IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 48, NO. 2, FEBRUARY 2012

279

Indium Phosphide Photonic Integrated Circuits for
Coherent Optical Links

Pietro R. A. Binetti, Mingzhi Lu, Erik J. Norberg, Robert S. Guzzon, John S. Parker,
Abirami Sivananthan, Ashish Bhardwaj, Leif A. Johansson, Member, IEEE,
Mark J. Rodwell, Fellow, IEEE, and Larry A. Coldren, Fellow, IEEE

(Invited Paper)

Abstract— We demonstrate photonic circuits monolithically
integrated on an InP-based platform for use in coherent commu-
nication links. We describe a technology platform that allows for
the integration of numerous circuit elements. We show examples
of an integrated transmitter which offers an on-chip wavelength-
division-multiplexing source with a flat gain profile across a
2 THz band and a new device design to provide a flatted gain
over a 5 THz band. We show coherent receivers incorporating
an integrated widely tunable local oscillator as well as an optical
PLL. Finally, we demonstrate a tunable optical bandpass filter
for use in analog coherent radio frequency links with a measured
spurious-free dynamic range of 86.3 dB-Hz2/3 as well as an
improved design to exceed 117 dB-Hz2/3.

Index Terms— Coherent detection, microwave photonics,
monolithic integrated circuits, optical filters, optical receivers,
optical transmitters, photonic integrated circuits.

I. INTRODUCTION

RADITIONALLY, sufficient performance has been pro-

vided by optical links using on-off keying (OOK) for
modulating data and direct detection for receiving data. Exam-
ples include intensity modulation for digital or analog optical
links and time-domain reflectivity for ranging or sensing appli-
cations such as pulsed light detection and ranging (LIDAR)
or optical time domain reflectometry (OTDR) [1]. Phase
encoded signals and the coherent receiver necessary to detect
them, such as homodyne detection or heterodyne detection
via a local oscillator (LO), are more technically difficult and
have been used only where the significant performance or
architectural advantages of such links are required. However,
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in the past decade, interest in coherent optical links has grown
for both analog and digital communications because of their
increasingly stringent performance requirements.

Today’s data traffic in residential, business, and mobile
digital communications is mainly driven by a combination of
video, social networking and advanced collaboration applica-
tions, often referred to as “visual networking.” This is illus-
trated in Figure 1, which shows the current and forecast trend
of the Internet data traffic in Exabytes (1 Exabyte = 1E18
Bytes) for some of the most resource-hungry applications,
video being the largest [2]. In order to meet the exponentially
growing bandwidth demands of such applications, fiber-optic
networks need to dramatically increase their capacity to offer
a suitable communication infrastructure. This can be done by
deploying more fiber channels in parallel, or in a more cost-
effective and energy-efficient way, by increasing the spectral
efficiency of the existing channels. Thus, enhanced spectral-
efficiency (SE) motivated the research and development of
more complex modulation formats, such as phase-shift keying
(PSK) modulation formats, at the expense of more complex
hardware requirements, with respect to the simpler OOK
technology [3], [4]. Higher spectral efficiency (SE) is available
using quadrature phase-shift keying (QPSK)—double the SE,
or polarization-multiplexed QPSK (PM-QPSK) modulation—
quadruple the SE, as shown in [5]. A higher sensitivity and
improved dispersion compensation is also possible when a
coherent optical link is used to (de)modulate real and imag-
inary parts of the optical signal [3], [5]. Even higher spec-
tral efficiency is possible by modulating both the amplitude
and phase, quadature-amplitude modulation (QAM), to more
completely utilize the available complex vector-field space,
given the signal-to-noise and dynamic range at the receiver,
as exhaustively discussed and demonstrated in [5].

Analog optical communications benefit from coherent links
as well. Optical phase modulation offers highly-linear optical
modulators and very large optical modulation depth, allow-
ing high-dynamic-range optical links to be demonstrated [6].
These benefits extend to sensing as well, where frequency
modulated continuous-wave (FMCW) light ranging offers
improved sensitivity and resolution compared to time-domain
ranging techniques [7].

