structure, and how one might differentiate between the different
kinds of possible light emission.

Index Terms—Coherence, diode lasers, lasing.

I. INTRODUCTION

S THE first speaker, I attempted to lay some familiar
A elementary groundwork for what one commonly encoun-
ters as the definition of lasing and the identification of the lasing
threshold in diode lasers. To no ones surprise, [ used a few equa-
tions and plots from our textbook on Diode Lasers and Photonic
Integrated Circuits [1]. T also indicated my bias toward devices
that had at least some future hope of having the desirable prop-
erties that we look for in diode lasers. That is, high-efficiency,
high reliability, low cost, direct current pumping, a directed
output beam, high direct-modulation speed, reasonable output
power, and relatively good coherence in addition to small size.
Integrability with other optics and perhaps electronic ICs has
also become a key attribute as we consider future uses of small,
efficient devices.

II. DYNAMIC CARRIER/PHOTON FLOW

Fig. 1is[1, Fig. 5.1]. From the rates of flow R; of charge car-
riers and photons across the various boundaries, this diagram not
only allows for the derivation of rate equations from which the
static and dynamic properties of diode lasers can be determined,
but by including “shot noise” at all interfaces, it also provides
the basis for the derivation of the relative intensity noise and
linewidth of these devices [1]. It specifically illustrates the cre-
ation of charge carriers in a carrier reservoir (assumed equal
holes and electrons) from a current pumping source. (For opti-
cal pumping the picture does not change; one just replaces I by
the optical pump power, P, , ¢ to hv, and interprets ; differently
at the top of the diagram.) The carriers are lost both radiatively
Ry, and nonradiatively R,,, and they interact with the photon
reservoir via stimulated recombination Ry; and generation R;s.
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Fig. 1. Diode laser model illustrating the flow of input current / to create
carriers in a carrier reservoir and the interaction of this reservoir with a single
photon reservoir that provides an output power, P . The carrier reservoir (active
region) of volume V' physically overlaps the photon reservoir of volume V),
to enable the spontaneous and stimulated generation of photons shown by the
interconnecting flow arrows. For multimode lasers there are multiple photon
reservoirs coupled to the single carrier reservoir. Reprinted from [1].

A small portion of the radiative recombination, R;p = (R, is
coupled into the single optical mode, which is implicitly as-
sumed by the single photon reservoir. The number of photons
in the mode, N, V,,, decay with a time constant 7,; a fraction 7
are coupled into a desired output pathway to provide the output
power Py = nghvN,V, /.

III. OuTPUT CHARACTERISTICS

By inspection, we can write down a set of rate equations for
the carrier (electrons = holes) and photon densities from Fig. 1.
Then, to obtain an asymptote above the lasing threshold, we note
that the steady-state modal gain cannot exceed the modal loss.
In fact, it really never quite equals it because of the generally
small amount of spontaneous emission, R;p = BRs,, coupled
into the mode as well. But, to get the asymptote, we neglect this
spontaneous emission in the photon rate equation and solve for
the power into the single lasing mode, F,. We can also solve for
the total spontaneous emission P, above the lasing threshold
from the carrier rate equation. Then, for (I > I;;,) we have

hv hv
Py =mn; 770? (I — Iin) and Psp =1 nr?-[th (D

where 7, is the fraction of carrier recombination that is radia-
tive. Note that because the gain clamps, the carrier density, and

1077-260X/$31.00 © 2013 IEEE
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Fig. 2. Log-log output power versus current calculations for various lasers.

Only one optical mode is included. Numbers in the right margin are ratios of

slopes. Dashed curves assume a constant 3, the solid curves use exact mode
coupling approach.

P, should also clamp at threshold. However, if there is a large
leakage current or poor injection efficiency, there can be ad-
ditional spontaneous emission from this current outside of our
single reservoir model.

Now, we can also calculate the below-threshold asymptote for
the single lasing mode, by assuming only spontaneous emission
into only this mode from the photon rate equation and neglecting
stimulated emission

Py(I < Iin) = ninon, Bhv/q. (2)

An approximate P —1I characteristic for diode lasers with a
relatively small 3, say < 1072, can be obtained by just plotting
the asymptotes, (1) and (2), on a linear scale. This is generally
true for most diode lasers unless quite small. For example, this
holds for good VCSELs with diameters > 6 um. However,
for larger (3, the juncture between the two equations becomes
noticeably less abrupt.

One method of determining (3 and also identifying the thresh-
old of nanolasers has been to plot the P—I characteristic on a
log—log scale, such as shown in Fig. 2. The ratio of the slope,
dP/dl, above threshold to that below threshold from (1) and (2)
can be seen to equal 1/7, 3. In Fig. 2, 7, is assumed to be unity.
Unfortunately, in practical situations, 7, tends to become small
in the same situations as when (3 is made large—i.e., in nanocav-
ity devices, where surfaces and other defects often are nearby.
As shown, (3 for ideal 2 umz VCSELs is about 0.01, and it does
not get larger than 0.1 until the cross section is considerably less
than 1 ym?.

Another issue in measuring such curves experimentally is that
it is difficult to only capture a single mode below threshold, and
this makes the slope ratio appear smaller, and (3 appears larger.

Fig. 3 gives calculated gain and carrier density curves for
the in-plane laser case. Also illustrated are some pitfalls that
may occur if such material is used in nanocavities or some
other structure where traps may exist. Although lasing does
not actually occur until the region labeled #4, where the modal
gain nearly equals the modal loss, the transition from region #1
to #2 can sometimes have a very distinct threshold, where the
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output light increases very sharply, and thereafter, its linewidth
decreases substantially.

IV. SUMMARY

The classical characteristics for identifying lasing behavior
are 1) a significant kink in the output light characteristic; 2) a
narrowing of the output light spectrum; 3) perhaps some nar-
rowing in the directivity of the emission; and 4) possibly some
reduction in spontaneous emission in other directions. The first
two are most widely used, and generally are used correctly.
However, it is important to have a good idea of what the modal
losses are in the laser, and if it is likely that the modal gain could
possibly overcome these. Otherwise, one may not be observing
lasing but perhaps a filling of traps or some other states, fol-
lowed by spontaneous emission, maybe some filtering by the
cavity, then possibly a reduction in loss and spectral narrowing
with further pumping, etc., as discussed earlier.

It is also good to have some idea of what the laser linewidth
should be for the power that is being generated. Although it is
often difficult to measure the power accurately, it is important
to get some estimate, so that it is possible to predict an order
of magnitude linewidth that should be observed. The linewidth
should be in the 1040 MHz/mW, or 10-40 GHz/uW range. A
nanometer (415 GHz at 850 nm) is still a pretty wide linewidth
for a laser. Of course, this can be confused by chirping if the
pumping is with short pulses.



COLDREN: WHAT IS A DIODE LASER OSCILLATOR?

In retrospect, one of my conclusions from the Rump Session
was that it is very difficult to do better than well-engineered
VCSELSs for small, low-threshold, and high-efficiency discrete
devices. The main motivator to work on other structures appears
to be to provide more efficient, compatible sources for planar
photonic ICs.
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ABSTRACT

The bandwidth on the optical fiber network is now growing by two orders of magnitude per decade due to the tremendous increase in
data transmission, and current WDM systems cannot meet the projected bandwidth demands. As a result, in recent years, first
commercial deployments of coherent optical systems have occurred, in order to achieve more spectrally efficient data transmission
through existing fiber infrastructure. Photonic integration will play a key role in reaching higher spectral efficiency in a cost efficient,
high-performance manner. In this paper, we review the progress and examples of photonic integrated circuits for optical coherent
communications. Coherent integrated transmitter and receiver photonic integrated circuits are now a reality, and an active area of
research.

Keywords: Photonic integrated circuits, coherent communications, coherent transmitter, coherent receiver, silicon photonics, Indium
Phosphide

1. INTRODUCTION

More than three decades since their conception, optical coherent systems are finally a reality. They are being deployed throughout
transport optical networks in order to provide more optical bandwidth through existing optical fiber, as well as to simplify dealing
with the impairments of transmission, given that in most cases, both optical amplitude and phase are being recovered.

Research on coherent optical technology started in the 1980s because of its promise of increased transmission distance due to
improved receiver sensitivity. Er-doped fiber amplifiers (EDFAs) had not been developed at the time, and wavelength division
multiplexing (WDM) was expensive due to the repeater cost and complexity (de-multiplexing, optical-electrical conversion,
amplification, electrical demultiplexing to a lower data rate, regeneration, multiplexing back up, electrical-optical conversion, and
multiplexing into optical fiber).

Coherent approaches have promised to double the repeater separation, and allow placing of the WDM channels closer together,
because the channel filtering could be done by a fixed intermediate frequency filter in the RF-domain after heterodyne
down-conversion by tuning the optical local oscillator (LO), similar to a radio. Bulk optical heterodyne receivers were quickly found
to be very difficult to make due to stability issues. Thus, efforts were initiated early-on to explore the possibility of monolithic
integration of Photonic Integrated Circuits (PI1Cs) for coherent communications [1]. However, the invention of the erbium-doped fiber
amplifiers and inexpensive, integrated arrayed-waveguide grating-based multiplexers and demultiplexers channeled the development
toward modern WDM systems for much of the 1995-2010 timeframe.

WDM systems using amplitude modulation have so far been able to meet the growth of traffic in optical networks, but currently
deployed systems and fibers are close to being at full capacity. The traffic on the optical fiber network is now growing by two orders
of magnitude per decade due to the tremendous increase in data transmission. The aggregate optical network traffic, both historic and
predicted, is shown in Figure 1.
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Figure 1. Historic and predicted optical network traffic growth as function of time

Therefore, it is a continuing challenge to meet the future demand for bandwidth. Figure 1 overlays some data for fiber capacity on this
total demand curve for both research and commercial fiber links [1]. The straight lines indicate trends for commercial systems, which
show that the tremendous growth in bandwidth, due to WDM adoption in the 1995-2002 timeframe, has nowreached saturation due to
the limitation in the number of practical WDM channels, as well as the data rate in each of them. In order to further increase the fiber
capacity, we are either looking at the expensive proposition of laying more optical cables, or at improving the net data rate per Hz of
bandwidth —spectral efficiency (SE), or, more simply, the channel rate/channel spacing ratio in existing fibers. This is being done
using advanced (phase) optical modulation formats and coherent detection.

1990s 2000 2010 2010
o 2.5-10 Gb/s . 10Gb/s o 100 Gb/s . 1T0/s 1
channel rate channel rate channel rate channel rate
o 8.16,40 . 100 » 100 « 100
Channels Channels Channels Channels
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SE = Speciral Efficiency = Channel Rate / Channel Spacing

Figure 2. Optical system evolution in terms of bandwidth and spectral efficiency, past and future.

Figure 2 gives a set of tables that summarize the system evolution over the past few decades, as well as what a simple extrapolation
might predict for the next decade [3].

As might be immediately obvious, an extrapolation of the current rapid growth in fiber capacity does not meet the network demand by
2020, even if doubled or tripled by using the fiber S and L bands in addition to the standard C-band which is plotted in Fig. 2. Even
worse, calculations show that we will never be able to reach SE = 20 due to limitations in fiber dynamic range because of its limited
power handling capacity [4]. A spectral efficiency of ~ 10 seems more realistic for transmission distances ~ 100 - 500 km, typical of
WDM systems.

The need for improving the spectral efficiency of transmission in the future has led to renewed interest and intense research on optical
coherent systems, as well as to the recent deployments of this technology. Coherent optical communications rely on digital
modulation, a term used in radio, satellite, and terrestrial communications to refer to modulation in which digital states are represented
by modification of carrier amplitude, frequency, and phase, simultaneously or separately. A common name for this arbitrary carrier
phase and magnitude modulation is vector modulation. Different modulation states are represented by components of the electric field
vector in the complex plane, using in-phase and quadrature (1-Q) constellation diagrams, illustrated in Figure 3. for three different
modulation formats. In optical communication systems, the carrier frequency (laser wavelength) is usually fixed; thus we only need to
consider the phase and magnitude changes. The unmodulated carrier is then the phase and frequency reference, aligned along the |
axis, and the modulated signal is interpreted relative to the carrier. Q represents the quadrature (90- out of phase) vector component. A
discrete point, modulation state on the I-Q diagram, can be represented by vector addition of a specific magnitude of the in-phase
carrier with a specific magnitude of the quadrature carrier.
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Figure 3. illustrates some of the unique, commonly used vector modulation based links. The first link, part (a), utilizes simple binary
amplitude modulation, the most widely exploited, noncoherent modulation format in optical communications to date. On the I-Q
diagram, the field vector changes its amplitude from O to the maximum amplitude, along the | axis, as binary digital signals are
translated into a stream of light pulses. The transmitter in this case is a simple amplitude modulator, and signal detection is achieved
through direct detection, as shown in the link schematic.

Link (b) represents the next level of sophistication — a simple coherent system, in which the amplitude of the signal remains constant,
but the phase of the carrier is differentially changed by 1 in between bits, to reflect the change in adjacent bit value. To detect this type
of signal, one approach is differential detection, where the signal is interfered with its own delayed version to produce an amplitude
response at the receiver. No local oscillator is required in the receiver in this case. This system is limited to a particular bit rate, as it
relies on exactly one bit delay for signal detection. Note that the receiver consists of two photodiodes that are connected in series,
forming a balanced receiver, examined later in this section.

Figure 3. (c) illustrates a more complex and flexible system, where the carrier phase is modulated to one of four possible values —
thus the name of this type of modulation is quadrature phase shift keying (QPSK). The advantage of this approach is in the fact that
with the same bit rate as on-off keying, we can transmit twice the amount of information, since with each detected symbol (1 out of 4
possible phase values), we can recover two bits of information, a major benefit of vector modulation and coherent systems. The
transmitter for this modulation format is relatively simple, consisting of two nested Mach-Zehnder phase modulators, which are
delayed by 90- with respect to one another, allowing independent | and Q component modulation. The main complexity results from
the receiver, where the incoming signal needs to be phase matched, locked and mixed with a local oscillator laser. In addition, the
signals in the receiver need to be mixed and delayed properly, so that both the | and the Q signal components can be extracted
independently, in the two sets of balanced receivers shown in the schematic. Any changes in phase of the incoming signal, caused by
the laser phase noise, need to be tracked and neutralized in the receiver. A number of different techniques can be used to accomplish
this. Optical phase-locked loops use optical feedback to control the phase of the local oscillator laser [5], showing promise for low
power, simple implementation of true coherent receivers. Digital signal processing can be used to perform real time phase tracking
and control as well, at the expense of electronic chip sophistication and power consumption [6].

Although these three examples show the progression from simple, noncoherent amplitude modulated system, through a differentially
modulated coherent system to a true 1-Q coherent system, it is important to emphasize that many other different vector modulation
formats and links are possible and used: differential QPSK, where the phase changes to one of four states are recorded only when the
adjacent bit changes; or quadrature amplitude modulation (QAM), where both the amplitude and the phase of the | and Q components
are changed, resulting in a multitude of points on the constellation diagram, and further improvement of spectral efficiency, up to the
fundamental limit imposed by the fiber dynamic range to around 10 bits/s per Hz of bandwidth. Finally, additional doubling in
spectral efficiency for each of the coherent links can be accomplished by multiplexing two signals onto two degenerate orthogonal
polarizations of an optical fiber, creating a polarization-multiplexed (PM) link.

2. COHERENT OPTICAL TRANSMITTERS COMPONENTS

As discussed in the previous section, arbitrary vector modulation can be generated using the combination of both amplitude and phase
modulation. One popular way to accomplish this task is to use the nested Mach-Zehnder modulator structure shown in Figure 3. (c).



Because this structure assigns the | axis to one MZM and the Q axis to a second MZM, it can modulate the resultant vector to any
(1,Q) point in the plane of the I-Q diagram. For QPSK modulation, four equal amplitude (I-Q) points are accessed.

An example of dual polarization, indium phosphide (InP) based QPSK modulator fabricated by NTT is shown in Figure 4. The InP
dual, nested Mach-Zehnder modulator PIC has a single TE input and two individual output ports. The PIC is packaged on a carrier
with a Silica based planar lightwave circuit (PLC) whose function is to couple the light from both PIC’s outputs, to rotate the
polarization from one of the PIC’s outputs, and then to combine two polarizations in a single output waveguide. A special, high-speed
interposer is used on top of the modulator to provide high-speed electrical connections for 112 Gbps operation [7].
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Figure 4. Configuration on an InP-based dual polarization QPSK modulator by NTT [7]. The solution consists of a dual modulator,
dual output InP chip, microoptics, high-speed electrical imposer, and a PLC.

A 10-wavelength transmitter PIC by Infinera, utilizing a type of a nested 1-Q Mach-Zehnder structure for QPSK modulation is shown
in Figure 5[8]. Polarization multiplexing is implemented in this example to double the transmission rate, requiring a pair of identical
nested 1-Q MZ structures for each of the 10 DFB lasers on the chip. The constellation diagrams in the figure illustrate the four
constellation points accessed by each of the 20 I-Q modulators. Each individual | and Q MZ modulator is running at 14.25 Gbps, but
as discussed above with QPSK modulation, we double the amount of information transmitted (by effectively combining the I and Q
signals in phase quadrature) resulting in 28.5 Gbps per 1Q modulator. This chip utilizes DFB lasers for the light source, but one could
imagine replacing them with the widely tunable variety.
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Figure 5. (a) Photograph of the active block of a 10-wavelength PM-QPSK transmitter IC, utilizing nested 1Q Mach-Zehnder
modulator, DFB-laser devices, (b) schematic layout of PIC illustrating the TE and TM-to-be duplicate sets of modulators, AWGS, and
output waveguides, to support polarization-multiplexed operation through off-chip polarization beam combining, (c) schematic of



10

TE/TM nested 1Q MZ modulator section of one wavelength showing RF and DC controls, and (d) 1Q constellation diagrams for all 20
QPSK data streams, each 1Q stream running at 28.5 Gbps for an aggregate 570 Gbps transmission capability across the 10
wavelengths [8].

The first such chip, reported in [9], consists of a widely-tunable sampled-grating DBR (SGDBR) laser monolithically integrated with
a nested Mach-Zehnder modulator, as shown in Figure 6.
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Figure 6. Schematic of a tunable monolithic photonic coherent transmitter, including SOAs, nested MZMs, and absorbers by Freedom
Photonics [9].

The chip was realized using monolithic integration in Indium Phosphide (InP) based on quantum well intermixing. The single-mode
SGDBR laser provides 40 nm of tuning around 1550 nm. The signal from the laser is amplified with a semiconductor optical
amplifier (SOA), and then split into 4 paths, using a 1x4 multimode interference (MMI) splitter. The light in each path is sent through
a static phase adjustment electrode embedded in the S-bend waveguides, which is essential for setting the MZMs in the quadrature
state. The high-speed MZMs are formed using 400 pm long quantum-well intermixed (QWI) regions, with a photoluminescence (PL)
peak at 1.5um, utilizing the quantum-confined Stark effect (QCSE) for light absorption. After the light in each of the four arms is
modulated, it is recombined in a 4x3MMI, which allows for monitoring of the MZM in the OFF state. Thus, the chip is capable of
transmitting a single transverse-electric (TE) polarization QPSK data stream in a compact footprint. The key issue with tunable laser
integration for coherent transmitter purposes is that of achieving sufficiently narrow linewidth and low phase noise, and this will
remain the area of active research in the near future.
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Figure 7. (left) Photograph of the widely tunable optical transmitter integrated circuit mounted on an Aluminum-Nitride ceramic
carrier. (right) A representative constellation diagram from coherent link demonstration using a 20 Gbps QPSK encoded optical signal

with 231-1 PRBS, after DSP post processing. Linear color coding corresponds to symbol density.

Different integrated modulator configurations in addition to the nested MZMs can be used to generate QPSK and even more advanced
modulation formats. Figure 8 shows a DQPSK modulator that uses two asymmetrical STAR couplers in a three-branch interferometer
configuration. Two of the three branches contain electroabsorption modulators, which, when biased OFF, ON, and alternatively ON
and OFF generate the 4- phase modulated constellation [10]. Also shown is the demodulated result at 20 Gh/s for one of the | or Q
outputs.

3. COHERENT RECEIVER IMPLEMENTATIONS

The key idea behind coherent detection is to combine the input signal coherently with a locally generated continuous optical field
(local oscillator) at the receiver and before the signal is detected. This action achieves two effects: it amplifies the detected signal
through mixing with a high-power local oscillator signal, allowing improved receiver sensitivity, and it enables the demodulation of
phase and amplitude/phase modulated signals, which is not possible through direct detection. This is a key enabler for achieving
improved spectral efficiency in a coherent link.
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Figure 8. A DQPSK electroabsorption modulator photo, schematic, and received signal at 20 Gbps [10] by Bell Labs.

A couple of different coherent receiver architectures, for differential and regular detection were described in Figure 3. Since
dual-polarization, dual-quadrature (DPDQ) coherent receiver requires many components, they should ideally be implemented as
photonic integrated circuits (PIC). From the technological standpoint, this can be accomplished using a variety of integration
platforms, starting from monolithic integration in Indium Phosphide, through hybrid integration using Silica or polymer waveguides,
to Silicon photonics.

An example of a high-speed, integrated 1-Q receiver in InP is shown in Figure 9. This device consists of two optical spot-size
converters, input waveguides, a 90- hybrid implementation using a 2 x 4 multimode interference coupler, and two balanced
photodiode pairs. The optical hybrid allows for mixing of the local oscillator L and the input signal S, and for balanced detection of
both the in-phase | and the quadrature Q components of the input signal. This is accomplished through precise phase control in signal
splitting, which results in the following signal combination at each of the photodiodes in Figure 9, from top down, assuming that the
signal S is coupled to the top input waveguide: L +S,L -S,L+jSandL - jS. The outputs from two balanced receiver pairs will be
2S and 2jS, the in-phase and quadrature components of the input signal.
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Figure 9. An integrated I-Q receiver in InP (a) Receiver architecture schematic, showing two inputs, a 90- hybrid implementation
using a 4 x 4 MMI coupler, connected to two balanced photodiode pairs; a device photograph on the bottom. (b) Results of receiver
operation at 50 Gbps, showing the bit error rate and constellation diagrams as function of optical signal to noise ratio [11].

This type of 1-Q receiver chip can be used in a polarization diversity configuration, with additional micro-optics, to yield a full
coherent receiver. A 100 Gbps polarization multiplexed BPSK and QPSK receiver architecture using the InP chip from Figure 9 and
actual module are shown in Figure 10. Both the signal and the local oscillator (LO) are coupled through a collimator (C), and a first
half waveplate (HWP) is inserted in the optical path in order to evenly split the LO signal between two polarizations. Both signals are
split into two polarizations using a polarization beam splitter. To achieve highest symmetry in both channels, X and Y, a second HWP
is integrated in the X channel to perform a TM-to-TE conversion. In return and to minimize the channel path length difference a skew
compensator (SC) is integrated in the Y channel. The four beams are then coupled through a micro-lens array into the integrated
optical spot size converters of the two InP I-Q receiver PICs. Four linear differential trans-impedance amplifiers (TI1As) are co-packed
in the module.
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Figure 10. Architecture and module of a 100 Gbps coherent receiver [12] based on the InP PIC from Figure 9, and marketed by U2T.

Another integration platform concept for polarization-diversity receiver modules is polymer waveguide based, since it allows for
low-loss, low-cost, simple processing implementation. One obvious challenge for this platform was the integration of photodiodes
with minimal insertion loss. In the recent work reported in [13], this has been accomplished by integrating 111-V active components
via 45° turning mirrors, as shown in Figure 11. Also shown is the measured receiver performance in terms of the small signal
bandwidth.
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Figure 11. Detail of a Heinrich Hertz Institute’s polymer based coherent receiver implementation, showing the photodiode coupled to
the polymer waveguide via a 45 degree mirror [13].

Recent advances in silicon photonics have made realization of complex, high-performance PICs in silicon a reality. Silicon material
system realization is beneficial because of the availability of 200-mm diameter or larger optical wafers allowing for low-cost chips.
Silicon chips do not require a hermetic environment, allowing for low-cost packaging, and silicon can be oxidized allowing for high
vertical index contrast and consequently high-performance polarization splitters and on-wafer testing.

An example of a Si DPDQ coherent receiver [14] is shown in Figure 12. The signal and local oscillator (LO) enter the PIC through
2-D grating couplers spaced by 127 pym. A key novel feature of this device is that grating couplers serve as spot-size converters,
polarization splitters, and 50/50 splitters, they do not require anti-reflection coatings and allow for on-wafer testing. A scanning
electron micrograph (SEM) of one of the fabricated grating couplers is shown the bottom of Figure 12. The fiber is oriented exactly
vertically, i.e. no tilt angle, which results in the grating coupling equally to both directions in the waveguide and thus acting as a 50/50
coupler. After the grating couplers, portions of the LO and signal pass through a 90°, 11 ym wide waveguide crossing. The wide
waveguide renders the crossing loss and crosstalk negligible.

The LO and signal portions pass by directional couplers which couple away any stray transverse-magnetic polarized light. The
portions then interfere in four large 2x2 multimode interference (MMI) couplers (the large size improves fabrication tolerance). The
MMI coupler outputs connect to eight photodiodes (PDs). The PDs are Ge-on-Si vertical PIN diodes.
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Figure 12. (top) Layout of a polarization multiplexed silicon photonics coherent receiver PIC, consisting of grating coupler inputs and
two sets of 1-Q balanced receivers. The waveguides are shown as black, the thermooptic phase shifters orange, and the top metal blue.
(bottom) Input grating coupler close-up. This novel grating coupler serves as spot-size converter, polarization and 50/50 splitter [14]
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Figure 13. Schematic diagram of a Bell Labs MQW balanced heterodyne receiver photonic integrated circuit, containing a
continuously tunable LO, a low-loss buried-rib parallel input port, an adjustable 3 dB coupler, and two zero-bias MQW waveguide
detectors [1].

None of the implementations discussed so far include integration of the local oscillator with the receiver. A basic coherent receiver
implementation with an integrated local oscillator [1], a historic example of one of the first complex PICs realized is shown in Figure
13. It consists of a DBR laser, light coupler, and a balanced receiver pair on the detection side. The local oscillator signal and the input
signal are mixed inside a 2 x 2 coupler element, and detected by two individual photodiodes, connected in series. With this
photodiode configuration and the phase differences introduced by the optical coupler, it is possible to easily obtain an output signal
which will be given by the difference of the two photocurrents, thereby canceling out the current contributions and the intensity of
noise from the local oscillator, and adding the photocurrents resulting from the signal modulation. This type of architecture therefore
allows for complete rejection of the CW signal, and conversion of phase modulation into amplitude modulation.
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As with coherent transmitters, integration of a widely tunable local oscillator would further benefit the level of integration in coherent
receiver PICs. The first implementation of an integrated widely tunable coherent receiver, reported by Freedom Photonics, is shown in
Figure 14[15]. The chip was realized using photonic integration in Indium Phosphide. At the center of the chip is a widely tunable
sampled grating distributed Bragg reflector (SGDBR) laser, used as the receiver LO, providing 40nm tunability and bandwidth
coverage. The signal from the LO is split into two identical paths. In each of the two paths, the LO power is amplified with a
semiconductor optical amplifier (SOA), before the signal is routed using 2 total internal reflection (TIR) mirrors with a perpendicular
waveguide connecting them. The signal from the second TIR mirror is then guided into a 2x4 multimode interference (MMI) hybrid.
The receiver chip has two signal input waveguides, which are used to independently couple each of the two demultiplexed
polarization data streams from a polarization multiplexed network data stream. The four outputs of each of the hybrids are separated
using S-bend waveguides, which terminate in 4 photodiodes. Thus, the chip is capable of simultaneously detecting two independent
data streams from a polarization multiplexed QPSK data stream — however, polarization demultiplexing and rotation of the transverse-
magnetic (TM) polarization into transverse-electric (TE) has to be performed external to the chip.

Error-free, 20Gbps (10Gbaud) operation with this chip has been demonstrated. Recently, a similar device has been reported as part of
an optical phase locked loop, for homodyne coherent detection, which was discussed as an alternative to high power consumption
digital signal processing based detection methods [5].
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Figure 14. (top) Schematic of Freedom Photonics’ monolithically integrated dual-polarization tunable photonic integrated coherent
receiver, including SOAs, MMIs and total internal reflection mirrors and a tunable local oscillator laser. (bottom) Photograph of the
widely tunable optical receiver integrated circuit mounted on a ceramic carrier [15].

4. CONCLUSIONS

The bandwidth on the optical fiber network is now growing by two orders of magnitude per decade due to the tremendous increase in
data transmission, and current WDM systems cannot meet the projected bandwidth demands. As a result, in recent years, first
commercial deployments of coherent optical systems have occurred, in order to achieve more spectrally efficient data transmission
through existing fiber infrastructure. Photonic integration will play a key role in reaching higher spectral efficiency in a cost efficient,
high-performance manner. In this paper, we have discussed the progress and examples of photonic integrated circuits for optical
coherent communications. Both integrated transmitters and receiver PICs are now a reality, but this will remain an active research area
for the foreseeable future. Some of the key challenges to be solved are with low phase noise tunable laser integrated technology,
higher efficiency modulators, and reduced footprint receivers integrating polarization splitting on chip.
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Abstract: We demonstrate an InGaAsP/InP widely-tunable SG-DBR laser integrated with an
asymmetric Mach-Zehnder interferometer (AMZI) for frequency stabilization. Negative feedback

from the AMZI to the laser phase tuning section reduces the linewidth by a factor of 27.
OCIS codes: (250.5960) Semiconductor Lasers; (140.3425) Laser Stabilization; (250.5300) Photonic Integrated Circuits

1. Introduction

Tunable lasers have become increasingly important for a variety of applications, such as optical sensing and
coherent detection. They can allow large cost savings by increasing flexibility and decreasing inventory demands in
dense wavelength division multiplexing, compared to using many types of lasers with different wavelengths [1].
Many of these applications will be greatly aided by a low linewidth compact laser. As coherent detection moves to
higher modulation formats, lower phase noise will be required of the local oscillator [2-4]. High resolution optical
sensing, such as FMCW LIDAR, also requires a low phase noise laser for longer range detection.

Many different methods have been developed to reduce the linewidth of tunable lasers. Several extended cavity
lasers with linewidths well below 100 kHz have been demonstrated [5,6]. Tunable DFB laser arrays have shown less
than 160 kHz linewidth through optimization of the cavity [7]. The Pound-Drever-Hall technique can reduce
linewidth to the sub 100 Hz level [8]. However, most optical methods of decreasing linewidth increase the laser size
and are very sensitive to environmental fluctuations. Alternatively, tunable DFB arrays have high performance, but
require many DFB lasers integrated on one chip to enable a large tuning range.

Much research has focused on negative electrical feedback using the error signal from a frequency discriminator
to tune the laser and reduce the linewidth. This technique has the potential to be more stable and maintain a small
cavity size. It has been successfully implemented using many different filters as the frequency discriminator, such as
a Fabry-Pérot etalon, a fiber Mach-Zehnder and a fiber Bragg grating [9-12]. Advantages of this method include its
simplicity and low cost. However, previous implementations have been bulky and increased the size of the laser
package.

In this paper, we have demonstrated for the first time linewidth reduction through the use of an asymmetric
Mach—Zehnder interferometer (AMZI) frequency discriminator that has been monolithically integrated in a photonic
integrated circuit (PIC) with a 40nm tunable SG-DBR laser diode and waveguide detectors. When using an AMZI as
a frequency discriminator, the quadrature point of the AMZI is used to convert the frequency error of the laser to
amplitude error. This error is then fed back to the phase tuning section of the laser through a stabilizing loop filter,
suppressing the frequency noise within the loop bandwidth of the negative feedback loop. The path length imbalance
in the AMZI is 1.5 mm, leading to a free spectral range of 60 GHz. Integration has allowed us to keep the
advantages of size, weight and power inherent in semiconductor lasers and simultaneously attain low linewidth. Due
to the small chip size, the feedback loop delay is kept small, facilitating a loop bandwidth upwards of 250 MHz and
linewidth reduction by a factor of 27.

2. Design and Fabrication

An SG-DBR laser, AMZI, semiconductor optical amplifiers (SOAs), compact 2x2 multimode interferometer
couplers and waveguide detectors are integrated on an InGaAsP/InP centered quantum well platform consisting of
10/11 6.5 nm/8 nm InGaAsP QWs/barriers centered within a 105 nm upper and lower 1.3Q InGaAsP waveguide.
Surface ridge (SR) waveguides are used for the SG-DBR laser for improved thermal characteristics and lower loss.
Deep ridge (DR) waveguides have a higher confinement, thus smaller bending radius and are therefore used for the
AMZI, so that a 1.5 mm path length difference can be achieved within a smaller device footprint. A waveguide
transition element is used between the two waveguide topologies. A schematic of the epitaxial structure and SEMs
of the device in various stages of fabrication are shown in Fig. 1.
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Fig. 1. a) Schematic of epitaxial structure after regrowth, and scanning electron micrograph (SEM) of b) cleaved deeply etched ridge facet, c) SG-
DBR gratings pre-regrowth and d) surface ridge to deep ridge waveguide transition.
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Quantum well intermixing is used to define the passive regions [13], and gratings are defined via electron beam
lithography and dry etched using a CH4/Hy/Ar based RIE etch. Blanket regrowth of the p-InP cladding, p-InGaAs
contact layer and p-InP protective cap layer is done using metalorganic chemical vapor deposition. The SR and DR
waveguides are defined using a bilayer Cr and SiO, hardmask. The Cr is etched using a low power Cl,/O, ICP RIE
etch and the SiO, is etched using a SFg/Ar ICP RIE etch. An initial shallow dry etch of both waveguides is
performed using a Cl,/H,/Ar 200°C 1.5 mT ICP RIE Etch [14], defining the waveguide everywhere. Then, the DR
waveguide is protected and the SR waveguide is completed via a HCI based crystallo-graphic wet etch. Next,
deposition and liftoff of SiO, is used to protect the SR regions and the DR waveguide is deeply etched using the
Cly/H,/Ar etch mentioned above. An isolation layer of SisN, is then deposited, vias are opened using a semi-self
alignment process for the top p-contacts, and Pt/Ti/Pt/Au p-contacts are evaporated via e-beam deposition. The
sample is then thinned to 140 um, Ti/Au backside metallization is deposited for the n-contacts, and output facets are
formed via cleaving.

3. Linewidth Narrowing

The PIC, an electronic integrated circuit (EIC) and loop filter are mounted on AIN carriers and wirebonded together.
The EIC consists of a differential limiting amplifier that allows use of both detectors on the PIC in a balanced
detector configuration to decrease intensity variation, and provides a -2V bias to the detectors on the PIC. The loop
filter is a second order frequency lock loop made of discrete resistors, capacitors and op-amplifiers that provides
gain and the correct loop characteristics for stable frequency locking. A feed forward path is utilized to minimize
loop delay at high frequencies and increase the loop bandwidth [15]. Schematics of the frequency response of the
frequency discriminator and device set up are shown in Fig. 2.
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Fig. 2. a) Calculated detector current vs. operating frequency and b) SEM of the fabricated PIC along with a depiction of the connections to the
EIC and loop filter.



Self-heterodyne was used to measure the 3-dB linewidth of the SG-DBR laser. The output of the SG-DBR was
split using a 1x2 fiber coupler, one arm was delayed by 25 km, the other arm went through a 100 MHz acousto-optic
modulator, and the arms were recombined. The signal was then detected by an external detector and monitored on
an electrical spectrum analyzer (ESA).

The 3-dB linewidth of the SG-DBR laser prior to locking was 80 MHz, which was mainly dominated by large
1/f noise at low frequencies. After locking the linewidth was 3 MHz, showing a 27x improvement in linewidth. The
linewidth spectrums have been overlaid and are shown in Fig. 3. The loop bandwidth was larger than 250 MHz.
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Fig. 3. Self-heterodyne linewidth spectrum of the free running SG-DBR laser and frequency locked SG-DBR laser taken from an ESA.
4. Conclusion

Self referencing was used to frequency lock an SG-DBR laser to an AMZI integrated within the same chip and a 27x
linewidth improvement was demonstrated. Locking was extremely robust and was maintained over several hours
with no environmental isolation. This technique shows promise for achieving a low-linewidth widely tunable laser
with all the size, weight and power advantages of a photonic integrated circuit. Future optimization of the feedback
loop gain and the test setup is anticipated to yield additional linewidth improvement.
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Abstract: We demonstrate frequency noise suppression of a widely tunable sampled-grating DBR
laser using negative feedback from a Mach-Zehnder frequency discriminator integrated on the

same InGaAsP/InP chip. The 3-dB laser linewidth is narrowed from 19 MHz to 570 kHz.
OCIS codes: (140.5960) Semiconductor lasers; (250.5300) Photonic integrated circuits; (250.0250) Optoelectronic

1. Introduction

Widely tunable semiconductor lasers have become increasingly attractive for transmitter and coherent detection
purposes due to their compact size, low power usage, low cost and the potential for integration. However, tunable
semiconductor lasers suffer from large linewidths that make meeting the stringent requirements of these applications
difficult. As coherent detection moves to higher modulation formats even lower phase noise will be required, and for
LIDAR systems, the phase noise is directly coupled to the system sensitivity [1-3]. Semiconductors lasers suffer
from higher linewidths than their solid state laser counterparts in large part due to high 1/f noise at low frequencies.
External cavities can be used to decrease the linewidth to the sub 100 kHz range, but with the loss of compact size.

In this paper, we demonstrate the use of negative feedback from an integrated frequency discriminator to reduce
frequency noise within the loop bandwidth. This technique has been successfully implemented in the past using
various discrete frequency discriminators, but always with a large increase in total size [4-6]. Our approach
integrates detectors, an asymmetric Mach-Zehnder (AMZ) frequency discriminator and a sampled-grating DBR
(SG-DBR) laser [7], tunable over 32 nm, on one chip. At the AMZ quadrature point the laser frequency fluctuations
will be converted to amplitude fluctuations by the on-chip AMZ. This error signal is then detected on chip and fed
back through a stabilizing loop filter to the phase tuning section of the SG-DBR laser, suppressing frequency noise
within the loop bandwidth of the feedback circuit. We have previously presented self-heterodyne linewidth spectra
showing linewidth reduction of the SG-DBR laser to 3 MHz [8]. In this demonstration, we have achieved a much
lower locked linewidth of 570 kHz and the frequency noise power spectral density (PSD) before and after locking
has been tested and is presented below. The frequency noise PSD was suppressed to approximately 2x10° Hz?/Hz
within a loop bandwidth of 630 MHz.

2. Experiment and Discussion

The photonic integrated circuit (PI1C) consists of an SG-DBR laser, a 60 GHz free spectral range (FSR) AMZ, a
semiconductor optical amplifier, 2x2 multimode interferometer couplers and waveguide detectors integrated on a
centered quantum well InGaAsP/InP platform. A microscope image of the PIC can be seen in Fig. 1(a). The active
regions consist of 10(11) 6.5(8) nm InGaAsP quantum wells (barriers) centered within a 105 nm upper and lower
1.3Q InGaAsP waveguide. The SG-DBR front mirror (back mirror) has 4(12) grating bursts and a designed power
reflectivity of 0.15(0.8). The grating pitch size is 236 nm. Quantum well intermixing is used to achieve active and
passive regions on the same platform. More fabrication details can be found in Ref. [9].

Loop
Filter

a) b)
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=

Fig. 1(a) Micrograph of the PIC with a schematic of the loop filter and (b) image of the entire chip.



The PIC, limiting differential amplifiers (LIAs), and a loop filter are mounted on separate AIN carriers and
wirebonded together. The loop filter consists of discrete resistors, capacitors and op-amps and is a second order
frequency lock loop with a feed forward path to minimize loop delay at high frequencies. The LIAs allow the use of
the two on-PIC detectors in a balanced configuration, suppressing amplitude noise. Light from the front mirror of
the SG-DBR laser is directed to the on-PIC AMZ and light from the back mirror is coupled off chip to test the laser
characteristics. The signal travels from the detectors to the LIAs, then to the loop filter and back to the phase tuning
pad of the SG-DBR laser. An image of the system is shown in Fig. 1(b). The size is mainly dominated by the loop
filter and can easily be decreased by using an integrated circuit instead of discrete components.

The frequency noise before and after locking was measured using a frequency discriminator technique similar to
Ref. [10]. The SG-DBR laser is coupled to an external 10 GHz FSR Mach-Zehnder interferometer (MZI), which
converts frequency to amplitude fluctuations, which is then detected using discrete balanced detectors. The spectrum
is read on an electrical spectrum analyzer and converted to frequency noise using the frequency to amplitude slope
sensitivity of the MZI. The frequency noise PSD before and after locking is shown in Fig 2. The laser power
measured on-PIC after the front mirror is 10 mW. The frequency noise PSD is suppressed to approximately 2x10°
Hz?/Hz, and a resonance peak can be observed at the loop bandwidth of 630 MHz. The minimum level of frequency
suppression possible with the feedback loop will be determined by noise from the loop and the discriminator, such
as detector shot noise and incomplete relative intensity noise (RIN) rejection. Incomplete RIN suppression in the
feedback loop can be seen in the low frequency peaks in the frequency noise spectrum of the locked laser. The 3-dB
linewidth, measured using the self-heterodyne technique, shows a free running laser linewidth of 19 MHz and
locked laser linewidth of 570 kHz.
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Fig. 2. Frequency noise of the SG-DBR laser before and after locking. The frequency noise suppression limit due to shot noise is also shown.

In conclusion, negative feedback from an AMZ integrated on the same InP/InGaAsP chip as an SG-DBR laser
has been shown to suppress the laser linewidth by a factor of 33, from 19 MHz to 570 kHz. The PSD of the
frequency noise was measured to be approximately 2x10° Hz%/Hz within the loop bandwidth.
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Abstract—We present a novel and detailed analysis of the lock-
ing range and the stability map for side-mode injection-locked in-
plane semiconductor multimode lasers. By including the usually
neglected unlocked modes in our model, we predict a multivalued
locking range and stability map for this type of lasers. We also
explain and relate, the previously noticed slave laser bistability
phenomenon with the multivalued character of the locking range
and stability map, and experimentally validate our findings. More-
over, we find that the unstable operating region, commonly found in
literature by stability analysis of the injection-locked mode alone,
is actually much smaller.

Index Terms—Bistability, locking range, multimode semicon-
ductor lasers, multivalued functions, stability map.

I. INTRODUCTION

NJECTION locking is a general phenomenon observed in
many disciplines such as physics, engineering, biology, etc.
For the first time, it was observed by C. Huygens, who noticed
that the pendulums of two clocks on the wall move in unison
if the clocks are hanged close to each other [1]. Later, other
examples of this phenomenon were observed, such as human
circadian rhythm locking to the length of day [1], or the locking
of the Moon’s to the Earth’s rotation. Over time, injection lock-
ing has been used in a number of engineering applications com-
prising oscillators: electrical [2], microwave [3], or optical, i.e.,
lasers [4]. Semiconductor lasers are a type of electrically driven
oscillators in which the number of supported oscillations or
modes can be controlled by various feedback mechanisms, pro-
viding single- or multimode operation. For a multimode laser, a
sophisticated method to control oscillations in this (slave) laser
relies on synchronization with another (master) laser, i.e., on the
technique of injection locking.
The stable locking regime of an injection-locked laser is usu-
ally characterized by a stability map, which is represented by a
set of ordered pairs comprising angular frequency of detuning
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Aw between the master and the slave laser free-running frequen-
cies, and the injection power ratio r (i.e., the ratio of the photon
density Siy; injected into the slave laser and the photon density
Sy, of the injection-locked mode of the slave laser) for which
the slave laser is stably locked to the master laser. Such map has
previously been thought to be a single-valued function on Aw
and r [5]-[8]. However, in this paper, we show that the slave
laser behavior is far more complex and that the stability map
is a multivalued function. We arrive at this important conclu-
sion, which revises the current understanding of the locking and
the stability map, by studying, theoretically and experimentally,
the effects of a side-mode injection into a Fabry—Perot in-plane
quantum well laser.

In the prior work on the analysis of the stability maps [6], [7],
the unlocked slave laser modes have not been taken into account,
although it has been suggested that the unlocked modes should
be included into the consideration in the case of their collat-
eral excitation or gain suppression effects during the injection
locking [5], [8]. Even in the case of unstable injection locking,
followed by a variety of peculiar and chaotic effects, researchers
were still focused only on the injection-locked mode [4], [9].
Here, we show that unlocked modes significantly impact the
locking range, as well as the boundaries of the stable locking in
the regions where the stability map is a single-valued function.
As a consequence of the multivalued character of the stabil-
ity map, we show that the bistability of the slave laser occurs
within the region which was previously considered stable [5],
[6]. Although the bistability was previously noticed [7], [8], it
was never fully explored and explained. In this study, we also
experimentally confirm and correlate this bistability with our
modeling results.

In Section II, we present the model of the multimode rate
equations (MRESs) used in our work. In Section III, we show the
locking map and theoretically explain its multivalued character.
Section IV relates mapping of stationary points from Aw —
r space with phase plots and provides analysis of the stability
plots. In Section V, we present the experiment and its results,
which we compare with our theoretical findings. Finally, in
Section VI, we provide the conclusion of this paper.

II. MODEL

The dynamics of the injection-locked slave laser is described
by a system of MREs [10] with extra terms describing the lock-
ing phenomenon [4]-[10]. We consider a Fabry—Perot slave
laser whose emission in the free-running regime is centered at
the photon energy hwy = 0.8 eV (4y = 1.55 pum). The material
gain spectrum used in the model g(n, w) where n stands for

1077-260X/$31.00 © 2013 IEEE
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the carrier density and w for the angular photon frequency, is
asymmetric. It reaches its maximum (g, = 1222 cm") at the
threshold carrier concentration n = ny, = 2.85 x 10'% cm™3
and at the angular frequency w = wy, corresponding to the cen-
tral (dominant) mode. Due to the gain asymmetry with respect
to w, the number of side modes which can be supported by the
laser cavity is [} = 170 for w < wy and ls = 120 for w > wy.