The larger hardware complexity and cost required for the
implementation of a coherent optical link provides motivation
for the research and the applications of photonic integrated
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Fig. 1. Cisco “Visual Network Index”: current view and forecast of the

Internet data traffic (in Exabytes) for some of the most popular applications.
Source publicly available at http://www.cicso.com.
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Fig. 2. (a) OQW and (b) CQW material platforms for high saturation power
and high gain, respectively.

circuits (PICs) in this field. PICs offer a substantial cost
reduction due to a greatly reduced system footprint, lower
power consumption and packaging costs, and the possibility of
performing many signal processing steps in the optical domain,
thus avoiding the low-speed and power-hungry optical-to-
electronic-to-optical (OEO) conversions [8], [9]. State-of-the-
art PICs employing the above mentioned technologies for
coherent-link applications have been recently reported in [6],
[10], [13].

In this paper, we will overview recent advances in inte-
grated photonic ICs for coherent communication and sensing
applications within our research group at UCSB and present
new results for each PIC. The development of PICs which take
advantage of the compactness and phase stability of integrated
optical waveguides to realize coherent building blocks for a
wide range of applications will be included. In Section II,
we describe the integration platform which we developed
to monolithically integrate such building blocks. Afterwards,
some examples will be given. First, efforts to create a digitally-
controlled widely-tunable transmitter incorporating a widely-
tunable laser together with an optical phase locked loop
(OPLL) will be introduced. Details of this transmitter PIC
layout and fabrication are given for the first time in this paper.
Second, new results from compact optical comb generators to
synthesize optical frequencies over a wide frequency range
(5 THz) with a very high relative and absolute precision, will
be given. These can be combined within the OPLL of the
tunable transmitters to generate very wide bandwidth LIDAR
waveforms [6]. Third, we will show how the small dimensions
of a monolithic PIC can be taken advantage of to form a
homodyne Costa’s loop coherent receiver where the require-
ment for post-detection frequency and phase compensation
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to decouple the LO phase is eliminated. New measurement
results are presented in Section V. Then in our fourth and final
example, reconfigurable microwave signal processing devices
are reviewed using compact, integrated ring-resonator based
optical filters for analog coherent optical link applications.
The progress on such filter work carried out at UCSB is shown
and improved design and technology developed to improve the
dynamic range are presented for the first time in Section VI.

II. INTEGRATION PLATFORM

Before diving into the details of each PIC, it is worth
describing the technology that allows the monolithic integra-
tion of all the core active and passive components of our
PICs in a high-yield, low-cost, and efficient way. This also
demonstrates the strength and flexibility of the library of PICs
for use as transmitters, receivers, and signal processing circuits
for coherent optical links that we present in this paper.

Light sources, waveguide elements, modulators, amplifiers,
phase shifters, and photodetectors were monolithically
integrated in the PICs reported in this paper on two
material platforms used at UCSB: offset quantum-well
(OQW) and centered quantum-well (CQW) platforms, shown
schematically in Figure 2. In the OQW active-passive platform,
the multiple quantum-well (MQW) active layer is grown on
top of the waveguide layer, which is common to active and
passive components. The MQW layer is removed from the
areas where passive components are desired and a single
blanket regrowth of the upper cladding is finally performed on
the wafer. The CQW active-passive configuration is similarly
fabricated with an unpatterned cladding regrowth, but in this
case the common waveguide contains the MQW-active region,
and the bandgap of the MQW region has been selectively
increased by a patterned implant and multiple annealing
steps to selectively intermix the quantum-well barriers and
wells in regions that are to become passive, or perhaps
modulator sections, if the shift is not as large [14]. The CQW
platform provides the highest confinement factor and gain
per length, but also the lowest saturation power. As the QWs
are moved away from the waveguide layer for OQW designs,
the gain is reduced, while the saturation power is increased.
We will discuss this technique further in Section VI.B.
By incorporating both OQWs and CQWs, PICs can use
both high gain semiconductor optical amplifiers (SOAs) for
lasers and high saturation/linear SOAs. The integration is
simply done by adding a regrowth step where the OQWs are
grown on top of the CQW base-structure, in the intermixed
region. The blanket cladding regrowth is then done as usual.
In the same way, uni-travelling carrier (UTC) detectors
can be integrated on the CQW platform for applications
requiring high-speed photodetection. We have previously
demonstrated such integration for wavelength converter and
routing applications [9], [15]. For a more detailed description
of these platforms, we refer to [8] and references therein.

Regardless which active-passive variation on the integration
platform is chosen, the processing steps necessary to complete
the PIC fabrication after regrowth are the same. More specif-
ically, deeply etched waveguides are defined with photoresist
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on a Cr/SiO; bilayer hardmask. The Cr is etched using a low
power Cl/02(23.3 / 6.8 sccm) inductively coupled plasma
(ICP) reactive ion etch (RIE) with 50 W applied to the ICP coil
and 15 W on the substrate bias at a chamber pressure of 10 mT.
The SiO; is etched using an SFe/Ar (50 / 10 sccm) ICP-RIE
with 600 / 50 W (ICP coil / substrate bias) at a chamber
pressure of 7.5 mT. The SiO; to Cr selectivity is >30:1, and
the etch chemistry provides a highly vertical etch of the silicon
dioxide. The resulting 600 nm SiO; mask acts as a hardmask
to define the InGaAsP/InP deeply etched waveguides using a
Cla/Hy/Ar (9/18/2 scem) ICP-RIE with 850 / 125W (ICP coil
/ substrate bias) at a chamber pressure of 1.5 mT and substrate
temperature of 200 °C [16]. Conventional III-V wet-etching
techniques are used to integrate surface-ridge waveguides in
the same chip when necessary, such as in large PICs that
require both the small footprint offered by the deeply etched
waveguides, and the reduced propagation losses and better heat
dissipation of surface-ridge structures.

After removing the SiO, waveguide mask, blanket deposi-
tion of a 350 nm isolation layer of silicon nitride is performed.
Vias are opened for topside p-metal contacts. N-metal contacts
are realized through backside deposition of Ti/Pt/Au onto the
n-doped conducting InP substrate or topside deposition on
patterned vias when a semi-insulating (SI) substrate is needed
(e.g. high-speed ICs).

Finally, a contact anneal at ~400 °C is performed in order
to decrease the electrical resistance at the metal-semiconductor
interface.

III. DIGITALLY-SYNTHESIZED TRANSMITTERS

The transition from analog to digital frequency synthesis
mirror recent development in RF sources. Analog optical
frequency synthesis uses a precisely tuned and controlled
optical resonator to generate a target frequency. Digital optical
frequency synthesis involves multiplication of fixed frequency
reference oscillators to be able to precisely synthesize any
optical frequency within a band of interest, such as the C-band.
In this section we briefly introduce the scope of this work
within the context of coherent links, and then we describe
our approach for the realization of a digitally-synthesized
transmitter IC using a low-linewidth laser and an RF reference.

Optical phase-locked loops are a key technology in the
development of chip-scale generic integrated coherent trans-
mitters that can be used for a variety of applications, such
as terahertz frequency generation, coherent beam forming and
high resolution frequency swept LIDAR sources [17], [18].
The resolution and range of frequency swept LIDAR systems
are inversely proportional to the linearly chirped signal fre-
quency bandwidth and laser linewidth, respectively. Sampled
grating distributed Bragg reflector (SG-DBR) lasers, with their
small footprint, 5 THz tuning range and high speed tuning,
are ideal sources for um resolution LIDAR [19]. An OPLL,
in conjunction with an RF signal synthesizer, can be used to
precisely and linearly control the frequency of the SG-DBR.
Since the loop bandwidth of the feedback loop must be larger
than the sum of the LO and reference laser, semiconductor
lasers, e.g. SG-DBRs, with their large linewidths, require
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Fig. 3. (a) SEM image and (b) mask layout of design of an all-optical OPLL.