The MREs describe the photon density for each mode in
the mode ensemble. Since the phase and the photon density
equations of the injection-locked side-mode are coupled with the
photon density and the phase of injected light, it is necessary
to add separate photon density and the phase equation of the
injection-locked mode to the MRE system. Thus, the system
comprises [ + /5 + 3 nonlinear differential equations. One of
the equations deals with the carrier concentration (n) dynamics,
ly + I5 + 1 equations describe the time dependence of the photon
density of both the injection-locked mth mode (S, ) and other
longitudinal modes (S;), including the central mode (j = 0),
while the last equation describes the time evolution of the phase
difference 6,,, between the free-running and the injection-locked
state [10]:

dn 1

E = W — [ASRHTL + Rsp(n) + CATL?)]

lo
- Z vg9(n,w;)S; (1)

=l
ds, . |
ditj =Tv,g(n,w;)S; — =L +TBypRep(n), j#m (2)
Tp
dSm - Sm
dt - Fvgg(n7wm + Aw)S,m — -
+ FﬁspRsp (n) + ch \/mcos 9m (3)
dam o « 1
a2 {F%g(n,wm + Aw) — TJ
— Aw — kc k;inj sin em . (4)

In(1), I =1.21;, is the current of the slave laser (/;, =2.45 mA),
R, (n) is the total spontaneous optical emission rate, Agpy =
1.1 x 108 s7! is the Shockley—Reed—Hall, and C4 = 5.82 x
10729 cm® s~ is the Auger recombination constant, while V =
7.83 x 1072 cm? is the volume of the active area, corresponding
to a laser width w = 1.2 pm and the laser cavity length L =
250 pm. In the system of MREs 7, = (I' - v, - gn) ' = 2.04 ps
stands for the photon lifetime, I' = 0.056 is the confinement
factor, v, = c/ny is the group velocity with n, = 4.2, k., =
1.13 x 10! s7! is the external light coupling factor, o = 3 is
the linewidth enhancement factor, Aw is the frequency detuning
between the master and slave lasers, while 3, =2.15 x 1074 is
the spontaneous emission coupling factor, defined as the ratio of
spontaneous emission coupling rate to the lasing mode and total
spontaneous emission rate. Finally, Si,; is the injected photon
density, which is proportional to the injected optical power P;
and is given by relation Siyj = 7, - I' - Pj/(no - hw - V'), where
no = 0.33 is the optical efficiency. All numerical values for
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these quantities in our model are taken from [10]. The angular
frequencies of side longitudinal mode j and injection-locked
mode m are denoted by w; and w,,, , respectively. We define w;
as the longitudinal mode frequency, separated from the dominant
mode wy by integer multiple j of intermodal spacing, i.e., w;
= wy + j(me/ny L), which for the injection-locked mode order
j = myields w,, = wy + m(mc/nyL). As already defined, the
frequency of the dominant mode wy is the lasing frequency
in the free-running regime, corresponding to the modal gain
maximum, at n = nyy. Since our model does not account for
the variation of the group refractive index n, with frequency
or carrier density, the frequencies of all of the modes are fixed
with respect to the carrier density variation in the laser and
the dominant mode wy. An implicit frequency variation with
carrier density change for the injection-locked mode is taken
into account only by (7). However, the frequency detuning Aw
between the master and slave laser is defined with respect to
the injection locked mode frequency w,,, which is the closest
to the frequency of injected signal from the master laser. In our
computation, injected optical power P,; and the photon density
in any of the modes are at least two orders of magnitude smaller
than those necessary to trigger the mechanism of nonlinear gain
suppression which is therefore neglected in our computation.

The system of MREs (1)—(4), can be rewritten in a more com-
pact form, in which instead of the injected photon density Siy;
we introduce r, previously defined as the injection power/slave
laser power ratio:

lo

dn 1
= QM= X wglnw +8nAw)S; )
Jj=-l
ds;
—L = Aj(n)S; + B(n) + 8 2ke/rSj cosb  (6)
1
B 0 ()~ A — ke/Fsing). @

In addition, we define B(n) = '8, Rsp(n) as the effective
spontaneous emission, A;(n) =Tv,g(n,w; + 6, Aw) — 7, !
as the effective rate of stimulated photon generation for mode
j, and @ as the total recombination rate, representing the sum
of Rg,(n) and nonradiative recombination rates. Equation (6)
applies on all modes, injection-locked and unlocked, which is
regulated by Kronecker delta §;,, .

III. LOCKING RANGE ANALYSIS

Starting from the stationary (6) for 7 = m and (7), assuming
that B(n) is negligible in comparison to the other terms, the
stationary value for 6, is

Aw

m —arctan(a).  (8)

0,, = Arcsin [—

The first term in the aforementioned equation is the gen-
eralized inverse sine, given by ¢(—1)% + zmw, where ¢ =
arcsin{ —Aw/[k.(1 + a?)/2r1/2]} is its principal value, while
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Fig. 1. Locking range for the injection into: the side mode m = —5 with all

unlocked modes included (single and double hatched); the central mode m =
0, excluding unlocked modes (shaded). Boundary condition cos (6,,, ) = 0 for
injection into: m = 0 excluding unlocked modes (dash-dot line); m = —5 with
the central mode (j = 0) included (dash line); m = —5 with all unlocked
modes included (solid line). Distribution of the roots of (11): L (hatched), H
(double-hatched), M (dense-hatched) for all modes included.

z is an integer, which has a physical meaning only for z € {0,
1}. By introducing 1) = arctan(«), (8) yields

Aw?
T =
k2(1 + a?)sin®(0,, + )

which for real 6, , and extreme values for sin(6,,, + 1) = 1 de-
fines the boundaries between the injection-locked and the four
wave mixing (FWM) regions [6]. However, an additional con-
dition comes from the fact that in the locked range cos(6,,) >
0 [11]. The locking boundary can be derived from the condi-
tion cos(f,,) = 0, which according to (8) can be converted to
sin(d,,) = —1 for Aw > 0 and to sin(f,,) = +1 for Aw < 0.
Insertion of sin(f,,) = +1 into the stationary form of (7) leads
to aA,, (n)/2 = Aw — sgn(Aw)k,r'/?. If the injection-locked
mode is the central mode (m = 0) at n = nyy,, then A4,,,(n) = 0.
In this case, the locking boundary is given by Aw = +k.r!/?
or r = (Awlk.)? (dash-dot line in Fig. 1), where Aw is given
in units of Q (2 = 10'° rad/s). This can also be derived from
(9), by taking into account that for 6,, = £7/2, sin (+7/2 + 1)
= +(1 + o®)"'/2. If m is a side mode (m # 0), the stationary
photon densities corresponding to cos(6,,) = 0 are given by 5
= —B(n)/A;(n) for all modes. Thus, (5) can be written with
respect to n as

€))

1
7 - Q(”) + Z Ugg(n7 wj + 6jm Aw)
q =11 <j<ly

(10)
The solution to (10) in this case is n, < nyy. It represents the
stationary state of the laser, for which A,,(n.) < 0. This last
condition remains valid whether besides the central mode, we
take into account all other side modes, a few side modes (in-
cluding injection-locked mode) or only injection-locked mode
m # 0. Therefore, the new locking boundaries (see Fig. 1) can
be found from oA, (n.)/2 = £(|Aw| — k.r'/?), leading to 7
= {[£|Aw| — aA,, (n.)/2)/k. }*where (+) corresponds to pos-
itive and small negative Aw (r, boundary), while (—) is used
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for sufficiently large negative Aw (r_ boundary). However, for
the r, boundary, this condition imposes an additional, more
rigid constraint, which due to the negative value of A, (n.),
additionally rises the boundary of 7, leading to a shrinkage of
the locking range (cf., Fig. 1). In this case, 0,, € (—n/2, —],
since the other branch of ¢ in (4) i.e., 7 — ¢ leads to cos(6,,)
< 0 and cannot be included in consideration. However, for the
r_boundary, it is possible to include both branches of ¢ (i.e., ¢
and T — (), since for both of them cos (6,,) can be positive. In
this case, 0,, € {[—1, 0] U (0, 7/2)} comprises 0,, = /2 — 1),
corresponding to the FWM boundary due to the fact that sin(6,,
+ 1)) = 1. This means that for Aw < 0, FWM boundary divides
0,, range in two segments, 6,, € [—, 7/2—1] and 0,, € [7/2 —
1, w/2). Since FWM boundary corresponds to the smallest r for
a given Aw, it can be concluded that the locking range in the
Aw — r space is folded down along the FWM boundary, leading
to the overlap of the two locking regions in the r-range between
the FWM boundary and r_ (dash and solid line hatched region
in Fig. 1). For small negative detuning (Aw ~ —1.13 ), the
left FWM boundary crosses the locking range [cos(6,,) > 0].
The intersection of the FWM and the cos(6,,,) = 0 boundary is
possible, since at this point and its vicinity, there is more than
one stationary solution, which can satisfy either one or the other
condition imposed by these two boundaries. Within the locking
range, the FWM boundary sets 6,,, to 7/2 — 1), but it becomes
irrelevant, since on its both sides, injection locking is possible.
The folding down along FWM boundary and overlap of the
locking regions between FWM and corresponding r boundaries
is also valid for m = 0. Since we are more interested in the
injection-locking into side modes, we do not show this case in
Fig. 1.

The locking range shown in Fig. 1, which accounts for the
unlocked modes, exhibits a nonzero detuning offset for small
injection ratios r. The essential reason for this is in our defini-
tion of w,,, and the uneven increase of the frequencies for the
dominant mode and side longitudinal modes when the carrier
density increases. The dominant frequency wy is the lasing fre-
quency corresponding to n = nyy,, while w,, is the frequency
for the injection-locked side-mode, defined in the free-running
regime by w,, =wy + m(me/ ny L). This definition for w,, over-
estimates its value for n < nyy,, since the gain change due to the
carrier density change is smaller for the side mode m than for the
dominant mode 0. Assuming a constant linewidth enhancement
factor for both modes, a smaller gain change of the side mode
leads to its smaller frequency change. Thus, the frequency maxi-
mum of a side mode m, which occurs at n = nyy,, is smaller than
the one predicted by w,, = wy + m(me/n, L), which accounts
for the dominant mode frequency increase. The correction term
for the injection-locked mode frequency wy,, , i.e., the frequency
shift of the side-mode frequency w,, , is proportional to its gain
defect. For example, the gain defect is zero (A4,, = 0) for the
dominant mode m = 0 (wy ), and it is negative (A,, < 0) for any
side mode m # 0 (w,, ). Therefore, side modes should exhibit
a negative frequency shift (red shift) with respect to the fre-
quencies given by w,, = wy + m(mc/n,L). This shift is taken
into account by the first term in (7), and for small or negligible
injection ratio 7 (r = 0), in the stationary state (d0,,/dt = 0), it
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Fig. 2. (a) Distribution of roots of (11): L (hatched), H (shaded double-
hatched), M (dark-dense-shaded) for all unlocked modes included. The dot
corresponds to Aw — r pair, for which all three roots occur simultaneously.
(b) dn/dt — n plots for all three roots and their corresponding stationary point
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can be compensated only by the negative detuning offset Aw,
as noticed in Fig. 1.

IV. STABILITY MAP ANALYSIS

From the stationary (6) for 7 = m and (7), one can eliminate
cos (0,,) and sin (6,,, ) and derive an equation with respect to the
carrier concentration 7:

[@A,, (n) — 2Aw]?* + [A,, (n) + B(n)/S,]? — 4k*r = 0.
(11)
Sy, can be expressed as a function of n, using the stationary
form of (5) as

B(n
qLV - Q(n) + Z—llg]‘glg,#m Ugg(mwj)A_,((;)) (12)

veg(n, Wy, + Aw)

S, m =

Obviously, (11) is a nonlinear equation, solutions of which are
stationary concentrations n; dependent on Aw and r. By solving
(11) numerically, we find that for any Aw — r pair in the locking
range (hatched region in Fig. 1), there is at least one, basic
solution, which we denote as ny,, while two additional solutions
may appear for Aw < —1.13 Q (crossing of FWM and r_
boundary). In Fig. 1, L denotes the region where there is only
one solution (ny,), H is the region where each Aw — r point
represents two solutions (second-order root), the basic solution
ny, and one more denoted as ny, while M is the narrow third-
order root region, which in addition to n; and ny comprises
solution ny. In further text, by ny we denote any of the roots
nr,nmg, or nyr. The locking boundary r_ separates the H- and
M -regions (cf., Fig. 1), and with the FWM boundary outlines
the H-region. For the more negative detuning (Aw < —2 2), the
M -region is compressed into a line which can barely be seen.

Each n, determines one pair of injected photon density st

inj
and injection-locked mode photon density Sf,? .Foragiven Shfj ,
phase plots dn/dt — n may exhibit either one [see Fig. 2(b)]
or three [see Fig. 3(b)—(d)] n-values, representing stationary

points, which we denote in increasing order (n%) < néf)) <

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 4, JULY/AUGUST 2013

, T
(Fi] 3 |7 B o
n n. 4 {H)
F » BN, { = 04} - LR
= [ ong=ny 1 & sl LN =L
21k 1 €00 S
(=] 1 G |, oW i T\ — }
8 on=nl ]y [O)e=-15" -
I 1e o) = ny = N2
a 1= =
= L) b -
o] =) S - g o S
= o BT R
E o ol inj \\ ’.r H
§-2 12 Peess NS
+ = t t + t
i == —nd=n®
3 18 ¢ B L Tl
= ]2
" 15 L8 a7
19 a} SH — L £} \ '/
3 inj T
A = Y
L -2fdes-14 NS ;

2.60 2.70 2.80
carrier concentration n (10'® cm3)

-3 ALY VT w0 A PR N | T
-7 6 -5 4 -3 -2 -1 0
frequency detuning Aw (Q))
Fig. 3. (a) Partition of the H -region, with respect to the type of the station-
ary point n . The region nj = ng) (hatched) coexisting with nyy = ngg) .
(b) dn/dt — n plot and mapping of n;, and ny into stationary points for Aw
=—-35Qand p=—1.9. Same for (¢c) p= —13and (d) p = —1.4.In (c) np
for p = —1.8 (square dot) coexists with ny for p = —1.3 (open dot), sharing
the same injected power.

ngf’)) < ngy) as in [10]. Here, we analyze how the n, roots map

into these stationary points.

The root ny, from the region L corresponds to a pair Si(nLj> and

S,(,f) for which there is only one stationary point in dn/dt — n

)

phase plot, denoted as néé . Similarly, a point from the M -region

(1)

[cf., Fig. 2(a)], maps into stationary points ng;,’” for each of three

corresponding roots ng [see Fig. 2(b)], all having different néy

values, since Si(lfj) is different for each of them.

The points from the H-region exhibit a more complex map-
ping. Each point from the H-region represents two roots, np,
and ny, with two corresponding injection densities Si(nLj> and
S, However, the mapping into the stationary points of the

inj
phase plot dn/dt — n, shows that n; always maps into néll,),

while ny, may map either into nﬁg) or ngg) or even into nié) in
the vicinity of the r_ boundary. Fig. 3(a) shows the full picture
of the H-region partition with respect to the type of stationary
point ng . In order to provide a deeper analysis of the mapping
we study character of the dn/dt — n phase plots [see Fig. 3(b)-
(d)] corresponding to the H-region for a fixed detuning Aw =
—3.5 Q and three different values of = (or p, where p = logy(7),
shown by circular dots in Fig. 3(a). Fig. 3(b) shows that for p =
—1.9, n; and ny map into points né%,) and ng) For p=—1.3
[see Fig. 3(c)] the situation is similar, with the exception that
ny maps into n£§,>, while for the critical value p = —1.4, ny
maps into a point at which ngf)) and ng) merge in the single
point [see Fig. 3(d)]. As it was already mentioned, one can see
from all these examples that n;, always maps into nﬁé)

This analysis shows that a point from the /7-region maps into
two points (n;, and ny ) each representing one stationary point
in dn/dt — n phase plot [e.g., Fig. 3(b)]. Each of these points
corresponds to one injected photon density Si(lfj) and simultane-
ously exists with other stationary points, corresponding to the
same injected photon densities, Si(lfj) or Si(rg ) ,but different r i.e.,
p- In these and similar cases [solid lines in Fig. 3(c) and (d)],
coexistence of the stationary points may provide multistability.

27



28

KRSTIC et al.: MULTIVALUED STABILITY MAP OF AN INJECTION-LOCKED SEMICONDUCTOR LASER

Thus, we further study the range of r (p), for which multi-
stability may occur. We again analyze dn/dt — n plots for Aw

— —3.5 O and find that for S*

inj
one stationary pointi.e., né? [dashed lines in Fig. 3(c) and (d)].
In other cases, multistability becomes feasible, since for a fixed

Sl({i] and consequently different 7-values there are three coex-
istin NV _ 2 _ 3

g stationary points, n;, = Ngp , NH = Ngp » andny = Ngp -
Fig. 3(a) shows that mapping of ny from the H-region into nEfJ
or nig?, leads to the partition of the H region into two disjunc-

and p > —1.7, there is only

tive subsets. However, for a fixed Sm and detuning, each point

from one subset has a corresponding point 1n the other [see
Fig. 3(b)—(d)]. In other words, for a fixed S, )

in] ,nsp and ngp,
always accompany each other. Therefore, both subsets of the
H-region represent ranges of multistability for stationary points

néf,) and nﬁp) .

It thus remains for us to find the multistability
range corresponding to ny = n< ).

In order to do that, we search for the r-range for which n; =
nqp [e.g., square dot in Fig. 3(c)] coexists with points ngf,)
[open dot in Fig. 3(c)] and néfj for a fixed Sfrfj). For any given
Auw, we find this range by calculating the photon density of the
for injected density St = gl

) 111] inj °
corresponds to ng = ngﬁ,) and ngf)). This finally

/Sm . Fig. 3(a) depicts the hatched part of the
H-region, in whichn; = ng)) coexists withny = ngf) (2)

injection 1ocked mode S\
where Sm

yields r = sU

inj
and ng,

for the same Sinj . Moreover, in the vicinity of the r_ boundary,

there is a third narrow subset in which ;7 maps into ngé) , Which
is irrelevant for multistability.

After identifying the areas in the Aw — r space where
ng%)) , ng?,), and ngi) coexist, we investigate their stability. This
is done by calculating the eigenvalues of the linearized rate
equations system (5)—(7), under the assumption of a small per-
turbation [10]. We simultaneously analyze how the number of
modes included in the analysis affects the stability. For that, we
investigate three cases, for which we take into account (i) the in-
jected side-mode m = —5 only, (ii) the injected side-mode m =
—5 and the central mode ;7 = 0, and finally (iii) the injection-
locked mode m = —5 and all unlocked modes. The stationary
point is considered stable if all eigenvalues of the system lie
in the left-half of the complex plain, which in the cases (i)—(iii)
correspond to 3,4, and [y + I + 3 eigenvalues, respectively [6],
[10]. For the case (i), n; = néé) corresponding to the L- and
the H-region in Fig. 4(a) [shaded area, shaded area beneath
the single hatched region and cross-hatched area in Fig. 4(a)]
reproduces the common stability plot as predicted by earlier
works [5], [6]. The union of the unlocked (blank area) and un-
stable region (cross-hatched area) for n; = ng,) in Fig. 4(a) is
usually classified as the region of nonlinear dynamics [6]. How-
ever, Fig. 4(a) also shows the root loci ny = nﬁ?), outlining
the H-region [single hatched region in Fig. 4(a)], which appear
even in the single side-mode analysis. As has been explained

previously, the stationary points ny = ng?,)

tional layer on the top of n; = nﬁll)) root loci in the H-region.
(2)

A closer inspection shows that ny = ng,’ root behave as the

represent an addi-
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Fig. 4. (a) Stability plot for injection-locked mode m = —5 alone. Stable

(shaded) and unstable (hatched) part of the locking range. The whole H -region
is unstable. (b) Same, for two modes included i.e., injection-locked mode m =
—5and j = 0. The whole H -region is unstable. (c) Same, for all modes included.
The whole subset ny = ng;,’ is unstable, while n gy = ng},’ is unstable only for
small negative detuning. For all three cases, ny, is stable in the whole H -region
(shaded under hatched).

repelling fixed point, not attracting one, as should be in case of
a stable stationary point. The same is confirmed by the small
signal analysis. Since the region for ny = n§§> is fully unstable
and represents the layer which overlaps n; = n£p> layer in the
H-region, one can conclude that the ny region actually does not
manifest its presence nor intersect the n;, = ngll)) layer. There-
fore, this single hatched layer can be ignored in case (i), while
the stability map remains as the one predicted in [5], [6]. Al-
though the H-region in case (ii) besides ny = ngf)), comprises
nyg = ngf,), we find that similarly as in case (i), ny is fully un-
stable for the whole H-region [cf., Fig. 4(a) and (b)]. However,
it is found in case (iii) that ny = ng) is always unstable, while
ng = néf,) is unstable only for a small negative detuning [see
Fig. 4(c)]. For all three cases, n, corresponding to the H-region

stays stable (shaded beneath the hatched region). It can be seen

in Fig. 4(b) and (c) that the unstable region for n; = n£§3 from
Fig. 4(a), diminishes as the number of modes increases.
In addition to the repelling fixed point instability related to

the stationary point ny = ns(,? , which can be also confirmed by
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Fig.5. Stableregionforny = ng) (dark shaded) and the partof n, = nﬁll))

(hatched) coexisting with it, for a fixed injection photon density Si,j, providing
bistability. All modes are included.

the asymptotic Lyapunov stability check based on the small sig-
nal analysis, we find that a different type of instability is related
to the other stationary points. In fact, instabilities which occur
for positive detuning for n; = ngé) and negative detuning for
ng = ngi) are related to the supercritical Hopf bifurcation, for
which the laser operates on only one mode with the oscillatory
output, while the suppressed modes follow the same oscillatory
behavior. In the stable regions and for the fixed conditions, the
slave laser remains in one of the stable points and in the injected
mode over the entire range. However, the multivalued character
of the locking range allows coexistence of the two stable, attrac-
tive fixed points for a sufficiently large negative detuning. As
we show next, these stable points may provide shifting between

modes as a result of injection power (or detuning) variation.

Since ngy = nif,) is a stable state for a sufficiently large neg-
ative detuning (see Fig. 5), we conclude that this part of locking
and stability plot diagram comprises two stable solutions nj,
and ny = nég) and represents multivalued function in Aw —
r space. In addition, for fixed injected densities Si(lfi), the state
ny = nﬁ? coexists with n; = ngé) (hatched part in Fig. 5).
Therefore, we conclude that the bistability becomes feasible as
a result of the multivalued character of the locking and stability
plot. This result confirms that inclusion of unlocked modes in
the analysis of the stability map is crucial for multimode in-
plane lasers. It is not clear, whether this effect is relevant for
monomode in-plane lasers. However, it can be expected that in
the case of the sufficient suppression of side modes, monomode
lasers can be treated as before, i.e., regardless the influence of the
unlocked modes. Recent investigation of nanostructure lasers
based on quantum dashes [4], [12], suggests that our findings
may help to understand some of bistability effects found there.
Moreover, this complete model can be useful in the investiga-
tion of the bandwidth and the modulation response of injection-
locked multimode lasers [13], [14] and their dynamics in gen-
eral. In addition, it can be used to study the injection-locked
lasers in all-optical flip-flop element applications, to investigate
the switching time between the bistable states more precisely,
previously analyzed only by a single-mode model [15]. Our
model can also be of interest if the injection locking includes
more than one master signal, as in the case of dual injection [16].
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Fig.6. (a) Experimental setup. (b) Measured SMSR for the mode m = —5 ver-
sus injection power P, ;. (c) Branches of the hysteresis from (b), mapped into
r-SMSR space: (left) upper branch within (dots) and outside (solid) bistability
range; (right) lower branch within (solid) and outside (dash) bistability range.
(Inset) Schematic distribution of the hysteresis branches in the locking and the
stability plot.

V. EXPERIMENT

In order to validate our findings regarding bistability, we
conduct an experiment [see Fig. 6(a)], in which for a slave
Fabry—Perot laser we measure the side-mode-suppression-ratio
(SMSR) of the injection-locked mode m = —5 (with respect
to the dominant mode) versus the injection power Fi,; [see
Fig. 6(b)]. We set Aw = —5 Q and I = 1.41;y,. The decrease
and then the increase of P; clearly show a hysteresis, which
proves the existence of the bistability. By using the measured
power corresponding to .S, for m = —5 and P,,;, we generate
the r versus SMSR plot [see Fig. 6(c)]. Since the laser used in
this experiment has a larger active region volume than the one
used in our calculations, we qualitatively compare Fig. 6(c) with
Fig. 5 for a fixed negative detuning. The upper branch of the
hysteresis loop [see Fig. 6(b)] falls into a smaller r-range (p <
0.5) [see Fig. 6(c)]. This corresponds to the hatched region in
Fig. 5 for which n; = nﬁjﬁ coexists with ny = né?, sharing
the same F,;. For p > 0.5, corresponding to the upper branch
outside of the hysteresis loop, we find only one stable stationary
point. This result is supported by Fig. 5, which shows a stable
region between the hatched and shaded areas, corresponding to
the part of the upper branch outside of the bistability range [cf.,
inset in Fig. 6(c)]. For a sufficiently large r (p > 1.1), there
is an additional stable stationary point corresponding to lower
branch of the hysteresis loop and ny = nsf, region in Fig. 5.
The fact that for this range of r, we have two different values of
SMSR, i.e., two different injected powers F,; for one r, con-
firms the conclusion that the shaded region in Fig. 5 represents
the multivalued function. The lower branch outside of the loop,
corresponds to ny = néllg) [see Fig. 3(a)], which as we already
mentioned, is not related to the bistability region. However, the
experimental results suggest that the region corresponding to
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ng = nﬁﬁ,) comprises a somewhat wider r-range than the one
predicted by our theory, which proposes almost horizontal line

for ng = nSI? part in Fig. 6(c). It is likely that small injected
powers in this case may cause a measurement uncertainty and
consequently the small noticed discrepancy between the the-
ory and the experiment. It is also possible that the experimental
results include not only the H-, but also the M-region, which sup-
ports multiplicity of nEIl)) point. Therefore, the mapping shown

in Fig. 6(c) completely resembles distribution of r-values in
Fig. 5 and thin region ny = ng,) in Fig. 3(a).

VI. CONCLUSION

We show that the inclusion of the central and other unlocked
modes in an injection-locked laser considerably modifies the
commonly defined locking range map, ordinarily obtained by
analysis of the injection-locked side-mode alone. For sufficient
negative detuning, the locking range is degenerated and folded
down between the FWM and the locking range boundary where
cos (#,,) = 0. Moreover, for a small r, this range is shifted toward
the negative detuning. The folding down of the locking range
leads to a multiplicity of the stationary points and consequently
to the slave laser bistability. Qualitative agreement between our
theory and our experiment has been found in this study. The
stability analysis shows that when all of the modes are included
in the numerical analysis, the potential bistability regions are
generally stable, except for small negative detuning. However,
if only the dominant and injection-locked modes are included
in the stability analysis, the bistability cannot be observed since
the folded part of the locking region becomes fully unstable.

Additionally, for a positive detuning, the inclusion of all un-
locked modes predicts shrinkage of the unstable region on the
stability map. All these results considerably modify the shape
and features of the common single-valued locking and stability
map [5].
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Abstract—We demonstrate an integrated InGaAsP/InP mode-
locked laser (MLL) stabilized with an optical phase-locked loop
(OPLL). Using the OPLL, a single comb line is locked to a
reference oscillator (a 200 Hz linewidth Brillouin laser). The
comb linewidth is reduced from 100 MHz (unlocked) to <550 Hz
(locked) using the OPLL. The RMS phase error between the
comb and the reference laser is 20°. The linewidth of the adjacent
comb lines is <1 kHz, and the comb spans 430 GHz.

Index Terms—Mode locked lasers, photonic integrated circuits,
integrated optics, comb line generation, optical phase locked loop.

I. INTRODUCTION

ntegrated mode-locked lasers (MLLs) are a common source

for optical comb generation, whereas other comb sources
include optical parametric oscillation (OPO) [1] and cavity-
enhanced phase modulation [2]. InGaAsP/InP optical comb
sources operating at 1.55 pm wavelength have applications in
metrology [3], low-noise microwave and THz oscillators [4],
sensing and imaging (e.g. frequency-resolved and frequency-
modulated-continuous-wave (FMCW) LIDAR) [5], and
wavelength-division-multiplexed (WDM) data communication
[6]. Typically semiconductor combs have optical linewidth of
>]1 MHz and frequency drift in the MHz range arising from
electrical, thermal, and mechanical fluctuations. Narrower
optical linewidth and improved stability enables better
resolution for sensing and imaging, as well as higher spectral
efficiency, i.e., higher QAM, for telecommunications.

Stabilization of integrated comb sources can be achieved
using optical injection locking and feedback circuits, such as
phase-locked loops. Researchers have demonstrated injection-
locked active, passive, and hybrid mode-locked lasers
[71[81[9][10], with hold ranges for locking varying from ~200
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to 800 MHz. As injection locking typically suppresses all
modes but a few near the injected tone [10], these
demonstrations used either large RF drive power with active
mode locking (20.5 dBm) [8] to create multiple reference lines
inside the cavity, or achieved this externally using a Mach-
Zehnder modulator and injected multiple phase-locked tones
with passive mode locking [9]. A trade-off quickly becomes
apparent between phase-noise reduction and comb
suppression. Higher injected powers reduce more of the phase
noise. However, they also suppress the adjacent modes leading
to single-mode lasing at high injected power.

The optical phase-locked loop (OPLL) is a promising
device to achieve stabilized broadband comb sources with high
levels of phase-noise suppression. An OPLL allows the phase
noise to be cloned from a reference laser to a slave laser, i.e., a
current controlled oscillator, within the loop bandwidth. Only
recently have integrated OPLLs been demonstrated [11], and
heterodyne locking at a frequency offset from -9 to 7.5 GHz
has been shown [12]. Through optical integration, the loop is
less affected by environmental noise and the loop bandwidth
has been increased to over 1.1 GHz [13]. When integrated, the
OPLL requires a semiconductor laser, an optical mixer, an
optical detector, and a loop filter which can be as simple as
resistors and capacitors or as complex as a custom HBT,
CMOS, or BIT circuit with amplifiers and mixers. The entire
system can fit in the palm of your hand, can be smaller than a
quarter, and can run on batteries.

In this demonstration, a monolithic mode-locked laser with
an optical mixer and photodetectors is integrated with
transimpedance amplifiers (TIAs) and an electronic loop filter.
The monolithic photonic integrated circuit (PIC) enables a
short OPLL loop delay and provides stable and robust
coupling between the optical components to reduce noise. The
integrated OPLL comb source has a footprint <10x10 mm?,
where most of this area is due to the electronics and associated
wire bonding. To our knowledge, this is the first demonstration
of a monolithic semiconductor mode-locked laser stabilized
with an OPLL. Short loop delay, realized through photonic
integration, is crucial to achieving this stable locking.

II. MLL FABRICATION

A Fabry-Perot MLL, an optical coupler, an optical mixing
element, and photodetectors are fabricated on an InGaAsP/InP
offset quantum well (OQW) platform that consists of seven
0.9% compressively strained 6.5 nm QWs and eight -0.2%
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tensile strained 8 nm barriers that are epitaxially grown above
a 300 nm thick 1.3Q InGaAsP layer as part of the base epi.
The PIC fabrication uses i-line photolithography for
photoresist definition and standard cleanroom processing
techniques on all steps. Passive areas are defined using a
selective wet-etch and a single blanket regrowth is done to
cover the device with a p+-doped InP cladding, a p++-doped
InGaAs contact layer, and an InP capping layer to protect the
InGaAs contact layer during device fabrication. The active
material is used to define the semiconductor optical amplifiers
(SOAs) and the saturable absorber (SA), whereas the passive
material is used to define the low-loss waveguides, optical
couplers, and current injection based phase shifters. A
microscope image of the completed device is shown in Fig. 1.

Feedback loop
filter for OPLL

Ref. laser input

Stabilized comb output

Fig. 1. Microscope image of the PIC and schematic of the loop filter with
numbered components: (1) mode-locked laser, (2) optical coupler and SOA
amplifiers for comb and reference laser, (3) optical mixer, (4) balanced
photodetectors, and (5) current-injection based phase tuning pad.

III. OPTO-ELECTRONIC INTEGRATION

The fabricated laser bars are singulated into 500 x 1700 pm®
PICs and mounted on gold coated AIN carriers with AuSn
solder. The TIAs are InP based HBTs fabricated by Teledyne
Scientific. The TIA chip also has limiting amplifiers with ~30
dB maximum gain for small signals. The loop filter for the
OPLL is designed on a separate AIN carrier using a
commercial Op-Amp with 0603 resistors and capacitors
optimized for the correct transfer function, and simulated using
Advanced Design Systems software by Agilent. The three
OPLL systems (PIC, TIA, and loop) are soldered onto a thin
gold coated AIN mount in close proximity to minimize loop
delay and GSG signal pads are connected with short wire
bonds. An image of the finished system is show in Fig. 2(a),
and in Fig. 2(b) under test.

o
o

Fig. 2. Images of (a) the integrated PIC, TIA, and loop filter on AIN carriers,
and (b) the OPLL system under testing. The input fiber for the reference laser
is shown on the left side, the output fiber for the comb is shown on the right
side. High-speed probes (left and back) and DC probes (right) are shown.

Nearly balanced photodetectors (BPDs) (with 20% power

imbalance) are used on the PIC with current subtraction done
with the Op-Amp. The BPDs reduce the influence of RIN
since this noise is common to both detectors.

IV. OPTICAL LOCKING RESULTS

The OPLL system is first locked using a 1 MHz optical
linewidth DFB laser as an optical reference. The OPLL comb
is passively mode locked and 3 mW optical power is coupled
into a lensed optical fiber at the left laser facet. The reference
laser is optically mixed on-chip with the output of the MLL
and measured on the integrated photodetectors. This error
signal is fed through the TIAs, the loop filter, and finally back
into a current-controlled phase pad on the MLL. The MLL
with the phase pad operates as a current controlled oscillator
(CCO) to clone the phase error of the reference within the loop
bandwidth.
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Fig. 3. Heterodyne beat spectrum of a DFB laser and the locked comb lines
under passive mode locking (RBW 200 kHz). (a) Comb lines on the low-
wavelength side of the comb are arbitrarily measured at 3 and 21 GHz. (b)
Comb lines on the high-wavelength side of the comb are arbitrarily measured
at 11 and 13 GHz. In both plots fi, is shown at 24 GHz. Locking is achieved
using a second DFB laser. The optical linewidths measured are 2-4 MHz.

Once locked, the optical comb lines are measured using a
heterodyne technique with a second DFB laser arbitrarily
placed near the comb lines of interest. The spectrum of the
low- and high-wavelength side of the comb is shown in Fig.
3(a) and Fig. 3(b), respectively; two comb lines and f, are
visible. The RF beat tone linewidth at f,, is 2 MHz under
passive mode locking, where f., is the cavity repetition
frequency of 24 GHz. The loop bandwidth is ~790 MHz, and
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resonance peaks at £790 MHz are visible on both sides of all
comb lines. The optical linewidth of the locked comb line is 1
MHz. The measured linewidths of the adjacent comb lines are
2-4 MHz within a 10 dB bandwidth of the locked tone, thus
nearly matching the RF beat tone linewidth. Without the OPLL
locking to the reference laser, the comb linewidths are ~100
MHz. This demonstrates that the phase errors between
adjacent comb lines are partially correlated, within the f,
linewidth, and therefore reducing the phase noise of a single
comb line reduces the phase noise of all comb lines.

To improve the stabilized comb, the NP “The Rock” 200 Hz
linewidth laser is used as the optical reference, and is
positioned at 1550 nm. The MLL is also hybrid mode-locked
using an RF power of +15 dBm, which increases the precision
of the frequency spacing between the comb lines. The beat
tone linewidth at f.., is <10 Hz (limited by the ESA resolution),
see Fig. 7(a). The laser drive current is 120 mA and the SA is
biased at 0 V. The optical spectrum of the locked tone is
shown in Fig. 4(a).
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Fig. 4. (a) The optical comb spectrum measured on the OSA with the
wavelength of the reference laser shown in the dashed vertical line (res. 60
pm), and (b) heterodyne beat-tone measurement on the ESA used to calculate
optical linewidth (RBW 200 Hz). The beat-tone width is 550 Hz at -3 dB
from the peak.

The linewidth of the locked comb line is measured using a
delayed heterodyne technique, as shown in Fig. 5. The
reference laser is put through 150 km of fiber and a 100 MHz
acousto-optic modulator (AOM), and then mixed in a 2x2 fiber
coupler with the output of the mode-locked laser. The output
of the optical mixer is measured on an electrical spectrum

analyzer (ESA) at 100 MHz.

Fiber Delay

2 (Y Freq. ref. 1 !Freq.ref.z
PC

"l oPLL

(EsA | <] AOM |« PIC
%2
i

Fig. 5. Optical phase-locked loop measurement set-up using the 200 Hz
linewidth Rock laser. The fiber delay in Arm1 is set to 150 km for linewidth
measurement, and matched path length with Arm2 for residual phase-noise
measurement. AOM: Acousto-optic modulator. PC: Polarization controller.
ESA: Electrical spectrum analyzer. OSA: Optical spectrum analyzer.

Arm
Arm.

The measured frequency width at -3 dB is 550 Hz, as shown
in Fig. 4(b), which means the actual optical linewidth of the
comb line is below this due to the self-heterodyne technique.
The measured linewidth is the combined phase noises of the
two lasers. However, 150 km of fiber provides only 734 us of
delay, which is shorter than the coherence time of the Rock
laser (1.59 ms). The self-heterodyne measurement is hence
operating near the limit #4iqy = fconerence [14], which means that
an upper bound of 550 Hz can be set on the linewidth, but the
exact linewidth cannot be determined without additional fiber
such that #4e1sy >> fconerence- The optical linewidth of the comb
lines without the OPLL is 100+30 MHz, as shown in Fig. 6,
more than 10° times larger than the locked linewidth.

Stable locking is achieved for the duration of testing, > 3 hrs
without any adjustment. The duration of locking is limited by
the fiber coupling from the reference laser into the PIC, which
drifts over time. To verify the OPLL locking, the loop filter is
turned off and the measured 100 MHz AOM tone is no longer
observed. The unwanted reference laser power that reflects
from integrated PIC components and reaches the laser cavity is
measured to be < -30 dBm, and no injection locking is

observed.
----  Unlocked
— Locked

-40

PSD/RBW [dBm]
.
o o o

|
[e]
o

|
(o]
o

—200 0 200
Frequency offset [MHZz]
Fig. 6. Optical linewidth measurement with (solid black, RBW 200 Hz) and
without (dashed red, RBW 2 MHz) the optical phase-locked loop. The optical
linewidth is reduced from 100 MHz to <550 Hz.
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The optical linewidths of the adjacent comb lines are
measured at f., + f,om on the ESA, as shown in Fig. 7. These
linewidths are <1 kHz measured with a 75 km fiber delay,
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which are greater than the locked tone linewidth due to added
phase noise induced by amplitude noise in the MLL OPLL
system.

The measured residual phase noise of the locked comb line
compared to the reference laser is shown in Fig. 8. This is
measured by matching the paths lengths of Arm1 and Arm2 by
adjusting the fiber delay shown in Fig. 5. The phase noise has
a pedestal from 1 kHz to 10 MHz, which arises due to the laser
RIN. The phase-noise below 1 kHz is dominated by the
acousto-optic modulator and the RF source operating at 100
MHz used in the set-up. Thus, the measured phase noise is
most accurate above 1 kHz. The phase-noise variance is 0.12
rad’® from 1 kHz to 10 GHz, corresponding to 20° standard
deviation from the locking point.
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Fig. 7. (a) Linewidth of the adjacent comb lines measured at frep = faom on the
ESA after 75 km of delay (RBW 10 kHz), and (b) zoomed in at fip + faom
(RBW 100 Hz).
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Fig. 8. Residual phase noise of the locked comb line measured on the ESA

(green). The low frequency phase noise is dominated by the acousto-optic

modulator (AOM) and the RF driver used in this measurement (purple).

V. CONCLUSIONS

Close integration of OPLLs and PICs enables low phase-
noise, stable, and highly compact optical frequency comb
generators. A 430 GHz span comb is demonstrated with <550
Hz optical linewidth at the locked tone and <1 kHz on adjacent
tones. The OPLL achieves a 20° standard deviation from the
locking point. Using a suitable CMOS TIA, amplifier, and
loop filter could reduce the dimensions to <2x2 mm? and
further reduction to noise can be achieved through the use of
well-balanced detectors.
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Abstract—An integrated circuit (IC) for heterodyne optical
phase locking in a 1-20-GHz offset range is hereby reported.
The IC, implemented in a 500-nm InP HBT process, contains
an emitter coupled logic digital single-sideband mixer to provide
phase locking at a +20-GHz offset frequency, and a wideband
phase-frequency detector designed to provide loop acquisition up
to +40-GHz initial frequency offset. The all-digital IC design has
phase-frequency detection gain independent of IC process param-
eters or optical signal levels, and provides a wide offset locking
range. A 100-ps delay decreases the overall loop delay, making
wideband loop filter design possible. In addition, a medium-scale
high-frequency logic design methodology is presented and fully
discussed.

Index Terms—Bipolar integrated circuits (ICs), high-speed ICs,
microwave circuits, mixers, optoelectronic devices, phase-locked
loops (PLLs), wavelength division multiplexing.

[. INTRODUCTION

HE ever-growing data volume transmitted through the op-

tical fiber communication systems requires increasingly
efficient transmission and receiving techniques. Coherent com-
munication methods have been of a great interest due to their
superior noise performance comparing to the direct-detection
ones. However, coherent communication is mainly based on a
free-running optical local oscillator (LO) and digital processing
after detection for data and clock recovery. Wavelength-divi-
sion-multiplexed (WDM) optical communications systems use
optical resonators coupled to diode lasers to produce optical
channel spacing, typically ~50 GHz. The WDM receiver, in
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turn, is implemented by optical filters to separate the channels.
In marked contrast, in microwave systems, frequencies are pre-
cisely determined by phase-locked loop (PLL)/synthesis tech-
niques, allowing close frequency spacing of communications
channels and efficient use of the spectrum. Using optical PLLs
[11, [2], pairs of lasers can be locked in both optical phase and
frequency. By introducing frequency offsets within the optical
PLL, the frequency difference between a pair of lasers can be set
to this injected frequency, allowing wavelength spacing within
WDM, LIDAR, and other optical systems to be set precisely and
under digital control. This is optical wavelength synthesis.

Due to the large optical frequency (e.g., 193 THz for a
1550-nm laser), frequency-division techniques cannot be used
for frequency synthesis. Due to the large ratio of optical oscil-
lator frequency to the typical loop bandwidth in optical PLLs
(~200 MHz-1 GHz), it is also much more difficult to force the
loop to lock. The large initial frequency offset between lasers
forces development of frequency difference detectors operating
over a 100-GHz bandwidth. To get a large loop bandwidth, yet
preserving stability, the loop delay must be minimized [3]. One
factor determining loop delays is the speed-of-light propagation
delay on both optical waveguides and electrical interconnects.
To minimize this delay, the loop must be physically small.
This goal is best achieved by monolithic integration. Previ-
ously reported optical PLLs [1], [2], [4]-[6] have used an
optical interferometer, which measures the sign of the phase
offset between the two lasers. This is insufficient to extract
the sign of the laser frequency offset, information required
for either frequency offset detection or for frequency offset
locking with an unambiguous sign to the frequency offset. By
measuring both the sine and cosine of the laser phase offset
in a quadrature-phase (I/Q) interferometer, both in-phase and
quadrature-phase components of the offset signal are measured.
This allows both measurement of frequency offset and use of
a single-sideband (SSB) mixer to perform offset locking with
controlled frequency offset magnitude and sign. Fan et al. [7]
reported heterodyne phase locking of lasers using an external
cavity. This work permits rapidly tunable phase-locked systems
and does not require the addition of external optics.

Table I. summaries important milestones in optical offset
phase locking.

An optical PLL contains a photonic integrated circuit (PIC)
comprising a widely tunable sample grating distributed Bragg
feedback (SG-DBR) laser, an I/Q detector including a star-cou-
pler [8] and photodiodes, a microwave electrical integrated cir-
cuit (EIC) containing frequency offset control and phase-fre-
quency detectors—reported in this study and recently reported

0018-9480/$31.00 © 2012 IEEE
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TABLE I
HETERODYNE OPTICAL PHASE LOCKING—PARALLEL STUDIES

Loo Frequenc Single
Work (year) P qUenCy: gide-band Comments
Delay detection .
locking
[1] R.J. Steed Hybrid XOR
2011 1 ns No No sate
[5] L.N. Langley Hybrid mixer
(1999) 380ps No No and PD
[4] U. Gliese
(1992) 400 ps No No
[11]M. Lu . tF“"yt q
(2012) using the 200 ps Yes Yes iniegrate
reported IC SSB Mixer
P and PFD

in [9], and a high-frequency (500 MHz), low-delay feed-for-
ward-compensated op-amp loop-filter [10]. PIC design and op-
tical wavelength synthesis results are reported in [11]. Here, we
report the design methodology and performance of an InP HBT
optical wavelength synthesis IC comprised of a 1-20-GHz dig-
ital SSB mixer and a £40-GHz phase-frequency difference de-
tector (PFD). The digital design eliminates the dependence of
loop bandwidth on optical signal levels (i.e., input photocurrent
magnitudes) and enables a wide frequency locking range. In this
paper, optical heterodyne locking methods and considerations
are examined, a novel digital mixing technique is in-depth an-
alyzed, and design methodologies of complex high-frequency
digital ICs are discussed.

II. OPTICAL SYNTHESIZER DESIGN

Optical and electrical PLLs differ fundamentally in that
the ratio of carrier frequency to loop bandwidth is a ratio of
~ 10* : 1 larger in optical than in electrical PLLs. This vast
ratio of oscillator frequency to loop bandwidth has a profound
impact upon the range of wavelengths over which an optical
PLL will acquire lock, and greatly impairs the rate both at
which the optical PLL can scan its frequency and its absolute
frequency tuning range.

The wide (~200 GHz) frequency tuning range of semicon-
ductor lasers, of great value in tunable sources, imposes the
demand for very wide bandwidth electronics. The initial fre-
quency offset between reference and controlled lasers may ex-
ceed 200 GHz, approaching the range of operation of electronic
amplifiers and far beyond the control bandwidth of feedback
loops. To acquire a homodyne lock, the beat note between lasers
must fall within the PLL loop bandwidth fpry,. In fact, PLLs
have a maximum locking range of A fy,.x ~ 3fpLL, as noted
by Razavi [12]. Attempts to increase the locking range by di-
viding the beat note frequency using a frequency divider have
two main drawbacks: an increase in a loop delay due to an in-
troduction of a divider into a loop, and a disability of the divider
to operate in an absence of a beat note, when the loop is locked.

A simplified offset locked optical PLL block diagram is pre-
sented in Fig. 1. The loop is comprised of an optical interfer-
ometer acting as a phase detector, a microwave mixer to apply
frequency offset (A foxt), and a loop-filter to control the loop
bandwidth and dynamics. For a reference laser frequency fgr

Optical mixing Frequency offset

reference 0° mixer
laser ¥ ™\ems XleD ! X
slave * 180° TI amplifier
laser i

5 photodiodes COS(2TT A it)

§ IS Control loop
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L3 | integratokI .
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Fig. 1. Simplified optical PLL block diagram.

and a slave laser frequency fr, the photodiodes output current,
given by (1), is proportional to cos(A#(t)). Here, Fr, 0g, and
fr are the electric field amplitude, phase, and frequency of the
reference laser, while F, 61, and f; are those of the locked
laser, and Af(t) = 2r Aft + Ay, where Af = fr — fr and
Aby = 6p — 01

IPD x ERej(Qﬂ'th-‘reR) +EL€‘j(27rth+gL) 2
= |Er|* + |EL|? + 2|Er||Er| cos (AH(t))
Kpp = Ipp = 2|ER||EL|cos (Af(1)) se=

M
2|Eg||EL|.
@)

Since cos(AH(t)) = cos(—AH(t)), the frequency offset sign
cannot be extracted unambiguously; hence, measurement or
control of the sign of the frequency offset is not possible. In
addition, such loop topology imposes phase detection gain,
Kpp, directly proportional to the product of reference and LO
laser field intensities (2). This makes the PLL open loop gain,
and hence, bandwidth dependent upon optical intensity, poten-
tially subjecting the loop to instability for varying component
parameters or operating conditions.

The microwave mixer downconverts the beat note to
cos(2n(Af — A fext )t + Aby). Since the downconverted signal
frequency falls within the loop bandwidth range, the loop lock
the lasers with A f,., offset.

In a type II PLL, which has a zero steady-state error in
response to a ramp input, the loop filter includes an integrator
with a compensating zero, with a loop filter current gain transfer
function of (1 + 718)/72s, where 71 and 7» are integration
and zero time constants. Given this filter transfer function, the
overall PLL loop transmission is as in (3). A laser operates as
a current-controlled oscillator (CCO) whose tuning coefficient
is defined as Kcco = dfr/dI. As with a voltage-controlled
oscillator (VCO), the CCO provides additional integration in
the loop transmission.

The loop bandwidth, fprr, is the frequency for which
IT(277 fpLr) = 1|| approximated by (4) and determined by
the loop-filter time constants, phase-detection gain, and the
laser’s current-to-frequency conversion gain
Keco 1+ 118

T(S) :KPD (3)

“4)

S T28

71
fron #—KppKcco.
2Ty
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Fig. 2. General diagram of an optical PLL consisting of reference and locked
lasers, four-phase optical mixing, offset frequency injection with an SSB mixer,
PFD, and loop filter.

To measure the sign of the frequency offset, both the in-phase
() and quadrature-phase (Q) [(5) and (6)] components of lasers
offset beat-note are required. Since a simple optical interferom-
eter provides only the in-phase component, Ipp, a 90° optical
hybrid [8] should be used

T x ‘EBej(ZTrfIct+9R) + ELej(ZﬁfLH—GL) 2

= |Eg|? + |EL|? + 2|ER||EL| cos (A8(t)) (3)
Q ~ ‘ERGJ(QﬂfRH»HR) +EL€j(27rth+6L+g) 2
= |Eg|? + |EL|? + 2|ER||EL|sin (A8(1)).  (6)

A PLL will not by itself acquire lock if the initial reference-
slave lasers offset frequency exceeds the required final offset
frequency by ~2-3 times the PLL loop bandwidth fpry, [12].
At A = 1550 nm, £0.02% wavelength detuning corresponds
to a £39-GHz offset frequency, much larger than the ~1-GHz
fpLL, feasible given typical laser tuning characteristic [11] and
minimum delays, achievable by a discrete loop. Hence, in order
to obtain initial lock, the lasers should be manually brought into
the locking range, and if the lock is lost, it will not be automat-
ically obtained again.

The 1/Q signals provided for the offset sign control allow de-
signing a loop with an ability to measure the initial loop fre-
quency detuning using a PFD [13]; the initial lasers detuning
can then be as large as that of the available photodetectors and
integrated circuit (IC) bandwidths, about =100 GHz. The time
to acquire frequency lock is set by the loop bandwidth operating
in frequency-control mode and its damping factor.

Fig. 2 suggests a block diagram of an analog optical PLL loop
with a SSB mixer for offset sign control, and a phase-frequency
detection mechanism to extend the frequency locking acquisi-
tion range. In this optical PLL, the reference and slave laser are
mixed at (0°, 90°, 180°, 270°) phase offsets and detected by
photodiodes, producing photocurrents proportional to the cosine
(D) and sine (Q) [(5) and (6)] of the optical phase difference. The
coupler and photodiodes thus form an I/Q mixer.

To control optical frequency offset spacing, the slave laser
must be locked to a controlled positive or negative frequency
offset from that of the reference laser. The offset is introduced
by shifting the I/Q photodetector signal frequencies using a two-

180° rotation 90° rotation PFD

>
ECL
Limiters
L
clkiso

fi2

ouT
5

20

° clkgo °rotation control

Fig. 3. Digital block diagram of the electrical PLL IC, consisting of input lim-
iter amplifiers, a digital SSB mixer implemented with 180° and 90° rotation
blocks, and a PFD.

stage (Weaver) SSB mixer implemented using quadrature op-
tical and microwave mixers. The microwave offset reference
LO, provided by a microwave synthesizer, thus controls the op-
tical frequency spacing.

A Quadricorrelator PFD [14] provides an error signal propor-
tional to the offset frequency [see (7)]. The first term of (7) is
responsible for the phase detection, when A f = 0, and provides
a 180° period characteristic. In case of A f # 0, the second term
of the equation provides a frequency detection indication with
detection range set by the 7 delay

I'(H)Q' (t—7)=cos(2mA ft+Abg) sin (27 A f(t—7) + Aby)
=0.5sin(d7Af - 27 A fr+2A6))
+0.5sin(27rA f7). (7

The analog optical PLL loop will only operate well for 1/Q
signals within the linear range of the mixers and any ampli-
fiers between them and the photodetectors. Given variable pho-
tocurrents, this will require automatic gain control (AGC). Even
with such AGC, the phase detection gain, Kpp, will still de-
pend upon the reference and slave lasers optical intensity. It is
also difficult to design a wideband SSB mixer using standard
analog topologies since these require cosine and sine compo-
nents of the RF signals [15], and hence, 90° phase shifters. Such
phase shifters are generally narrowband. To obtain a wide offset
locking frequency range, a digital frequency translation tech-
nique was developed.

III. THEORY AND DESIGN

A. Operation Principles

To enable tuning of a frequency offset over a wide +1 to
+20-GHz bandwidth, and to reduce the dependency on the pho-
tocurrents from the PIC, an all-digital SSB mixer is proposed
(Fig. 3). The I/Q photocurrents generated by the PIC detectors
are converted to digital levels using a chain of limiting ampli-
fiers. Since the mixer and phase/frequency detector are entirely
digital, the phase-detector and frequency-detector gains are in-
dependent of IC process parameters (transistor and passive ele-
ment parameter values). In marked contrast, had a linear analog
mixer and phase detector been designed, the loop bandwidth
would have varied with variations of optical component param-
eters (hence, photocurrent amplitudes), and mixer and pream-
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Fig. 4. Digitally limited I/Q signals for optical frequency offset. (a) Time-do-
main square wave. (b) Rotating constellation in the (I,Q) plane.
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Fig. 5. Digital state rotation. (a) 180° rotation. (b) 90° rotation. (c) 270° rota-

tion.

plifier gains. In this circumstance, precise control of the PLL
bandwidth would have been difficult to obtain.

Subsequent to digital limiting, frequency shifts are introduced
with a digital SSB mixer (Fig. 3). Given a positive laser fre-
quency offset Af, the I/Q photocurrents rotate counterclock-
wise through the points (1,1), (—1,1), (=1, —1), (1,—1) in the
(1,Q) plane (Fig. 4). For a negative frequency offset, — A f, this
rotation reverses. For zero frequency offset, the constellation
remains static at one of the four points as determined by the rel-
ative laser phases.

The digital SSB mixer provides a frequency offset by rotating
this constellation in the opposing direction, producing a static
output pair (I'; Q"). The mixer is formed of cascaded 180° and
90° rotation blocks. The 180° block rotates the (I,Q) state by
180° (i.e., A — C,B — D, etc.) when its input clock is 1, but
provides no rotation when its input clock is 0. The 90° block ro-
tates the (I,Q) state by 90° (i.e., A — B, B — C, etc.) when its
input clock is 1, but provides no rotation when its input clock is
0. Applying high clock signals to both blocks rotates the state by
270° (Fig. 5). Applying periodically clock signals feiigg, felk180
at a 2:1 frequency ratio to the 180° and 90° rotation blocks ro-
tates the I'/Q’ constellation and provides frequency shifts Af;
these signals are derived from a static frequency divider [16],
(Fig. 3). Inverting the sign of f.ik99, by changing the rotation
control signal, inverts the rotation direction, and therefore, the
sign of the frequency offset.

The PFD is an emitter-coupled logic (ECL) XOR gate with
a delay line of 10 ps in the Q arm. This frequency detector
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Fig. 6. SSB mixer at phase detection mode. Signal propagation as a function
of various I/Q phases relative to ¢1lkgq. For 45° phase, a 50% duty cycle output
signal with zero average dc.

permits automatic loop acquisition for offset frequencies below
+50 GHz. To force equal transistor delays on both inputs, the
gate uses two parallel multipliers with crossed inputs and shunt
outputs. The small-signal analysis of the PFD is developed in
(7).

In the phase-locked mode, i.e., when the laser offset, Af,
matches the clkgg frequency (i.e., feikoo = 24 ) under a suit-
able rotation control sign, the relative phase between the lasers
will change the 1/Q signals phase relative to clkgg and clkigg.
This will eventually result in the (I’, Q") state oscillating at a fre-
quency 2 f.kgo between two adjacent states (A and B, B and C,
etc.) with a duty cycle determined by the phase offset (Fig. 6). In
this operation mode, either I’ or Q' is constant, while the other
signal oscillates between 1 and 0 at a frequency of f.j90 With a
duty cycle varying linearly with the phase offset. In this mode,
the output of the XOR gate is a similar oscillating digital signal.
For a 45° (1,Q) phase relative to clkgg, the oscillation has 50%
duty cycle; hence, the PFD provides zero dc (average) output.
This brings the system into lock. Since the PFD output is dig-
ital with only its pulse duty cycle varying as a function of loop
phase offset, there is no dependence on the photocurrent mag-
nitudes of the circuit’s parameters.

In PLL frequency acquisition mode, which occurs when the
frequency offset between the reference and the offset laser A f
does not match the clkgg frequency (i.e., fexgo # 2Af), the I
and Q' outputs are quadrature square waves whose frequency
is error frequency (Fig. 7). Since the PFD output is formed by
forming the XOR product of these signals after introducing a
relative delay 7, the PFD output has a dc component varying as
sin(27w A f7) (7). This dc signal forces the RF and LO lasers into
frequency synchronization at the offset frequency f.ixg0, i.c.,
forces the loop into lock. The digital frequency-detector gain is
independent of all optical or electronic IC parameters, except
that of the delay line 7, and hence, is well controlled in the
presence of normal optical and IC process parameter variations.

B. High-Frequency Digital Design

The circuit is a complex digital IC operating with digital sig-
nals over a dc—40-GHz range. Circuit design and layout required
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Fig. 7. SSB mixer at frequency locking mode. Ay = 1 GHz and f.ixgo =
3 GHz. Since frequency lock occurs only for Ay = 1.5 GHz, the (I', Q") state
will rotate at the error frequency of 0.5 GHz.

ECL Limiting amplifier stage

Fig. 8. ECL two-level logic with double terminated line interconnects.

a combination of digital and controlled-impedance millimeter-
wave techniques. The limiting amplifiers and buffers were im-
plemented using differential ECL (Fig. 8). To avoid reduced cir-
cuit bandwidth from interconnect capacitance, all digital inter-
connects between the gate were implemented as double-termi-
nated transmission lines (Fig. 8) [17]. This introduces a resis-
tive 25-(2 load to the driving stage. By working in such a 50-{)
environment, the degradation increase in gate delay caused by
driving a long line is simply 7 = /v, where ! is the length and v
is the propagation velocity. In contrast, if the gate were instead
loaded with resistance Ry, 3> Z, the additional delay would be
R Cuive = (I/U)(RL/Zy) [18].

The ECL emitter followers are placed at gate inputs rather
than gate outputs. If emitter followers are instead placed at gate
outputs, their inductive output impedance can interact with any
load capacitance to cause ringing or instability.

To fully switch a bipolar differential pair with large noise
margin, a logic voltage swing of AV = 6 kT/q + 3[R is
selected, where . is the emitter access resistance and /) is the
differential tail current. Based on an equivalent collector load
resistor of 25 €2, the differential pair tail current is Iy = 12 mA.
Transistors are sized to operate at current densities approaching
the Kirk-effect limit [19].

Boolean logic, such as the 180° and 90° rotation blocks, XOR
gate, and frequency divider are implemented in two-level differ-
ential ECL logic. To maintain a 50-{2 interconnect environment,
these cells were placed along a 50-{2 double-terminated bus
(Fig. 9). Interconnects from the gate to the bus present wiring

Fig. 9. (a) Gilbert cell as a building block for Boolean logic. (b) 90° rotation.
(c) 180° rotation blocks schematics.

parasitics and are kept short. The typical length of such ver-
tical stubs is 30 pm, much shorter than a typical wavelength
of 2.5 mm at 40 GHz.

The two-level ECL cells [see Fig. 9(a)] have three inputs: two
on the upper level (A,B) and one on the lower level (C). The
lower level inputs have longer delay so when balanced delays
are required, two parallel gates are used, with interchanged in-
puts and parallel outputs. Such realization was used with the
PFD XOR gate.

High-frequency digital signal distribution (fan-out) was im-
plemented by three techniques (Fig. 10). In the first method [see
Fig. 10(a)], the fan-out is implemented by simply splitting the
50-€2 line into two high-impedance 100-{} lines. The long line
is correctly terminated in 50 €2, while the driving buffer sees a
total load of 25 §2. The RC charging time is 7 = 2C7p, - 25 (1.
The second technique [see Fig. 10(b)] uses a pair of 50-€2 lines,
driven from a second gate. Each line, in the absence of the next
stage capacitive loading, C';, (Fig. 10), is correctly terminated.
The RC charging time is 7 = 2C}, - 25 2. Since the sending
end of the transmission line is not correctly terminated, topolo-
gies shown in Fig. 10(a) and (c) suffer from round-trip pulse
reflections if the CL is significant. This is eliminated in the
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Fig. 10. Digital fan-out techniques. (a) Single-line fan-out. (b) Double-line fan-
out. (c) Isolated double-line fan-out.
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Fig. 11. Metal stack cross section. (a) M4 as a ground plane. (b) M3 as a ground
plane.

final topology [see Fig. 10(c)] signals are split 2:1 locally and
buffered with gates before distribution on 50-€2 doubly termi-
nated interconnects. In this technique, the reflections are well
controlled and the RC charging time is 7 = C - 25 Q. The
technique shown in Fig. 10(c) introduces additional power con-
sumption and layout complexity.

The design of a 40-GHz digital logic with a synchronized
clock network requires precise electromagnetic (EM) modeling
and verification, obtained by the Agilent Momentum computer-
aided design (CAD) tool. The top metal (M4) was assigned as a
ground plane, while the majority of interconnects were imple-
mented on M1 and M2 in a form of inverted thin-film microstrip
lines [see Fig. 11(a)]. M3 was primarily used for local routing
solutions and local interconnects within gates. The use of in-
verted microstrip allows narrow line spacing (approximately
two times the line-to-ground distance: 8—10 pm), and contin-
uous ground plane without breaks, maintaining ground integrity
and avoiding ground bounce. The use of a bottom ground plane
within a complex IC environment would eventually lead to a
highly fragmented ground (Fig. 12), unable to provide para-
sitics free current return paths. Due to the thin dielectric, the top
ground plane makes the ground vias inductance negligible and

| |
IGround plane [l |
a) b) | Resistor —_—
I | Transistor il
\ MA/M2 - Line | MA/M2 - Line \
’ Substrate ‘ Substrate

Fig. 12. (a) Top ground-plane versus (b) bottom ground-plane layout.

allows dense ground vias spacing, as requires in a complex IC.
The drawbacks, however, of the thin dielectrics is the reduced
line inductance, demanding thinner lines for high characteristics
impedances. Thin lines also demonstrate increased skin loss and
limit the maximum possible dc current [20].

Compared to M1, the dielectric thickness between M2 and
the ground plane is smaller, creating difficulty in implementing
high-impedance lines and leading to increased resistive losses.
The power grid was routed on M1, crossing M1 lines with
M3 bridges, and M2 from beneath. The crossovers of M1-M2
lines and M2—power lines introduce additional capacitance of
Ceross == 2 {F for typical 5 x 8 pm? overlaps [see Fig. 11(a)].
This capacitance creates signal crosstalk.

The other possible wiring strategy is to assign M3 as a
ground plane [see Fig. 11(b)] and to use M4 mainly as a power
grid or for sensitive lines requiring complete crosstalk isolation.
This approach completely eliminates the parasitic capacitance
formed between the power and signal lines and greatly simpli-
fies the design by separating the routing of power grids from
signal lines. However, this methodology also has limitations.
Due to a thinner dielectric, M2 lines are made narrower (3-um
wide for 50-{2 impedance), presenting even higher losses and
unsuitable for long connections. Even with M1, the implemen-
tation of high-impedance lines becomes impossible. To provide
a power path to active devices, M3 needs to be perforated to
allow vias to pass through, consequently violating the unity of
the ground plane. However, the impact of these openings on M3
can be neglected if they are local and small in size. Eventually,
both of the M3 and M4 ground-plane approaches allow a full
EM simulation to be performed on the entire interconnects,
rather than separately modeling individual segments.

All of the in-cell and external transmission lines were indi-
vidually EM modeled. Fig. 9(a) shows the in-cell lines, which
are not terminated due to their lumped behavior (~ 30 pm).
However, both of them introduce capacitive and inductive par-
asitic loading with a delay and these effects must be taken into
account for a precise simulation of the entire system.

The clock distribution network (Fig. 13) is the most critical
part in terms of speed and timing precision. After the microwave
offset reference has been split into 180° and 90° clocks, it must
arrive in a synchronized fashion to both of the 180° and 90°
rotation blocks. Each clock signal and its corresponding com-
plementary must arrive simultaneously to all of the four ports
at each rotation block (Fig. 13). In addition, clkyy must be de-
layed behind clk;gp exactly the amount of time takes for the
1/Q signal to pass the 180° rotation block and reach the 90°
rotation block. This ensures synchronized operation of both of
the rotation blocks on the same 1/Q state. The delay was tuned
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by adjusting the line lengths as well as using buffer stacking.
The clock network was implemented on M2, while the signal
lines are mainly on M1. To maintain a symmetrical wiring struc-
ture and minimize the crossovers, the methodology shown in
Fig. 10(b) was used for the final clock splitting. The IC demon-
strates a total delay of 100 ps, reducing the limitation on wide-
band loops design. Delays achieved by hybrid mixers and phase
detectors are typically longer [1].

The input differential limiting amplifiers are designed to op-
erate with unbalanced photodiodes PIC [11]; hence, a new bi-
asing topology was proposed (Fig. 14). The dc current provided
by the photodiodes is drawn by Q; and Q,, biasing the photo-
diodes at Vx ~ —Vgg + 2V & —2 V, a dc voltage, enabling
direct PIC-EIC connection without the use of dc blocks. In
the differential operation mode, the node Vx becomes a virtual
ground, providing a differential input impedance of Rp = 50 €.
A common mode signal will alter the Vx voltage, activating
the Q3 — Q; » negative feedback loop, which results in the
common mode current drawn by Q; ,. Small-signal analysis
shows a common mode input impedance of Re: /2. This way
the common and the differential input impedances can be con-
trolled separately.

IV. INDIUM—PHOSPHIDE (InP) HBT TECHNOLOGY

The IC presented in this study was implemented using InP
HBT 0.5-pm emitter width technology [21], [22] with cutoff
frequencies f; = 300 GHz and f,;,,x = 300 GHz.
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Fig. 16. IC chip image.

A four-metal interconnect stack was used with metal—insu-
lator—metal (MIM) capacitors of 0.3 fF/um? implemented be-
tween the first and the second metal layers. Signal lines were
implemented using metal 1 and metal 2 as inversed microstrips
with metal 4 serving as a ground plane. The resistors were im-
plemented by a 50-§2/sq thin-film deposition.

V. MEASUREMENT AND CHARACTERIZATION

The integrated SSB mixer chip was measured for phase
and frequency detection. To separate the output’s average
component from the time-varying component, a bias-tee was
used (Fig. 15). The average component was inspected using an
Agilent SDO6104A real-time oscilloscope with a sampling rate
of 4 GSa/s, while the time-varying component was inspected
using an Agilent 86100A sampling oscilloscope with a 50-GHz
HP 54752A sampling module. The optical I/Q signals were
emulated by two R&S SMF 100A synchronized microwave
synthesizers and the clkgy signal was supplied by a third,
an Agilent N5183A synthesizer. The input power was set
to —4 dBm for both the I/Q input and clkgg. Signals were
delivered on-wafer using microwave wafer probes. The IC was
biased by a negative power supply of —3.8 V and the overall
dc power was 5.3 W. The IC photograph is shown in Fig. 16

and the total area is 1.8 mm?.
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Fig. 17. PFD phase, frequency detection measurements. (top) Phase detection
characteristic, measurement versus simulation for Af = 20 GHz, feo0 =
40 GHz (grey) and for Af = 15 GHz, faxea = 30 GHz (black). (bottom)
Frequency detection characteristic, measurement versus simulation for Af =
10 GHz (black) and Af = 1 GHz (grey).

The experimental and simulation results are shown in Fig. 17.
In Fig. 17 (top), the PFD output is plotted as a function of
phase difference with the emulated I/Q photocurrent signals
set at 15 (20) GHz and with f.g¢ set at 30 (40) GHz, i.e.,
with the system operating in phase-detection mode. The phase
error signal varies £300 mV at 15-GHz offset and £120 mV at
20-GHz offset as the phase is varied through 360°. This indi-
cates proper operation of the phase detector for frequency off-
sets as large as 20 GHz. The phase detection characteristic
demonstrates periodicity of 180°, forming two stable points for
the loop to lock; a property enables the system to lock on a
binary phase-shift keying (BPSK) modulated signal, thus po-
tentially turning the system into a WDM selectable channel re-
ceiver. A phase-detection characteristic forms a triangle wave
with Kpp independent on inputs photocurrents. Such phase-de-
tection behavior results from a phase error measure between
the I/Q signal and the offset signal rather than the actual phase
between the two lasers; a phase error changing the SSB mixer
output duty cycle only.

In Fig. 17 (bottom), the PFD output is measured at laser offset
frequencies of Af = 1 and 10 GHz, by adjusting the SSB mixer
LO frequency fex9o. This measured the PFD characteristic in
the frequency detection mode. The frequency detection charac-
teristic shows frequency error detection over a +40-GHz range,
with zero frequency detector output when, as designed, the laser
offset frequency is equal to feico0/2.

The PFD output time waveforms in phase detection mode,
as a function of phase offset, for Af = 2 GHz and f.g90 =
4 GHz are presented in Fig. 18. The output waveform duty cycle
varies in a linear fashion as a function of phase offset, forming
a triangle characteristic shown in Fig. 17. The £20-GHz offset
limit for phase detection operation might be explained by the
quadrupled frequency beat note, produced at the output of the
PFD at a phase detection mode (Fig. 18), pushing the gates to
their speed limit (i.e., 80 GHz).
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Fig. 18. PFD ouT measured waveforms in phase detection mode for Af =
2 GHz and fekeo = 4 GHz.
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Fig. 19. PFD standalone frequency detection response, measurements versus
simulation.

Standalone PFD measurements in frequency detection mode
were also performed for £40-GHz offset 1/Q inputs. Fig. 19
demonstrates the measured triangular wave behavior with a
£50-GHz period when extrapolated. The +50-GHz period is
achieved by the 10-ps delay line sin(27x A f7) [see (7)]. Modi-
fying the delay line length will result in a tradeoff between the
Kprp magnitude in the linear mode and the frequency acquisi-
tion range. The Krp value and the triangular wave behavior
are similar to Fig. 17 (bottom), only that the zero crossing point
is shifted to the origin as expected for a PFD standalone.

The next 250-nm InP HBT technology node allows design of
frequency dividers up to 204 GHz [16] and faster digital logic
[18], [23], [24]. In complex ICs, however, the maximum clock
rate might also be limited by fan-in, fan-out, gates delay or com-
plex interconnects. By implementing the SSB mixer using the
suggested technology it is possible to achieve clock rates of
around 80—-100 GHz for 40-50-GHz offset locking to meet the
modern WDM standards.

A combined phase-frequency characteristic was also
numerically generated using a behavioral model with
foakeo = —10 GHz (the negative sign denotes a rotation
control bit “zero” value) (Fig. 20). The linear frequency de-
tection characteristic crosses zero at Af = —5 GHz, where
the frequency locking occurs. At this point, the loop switches
to a phase detection mode characterized by a triangle func-
tion. Yet the plot suggests another phase detection mode for
Af = +5 GHz as well. This parasitic phenomenon occurs
due to the digital (versus linear) nature of the mixer; however,
since the frequency detection curve does not cross zero at
this offset frequency, a lock cannot occur, as was also shown
experimentally [11].

As in the phase-lock state, the IC output produces an output
beat note with f.99 frequency (Fig. 6), any attempts to per-
form lock on frequency offsets lower than the loop bandwidth
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Fig. 20. Numerical PFD simulation for simultaneous phase—frequency detec-
tion modes. The offset clock, feixon, was set to — 10 GHz while the laser offset
was swept over various phases and frequencies.
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Fig. 21. Simplified offset locking experiment setup (Lu et al. [11]).

(fpr1) will bring the loop to track the output beat note, driving
the system into a direct laser modulation rather than locking.
This behavior imposes a limitation on the lower limit of the fre-
quency offsets range to be ~ 2 fprr,.

VI. SYSTEM EXPERIMENT

A system experiment comprising the reported SSB mixer IC
was carried out by Lu ef al. and was reported in [11].

The optical PLL was integrated on a 10 x 10 mm AIN car-
rier substrate. The system (Fig. 21) includes an InP photonic
IC [8], the SSB mixer/phase-frequency detector IC described in
this paper and an external 500-MHz loop bandwidth, feed-for-
ward-compensated op-amp loop filter [10]. The photonic IC
contains a tunable SG-DBR laser, an optical 90° hybrid, and
four photodiodes for delivering a differential I/Q components
of the lasers beat note.

The reference laser was provided to the photonic IC by an
Agilent 8164B Lightwave Measurement System featuring a
100-kHz linewidth, while the offset frequency, clkgy, was set
by an Agilent E8257D microwave signal generator. The local
SG-DBR laser was coupled out and externally mixed with
the reference laser for monitoring purposes. The linewidth of
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Fig. 22. Electrical spectrum analyzer image of the two lasers beat note when
phase locked with various frequency offsets (Lu et al. [11]).
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Fig. 23. (left) Beat note spectrum of two lasers (fop) and optical spectrum
(bottom) when phase locked with 4-6-GHz offset. (right) Beat note spectrum of
two lasers (top) and optical spectrum (botfom) when phase locked with —6-GHz
offset. The reference laser has the higher power. Measured with 5-kHz resolu-
tion bandwidth (Lu et al. [11]).

an unlocked SG-DBR laser was above 100 MHz. The overall
optical spectrum was inspected by an HP 70004A optical
spectrum analyzer to verify a SSB locking nature, while the
locked laser linewidth was measured by inspecting the mixed
beat note using the R&S FSU spectrum analyzer.

The integrated SG-DBR laser was successfully phase locked
to the reference with offsets ranging from —9 to +7.5 GHz
(Fig. 22). The offset locking sign was set by applying proper
rotation control signal and the system kept locked while the RF
offset frequency (clkgy) was gradually swept both in the nega-
tive and positive ranges. To confirm the SSB fashion of locking,
the optical spectrum was measured to compare the reference and
the local laser wavelengths (Fig. 23). It was impossible to lock
with frequency offsets as low as the loop bandwidth since the
low-frequency beat note provided by the PFD cannot be inte-
grated.

The phase noise of the optical PLL includes contributions
from the RF source, the EIC, and the optical system (laser open
loop noise divided by the loop transmission). Additional study
on a full system characterization and phase-noise performance
is currently carried out.
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VII. CONCLUSION

We have demonstrated a novel broadband +20-GHz optical
frequency synthesis IC in 0.5-pm InP HBT technology. The
all-digital mixer topology eliminates the dependency on input
photocurrent, increases the offset locking range, and improves
the design robustness by shifting to a digital domain. The IC
is comprised of a SSB mixer and a Quadricorrelator PFD with
frequency acquisition range up to =40 GHz. A full integration
of the mixer with the PFD drastically reduces the limitation on
loop delay, making larger loop bandwidths possible.
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Abstract: New efforts demonstrate that integrated optical phase-locked loops can provide stable
and robust phase locking. Coherent receivers now use DSP processing for long haul
communications. However, given a low-cost, low-power coherent receiver, uses in shorter links

become viable, and other approaches for removing impairments can be explored.
OCIS codes: (250.5300) Photonic integrated circuits; (060.1660) Coherent communications; (060.2840) Heterodyne;
Optical phase-locked loop.

1. Introduction

As fiber optic communication developed through the 1970s and into the early 1980s, link distances increased to tens
of kilometers and single-channel bandwidths toward the Gb/s range, as single-mode fiber and 1300 nm wavelength
InGaAsP/InP-based materials became the norm for such ‘long-distance, ‘high-capacity’ communication. To
increase capacity, a few wavelengths could be multiplexed onto a single fiber, although this was not very common.
Every 30 km or so, these directly-modulated channels had to be (demuxed if WDM), received by a photodetector-
preamp, 3-R regenerated in the electrical domain, and remodulated back onto a lightwave, (and muxed if WDM) for
further optical transmission. The switch to 1550 nm aided the loss budget by almost a factor of two, but dispersion
was added and now had to be dealt with by using well-engineered external modulation.

To improve the reach between such repeaters, coherent receivers, which could vastly improve the sensitivity, and
thus the repeater spacing, were intensively explored throughout the 1980s [1-8]. With the highest sensitivity,
homodyne phase-shift-keying (PSK) receivers were well studied, and several prototypes were demonstrated with
very high sensitivity [1,3-5,7,8]. However, theoretical studies showed that because of the shot noise limit and the
limited optical phase-locked loop (OPLL) bandwidth, these homodyne PSK receivers had a high requirement on the
LO laser linewidth [3,6,9]. Moreover, the limited loop bandwidth also placed a stringent requirement on system
stability [S]. Any small temperature change of the LO laser or other environment fluctuations may cause the OPLL
to lose lock. Therefore, there were no commercial products based on OPLLs, as they were seen as being very
difficult to use, and perhaps costly and unreliable.

The interest in coherent receivers and PSK modulation dropped greatly after the invention of the erbium-doped fiber
amplifier (EDFA), and also as wavelength division multiplexing (WDM) technology became more mature in the
1990s. With this, many optical channels of different wavelengths could be multiplexed onto a single fiber, and they
could be amplified all together within the fiber after some nominal distance without any need for the conversion into
the electrical domain for regeneration. This was much more cost effective for long-haul, high-capacity networks.
Dense WDM/EDFA capacity has grown exponentially, first very rapidly in the 1990s, and more slowly since about
2002 [10], the slow-down being initially associated with the burst of the ‘tech bubble.’

However, more recently, since about 2008, coherent detection has returned, not so much because of enhanced
sensitivity, but because of the spectral efficiency that it can provide when the full vector optical field is detected. It
turns out that we really were about to run out of fiber bandwidth, as many claimed around 1998, it just didn’t happen
until a decade later! Of course, coherent detection is complementary to WDM/EDFA transmission systems, but it
enables a higher data rate without using a higher fundamental baud rate. Thus, issues like fiber dispersion and other
impairments can be lessened, even as the link capacity is enhanced.

Optical phase-locked loops (OPLLs) are still not widely used in communication, although they continue to be used
in some sensor applications, for the reasons mentioned above. Intradyne techniques, which use high-speed ADCs
and sophisticated digital-signal-processors (DSPs) dominate the long-distance communications field [1,10]. By
applying complicated algorithms, most of the linear and nonlinear effects introduced by the long-distance
propagation can be eliminated, and multiple-phase as well as multiple-level two-dimensional modulation formats



can be achieved, such as QPSK, 16QAM, and 256 QAM [9-12]. Unfortunately, such intradyne systems tend to be
very costly to design, fabricate and operate, given the market quantities involved, and they consume a lot of power.
They do not appear to be very competitive for the emerging higher-volume, shorter-link markets in data centers,
high-performance computing, and high-capacity metro-links where spectral efficiency, and oftentimes fiber cable
volume, are becoming key issues [13].

In this paper we will briefly review some of the past work, and then discuss some more recent efforts to make much
more stable OPLLs that are also small in size, low in required power, have virtually no latency, and should be low in
cost to produce, even in modest volumes. Although research on OPLLs has continued [14-17], the loop bandwidth
problem had not been fundamentally solved until the work of the authors [18-22]. Also, relatively simple, but
elegant, custom electronic ICs have been designed to solve many of the other stability issues [20,22]. Unlike the
homodyne PSK receivers of the 1980s, advanced integration technologies were used for these OPLLs to make the
system very compact and much more stable. 40 Gbit/s data rate has been achieved [20]. Compared to intradyne, this
OPLL system has a much simpler architecture, and consumes much less power. Although it may suffer from fiber
impairment issues for long haul communications, this is probably not its primary target market. Compared to OOK
systems, this OPLL-based receiver retains the inherent highest available sensitivity as a homodyne PSK receiver,
which provides for the maximum link reach [23]. The frequency/phase locking function in this OPLL also prevents
channel wavelength drift due to temperature or aging, and this can enable many new system capabilities such as a
dense (25 GHz spacing) WDM PON system [24] for example.

2. Homodyne receiver with an OPLL

The homodyne receivers that have been proposed by the authors is based on the classic Costas loop structure [20],
which includes an optical I/Q receiver including an LO laser, a phase/frequency detector (PFD), and a loop filter.
The architecture of this OPLL is shown in Fig. 1.
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Fig. 1. (a) The architecture of the homodyne receiver. (b) A microscope picture of the receiver (mostly dominated by the discrete loop filter).

As shown, it is composed of a photonic integrated circuit (PIC) [20], an electronic integrated circuit (EIC), and a
loop filter (LF). The PIC is a commonly used coherent circuit, including a widely-tunable SG-DBR laser as the LO
laser, a 90 degree hybrid, and four high-speed uni-travelling-carrier (UTC) photodetectors (PDs). The detected 1/Q
signals are fed back to the LO laser phase-tuning section by current injection. Fast feedback tuning can be achieved.
The EIC includes limiting amplifiers as the front-end, and a quadri-correlator as the PFD. The discreet LF is used to
introduce more gain and stabilize the loop. The EIC and LF potentially can be integrated on a single CMOS ASIC
with relatively low cost.

The system is built within a 10 x 10 mm? carrier, and the phase locking is achieved with 1.1 GHz closed loop
bandwidth. The system testing setup is shown in Fig. 2(a), and the BER vs OSNR results are shown in Fig. 2(b) as

well as the eye diagram.
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Fig. 2. (a) The test setup for the homodyne receiver testing. (b) BER vs OSNR from 25 Gbit/s to 40 Gbit/s. The eye diagrams are also shown.
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Compared to previous efforts on homodyne receivers, this integrated OPLL receiver shows very high data rate and
low BER at the same time. The integration ensures wider loop bandwidth, which leads to superior system stability
and more flexibility with the LO linewidth. (The free-running widely-tunable LO linewidth is more than 10 MHz in
this experiment, but it duplicates that of the signal carrier once locked—here ~ 100kHz.)

3. Heterodyne transmitter with an OPLL

By using a similar architecture and integration platform, a heterodyne OPLL has also been demonstrated [17].
Compared to the homodyne OPLL shown in Section 2, the heterodyne OPLL includes a single-sideband mixer
(SSBM) in the EIC, which introduces the desired single-sideband frequency shift. Offset locking can be achieved
with an offset frequency ranging over about 40 GHz. Since PFD is integrated, continuous phase-locked frequency
sweeping can be achieved by only tuning the RF synthesizer frequency. The system is also very stable, and the phase
error variance has been measured to be < 0.03 rad?, integrating from 100 Hz to 10 GHz.

4. Conclusions

The reasons why the OPLL-based homodyne receivers are not currently used are mainly because i) the homodyne
receiver has the most stringent requirement on linewidth [4,9], and ii) the limited bandwidth also makes the loop
hard to be stable. However, as we have shown, photonic and electronic integration changes the situation. Since loop
bandwidth is increased by orders of magnitude compared to early homodyne, the OPLL works and the data rate also
goes up by orders of magnitude; thus, the homodyne receiver becomes viable for real communication systems. The
advantages of higher receiver sensitivity remain. Although the removal of long-haul impairments still remain at
issue, integrated OPLL-based receivers would appear to offer many advantages for shorter distance links where such
impairments are not a big issue. The power dissipation is low, the footprint is low, and the cost should also be low.
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Why OPLL

Motivation for phase locking

Most electrical communication / sensing systems have PLL.

Give full control of transmitted phase

Detect the received phase info
LO phase noise suppression
Clock synchronization
RF synthesizer
Enable homodyne/heterodyne detection
et. al.

=> Why not in photonics—> carrier 6 orders higher; loops longer?
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The

Motivation for optical phase locking

e of research and innovation

convergent

What if we had optical PLL as in the electrical world?

Laser linewidth will not be a big problem (if OPLL BW ~ wk)
— No stringent requirement on LO
— Only residual phase noise matters
— No extra wavelength stabilization circuit is needed
Sub-Hz-level accuracy wavelength synthesis becomes possible
— Ultra-narrow-linewidth widely tunable lasers
— Ultra-accurate wavelength with little temperature control
Homodyne coherent receiver
— Low power consumption, small footprint
— Low cost
Advanced sensing and imaging system
— LIDAR
Holography
— Fiber sensing Yt Y
— OCT homodyne

All-optical phase and amplitude amplification--PSAs (e.g., U of Southhampton)

:> Revolutionary Systems Improvements and Simplifications

Photodetector

Early development of OPLLs
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Prior Work

f research and innovation

*  1965— 18t OPLL; Enloe and Rodda; locked two He-Ne lasers using piezoelectric

mirrors

*  1989— 1stintegrated chip (OFLL); Koch and Koren; coherent receiver—

L.O./coupler/detectors

* 1990— Optical Costas loop; Norimatsu, et al; frequency & phase lock ECLs;
10Gb/s @ 1550 nm, BPSK

* 1990— QPSK @ 280 Mb/s; Derr, et al; narrow linewidth, He-Ne lasers

* 1992— Microwave offset-locked (Heterodyne); Gliese, et al; 3-T DFBs @ 1550 nm
3-18GHz using micro-optics

* 1999— Micro-optics co-packaging; Langley, et al; 70 MHz loop BW; 0.05 rad?
phase error variance; 7-14 GHz heterodyne offset locking

() engineering Need Integration
The ) argence of research and innovation

“Typical OPLLs prior to 2000

Basic control theory tells us: short loop physical delay >
stable OPLL:

OPLL loop bandwidth * loop delay < 0.736
[M. Grant, JLT, 1987]

e.g. 1 GHz loop bandwidth = < 120 ps loop delay
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Two Kinds of OPLLs

onverge f research and innovation

nce

Homodyne: Receivers Heterodyne: Wavelength synthesis

Photodetector
; Photodetector -
Reference ¥'ﬁ (a)
laser = :oup\er
(Or incoming
Signal)
RF nffsel

Photodetector

Reference
laser

The role of photonic integration

in OPLLs
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First Demonstrated Integrated OPLL

The convergence of research and innovation |

« Offset locking (heterodyne) of two SGDBRs-> viable using close integration of PICs with electronics
in a OPLL > Hz-level relative frequency control, potentially over 5 THz

B Photodetector Loop Filter @ RF offset
@ Modulator 4
Slave ) Envelope
A Laser : "‘ Detector

: i Modulator
MastﬂW
Laser 2x2 Optical output

coupler

Quasi-continuous
\ phase-locked digital
\_tuning up to 5 THz

. offsets possible

Optical Power (dBm)
3

unlocked

1580
1560
0 1500 1540

Wavelength (nm)

Ristic, et al: JLT v.28 no.4, pp526-8, Feb., 2010

. UCSANTA BARBARA
v engineering

Need Detailed Characterization

The convergence of research and innovation

e Simple OPLLs still not stable due to environmental perturbations, even with
relatively wide BW loops (and cannot select desired sideband)

e Incorporate Costas Loop design and side-band selection

— Combines frequency and phase locking

— Enables very stable operation with large capture range, rapid phase locking,
frequency sweeping, and data demodulation




Recent achievement from UCSB -

Homodyne BPSK Receivers
(Coldren and Rodwell groups)

Costas Loop

—_

o
Signal —

Input § 130»*
i —
I
sooan ~¥
i
o,

() engineering Recelver Incorporating Costas Loop

jence of research and innovation

UCSB Homodyne OPLL - Architecture

Electronic IC;
|

=

;i *DATA (1)

/.DATA (@)

,; ‘ Reference

PSK
DATA OUT
i

unity gain
bandwidth

Lu, Park_ et al, 2012
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Phase/Freq. Locked Receiver: Int. components

* Photo

Widely-tunable LO laser (SG-DBR laser, 40 nm tuning range)
90-degree 2 x 4 hybrid (0-phase error)

— High-speed UTC detectors

— RF transmission lines

* Electronic | .

iclC (P|C) UCSB Homodyne OPLL

Signal input 'SGDBR laser 90 degree hybrid Four UTC photodetectors

4.3mm !

Lu, Park, et al, 2012

0.54n}
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Phase/Freq. Locked Receiver: PIC

Normalized optical power (dBm)

1540 1550 1560 1570 1580 1500 SOA Phase shifter Gratings
Wavelength (nm)

MicrostripTL  UTCPD  N-contact capacitor Microstrip TL
1 1 lJ 10

=
g Passive waveguide UTC photodetector
g
I3 G s G
w
g | 1 N |
3
© Absorber GSG pads
1 InP Bl 1.10Q-Ncontact [ SiNx
5 10 15 20 25 30 35 40 P-metal B Nemetal Bl scs
Frequency (GHz) Bl FinGaAs B 130Q-WGlayer [ QW layers
Lu, Park, et al, 2012 B Intermixed QWs
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Homodyne Receiver— System testing

b0

Phase/Freq. Locked Receiver:

Costas receiver PD

Optical Char.

)]
[Rom}—@ =z > E5a |

100MHz

Pattern
generator

Linewidth measurement
- linewidth ‘cloning’ ~100kHz

-30 - = —
v ol == =]
s | ocked LO wio BPSK Ve
=——Locked LO W/ BPSK (& lz Pan® |
-4() - ===Free-Running LO I | E
— Reference laser r«: |
o Il 2
= B
2 g I
S E !
a ﬂg _______
g 80 iy
a 5] 18
o 2
I=} o
o & 70
=
s
& i i -80 -
—easured loop response ﬁ
= = 10 log ([F(s)]) !
25 i 8 (IFes) ; ; -90 T T T
100k i 10M 100M 16 106 70 80 9‘:”: 100 MHMD 120 130
Frequency (Hz) requency (MHz)
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Phase/Freq

omodyne

cvr
' Fattern + [Oscillosc
' enerator . ope Change OSNR
] EDFA PC ' LT EDFA |
1| ECL X MZM |—Z VOA
e e e e e T/ a 1 1
A A
PC
0SA £ AOM 0-212"\ ]
RF
PP amps 100MHz
D> == | 3
[~ "7 Costasreceiver | "7 [ osa
! 50Gbit/s !
BERT | xorR
Loop. 1
EIC o
Oscillosc|; FAtery |
ope . !

¢ Other system parameters
— Frequency pull-in: £ 17.5 GHz
— Frequency hold-in: > £15 GHz
— Temperature stability: 2.6 °C
— System size: 10mm*10mm

— Power consumption: <3 Watts
« 0.5WPIC

— Delay line/XOR limits 40 G results

H. Park, M. Lu, et al, ECOC’12, Th3A.2 (2012)

. Locked Receiver:

Elec. Char.

10Gb/s

75km

=8

40 Gbit/s
i‘iiwii'i'i'i
) l’x Pk

it 2.

——20 Gbit's
—y— 25 Gbit's
—<— 28 Gbit's
—e—35Gbit's
—m— 40 Gbit's
- - --Theory (25 Gbit's)

O T I T T |

5

OSNR (dB/0.1nm)
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Phase/Freq. Locked Receiver: Locking time

ergence of research and innovation ” i
Homodyne Rcvr
Ref laser: 800 kHz ON-OFF, 50% duty cycle Frequency pull-in time ~600ns
Locking conditions: EIC output — DC, Phase lock time <10ns

External PD output — 100MHz

(Not best condition)
Free-running offset: 3-4 GHz

; [(H B
| on | off] on |
[ Bl %

12 Aug 2012 5:38 |

Frequency pulled in time Phase locked
1 .