(b)

extremely short loop delays [6]. Monolithic integration along
with custom built electronic circuits can enable an OPLL for
heterodyne locking, realizing low linewidth, digitally synthe-
sized THz dynamic range LIDAR sources.

We have designed and fabricated a PIC with SG-DBR
lasers, SOAs, 2 x 2 multi-mode interference (MMI) couplers,
modulators and balanced detectors integrated on one chip, as
shown in Figure 3. The PIC can be used in two configurations;
one is all optical and uses a passive feedback loop to offset
lock at a fixed frequency and the other uses custom designed
electronics to synthesize a wavelength sweep. In the all optical
design, both the LO and reference laser signals are split in
al x 2 MMIL At the MMI output, the LO is modulated
by an RF source, mixed with half the reference power in a
2 x 2 MMI and detected by balanced detectors. The signal
from the balanced detectors goes directly to the phase section
of the SG-DBR, with a passive impedance network providing
loop stability. This allows us to create an extremely low loop
delay PLL. From the second MMI port, the LO signal mixed
with the reference signal for optical output of the heterodyne
signal. The unmixed LO signal, which will be used for LIDAR
interrogation, can be coupled out from the back mirror of the
SG-DBR.

These devices have been fabricated, however work toward
a full LIDAR demonstration is still underway. In operation,
to achieve a linear frequency sweep up to 5 THz, the SG-
DBR LO can potentially be locked to a comb line from a
wide bandwidth comb source, as shown in Figure 5. This is
feasible as the linewidth of the comb source is comparable
to the master SG-DBR used in the previous phase-locking
experiment demonstrated in [6]. It is then possible to sweep
the SG-DBR LO from one comb line to the next using a swept
RF source applied to an electronic single sideband mixer in the
feedback loop. Once it is within the loop bandwidth of the next
comb line, the SG-DBR can then be locked to that line. Then,
the RF sweep begins again, until the laser is swept over all the
comb lines. The required bandwidth of the modulator and RF
swept frequency source is only as large as the comb spacing.

These devices use the CQW platform described in Sec-
tion II, and are processed on a SI InP:Fe substrate. Gratings
were defined by electron-beam lithography before the p-
cladding regrowth step. The integrated waveguides are both
surface ridge (SR) for high power SG-DBRs and deep ridge
(DR) for device compactness, incorporating a waveguide
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Fig. 4. SEM images of (a) surface ridge to deep ridge waveguide transition,
(b) MMI lag etch at entrance of 2 x 2 MMI, and (c) Au He implant hardmask.
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Fig. 5. LIDAR architecture showing comb generated from the ring mode-
locked laser PIC at the top. In center, the SG-DBR laser is mixed with the
comb generator signal in the 2-by-2 multimode interference coupler. The
output from the optical mixing is measured on balanced detectors and the
difference signal is fed back to the SG-DBR phase section, shifting the cavity
frequency. This allows the OPLL circuit to track the incoming signal. RF
modulation is added to the SG-DBR widely tunable laser for offset locking.