¥ ] |
I Unlock I LockIUnIockI Lock I Unlock I Lock IUnIock

External PD output locking
time

H. Park, M. Lu, etal, ECOC’12, Th3A.2 (2012)

Recent achievement from UCSB -
Heterodyne Wavelength Synthesis

(Presented in OW3D.1)

(Coldren and Rodwell groups)
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il \Wavelength Synthesis:

| Photonic IC 0 || Electronic IC 1

of. W*:[/ED_;’ Photodetector
& X E-u-;:i ot

i—.—.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-..-.-.-.-.-;‘ EIC to select desired sideband

L m———y _EIC: Bloch, E.; et. al., MTT, IEEE Transactions on , vol.61, no.1, 2013

Chips-on-carrier and Tests

Heterodyne OPLL — Test setup|

Signal
Generator

; Single-sideband mixer (SSBM)in

( ™ UCSANTA BARBARA
v engineering

Only RF reference frequency needs to be changed

Mingzhi Lu, et. al., Optics Express, Vol. 20, Issue 9, pp. 9736-9741

Wavelength Synthesis: Continuous tuning

. i Heterodyne OPLL — Results
Offset phase locking has been achieved

~ 400 MHz loop bandwidth

-9 GHz - -1.5 GHz, 1.5 GHz — 7.5 GHz offset locking shown (Most recently
+20 GHz has been achieved—to be published)

> 15 GHz hold-in range

intensity /dB

Z 10 ) -5 3 2 1
Frequency / GHz

[}
=

20 | 4
5 40| B
&
©

80 - 4
g L 1 1 1 1 Il
z 1 2 3 7 8 9

4 5 8
Frequency / GHz
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Wavelength Synthesis: Phase noise
f research and innovation

Heterodyne OPLL — Results

The

convergence

® Phase noise is comparable to commercial RF synthesizer
— <-100 dBc/Hz phase noise above 5 kHz
— 0.03rad? phase error variance ( Integration from 100Hz)

_20 1 wl ul ul Tl wl ul ul wl

— ESA background
-30 1 — Signal generator [
-40 = OPLL beating L

T ul T

1 100 10k 1™
Frequency (Hz)

T T ul

100M 10G

Phase noise spectrum density (dBc/Hz)
4
o

Conclusion and future outlook
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Comparison with recent work

Work (Year) Heterodyne Loop Loop ireqﬂﬁ? SSBM
/homodyne delay BW yiF;]
R.J. Steed (2011) 0.6-6.1 GHz 18ns 200 No ; No
- o ’ MHz
R.J. Steed (2011) 2-7 GHz 1ns - No - No
S. Ristic (2010,
UCSB) Homodyne and 5 GHz - 300 MHz No - No
L. N. Langley (1999) 7-14 GHz 380ps 70 MHz No - No
U. Gliese (1992) 3-18 GHz 400 ps 180 MHz No - No
UCSB OPLL #1 Homodyne Rcvr 120 ps 1.1 GHz 17.5GHz >15 GHz No.

-20 — +20 GHz

el QIRLL Heterodyne Source

200ps 400MHz >10GHz >15GHz Yes.

*  More stable’and robust . .
; * Real applications
*  Smaller size

« Larger pull-in range |:> — Coherent receiver '

* Fast frequency pull-in and sweeping N Wa\{e/ ength .sy nthesizer
e Wider offset locking range — Optical Sensing

* Lower phase noise — OCJ, etc.
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optical synthesizer (to ~ 5 THz)

Wideband

1) Master
2) Mode-locked laser

RS

" wavelength

power

J. Parker, M. Lu, et al, IPC, 2012
J. Parker, M. Lu, et al, PTL, 2013

* Phase lock a mode-locked laser to a master laser J

* Actively mode-lock to stabilize comb J

* Phase lock a widely-tunable laser to one comb line J
* Integrate all into a single system Doable

Phase lock an SGDBR to a comb line
with 6.5 GHz offset.

— Locked o
2.0 kHz fit |

Feedback loop
filter for OPLL

Locked, beat-tone

-4 -2 [ 2 4
Frequency [kHz] with 100 MHz offset
40

20 30
Frequency [GHz]
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Homodyne coherent receiver outlook

gence of research and innovation

ver

* Higher order modulation
— QPSK has been demonstrated using discrete components (F. DERR (1990))
— 16 QAM is possible (LO: SG-DBR laser with 3 MHz linewidth)

* Polarization mode dispersion (PMD) problem
— Phase lock to the average phase

Dual-
E, (1) | Polarization
= Down-
Converter |

m|
i

Ezra Ip, et. al., OE Vol. 16, No. 2 (2008)

— Build a slow loop to de-embed the polarization
» Can base on BER, since itis a phase lock system

* Chromatic dispersion (CD) problem (carrier can be recovered somewhat
beyond dispersion limit for data)

0 km, 10Gb/s 75 km, 10Gb/s

Can be compensated by
DSF or linear compensator.

{

The

™ UCSANTA BARBARA
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Homodyne vs DSP-based intradyne
e Carrier recovery in DSP
— Feed-forward
— Feedback -- Digital delay-locked loop

» Loop delay relies on clock freq and # of clocks

* Advantage of OPLL

— Better phase noise suppression, less stringent requirement on laser
linewidth

— Less temperature stability necessary
— Simplicity (= low cost, small size, low power)
— Error-free (BER<1e-12)
— Ideal for short-haul applications where impairments are small
* Advantage of DSP
— Flexibility
— Deal with complicated situation (PMD, CD, etc. )
— Good for long-haul where many impairments arise, and cost & power
are not such large issues

* Common problem — phase ambiguity
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____Summary

Combined photonic and electronic integration supports a new era for OPLL
research = High stability, low power & cost, and small components

Integration enables large loop bandwidth, greatly suppressing laser phase
noise.

Good laser phase noise suppression leads to applications in efficient, stable,
error-free, low latency coherent receivers.

Good laser noise suppression also enables optical wavelength synthesizers
with only a few degrees of average phase error.

Advanced optical sensing engines are possible in addition to communication
sources and receivers.

More effort is needed for system development and commercialization.

67



68

A Heterodyne Optical Phase-locked Loop for Multiple
Applications

Mingzhi Lu®, Hyun-Chul Park®, John S. Parker’, Eli Bloch?, Abirami Sivananthan®, Zach Griffith®, Leif A.

Johansson*, Mark J. Rodwell*, and Larry A. Coldren**

'Department of Electrical and Computer Engineering, University of California, Santa Barbara, CA, 93106, USA.
2Department of Electrical Engineering, Technion — Israel Institute of Technology, Haifa 32000, Israel.
*Teledyne Scientific and Imaging Company, Thousand Oaks, 1049 Camino Dos Rios, CA, 91360, USA

“Department of Materials, University of California, Santa Barbara, CA, 93106, USA.
mlu@ece.ucsb.edu

Abstract: A novel heterodyne optical phase-locked loop (OPLL) has been achieved and testing
results are demonstrated with a 0.03 rad” phase error variance. Based on the superior performance
of this OPLL, a system prototype is shown for multiple applications, including free-space LIDAR
systems, widely-and-fast-tunable ultra-narrow-linewidth lasers, and ultra-accurate optical

spectrum analyzers.
OCIS codes: (250.5300) Photonic integrated circuits; (060.2840) Heterodyne; Optical phase-locked loop; (010.3640)
LIDAR.

1. Introduction to the highly-integrated heterodyne OPLL

Since the first optical phase-locked loop (OPLL) was demonstrated in 1965, considerable effort has been devoted to
the research of OPLLs. However, the biggest roadblock is the short loop delay requirements for stable operation. By
using traditional free space optics, most OPLLs show a loop delay of more than tens of nanoseconds, which makes
the loop bandwidth smaller than 10 MHz, according to the fundamental control theory of feedback systems. Narrow
loop bandwidth not only gives rise to a high requirement on the laser linewidth and stability, but also makes the
system more sensitive to environmental fluctuations. Micro-optics can possibly improve this number to close to 200
MHz, but it still suffers the same stability issue. Limited bandwidth is one of the major reasons why the OPLL is not
as widely used today as that of its counterpart, the PLL in electronic communication systems [1,2].

In order to decrease the loop delay and therefore increase the loop bandwidth, photonics integration becomes
necessary. Recent research shows that an integrated OPLL can have a closed-loop bandwidth of several hundreds of
MHz [3-5], or even more than 1 GHz [6]. Based on advanced photonic and electronic integration technology, a
heterodyne OPLL is made and a part of the testing results can be found in [5]. This OPLL is integrated with an 1/Q
receiver, a phase/frequency detector (PFD) and a single-sideband mixer for the first time [5,6]. The whole OPLL
system has been realized within a size of 10 x 10 mm”. The architecture is shown in Fig. 1. The system includes a
photonic integrated circuit (PIC), an electronic integrated circuit (EIC) and a hybrid loop filter built on an AIN
carrier. An on-PIC sampled-grating DBR (SG-DBR) laser is used as a widely-tunable slave laser, and it covers a 40
nm bandwidth. By integrating the 1/Q receiver and the PFD in the system, frequency pull-in has been achieved,
which means that even if the free running slave laser is several GHz away from the targeted locking frequency, it
will be pulled-in and become phase-locked automatically. The SSBM enables the system to achieve offset locking,
and the offset frequency between two lasers can be either positive or negative [7]. The sign is set by the control pad
on the EIC and there is no frequency ambiguity. Based on the frequency pull-in function and the SSBM, a phase-
locked frequency sweep has been achieved from -9 GHz to -1.5 GHz, and from +1.5 GHz to +7.5GHz. The
electrical beating spectra are shown in Fig. 2. Injection locking is observed below 1.5 GHz frequency offset because
of internal reflections on the PIC.

Quadrature Single sideband Phase-frequency
optical mixing frequency offset difference detector
cos(Ant)
:g;zr'ence photodiodes
: 2 _.._Io_l—|>
ek | —
slave ﬂ
laser .Lﬁi’.o._.'J sinfAwmt)
Y- Py
star coupler 90°
Q
loop filter
frequency control cos(Awnt) control loop

Fig. 1. The architecture of the OPLL.



Moreover, this heterodyne OPLL also shows > 15 GHz hold-in range. The phase locking is very stable. Within a
submount temperature change of 2.3 °C, the OPLL can keep phase-lock. The phase noise measurement also shows
that the beating tone of the master laser and the slaver laser has a phase noise <-100 dBc/Hz above 5 kHz, and the
phase error variance is 0.03 rad, integrating from 100 Hz to 10 GHz.

The details about this heterodyne OPLL can be found in [5]. The preliminary testing result of this OPLL is
summarized in Table 1. Compared to all the OPLLs that have been proposed in the past, this heterodyne OPLL has
superior performance in almost all the specifications listed in Table 1. The hold-in range, stability, pull-in range
have improved by orders of magnitude.

T | ] ° | |
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Fig. 2. Shows the beating tones of the two lasers when they are phase locked at various frequency offsets.

Loop delay ~200 ps Hold-in range > 15 GHz
Closed-loop bandwidth ~ 400 MHz Temperature range 2.3°C
Pull-in range Close to 10 GHz System size 10 x 10 mm?
Offset frequency range -9-+7.5 GHz Phase error variance 0.03 rad’

Table 1. Performance summary of the heterodyne OPLL system.

By replacing the PIC with a new PIC with wider photodetector bandwidth, which has already been demonstrated
in [8], the continuous frequency sweeping range can be as wide as the laser cavity mode spacing (~40 GHz for the
SG-DBR laser). Furthermore, no injection locking has been observed on this new PIC, because of a fundamental
design change of the waveguide structure. Therefore, continuous sweeping across the zero frequency offset is
achievable.

2. System prototypes

Using the heterodyne OPLL discussed in Section 1 as a key building block, many communication or sensing
systems can be created with superior performance. Full engineering control over the optical phase of the laser
becomes feasible. The system stability ensures that it is possible to build some commercial systems based on this
heterodyne OPLL.

i) Frequency-Modulated Continuous-Wave (FMCW) Light Detection and Ranging (LIDAR) systems

FMCW radar has been using in the field for decades and a lot of research based on this principle has been carried
out [9]. Compared to FMCW radar, FMCW LIDAR has much higher resolution. The resolution of the LIDAR is
inversely proportional to the frequency sweeping range, which is mainly limited by the laser tuning range. By
applying this heterodyne OPLL to a LIDAR system, 40 nm quasi-continuous tuning is achievable, which potentially
leads to a 30 um resolution.

RF ref. fres Sign Contr. RF ref. farz
Laser A OPLL w/ Heterodyne Qutput
Lant —» —»
MLL OPLL
fret fref frer
T { fsc-DBR A
frizfol fo fo fr fofofofiafiz - T TT R g

Fig. 3. A system built on the heterodyne OPLL.

The proposed system architecture is shown in Fig. 3. The continuous-wave laser A is a single-fixed-wavelength
narrow-linewidth laser, which is used as a reference laser in this system. By using an OPLL with an integrated
mode-locked laser (MLL), one of the comb lines of the MLL can be phase-locked to laser A, and at the same time,
the MLL is actively mode-locked. By both phase locking and active mode locking, timing jitter is eliminated and the
linewidth of each line is the same as the CW laser A. The RF source frequency fgg; is the same as the mode-locking
frequency. Hence, stable and narrow-linewidth comb lines can be generated.

The comb lines are then used as the reference for the heterodyne OPLL. RF frequency frr, is applied on the EIC
of the OPLL to introduce a frequency offset, which is frr./2 [7]. By tuning the SG-DBR mirror currents, phase
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section current and frp,, SG-DBR laser can phase-lock to the frequency of fi+ frgy/2, where i=1,2,3,4... As long as
the heterodyne OPLL offset frequency range is larger than half of the comb line spacing, quasi-continuous
frequency sweeping can be achieved. Moreover, the SG-DBR linewidth can be the same as CW laser A, because of
the linewidth ‘cloning” of OPLL. Since the linewidth is directly related to the detection range, by using a better
reference, the system range can be greatly increased. In addition, the sweeping speed can be quite fast. It will not be
limited by the interaction between red-shifting thermal effects and blue-shifting carrier density effects.

Our preliminary results have already shown that an InGaAsP/InP integrated MLL can achieve 2.06 THz
spectrum width with 29 GHz line spacing under active mode-locking [10]. A MLL has also been used as a reference
laser, and the heterodyne OPLL has successfully phase locked to one of the comb lines [11].

Furthermore, since both the MLL and the PIC in the heterodyne OPLL system are integrated on InGaAsP/InP
platform and the fabrication processes are very similar, integrating them on the same PIC monolithically is feasible.
If the LIDAR system doesn’t have strict requirement on linewidth, it is possible to get rid of the CW laser A, and the
system size will decrease down to the tens of millimeter scale, which means that a 30 pm-resolution handheld
FMCW LIDAR can be achieved, and it becomes possible to integrate in a watch or a cell phone.

ii) Widely-and-fast-tunable ultra-narrow-linewidth lasers

Commercial state-of-the-art fixed-wavelength lasers can achieve <1 kHz linewidth, whereas the linewidth of
most widely-tunable lasers is still at the 100’s of kHz range. 1/f noise on the tuning sections is a fundamental noise
source that limits the linewidth of rapidly tunable lasers to be higher than fixed-linewidth laser.

By utilizing the topology in Fig. 3, and using a narrow-linewidth fixed-wavelength laser as CW laser A, the
narrow linewidth can be ‘cloned’ to comb lines and therefore to the SG-DBR laser in the heterodyne OPLL system.
The low phase error of the system ensures the linewidth does not get broadened when it gets ‘cloned’.

iii) Ultra-accurate optical spectrum analyzers

Optical spectrum analyzers (OSAs) normally have limited resolution bandwidth at the GHz range. By using the
frequency sweeping system in Fig. 3 as a local oscillator (LO), and beating the measuring signal with the LO on a
photodetector, the resolution of the OSA is only limited by the linewidth of the LO, which can be as small as 1 kHz
across the whole C band. The resolution of this new prototype of OSA can be so high that it is possible to measure
the linewidth of a DFB laser accurately without any extra test setup.

3. Conclusions

In this work, preliminary results of a heterodyne OPLL have been demonstrated. Based on this novel OPLL, a new
system prototype has been shown for the first time, and several potential applications have been illustrated. The
applications of this OPLL include, but are not limited to: FMCW LIDAR, narrow-linewidth widely-tunable lasers,
and ultra-accurate optical spectrum analyzers. The applications can also extend to the area of fiber optic sensing and
coherent communications. More system testing results will be shown at the conference.
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Monolithic Integration of a High-Speed Widely
Tunable Optical Coherent Receiver
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Abstract—1In this letter, a monolithically integrated widely
tunable optical receiver is demonstrated. A sampled-grating
DBR (SG-DBR) laser, an optical 90-degree hybrid, four high-
speed uni-travelling-carrier photodetectors and microstrip trans-
mission lines are integrated on a single InGaAsP/InP chip. A
42-nm tuning range and a 35-GHz detector bandwidth are
achieved. Experiments show real-time reception of 40 Gb/s BPSK
data.

Index Terms— Coherent receiver, photonic integrated devices,
optical communications.

I. INTRODUCTION

ITH the fast growth of internet data streaming, a lot
Wof recent efforts have been devoted to the research
of coherent communications, which allows higher transmis-
sion capacity and higher sensitivity. As a key component of
coherent communications, the demand for an integrated dual-
quadrature coherent receiver with an integrated local oscillator
(LO) is increasing dramatically.

Previous work has shown many coherent receiver designs
[1]-[5] and some of them are already commercialized [4], [5].
However, in most of these coherent receiver designs the
LO laser is usually not integrated monolithically [1], [4]
mainly because of the limitation of the integration platforms.
The work in [2], [3] demonstrated dual-quadrature coherent
receivers with a LO laser integrated. However, the photodetec-
tor bandwidths are limited by the quantum-well PIN detector
epitaxial structure.

In this letter, we will demonstrate a coherent receiver with a
widely-tunable LO laser and high-speed uni-travelling-carrier
(UTC) photodetectors integrated monolithically. Although this
is a single-polarization coherent receiver, by combining two
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shifter. BM: back mirror. FM: front mirror. N: N contact and N pads).

To-scale picture of the PIC. The components are labeled (P: phase

such devices with an off-chip polarization splitter and rotator,
a dual-polarization receiver can be achieved [3].

II. PIC DESIGN

As mentioned above, a widely-tunable sampled-grating
DBR (SG-DBR) laser [6], an optical 90-degree hybrid, four
UTC photodetectors (PDs), and electrical transmission lines
are monolithically integrated on an InGaAsP/InP photonic
integrated circuit (PIC). The structure of the PIC is shown in
Fig. 1. It has the same relative dimensions as the real device.
The device size is 4.3 mm by 0.54 mm.

The grating sections of the SG-DBR laser are periodically
blanked to generate comb-like reflection peaks. By careful
design of the front and back mirrors, the reflective peak
spacings are slightly different, which enables a sensitive fre-
quency tuning of the lasing peak. The SG-DBR laser can
sweep quasi-continuously across the whole optical C band
(40 nm) [6].

The 90-degree hybrid design is shown in Fig. 1. It uses
two 1-by-2 multi-mode interference (MMI) couplers as the
first stage, which split the LO and the incoming signal
into two paths, respectively. The symmetry of 1-by-2 MMI
coupler ensures equal splitting. Directional couplers are used
as the second stage couplers in the 90-degree hybrid, because
they have minimum reflection and perfect 180 phase relation
between the two outputs, regardless of splitting ratio. In a
design aspect, a decrease of waveguide width will increase the
coupling coefficient, while, on the other hand, the increase of
the gap width will decrease the coupling coefficient. In real
cases, the gap will increase when the waveguide width shrinks,
and vice versa. The spacing between the waveguides is accu-
rate, independent from fabrication errors. Thus by choosing the
right waveguide spacing, these two effects can be canceled to

1041-1135/$31.00 © 2013 IEEE
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Fig. 2.  Simulated transmittance of the directional coupler. Outputs #1
and #2 represent the output power ratios from the two output waveguides,
respectively, compared to the launched power. The x axis is the waveguide
width (W), and the spacing between two waveguides (S) is 2.5 um.
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Fig. 3. Circuit schematic diagram of the PD bias circuit on PIC.

first order, and the directional coupler dimensions can be very
tolerant to waveguide width variation caused by fabrication.
The waveguide etching depth is also a key factor for directional
coupler fabrication. A surface ridge waveguide structure has
been chosen, and a selective wet etch is used to finish the
waveguide etching, as will be discussed in Section III. The
etching depth is defined by metal-organic vapour phase epitaxy
(MOCVD) growth, the accuracy of which is within 2% for
each epitaxial layer.

The directional coupler design is shown in Fig. 2. By vary-
ing the waveguide width and fixing the waveguide spacing, the
coupling ratio is shown. With a 0.3 um fabrication error (from
1.3 to 1.6 um), a decent splitting ratio (better than 47% : 53%)
can be achieved according to the beam-propagation method
simulation, as shown in Fig. 2. The radiation loss is around
5% from the waveguide bends and tapers on two sides of the
directional coupler, which have also been taken into account
in the simulation. The designed directional coupler has the
following parameters: length = 145 um, waveguide width
(W) = 1.5 um, waveguide spacing (S) = 2.5 um.

Four UTC PDs are also integrated on this PIC as well
as microstrip transmission lines. For our design, the UTC
PDs have voltage supplies to both N and P-contacts [7]. The
circuit model is shown in Fig. 3. P and N contacts are led
to ground-signal-ground (GSG) pads on the edges of the PIC
by transmission lines, and capacitors are also integrated to
provide a high frequency ground on the PIC. The capacitance
is around 1 pF, which is more than 50 times that of the UTC
PD junction capacitance. The thickness of the absorber layer is
designed to be 150 nm so that the effective index matches the
fundamental mode in the waveguide, which enables the light
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to couple into the absorber layer and therefore get absorbed
quickly. The doping level of the absorber is also graded from
5x10'7 to 2 x 10'8 em =3 to facilitate the electron transport in
the absorber. The collector thickness is optimized to be 250 nm
to get faster coupling and lower junction capacitance. With
a size of 20 um long and 3 um wide, the designed quantum
efficiency is above 95%, and with a 50 Q load the 3-dB
bandwidth can be above 50 GHz, depending on the contact
resistance.

As shown in Fig. 3, two transmission lines need to be
integrated for each UTC PD, and therefore there are totally
8 transmission lines on the PIC. Bisbenzocyclobutene (BCB)
is used as the dielectric layer. An Au ground plane is needed
beneath the BCB as the RF ground. In order to partially
compensate the inductance introduced by wirebonds, the GSG
pads are designed to be slightly capacitive. The GSG pad
schematic can be found in Fig. 5. The pitch size is 100 um,
and signal pad size is 75-by-75 wum. The electromagnetic
simulation results can be found in [7].

III. PIC FABRICATION

The PIC is designed and fabricated based on a semi-
insulating (SI) InGaAsP/InP substrate and centered-quantum-
well (CQW) waveguide structure [8]. The fabrication starts
with the base epitaxial wafer, which contains a 1.1 Q (InGaAsP
quaternary material with photoluminescence peak at 1.1 um)
N-contact layer, N-cladding layer, waveguide layers, CQWs,
and 450 nm thick InP as the buffer layer for the quantum well
intermixing process [9]. After an alignment marks etch, a
patterned phosphorus ion-implant is carried out to define the
active/passive areas on the wafer. The sample is then annealed
at 675 °C, and in consequence the photoluminescence (PL)
peak of the implanted areas have a blue shift of around 130 nm,
while the un-implanted areas stay almost the same. Therefore,
the active (PL peak: 1550 nm) and passive (PL peak:
~1420 nm) areas are defined. After removing the implant
buffer layer and the stop etching layer, a blanket MOCVD
UTC-PD regrowth is carried out. Using Si3N4 as a hard mask,
UTC layers are then removed from most of the wafer by wet
etch, left in only the places where UTC PDs will be defined in
the later steps. Gratings for the SG-DBR laser are then defined
using electron-beam lithography, and a Methane-Hydrogen-
Argon (M/H/A) reactive-ion-etch (RIE) is used to etch the
gratings. The grating pitch size is 238 nm, and the etching
depth is 80 nm into the top waveguide layer. A scanning
electron microscope (SEM) picture of the finished gratings
is shown in Fig. 4(a). Following the grating step, a second
blanket MOCVD regrowth is fulfilled. The P-cladding layer,
P-InGaAs contact layer, and top InP sacrificial layer are grown.
The full epitaxial structure is shown in Table I. The rows with
a shaded background show the UTC layers, and the normal
waveguide structure contains all the layers except the UTC
layers.

Following the second regrowth is the waveguide definition,
which consist of multiple dry etches and wet etches. M/H/A
RIE is used for the waveguide dry etching, and it etches
through the top InP sacrificial layer and the contact layer.
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Fig. 4. (a) An SEM picture of the gratings with a pitch size of 238 nm.
(b) An SEM picture of the cross section of a fully-fabricated UTC
photodetector.
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TABLE I
Absorber GSG pads
FULL EPITAXIAL STRUCTURE
InP I 1.7Q-Ncontact [ SiNx

No. Material Thick (nm) | Doping (cm™3) Function P-metal [ N-metal [ BCB

1 InGaAs:Zn 150 2E19 P-contact Bl P-nGahs Bl 130-WGlayer I QW layers
2 InP:Zn 1800 SE17-1E18 P-cladding .

3 InP:Zn 200 SEI7-1EIS P-cladding B Intermixed QWs

4 InGaAs:Zn 50 2E18 Absorber

3 MGIASZn 50 1E18 Absorber Fig. 5. Cross sections of the fabricated PIC.

6 InGaAs:Zn 50 SE17 Absorber

7 InGaAs 8 UID Band smooth TABLE 11

8 1.24Q 16 UID Band smooth C

9 P 6 UID Band smooth UTC LAYER ETCHING PROCESS

10 InP:Si 7 1E18 Band smooth -
11 InP 250 UID Collector Etch Steps Removed UTC Layer Removed Waveguide
2 InP:Si 30 IEI8 Subcollector Layer

13 1.33Q:Si 20 1E17 Etch stop layer InGaAs wet

14 InP:Si 5 8E16 Regrowth layer etch InGaAs absorber 25 nm 1.3 Q layer
15 InP:Si 30 SE16-8E16 Regrowth layer M/H/A d

16 1.3Q:Si 105 SE16 Waveguide ctch v 1.24 Q layer ~25nm 1.3 Q layer
17 10 QWs 153 UID Quantum Wells —

18 13Q:51 105 1ET7 Waveguide InP wet etch InP collector layer Negligible

19 InP:Si 850 1E18 N-cladding M/H/A dry 133 Q layer ~30 nm 1.3 Q layer
20 1.1Q:Si 100 IEI8 N-contact etch

21 InP:Si 1000 1E18 N-cladding InP wet etch InP regrowth layer Negligible

22 InP:Fe SI Substrate %0 ”

~80 nm waveguide
Summary All UTC layers layer

An HCl-based wet etch is applied to finish the waveguide
definition, and the etch stops accurately at the top waveguide
layer. At this point, the gap of the directional coupler needs
to be protected. A 10-nm atomic layer deposition (ALD)
Al,O3 film and a 100-nm plasma-enhanced chemical vapor
deposition (PECVD) Si3Ny film are deposited. The ALD
Al,O3 film is used as a stop etch for the SizN4 dry etch.
After protective SizNy4 definition, the Al,O3 film in open
areas is removed by a strong base, AZ400K developer.
After that, several M/H/A RIE and wet etches are carried
out alternatively to remove the UTC layers beside the UTC
PDs. The to-be-etched UTC layers, from top to bottom,
are layer 4 - 15 shown in Table I. Several wet etches and
dry etches are carried out alternatively, and the processing
steps are shown in Table II, in which H>SO4:H>0,:H,O
(1:1:10) is used for InGaAs wet etch, and HCl:H3PO4 (1:3)
is used for InP wet etch. During these etches, the normal
waveguide is also etched around 80 nm into the waveguide
layer (No. 16 in Table I) except the protected directional
coupler gaps. The cross section of a UTC detector is shown
in Fig. 4(b). The undercut of the InGaAs absorber is because
of the wet etch. It is also noticed that the collector is wider
than the P-cladding layer, which is mainly caused by the

masking of the top of the waveguide during the dry etch
process.

Finally, the wafer is thinned down, and backside metal-
lization is carried out. After cleaving and facet anti-reflective
coating, the samples are ready for testing. The whole process
includes 2 MOCVD regrowths, > 20 lithographies, and 2 ion
implantations. The schematics of the cross sections of the fully
fabricated PIC are shown in Fig. 5, and an SEM picture of the
PIC can be found in Fig. 6.

IV. TESTING RESULTS

The PIC has been fully characterized. The SG-DBR laser
covers from 1541 nm to 1583 nm without temperature tuning.
The optical spectra of the super-modes are shown in Fig. 7(a).
The side-mode suppression can be further improved if the
output power is higher. The preliminary result shows a self-
heterodyne linewidth of around 10 MHz [7], [10], and the low-
frequency linewidth drift is within 100 MHz. The output power
can be as high as 20 mW without the boosting amplifier. The
ac response of the phase diode of the SG-DBR has also been
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Fig. 6. An SEM picture of the fabricated PIC. The components are labeled
(P: phase shifter. BM: back mirror. FM: front mirror. N: N contact and N
pads).
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Fig. 7. (a) Optical spectra of the SG-DBR laser lasing at different mirror
super-modes. The resolution bandwidth is 0.1 nm. (b) Relative frequency
response of the phase section diode in the SG-DBR laser. (c) Shows optical-
electrical response of the UTC PD. The 3-dB bandwidth is 35 GHz [12].

characterized by measuring the modulation side peaks after
applying a small RF signal on the phase diode. The relative
E-O response is plotted in Fig. 7(b). The pole at 100 MHz
is introduced by the minority carrier lifetime (~1.6 ns). The
low-frequency tuning sensitivity is around 5 — 10 GHz/mA,
depending on how the lasing cavity mode is aligned to the
mirror reflectivity. The relative fast RF response of the phase
section diode is favorable for opto-electrical feedback systems
(71, [10], [11].

The UTC photodetector is measured by a lightwave com-
ponent analyzer, and it shows a 35 GHz 3-dB bandwidth
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with —2 Volts bias as shown in Fig. 7(c). It is measured
with the device wirebonded. By direct probing on chip,
similar results have been observed. The main limit of the
RF bandwidth is from the high contact resistance, which can
be solved by increasing the doping level of P-InGaAs or
by improving the surface preparation before P-contact metal
deposition.

Since the phase relation of the 90-degree hybrid is
adjustable by injecting current into the on-PIC phase
shifter, the output phase is exact. The power imbalance is
within 5%.

A system measurement is also carried out. By using this
integrated coherent receiver PIC, an optical Costas receiver
is built, and 40 Gbit/s BPSK demodulation is achieved. The
bit error rates from 20 Gbit/s up to 40 Gbit/s are measured
(71, [10].

V. CONCLUSION

In summary, a highly-integrated widely-tunable optical
dual-quadrature coherent receiver has been demonstrated. An
SG-DBR laser, a 90-degree hybrid, four UTC photodetec-
tors and microstrip transmission lines are integrated mono-
lithically. Device characterization and system measurements
are shown.
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Abstract—In this paper, a highly-integrated widely-tunable op-
tical homodyne receiver is reported with 40 Gbaud/s data rate.
By using photonic and electronic integration, the receiver is real-
ized within a size of 10 X 10 mm?, and the system is very robust
and resistive to environmental changes. An integrated photonic co-
herent receiver circuit is demonstrated with 35 GHz photodetector
bandwidth, and the integrated local oscillator (LO) laser covers a
40 nm range. The electronic IC (EIC) has a working frequency up
to 50 GHz. The feedback loop is carefully analyzed and designed,
and the experimental results show > 1.1 GHz loop bandwidth,
which matches the design. The hold-in range is measured to be
> 15 GHz. The phase noise of the transmitting laser has been
cloned to the LO laser quite well, and both the linewidth measure-
ment and phase noise measurement show no observable cross talk
between binary phase shift keying (BPSK) data and the optical
phase-locked loop (OPLL). Error free (bit error rate < 10712)
is achieved up to 35 Gbit/s. The system consumes 3 Watts of power.

Index Terms—Coherent receiver, Costas loop, homodyne detec-
tion, optical phase-locked loops, optical receivers.

I. INTRODUCTION

ECENTLY, a resurgence of effort is being devoted to the

research of coherent optic fiber communications, because
of the advantages of higher sensitivity, better noise tolerance,
and, more importantly, its compatibility with complex modu-
lation format, such as QPSK, 16 QAM, which leads to higher
spectrum efficiency [1]-[5].

In order to demodulate phase shift keying (PSK) signals, co-
herent detection is needed. There are generally two ways to
achieve coherent detection for the optical phase shift keying
(PSK) signals — homodyne detection and intradyne detection
[4], [5]. The homodyne detection relies on the fixed phase rela-
tion between the transmitting laser and the local oscillator (LO)
laser, which can be achieved by injection locking [6] or optical
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phase-locked loops (OPLLs) [7]-[12]. On the other hand, intra-
dyne detection is depended on digital signal processor (DSP) to
correct the frequency and phase difference between the trans-
mitting laser and the LO [5].

Research on the coherent receiver started in the early 1980s,
and most of the early efforts focused on homodyne technolo-
gies. Homodyne receivers have been well studied both theoret-
ically and experimentally [7]-[9], [12]-[15]. The main driving
force of the homodyne receiver research was its highest sensi-
tivity — 10 =Y bit error rate (BER) can be achieved with only 9
photons per bit. However, one of the biggest problems that re-
searchers were facing was the insufficient phase locking band-
width relative to the LO laser linewidth. In other words, a very
narrow linewidth laser was required to achieve a stable phase
locking with respect to the limited loop bandwidth at that time.
The limited speed of photodetectors and electronics components
also limited the data rate, which gave rise to an even higher re-
quirement on LO laser linewidth [9]. Therefore, external cavity
lasers were normally used, which made the system bulky and
expensive. As for an OPLL with absolute stability, the loop nat-
ural frequency w,, and the loop delay T should satisfy a relation
of w,, - 7 < 0.736 [16], which means that in order to achieve
> 100 MHz loop bandwidth, < 1.2 ns loop delay is required.
By using external cavity laser, bulk optics and discrete com-
ponent electronics, this was very difficult at that time [17]. In
order to increase the loop bandwidth and therefore make the
loop more stable, photonic and electronic integration becomes
necessary.

Later on, in the 1990s, with the invention of the Er-
bium-doped fiber amplifier (EDFA) and the wide application
of wavelength division multiplexing (WDM), the interest in
homodyne coherent receivers and PSK modulation dropped
greatly. Many optical channels could be multiplexed into one
fiber and get amplified together. Long-haul communication, and
high-capacity network became more cost effective. At around
year 2008, the focus on coherent communication returned,
with most of the efforts focused on the intradyne receiver.
The architecture of an intradyne coherent receiver normally
consists of an LO laser, an optical I/Q receiver, high speed
analogue-to-digital converters (ADC), and a digital signal
processor (DSP). The I/Q receiver is normally built with a
90-degree hybrid and four balanced photodectors. Complicated
DSP algorithms are used to recover the data. For under-sea
and long haul communications, the DSP algorithms normally
include, but may not limit to, chromatic dispersion (CD) com-
pensation, clock recovery and timing adjusting, polarization
de-multiplexing and polarization mode dispersion (PMD)
compensation, frequency offset estimation, phase recovery, soft
forward error correction (FEC), and decision [5].

The DSP-based intradyne receiver is powerful, but the high-
speed sophisticated DSP not only increases the cost of coherent
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receiver tremendously, but also suffers from high power con-
sumption. For shorter distance, where dispersion effects are not
severe, the application of DSP may be overkill, even though
only part of the algorithm steps are necessary for short distance.

In order to solve the high-cost and high power consumption
problems that intradyne receivers have, OPLL-based homodyne
receivers become an alternative. Regarding the technical prob-
lems that researchers had in the 1980s, most of them can be
solved by advanced integration technologies. Integration makes
the system smaller and more stable. The smaller size also leads
to a shorter loop delay for the OPLL, and therefore a much
wider loop bandwidth [16]-[21]. Wide loop bandwidth con-
tributes to the better system reliability, and better laser phase
noise suppression. Since there is no high-speed DSP involved,
the OPLL-based receiver can be much cheaper, and has signif-
icantly lower power consumption, compared to DSP-based in-
tradyne receivers.

The first highly integrated homodyne BPSK optical coherent
receiver was proposed, and a part of the measurement results
were demonstrated in our recent publications [11], [22]-[25].
In this paper, more detailed and comprehensive system design,
analysis, implementation, device fabrication, and measurement
results are described systematically. By photonic and electronic
integration, the whole receiver system is realized within a
size of 10 x 10 mm?. The loop bandwidth is measured to be
> 1.1 GHz, which is the highest to the best of our knowledge.
40 Gbit/s real-time BPSK data demodulation has been achieved.
The system also shows very good stability and reliability in
terms of temperature fluctuation. The power consumption is
below 3 Watts, 0.5 Watts from the PIC and < 2.5 Watts from
the EIC, negligible (~ 0.07 Watts) from the loop filter. The
thermoelectric controller power consumption is no included.

II. COSTAS LOOP AND SYSTEM ANALYSIS

A. Optical Costas Loop and its Components

Among all homodyne coherent receiver architectures, Costas
loop is one of the most robust and commonly used. The elec-
trical Costas loop has been applied to many applications, such as
GPS receivers and orthogonal frequency-division multiplexing
(OFDM). Sharing a similar architecture, optical Costas loops
have also been well studied, such as decision-driven Costas
loop [7]. The general architecture of the Costas loops are shown
in Fig. 1(a). By phase shifting one branch of the LO by 90°,
and beating with the incoming signal, in-phase (I) and quadra-
ture (Q) signals are generated and mixed at a mixer. The mixer
output feeds back to the LO, which can either be a voltage-
controlled oscillator (VCO) or a current-controlled oscillator
(CCO). A loop filter is built in the loop to realize the desired loop
characteristics, such as loop order, bandwidth, phase margin and
gain margin.

The optical Costas loop shares the same architecture [8]. A
more detailed schematic of this optical Costas-loop-based co-
herent receiver is shown in Fig. 1(b). A widely-tunable sam-
pled-grating DBR (SG-DBR) laser acts as the CCO, and the
quadrature signals are generated in an optical 90-degree hy-
brid, where the 90° phase shift is introduced by an optical phase
shifter, based on current injection. The I/Q signals are detected
by four high speed photodetectors, which not only convert the
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Fig. 1. (a) The classic model of a Costas loop. (b) shows the detailed architec-
ture of the Costas loop based OPLL. The PIC, EIC and loop filter are labeled in
both (a) and (b).

optical signal to electrical signal, they also act as low pass fil-
ters. The mixer is realized by a delay line and an XOR gate,
which act together as a quadri-correlator phase/frequency de-
tector (PFD) [26]. The error signal from the PFD feeds back to
the laser tuning section through the loop filter.

By photonic and electronic integration, the system has been
realized within a size of 10 x 10 mm?, and the total loop delay
is as small as approximately 120 ps, where 40 ps is from the
photonic IC (PIC), 50 ps is from the electronic IC and 30 ps is
from the loop filter. On the photonic integrated circuit (PIC), a
widely-tunable SG-DBR, an optical 90-degree hybrid, four pho-
todetectors and RF transmission lines are integrated monolithi-
cally [22]. The Electronic IC (EIC) integrates four limiting am-
plifier (LIA) chains, a 10 ps delay line and an XOR gate. The
input signals from the photodetectors on PIC are hard limited
by the LIAs and therefore small optical power fluctuations will
not influence the system performance. The delay lines and the
XOR gate together act as a phase and frequency detector, which
can also been understood as a quadri-correlator [25], [26]. The
frequency error response is linear, and the frequency detection
sensitivity is 0.3 V/25 GHz, which is determined by the delay
time and EIC output maximum voltage. The XOR gate itself
also acts as a nonlinear phase detector, which can be analyzed
by the equivalent linear gain for simplicity [11].

The third part of this Costas loop is an active loop filter (LF),
where a novel two-path loop structure has been applied [11],
including an active slow path and a passive feed-forward fast
path. The feed-forward path includes no active components and
provides the shortest delay possible for high frequency signals,
while the active path is composed of an operational amplifier
(Op-amp) based active filter, which gives more gain at lower
frequency, and also makes sure the loop type (type II) does not
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Pout

Fig. 2. Basic PLL model.

get jeopardized [27]. The structure of this loop filter is also
shown in Fig. 1(b).

B. Loop Analysis

As for the loop analysis, both analytical and numerical
methods are used to characterize this Costas OPLL, as well as
the frequency-locked loop. Based on the loop model as shown
in Fig. 2, the open loop transfer function of this OPLL is

G(s) = Kpp - KLO(")

~Frp(s)-e™7, (1)
where K pp is the phase detector sensitivity [V/rad], Frr(s) is
the loop filter response [4/V], Kcco(s) is the CCO (LO laser)
sensitivity [rad/Hz/A], and ¢~ *" represents the loop delay ef-
fect. As mentioned before, the phase detector sensitivity K pp
is defined by the EIC gain and its output peak-to-peak voltage.
Since the signal is digitized in the LIAs, the phase detector be-
comes a bang-bang type. To simplify the analysis, linear equiv-
alent sensitivity is estimated and used in the loop analysis [11].
KpD =02-04 V/rad

The CCO sensitivity Kcco(s) is a function of frequency, and
can be expanded as

Kecols) _ g . L 1
$ 14 $Tigser 8

2

where Rcoco is the laser phase section tuning responsivity in
unit of [Hz/A], Tigser 18 time constant from the minority carrier
lifetime, and the pole at zero frequency shows the frequency to
phase conversion integral.

In order to obtain wider loop bandwidth, enough phase
margin and gain margin for loop stability, the loop filter re-
sponse F7,7(s) need to be carefully designed. It is a two-path
loop filter design, and the expression of Fr () can be written
as

14 37 1
s(14sm) R+ Ry

e 1
Frr(s) =4 e 45 sCpp. (3)

The first term on the right hand side of this equation represents
the Op-amp path, and the second term is the feed-forward path.
71 1s the parasitic parameter from the commercial Op-amp, and
79 is a RC time constant introduced to avoid 180° phase dif-
ference when the responses of the two paths cross each other
in frequency domain. A is the gain constant of the first path of
the loop filter. I, represents the laser phase section diode I-V
curve slope at the biased current (normally ~ 2 mA for this
Costas receiver). 7o p is the extra delay introduced by Op-amp,
which can be around or even larger than several ns.
The total closed-loop response is

G(s)

H(s)= ———

1+ G(s) “)
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Fig. 3. Bode plot of the open loop response G(s).

TABLE I
DESIGNED LOOP PARAMETERS

Parameters Values Descriptions
Kpp 0.2 - 0.4 V/rad Phase detector sensitivity
T 120 ps Loop delay with feed-forward path
Reco 8 GHz/mA CCO laser tuning responsivity
Tlaser 1.6 X 1079 sec Time constant for laser tuning
A 1 x 106 sect LF constant
1 8.0 x 10710 sec | Parasitic time constant from Op-amp
T 7.2 x 1078 sec RC Time constant of LF
Ry 500 Q Series resistor value at LF output
Rpp 100 €2 Phase tuning section AC resistance
Crr 1.0 pF Feed-forward capacitor value

The loop parameters are listed in Table I. The simulated loop
response is plotted in Fig. 3. As we can see, a 550 MHz open-
loop bandwidth has been achieved with 65 degree phase margin,
and 7.4 dB gain margin at 1.35 GHz, where the phase response
is 7.

III. Loop COMPONENTS — PIC, EIC AND LOOP FILTER

In order to design a robust synchronized homodyne coherent
receiver, one of the most important considerations is the loop
delay, and photonic and electronic integration becomes a perfect
solution. Integration not only decreases the size of the device,
which leads to shorter loop delay, but also makes the coherent
system more stable and more resistive to environment changes
[28]. In this section, the design details about the PIC, the EIC
and the loop filter will be explained respectively.

A. PIC Design and Fabrication

As mentioned in the previous sections, the PIC includes an
SG-DBR laser as the LO laser, an optical 90-degree hybrid to
mix the signal and the LO, four high-speed uni-traveling-carrier
(UTC) photodetectors, and microstrip transmission lines. The
PIC is designed and fabricated based on semi-insulating (SI)
InGaAsP/InP material. The architecture of the PIC is shown in
Fig. 4 as well as a microscope picture.

The SG-DBR laser has a super-mode spacing of 7 nm, and
is designed to cover 40 nm range. The phase tuning pad of
the SG-DBR laser is used for the current feedback. Compared
to other tuning mechanisms, such as temperature tuning or
quantum stark effect, the current injection to a phase diode
with a wider bandgap can change the laser frequency fast
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Fig. 4. (a) shows the schematic of the PIC, including three sections: an
SG-DBR laser, a 90-degree hybrid and four uni-travelling carrier (UTC)
photodetectors. (b) shows a microscope picture of the PIC. The different
integrated components are labeled in both (a) and (b).
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Circuit schematic of the photodetector bias circuit on PIC.
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Fig. 5.

and efficient, which leads to wider loop bandwidth and larger
pull-in range. It also does not have the 180 ° phase transition at
low frequency (normally < 1 MHz) as single-electrode lasers
have [29].

The 90-degree coupler design is also shown in Fig. 1(b). It
uses a 1-by-2 multi-mode interference (MMI) couplers as the
first stage, which split the LO and the incoming signal into
two paths, respectively. The symmetry of 1-by-2 MMI cou-
pler ensures equal splitting. Directional couplers are used as the
second stage couplers in the 90-degree hybrid, because a) direc-
tional couplers have the minimum reflection among all couplers,
which is very important to avoid injection locking since there is
no isolator on PIC; b) it acts as a perfect 180 degree hybrid and
the phase relationship is always correct, regardless of splitting
ratio.

Four UTC photodetectors are also integrated on this PIC as
well as transmission lines. Because the EIC can only provide
a voltage between —1.5 and —2 V, it is designed so that the
UTC photodetectors can have positive voltage supplies to the
N-contact in order to deplete the collector. The circuit model is
shown in Fig. 5. Both P and N contacts are led to the GSG pads
on the edges of the PIC by transmission lines, and a capacitor
is also integrated to provide a high frequency ground on the
PIC. The photodetector has a size of 3 x 20 ym. The designed
quantum efficiency is above 95%, and with a 50 €2 load the
3-dB bandwidth can be above 50 GHz depending on the contact
resistance. [23]

B. Electronic IC and Loop Filter

The electronics part of this Costas receiver includes an EIC
and a loop filter. The BPSK receiver EIC is designed to work
with the PIC having a 4-phase (I/Q) optical interferometer. With
measurement of the I and Q signals, a signal proportional to
optical frequency difference is formed by amplifying the I and
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Fig. 6. Schematics of the limiting ECL gates merged in a 50 ) transmission
lines environment.

Q signals, providing a relative delay, and mixing. Under zero
offset frequency, the IC output is proportional to the optical
phase difference; in the presence of an optical frequency dif-
ference, the IC output is proportional to this frequency differ-
ence. The phase/frequency difference function is provided to
enable PLL locking even with initial frequency offsets as large
as +/ — 50 GHz, although in real case the LO laser cavity mode
spacing sets a limit to the largest possible initial offset frequency
range.

Fig. 1(b) shows a block diagram of the full BPSK receiver.
The BPSK phase-frequency detector, denoted by the grey frame,
receives its input from the optical interferometer. Assuming the
LO laser electrical field is EFro = Apo cos(wt + Af) and
the carrier laser electrical field is £, = A.cos(wt + Af),
the optical interferometer provides the in-phase beat note 7 =
Bcos(Awt + A#) and the quadrature-phase beat note ) =
B sin(Awt + A#), thus carrying an information on both phase
and frequency offset magnitude and sign. The core of the phase-
frequency detector (PFD) [25] consists of a delay line in the Q
arm and a XOR gate, which is based on a Gilbert multiplier
topology. To reduce the dependency on the LO and reference
lasers photocurrent, The PFD is preceded by a high gain emitter
coupled logic (ECL) limiting amplifier chain in order to convert
the signals into a rail to rail square wave — Fig. 6. All the ECL
gates are biased by a tail current of 12 mA, hence providing a
differential signal of 600 mV at a full swing mode, large enough
to provide a full limiting > kT'/q) as more is explained in [25].

In case of frequency detection, the Q signal is delayed by 7
and then mixed with I. A linear, small signal analysis of the PFD,
(5), suggests that the output signal consists of two components:
a high frequency component with a double frequency but zero
average and a DC component with magnitude proportional to
the offset frequency A f . Since the PFD output is integrated by
alow frequency hybrid loop filter, the low frequency component
is the one to consider.

I'ityo Q'(t—)
= cos(Awl + AB) - sin(Aw(t — 7) + Af)
=0.5sin(2Awt — Awr + 2A0) 4+ 0.58in(Awr)  (5)

By setting 7 = 10 ps, the DC term of (5), provides an unam-
biguous frequency detection characteristics of A f = £50 GHz.

Due to the limiting amplifiers, the I/Q signals result in a hard
limited square waves. In this case, the PFD output will provide a
double frequency square wave with varying duty-cycle that de-
pends on the frequency offset, resulting in the same frequency
detection characteristics. Measurement data of the PFD in fre-
quency detection mode is presented in then next section.
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At phase detection mode, when A f = 0, the PFD output is
sin{2A#). The periodic phase detection characteristic, with a
factor of 2 in the sin argument makes the loop stable for both 0
and 180 degrees offset. This particular property allows the loop
to lock on a BPSK modulated carrier.

This EIC is fabricated using Teledyne’s 500 nm HBT process,
and each transistor has 300 GHz f; and fi,ax.

The output of the EIC goes into a loop filter. It contains a
short passive path and an active path with longer delay [11].
A commercial Op-amp is used as the active component, and it
provides 200 MHz unity-gain bandwidth. The loop filter is built
on an AIN carrier with chip resistors and capacitors with a size
of 0201.

C. PIC to EIC Interconnections

Since the output of the UTC photodetectors are directly con-
nected to the EIC input and the signal frequencies can be as high
as 40 — 50 GHz, signal integrity may be a serious issue if the in-
terconnection is not well designed. Both RF pads on PIC and
EIC have a pitch size of 100 gm. In order to partially compen-
sate the inductance introduced by wirebonds, the ground-signal-
ground (GSQG) pads on PIC are carefully designed to be a little
capacitive. The finite-element full-wave simulation shows that
as long as the wirebonding is shorter than 200 pm (~ 60 pm be-
tween the edges of the two GSG pads), 100 GHz interconnection
between can be achieved between PIC and EIC with less than
1 dB loss. The simulated S-parameters are shown in Fig. 7(a)
as well as a picture of the simulation model. Another situation
is also simulated, where the PIC and EIC are wirebonded to
the AIN carrier separately, and they are connected through the
co-planar waveguide on the carrier. The distance between the
two chips are 0.85 mm, and wire length is 380 pm from PIC to
carrier, and 500 gm from EIC to carrier. The simulation shows
that the 3-dB bandwidth is more than 40 GHz (Fig. 7(b)). The
latter case is used for this Costas receiver packaging.

The two pictures in Fig. 7(a) and (b) are plotted in different
scales, and the real device sizes are the same. As mentioned
above, the GSG pads have a 100 um pitch size, the signal pad
on the PIC is 75-by-75 psm, and the signal pad on EIC is 75 pm
wide and 100 g long. The InP substrate thicknesses of both
PIC and EIC are 6 mil.

IV. DEVICE CHARACTERIZATION AND SYSTEM MEASUREMENT

A. Device Characterization

The PIC and EIC are characterized separately before they are
used to build the Costas receiver.

The on-PIC SG-DBR laser shows a tuning range from 1541
to 1583 nm. For the L-I-V measurement, only the gain section
of the laser is biased, and the boosting semiconductor optical
amplifier (SOA) next to the front mirror is reversed biased as
an absorber to measure the output optical power. The threshold
current of the SG-DBR laser is 25 mA, and with 180 mA bias,
output power can almost reach 20 mW without the boosting
SOA [23]. Since the whole circuit is built on surface ridge wave-
guide structure, which provides small on-chip reflection, there
is no injection locking has been observed.

The phase tuning section of the SG-DBR laser shows around
Reco = 5 — 10 GHz/mA tuning sensitivity. Because the
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Fig. 7. Full-wave simulation results of the GSG pads for interconnections. The
golden color represents gold, green color represents InP, and gray box represents
AIN. (a) The wirebond is directly from one chip to the other. (b) The PIC and
EIC are wirebonded to the carrier separately, and they are connected through
the co-planar waveguide on the carrier.

mirror reflectivity of the SG-DBR is not necessarily flat, the
lasing wavelength change leads to the change of mirror reflec-
tivity, which therefore changes the threshold current and the
carrier density in the gain section. If the reflectivity slope is
negative versus wavelength, the carrier density change in the
laser gain section will increase with the current injection into the
phase tuning section, which favors the frequency tuning sensi-
tivity. Otherwise, if the reflectivity slope is positive, the tuning
sensitivity is lower. The measurement shows that Roco can
vary roughly by a factor of 2, depending on how the lasing peak
is aligned to the mirror reflection peak.

The RF response of the phase section is also measured. By
injecting AC current into the phase diode, the laser is modu-
lated. The injected AC current generates two modulation side
lobes, which indicates the frequency response of the laser phase
section. The measurement result is shown in Fig. 8. Curve fit-
ting confirms a pole at 100 MHz, which means the time constant
Tiaser €quals 1.59 ns. This also presents the carrier life time in
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Fig. 8. Relative frequency response of the phase section diode in the SG-DBR
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Fig. 9. PFD standalone frequency detection response, measurements versus
simulation [25].

the waveguide passive section of this integration form. The mis-
match between experimental result and fitted curve at low fre-
quency is due to the cut-off frequency of the bias-Tee used in
the measurement.

The 90-degree hybrid is also characterized. The power im-
balance in the four photodetectors are within 5%, and the phase
can be exact, since there is a tunable phase shifter in the hybrid,
and the directional coupler always acts as an 180 degree hybrid,
regardless of coupling ratio.

The UTC photodetector characterization is carried out by
using a lightwave component analyzer (LCA). The UTC pho-
todetector is wirebonded to the AIN carrier before testing,
since in the following system testing they have to be wire-
bonded. Amplitude modulated laser signal is coupled into the
waveguide and detected by the UTC photodetector, and the RF
response is then measured by the LCA. All the cable and probe
losses are de-embedded. The measurement is based on the 50
{2 load. The 3-dB bandwidth is measured to be around 35 GHz
with —2 V bias [22], [23]. The major limit of the bandwidth is
from the contact resistance. The measured contact resistance of
this PIC is around 7000 €2 - um?, which leads to around 100
contact resistance for each UTC photodetector. The saturation
current is 18 mA with —5 V bias.

As for the EIC, the electrical testing shows it fully functional.
By adjusting the input frequency, the output voltage of the EIC
is measured. As shown in Fig. 9, the measured result matches
with simulation quite well.
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Demodulated
1/Q data output

Fig. 10. Microscope picture of the Costas receiver on the test stage. The DC
probe card provide DC supplies to the device from the top side of the image.
The optical input and output are from the right hand side of the picture, and a
four-signal-line RF probe is used to measure the demodulated 1/Q output.

The more detailed testing results of this EIC is discussed in
[25], and the design, fabrication and measurement result of the
PIC can also be found in [22], [23].

B. OPLL Testing

The PIC, EIC and loop filter are then mounted on AIN car-
riers and wirebonded together. The size of the system is around
10 x 10 mm?. The incoming signal is coupled into the PIC
through a lensed fiber, and the SG-DBR power is coupled out
to another lensed fiber through the back mirror for monitoring
purpose. All the DC power supplies are connected through a
DC probe card. The demodulated signal is obtained from the
EIC output ports. A microscope picture of the Costas receiver
is shown in Fig. 10, and PIC, EIC and loop filter are also labeled
in the picture.

The Costas receiver is first tested as an OPLL. A tunable
external cavity laser (ECL) is used as a reference laser with
a linewidth of 80 kHz. The power of the reference laser is
first coupled into the Costas receiver directly without any
modulation, and the optical power of the SG-DBR laser is
coupled out from the PIC and beat with the reference on an
external high speed photodetector. An acousto-optic modulator
(AOM) is applied to introduce a 100 MHz frequency offset. The
beating spectrum between the reference laser and phase-locked
SG-DBR laser is observed on an electrical spectrum analyzer
(ESA). The test setup is shown in Fig. 11(a), and the beating
spectrum on ESA is shown in Fig. 11(b) [18]. In Fig. 11(b), the
100 MHz peak is the beating between the SG-DBR laser and
the reference ECL when they are phase locked. The 1.2 GHz
peak is because of the damping of the OPLL, which indicates
the loop bandwidth, and the 1 GHz peak is the ‘folded’ peak
from the lower sideband. Therefore, the frequency difference
between the main peak and the sidelobes is 1.1 GHz. Since the
sidelobes are caused by the damping of the loop, the actually
loop bandwidth is wider than the damping peaks [27]. The
sidelobes set a lower limit for the actual closed-loop bandwidth,
and the actual loop bandwidth is larger than 1.1 GHz. To the
best of our knowledge, it is the widest OPLL bandwidth that
has ever been reported.

Loop bandwidth measurement is also done by introducing a
phase error signal in the loop. A LiNbOy phase modulator has
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Fig. 11. (a) The test setup for the OPLL. (b) The beating spectrum of the two
lasers when they are phase locked. The resolution bandwidth is 100 kHz.

been included in the loop and relative loop response is measured
on the ESA [27]. The test setup is shown in Fig. 12(a). The phase
error Ay, ;,(s) is generated at the phase modulator, and the
SG-DBR laser phase response to this phase error can be written
as

A‘Pe,out('s) = A%,m(é’) ' H(S) (6)
according to (4). Since the ESA measures the residual phase
noise spectrum between the SG-DBR laser and the unmodulated
reference, the spectrum peak power, introduced by the modu-
lated reference, is proportional to the square of the closed-loop
transfer function.

2

PSR (1) o ‘M = |H(2nf)]%,  (7)

ESA Pe,in(J27 f)

where P2%%(f,) is the measured peak intensity on ESA, f, is
the signal generator frequency and also the peak frequency on
ESA, and j27f = s. The normalized measurement result is
shown in Fig. 12(b) as well as the simulated closed-loop func-
tion. The peaking at 1 GHz is probably because of the parasitic
inductance in PIC and loop filter interconnection.
Furthermore, frequency pull-in and phase-locking is ob-
served. By simply tuning on the loop, the two lasers are phase
locked automatically. Even under the condition that the original
frequency offset between two lasers is as large as 17.5 GHz,
success frequency pull-in and phase locking has been observed
after tuning on the loop. The pull-in range is dependent on the
working conditions of the OPLL, especially on the LO laser.
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Fig. 12. (a) The test setup for loop bandwidth measurement. (b) shows the
measured loop bandwidth (solid line) and the simulation result (dash line) as a
comparison.

Frequency pull-in can only happen within one laser cavity
mode.

By turning on the feedback loop, the SG-DBR laser fre-
quency will be automatically pulled towards the reference laser
frequency, and the phase lock loop starts to function when
the frequency difference is within around 1 GHz. It is worth
mentioning that it is the frequency locked-loop (FLL) that
decides the pull-in range rather than the phase-locked loop, and
FLL pull-in range is decided by the delay line in the EIC and
the laser cavity mode spacing. In other words, it is not limited
by the OPLL bandwidth any more. The whole pull-in and
locking process takes hundreds of nanoseconds. The relatively
slow frequency pull in is because of the bandwidth of the FLL
bandwidth. As a first order loop, the FLL only has a designed
bandwidth of 178 kHz. The frequency/phase pull-in curve is
shown in Fig. 13. It is measured by applying an on-off keying
modulation on the incoming signal. The OPLL will have
frequency/phase pull in and lock when the incoming signal
is ON, and lose lock when it is OFF. The in-phase output of
the EIC is monitored on a real-time oscilloscope. As we can
see, the SG-DBR laser is locked and unlocked periodically.
The frequency pull-in speed is still relatively slow in the range
of hundreds of nano-second. However, by redesign the loop
characteristics, the pull-in speed can be possibly decreased by
roughly two orders.

In addition, more than 30 GHz (> 15 GHz single-sideband)
hold-in range has been observed. Within a 2.6°C temperature
fluctuation, the OPLL stays locked.
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Fig. 13. The real-time oscilloscope result of the OPLL frequency pull-in and
phase locking. Four periods are shown in (a), and (b) shows another set of time
domain data with a smaller span.

C. Linewidth and Phase Noise Measurement

As for the linewidth measurement, self-heterodyne method
is used. The laser under testing is split into two branches, a
25-km fiber delay is in one branch to get rid of the coherence
and an acousto-optic modulator (AOM) is in the other branch
to introduce the 100-MHz offset frequency. The linewidth of
the reference laser is first measured, and 80 kHz full width at
half maximum (FWHM) linewidth is obtained. The free-run-
ning SG-DBR (LO) laser linewidth has also been measured
using the same method, and the FWHM linewidth is roughly
10 MHz.

The SG-DBR laser is then phase locked to the reference laser,
and the linewidth of the phase-locked SG-DBR laser is mea-
sured. After applying the BPSK-modulated signal on the ref-
erence laser, the linewidth of the SG-DBR laser has been mea-
sured again. The test setup is shown in Fig. 14(a), and the results
can be found in Fig. 14(b). As we can see, the locked SG-DBR
laser has the same linewidth as the reference, even when the
reference is modulated by a BPSK signal. The data rate is 25
Gbit/s, and 23! — 1 pseudo-random binary sequence (PRBS)
data is used.

The phase noise of this OPLL system is also measured on
the ESA, and the test setup is shown in Fig. 15(a). In order
to cancel out the reference laser noise, the fiber length is well
matched with a length error smaller than 1 meter. As indicated
in Fig. 15(b), the phase noise curves with and without data mod-
ulation match very well, which confirms that there is no observ-
able data-OPLL cross talk in this Costas receiver, and also veri-
fies the good matching in the linewidth measurement. The phase
noise of the RF source that is used to drive the AOM is also
measured for comparison. For all four sets of measurement, the
signal power is always kept at —30 dBm, and the background
noise is taken based on the assumption of the same signal power.

Comparing the OPLL phase noise with the signal generator
phase noise, both of them reach the ESA noise floor at the
frequency above 50 kHz, and the 1.1 GHz peak indicates the
closed-loop bandwidth. However, at frequencies below 50 kHz,
the OPLL present more noise compared to the RF source. This
low frequency noise component is believed to be introduced by
the test setup rather than OPLL itself. The fiber vibration can
be one of the possible justifications. It causes phase fluctuation
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Fig. 14. (a) The test setup for linewidth measurement. (b) shows the mea-
sured linewidth of the reference laser (red), the free running SG-DBR (LO) laser
(black), the phase-locked SG-DBR laser without modulated signal input (green),
and the phase-locked SG-DBR with BPSK modulated signal input (blue). A
zoomed-in plot is shown in the upper right corner. The resolution bandwidths
are 50 kHz and 3 kHz, respectively.
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in the Mach-Zehnder Interfermeter formed by two 2-by-2 fiber
couplers, which may lead to higher low-frequency residual
phase noise. Another possible cause is the fiber mismatch. If
the fiber path length matching is not perfect, the laser phase
noise will not be totally canceled out, and consequently shown
on the OPLL phase noise.

D. Bit Error Rate Measurement

As for data reception of a Costas loop, the same as DSP-
based intradyne systems, phase ambiguity needs to be taken into
consideration. The incoming signal phase will be doubled in
the quadri-correlator PFD, by which the 0 and 7 signal phase
will be erased. However, the carrier phase will also be doubled
at the same time, which means that the carrier phase of = and
27 become identical and indistinguishable to the OPLL. One
way to solve this phase ambiguity problem is using differential
encoding and decoding.

In the experiment, since PRBS data is used (the differential
sequence of a PRBS is itself), no encoder is needed at the trans-
mitter side. On the receiver output, the output data sequence
needs to be decoded. One bit delay is introduced to the I output,
and an XOR operation is carried out on the I and delayed [ sig-
nals, and resulting output of the XOR gate is the inverse of the
original PRBS sequence. The output of the XOR gate is con-
nected to a bit error rate tester (BERT), and BER is then ob-
tained. The eye diagram is measured at the EIC output directly
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Fig. 15. (a) The test setup for phase noise measurement. (PLM: path length
matching.) (b) shows the measured phase noise of the beating between the
phase-locked SG-DBR laser and the reference laser with (red) and without
(black) data modulation. The ESA background noise (blue), and the 100-MHz
RF signal phase noise (green) are also plotted.

Oscillosc

Change OSNR

Fig. 16. Test setup for the BER measurement. The three dashed boxes indicate
the transmitter, the receiver and the section that is used to vary the OSNR. The
rest parts of the test setup are for monitoring purpose.

without the decoding circuit, and a 70 GHz sampled oscillo-
scope with a remote sampling head is used. Since the application
of limiting amplifiers in EIC, BER cannot be estimated from the
eye diagrams.

The test setup is shown in Fig. 16. The transmitter part is the
same as the previous experiments, and 23! — 1 PRBS pattern
is used. A variable optical attenuator (VOA) and an EDFA are
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Fig. 17. (a) The eye diagrams of received data at 25 Gbit/s and 40 Gbit/s.
(b) The bit error rate measurement results of the coherent receiver. The BER
vs OSNR curves were measured at the data rate of 20, 25, 28, 35, 40 Gbit/s. The
theoretical curve is also plotted at 25 Gbit/s data rate for an ideal receiver.

used to change the optical signal-to-noise ratio (OSNR). An op-
tical filter with an FWHM bandwidth of 0.95 nm is used to filter
out the amplified spontaneous emission (ASE) noise from the
EDFA. The incoming signal is coupled to the receiver through a
lensed fiber, and demodulated signal is detected by a 50 Gbit/s
BERT through the decoding circuit. The BER is measured by
the BERT. The RF cable is kept as short as possible to avoid ex-
cessive loss from the receiver to the measurement equipment.
The measured eye diagrams at 25 and 40 Gbit/s are shown in
Fig. 17(a), from which we can see the eyes are fairly open even
at 40 Gbit/s. The BER measurement are carried out at the bit
rates of 20, 25, 28, 35, and 40 Gbit/s. By varying the VOA,
the OSNR from the EDFA output changes, and therefore the
BERs are measured at different OSNR. The results are shown in
Fig. 17(b). The theoretical BER for an ideal receiver is also cal-
culated at 25 Gbit/s data rate. Comparing the measured BER and
the theoretical BER, there is a 6-10 dB OSNR penalty. There
are several potential factors that may introduce this difference.
First, the residual LO laser phase noise may have influence on
the receiver power penalty. Since the free running LO has a
linewidth of 10 MHz, even with a 1 GHz OPLL loop band-
width, the residual phase noise can be more than 10 degrees,
which will cause a higher BER for the receiver performance,
especially when OSNR is high. Second, since the device is not
packaged, mechanical vibration can possibly cause worse BER.
More specifically, the vibration of the fiber coupling can intro-
duce optical amplitude noise on the photodetector, and the am-
plitude noise will pass through OPLL and change the LO laser
phase and introduce phase error in consequence. The phase error
variance of the OPLL directly influences the BER.
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As shown in Fig. 17(b), error free (BER < 10712) is
achieved at the data rate up to 35 Gbit/s. At 40 Gbit/s, it is
believed that the phase shifter, which is used to introduce a 1 bit
delay in the differential decoding circuit, reaches its bandwidth.
However, the differential decoding circuit can be potentially
integrated in the EIC, and therefore it will not limit the receiver
performance.

V. CONCLUSIONS

In this paper, an optical Costas receiver is demonstrated, and
real-time 40 Gbit/s coherent communication is achieved without
any DSP. We achieve error free up to 35 Gbit/s BPSK signal.
By recovering the phase of the carrier, the LO laser ‘clones’ the
linewidth of the transmitting laser. The OPLL closed-loop band-
width is 1.1 GHz. With 2.6°C temperature change, the OPLL
still stays locked, which indicates more than 30 GHz hold-in
range (> 15 GHz for single sideband). The power consumption
is < 3 Watt without taking thermoelectric cooler power con-
sumption into account.
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Abstract We propose a new concept for a single-chip multi-channel WDM receiver which can scale
toward Tbps operation. The receiver, consisting of a single photonic IC and a single electrical IC,

multiplies data detection capacity by the number of electrical subcarrier channels.

In a first

demonstration, two BPSK-modulated wavelength channels have been successfully demodulated.

Introduction

Tbps WDM super-channels are expected to lead
to improved spectral efficiency and higher
overall system capacity’?. Current systems
typically consist of several precisely spaced, but
uncorrelated optical carriers"®. Demodulation
requires an optical de-multiplexer and an array
of coherent receivers, each tuned to a discrete
optical carrier. As DAC and ADC speed and
resolution improve, the number of optical
carriers can be reduced and higher order
modulation formats may be used, albeit at the
cost of reduced optical reach’.

In this work, we propose a coherent receiver
architecture which is scalable to Tbps single
optical carrier rates while maintaining optical
reach. Fig. 1 shows a schematic of the proposed
receiver in which a single coherent receiver

Multi-channel photonic IC
TXsignals |=----=--=--—--—-—--»
&
[}
|
i1 Optical
H .
LO (fo) | Hybrid
Vo 1
[}
[}
|
heccccccccccccacae=
Optical LO
*P 25‘3”2 (1550nm)
I ﬂﬂﬂﬂﬂ !
I " 20
I " o2
-t 'Freq'err H
Elect| | »
25GHz oonea :

il

-62.5G -37.5G -12.5G | 125G 37.56  Freq.[HZ] }
PSD

25GHz {.\
£ £ £

-62.5G -37.5G -12.5G| 1256 37.5G  Freq. [HZ]

[ea1199|3

N
uolsiaAu0s-umog

converts several modulated optical carriers to
RF subcarriers, and an array of image reject
mixers de-multiplexes the subcarriers to recover
the data. The total capacity is ultimately limited
by the bandwidth of the photo-detectors (PDs)
and the de-mux IC, and by the modulation
spectral efficiency. The architecture can scale
beyond 1 Tbps capacity using 200 GHz
bandwidth detectors and ICs together with dual
polarization 16-QAM*°

Coherent single chip multi-channel receivers
The WDM receiver has a simple circuit
configuration, can provide high spectral
efficiency, and accommodates a range of
channel spacing and data modulation formats.
Fig. 1 shows a receiver that de-multiplexes six
WDM channels simultaneously using a single
photonic IC (PIC) and a single electrical IC

Electrical IC
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Fig. 1: A schematic for a coherent single-chip multi-channel WDM receiver and its de -multiplexing flows for
six-modulated channels
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Abstract We propose a new concept for a single-chip multi-channel WDM receiver which can scale
toward Tbps operation. The receiver, consisting of a single photonic IC and a single electrical IC,

multiplies data detection capacity by the number of electrical subcarrier channels.

In a first

demonstration, two BPSK-modulated wavelength channels have been successfully demodulated.

Introduction

Tbps WDM super-channels are expected to lead
to improved spectral efficiency and higher
overall system capacity’?. Current systems
typically consist of several precisely spaced, but
uncorrelated optical carriers"®. Demodulation
requires an optical de-multiplexer and an array
of coherent receivers, each tuned to a discrete
optical carrier. As DAC and ADC speed and
resolution improve, the number of optical
carriers can be reduced and higher order
modulation formats may be used, albeit at the
cost of reduced optical reach’.

In this work, we propose a coherent receiver
architecture which is scalable to Tbps single
optical carrier rates while maintaining optical
reach. Fig. 1 shows a schematic of the proposed
receiver in which a single coherent receiver
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converts several modulated optical carriers to
RF subcarriers, and an array of image reject
mixers de-multiplexes the subcarriers to recover
the data. The total capacity is ultimately limited
by the bandwidth of the photo-detectors (PDs)
and the de-mux IC, and by the modulation
spectral efficiency. The architecture can scale
beyond 1 Tbps capacity using 200 GHz
bandwidth detectors and ICs together with dual
polarization 16-QAM*°

Coherent single chip multi-channel receivers
The WDM receiver has a simple circuit
configuration, can provide high spectral
efficiency, and accommodates a range of
channel spacing and data modulation formats.
Fig. 1 shows a receiver that de-multiplexes six
WDM channels simultaneously using a single
photonic IC (PIC) and a single electrical IC

Electrical IC
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Fig. 1: A schematic for a coherent single-chip multi-channel WDM receiver and its de -multiplexing flows for
six-modulated channels
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The standard PIC parts are replaced by an
Agilent optical modulation analyzer (OMA)
N4391A in this test. The OMA includes a free-
space 90 degree optical hybrid and balanced
PDs which are expected to have > 33GHz
bandwidth. In the OMA, optical to electrical path
length has been carefully matched below < 50ps
using additional RF cables and phase shifters,
and the connection between the OMA and the
WDM receiver was maintained at 50 Q by using
k-band RF cables and four-finger RF probes.
The WDM receiver outputs for one channel are
low-pass filtered, amplified, monitored, and
finally saved by the real-time oscilloscope, and
frequency and phase errors are compensated
by offine DSP. Meanwhile, the other channel is
connected to a spectrum analyzer to determine
whether the down-converted signal intensity is
activated or suppressed as shown in Fig. 5. The
spectral results show 15dB (~5x voltage) image
suppression ratio due to imperfect amplitude
and phase balance on I’ and Q between the
OMA to the WDM receiver. Fig. 6 shows eye
diagrams after the offline DSP. Fig. 6 (a) is the
activated +channel eye output and (b) is the
suppressed —channel eye output from a single
modulated carrier. As expected, only Fig. 6 (a)
shows open eye diagram compared with (b).
Regarding two modulated carriers, both
tchannels on Fig. 6 (c), (d) show open eye
diagram outputs, proving that the dual channel

10.0G

(c) (d)

Fig. 6: Output eye diagrams after DSP. (a)
Activated +ch. from a single modulated carrier, (b)
suppressed -ch. from the same modulated carrier,

(c) and (d) +ch. and -ch. when two modulated

carriers are transmitted

WDM receiver can receive both channels
simultaneously. The 50%/50% directional
coupler was added to the transmitter after the
single-sided transmission tests and as a result,
the received power in Fig.6 (c), (d) is half the
received power in Fig.6 (a), (b). This degraded
the signal to noise performance as expected.

Conclusions

A novel WDM receiver concept which is capable
of 1Tbps single-chip optical fiber communication
has been proposed. An initial demonstration of a
two-channel WDM receiver has shown good
performance, indicating the promise of this
approach. A six-channel receiver is now being
tested.
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ABSTRACT

Free-space beam steering using optical phase arrays are desirable as a means of implementing Light Detection and
Ranging (LIDAR) and free-space communication links without the need for moving parts, thus alleviating vulnerabilities
due to vibrations and inertial forces. Implementing such an approach in silicon photonic integrated circuits is
particularly desirable in order to take advantage of established CMOS processing techniques while reducing both device
size and packaging complexity.

In this work we demonstrate a free-space diode laser together with beam steering implemented on-chip in a silicon
photonic circuit. A waveguide phased array, surface gratings, a hybrid III-V/silicon laser and an array of hybrid III/V
silicon amplifiers were fabricated on-chip in order to achieve a fully integrated steerable free-space optical source with
no external optical inputs, thus eliminating the need for fiber coupling altogether. The chip was fabricated using a
modified version of the hybrid silicon process developed at UCSB, with modifications in order to incorporate diodes
within the waveguide layer as well as within the III-V gain layer. Beam steering across a 12° field of view with +0.3°
accuracy and 1.8°x0.6° beam width was achieved, with background peaks suppressed 7 dB relative to the main lobe
within the field of view for arbitrarily chosen beam directions.

Keywords: silicon photonics, LIDAR, free-space communication, optical phased array, laser, hybrid silicon, integrated
optics, beam steering, photonic integrated circuit

1. INTRODUCTION

The ability to steer and shape a beam in free space is of interest for a wide range of applications. One application of
especial note is light detection and ranging (LIDAR), which provides images at higher resolution than is possible with
radar together with the capability to penetrate forest canopy and other obscurants such that hidden landmarks, vehicles,
and personnel may be located and identified without sacrificing resolution by resorting to long-wavelength microwave
radar [1]. Another application of particular interest is point-to-point free-space communication links, in which beam
steering may be used either to select specific recipients for targeted burst transmissions or to maintain a link between
non-stationary entities such that low bit-error-rate transmission is maintained despite location shift/'sway (e.g. links
between buildings) or even significant positional change (e.g. inter-satellite communication). In either case, beam
steering using adaptive optics generally requires the use of mechanically moving parts which are therefore subject to
degradation in performance from inertial forces and vibrations as well as being susceptible to mechanical wear.

1.1 Optical phased arrays and photonic integrated circuits

Optical phased arrays can be used to steer and shape a beam in free space without mechanical motion [2], and have been
demonstrated as such both for LIDAR [3] and for free-space communication links [4], however this approach has largely
been implemented thus far using bulk optical components which must be assembled, aligned, and co-packaged. An
integrated optical approach in which all optical components are contained within a photonic integrated circuit offers
several key advantages over bulk optical assemblies:

(1) Size. Since individual components are not coupled via either optical fiber or lens assemblies and do not require
individual mechanical mounts, space can be devoted solely to a single mount for a chip which contains all
required optical components within it, thus saving both volume and weight.

Silicon Photonics VI, edited by Joel Kubby, Graham T. Reed, Proc. of SPIE Vol. 8629,
862911 - © 2013 SPIE - CCC code: 0277-786X/13/$18 - doi: 10.1117/12.2004268
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(2) Optical alignment: since the optical components are fabricated together, optical alignment is accomplished by
routing planar waveguides between components on-chip using standard lithography with nanometer-scale
tolerances and without the need for independent alignment of micro-optical elements or optical fibers, thus both
saving cost and improving system performance.

(3) Tolerance of vibration and mechanical shock. With optical alignment determined by on-chip fabrication rather
than lenses and optical fiber, vibration and mechanical shock poses less of a risk to optical alignment since
there are no mechanically-affixed components which can be shifted or shaken loose within the beam path.

(4) Packaging cost. By eliminating the need to separately assemble and align individual optical components as
well as the need for robust mechanical sub-assembly fixtures to hold optical components in place relative to
each other, overall packaging cost can be reduced. Additionally, since the photonic integrated circuit can be
encapsulated as a single chip, robust functionality in adverse conditions involving particulates and moisture can
be achieved without resorting to hermetic packaging.

1.2 Silicon photonics for optical phased arrays

Optical phased arrays can be realized in photonic integrated circuits (PICs) using silicon photonics, thus taking
advantage of the fabrication processes and facilities already in widespread use within the electronics industry. Such
PICs have been demonstrated using passive silicon waveguides/splitters and gratings together with resistive heaters for
thermo-optic control [5][6][7] on silicon-on-insulator (SOI), but this approach necessitates an off-chip source laser
which is coupled to the chip via either optical fiber or micro-optics and which must be co-packaged with the chip after
being optically aligned, thus diminishing the advantages of using a PIC in the first place (although still vastly preferable,
from a packaging standpoint, to aligning/co-packaging the much larger number of components that were thus
successfully integrated on-chip). Furthermore, since optical coupling from fiber to SOI involves a large index mismatch,
reflections and losses at the interface are inevitable. Optical propagation and scattering losses within the PIC are also
inevitable, and the optical phased array itself cannot emit all power into the main beam lobe with 100% efficiency.

It is therefore preferable to have a means of amplifying on-chip light rather than relying on huge input power coupled
from a fiber at a single input. Such a capability also offers the additional advantage of providing a means to compensate
for phase-dependent losses which must necessarily be introduced on-chip as a result of fast phase-modulation techniques
such as carrier-injection and carrier-depletion should beam sweeping at speeds in excess of that achievable thermo-
optically be required. Particularly well-suited to this task is the hybrid silicon platform, in which III-V material is die or
wafer-bonded to already-patterned SOI waveguides such that optical modes guided within the silicon layer can be
electrically pumped due to their evanescent overlap with quantum wells in the III-V material. This approach enables the
integration of gain elements for on-chip amplifiers [8] and lasers [9] without the need for separate optical alignment of
these components since they are patterned lithographically in the III-V after bonding to the silicon waveguides. This
report describes the design, fabrication, and demonstrated beam-sweeping capability of such a device.

2. CONCEPT

In a standard phased array for two-dimensional beam steering, emitter elements or antennae are arranged in a two-
dimensional array and phase adjusted to shape/steer the beam. Free-space emission from waveguides in a planar
photonic circuit can be achieved using surface gratings, however, and these have the advantage of functioning as 1D
phased arrays in their own right since each grating tooth scatters power from the guided mode with a phase delay
determined by the effective index of the mode propagating within the waveguide. As such, the emission from a
waveguide surface grating is a line in the far field whose emission angle is dictated by the grating pitch (i.e. period
between grating teeth), waveguide effective index, and wavelength according to Eq. (1)

3 Angrr—A
sin§ = =2

)

By tuning wavelength, therefore, the beam in the far field can be steered in one axis and will automatically be collimated
in that axis (subject to the finite length of the emission). An array of such gratings enables two-dimensional beam
steering since wavelength determines the beam direction in one axis (henceforth referred to as ) and relative phase
across the grating array determines the beam shape/direction in the other axis (henceforth referred to as ). In overall
concept the PIC-based optical phased array can be realized using a tunable laser coupled to a beam splitter to separate
the beam into N channels, a phase modulator for each channel, and finally a grating emitter for each channel. In practice
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it is preferable to amplify the beam after the tunable laser and then separately amplify each channel so as to provide both
gain and phase adjustment for each emitter. The initial amplifier after the tunable laser (henceforth referred to as the
“preamplifier”) not only increases the power launched into the splitter but also provides an easy means of (a) blanking
the beam when output to the far field is not desired, and (b) tailoring the far field output power to compensate for
variable on-chip losses (this will be discussed in more detail in the Results section). A schematic of the overall concept

is shown in Figure 1.
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Figure 1. Optical phased array photonic integrated circuit concept. A tunable source laser is followed by a semiconductor
optical amplifier (SOA) preamplifier, after which the beam is split into multiple channels (in this case 8). Each channel is
separately amplified and phase tuned before being routed to an array of surface gratings. Emission angle of the beam from
the surface gratings is determined by wavelength (here symbolized by color) in the 6 (longitudinal) axis and by relative
phase in the y axis.

Because wavelength is used to control steering in one axis and because the shape of the beam in that axis is determined
by the grating lithography rather than by active control, an array of N elements requires 2N+1 controls to steer the beam
(N phase controls, N gain controls, and one wavelength control) rather than N* as would be required for a standard 2D
array architecture, and is therefore inherently more scalable.

3. DESIGN

The design of the system begins with the design of individual components, and for this one must work backward from
the beam requirements to arrive at the system capability. In this work the full-width half-maximum (FWHM) beam
width goal was <2° with a steering range goal of >12°. Since lens optics can in principle be used to expand or contract
both the beam and the steering range in a given axis, the true goal was for a minimum of 6x6 (i.e. total steering range
divided by beam width) evenly spaced resolvable spots in the far field with a background suppression ratio (i.e. the ratio
of the main lobe peak intensity to background peak intensity within the field of view) of 10 dB.

3.1 Channel spacing

The spacing d between channel waveguides determines the angular separation between the main lobe and the side lobes
in the far field. With a required separation of 12° to meet the steering range requirement (i.e. one must be able to steer
the main lobe by +6° in Y without causing a side lobe to enter the field of view), the separation between waveguides
must not exceed 6.5 pm (calculated for 1550 nm wavelength). Note that for this calculation it is not sufficient to
maintain a peak-to-peak separation between main lobe and side lobe of 12°; rather the base of the side lobe exceeding
the background suppression must be separated from the main lobe by >12°. For the system we chose a channel
separation of 5.5 pum such that significant background power within the side lobes must fall 14.8° from the main lobe
and can be easily aperture without clipping the main lobe at the edges of the field of view.

Proc. of SPIE Vol. 8629 862911-3
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3.2 Array width and channel count

The lateral width of the overall array (i.e. the product (N-1)-d, where N is the number of channel waveguides and d is the
separation between them) determines the far field beam width in the  axis. For far field beam width <2°, the array
must have a lateral extent >35 um; for d set to 5.5 um, N = 8. Plots of the calculated side lobe separation vs. waveguide
separation and beam width vs. array width are shown in Figure 2.
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Figure 2. Calculated far field separation between main lobe and base of side lobe (>-10 dB relative to main lobe peak) vs.
waveguide separation (left), and calculated far field beam width vs. array width (right).

The longitudinal beam width is determined by the grating strength; for this work the grating emitter used was identical to
that reported and characterized in [6], and was thus known in advance to have a beam width of 0.6°.

3.3 Phase modulator design

The phase modulator was designed so as to tune phase thermo-optically by applying forward bias to a p-i-n diode
straddling the waveguide. By maintaining large separation between the p and n regions, carrier density within the
optical mode was rendered negligible, thus avoiding phase-dependent loss due to free-carrier absorption. The silicon
slab between phase modulators was etched to the buried oxide so as to mitigate thermal crosstalk between channels. It
should be noted, however, that the measured device exhibited significant output power fluctuations for variations in
phase tuning; this was attributed to poor thermal isolation between the phase modulators and the gain elements and will
be described in more detail in the Results section. As such, although free-carrier absorption was negligible, the output
power was still phase dependent such that the advantage of thermo-optic tuning was largely negated. Subsequent
designs therefore employ electro-optic tuning and will be described in a forthcoming report.

Diode dopant profile after ion implantation and annealing was modeled using the Silvaco ATHENA software package,
and the current-voltage characteristics and associated carrier densities within the waveguide were modeled using the
Silvaco ATLAS software package. Carrier lifetimes within the waveguide for this calculation were assumed to be 0.9 ns
in accordance with the data reported by Dimitropoulos et al. [10]. Thermal tuning was predicted to be 57 mW/z using
the relation given in Eq. (2):
Aow
b = S ()
dT

where 1 is wavelength, o = 1.35x107 W cm™ K™ is the thermal conductivity of the buried oxide [11], w is the effective
width of the area over which the heat is dissipated (approximated by the width of the intrinsic region within the diode, or
10 um), 7 =1 pm is the thickness of the buried oxide, and dn/dT = 1.86x10™* K™' [12] is the thermo-optic coefficient of
silicon.

The phase modulator cross-section and a plot of expected carrier density vs. bias are shown in Figure 3 for a phase
modulator length of 2 mm.
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Figure 3. Cross-section of the phase modulator profile (left), and predicted thermo-optic tuning and free-carrier induced
excess loss vs. thermal power (right).

3.4 Amplifiers and laser

The gain elements within both the SOA’s and the tunable laser were based on the design reported by Kurczveil et al.
[13] with the exception of rib waveguide width, which was chosen to be 2.5 pm within the SOA’s in order to increase
mode volume and hence maximum output power. Length of these elements was chosen to be 2.3 mm (also with the
intention of increasing output power), while the preamplifier’s length and rib width were chosen to be 1 mm and 2 um
respectively for higher gain/mm. The tunable laser was composed of two bus waveguides each with a gain section,
coupled together with ring resonators having circumferences of 400 um and 420 pm respectively such that their
respective transmission spectra would overlap at only one wavelength within the available gain bandwidth. Thermo-
optic tuning of the ring spectra by means of resistive heaters overlying them allowed the common transmission peak to
be shifted so as to tune the laser. This tunable laser will be described in greater detail in a forthcoming publication.

3.5 Integrated device

The CAD layout of the overall 8-channel device is shown in Figure 4.
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Figure 4. CAD layout of the overall device showing the tunable laser, pre-amplifier, waveguide splitter, channel amplifiers,
phase modulators, and grating array.

4. FABRICATION

Silicon-on-insulator (SOI) with 500 nm lightly p-doped (3x10" ¢cm™) top silicon and 1 um buried oxide was used as the
starting material. Rib waveguides were patterned and etched to a depth of 275 nm in the SOI. Boron and phosphorus
dopants were introduced via ion implantation and a 10 minute 1050°C anneal to form the phase modulators diodes. The
grating array for free-space emission was patterned using e-beam lithography and etched to a depth of 50 nm. III-V
quantum well laser material was then wafer-bonded to the top silicon surface, after which the bonded chip was
lithographically patterned and etched to form diodes within the III-V material to serve as electrically pumped gain
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elements. Metal contacts were formed via e-beam evaporation and liftoff. Buffer layers composed of SU8 and PECVD
SiO, were used over the waveguides to maintain sufficient separation between the overlying metal traces and the
waveguides to avoid excess optical losses.

5. RESULTS
5.1 Phase modulators

Phase tuner current-voltage characteristics were used to estimate the effective carrier lifetime, which was determined to
be 1.9 ns rather than the expected value of 0.9 ns. Calculations of the associated carrier densities suggested free-carrier
absorption of 0.75 dB and free-carrier induced phase shift of -0.8 radians for 100 mW of dissipated i’R power,
degrading the thermo-optic tuning efficiency accordingly. Tuning efficiency was measured on a test structure Mach-
Zehnder interferometer and found to be 97 mW/n. The measured result together with a fit using the carrier lifetimes
derived from the current-voltage characteristic and the measured thermo-optic efficiency is shown in Figure 5.

attenuation (dB)

0 500 1000 1500
IV (mw)

Figure 5. Measured thermo-optically tuned Mach-Zehnder interferometer transfer function to determine the phase tuning
efficiency. The fitted curve was calculated using the measured phase-tuning efficiency together with calculated attenuation
from free-carrier absorption deduced from the effective carrier lifetime.

5.2 On-chip laser

The on-chip laser within the 8-channel system was not tunable owing to faulty tuner probe pads, however a similar laser
on the same chip was measured and found to have 5.5 mW output power, < 7 MHz linewidth, 46 dB sidemode
suppression, and 40 nm tuning range (1561 nm to 1601 nm).

5.3 Photonic integrated circuit

The overall device was characterized by recording the beam profile in the far field using an IR camera and imaging lens
system and using a feedback algorithm to adjust the phase on each channel with an 8-channel laser driver, similar to the
method described in [6]. Power emitted from each channel was first equalized by turning on one channel at a time and
observing the intensity of the far field line thus produced on the IR camera. One channel (channel 5) was observed to be
faulty and was turned off for the duration of the measurement — this limited the maximum possible background
suppression to 8.3 dB within the field of view; 7 dB background suppression was consistently achieved/measured with a
beam width of 1.8° in Y and 0.6° in 8. Due to significant heating of the top silicon layer, the gain from the SOAs was
found to be highly dependent on the phase modulator settings. Accordingly the phase modulators and SOAs were cycled
at 125 Hz, 20% duty cycle to mitigate on-chip heating. In order to avoid contamination of the observed far field pattern
during SOA and phase modulator ramp-up, the preamplifier was used to blank the beam for the first 800 ps of the on-
cycle before being turned on for the remaining 800 ps. With the chip mounted on a heat sink held at 18° C, the beam
was profiled and steered across the far field at 1° increments from -6° to +6° at a single wavelength. It is noteworthy
that with the observed tuning range (40 nm) for the on-chip laser and measured wavelength steering of 0.14 °/nm [6],
tuning of 5.6° in the longitudinal direction is possible. A plot of measured and predicted beam cross-sections for each

Proc. of SPIE Vol. 8629 862911-6



axis is shown in Figure 6, and plots of the beam steered to directions in the far field across a 12° range are shown in

Figure 7.
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Figure 6. Measured and predicted beam cross-sections in the longitudinal (wavelength-tuned) axis (left) and lateral (phase-
tuned) axis (right). The inset shows the 2D profile of the beam measured on an IR camera.
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Figure 7. Measured beam profiles in the far field for the beam steered from -6° to +6° showing both the main and side lobes

(left) and the aperture field of view (right).

As mentioned above, the beam power was not uniform or even predictable for disparate phase settings / steering angles
in the far field owing to the effect of phase tuner heating on the gain elements within the circuit. However it was found
that adjusting the preamplifier current preserved the beam shape (i.e. beam width and background suppression) while
simultaneously enabling the beam power variations to be completely compensated such that the far field profile could be
rendered flat as a function of steering angle. The variation in beam power with and without pre-amplifier adjustment is
shown in Figure 8 together with the measured beam profiles for the required range of preamplifier settings.
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Figure 8. Relative beam power vs. preamplifier current (left) together with relative beam power without pre-amplifier
current adjustment (inset left), and beam profiles vs. prea-amplifier current (right).