transition between them. Following regrowth, the ridge was
defined using the bilayer Cr/SiO2 mask described earlier and
etched for 1 um everywhere. Then the DR sections were
protected by PR and the SR sections were wet-etched. The
SR sections were protected using a low temperature SiOj
deposition and liftoff, and the DR sections were dry-etched
using the chamber conditions described in section II. The
entrance waveguides to the 2 x 2 MMIs need an additional
etch step due to the RIE lag effect in which the etch rate
is decreased drastically when waveguides are less than 1 ym
apart. A SiO> mask is used to protect the ridge everywhere
but the MMI regions, to avoid etching through the n-contact
layer, and another dry etch is performed. After this, a n-mesa is
created by wet etching and stopping on the n-InGaAs contact
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layer and n-metal is patterned via e-beam evaporation and
liftoff. Next, a series of He implants, with the highest implant
energy at 1675 keV, is used to create n-contact isolation
between the balanced detectors. The hardmask process for the
He implant consists of a two-stage angled Au deposition, with
2.5 ym of Au evaporated in each stage for a total of 5 um in
the planar regions, and is patterned via liftoff; this hardmask
thickness is necessary to protect the waveguide from the high-
energy implant [20]. The via openings for the n and p contacts
are then formed as described in section II for a SI substrate.
Several processing steps from the fabricated transmitter are
shown in Figure 4.

IV. CoMB GENERATION IN COHERENT LINKS
A. Broadband Phase-Locked Comb Applications

As discussed in the previous section, a broadband phase-
locked frequency comb is very desirable for providing a
reference grid for offset locking tunable lasers [6]. It can be
also be used in a variety of other applications for coherent
communication, such as a single cavity wavelength-division-
multiplexing (WDM) source on the transmitter side [21], or
multiple LOs on the receiver side. Enhanced performance
could be expected from these latter examples if also combined
with our recently demonstrated integrated optical phase-locked
loops. For example, a coherent homodyne or heterodyne link
using digital signal processing (DSP) would typically require
each channel to have its own high-speed processing chip and
a stable LO. The next generation of dense WDM grids spaced
by 25 or 50 GHz with high spectral efficiency will contain 100
to 200 channels in the optical C-band. Thus as grid density
increases, the required overhead to operate such a link with
a DSP and an LO for each channel becomes quite costly,
and the advantages realized from an integrated PIC with more
functionality are apparent.

A 5 THz comb source with lines spaced by 25 GHz has
the potential to replace 200 single frequency lasers with con-
siderable savings in packaging and manufacture. Furthermore,
with integrated OPLLs we can lock the frequency lines of the
comb to the incoming signal avoiding the need for 200 DSP
modules in a receiver array. If we use a phase-locked comb
source on the transmitter side as well, only two OPLLs in
the receiver are necessary to track the phase and frequency
spacing. Phase locking combs to two frequency references
for complete comb frequency stabilization has been studied
extensively in fiber MLL based experiments [22]. As a result,
by combining OPLLs and a compact broadband comb source
we can reduce the overhead by as much as 200X. One
potential drawback of the system, might be due to phase-
noise, which can be significant at frequencies <1 GHz from
acoustic phonon modes in long fiber links [23]. The interaction
of phonon modes with phase-noise in this coherent systems
is subject to many factors, and deserves careful examination,
however it is outside the scope of this article.

MLLs typically consist of a laser cavity with a saturable
absorber (SA) element. For semiconductor MLLs, an SA is
fabricated using a reverse biased P-i-N junction of bulk, QW,
or quantum-dot (QD) material. The SA becomes transparent
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Fig. 6. Optical spectrum from gain flattened mode-locked laser. An SEM
image of the GFF-MLL is shown in the inset. SOA: semiconductor optical
amplifier. SA: saturable absorber. MZI: Mach-Zehnder interferometer.

above a certain power, as carrier accumulation prevents further
absorption of photons, providing less loss to narrower pulses
with a high peak power. This mechanism shifts the cavity’s
lowest-loss operating state from continuous-wave (common in
single-mode lasers) to periodic pulse-trains. A quick applica-
tion of the Fourier transform, reveals that such temporal pulse-
trains are only possible with multiple phase-locking frequency
tones. Thus, phase-locked comb generation is the expected
output from MLLs [24].

When combined with SG-DBR widely tunable lasers, the
comb generator can be used to precisely place two tones at up
to multiple THz intervals enabling RF generation and LIDAR.
As shown in Figure 5, by applying RF modulation to the SG-
DBR output before mixing with the comb, the laser can be
offset locked from the discrete comb lines. When two of these
lasers are mixed together, a beat tone is formed and broadband
digital frequency sweeping becomes possible by adjusting the
offset locked frequency.