The beam power was measured by steering the beam to a detector positioned in the far field and found to be 4.1 uW. Far
field linewidth and sidemode suppression were measured by steering the beam to a fiber collimator connected to an
APEX 2051A optical spectrum analyzer. Linewidth of the far field output was 36 MHz and sidemode suppression was
30 dB, both somewhat degraded from the characteristics of the standalone laser. This is not surprising given the many
sources of feedback into the laser which are present in the integrated device. However the degradation was small
enough as to make no significant different to the beam relative to the target metrics of background suppression and beam
width in the far field.
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Figure 9. Far field laser spectrum measured on an optical spectrum analyzer. The insets show a broader spectrum to
illustrate the suppression of longitudinal modes (upper inset) and a CAD layout of the tunable on-chip laser (lower inset).

6. CONCLUSION

A photonic integrated circuit fabricated according to the hybrid silicon platform has been used to demonstrate a free-
space steerable laser using an optical phased array integrated with a tunable laser. The device exhibited 12° phase-
controlled steering with 1.8°x0.6° beam width, and the on-chip laser was shown to be tunable over a range consistent
with 5.6° steering in 6 for a combined beam steering capability of 7x9 resolvable spots in the far field with 7 dB
background suppression.

The authors would like to thank Pietro Binetti, Weihua Guo, Chad Althouse, Scott Rodgers, Josh Conway, and Predrag
Milojkovic for useful discussions.
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Abstract: 2D optical beam steering through an InP photonic integrated circuit with on-chip

tunable laser source has been demonstrated for the first time.
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1. Introduction

Electronically controlled optical beam steering is potentially useful for applications such as free-space optical
communication, light detection and ranging (LIDAR), 3D imaging, etc. Several methods have been demonstrated
for this purpose such as the phased array for 1D optical beam steering [1], 1D phased array combined with emission
gratings for 2D optical beam steering [2]. In [3] we demonstrated an InP photonic integrated circuit (PIC) for 2D
optical beam steering using the approach of 1D phased array plus 2"-order emission grating. Instead of using a
single triangle contact to control the phase of the phased array, we use separate contact to control the phase of each
channel in the phased array. This increases the number of controls, but does give us more tolerance for fabrication.
Also the phase needed is much less because a module of 2n can be used. We have demonstrated 2D optical beam
steering with the longitudinal direction controlled by the input wavelength and the lateral direction controlled by the
phased array [3]. The tunable laser source used for the beam steering is either an external cavity widely tunable laser
or an off-chip sample-grating DBR laser (SG-DBR) [5]. Fiber coupling is used to input to the PIC. It would be ideal
to integrate the tunable laser source onto the beam sweeping PIC so that a single PIC can achieve the full function of
electronically controlled 2D optical beam steering. In this work we demonstrated the first attempt of such
integration: a widely tunable SG-DBR laser is integrated onto the beam sweeping chip.

2. PIC layout, fabrication and measurement

Beam splitter SOA
\ if
SG-DBR laser Phase shifter

Emission array

Fig. 1 Layout of the PIC

Fig. 1 shows the layout of the PIC. From left to right, the PIC contains the SG-DBR widely tunable laser, the 1x8
beam splitter consisting of cascaded 1x2 MMIs, 8 phase shifters, 8 semiconductor optical amplifiers (SOA), the
emission array consisting of 8 waveguides with buried 2"-order gratings, and the array of monitors. The waveguide
spacing in the emission array is uniformly 5.5 um. 90° bends are added to make all the channels have the same
length as shown in Fig. 1. The detailed structure of the monitors can be found in [4]. These monitors can be used to
characterize the phase shifters on-site through monitoring the interference between adjacent channels [4]. To realize
the active and passive integration required by the PIC, we use the quantum well intermixing (QWI) technology [3].
The gratings for both the SG-DBR laser and the emission array are patterned by E-beam lithography and etched by a
two-step etching process to realize two different etch depths: the laser grating is 70 nm etched into the waveguide
core but the emission grating is only 20 nm etched. These gratings are then buried by P-doped InP cladding layers
through a blanket regrowth. Deep ridge waveguides (about 5 pum) are used for both the active and passive
waveguides for the simplicity of fabrication. The waveguides for the emission array are passive as well. The top of
the waveguide is anti-reflection coated by a A/4-thick SiN, layer. There is also an aperture opened in the backside
contact metal aligned with the emission array. The emission grating scatters the light from the waveguide equally
upward and downward. The downward emission is captured by a far-field imaging system which has the ability to
record an angle range of 34.8°x26.7° of the far-field with a resolution of 0.1°. The 8 phase shifters are controlled
separately by 8 current outputs from a DAC card. The 8 SOAs are biased together by a single voltage source. A



variable resistor network connected in series with these SOAs is used to compensate for their series resistance
variation so that a single source can still realize uniform current injections into these SOAs. The back mirror, front
mirror, gain section and the pre-amplifier SOA of the SG-DBR laser are biased through different current sources.
The phase section is left unbiased. So in the tuning demonstrated below only super mode selection is shown. A
quasi-continuous tuning can be realized if the back mirror, front mirror and the phase section biases are adjusted in
coordination [5]. In the following measurement 100 mA is injected into each SOA of the 8-SOA array. The gain
section of the laser is biased at 100 mA as well. The pre-amplifier of the laser is biased at 40 mA. We do notice
some unwanted feedback into the laser from the emission gratings due to imperfect control of the duty cycle of the
gratings. If we bias the pre-amplifier very hard the laser working would be influenced. Here we select a moderate
current of 40 mA to try to minimize the effect. This however reduces the output power of the laser.

3. Results

) ; i 1 i ; ‘
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Fig. 2 Super modes of the on-chip SG-DBR laser
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Fig. 3 (a) 3D plot of the far-field pattern for different wavelengths superposed together; (b) far-field across the peak in the longitudinal
direction

First the tunable laser is characterized by measuring its super modes. The laser spectrum output through the back
mirror coupled by a lensed fiber is shown in Fig. 2. 6 super modes can be seen which corresponds to an expected
total tuning range >30 nm [5]. Then for each super mode the far-field pattern is optimized for the lateral angle of 0°
by setting the phase shifter currents through the particle swarm optimization algorithm [3]. Each current is varied
from 1 to 20 mA. The far-field patterns for different wavelengths are superposed in Fig. 3 (a). The field across the
peak in the longitudinal direction is shown in Fig. 3 (b). Very narrow (FWHM about 0.2°) and clean peaks are
observed. The peak is narrow due to a long (500 um) and relatively weakly coupled grating being used. A beam
steering efficiency of 0.14°/nm has been observed which corresponds well to our expectation. Then the wavelength
is fixed at 1538 nm and the beam is steered to different lateral angles through controlling those phase shifters. The
far-field patterns for different angles are superposed in Fig. 4 (a). The field across the peak in the lateral direction is
shown in Fig. 4 (b). Because 8 waveguides in the array only span about 40 um, the far-field in the lateral direction is
broad (FWHM about 2°) so the fields overlap with each other as seen from Fig. 4 (b). The waveguide spacing of 5.5
pm determines the 1%-order diffraction peak to be 16° away from the 0"-order peak, which can be clearly seen from
Fig. 4 (b). A side-lobe suppression >10 dB around the 0"-order diffraction peak is also realized. Finally we combine
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the wavelength change with the phase shifter controls to realize a 2D beam steering. The results are shown in Fig. 5.
A beam steering angle range longitudinally from -5.6° to -2.1° and laterally from -5° to 5° has been realized.
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Fig. 4 (a) 3D plot of the far-field pattern for different lateral angles superposed together for the wavelength of 1538 nm; (b) far-field across
the peak in the lateral direction
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Fig. 5 2D optical beam steering: wavelength controlling the longitudinal direction (vertical in the plot) and phase shifters controlling the
lateral direction (horizontal in the plot)

4. Summary

In summary 2D optical beam steering from an InP PIC with integrated on-chip tunable laser source has been

demonstrated. Beam steering angle range of 3.5° in the longitudinal direction and 10° in the lateral direction has
been realized.
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Abstract—Two-dimensional optical beam steering using an InP
photonic integrated circuit has been demonstrated. Lateral beam
steering controlled by a 1-D phased array has been made eas-
ier through on-chip interferometer monitors. Longitudinal beam
steering controlled by the input wavelength has demonstrated an
efficiency of 0.14 °/nm. Very fast beam steering (>107 °/s) in both
dimensions has been demonstrated as well. As the latest develop-
ment, a widely tunable sampled-grating distributed Bragg reflector
laser has been monolithically integrated and 2-D beam steering has
been demonstrated with this on-chip tunable laser source.

Index Terms—Light detection and ranging (LIDAR), optical
beam steering, optical phased array (OPA), photonic integrated
circuits (PICs).

I. INTRODUCTION

LECTRONICALLY controlled optical beam steering is
E potentially useful for a number of applications such as light
detection and ranging (LIDAR), free space secure laser commu-
nication, printing, etc. Various methods have been demonstrated
to achieve this goal. One typical method is the optical phased
array (OPA), which is used for 1-D optical beam steering [1].
Different material systems have been used to realize OPAs such
as liquid crystal [2] and GaAs [3].

To achieve 2-D optical beam steering, the most natural imple-
mentation might be to mimic the active electronically scanned
array which consists of a 2-D array of transmitters and receivers.
It is used for 2-D RADAR scanning [4]. A 2-D array of opti-
cal emitters such as a 2-D vertical-cavity-surface-emitting-laser
(VCSEL) array can be used as the transmitter in this approach.
Making lasers in the array coherent to each other is essential
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for optical beam steering. This has been demonstrated by the
way of injection locking [5] or adjacent laser coupling [6]. Also
needed by this approach is a 2-D array of phase shifters. Each
phase shifter in the array should ideally be able to generate 27
phase change. This, however, is very challenging.

A two-dimensional microelectromechanical system (MEMS)
array has also been used for 2-D optical beam steering [7],
however achieving high-speed and large-angle beam steering
simultaneously is a big challenge for this scheme.

Recently, there has been a demonstration of using wavelength
tuning to steer the optical beam in one dimension through wave-
guide dispersion [8]. This is essentially similar to using surface-
emitting gratings, in which the emitting angle depends on the
input wavelength. By combining 1-D OPA with surface-emitting
gratings, 2-D optical beam steering has been realized [9]. The
benefit of this scheme is that the beam steering in one dimension
is only controlled by one variable, i.e., the wavelength, so the
entire control is much simpler. The OPA has been demonstrated
to be controlled by using a single triangular contact as well [9].

Recently, the authors demonstrated 2-D optical beam steering
with an InP photonic integrated circuit (PIC) using the scheme
of 1-D OPA plus wavelength tuning with surface-emitting grat-
ings [10]. However, instead of using one triangular pad, in-
dividual pads for each single channel in the OPA were used.
Analogous efforts by our coworkers on the silicon-on-insulator
platform have also been carried out and similar results have been
demonstrated [11]. This approach does increase the number of
controls needed, but allows large tolerances for device fabrica-
tion because the phase errors due to imperfect fabrications of
the channel waveguides can be compensated by the individually
controlled phase shifters.

Also, the overall phase needed to be generated is much less
compared to the single triangular pad because modulo of 27 for
phase can be used. In other words, it is not needed to generate
more than 27 phase change for a single channel, which is not
the case for the triangular pad. Considering that in InP, a phase
change induced by current injections is always associated with
some amount of loss, less phase change also means less loss.

We chose the InP platform for the integration because of sev-
eral reasons: first, InP is a very mature platform for large-scale
photonic integration [12], and various active—passive devices,
such as widely tunable lasers, have been implemented in it;
therefore potentially all components necessary for 2-D beam
steering can be integrated on a single PIC; second, in InP, semi-
conductor optical amplifiers (SOAs) can be integrated to boost

1077-260X/$31.00 © 2013 IEEE
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Fig. 1. Layout of the PIC.

the optical power, so that potentially the PIC can generate high
optical power which is essential for LIDAR applications; third,
the phase shifters in InP with current injections can have up to
a gigahertz bandwidth, the tuning speed of the widely tunable
laser, such as the sampled-grating distributed Bragg reflector
(SGDBR) laser [13], can reach a few nanoseconds [14], so po-
tentially an InP PIC can achieve very fast optical beam steering.

The rest of this paper is organized as follows: the PIC layout
and processing are introduced in Sections II and III, respec-
tively; Section IV introduces the PIC test in detail including
the following subsections: test setup, contact to the PIC and
bias control, beam steering controlled by phase shifters, beam
steering controlled by wavelength tuning, 2-D beam steering,
and fast beam steering; Section V introduces the latest devel-
opment where a widely tunable SGDBR laser is monolithically
integrated; the summary is given in Section VI.

II. PIC LAayouT

The PIC layout is shown in Fig. 1. From left to right, the
PIC contains an SOA preamplifier, a I x 8 splitter consisting of
cascaded 1 x 2 multimode interferometers (MMIs) which splits
the input into eight equal channels, an array of eight SOAs,
an array of eight phase shifters, bends, emission array, and the
monitor array. All the SOAs are 800 um long and 2.7 pm wide.
All the phase shifters are 200 pm long and 2.7 pm wide. The
emission array consists of eight uniformly spaced waveguides.
Buried second-order gratings are used for the surface emission.
The gratings are 500 um long and the waveguide spacing is
5.5 pm which is chosen to ensure that the final beamwidth
(full-width at half-maximum—FWHM) will be within 2°. The
waveguide gap in the emission array is thus 2.8 pm which
makes the crosstalk between waveguides negligible when deeply
etched ridge waveguides are used. As seen from Fig. 1, the bends
used in each channel are the same: the same radius of 200 zm and
the same total bending angle of 1.57. These bends are added to
make each channel have the same total length. They are needed
because the SOA array has a spacing of 100 ym which is much
larger than the spacing in the emission array.

The detailed structure of the monitor array is shown in
Fig. 2(a) and (b). Each channel is split into three equal parts
through a 1 x 3 MMI. The central part outputs directly for
possible far-field analysis. The two neighboring parts from two
adjacent channels are combined by a 2 x 1 MMI with the out-
put entering into a photodiode which is 5 ym wide and 200 pym
long. Two more waveguides are added at the output interface
of the 2 x 1 MMI sandwiching the central output as seen from
Fig. 2(b). When the two inputs of the 2 x 1 MMI have a 7
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phase difference, they will interfere destructively at the output
interface of the MMI. Two spots will be formed at the entrance
of the two added waveguides and will be guided away so that
they do not enter into the central output waveguide. The inter-
ference extinction ratio is thus increased. From Fig. 2(a) and
(b), it can be seen that two adjacent channels form interferom-
eter structures with the interference monitored by the on-chip
photodiodes. These monitors can help to characterize the phase
shifters in each channel on-site. This point will be explained in
detail in Section IV.

In this first experiment, the input signal was fiber coupled
from an off-chip SGDBR widely tunable laser into the PIC.
As our latest development, an SGDBR has been monolithi-
cally integrated which has demonstrated similar results [15] (see
Section V). The SGDBR laser contains the back mirror section,
phase section, gain section, front mirror section, and the output
SOA section. In our practical measurement, the gain section
and the front SOA section are biased with fixed currents. Dif-
ferent current sources are used to control the bias to the front
and back mirror sections separately so as to tune the laser. The
phase section is left floated. In the following tuning experiment,
we mainly show the supermode selection of the laser. But it is
known that by controlling the current injected into the mirrors
and the phase section in a coordinated way, the laser can be
tuned to any wavelength covered by its quasi-continuous tuning
range [13].

III. PIC FABRICATION

To realize the passive—active integration required by the
PIC, the quantum-well intermixing (QWI) technology is em-
ployed [16]. A base epi-structure as shown in Fig. 3(a) has been
used. The waveguide core includes the upper and lower optical
confinement layers which are 105-nm-thick InGaAsP material
with a bandgap of 1.3 um (1.3Q), and quantum wells (QWs)
(ten wells, 6.5 nm thick with 0.9% compressive strain; 11 bar-
riers, 8.0 nm thick with 0.2% tensile strain; the QWs have a
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Fig. 3. (a) Base epi-structure. (b) Wafer structure after regrowth.

photoluminance peak at 1.54 pum). The top 450-nm-thick InP
is sacrificial and is used for phosphorus ion implantation. The
implantation will form a shallow surface layer with defects on
the wafer. Rapid thermal annealing afterward is used to drive
vacancies created by the point defects down through the QWs
which cause atoms to interdiffuse between the wells and barriers
and cause the bandgap of the QWs to increase so as to become
transparent to the emission of the QWs without intermixing.

After the QWI step, the sacrificial InP layer and the 1.3Q
etching stop layer are removed through selective wet etching.
Then, second-order gratings for emission are patterned through
E-beam lithography. The gratings are etched 20 nm into the
1.3Q upper optical confinement layer through the reactive ion
etching with a gas combination of CH,/Hy/Ar. After the grating
step, one time blanket regrowth is used to finish the whole wafer
structure. The regrowth structure is shown in Fig. 3(b). It can
also be seen that the grating is formed in the passive waveguide
region.

After the whole wafer structure has been finished, waveguides
are patterned using an I-line stepper. Two layers of hard masks
are used: 70-nm Chrome and 600-nm SiO;. The etching of
InP is carried out by inductively coupled plasma through a gas
combination of Cly/Hy/Ar. Optimized etching condition ensures
a very smooth and vertical sidewalls of the waveguides [17]. For
processing simplicity, deep ridge waveguides (about 5 pm) are
used for both passive and active waveguides. This is not ideal
for active waveguides because of surface recombination and
weakened thermal dissipation. It would be ideal to use surface
ridge waveguides for those active waveguides. Then, surface-
deep ridge transitions with low loss and low reflection will have
to be used, which however will make the processing much more
complex [12].

After the waveguides are formed, 350-nm SiN,, is deposited
for electrical isolation; then, P-vias are opened and Pt/Ti/Pt/Au
P-contact metal is deposited through the liftoff process. The
SiN, on top of the waveguides in the emission array is removed
as well, but there is no metal deposited on top. The InP protection
layer on the waveguide top is wet etched right before the metal
deposition, which is beneficial to reduce the contact resistance.
Considering that in the structure metal wires cross waveguides
at many places as seen from the layout in Fig. 1, photosensitive
benzocyclobutene (BCB) is spin on top of the wafer to planarize.
The vias for those metal contacts are opened simply through
exposure and development of the BCB. The BCB on top of the
waveguides in the emission array has been removed as well.
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Fig. 4. Schematic of the measurement setup.

After curing BCB, 200-nm SiN, is deposited on top of the
wafer. This SiN, layer has twofold functions: one is to help the
later deposited pad metal to stick and the other is to act as an
antireflection coating layer for the emission array. The final step
for the top-side processing is depositing the Ti/Au thick metal
stack for pads and the wires leading to the pads. After thinning
the wafer down to approximately 100 pm, the N-contact metal
is deposited on the backside of the wafer.

The grating emits vertically both upward and downward.
Theoretical calculation [18] and practical measurement using
a larger area (5 mm x 5 mm) Germanium detector show that
the powers radiated upward and downward are approximately
equal to each other. In the following measurement, only the
downward emission is imaged, as will be shown in Section IV.
So an aperture has to be opened through the backside metal and
has to be aligned with the emitting gratings. This is achieved
through a liftoff process and an infrared contact aligner. After
the whole process, the PIC is cleaved and mounted onto an AIN
carrier facing up. Because the emission is downward, there is a
hole opened in the AIN carrier as well. This hole is aligned to
the emission window in the backside metal of the PIC during
the soldering process with a flip-chip bonding machine. The
PIC on carrier is now ready for test. The final finished PIC is
approximately 6 mm long and 2 mm wide.

The passive waveguide loss and the active waveguide gain
are tested through some test structures fabricated with the PIC
at the same time. A loss level of approximately 2.0 dB/mm
is observed. The active waveguide can have a maximum gain
reaching 35 dB/mm at the current density of 9 kA/cm?. The
maximum power that can be generated by a single SOA is
approximately 20 mW under the dc driving condition. The
200-pm-long phase shifter is able to generate 27 phase change
with a current injection less than 20 mA. The additional loss
associated with 27 phase change is approximately 1.5 dB.

IV. PIC TEST
A. Test Setup

A schematic of the measurement setup is shown in Fig. 4.
Three lenses installed in lens tubes are used for the far-field
imaging. The first lens with the smallest focal length (10 mm)
and the highest numerical aperture (0.55) is used to capture
the emission from the PIC as much as possible. The closer the
lens to the PIC, the larger the angle range it can capture. The
far-field pattern of the emission is generated on the lower focal
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Fig. 5. Microscope image of the PIC on the setup contacted by multiprobes.

plane of the first lens. Another two lenses are used to project
the far-field pattern onto the image plane of the InGaAs camera
with a low level of magnification. The effective focal lengths of
the second and third lenses are 75 and 100 mm, respectively.
The camera has a 2-D array of pixels with 25-pm pitch in both
dimensions and the array size is 320 x 256. This determines
that our imaging system has the ability to resolve the far field
with the angle range of 34.8° x 27.7° and the angle resolution
is 0.1° in both dimensions.

B. Contact to the PIC and Bias Control

As seen from Fig. 4, the PIC is soldered onto an AIN carrier
first and then the carrier is placed onto a copper heat sink. The
emission is downward, so there is a tapered hole in the part
hanging off the heat sink which is aligned with the hole in
the carrier. The temperature is controlled through a Peltier and
a thermistor which is embedded in the heat sink close to the
carrier. In our measurement, the temperature is controlled at
16 °C.

To make contacts to the PIC, two multiprobes are used to
probe the pads on the PIC directly. A microscope image in Fig. 5
shows the probes contacting the pads. The first thing normally
done is to measure the /-V curves of all the diodes on the PIC
to check if they work. The single PIC has nine SOAs, eight
phase shifters, and nine photodiodes. It is not difficult to find a
PIC with all the diodes working after processing. The typical
series resistance is around 5 (2. Normally, the preamplifier SOA
is biased through a current source and the eight-SOA array
is biased through another voltage source. To account for the
variation of the SOA series resistance, each SOA is connected
with a variable resistor (variable range from 0 to 50 €2) and a
fixed 10-2 resistor.

A schematic of the connections is shown in Fig. 6. First the
variable resistor is maximized and the voltage output from the
voltage source is fixed at 4 V. Then, the variable resistor is
adjusted and the voltage drop upon the 10-€) fixed resistor is
monitored to find out the current. When the voltage dropis 1 V,
the adjustment is stopped. This means that the current injected
into the corresponding SOA is 100 mA. The adjustment to each
channel is made in sequence. Because the shared connections
between channels have resistance as well, when one channel is
adjusted, the other channels are slightly influenced. This process
is repeated several times until all of the channels have a current
of approximately 100 mA. The eight phase shifters are biased
independently through the current outputs of a 16-bit DAC card.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 4, JULY/AUGUST 2013

Current monitor

Voltage source [&

0-50 ©

10 Q

Fig. 6. Variable resistance network connected to the SOA array.

©o-o+olotololololo

10k 2

To ADC

— Voltage source

0

Fig. 7. Connections to the monitor photodiode array.

The current output range from the DAC card is from 0.1 to
20.2 mA. The nine monitor photodiodes are reverse biased by
a single voltage source at —2 V through a connection sketched
in Fig. 7. The connected series resistance is 10 k(2. The voltage
drops through the resistances is monitored by an ADC card.

C. Beam Steering Controlled by Phase Shifters

As introduced previously, the scheme of 1-D OPA plus wave-
length tuning of surface-emitting gratings is employed to realize
2-D optical beam steering. The OPA controls the beam steering
in the direction perpendicular to the waveguide in the emission
array. This direction is designated as the lateral direction in the
following. The wavelength tuning controls the beam steering
along the waveguide in the emission array. This direction is
designated as the longitudinal direction. In the following, lat-
eral beam steering is demonstrated first through controlling the
array of phase shifters.

The input signal from the off-chip SGDBR laser has a fixed
wavelength at 1539 nm in this case. Our control strategy is to
characterize the phase shifters on-site first using the on-chip
monitors [19], and then use these characteristics to predict the
currents needed for lateral beam sweeping. To do so, first the
current injected into the channel 1 phase shifter is fixed at 1 mA
and then, the current injected into the channel 2 phase shifter is
scanned from 1 to 20 mA. The signal response from the pho-
todiode 1, which monitors the interference between channels 1
and 2, is recorded. The channels and photodiodes are numbered
as shown in Fig. 2(a). Then, the current injected into the channel
2 phase shifter is fixed at 1 mA and the current injected into the
channel 3 phase shifter is scanned from 1 to 20 mA, and the
response from the photodiode 2 is recorded. The above process
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Fig. 8. Measured interference curves through the on-chip monitors and the
fitting to a theoretical model.

is repeated until the current injected into the channel 8 phase
shifter has been scanned.

All the results are shown in Fig. 8 as dashed lines. These
curves clearly show that all the phase shifters are working and
1-20 mA is enough to generate more than 27 phase change.
Then, the measured curves are fit to a theoretical model to find
out the generated phase by each phase shifter. The model is
shown in the following equation:

Vin-1(I) = Cy [1 + exp(—2a) 4 2 exp(—a) cos(Ag)] + C4
Ay (1) = Ap+ CoVT + C51, o= Cu(Ap— Ay) (1)

where V,,, _; is the voltage signal generated by the monitor pho-
todiode (m — 1), m is from 2 to 8, I is the current injected into
the phase shifter m, C;, ¢ is from O to 4, are fitting parameters, «
is the loss caused by injected current, At is the initial phase dif-
ference when no current is injected, and A¢,, is the total phase
difference between the m-channel and the (m — 1)-channel. The
theoretical model is derived based on the following consider-
ations [20]: the index change induced by current injection is
proportional to carrier density in InP-based phase shifters; the
relationship between carrier density and current can normally
be expressed as [ o« BN? + C'N?, where N is carrier density,
BN? accounts for spontaneous emission, and C'IN 3 account
for Auger recombination; spontaneous emission is the domi-
nant term if the carrier density is relatively low, which is why
normally phase change is proportional to I'/2; in (1), the term
Cs51 is added to account for the Auger recombination; the loss
coefficient « is proportional to phase change where the pro-
portionality coefficient is related to the linewidth enhancement
factor; the derivation of the interference signal V' is straightfor-
ward by considering a Mach—Zehnder interferometer. The fitted
curves are shown in Fig. 8 as solid lines.

Very good fitting effect has been obtained. From the fitting,
the differential phase A¢,, versus current for the channel-m
phase shifter has been obtained. The reference of this differential
phase is the (m — 1)-channel with its phase shifter current set at
1 mA, i.e., Apo(I) is relative to channel 1, A¢s (1) is relative
to channel 2, and so on. To more conveniently use the obtained
phase-current relationship of each phase shifter, it would be
ideal to change the phase reference of all channels to a unified
reference. The simplest way to unify the phase reference is
to make all channels refer to channel 1 with its phase shifter
current set at 1 mA. This yields the phase-current relationship
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for channel 2 phase shifter to be ¢2(I) = A¢po(I), and for
channel 3 ¢3(I) = A¢o(I = 1 mA) + Ag¢s(I), and so on. In
general, there is

m—1

Om (1) = Ay (1) + Y Agy(I=1mA), m=2...8.
2
()

Typical results of the phase-current relationships are similar to
what is shown in Fig. 10. Once the phase-current relationship
for each phase shifter is known, it is easy to steer the beam,
because steering the beam means adding a phase slope to the
phased array according to the formula:

o = 2desin((‘))(mfl), m=2...8 (3)
where ¢',,, is the phase that the channel-m phase shifter has to
generate, d is the waveguide spacing in the emission array, A is
the wavelength, and 6 is the angle the beam steers to.

From the phase-current relationship, the current needed to
set for each phase shifter can be obtained through interpolation.
If the phase that needs to set is beyond the range covered by
the obtained phase-current relationship, a modulus of 27 can
be used. The first thing attempted was to steer the beam to
zero angle in the lateral direction. This means that for each
channel, the phase has to be set to zero. When the settings
described previously were made, the far-field pattern of the beam
is actually not that good. There are two major reasons behind
this. One is that the reference position for the differential phase
Ad¢,, is at the output interface of the 2 x 1 MMI (Plane A in
Fig. 9) instead of the ideal position which is at the entrance of
the grating (plane B in Fig. 9).

There are long waveguides between the entrance of the grat-
ings and the output interface of the combiner MMI. These
waveguides will cause additional differential phases. In other
words, if the differential phase is zero at plane A, it is not at
plane B. The second reason is that when the phases at 1 mA
phase shifter current are added together [see (2)] in order to
unify the phase reference, there is phase error accumulation.
For example, if there is some error generated for channel 2 with
its phase shifter current at 1 mA, this error will be transferred
to channel 3 and channel 4, and so on. In other words, when we
say channel 8 has zero phase, it has bigger uncertainties than
channel 2. To solve these problems, the seven phase shifter
currents I,,,m = 2...8, are adjusted to optimize the far-
field pattern at the lateral zero angle using the particle swarm
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Phase current curves for phase shifters obtained from the on-chip

optimization (PSO) algorithm [21]. The channel 1 phase shifter
current is fixed at 1 mA. For the optimization, the side-lobe
suppression is maximized around the peak at the lateral zero
angle within the angle range [—10°, 10°]. Once a good beam is
obtained—high side lobe suppression and good beam shape—
now all the channels have zero phases at the current sets 7, .
Thus, the previously found phase-current relationships for all
phase shifters are corrected to make sure that all curves have the
value of zero at the specific current sets I,,,. This can be easily
done using the following formula:

The new phase current curves are the basis of our following beam
steering in the lateral direction. Fig. 10 shows these curves.

Fig. 11(a) shows the 3-D plot of the optimized far field at
the lateral zero angle. A very elliptical beam can be seen. The
FWHM of the beam in the longitudinal direction is about 0.2°,
and in the lateral direction, it is about 1.7°. This is determined by
the array itself. The emission array has eight channels at the mo-
ment. With a 5.5 pum spacing, the array spans a lateral size about
40 pm. Assuming the emission is uniform among all channels,
the far-field pattern will be a sinc function with the FWHM of
1.8°, which is in good agreement with the experimental value.

In the longitudinal direction, the grating is 500 pm long.
When the grating is etched 20 nm into the 1.3Q upper optical
confinement layer, the scattering loss due to grating calculated
using the scattering matrix method [22] is only about 0.8 cm™!,
much smaller than the intrinsic loss of the waveguide. The grat-
ing turns out to be too shallow in terms of scattering power out
of the waveguide. So the field (amplitude) inside the waveguide
is exponentially decaying at a rate about 1 dB/mm caused by
the intrinsic waveguide loss. This determines the far field to be
a Lorentzian line shape with the FWHM about 0.16°, which is
in agreement with the result we obtained experimentally.

Fig. 12 shows that the beam is steered to different lateral
angles using the technique explained earlier. That is, Fig. 10
is used to adjust the phase-shifter currents with no additional
reoptimization. It can be seen that good beam shape and good
side-lobe suppression around the zeroth diffraction peak have
been kept when the beam is steered. The 5.5 um waveguide
spacing determines that the +1st-order diffraction peaks are
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Fig. 12.  Far field in the lateral direction for different angles.

about 16° away from the zeroth-order diffraction peak, which
can be clearly seen from Fig. 12.

It is known that as long as each phase shifter can generate 27
phase change, the beam can be steered to any angle, not limited
to the angles shown in Fig. 12. But a problem is that uniform
waveguide spacing, as employed in our emission array, causes
periodicity in the far field; i.e., when the zeroth-order diffraction
peak is steered out of the range from —8° to 8°, determined by
the spacing, the first-order diffraction peaks will enter into this
range. This can be seen from Fig. 13 when the beam is further
steered to 10° and —10°. The zeroth-order diffraction peaks now
overlap with the +1st-order peaks of —6° and 6°.

In our future work, a nonuniformly spaced array will be used,
and this will eliminate all high-order diffraction beams and leave
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Fig. 14.  Beam position in the longitudinal direction versus wavelength.

only the zeroth-order diffraction beam, so this problem will not
exist anymore.

D. Beam Steering Controlled by Wavelength Tuning

Longitudinal beam steering is demonstrated by changing the
input wavelength. The emission angle relies on the input wave-
length through the following relation:

sin(f) = % — Neoft %)

where A is the pitch of the grating and n.g is the effective
index of the waveguide. For small emission angles, it can be
approximated as

A

0= X — MNeff - (6)
The efficiency of the beam steering in terms of df/dA is

do  mng 180

= 92" 7

dr AT ™

where n, is the group index; df has the units of degrees. Our
waveguide has a group index around 3.75, so the efficiency is
expected to be 0.14°/nm.

Fig. 14 shows the experimentally obtained beam position
in the longitudinal direction versus wavelength. The slope is
0.14°/nm in agreement with the theoretical prediction. When
the input wavelength is varied to steer the beam longitudinally,
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it would be good that there is no need to reset the phase shifter
current in order to keep the beam in a good shape. This is,
however, difficult because very long deep ridge waveguides es-
pecially long bends in the channel have been used, and there
are also SOAs in the channel. In the layout, all channels are
designed to be exactly the same. “Exactly” means that first the
positions of all the SOAs relative to the splitters are the same
so that the input power to the SOAs is ideally to be the same;
second, the same bends are used in each channel, so their effects
are ideally to cancel with each other. In Fig. 15, the far field in
the lateral direction is shown for different wavelengths and for
the same lateral angle, 0°.

When wavelength changes, the beam power also changes.
This is caused by the limited gain-bandwidth of the SOAs. For
1550-nm wavelength, the camera is a little saturated so that the
peak looks cutoff in the figure. However, it can be seen that the
beam continues to have a relatively good shape, good side-lobe
suppression, and beamwidth. Of course, careful fabrication is
still needed to reduce variations among channels even with a
very cautious design.

For some of our devices, some far-field variations are still
seen when changing wavelength without resetting the phase
shifter currents. Even for the devices with relatively good far-
field patterns, improvement is still desired. Reasons for these
variations include bend losses, which can add about 3 dB due
to their length of approximately 1.5 mm. The layout is also
pretty complex as seen from Fig. 1, and this will become a
hurdle if scaling up to a larger array with significantly more
channels. Thus, equal channel length designs may not worth
the additional loss and layout complexities required, given that
the promised simplicity in operation may not provide the needed
performance. Simpler, short, low waveguide loss designs may be
better, especially for larger arrays, although these would require
large phase-shifter current changes for each wavelength. The
control circuits may not be much more complex than required
for small changes, however.

E. Two-Dimensional Optical Beam Steering

To carry out 2-D optical beam steering, the phase shifter
control and the input wavelength control need to be combined.
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Fig. 16. Three-dimensional plot of the far-field patterns for some critical
angles in the 2D plane.

The process is relatively simple: first optimize the far field for
the wavelength of 1539 nm pointing at the lateral angle of zero
degrees using the PSO algorithm; then spread the controls across
different lateral angles using those phase-current relationships of
phase shifters (see Fig. 10); and then spread the controls across
the 2-D plane by changing wavelength (see Fig. 14). Initially, no
further far-field optimizations are done for any angles. Fig. 16
shows a 3-D plot of the far-field patterns for some critical angles
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of the 2-D plane. Although relatively good, improvements can be
done by using the PSO algorithm around the current setting that
is already available from the plots. When the input wavelength
is away from the gain peak, for some lateral angles (specific
phase shifter current settings), the influence from the reflections
of the gratings (1569 nm, 6° in Fig. 16) is seen. In the future,
we will take measures to reduce the grating reflections such as
laterally angling the interface of the grating tooth relative to the
waveguide, angling the emission in the longitudinal direction
by pushing the Bragg reflection wavelength far out of the gain
window, etc.

In the following, some comments on how to further improve
the beam steering angle range, i.e., the total field of view (TFOV)
are made. What has been shown here is 12° in the lateral direc-
tion and 6° in the longitudinal direction. For a larger angle in the
longitudinal direction, a larger wavelength tuning range can be
used, or lenses can be employed to magnify the angle [23]. The
former method is very challenging. Considering the available
tuning range of the monolithic integrated tunable laser and the
SOA effective gain bandwidth, a tuning range about 80 nm can
most likely be achieved [24]. This will yield a TFOV of about
11°. To get an even larger TFOV, lens magnification has to be
used. When using lenses to magnify the TFOV, the beamwidth is
also increased by the same amount, which means that to satisfy
the requirement on the final beamwidth, the original beamwidth
has to be reduced by the same amount. This can be achieved by
using longer and shallower gratings.

For the lateral direction, there is no limitation to the steering
angle if a 27 phase change can be achieved for each phase
shifter. However, there is another limitation which is the side-
lobe suppression. Because the waveguide spacing has to be
relatively large (for low loss and independent phase control),
high side-lobe suppression is difficult to be achieved in a large
angle range, but it is possible to be realized in a rather small
angle range. For example, it is difficult to realize 20 dB side-
lobe suppression in a 45° angle range, but it is not that hard
for a 10° angle range by simply using nonuniformly spaced
arrays. Any emission beyond this relatively smaller angle range
is blocked. Then, lenses are used to magnify the steering angle
range. In this way, one can achieve large steering angle and
high side-lobe suppression simultaneously. So to achieve good
side-lobe suppression within a large angle range, the best way is
probably still to use lens magnification. In other words, lenses
are employed to magnify the TFOV in both directions. For the
same reason to make the beamwidth still within the same metric,
a larger array (more channels) has to be used. This, however,
involves a much bigger effort than increasing the grating length,
because more channels means much larger integration and many
more controls. Fortunately, only one dimension (lateral) requires
individual phase controls.

F. Fast Optical Beam Steering

One big advantage of electronically controlled beam steering
is that the beam can potentially be steered to different direc-
tions very fast. In our situation, the steering speed is limited by
the phase shifter bandwidth and the tuning speed of the tunable
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Fig. 17. Camera images of the far-field spot for two lateral angles without (a),
(b) and with (c) fast beam steering. (d) Far-field spot when wavelength is fast
switching.

laser. The current-injection phase shifters used in our PIC are
200 pm long, so even considering the carrier lifetime, the band-
width can approach the gigahertz range. The SGDBR tunable
laser can potentially have a few nanoseconds tuning speed [14].
So our PIC can potentially have a very fast beam steering speed.
In the following, some preliminary tests for fast beam steering
based on our PIC are demonstrated. We are primarily limited
by the electrical connections to PIC, which only allows mega-
hertz modulation. However, custom drive circuits in fabrication
should soon enable the predicted ~100 MHz speed. If phase
shifters employing the electrooptical effect and traveling wave
electrodes were used, lateral steering bandwidths in the tens of
gigahertz would be possible [25].

Here, fast beam steering in the lateral direction is reported.
Seven function generators (FGs) are employed to control seven
phase shifters. These FGs are synchronized by using one of
them as the master: its clock output is used to synchronize all
the other FGs. Series termination resistors of 50 €) are connected
to the phase shifters. Square waves of 1 MHz with 50% duty
cycle are employed. The dc offset and amplitude of the square
wave from each FG is optimized using the previous dc results
for good far-field spots. The FGs are used as voltage sources
and the dc offset is changed to scan the /-V curve of the phase
shifters. The current is found by monitoring the voltage drop
on the 50-( series resistance. Then, the optimal voltages can be
decided from the required currents (datasets already established
from previous experiments). Two lateral angles are selected:
one is 0° and the other one is —10°. The wavelength is fixed
at 1539 nm. Good beams are demonstrated at both excursions
of the square wave, demonstrating more than sufficient PIC
response bandwidth.

Fig. 17(a) and (b) shows the camera images of the far-field
spots for the two states. When the modulation is on, the beam is
switched between the two directions at 1 MHz speed which is
much faster than the frame rate of the camera, so two states on
the camera are observed simultaneously. To check if the beam
is really switching between the two states, a photodetector is
placed on top of the PIC to try to capture the upward emis-
sion. The signal of the detector is maximized when the beam is
pointing at 0°. When the modulation is on, the detector signal
is monitored by an oscilloscope.

6100212

4 T

Scope trace'

—— low pass (10 MHz) filtered

Voltage (mV)

_2 1 1 1 L
-1.0 -0.5 0.0 0.5
Time (us)
Fig. 18.  Oscilloscope trace from the detector placed above the PIC.
10 r r ey r
——— Sweeping between
0r 1569 only o
10+ y Ssus 1524 only R
£
@
2
g
[o]
a
-70 L L L L s L
151015201530 1540 1550 1560 1570 1580
Wavelength (nm)
Fig. 19. Laser output spectra for two wavelengths and for fast switching

between them.

The result is shown in Fig. 18. A very weak signal has been
captured, so it is very noisy on the real-time oscilloscope. How-
ever, a clear indication of 1 MHz sweeping speed can be seen.
So, fast steering between two angles in the lateral direction
through controlling the phase shifters has been demonstrated.
The speed is 10°/0.5 us = 2 x 107 °/s. We believe that by using
proper electrical connections and by using faster current drivers,
the PIC should be able to achieve much higher steering speeds
as mentioned earlier.

In the longitudinal dimension, fast beam steering is achieved
by quickly changing the output wavelength of the tunable laser.
To do this, the back mirror current of the SGDBR laser is fixed.
The front mirror in series connection with a 50-€2 resistance is
driven by an FG also by a square wave with 50% duty cycle
at 1 MHz. The dc offset and amplitude of the square wave are
optimized to select two output wavelengths. The laser output
spectra at these two specific states are shown in Fig. 19.

When the laser output is quickly switching between these two
states at 1 MHz, the spectrum analyzer captures the two output
wavelengths at the same time. The same happens to the camera
which captures the two far-field spots corresponding to the two
wavelengths simultaneously, as shown in Fig. 17(d). To check if
the wavelength is really quickly switching, the output of the laser
is tapped and then passes through a narrow-band optical filter
tuned to align with the 1529-nm wavelength. The output after the
filter is monitored by a TTA integrated photodiode. The response
from the detector is recorded by the same oscilloscope with the
trace shown in Fig. 20. Clearly a switching speed of 1 MHz
has been demonstrated. Considering the two states are 6° apart
(see Fig. 14) in the longitudinal direction, 1.2 x 107 °/s steering
speed has thus been achieved. There is still margin to improve.
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Fig. 21. Layout of the PIC with on-chip SGDBR laser.

The SGDBR laser has demonstrated a few nanoseconds tuning
speed over a wide wavelength range [14].

V. SGDBR LASER INTEGRATED ON-CHIP

More recently, we have integrated the widely tunable SGDBR
laser with the PIC shown in Fig. 1. The new layout is shown in
Fig. 21.

Compared with the previous PIC layout shown in Fig. 1,
the first splitter has been changed from a 1 x 2 MMI to a
2 x 2 MML. This allows us to add one input as the on-chip
SGDBR widely tunable laser. From the left to right, the laser
includes the back mirror section, phase section, gain section,
front mirror section, and the SOA section. Processing the new
PIC is similar except that two steps of etching are used to form
the sampled gratings used for the SGDBR laser and the surface-
emitting gratings. The sampled gratings are etched 80 nm into
the upper optical confinement layer, so much deeper than the
surface-emitting gratings (20 nm). Another change for the new
PIC is that phase shifters are placed in front of channel SOAs.
This is to employ the SOA saturations to reduce the variations
of the power entering into the emission array when phases are
adjusted by injecting currents into the phase shifters.

What has been done first is to characterize the on-chip
SGDBR laser. Fig. 22 shows the spectra of the on-chip SGDBR
laser output from the back mirror. Here, only supermodes of
the laser are shown. They are selected by tuning the front and
back mirror sections but leaving the phase section unbiased. A
total tuning range close to 30 nm is expected from this on-chip
tunable laser.

Then, the beam is steered in the longitudinal direction by
tuning the on-chip tunable laser. Fig. 23(a) shows the 3-D plot
of the far-field spots for different wavelengths superimposed
together. The beam steers to zero degree in the lateral direction.
Fig. 23(b) shows the far-field distribution across the peak in the
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Fig. 22.  Spectra of the on-chip SGDBR laser output from the back mirror.
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Fig. 23.  (a) Three-dimensional plot of the far-field pattern for different wave-

lengths superposed together. (b) Far field across the peak in the longitudinal
direction.

longitudinal direction. Very narrow (FWHM about 0.2° similar
to previous results) and clean peaks are seen.

Then, the wavelength of the SGDBR laser is fixed at 1538 nm
and the beam is steered in the lateral direction by using the ar-
ray of phase shifters. Fig. 24(a) shows the 3-D plot of the far
field patterns for lateral angles from —5° to 5° with a step of
2° superimposed together and (b) shows the far-field distribu-
tion across the peak in the lateral direction. The far-field in the
lateral direction is broad so they overlap with each other when
superimposed together. The FWHM of the beam in the lateral
direction is about 2°, so similar to previous results as well.
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Fig. 24.  (a) Three-dimensional plot of the far-field patterns. (b) Far-field dis-
tribution in the lateral direction for lateral angles from —5° to 5° with a step of
2° superimposed together.

VI. CONCLUSION

In summary, 2-D optical beam steering with an InP PIC using
a 1-D OPA and wavelength tuning with surface-emitting grat-
ings has been demonstrated. The on-chip monitors have made
the 1-D OPA calibration and control easier. In general, because
of fewer control elements, controlling this PIC for 2-D optical
beam steering is going to be much easier than the method that
uses a 2-D array of elements, such as VCSEL array or MEMS
array. The tunable SGDBR laser has been successfully inte-
grated and 2-D beam steering has been demonstrated with this
on-chip tunable laser source as well. Looking forward to obtain-
ing even larger beam steering angles and higher side-lobe sup-
pressions, the best way is to use lens magnification as discussed
in this paper. However, to make the beamwidth still within the
metric a larger circuit: more channels and longer gratings must
be used. More channels are also helpful to increase the output
power as long as the thermal issue is well managed. So the
PIC demonstrated in the paper has the ability to scale up and is
promising toward practical applications.
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Abstract: Large-scale InP photonic integrated circuit containing 1x32 optical phased array

packaged with ball grid array has demonstrated two-dimensional (2D) optical beam steering.

OCIS codes: (250.5300) Photonic integrated circuits; (280.3640) Lidar;
1. Introduction
Electronically controlled two-dimensional (2D) optical beam steering is potentially useful for light detection and
ranging (LIDAR), secure laser communication, printing, etc. Recently we have demonstrated an InP photonic
integrated circuit (PIC) consisting of an optical phased array (OPA) with embedded surface-emitting gratings for
this purpose [1]. The OPA consisting of 8 waveguides was controlled to steer the beam in the lateral dimension
perpendicular to the waveguide in the array while wavelength tuning was used to steer the beam in the longitudinal
dimension along the waveguide in the array [1]. In this work the waveguide number in the OPA has been upgraded
to 32 so that the PIC is larger and contains many more diodes. To make contacts to all the diodes and control them, a
packaging scheme based on ball grid array has been developed. Finally the packaged PIC has successfully
demonstrated 2D optical beam steering.
2. Layout of the PIC and packaging strategy
Fig. 1 (a) shows the layout of the PIC. The left side contains two ports: one is for the output of the on-chip sample-
grating DBR (SGDBR) widely tunable laser; the other one is for the external input. The beam splitter is a simple star
coupler which has two inputs and 32 outputs: the input beam from either the on-chip SGDBR laser or the external
input is split into 32 channels. Each channel has its own phase shifter followed by a high power semiconductor
optical amplifier (SOA). After amplification the light enters into the grating region for out-of-plane emission. The
emission is downward through the substrate. On top of the grating there is gold reflector which makes the emission
uni-directional. After grating is the on-chip monitor array [1]. The PIC contains 104 diodes in total. To test the PIC a
way of packaging is needed: the PIC is first flip-chip bonded onto an optical carrier; then the optical carrier is
soldered onto a print circuit board (PCB) called intermediate board; finally the intermediate board plugs into a big
PCB board which connects to DAC cards and high power current sources. In order to solder the optical carrier onto
the intermediate board, first solder spheres with 300 um diameter were fixed onto pads of the intermediate board
using a stencil; then the optical carrier with matching pads was placed onto these solder spheres with the alignment
carried out by a flip-chip bonding machine; finally the solder spheres were melted. Fig. 1(b) shows an image of the
optical carrier soldered onto the intermediate board. This is similar to the ball grid array packaging technique used
broadly in electronics, with the modification that the solder spheres were placed on the PCB board. A micro-channel
cooler was soldered onto the backside of the carrier to cool the optical chip when high current was pumped into the
SOA array. The final packaged system is shown in Fig. 1 (c).

3. Measurement

Two DAC cards were used to control the 32 phase shifters. The input signal to the PIC was fiber coupled from an
external tunable laser. The 32-SOA array was biased together by a high power current source with each SOA having
the current about 300 mA. The emission from the gratings was monitored by a far-field imaging system consisting
of three lenses and an infrared camera [1]. First the input wavelength was fixed at 1550 nm and the current injected
into each phase shifter of the 32-phase shifter array was adjusted to steer the beam to a specific angle in the lateral
direction. The side-lobe suppression within the angle range from -10" to 10" around the selected angle was optimized
through the particle swarm optimization algorithm [1]. A typical result of the beam pointed at the lateral 0 angle is
shown in Fig. 2, where Fig. 2(a) shows the 3D plot and (b) shows the beam profile across the peak in the
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longitudinal and lateral directions. The full width half maximum (FWHM) of the beam is 0.3 degree in the
longitudinal direction and 1.2 degrees in the lateral direction. The side lobe suppression is about 15 dB. Then the
phase shifter currents were adjusted to steer the beam laterally to -5°, 0°, and 5, respectively. The beam profiles in
the lateral direction are shown in Fig. 3 (a). Because non-uniformly spaced array is used, higher order diffraction
peaks disappear. This is very different from the case when uniformly spaced array being used [1]. Then the input
wavelength was changed from 1540 to 1570 nm, and the phase shifter currents were adjusted accordingly to keep
the beam pointing at the lateral 0" angle. Fig. 3 (b) shows the beam profiles in the longitudinal direction for the
wavelength of 1540, 1550, 1560, and 1570 nm, respectively. The intensity changes due to the dependence of gain on
wavelength.

4. Summary

In summary large scale InP PIC with 1x32 OPA and 104 diodes has been packaged and has demonstrated 2D optical
beam steering by a combination of wavelength tuning and OPA control.

(a)

Tunable laser :
= Carrier
External input - -

Intermediate PCB

Phase soa
shifter

Fig. 1 (a) Layout of the PIC; (b) Carrier with PIC soldered onto the intermediate PCB board; (c) Packaged system
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Fig. 2 (a) 3-dimensional plot of the beam spot; (b) Beam profile across the peak in the longitudinal and lateral
directions.
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different wavelengths and for the same lateral angle of 0.
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Chapter 7
Design and Performance of High-Speed

VCSELs

Yu-Chia Chang and Larry A. Coldren

Abstract Over the past several years, high-speed vertical-cavity surface-emitting
lasers (VCSELs) have been the subject of intensive worldwide research due to their
applications in optical interconnects and optical data networks. The performance of
VCSELs, especially with respect to their high-speed characteristics, has made signif-
icant progress. In this chapter, we first present the basic theory for current-modulated
VCSELs using rate equations and small-signal analysis. Factors that affect the mod-
ulation bandwidth, including the intrinsic laser responses and extrinsic parasitics, are
identified. Once these limitations are known, we discuss various designs that have
been implemented in VCSELSs to specifically address them, followed by a review
of the current high-speed VCSEL performance based on these designs at several
different wavelengths, including 850 nm, 980 nm, 1.1 pm, and 1.3-1.6 pm. Finally,
we consider new modulation schemes based on loss modulation in coupled-cavity
VCSELs, which has the potential to reach even higher speeds.

7.1 Introduction

The rapid explosion of information has created ever increasing demands for data
bandwidth. Optical fiber communication now dominates long-haul and metropolitan
telecommunication networks, and it has made many in-roads into data-communica-
tion networks in campus and high-performance computing environments. However,
traditional electrical signaling is still used for many tele- and data-communication
links at the edge of these networks where data rates are still modest. But, even here

Y.-C. Chang ()- L. A. Coldren

Department of Electrical and Computer Engineering,
University of California, Santa Barbara, CA, USA
e-mail: yuchia@engineering.ucsb.edu

L. A. Coldren
e-mail: coldren@ece.ucsb.edu

R. Michalzik (ed.), VCSELs, Springer Series in Optical Sciences 166, 233
DOI: 10.1007/978-3-642-24986-0_7, © Springer-Verlag Berlin Heidelberg 2013

119



120

234 Y.-C. Chang and L. A. Coldren

Year 2001 2002-2005 2006 2007 2008
Speed | gg | | | Il
(Gb/s) 20 25 30 35 40

Fig.7.1 Timeline of the first reported 20, 25, 30, 35, and 40 Gb/s direct current modulation of
VCSELs

optical techniques are beginning to look more attractive as the optical component
cost becomes more competitive and the bandwidth demands increase. Also as space
and power dissipation become important, some fundamental limitations come into
play [1]. Optics is progressively replacing many electrical links, from networks to
eventually even chip-to-chip and on-chip interconnects within computers. Low-cost,
power-efficient, high-speed optical sources are one of the main keys to enable this
transition.

Vertical-cavity surface-emitting lasers (VCSELs) are inherently suitable for opti-
cal data transmission for various reasons. Their small volume fundamentally implies
that low power consumption and high-speed operation can be realized simulta-
neously. Due to surface emission, VCSELs can produce a more circular output
beam with less divergence, can easily be fabricated in arrays, and can support
on-wafer testing. All these lead to a significant reduction of the testing and packaging
costs.

Over the past several years, worldwide research efforts to improve the performance
of VCSELSs for optical data links have reached fruition, especially with respect to
their high-speed aspects. Figure7.1 summarizes the timeline of the first reported
data rates of 20, 25, 30, 35, and 40 Gb/s for directly modulated VCSELs. In 2001,
20-Gb/s operation was reported by Kuchta et al. using oxide-confined 850-nm
VCSELs [2]. Not until 2006, 25-Gb/s operation was achieved by Suzuki et al.
in NEC using 1.1-pm-wavelength VCSELSs [3]. One year later, data rate was further
pushed to 30 Gb/s by the same group using buried tunnel junction (BTJ) VCSELs [4].
Just after six months, a data rate of 35 Gb/s was reported by Chang et al. using oxide-
confined 980-nm VCSELSs [5]. Three months later, the 40-Gb/s milestone was finally
hit by Anan et al., again by NEC, using BTJ VCSELSs [6]. So, in the year 2007, the
direct modulation speed of VCSELSs was pushed from 25 to 40 Gb/s, a tremendous
progress.

Of at least equal importance, many system-level optical links based on VCSELs
have been demonstrated in this period. For example, an aggregate data rate of
500 Gb/s has been reported using 48 channels of 10.42-Gb/s data transmitted over
a parallel 12-fiber ribbon with four wavelengths per fiber [7]. These links have
demonstrated that power consumption is equally important to speed, so a significant
emphasis on reducing overall power-consumption/data-rate ratio is also a goal for
both optical interconnects and optical data links. The total link power consump-
tion, including driver and receiver electronics, for 500 Gb/s is 3.3 W, correspond-
ing to a power-consumption/data-rate ratio of 6.6 mW/(Gb/s). For waveguide-based
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chip-to-chip optical links, an aggregate data rate of 160 Gb/s has been reported with
4 x 4 VCSEL and photodiode arrays, each operated at 10Gb/s [8]. The total link
power consumption is 2.5 W, corresponding to 15.6 mW/(Gb/s). More results will be
presented in Chaps. 15 and 16 of this book.

Long-wavelength VCSELs (LW-VCSELs) have made significant progress as well.
Novel structures and new materials have been pursued to overcome the material
challenges faced by LW-VCSELs. Based on different technologies, several groups
and companies have demonstrated data transmission at 10 Gb/s over single-mode
fibers (SMF) [9-13]. At this writing such components are beginning to be sam-
pled commercially by some companies. Although intense efforts on 1300-1550nm
VCSELs are expected to continue, it is unlikely that such devices will reach the
modulation bandwidths ultimately available in the shorter 850-1100 nm range due
to both material and cavity volume constraints that will be discussed in the next
section.

This chapter is organized as follows. Section7.2 presents the theoretical back-
ground for current-modulated VCSELSs. The device designs are covered in Sect. 7.3,
and Sect. 7.4 reviews some of the high-speed VCSEL results. Section 7.5 discusses
loss-modulated VCSELs, and Sect. 7.6 concludes this chapter.

7.2 Theoretical Background

Before jumping to the design of high-speed VCSELSs, it is important to understand
how the bandwidth of VCSELs is determined. Once various factors that can limit the
bandwidth are known, the VCSEL structure can be specifically optimized to address
these restrictions. In this section, the necessarily theoretical background for directly
current modulating VCSELSs is provided.

Just like other diode lasers, the bandwidth of VCSELSs is determined by the intrin-
sic laser response as well as the extrinsic parasitic response. To facilitate our discus-
sion, the cascaded two-port model for representing a diode laser, shown in Fig.7.2,
is used to separate the intrinsic laser and the parasitics [14]. The intrinsic laser is the
active region where it is desirable to concentrate the current and optical modes to
maximize the carrier and photon densities, which are coupled via stimulated recom-
bination. The parasitics, defined between the intrinsic laser and the driving circuit,
are split into the pad parasitics and chip parasitics at the metal contacts. The input
variables in the model are the drive voltage vq and drive current ig. The currents
entering the pad and chip parasitics are i, and i, respectively. The voltage and cur-
rent seen by the intrinsic laser are v, and 7, respectively. The output variables are
the output power p and frequency shift Av. For short-distance optical data links,
dispersion is usually not a concern and Av will not be considered.
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7.2.1 Intrinsic Laser Response

Rate Equation Analysis

We start with the phenomenological rate equations, which describe the supply and
loss of the carriers and photons within the active region [15]:

dN nl N

— = q;V - Ve gNp (7.1a)

dNP / NP

= = ['vegNp + FRSp - (7.1b)
p

where N is the carrier density, N, is the photon density, 7; is the injection efficiency,
I1is the terminal current, ¢ is the electronic charge, V'is the volume of the active region,
T is the carrier lifetime, v is the group velocity, g is the gain, IT" is the confinement
factor, R;p is the spontaneous recombination rate into the mode of interest, and 7, is
the photon lifetime.

The gain g can be well approximated by a four-parameter logarithmic formula
[15]

N+ N,
GV, Ny = — D g (0 (7.2)

where go is the gain coefficient, ¢ is the gain compression factor, Ny is the trans-
parency carrier density, and N is a shift to make g equal the unpumped absorption
at N=0.

Once we have the rate equations ready, small-signal frequency analysis can be
applied. Assume there is a small sinusoidal modulating current with an amplitude of
I superimposed on the steady-state bias current Iy, we have

I(t) = Iy + L& (7.3a)
N(t) = Ny + Ne/! (7.3b)
Ny(t) = Npo + Ny & (7.3¢)
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where Ny and Ny are the steady-state carrier and photon densities, N1 and N are the
corresponding small-signal modulation amplitudes, and w is the angular frequency.
Substituting (7.3) into (7.1), neglecting the products of the small-signal terms, but
retaining other first-order deviations, we obtain the modulation transfer function

p(w) w?
H, = = A;
int(2) Iy "2 — @ 4 joy)

(7.4)

where A; is the DC slope efficiency, w; =27 f; is the relaxation resonance frequency,
and y is the damping factor. This transfer function is in the form of a second-order
low-pass filter with a damped resonance peak.

The relaxation resonance frequency is the natural oscillation frequency between
the carriers and photons in the laser cavity and can be approximately expressed as

NooT1/2 12
o = [Vg“—"o] - [Mm(lo - Ith>] (7.5)
T qu

where a = 9g/0N |y, is the differential gain at threshold, V), is the mode volume,
and Iy, is the threshold current. As clearly shown in (7.4), the relaxation resonance
frequency basically determines how fast an intrinsic diode laser can be modulated
when the damping is not severe. Therefore, it is important to increase the relaxation
resonance frequency for higher bandwidth. Examining (7.5) tells that higher differ-
ential gain a, larger photon density Ny, and smaller photon lifetime 7, can improve
the relaxation resonance frequency. (But, one must be careful not to think that adding
internal loss is good, because it always reduces Ny,o more than 7,,.)

The only parameter, to the first-order approximation, in (7.5) that depends on
the operating conditions is the photon density, which can be increased with higher
current. A figure of merit commonly used to evaluate how efficient an intrinsic laser
can be modulated is the D-factor [16]

o ) :L[Mni}”z,
I —In'7? ~ 27 LqV;

To evaluate the device’s overall high-speed performance, the related factor, modula-
tion current efficiency factor (MCEF), is more commonly used [17]

f3dB

MCEF = —~2__
(I —In)'/?

where f34p is the 3-dB frequency, which is approximately equal to 1.55f; when the
parasitics and damping are relatively small.

The damping represents the rate of energy loss in the laser cavity, which effectively
reduces the strength of the resonance peak. The damping factor y is given as

Tay, 1 TRy
y:VgaNp0|:1+ a]+T +

(7.6)
AN Npo
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where Ty is the differential carrier lifetime, and

dg
IN,

€g

= — . (7.7)
NpO 1 + 8Np0

ap:

At normal high-speed operating conditions, spontaneous-emission-related damping
can be neglected, and y increases with Ny, which is proportional to frz. The pro-
portionality is the K-factor given as

_ 4x2 Tap
K=4n"7, |1+ . (7.8)
a

Practically, K-factor is empirically determined by fitting y versus frz. As the photon
density keeps increasing to a point, the modulation response becomes overdamped
and the bandwidth decreases. The maximum theoretically damping-limited f34p is
given as

2
F3dBlmax = fz?” (v Jox = V/2). (7.9)

Since K-factor increases with gain compression factor ¢ through a,, reducing gain
nonlinearity is also important to achieve high bandwidth.

Beyond the Rate Equations

The proceeding rate equation analysis is appealing due to its simplicity but still
providing intuitive insights. However, many effects were not included, and we sum-
marize some of them here.

Firstdiscovered in 1991, carrier transport in the separate-confinement heterostruc-
ture (SCH) region actually plays an important role in the dynamics of quantum-well
(QW) lasers [18]. To reduce the carrier transport effects, it is necessary to minimize
the time for carriers to reach and fall into QWs and maximize the time for carriers
to escape back from QWs to SCH region. This can be treated with a modified set of
rate equations that incorporates a second carrier reservoir [15], but we shall not go
into that complexity here.

We also have implicitly assumed that the carrier and photon densities are uniform
across the active region in (7.1a) and (7.1b). In reality, the photon density varies
spatially as the square of the optical mode field due to the waveguiding of the cavity,
which causes the stimulated emission rate to vary accordingly. This spatial non-
uniformity of the stimulated emission rate results in an overdamping of the relaxation
resonance frequency, which reduces the bandwidth [19]. In addition, carriers are
depleted faster where the optical intensity is higher, a phenomenon referred to spatial
hole burning, and the carrier gradient drives diffusion [20]. It has been shown that
the lateral carrier diffusion does not significantly reduce the bandwidth but increases
the damping [21].

In (7.2), the nonlinearity of gain was included through the gain compression
factor ¢. This saturation of gain at high photon density is attributed to the spectral
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hole burning and carrier heating effects [22]. It is important to minimize the gain
nonlinearity so that damping can be reduced.

Many parameters in the rate equations are actually temperature dependent. Exces-
sively high junction temperature degrades the differential gain, reduces the injection
efficiency, increases the threshold current, affects the transverse modes, and red-
shifts the cavity mode and gain peak. All these lead to a reduction of the bandwidth.
Therefore, thermal management is a main issue for high-speed VCSELSs.

Many of the limitations on modulation bandwidth are more acute in the longer
wavelength VCSELs, especially the thermal effects due to the relative importance of
Auger recombination. Thermal management is even more important, but quaternary
materials tend to have very poor thermal conductivities, so additional ‘engineering
fixes’ are required. Gain materials at longer wavelengths also usually have lower
inherent differential gain, and the cavity volume tends to be larger because of lower
inherent index contrast for lattice-matched alloys, which either directly results in a
longer mirror, or requires an intracavity contact.

7.2.2 Extrinsic Parasitic Response

When dealing with high-frequency devices, parasitics are always a concern. Parasitics
divert the modulated current iy from entering the intrinsic laser due to #, and ic. In
most cases, it is desirable to minimize the parasitics so that the intrinsic bandwidth
can be achieved.

The parasitics vary depending on the device structure. Here a typical oxide-
confined VCSEL, whose cross-sectional schematic and parasitic elements are shown
in Fig.7.3, is used as an example. The pad capacitance C, represents the capacitance
between the signal and ground from the probe tips/driver to the metal contacts. The
value of C}, varies from tens to hundreds of femto-farads, depending on the pad layout
and the materials between the pads. The pad resistance Ry, accounts for the pad loss.
Since it is usually relatively small, in the ohm range, compared with the impedance
of C, at the frequency of interest, it is sometimes omitted in the small-signal model.

The mirror resistance Ry includes the resistances from both DBRs. It includes
the net differential impedances of the mirror heterobarriers at the bias point. Rgheet
represents the sheetresistance in the n-contact layer, and R.qp, is the contact resistance
for both contacts. All these resistances, usually dominated by Rp;rr, can be grouped
together into Ry = Rumirr + Rsheet + Reont 1n the small-signal model. The mesa
capacitance Cpegq 15 the oxide capacitance in series with the capacitance associated
with the intrinsic region below the aperture. Cpesa depends on the diameters of the
mesa and aperture and the thicknesses of the oxide and intrinsic semiconductor layer.

The capacitance Cj represents the diode junction capacitance in the apertured area
where current flows. Under normal forward bias condition, Cj is usually dominated
by the diffusion capacitance, which models the modulation of the minority carriers
stored in the intrinsic SCH [23]. It has been shown that the diffusion capacitance not
only depends on the carrier lifetime but also depends on the design of the SCH [24].
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For simplicity, Cpesa and Cj are grouped together into Cpy = Ciyesa + Cj. Lastly, the
intrinsic laser is represented by the junction resistance R;.

Figure 7.4 plots the small-signal model of VCSEL and the RF driving source. The
VCSEL is represented by four elements, including Cp, Ry, Cp, and R;. The RF
driving source consists of a voltage source vg and a characteristic impedance of Zj.
Here we have assumed that the device is driven by 50-Q2-terminated instruments, and
Z is included to account for the RF power reflection due to impedance mismatch.

The effects of the parasitics can be described by a transfer function, Hex(w) [25]:

How(®) current flowing into the intrinsic diode i, (w)
w) = = .
ext voltage from the voltage source Vs

The frequency at which | Hexi (@) |2 /| Hex (0) 12=1 /2 is defined as the parasitic 3-dB
frequency wy.. This transfer function can be approximated by a single-pole low-pass
filter function:

Ae

Hexi(w) = m (7.10)
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where A, is a proportional constant and wy is the parasitic roll-off frequency, which
may be different from .
The overall electrical modulation frequency response H () is given as:

Cp@ [ a@ p) |t R
H(w) = ‘ Ve ‘ = Ys : i (@) = |Hext(®) - Hint(®) o
1 a);1 (71
x 5 5 .
I+ (w/w0)” (0?2 — w?)” + y20?

This gives the commonly used three-pole equation, which is squared when consider-
ing electrical-to-electrical links, for fitting the frequency response to extract w;, ¥,
and wyg.

7.3 Design of High-Speed VCSELSs

In Sect.7.2, we have discussed various factors that can affect the bandwidth of
VCSELSs based on small-signal analysis. Now we will review different designs to
specifically address these limitations for better high-speed performance.

7.3.1 Active Region

The choice of active region is mainly determined by the wavelength and the substrate.
However, some designs are better than the others in terms of high-speed performance.
Most of them are related to the improvement in differential gain. Differential gain
depends on the sensitivity of the quasi-Fermi levels (and thus gain) to small changes
in carrier density [15]. To have higher differential gain, the density of states (DOS)
needs to be more peaked near the band edges, and the quasi-Fermi levels, where the
slopes of the Fermi functions are at their maximum, need to be aligned to the band
edges.

In order to improve differential gain, a number of refinements to the active region
have been explored. Originally, quantum dots (QDs) were proposed as a superior
gain region because of their inherent delta-function-like DOS, which should have a
huge differential gain [26], but all experimental QDs have a very broad DOS due
to variable dot size and the associated inhomogenous broadening. Adding strain in
the QWs reduces the anisotropy between the DOS of electron and hole as well as
pushes the hole quasi-Fermi level towards the valence band edge, which improves
differential gain [15, 27]. In addition, strain advantageously reduces the transparency
carrier density [15]. However, gain nonlinearity and damping increase with strain due
to the increased valance-band curvature [22]. P-doping the active region increases the
carrier-carrier scattering rate and thus decreases the intraband relaxation times, which
reduces the gain nonlinearity induced by spectral hole burning [27]. P-doping also
moves the quasi-Fermi levels down to a more symmetrical position and can increase
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the differential gain [15]. However, the experimentally observed improvement in
differential gain due to p-doping is more pronounced in unstrained systems than in
strained systems [28]. In short, strained QW's perform better than unstrained QWs due
to higher differential gain, and p-doped strained QWs perform better than undoped
strained QWs due to reduced gain nonlinearity.

Within the strain limit, increasing the number of QWs is generally preferable
for high-speed operation due to the differential gain enhancement [29]. However,
the gain enhancement factor from the standing-wave effect, unique for VCSELs,
decreases with increased number of QWs and must be considered [15]. Deeper wells
are also favorable for high-speed and high-temperature operation because carriers
have less chance to escape from the QWs, which reduces the carrier transport effects
and carrier leakage.

7.3.2 Lateral Mode Confinement and Single Modeness

Since the relaxation resonance frequency increases with the square root of the pho-
ton density, it is desirable to increase the photon density for high-speed operation.
This can be done by (1) increasing the current above threshold that contributes to the
number of photon, i.e., n; (/I ), (2) reducing the mode volume, and (3) maintaining
single-mode operation to insure that the photon density must increase as the current
increases. For given device dimensions and bias current, single-mode devices have
higher photon density because photons do not spread among the mutually orthogonal
modes. Maintaining single-mode operation is also necessary for some applications
which use SMF or require better beam quality. However, some past applications
have desired multimode VCSELSs to match multimode fibers or waveguides. Unfor-
tunately, these are not well suited for high data rate applications. Here we will mention
some approaches to achieve single-mode operation, and more details can be found
in Chap.5 of this book.

For gain-guided VCSELSs without any deliberate index guiding, the lateral mode
confinement is mainly provided through thermal lensing effects, which can be unsta-
ble under dynamic operation due to time-dependent temperature variation [30].
Although gain-guided VCSELSs have demonstrated 14.5 GHz modulation bandwidth
[31], index guiding is more common nowadays for high-speed VCSELs, both to
insure single mode operation, as well as reduce the mode volume.

The most common approach to implement lateral index guiding, at least for
GaAs-based VCSELs, is to use a dielectric aperture. The discovery of wet ther-
mal oxidation of high aluminum content semiconductors provides an easy way
to form thermally stable aluminum oxide inside a VCSEL cavity. Oxide-confined
VCSELs have shown superior performance in many aspects due to reduced inter-
nal losses, and simultaneously providing good electrical and optical confinement.
Various aperture designs have been incorporated in high-speed VCSELSs, including
standard quarter-wavelength-thick blunt aperture [32], double apertures [33, 34], thin
aperture (~30nm) [35], and tapered oxide aperture [36, 37].
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Fig.7.5 Two approaches to achieve single-mode VCSELs. a Illustration of the inverted surface
relief structure on the top surface of a VCSEL. Reflectivity R; is lower due to an extra thickness
of d, and the center is etched down to restore the high reflectivity R; for the fundamental mode.
b Ilustration of Zn diffusion from the top surface to create a higher-order mode absorber

Active region

There are several advantages of using a tapered oxide aperture. First, it can achieve
lower optical scattering losses if designed properly [38, 39]. This is because a tapered
oxide aperture, if placed at the standing-wave node, can produce a nearly ideal par-
abolic lens that eliminates the optical scattering loss. Second, the nonlinear damping
effects can be reduced for higher bandwidth by confining the current smaller than the
optical mode [19, 40]. Third, the parasitic capacitance from the oxide can be lower
due to the increased oxide thickness at high radii where the area is large. Fourth, the
eigenmodes are Hermite—Gaussian modes, which diffract less and have no sidelobes,
so that external coupling and focusing can be done more ideally. On the other hand,
a tapered oxide aperture also reduces the losses that differentiate the fundamental
and higher-order modes, and the devices tend to be multi-mode unless some mode-
dependent loss is added. Fortunately, the higher-order modes have significantly larger
diameters, so this can also be done more easily than in other cases.

Approaches have been proposed to achieve single-mode operation for larger-
diameter devices, which can also be implemented for tapered-oxide-apertured
devices. Many of them involve creating some mode-dependent losses, usually in
the perimeter of the top mirror, to favor the more centered fundamental mode. For
example, a surface relief structure, as illustrated in Fig. 7.5a, increases the mirror loss
[41], or Zn diffusion, shown in Fig.7.5b, increases the internal loss for the higher-
order modes [42]. High-speed, single-mode VCSELs have been demonstrated with
these two approaches [13, 43].

Aperturing using an etched tunnel junction and then performing a regrowth over
it to form a BTJ, which is common for InP-based LW-VCSELSs, can also provide
mode confinement as well as current confinement. This is due to the larger optical
cavity length, where the unetched tunnel junction material remains in the center of
the cavity. Single-mode operation can be achieved with BTJ for diameters up to 7
and 9 wm at 1.3- and 1.55-pm wavelengths, respectively [44].

7.3.3 Chip Parasitics

Parasitics are one of the main limiting factors for high-speed VCSELs. As can be
seen in Table 7.1, most devices have relatively close f34g and fi., indicating they are
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Table7.1 Parasitic elements for different high-speed VCSELs from the literature

Authors Lear AL-Omari Chang Lin Suzaki Yashik
Reference [45] [32] [46] [47] 3] [4]

A (Lm) 0.85 0.85 0.98 0.98 1.1 1.1
Size (um?) 4 x 4 3.5%7 1.5%7 32n 3.5%7 2.5%7
Iy (mA) N/A 4.5 4.5 6.0 7.0 4.0
Cp, (fF) 41.7 62 29 22 56 33
Ry(R2) 159 17 0 0 0 0

Ry (R2) 28.3 45 103 34.1 63.3 38
Cn (fF) 443 151 87.9 152 133 130
Ri(Q2) 288.7 64.4 146.5 92.0 71.6 134
fic (GHz) 36.4 21.8 22.8 22.5 23.6 21.0
f3aB (GHz) 21.5 17 >20 17 20 242

4 Obtained from 5-pm-diameter devices

partially parasitic-limited. In the following, we will discuss approaches to reduce the
parasitics.

Chip Parasitic Resistance

Due to the alternating layers in the DBR mirrors, VCSELSs inherently have much
higher series resistance, ranging from tens to hundreds of ohms, compared with edge
emitters. This excess resistance can limit the modulation bandwidth due to RC lim-
itations and heating. Various bandgap-engineering schemes at the DBR interfaces,
mostly for the p-mirror, have been proposed to simultaneously achieve low resis-
tance and loss [48, 49]. Since n-type materials are less lossy and resistive, p-down
configuration has also been pursued for top-emitting VCSELs [32, 50].

To eliminate the resistances and losses from the doped semiconductor DBR mir-
rors, one or both intracavity contacts with (partially) undoped semiconductor mir-
ror/abrupt interfaces, mostly for oxide-confined VCSELs [35, 36], or dielectric DBR
mirror, mostly for BTJ VCSELSs with a regrown n-spacer for lower loss [6, 51], have
been used. For dielectric DBR, several periods usually provide sufficient reflectivity
due to large index contrast, which helps to compress the optical modes in the longitu-
dinal direction. However, the uniformity of current injection, lateral sheet resistance,
and optical loss from the highly-doped contact layers near the active region can be
issues for intracavity contacts and must be considered in the device design [39].

Chip Parasitic Capacitance

Another source of the parasitics is the shunt mesa capacitance surrounding the active
region. Figure 7.6 illustrates the sources of the mesa capacitance for oxide-confined
and BTJ VCSELSs. For oxide-confined VCSELs, the shunt mesa capacitance is the
oxide capacitance Cyy in series with the capacitance from the intrinsic active region
below the oxide aperture Cjn. For BTJ VCSELSs, the oxide capacitance is replaced
by the depletion capacitance Cgep from the reverse-biased p—n junction.
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Fig.7.6 Schematics illustrating parasitic mesa capacitance for a oxide-confined VCSEL and b BTJ
VCSEL

Since all these layers are relatively thin, the mesa capacitance can be quite large.
Combined with high series resistance, parasitics can greatly reduce the achievable
bandwidth. To reduce the mesa capacitance, it is necessary to create additional (thick)
nonconducting layers inside the mesa above or below these high-capacitance current
blocking junctions, and this is commonly done using implantation [6, 37, 50]. For
oxide-confined VCSELs with semiconductor mirrors, the nonconducting layers can
also be formed by oxidizing additional one (double aperture) [34] or several higher
aluminum layers (deep oxidation layers) [36]. This can be performed simultaneously
with the oxide aperture to eliminate one fabrication step. Since the dielectric constant
for the aluminum oxide is much smaller than that of the semiconductor, the total
thickness of the nonconducting layers can be smaller. This reduces the funneled
distance, usually at the lowest-doped layers, that current has to conduct, which is
beneficial for resistance.

For edge emitters, which typically work at relatively high currents, the junction
resistance is practically negligible. Therefore, the diffusion capacitance, which is
in parallel with the junction resistance, can be neglected. However, this is not the
case for VCSELs due to their small currents. The junction resistance and diffusion
capacitance have to be considered. A graded SCH layer can potentially reduce the
diffusion capacitance [23] and has been employed in high-speed VCSELSs [33].

7.3.4 Pad Parasitics

Since the pad parasitics are in parallel with the current path of the intrinsic laser, it
is important for these to have a high impedance, i.e., smaller pad capacitance and
higher pad shunt resistance, to prevent current flowing through them.

Reasonable size pads are necessary to drive VCSELSs, especially for bonding.
However, the associated pad parasitics can greatly reduce the modulation bandwidth
if precautions are not taken. For example, the pad capacitance for a 100 x 100 pm?
pad on a 200-nm-thick nitride is ~3.3 pF, which is very large (see Table 7.1). To
overcome this limitation, some thick low-dielectric-constant resin can be used under-
neath the signal pad. The two most common choices are polyimide [32, 50] and
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benzocyclobutene (BCB) [34, 36], although silicon dioxide has also been used [37].
Just as a comparison, the same 100 x 100 wm? pad on a 5-pm-thick BCB gives a
pad capacitance of ~47 {F, a 70 times reduction.

VCSELSs grown on semi-insulating substrates can also have lower pad parasitics
through co-planar transmission lines with lower microwave loss due to the removal
of the resistive substrate. Similarly, removing the part of the contact layer that is
underneath the signal pad also reduces the pad capacitance by enabling a higher
impedance co-planar interconnecting line [5].

7.3.5 Thermal Management

Thermal management is always an important issue for high-speed devices. For
VCSELSs, most of the heat generated in the diode junction and DBRs is dissipated
through the substrate. To more efficiently remove the heat, we can either integrate
the devices on a substrate with higher thermal conductivity [52], e.g., copper which
has ~9 times of the thermal conductivity of GaAs, or provide additional heat sinking
from the top surface and sidewalls using gold [53] or copper plating [54]. Compared
with gold, copper is inexpensive and has high thermal conductivity, which makes it
really attractive.

Figure 7.7 shows SEMs and schematic cross-section of copper-plated VCSELs
[54]. The 4-pwm-overlapped devices show considerably better thermal properties
compared with the non-overlapped devices. This is because heat first flows laterally
to the sidewalls and can eventually dissipate in the substrate through the copper,
bypassing the more thermally-resistive bottom DBR. However, this relies on good
thermal contact between the overlapped copper and substrate and would result a high
parasitic capacitance if a thin dielectric is used. This trade-off can be addressed using
flip-chip bonding so that heat can be dissipated through the bonded interface instead
of the substrate, which relieves the restriction of the thickness of the dielectric layer
[45].

In addition to improve heat dissipation, reducing the amount of heat generated
is another way to prevent thermal degradation. Ideally, the relaxation resonance
frequency should increase as the square root of the current density Joy = Iy/Area.
For a given current density, the temperature rise should be lower for smaller devices
because power dissipation is roughly proportional to the area and thermal impedance
is inversely proportional to the diameter [15]. However, smaller devices typically
suffer from higher losses. If the size-dependent losses can be minimized, scaling
the devices down should yield better performance. Size-dependent losses have been
reduced by incorporating tapered apertures and this has allowed much smaller devices
to be created with high bandwidths [55]. Perhaps more importantly, these smaller
devices have lower currents for a given bandwidth, and a data-rate/power dissipation
of 35 Gbps/10mW has been reported [5].

Once the operating temperature is determined by the ambient temperature, heat
generation and dissipation, the devices have to be optimized at that temperature.
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Fig.7.7 a SEMs of copper-plated VCSELs. Left: heat sink from the top surface. Right: heat sink
from both the top surface and sidewalls with 4-pm overlap with the substrate. b Cross-sectional
schematic of the device [54] (© 2006 IEEE)

As the temperature increases, both the cavity mode and gain peak red-shift, but at
different rates. Take 980-nm VCSELs with InGaAs QWs as an example, cavity-
mode and gain peak shift at approximate 0.07 and 0.3 nm/°C, respectively [39].
By deliberately detuning the cavity-gain offset at room temperature, better high-
temperature performance has been realized [56].

7.4 Performance of High-Speed VCSELSs

This section reviews some of the high-speed VCSEL results at several different
wavelengths. High-speed VCSELs operated at the datacom wavelengths, ranging
from 0.83to 1.1 pm, are exclusively GaAs-based and mainly for optical interconnects
and short-distance optical links. Typical wavelengths include 850 nm, 980 nm, and
1.1 wm. LW-VCSELSs operated at 1.3 and 1.55 um are attractive as alternative light
sources for optical links transmitting longer distances over SMF due to the low loss
and dispersion of fibers at these wavelengths; both GaAs- and InP-based devices
exist at the longer wavelengths.
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with a bandwidth of 21.5 GHz [45] (© 1997 OSA)

7.4.1 850-nm VCSELs

VCSELSs operating at 850-nm wavelength are probably the most mature VCSEL
technology to date, because 850 nm has several fiber-based standards for short-haul
datacom. Products using 850-nm VCSELSs for 10 Gigabit Ethernet have been com-
mercially available on the market for some time.

There are several active region choices for 850-nm emission including GaAs/
AlGaAs [37], InGaAs/AlGaAs [34], InAlGaAs/AlGaAs [57], and InGaAsP/InGaP
[58]. We will focus on the GaAs/AlGaAs and InGaAs/AlGaAs designs, which are
more common nowadays.

GaAs/AlGaAs 850-nm VCSELs

The unstrained GaAs/AlGaAs multiple quantum wells (MQW) is the most com-
mon active region choice for 850-nm VCSELSs, and many high-speed records were
achieved with it. For example, the first VCSEL to demonstrate a bandwidth in excess
of 20 GHz was achieved with this active region in 1997, and this is still the highest
reported bandwidth for 850-nm VCSELs [50]. Figure 7.8 shows a cross-sectional
schematic and f3gg, f;, and y/(27) vs. (I —I)'/? for the 4 x 4 pm? devices that
achieved a 21.5-GHz bandwidth.

One of the reasons that these devices achieved a high bandwidth was their low-
parasitic structure (see the first column of Table 7.1). The pad capacitance is only
42 {F using 5-pm-thick polyimide underneath the pad. The pad resistance is due
to the dielectric loss of the polyimide. The series resistance is reduced to 28.3 Q
using n-up configuration. Despite the junction resistance is 289 €2, high-dose proton
implantation brings Cy,, down to 44.3 fF so that current still flows through the intrinsic
laser. Since f;. = 36.4 GHz, the bandwidth is not parasitic-limited. Because the
relaxation resonance frequency and 3-dB frequency both saturate at about the same
current, the bandwidth is limited by the intrinsic laser response. The damping-limited
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bandwidth, extracted from K-factor, is 58 GHz. Therefore, the devices are limited
by thermal effects.

The highest data rate reported for 850-nm VCSELs with GaAs QWs is 30 Gb/s at
a bias current of 8 mA using 6-pum-diameter devices [37]. The maximum bandwidth
is 19 GHz at that bias.

InGaAs/AlGaAs 850-nm VCSELs

One of the issues with unstrained GaAs/AlGaAs QWs is that it has lower differential
gain compared with strained QWs. It has been shown that adding some indium,
typically 10% or less, in the wells can double the achievable gain and differential gain
[59]. In addition, the presence of indium has been shown to suppress the propagation
of dark-line defects, which prevents sudden failure of the devices [60]. Data rates of
32Gb/s [61] and 39 Gb/s [62] have been demonstrated using 850-nm VCSELs with
InGaAs QWs.

The 9-wm devices which achieved 32-Gb/s operation at 25°C have a threshold
current of 0.6 mA, fairly low for this size, and a slope efficiency of 0.8 W/A, which
corresponds to a differential quantum efficiency (DQE) of ~55%. The parasitics are
reduced using BCB, an undoped substrate, double oxide apertures, and bandgap-
engineered DBRs. The series resistance is approximately 90 2. They also reported
25-Gb/s operation up to 85°C.

The devices that achieved a 39-Gb/s data rate have a diameter of ~6 pwm, confined
by an oxide aperture. BCB is used for reducing the pad parasitics, and a relatively
large lower mesa for the bottom DBR is used for better heat dissipation, lower
resistance, and easier manufacturing. The bias current for large-signal modulation is
9mA, corresponding to a fairly low current density of ~10 kA/cm?. Eye diagram
at 40 Gb/s is also shown. The signal-to-noise ratio reduces from above 6.3 to 3.6,
preventing error-free operation at 40 Gb/s.

7.4.2 980-nm VCSELs

Another common wavelength for high-speed VCSELs is 980 nm, which typically
employs strained InGaAs/GaAs QWs. This aluminum-free active region offers high
differential gain, low transparent carrier density, and superior reliability. Due to the
transparency of GaAs substrates at 980 nm, bottom-emitting structure is commonly
used.

InGaAs/GaAs 980-nm VCSELSs

The highest MCEF for any QW-based VCSELSs to date is 16.8 GHz/mA'!/? using
InGaAs/GaAs VCSELs at 970 nm [33]. One of the keys to achieve such high MCEF is
the small mode volume. The dimensions of the devices are 3 x 3 pm?, confined with
double oxide apertures. Pad capacitance is estimated to be 40 fF for a 75 x 120 pwm?
bond pad. The threshold current is 0.37 mA and the DQE is 45%. The bandwidth
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Fig.7.9 a Structure and b frequency responses for 3-pm-diameter devices achieving 35-Gb/s
operation

reaches 11.2 GHz at a bias current of only 1 mA, and the maximum bandwidth is
16.3GHz at 4.5mA.

The highest data rate reported for 980-nm VCSELSs is 35 Gb/s using the structure
shown in Fig.7.9a [5]. Instead of the conventional quarter-wavelength-thick blunt
oxide aperture, a half-wavelength-thick tapered oxide aperture is used. The taper
length is carefully chosen to provide sufficient mode confinement while still main-
taining low optical scattering losses [55]. This enables the smaller 3-pm devices,
which typically suffer from high optical losses, to be used. The low pad capacitance
of 29 fF is realized by using BCB, selectively etching off the n-GaAs contact layer
underneath the signal pad, and shrinking the pad dimensions. Deep oxidation lay-
ers as well as the thick oxide aperture effectively reduce Cy, down to ~88 fF. The
devices have a threshold current of only 0.14 mA and a slope efficiency of 0.67 W/A
(DQE =0.54). The series resistance is approximately 250 €2.

Figure 7.9b plots the frequency responses of the devices at 20°C. Due to the small
size, a bandwidth of 15 GHz is achieved at a bias current of only 1 mA, corresponding
to a power dissipation of 1.3 mW. The temperature rise is estimated to be 4.3°C. It is
evident that small devices are more efficient and can achieve the bandwidth with lower
currents and temperature rise, even with a somewhat higher series resistance than
desired in this case. A bandwidth exceeding 20 GHz is also demonstrated for currents
larger than 2 mA. The bandwidth is limited by multimoding above 2 mA; simulations
illustrate that the maximum bandwidth would be ~25 GHz if single-mode operation
were maintained. The MCEF at low biases is 16.7 GHz/mA!/?. 35-Gb/s operation
was achieved with a bias current of only 4.4 mA. This corresponds to a very high
data-rate/power-dissipation ratio of 3.5 (Gb/s)/mW.

InAs QD 980-nm VCSELSs

Another active region choice for 980-nm VCSELs is submonolayer deposited
quantum dots, which provides higher differential gain and better temperature
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85°C [63] (© 2006 SPIE)

insensitivity [63]. Their 1-um single-mode devices show the highest MCEF of
19 GHz/mA!/? for any VCSELs to date. For their 6-um multimode devices, the
threshold currents at 25°C and 85°C are 0.29 and 0.16 mA, respectively, due to
better cavity—gain alignment at elevated temperatures.

Figure 7.10 shows f3gg vs. (I —I)Y/? and eye diagrams for 6-pm devices at
25°C and 85°C. The MCEF drops from 5.6 to 4.6 GHz/mA!/? for the temperature
increased from 25°C to 85°C. The maximum bandwidth at 25°C and 85°C are 15
and 13 GHz, respectively. These bandwidths still can support 20-Gb/s operation as
shown in the eye diagrams. The eye is slightly degraded at 85°C. Recently, they
demonstrated 20-Gb/s operation up to 120°C using 2-pum single-mode devices [64].

7.4.3 1.1-um VCSELs

High-speed VCSELSs operating in the 1.1-pm-wavelength range have resulted from
engineering the MQW InGaAs/GaAs active region to have the maximum allow-
able strain as well as p-type modulation doping [65]. The active region consists of
three thin highly-strained Ing 3Gag 7As/GaAs (5/10nm) QWs. The GaAs barriers are
modulation doped p-type at 2 x 10'® cm™3 to reduce gain nonlinearity. Two types
of device structures have been reported: oxide-confined VCSELs and BTJ VCSELSs.

Figure 7.11a shows their oxide-confined VCSEL structure. The 6.9-pm-diameter
devices have a threshold current of 0.4 mA and a series resistance of 135 €2. Because
the mesa is relatively large at 33 um in diameter, proton implantation is used to
reduce the mesa capacitance. The pad capacitance is lowered using polyimide. The
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devices achieve a maximum bandwidth of 20 GHz at a bias of 7mA, as shown in
Fig.7.11. Transmission at 30 Gb/s back-to-back and over 100-m multi-mode fiber
have been done, and the power penalty is ~2 dB.

The main limiting factor in their oxide-confined devices is self-heating effect,
which causes the relaxation resonance frequency to saturate at high biases. To address
this limitation, a low-resistance type-1I1 BTJ is used so that the more resistive p-layer
can be replaced with a less resistive n-spacer. The devices use top-emitting, double-
intracavity structure shown in Fig.7.12a.

The electrical and optical confinement is achieved by selectively etching the tunnel
junction and regrowing the n-GaAs spacer layer. Oxygen ions are implanted around
the tunnel junction to reduce the mesa capacitance. The pad capacitance is similarly
reduced using polyimide. Dielectric Si/SiO, DBR is used for the top mirror.

Figure 7.12b plots the frequency responses for 5-pm-diameter devices. The max-
imum 3-dB frequency is 24 GHz at a bias current of 4mA, which is the highest
bandwidth reported for directly current-modulated VCSELSs to date. A data rate of
40 Gb/s, which is also the highest data rate for VCSELSs to date, is achieved using
6-pm devices at a bias current of SmA.
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All these results were achieved at room temperature. To improve the
high-temperature performance, they have also developed a new active region with
strain-compensated Ing3Gag7As/GaAsggPp2 QWs [68]. By increasing the
conduction-band offset, electrons are better confined at the elevated temperature.
A data rate of 25 Gb/s is achieved using oxide-confined structure.

7.4.4 Long-Wavelength VCSELs

Several technologies exist for LW-VCSELSs, and they will be covered in more detail
in Chaps. 11 and 12 of this book. The main application of high-speed LW-VCSELSs
is to use for optical networks, which currently require transmission up to 10 Gb/s
over SMF. Here we summarize some current high-speed results for LW-VCSELs.