B. Gain Flattening for Comb Generation

In a semiconductor MLL, the span of the comb is deter-
mined by the cavity dispersion and the gain competition
between its various lasing modes. While the semiconductor
medium can generate gain that spans over 100 nm, the gain
competition arising from the nonuniform material gain as a
function of wavelength limits the bandwidth of the resulting
frequency comb. We have overcome such limitations by intro-
ducing an intracavity filter with the inverse of the spectral
shape of the material gain. Hence, the resulting net gain
appears flattened, creating a more uniform spectral profile.
This allows for wider comb generation as demonstrated with
bench-top MLLs [25].

We have been pursuing some of the first work to incorporate
a gain flattening filter (GFF) into integrated passively MLLs.
With the intracavity filter enabled, the GFF-MLL shows sig-
nificant improvement in pulse-width and comb span compared
to similar rings without the filter [26], [27]. These GFF-
MLLs produce the widest combs yet generated by integrated
quantum-well based lasers with combs spanning more than
2 THz within their —10 dB bandwidth [28], as shown in

Transmission [dB]

| t

g e il t

—25
1525 1530 1535 1540 1545 1550 1555 1560
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Fig. 7. Calculated output power response from a ring with a GFF. The inset
shows the corresponding signal flow diagram where the power response taken
from points A-to-B.

Figure 6; this is more than 70 phase-locked lasing lines from
a device with a footprint of 0.6 x 1.5 mm?. This lasing
span matches state-of-the art QD and quantum-dash MLLs
[29]. These material platforms can provide an inherently flatter
gain due to their nonuniform growth distribution, however
reproducible QD gain spectra can be challenging as small
growth changes can greatly alter the distribution of QDs.
Moreover, such GFFs can be used to improve the gain flatness
on any material platform, including: QDs, QWs, and bulk
as future devices may require different semiconductor gain
media.

The GFF-MLL is fabricated on the InGaAsP/InP offset
quantum well (OQW) platform described in Section II. The
active material is used to define SOAs and the SA, whereas
the passive material is used to define the low-loss waveguides
and current injection based phase shifters.

The fully fabricated GFF-MLL PIC has a round-trip cavity
length of 2600 um, corresponding to lasing lines spaced by
29.7 GHz, as shown in Figure 6. For offset locking SG-DBR
tunable lasers or for use in WDM communication, 10-100
GHz frequency spacing is desired for the cavity modes. This
requires ring circumferences to be ~1 to 10 mm, making
integrated cavities ideal for these applications. The 600 ym
asymmetric MZI filter uses two 3 dB couplers with connecting
arms that differ in length by 16 ym providing a free-spectral-
range (FSR) of 40 nm. One of the arms of the MZI filter
has an SOA that can be used to control the extinction ratio
(ER) of the GFF, whereas the other arm has a phase shifter
allowing adjustment of the filter center frequency. The optical
power coupled into a lens fiber is —6 dBm. The measured
—20 dB RF linewidth is <500 KHz and FWHM pulse-width is
900 fs [30]. Such linewidth and pulse-width measurements are
consistent with other QW based passively mode-locked lasers
[31], indicating that the gain flattening does not degrade phase-
locking and moreover that hybrid mode-locking the cavity can
be used to greatly reduce the linewidth further [32].

Using scattering matrix theory, we predict that further
improvements in the GFF to achieve a 5 THz span are possible.
As discussed in [28] and shown in the inset of Figure 7, the
optimal filter has three 78% bar couplers, two of which are
used for the filter, while the third serves as the output for
the desired flattened response. The simulated output comb has
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a 3.5 dB power variation over its 40 nm operating window
(see Figure 7). Therefore, while 2 THz bandwidths have been
demonstrated on-chip, GFF-MLLs have the potential for comb
generation spanning 5 THz or more.

V. COHERENT RECEIVERS

As a part of optical coherent links, coherent optical receivers
for digital communication applications have received a lot
of interest recently. Compared to traditional direct detection
receivers, coherent optical receivers have many advantages,
such as higher detection sensitivity, greater tolerance to noise,
compatibility with different modulation formats (such as multi-
level phase shift keying or QAM), and their intrinsic ability
to demultiplex wavelength-division multiplexed (WDM) chan-
nels without the use of optical filters [5], [33]-[36].

The most commonly used implementation of an optical
coherent receiver is by using a free-running LO. Limited
by laser linewidth and stability, high-speed digital signal
processing is required to perform phase and frequency offset
estimation and correction. However, the state-of-the-art high-
speed digital signal processors that are used currently have
high power consumption, limited speed and high cost.

One solution to this problem is to implement an optical
phase-lock loop (OPLL) where an LO tracks the frequency
and phase of the transmitter laser [6], [36], [37]. Although
studies of optical phase-locked loops can be traced back almost
fifty years, the OPLL has proven to be hard to implement.
The main difficulty is that it requires a short loop delay and
generally narrow linewidth lasers. For example, to achieve a
1 GHz loop bandwidth, the loop delay is normally required
to be less than 100 ps. This is not feasible using fiber
pigtailed components. However, by integrating all the photonic
components monolithically, the footprint of the whole receiver
becomes much smaller and therefore the loop delay can be
significantly decreased.

To realize this phase-locked coherent receiver, we mono-
lithically integrated a widely-tunable laser, a 90 degree hybrid
and four high-speed photodetectors on an InGaAsP/InP-based
photonic integrated chip. Besides the PIC, the receiver also
includes an electrical integrated circuit (EIC) and a loop filter.
The EIC is composed of two transimpedance amplifiers and
an XOR gate. The loop filter is built on the carrier to provide
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more gain to the phase-locked loop and, more importantly,
to introduce the correct filter function to keep the phase-
locked loop stable. This architecture is shown in Figure 8.
An integrated delay between I- and Q-data results in a DC
component that is dependent on the frequency offset between
input and LO laser, and provide frequency pull-in before
the loop acquires phase-lock. Further, this architecture forms
a Costa’s loop, capable of coherent demodulation of BPSK
modulated optical signals.

The PIC uses a widely-tunable SG-DBR laser [37] as the
LO laser. Two variations of 90 degree hybrid designs are
realized. One uses four MMI couplers, and the other uses a
star coupler [38].

To monolithically integrate these optical components, we
have used the InGaAsP/InP CQW platform presented in Sec-
tion II, with an InP:S conducting substrate. The full epitaxial
structure is shown in Figure 2, and Figure 9 is a SEM picture
of a deeply etched waveguide cross section showing the epi
layers. After quantum well intermixing, sampled gratings with
a pitch size of 238 nm (shown in Figure 10(a)) are defined
using electron beam lithography before the blanket regrowth
of the p-cladding and InGaAs contact layer. For better laser
performance and device compactness, we integrated both
surface ridge waveguides and deeply etched waveguides on
the same device with a low-loss waveguide transition between
them, as previously described in Section III.

The Cly/Hy/Ar based ICP-RIE dry etch resulted in very
smooth ridge side walls and minimum undercut (Fig-
ure 10(b)) [16]. The surface ridge waveguide, the deeply
etched waveguide, and the transition between them are shown
in Figure 10(c).

Following the waveguide etching is the RF ground metal
deposition and the bisbenzocyclobutene (BCB) definition
steps. After that, the waveguide tops are opened for p-metal
contacts followed by the opening of BCB vias for detectors
and by our standard metal evaporation. In order to connect
PIC and EIC by wire bonding, four 50-Ohm microstrip trans-
mission lines are also fabricated on the PIC to bring all the
signals from the photodetectors to the same side of the PIC.
All the metal traces are 430 um long and BCB is used as
a dielectric layer. Figure 11(a) is the microscope picture of
a PIC that is designed using MMI couplers as the 90 degree
hybrid and Figure 11(b) shows the PIC that is designed using
a star coupler.