GaAs-Based Long-Wavelength VCSELSs

GaAs-based LW-VCSELSs are attractive due to the well-established technologies of
short-wavelength VCSELSs such as oxide apertures and bandgap-engineered, high-
index-contrast DBRs. The main challenge is the choice of the gain media that can be
pseudomorphically grown on GaAs substrates to reach longer emission wavelengths.
Currently, GaAs-based LW-VCSELSs are mainly operated below 1.3-pwm wavelength,
and there are three active region candidates [69]: highly strained InGaAs QWs,
GalnNAs QWs, and InAs QDs.

The structure of GaAs-based LW-VCSELs is usually pretty similar to short-
wavelength VCSELs except with a different gain media. Transmission at 10 Gb/s
over 9-km SMF from 25°C to 85°C has been reported using highly strained InGaAs
QWs emitting at 1.28 wm [13]. The indium content of the QWs is increased to 42%
to push the gain peak to 1220 nm, and the cavity mode is detuned at 1275 nm, giv-
ing a large gain-cavity offset for better high-temperature stability [70]. An inverted
surface relief is patterned on the top mirror for single-mode operation. However, the
threshold current seems fairly high and reduces at higher temperature due to better
cavity—gain alignment. The bandwidth is mostly limited by parasitics.

LW-VCSELSs based on a GaInNAs active region emitting at 1.28 pm have also
demonstrated 10-Gb/s transmission over 20-km SMF [11]. These devices show good
reliability and have been placed into production [11, 71].

InP-Based Long-Wavelength VCSELSs

For InP-based LW-VCSELs, the mature high-reliability InAlGaAs or InGaAsP active
region can be used. The main issues are (a) the lack of DBR materials which provide
high reflectivity and thermal conductivity, (b) the more extreme sensitivity to elevated
temperatures, and (c) the realization of lateral mode confinement.

The first of these issues was addressed with an all-epitaxial approach using lattice-
matched AlGaAsSb DBRs, which offer relatively high reflectivity, and an air-gap
aperture formed by selectively etching tunnel junction. These have been explored
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and demonstrated reasonable DC characteristics as well as 3.125-Gb/s operation up
to 60°C [72]. The poor electrical and thermal conductivity of the quaternary DBRs
was addressed by using n-type intracavity InP contact layers, but these also added to
the cavity length, which increased the cavity volume, and thus, reduced the frequency
response.

Another approach is to use BTJ, pioneered by Amann et al. at Walter Schottky
Institute. Some of the best high-speed performance for LW-VCSELSs to date are
demonstrated based on this platform. Figure 7.13 shows the structure of their devices.
The lateral current and mode confinement is provided by the BTJ, which also enables
the regrown InP spacing layer to be n-type for lower loss and resistance. The back
mirror consists of several periods of CaF; /ZnS dielectric DBR and a gold termination
layer, which also works as a heat sink. The device is passivated with BCB for high-
speed operation.

Based on this structure, bandwidth exceeding 10 GHz has been demonstrated for
both 1.3- and 1.55-pwm wavelengths at room temperature [12, 51] and is limited by
parasitics and thermal effects. Transmission at 10 Gb/s for 22km and 12.5 Gb/s for
3 km have also been reported at 1.3- and 1.55-pm wavelengths, respectively.

Corning also reported LW-VCSELs with 10-Gb/s transmission for both 1.3- and
1.55-pum wavelengths up to 85°C [10]. Their devices, shown in Fig.7.14, are based
on similar BTJ technology with a dielectric top mirror. However, they use double-
intracavity contacts with top emission, which greatly simplifies the device structure
and can be mass manufactured more easily.

Wafer-Fused Long-Wavelength VCSELSs

Both InP-based active region and GaAs-based DBRs are preferable for LW-VCSELs.
Therefore, wafer fusion, pioneered by Bowers et al. at University of California,
Santa Barbara, has been used to combine these two material systems. Transmission
at 10 Gb/s over 10-km standard SMF has been reported [44]. The structure consists
of undoped top and bottom AlGaAs/GaAs DBRs, wafer fused with InAlGaAs/InP
cavity grown on an InP substrate. A tunnel junction is used for lateral confinement.
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7.5 Loss-Modulated High-Speed VCSELSs

Due to inherent damping limitations, it would be very challenging for directly current-
modulated VCSELSs to reach bandwidth beyond 40 GHz, even after the parasitic and
thermal limitations have been removed. The highest modulation bandwidth to date is
still limited below 25 GHz [6]. Alternative approaches have to be pursued to extend
the bandwidth, e.g., optical injection locking and loss modulation. Optically injection
locked VCSELSs have demonstrated an impressive modulation bandwidth of 66 GHz
based on a cascaded configuration [75]. However, a separated master laser is required.
Therefore, we only consider coupled-cavity loss-modulated VCSELs here.

7.5.1 Principle of Operation

All the devices that have been discussed so far are based on current modulation,
which is an indirect way to modulate the photon density. Alternatively, the photon
density can be modulated by varying the cavity loss, which has been theoretically
predicted to have higher modulation bandwidth [76].

In the rate equations discussed in Sect.7.2, the losses are included through the
photon lifetime Ty = Vg (aj+am), where ; and oy, are the internal loss and mirror
loss, respectively. Here, we apply the small-signal analysis for loss modulation,

similar to (7.3a), by assuming

1 . 1 .
— = vg(ap + 1€/ = — (1 + me/") (7.12)
Tp Tp0

where o is the steady-state total loss, o is the small-signal loss modulation ampli-
tude, 7,0 = (vgozo)_1 is the steady-state photon lifetime, and m = o1/« is the loss
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modulation depth. Following the same procedure as we did for current modulation,
the transfer function for loss-modulated intrinsic laser can be written as [77]

2 .
m T +jo

Hi (w) = — .
L(w) 0 (0 — &* +jowy)

(7.13)

The main difference between loss modulation and current modulation is the decay rate
after the resonance: 1 /w (20 dB/decade) for loss modulation and 1/w? (40 dB/decade)
for current modulation. In addition, the resonance peak is also stronger for loss
modulation, which can be an issue for data transmission.

Two mechanisms have been used to achieve loss modulation in coupled-cavity
VCSELs. One is to modulate the internal loss «; using an electroabsorption modula-
tor, and the other is to modulate the mirror loss a;y, using an electrooptical modulator.

7.5.2 VCSELs with an Electroabsorption Modulator

Figure 7.15 shows the cross-sectional schematic of VCSEL with an intracavity elec-
troabsorption modulator (EAM-VCSEL). It is basically a p—n—p configuration with a
tunnel junction below the active region to reverse the polarity of the bottom contact.
Reverse-biased MQW, placed at the standing-wave peak for maximal efficiency, is
used as the modulator. A 17-GHz modulation bandwidth with a distinct 20 dB reso-
nance peak has been reported [78]. The roll-off slope is ~45 dB/decade with para-
sitics (fop ~ 8 GHz), showing a slower decay rate compared with current-modulated
devices.

Recently, the same group demonstrated optically decoupled loss modulation in a
duo-cavity VCSELSs by carefully detuning the resonances of the cavities [79]. The
photon density in the active region remains unchanged under loss modulation, similar
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to the case of using an external modulator with a continuous-wave laser. Relatively
flat frequency responses up to 20 GHz have been shown.

7.5.3 VCSELs with an Electrooptical Modulator

Another possible way of achieving loss modulation is to integrate an electroopti-
cal modulator in the VCSEL structure (EOM-VCSEL). The refractive index of the
electrooptical modulator (MQW) can be tuned by an applied voltage. If properly
designed, the cavity mode of the modulator cavity can be tuned in and out of the
resonance of the VCSEL cavity, which effectively modulates the mirror reflectivity,
1.e., the mirror loss a,. Small-signal modulation bandwidth up to 35 GHz, limited
by the photodiode, has been reported with EOM-VCSELs [80].

7.6 Conclusion

The chapter provides an overview of the current status for high-speed VCSELs. We
discussed the basic theory for current modulation of VCSELSs, various high-speed
designs, and device performance. Novel structures and new material systems have
been pursued to overcome many of the bandwidth limitations to achieve higher
performance. For short-wavelength VCSELSs, bandwidth up to 24 GHz and a data
rate of 40 Gb/s have been successfully demonstrated. For LW-VCSELSs, single-mode,
10-Gb/s transmission over a wide temperature range has also been reported by several
groups. We also considered loss-modulated VCSELSs which are still under develop-
ment and have the potential to reach even higher bandwidth. As these technologies
become more mature and the supporting components such as high-speed photode-
tectors are ready, VCSELSs will be used as low-cost, power-efficient, high-speed light
sources for most optical data communications.
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A novel method of fabricating compact intra-cavity contacts with high yield for GaAs/AlGaAs-based
vertical-cavity surface-emitting lasers is presented. By carefully tailoring the composition of high-
aluminum content layer, a highly selective Al,O; etch-stop layer can be formed simultaneously
with the oxide aperture during wet thermal oxidation. With this technique, contact metals can be
uniformly deposited on deeply embedded contact layers over large substrate areas. Ultilizing
this embedded etch-stop design, dual intra-cavity contacted three-terminal vertical-cavity surface-
emitting lasers were fabricated, demonstrating submilliampere threshold currents, over 54%
differential quantum efficiencies and over 9 mW output powers. © 2013 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4769856]

. INTRODUCTION

Over the past few years, vertical-cavity surface-emitting
lasers (VCSELs) have become the most commercially suc-
cessful GaAs/AlGaAs-based semiconductor lasers due to
their versatility in the communication and sensing areas.’
The main driving force is the emerging need for high-speed,
highly efficient laser sources to power the optical links in
data centers and high performance computing (HPC) sys-
tems. Compared to edge-emitting semiconductor lasers,
VCSELs have the advantages of small footprint, high-speed
modulation with low power consumption, capability of two-
dimensional array fabrication, and a circular beam shape for
efficient fiber coupling. Researchers also showed that by
replacing the legacy AlGaAs/GaAs quantum wells (QWs)
with strained InGaAs/GaAs quantum wells as the active
region, it is possible to achieve higher data rate and lower
power dissipation (less than a pJ/bit).>

In addition to diode VCSELs, multi-terminal VCSELSs
have also drawn some recent interest due to their new func-
tionalities and applications, such as direct gain modulation
for potentially higher speed,® polarization switching,” and
direct loss modulation.® The third terminal is often inserted
in the form of extra intra-cavity contact layer, adding com-
plexity to the epitaxial growth and the device fabrication.

The strength of the GaAs/AlGaAs material system for
VCSELs is the wide bandgap range available on a lattice-
matched platform, so stacks of distributed Bragg reflectors
(DBRs) mirrors can be grown epitaxially. Typical mirror
thickness requires etching depths of several microns to reach
the deeply embedded intra-cavity contact layers, limiting the
adoption of intra-cavity contacts on the mass production
level, since a laser monitor has to be used to stop the dry
etch at the desired layer.

Electronic mail: chinhan@ece.ucsb.edu
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However, even with the assist of a laser monitor, it is still
very challenging to obtain high device yield on a large wafer
due to the fact that nearly all the dry-etching techniques,
including reactive ion etch (RIE) and inductively coupled
plasma etch (ICP), create a depth gradient where edge parts
get etched more than the center part of the wafer. In order to
accommodate this etch gradient the thickness of the intra-
cavity contact layer can be increased as long as it is exactly
an odd multiple of the designed wavelength in that material
(1/4-2, 3/4-2, 5/4-J, 7/4-A, etc., in GaAs) to maintain the
phase matching conditions of DBR mirrors. However, this
leads to two significant negative impacts on the device
performance:

(i) Higher threshold current and lower differential quantum
efficiency (DQE). The thicker contact layers needed for
process control, the more dopants have to be placed in
the high electric field regions within the cavity, result-
ing in higher free carrier absorption loss that increases
the internal loss o;, which leads to higher threshold gain
g providing the same confinement factor I' and mirror
loss o, [Eq. (1)]. To compensate for this effect, higher
threshold current /,, is required for the increased thresh-
old gain g,, [Egs. (2) and (3)]. Here, A represents the
active area, and g, and J,, are the gain parameters.

Lgn = o + o, (1)

I, :A'Jtlu (2)
Jth

— golnZ 3

8 = goln 7 (3)
Olm

- 4

Ma U o + oy ( )

The differential quantum efficiency 7, given the same
injection efficiency #;, will also be reduced since internal

© 2013 American Vacuum Society 011205-1
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loss «; is increased [Eq. (4)]. These two effects result in
a lower output power at a given biasing current, which
is a common disadvantage for multi-terminal VCSELs.

(i) Lower differential gain and lower direct modulation
speed. Higher threshold current means lower differential
gain a [Eq. (5)]. Longer effective cavity length means
larger mode volume Vp. Both of these effects reduce the
small signal modulation bandwidth f; 5 [Eq. (6)].

Jg {0
a ooy . =7 @)
f3ap < \/a/Vp. (6)

It is possible to stop the etch on AlGaAs by adding a
small amount of SF4 to chloride-based etch chemistry,7
but the gas has to be turned on just before the target
layer. Since a deep etch (3—4 um) would produce a large
nonuniformity (80 nm for 2%), this technique would not
work over large areas even with the assist of a laser
monitor.

In this paper, a novel method will be proposed to make
thin intra-cavity contact layers through the incorporation of
an etch-stopping mechanism, which is essential to enhance
the performance of multi-terminal VCSELs and make them
feasible for mass production.

Il. OBSERVATION OF ETCHING UNIFORMITY
A. RIE loading effect

To quantify the dry-etch nonuniformity in a RIE system,
a 2 in. semi-insulating GaAs wafer was diced into quarters
and then patterned with SPR220-7 photoresist.

The etch tool was a home-built RIE system with pure Cl,
as the only reactant. The wafers were mounted by MUNG II,
a type of silicon based thermal vacuum grease, to a silicon
backing wafer which was water cooled to regulate the tem-
perature. Before turning on the reactant gas, the etch cham-
ber was pumped down to 1 x 10~ Torr background pressure
range, to minimize background O, and H,O concentrations.
The intake of Cl, was regulated by a mass flow controller
(MFC) to maintain a constant flow rate of 7.2 sccm, with the
chamber pressure kept at 1.6 mTorr. Etching proceeded for
10 min with 40 W of RIE power.

The first sample was etched alone. The second sample was
surrounded by dummy pieces of GaAs wafers when loading
into the etch chamber. Following the etch, both samples were
then soaked in 1165 stripper to remove the photoresist. Step
heights were measured using a DekTek 6 profilometer across
the whole wafer to determine etch rate and uniformity. The
results are shown in Fig. 1. For the 2 in. quarter GaAs that
was etched alone, an average etch rate of 195 nm/min was
observed at the center of the wafer, while the edge was
etched around 20% faster than the center. For the other
quarter that was accompanied by dummy GaAs wafers, an
average etch rate of 104 nm/min was observed at the center
of the wafer, while the edge was etched around 10% faster
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FiG. 1. (Color online) RIE etch uniformity map of (a) stand-alone 3 in. GaAs
quarter wafer, normalized to 195 nm/min etch rate; (b) 3 in. GaAs quarter
wafer surrounded by dummy GaAs pieces, normalized to 104 nm/min etch
rate.

than the center. By surrounding the target wafer with dummy
pieces of the same material, the etching uniformity can be
significantly improved, with the trade-off of lower etch rate.

However, even the uniformity variation can be lowered to
10%, an intra-cavity GaAs contact layer will still need to be
500 nm thick for a common 5 um deep etch, which is about
1.75-2 thick for a 980 nm VCSEL or 2-/ thick for a 850 nm
VCSEL. To further reduce the required thickness of intra-
cavity contact layers while maintaining good yield, an etch-
stopping process is necessary.

B. Oxidized AlGaAs as the etch-stop layer

The formation of robust, high-quality native oxide on sili-
con embarked the tremendous commercial success of Si inte-
grated circuit technology. On the other hand, a similarly
robust oxide for compound semiconductors was not found
until 1990,8 when researchers discovered that the selective
lateral wet thermal oxidation of high aluminum content
semiconductors could form a mechanically stable aluminum
oxide, Al,O3;. Over the years, this process has been
employed in the fabrication of various electronics and pho-
tonic devices, among which VCSELs have benefited the
most and achieved performance leaps.’

This aluminum oxide provides not only an insulating
layer to funnel the current into the active region, thus greatly
enhance the injection efficiency, but also provides a low-to-
high-to-low index contrast at the aperture, confining the opti-
cal mode in a similarly way as an optical lens does. In other
words, both electrical and optical confinements can be
achieved with the same structure. Moreover, this Al,O5 layer
is impervious to Cl,-based dry-tech, making it a good candi-
date for the etch-stop layer.

In Sec. III, we will propose a three-terminal VCSEL
designed and fabricated with an embedded Al,O; layer,
which enables a compact cavity design and improved DC
characteristics.

lll. EXPERIMENTAL SETUP
A. Device design

To demonstrate the etch-stopping process, a bottom-
emission, dual intra-cavity contacted 3-terminal VCSEL
design was chosen. The schematic is shown in Fig. 2. The
lower p-contact layer is a 7/4 -/ thick p-type GaAs with -
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Fic. 2. (Color online) Schematic of a compact cavity three-terminal
VCSEL.

doping at the optical nodes to enhance conductivity while
minimizing optical loss. The upper n-contact layer is a
160nm thick GaAs active layer that includes three
Ing 18Gag g-As quantum wells with d-doped silicon in the
four adjacent GaAs barriers, so the actual n-contact layer is
about 1/4 -/ thick. The n-type d-doping provides free carriers
in the quantum wells and forms two-dimensional electron
gas (2DEG), so the carriers and be injected laterally into the
active region with lower resistance.'® An embedded etch-
stop layer will be formed directly on top of the n-contact
layer to facilitate the dry-etch and be removed later with a
selective wet-etch.

A two-step etch is needed for the double mesa structure.
The outer mesa is formed with the first RIE etch, which stops
at the p-contact layer. After the outer mesa etch, a wet ther-
mal oxidation step creates the oxide aperture as well as the
etch-stop layer. Afterward, the inner mesa mask is defined
on top of the mesas, and then bottom p-contact layer is
coated with thick photoresist. Hence, only the doughnut-
shaped region between the inner and outer mesa circumfer-
ences will be etched by the second RIE etch, which will stop
at the embedded Al,O; etch-stop layer.

During the wet thermal oxidation step, different composi-
tions of AlGaAs in the mesa structure will be oxidized at dif-
ferent rates. These oxides can be categorized into four
groups, as shown in Fig. 3: top-DBR oxidation (with a length
of [,), etch-stop layer (with a length of ,), oxide aperture
(with a length of /3), deep oxidation layer (with a length of
l4). It is very critical to tailor the layer compositions accord-
ing to the device geometries, such as the inner mesa radius
r1, the outer mesa radius r,, and the aperture radius r3. The
importance and design rules of each of the four oxides are
discussed below.

(a) The high aluminum content layers in the top-DBR will
oxidize partially into ring oxides, which mask the sec-
ond RIE etch and create an unwanted “coliseum wall”
around the outer mesa circumference. The higher alu-
minum content in the top-DBRs, the deeper the side-
wall oxidation and the thicker the coliseum wall will
be, which is harder to be removed. On the other hand,
higher aluminum content provides higher index con-
trast for each period of the GaAs/AlGaAs DBRs, facili-
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Fic. 3. (Color online) SEM cross-sectional image of various oxide layers
incorporated in the VCSEL structure; (a) sidewall-oxidation of the GaAs/
AlpoGag1As top DBR pairs; (b) etch-stop layer modified from the first
GaAs/AlpoGag ;As DBR; (c) tapered oxide aperture layer; (d) deep oxida-
tion layers.

tating the optical confinement in the longitudinal
direction. As a result, there is a design trade-off
between fabrication ease and confinement strength.

(b) The etch-stop oxide has to extend long enough to pro-
vide enough coverage as the etch-stop [Eq. (7)], but
shorter than the oxide aperture in order not to create
extra optical loss to the cavity [Eq. (8)]

ly > —r, (N

L <. (8)

This etch-stop layer can be created by inserting a layer
of AlAs to the first period of the top-DBR, so the oxi-
dation rate is faster than the rest of the top-DBR.

(c) The oxide aperture has to be the longest, since it is the
oxide layer that actually provides optical and electrical
confinement. A taper oxide design was chosen as it
confines the optical mode very effectively without
introducing extra cavity-loss.''

(d) The deep oxidation layers reduce the parasitic capaci-
tance between the two intra-cavity contact layers. Its
design is less critical than the other three oxides’.

To achieve the desired device geometry, calibration samples
were grown and processed, with these four groups of oxides
verified with scanning electron microscopy (SEM). The opti-
mized designs through iterations were summarized in Table 1.

B. Material growth

Once the layer design was decided, the complete VCSEL
structure was grown on 3 in. semi-insulating GaAs (100)
substrate on a Veeco Genlll MBE system equipped with a
custom-designed CBr4 digital doping system'? for p-type dop-
ant control. The overall epitaxial thickness is around 9 um.

C. Device fabrication

For precise control of the outer mesa dimension, a three-
level mask was used to define the patterns, including
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TaBLE I. Oxide design.

011205-4

Category Layer design Thickness (A) Oxidation length / (um) vs time # (min) Oxide shape
Top DBR GaAs 546
Linear grading 160
AlyoGag As 654
Linear grading 160 [, =0.0567t—0.1866 (R2 =0.9798) Blunt
Etch-stop layer GaAs 505
Parabolic grading 200
AlAs 96
Alp93Gag g7As 524
Parabolic grading 200 1, =0.0085 £ +0.2541 1 — 0.2283 (R? = 0.9999) Tapered (taper length around 0.3 pum)
Tapered oxide aperture p-AlAs 100 13=0.0158 > +0.5358 1 — 1.0612 (R*> = 0.9999) Tapered (taper length around 1.4 yum)
p-Alp.03Gag g7As 1367
Deep oxidation layer p-GaAs 563
p-parabolic grading 280
p-Algo3Gag g7As 458
p-parabolic grading 280 1,=0.0926 7 — 0.2388 (R* = 0.9996) Blunt

Note: Parabolic curve fitting worked better for the etch-stop layer and the tapered oxide aperture.

2500nm silicon nitride (SiNy) deposited on the GaAs/
AlGaAs base structure with plasma-enhanced chemical
vapor deposition (PECVD), followed by 100nm Cr and
900 nm SPR955CM-0.9 photoresist (PR) defined by stepper
lithography. The Cr was etched in a Panasonic ICP etcher at
15C substrate temperature using a low power Cl,/O, based
recipe with a PR-to-Cr selectivity of 1:1. The PR was
removed and the SiN, mask was defined in the Panasonic
ICP etcher with a CF,;/O,-based recipe with SiN,-to-Cr se-
lectivity of 30:1. After solvent cleaning, the sample was
etched in a parallel plate RIE etcher with pure Cl, down to
the lower p-type intra-cavity contact, with the assist of a
laser monitor.

After the outer mesa was formed [Fig. 4(a)], the sample
was cleaned with solvent and pure ammonia hydroxide to
remove the natural oxides on the sidewall and then directly
transferred into a tube furnace for wet thermal oxidation.
The oxidation conditions for a target oxide aperture length
of 8 um were 410 °C for 12/30” [Fig. 4(b)].

After the oxidation, the inner mesa pattern was defined by
SPR220-7 photoresist. The Panasonic ICP etcher was used
to etch these patterns on the remaining SiN, hard mask. The
CF,4/O; recipe for SiN, etch had a superior SiN,-to-GaAs se-
lectivity of 90:1, so the amount of GaAs machined away by
the SiN, dry-etch was negligible. The SPR220-7 masking
the SiN, layer was then stripped away, and a new layer of
SPR220-7 was coated and then partially developed window
to expose the semiconductor between the inner mesa and the
outer mesa circumferences [Fig. 4(c)]. This PR layer was
used to protect the bottom area from being attacked by the
second RIE etch. A small wafer cut from the original
VCSEL epitaxial wafer was mounted next to the actual wa-
fer for laser-monitoring. The second RIE with pure Cl, was
performed to etch down to the etch-stop oxide, with extra
overetch time to ensure good etching uniformity. The selec-
tivity between AlGaAs and Al,O; was measured to be
greater than 50:1 in such kind of etching chemistry. After
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the inner mesa etch, the PR was removed with 1165 stripper,
leaving behind the unwanted coliseum wall structures result-
ing from the top-DBR oxidation [Fig. 4(d)]. The AZ-400K
developer, a combination of potassium hydroxide and
surfactants, was used to remove the coliseum walls as well
as the etch-stop oxide layers, revealing the thin intra-cavity
contact layer [Fig. 4(e)]. At this point, both intra-cavity
contact layers were exposed with no observable surface
damage.

Afterward, a bilayer photoresist was used to lift-off the 200/
200/5000 A of Ti/Pt/Au Ohmic contact on p-layer. The p-
GaAs layer was then partially removed with patterned wet-
etch to reduce to pad capacitance [Fig. 4(f)]. 2000A of
PECVD silicon nitride was used to cover the whole device,
followed by lithography and dry-etch to open vias to the ring
n-contact layer and the top of the inner mesa [Fig. 4(g). This
process is commonly used by heterojunction bipolar transistor
(HBT) researchers to create semi-self-aligned dielectric
spacers,” allowing contact metal to be put direct next to the
mesa ankle. A 800/300/3000 A of AuGe/Ni/Au ring Ohmic
contact and a 800/300/3000 A of AuGe/Ni/Au top contact
were then deposited, followed by a rapid thermal annealing
step for contacts at 410 °C for 2 min in forming gas [Fig. 4(h)].

After annealing, a layer of Cyclotene 4022-25 photosensi-
tive benzocyclobutene (BCB) was spun on, lithographically
defined, and then cured in an oven. 2000 A of PECVD SiN,
was deposited to form a adhesive layer, then both vias to the
n-contact metal and p-contact metal were opened by dry-
etch [Fig. 4(1)], followed by the final Ti/Au pad metallization
step. The backside of the GaAs wafer was then polished and
anti-reflection (AR) coated [Fig. 4(j)] to allow emission
through the substrate.

IV. RESULTS AND DISCUSSION

The fabrication results were checked with a SEM to ver-
ify the details, with some of the intermediate results shown
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FiG. 4. Process flow for ultracompact dual intra-cavity contacted VCSEL;
(a) outer mesa etch; (b) oxidation; (c) inner mesa hard-mask etch and photo-
resist protective layer definition; (d) inner mesa etch, leaving behind the col-
iseum wall of GaAs/AlGaAs stacks; (e) coliseum wall and etch-stop layer
removal; (f) p-contact metal deposition and p-contact layer partial removal.
(g) SiNy passivation, and via etch (h) n-contact metal deposition, top-
contact metal deposition, contact annealing, (i) BCB planarization and cur-
ing, (j) n-contact pad deposition, back-side polishing, and AR coating.

in Fig. 5. After the inner mesa etch, the residual coliseum
wall structure [Fig. 5(a)] is removed with AZ-400K devel-
oper dip, exposing the smooth intra-cavity n-contact layer
[Fig. 5(b)]. The top-DBR and the intra-cavity n-contact layer
are isolated with a vertical SiN, sidewall [Fig. 5(c)].

The fabricated devices were characterized with
continuous-wave (CW) operation at 20 °C, with a forward
bias provided between the n-electrode and the p-electrode.
Figure 6 shows the voltage and output power versus current
(L-I-V) curves for devices with 3, 4, 5, 6, 7 um of aperture
diameters. The lasing wavelength is around 990nm. All
devices have a submilliampere threshold current and a dif-
ferential quantum efficiency above 54%, corresponding to a
slope efficiency of 0.68 (W/A). The threshold voltage is
around 1.53 V, only 290 mV higher than the photon energy.
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inner mesa etch and the removal of thick protective photoresist. (b) After
the coliseum wall removal with AZ-400K developer, revealing both intra-
cavity contact layers. (c) After blanket SiNy passivation and via opening,
showing the semi-self-aligned spacer and the open contact layers.

Only the 3 um device supports single-mode operation up
to 1.5 mA of bias current. With a dual intra-cavity contact
configuration, the current tends to flow near the rim of the
aperture, favoring higher-order modes in a large device. The
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FiG. 6. (Color online) Voltage and output power vs current (L—/-V) curves
for devices with different aperture diameters.
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TasLE II. Device parameter and performance results.

Device aperture (um) 3 7

Inner mesa diameter, 7, (um) 17 21

Outer mesa diameter, r ((m) 24 28

Slope efficiency (mW/mA) 0.68 0.69
DQE 0.54 0.55
Threshold current, /,;, (1A) 223 648
Threshold voltage, Vy;, (V) 1.53 1.54
Series resistance (Q) 298 156
Maximum output power (mW) 4.11 9.00
Peak wall-plug efficiency 0.28 0.26

Note: DC measurements done at 20 °C.

series resistance decreases monotonically as the aperture di-
ameter increases, from 298 Q on a 3 um device to 156 Q on
a 7 um device. All devices have a peak wall-plug efficiency
higher than 25%. The highest output power of 9 mW is
achieved with a 7 um device.

The direct current (DC) results of the smallest 3 um de-
vice and the largest 7 um device are listed in Table II.

V. CONCLUSIONS

We have demonstrated a novel method of making com-
pact intra-cavity contacts. By changing the aluminum con-
tent above the contact layer, an embedded Al,O5 etch-stop
layer can be formed along with the oxide aperture, without
additional cost for device fabrication. After dry-tech, this
Al,Oj3 etch-stop layer as well as the residual structures can
be easily removed using AZ-400 K developer, without intro-
ducing extra damage to the mesa structure. Blanket PECVD
SiN, deposition and ICP etch creates a self-aligned sidewall,
which allows the contact metal to be deposited directly next
to the mesa ankle to reduce lateral resistance. This method
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can also be applied to fabricate all the other GaAs-based
electronic and photonic devices, including HBTSs, high
electron mobility transistors, DBR lasers, and distributed
feedback lasers.
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High Speed Polarization Modulation of Oxide Confined
Asymmetric VCSELSs in Multimode Regime
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Abstract: Polarization resolved optical spectral analysis of multimode, oxide-confined asymmetric
VCSELs is presented. High-extinction-ratio polarization switching has been observed even in the
multimode regime of these VCSELSs. Furthermore, high-frequency polarization modulation of over a
GHz with gated RF electrical modulation has been achieved.

Due to the symmetric nature of vertical-cavity surface-emitting lasers (VCSELS), the output polarization is hard
to control. In a symmetric VCSEL, each transverse mode is typically associated with two non-degenerate linearly
polarized modes. These linear polarization modes are usually bistable and exhibit thermally driven polarization
switching at certain bias currents. Mode competition between different transverse polarization modes gives rise to
complex mode selection dynamics in the multimode regime. In a symmetric VCSEL, although very high extinction
ratio for the polarization switching is possible in the single-mode regime, the polarization extinction-ratio is
typically very low (<2) in the multimode regime, due to simultaneous lasing in several different modes with
different polarization characteristics. In this paper, we present the polarization resolved optical spectrum for
asymmetric oxide confined VCSELs in multimode regime. We also demonstrate the electrically driven, RF
frequency induced ultrafast polarization modulation in multimode regime of the VCSEL, for the first time, and
achieve high speed modulation of over 1GHz. This is more than two orders of magnitude faster than previously
achieved electrically controlled polarization modulation frequency for multimode VCSELSs.

Highly-strained VCSEL material with a InGaAs/GaAs quantum-well active region, operating at 1060nm was
chosen for this study. The VCSEL under test has an elliptical mesa with major radius of 28um and minor radius of
16 um. The axes of ellipse are oriented along crystallographic <110> and<1-10> axes. A tapered-oxide aperture,
with oxidation length of 7 um was used to confine the carriers and provide index guiding. The eccentricity of the
oxide aperture is much larger than that of the mesa. The substrate of the bottom-emitting VCSEL was antireflection
coated to minimize optical feedback. We have previously demonstrated [1,2] that ultrafast polarization modulation
of a VCSEL is possible by applying gated electrical RF signals to the VCSEL in the single-mode regime.

Figure 1 shows the polarization resolved LI curve for constant stage temperature of 20°C for DC conditions and
with a 3GHz RF signal of 5dBm nominal power overlaying on top of the DC bias current. Here, the major axis of
the VCSEL is along Y-direction. Some interesting features of this LI curve are: (a) even in this highly asymmetric
device, both the polarization outputs are still present; (b) very high polarization extinction ratios are observed even
in the multimode regime; and (c) both X and Y modes emit similar power in the multimode regime, below 2mA, for
the measurements with 3GHz RF signal, which is similar to that observed before in the single mode regime [1-2].

To get insights into the mode structure of this VCSEL, polarization resolved optical spectral measurements
were carried out. Figure 2shows two dimensional contour plots obtained by plotting optical spectral measurements
for different bias currents on a same plot for (a) X polarization and (b) Y polarization. Individual optical spectra are
also shown at two different bias currents, in Figure 2(c) and (d), to get an idea about the exact nature of the curves
and powers in each mode. It can be seen from Figure 2(a) and (b) that the fundamental mode (TEMOO) switches
between X and Y polarization components, while the first excited state has only a dominant Y component, due to the
asymmetric nature of the VCSEL. This leads to high extinction ratio switching even in multimode regime.

Polarization resolved time domain measurements, similar to those described in Barve et al [1] were performed
to estimate the speed of the polarization modulation. The VCSEL was subjected to periodic bursts of RF currents.
The VCSEL output was passed through a polarizer, then focused onto a multimode optical fiber, detected and
amplified. A low pass filter was used after the amplifier to block the carrier RF signal. Fig. 3 shows the time-domain
response for X and Y polarized outputs at modulation frequency of 1.05GHz (DC component of the signal was
blocked). The frequency of the RF source was kept constant at 2.5 GHz, and the modulation power was 5dBm. It is
clear that the polarization mode changes from dominant X mode to dominant Y mode as we go from 'on’ to 'off' state
of the RF burst. This was measured at 2mAof DC bias applied to the VCSEL, which corresponds to the multimode
regime, as seen from Fig. 2. This is, by far, the fastest reported polarization modulation using electrical injection in
multimode regime.
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In conclusion, we present insights into high extinction ratio polarization switching in highly asymmetric
VCSELs. We also demonstrate ultrafast polarization modulation in multimode regime, which is attractive for
increasing the output power of the VCSEL while maintaining high speed polarization modulation.

Disclaimer: The views expressed are those of the authors and do not reflect the official policy or position of the
Department of Defense or the U.S. Government. Approved for Public Release, Distribution Unlimited

Figure 1: (a) Polarized L-I curve for an oxide
confined VCSEL with elliptical mesa for no RF
(solid line) and with 3GHz RF signal added to
the DC bias (dotted line).
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Figure 2: Contour plots of optical spectra as a function of bias for an elliptical device with major axis along Y direction
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Abstract: We report on a study of polarization properties of asymmetric,
multimode vertical-cavity surface-emitting lasers (VCSEL) subjected to
electrical RF modulation. When subjected to RF modulation, complex
frequency-dependent  polarization properties, especially near the
polarization switching point are revealed. We propose a scheme of rapidly
switching the two RF frequencies modulating the VCSEL, in order to
achieve fast polarization modulation in these VCSEL. Polarization
modulation up to 300 MHz by modulating the RF frequency and up to 1.5
GHz with RF power modulation has been demonstrated; the fastest reported
electrically controlled polarization modulation for multimode VCSELs.
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1. Introduction

Polarization properties of VCSELs are extremely interesting and yet, poorly understood. It is
well known [1] that VCSELs generally exhibit abrupt polarization switching as a function of
bias current, from higher to lower frequency mode (type-I switching) or vice-versa (type-II
switching), depending on the detuning between the polarization modes and their relative
position with respect to the gain spectrum [2]. It has also been found that the VCSEL
polarization can be affected by the temperature [2], magnitude and directionality of current
injection [3—6], stress [7] and with polarized optical injection. Theoretical modeling based on
'Spin-Flip Model' [8,9] has been successfully used to predict certain static [10, 11] and
dynamic [12—14] polarization properties of VCSELs. However, the exact nature the complex
dynamics accompanied by the polarization switching, especially in multimode VCSELs in
presence of current modulation at GHz frequency scale are largely unknown. In this paper we
report on experimental observations of extremely rich polarization resolved frequency
response of current modulated asymmetric multimode VCSELSs, showing that, even though at
low frequencies VCSEL exhibits only one type of polarization, it still exhibits polarization
mode competition at higher frequencies. Furthermore, we can use this frequency dependence
to modulate the polarization output of the VCSEL, at GHz rate, by simply varying the RF
frequency or power. High resolution optical spectral measurements reveal the details on the
polarization mode-competition for multi-transverse mode, asymmetric VCSEL.

Although the polarization modulation up to 50 MHz has been previously demonstrated
[15,16], the thermal nature of this effects limits high speed operation [17]. High-speed
polarization modulation has been demonstrated with optical injection [18,19], but it requires
complex optical injection locking and polarization controllable master laser source, thus, is
not scalable. Polarization self-modulation at much higher frequencies has also been reported
[20,21]. We have previously demonstrated high-speed polarization modulation by modulating
the electrical RF power applied to a single mode VCSEL [22,23]. In this paper, we report on a
new scheme for polarization modulation by rapidly switching the frequency of RF signal
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incident on the VCSEL. This scheme leads to polarization modulation with higher modulation
depths. Furthermore, since the polarization modulation is achieved by varying only the
frequency of electrical signal, the results prove that the polarization modulation is purely due
to electrical frequency variation, and not caused by thermal effects. We also note that faster
polarization modulation, up to 1.5 GHz has also been obtained, even in multimode regime, by
modulating the RF power. This ultrafast polarization modulation does not require any special
fabrication steps, or a complex experimental setup, as it can be performed on simple two
terminal VCSELs.

2. Design and fabrication

VCSELSs used for these measurements consisted of highly-strained InGaAs/GaAs quantum-
well (QW) active region, operating at 1060 nm. Details of this design can be found in Zheng
et al [24]. The material was processed into elliptical mesa VCSELs with varying sizes. The
electrical and optical confinement was provided with a tapered oxide aperture, with a total
oxidation length of 7 um. The devices have a simple two contact geometry with a bottom-
emitting configuration. The backside of the substrate was coated with an antireflection (AR)
coating of magnesium oxide (MgO) after fabrication, to avoid the optical feedback during
measurements.

3. Experimental results

After fabrication, polarization resolved light-current (L-I) characteristics were measured using
a Si-based broad-area DC detector and a wire-grid polarizer. A constant stage temperature of
20°C was maintained in all the measurements. Y direction is the direction which is along the
major axis of ellipse, which is orthogonal to X. X and Y are found to be aligned to <110>

and<110 > crystalline directions. L-I characteristic measured from one of the elliptical
VCSELSs is shown in Fig. 1(a). In this VCSEL, major axis is 22um and minor axis is 16um. It
should be noted that the ellipticity of the actual oxide aperture is different than the outer mesa
geometry. It is clear that this highly asymmetric VCSEL still supports both X and Y linearly
polarized modes. Interesting thing to note here is that although the VCSEL operates in
multimode regime above current of 2.8 mA, it still exhibits very high extinction ratio thermal
polarization switching. This behavior, observed in several asymmetric VCSELs, is in contrast
with the traditional circular mesa devices. Polarization resolved optical spectral measurements
have been plotted as a function of bias current in Figs. 1(b) and 1(c). These measurements
reveal that the high contrast switching even at higher bias currents in multimode regime is due
to the two polarization modes corresponding to the fundamental transverse mode, switch back
and forth as a function of bias current. Due to the asymmetric nature of the VCSEL, the
threshold for first higher-order transverse mode in one direction is much lower than the
orthogonal mode. As a result, only the fundamental mode emits in one of the two orthogonal
polarizations, even in the multimode regime, resulting in high contrast polarization switching.
The multiple polarization switching in the fundamental mode is believed to be a result of
imperfect AR coating, resulting in weak optical feedback [25].

When the VCSELs are subjected to electrical RF modulation with 2 dBm nominal power,
at RF frequencies ranging from 0.1 GHz to 20 GHz, a complex nature of polarization
dynamics is revealed. Figures 2 (a) and 2(b) shows the contour plots of modulation response
(S31) measured from this VCSEL at different bias currents for X polarization, Y polarization,
respectively. The ratio of powers in X and Y mode is shown in Fig. 2(c), in which red
corresponds to X mode and blue corresponds to Y mode. It is apparent that even though at
DC, the VCSEL exhibits one of the two polarizations, there is a rich, complimentary,
frequency dependence of powers in each linear polarization mode, especially near the
polarization switching point. It is to be noted that this dependence has similar functional form
for both, type I (from high frequency mode to low frequency mode) and type II polarization
switch (from low frequency mode to high frequency mode). Figure 2(d) shows the individual
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response at bias current of 4.4 mA, corresponding to the multimode regime, showing that the
polarization contrast ratio in excess of 30 dB can be obtained by this technique. These
measurements are extremely repeatable, proving that the frequencies of polarization switch
are not determined by spontaneous emission noise. Similar behavior of rapidly switching
polarization direction was also observed in single mode regime. In both the regimes, there is
strong frequency dependence to the modulation amplitude, with sharp peaks in one type of
polarization corresponding to dips in other polarization. Due to relatively small modulation
depth and high bias current operation, period doubling nonlinear dynamics were not observed.
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Fig. 1. (a) Measured L-I characteristics of an elliptical, oxide confined VCSEL showing high
polarization contrast ratio even in multimode regime (b)-(c) high resolution optical spectral
measurements as a function of current, for X and Y polarization.

(c)
o

Frequency (GHz)

Modulation Response (dB)

Frequency (GHz)

Fig. 2. Contour plots of modulation responses at different bias currents, for (a) X-polarization,
(b) Y-polarization and (c) Difference between X and Y, showing the mode stability plot for the
VCSEL (d) Modulation response 4.4mA, showing abrupt switching between X and Y modes as
a function of frequency.

Using this strong frequency dependence, it is possible to modulate the polarization state of
the VCSEL. For this, it is necessary to switch the frequency of the current modulation of the
VCSEL at a rapid rate. This was achieved with a setup schematically shown in Fig. 3. Two
RF source of equal amplitude are passed through double-balanced mixers, with direct and
inverted signal from a square-wave generator, respectively. At the output of each mixer, the
corresponding RF signal is switched on and off, exactly out-of-phase with each other. The
output was then combined in a resistive splitter, which produces a RF signal of constant
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amplitude and with frequency varying at the same rate as the square wave frequency (f;,), as
shown in the inset of Fig. 3. Path lengths of the two arms were matched in order to get a
minimum overlap between the two RF signal bursts. This RF signal was then amplified to the
same power levels used in the previous measurement (2 dBm nominal power) and applied to
the VCSEL along with a fixed DC bias using a bias-tee network. The output of the VCSEL
was collimated onto a multimode fiber, after passing through a wire-grid polarizer, and then
detected by a high speed detector. The output of the detector was amplified and then passed
through a low-pass filter, which blocks the RF carrier frequencies (f; and f,), while
transmitting f,, for an envelope detection. This measurement setup ensures that all the
parameters except the frequency of RF signal are unchanged, and the observed polarization
modulation can only be explained by the RF frequency induced polarization modulation effect
described earlier.

Frequency switching circuit

-
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f, @ ’ f, 0 50 100 150 200
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I DC bias | 7>| Bias-T |5‘| VCSEL | :'| Polarizer

0

Voltage (V)

-0.2

MMF

Fig. 3. Schematics of the experimental setup used for rapidly switching between f; and f, for
modulating the VCSEL. The inset shows the output of the amplifier before the bias-T network.

Figures 4 (a)-(c) shows the modulation response for the VCSEL in multimode regime, at
three different f,,. For this measurement, f; and f, was set to 5.4 GHz and 2.25 GHz,
respectively. It is clear that, up to 300 MHz modulation frequency, the two polarizations are
180° out-of-phase with each other, indicating that the frequency sweep is changing the power
in each linear polarization mode, as expected. At higher frequencies, the two polarization
modes do not change exactly 180° from each other. Here, it should be noted that f,, of 300
MHz means that each polarization mode is being modulated at 300 MHz frequency; the actual
polarization change is occurring at twice the frequency. This polarization modulation
frequency is much higher than the typical polarization switching frequencies due to thermal
polarization switching or mode hopping. It should also be noted that the DC component of the
electrical signal has been blocked by the amplifier. Corresponding DC measurements reveal
that polarization contrast ratio of above 15:1 can be obtained by this technique.

It is possible to further increase the polarization modulation speed by modulating the RF
power instead of RF frequency, as previously shown [22,23] for single mode VCSELs. For
this, only one RF source is needed, the output of which is combined with a square wave,
similar to that shown in Fig. 3. In this case, the polarization modulation takes place due to the
RF power dependence of polarization for the VCSEL subjected to a constant RF frequency
(not shown here). Figure 5 shows the polarization modulation response obtained with this
technique, in multimode regime of the VCSEL, at the modulation frequency of 1.5 GHz. A
sinusoidal pattern was obtained due to the low pass filter used to block the carrier RF. VCSEL
was biased at 4.4 mA, and RF frequency of 4.95 GHz was used for this experiment. It is to be
noted that in this case, the polarization modulation is faster than the frequency-sweep
experiment described earlier, because only the faster frequency is used as the carrier
frequency. This polarization modulation frequency is, by far, the fastest reported for
polarization modulation in electrically-controlled multimode VCSELs.
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Fig. 4. Polarization modulation of the VCSEL, subjected to varying RF signal with frequency
modulated at (a) 200 MHz (b) 300 MHz and (c) 500 MHz.
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Fig. 5. Polarization modulation response for the VCSEL subjected to a fixed RF frequency and
the RF power modulated at 1.5 GHz.

4. Conclusions

In conclusion, we report on the observations of rich and complex frequency response of a
VCSEL subjected to RF current modulation. It has been observed that near the polarization
switching point, VCSEL can be controllably switched between the two linear polarization
modes as a function of the frequency of current modulation. We demonstrate that, using this
effect, it is possible to modulate the polarization of the VCSEL at high speeds, either by
modulating the frequency of RF signal, or the power of RF signal applied to the VCSEL.
Polarization modulation of 300 MHz and 1.5 GHz has been demonstrated with these two
techniques, respectively, in the multimode regime of the VCSEL.
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