The SG-DBR laser has been characterized. The output
power is measured by an on-chip photodetector assuming unity
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Fig. 10. SEM images of the fabricated PIC showing. (a) Gratings definition
for SG-DBR lasers. (b) Vertical and smooth waveguide etch. (c) Waveguide
transition from surface ridge to deeply etched waveguide. A linear tape is
well designed to decrease the transition loss.
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Fig. 11. Microscope images of the PIC showing. (a) PIC using MMI couplers
as a 90 degree hybrid. (b) PIC using star coupler as a 90 degree hybrid.
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Fig. 12. Normalized frequency response of the photodetector with —2 V,
-3V, and —5 V DC bias.

quantum efficiency. The measured threshold current of the
laser is around 40 mA and the maximum output optical power
is 18 mW. A 40 nm tuning range has been achieved. The high-
speed photodetector has also been tested. Figure 12 shows the
relative frequency response of the detector with different DC
biases. With a —5 V DC bias, an 18 GHz bandwidth can be
achieved.

Back-to-back system characterization shows the function-
ality of the receiver without a phase-locked loop. The test

N
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Fig. 13.  Measurement setup for the coherent receiver.

setup is shown in Figure 13. Using the on-chip laser as an
LO, the QPSK signal can be demodulated. The in-phase and
quadrature data are detected on chip and sampled by a four-
channel real-time oscilloscope. The sample rate is 40 GSa/s
for each channel. While the measurements of the coherent
receiver with an OPLL are currently being carried out, digital
post-processing was performed offline on a computer for the
first chip testing presented here in order to demonstrate the
functionality of the coherent receiver PIC. The constellation
diagram corresponding to a data rate of 10 Gb/s is shown in
Figure 14.

VI. HIGH DYNAMIC RANGE PIC FILTERS FOR COHERENT
ANALOG OPTICAL LINKS

A. Introduction and PIC Filter Results

As mentioned in Section I, the power of coherent pho-
tonic systems extends beyond the digital telecom applications.
Analog RF-photonic links can provide low-loss, very high
bandwidth microwave transmission systems that are immune
to electromagnetic interference [39]. Within analog photonic
links, RF signal processing can be conducted in the opti-
cal domain. The wide-bandwidth nature of photonic systems
opens the door to signal processing over bandwidths not
attainable in RF electronics. In particular, microwave filtering
in the optical domain can relieve demands placed on analog-
digital converters or digital circuits normally tasked with
performing the filtering application [40].

Recently, much attention has been given to photonic
microwave filter PICs because of their size, weight, power, and
stability improvements over bulk optical systems [41]-[46].
The optical stability provided by an integrated device allows
for coherent signal processing of the optical signal. In this way,
PICs can fulfill signal processing requirements for coherent
optical links. In addition, process compatibility with the other
components described in this paper allows for the integration
of signal-processing functions on coherent link transmitter and
receiver PICs, improving link functionality while reducing the
total demands placed on digital post processing or electronic
RF analog signal processing.

Integration on a direct-bandgap semiconductor material sys-
tem like InGaAsP/InP provides design and operational flexibil-
ity because of the integration of SOAs on-chip. SOAs make it
easier to produce high-quality filter shapes without introducing
excess loss into the system [45]. They also provide a level
of tunability and programmability not available in passive
systems. When integrated with fast current-injection phase
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Fig. 15. Second-order coupled ring bandpass filters measured in the RF
domain showing tunability in bandwidth and frequency. Filters are normalized
to 0.0 dB passband gain for clarity, but have passband optical gain of 0-5 dB.
The inset is an SEM image of a fabricated device. See [38] for more details
on the device and measurement.

modulators, filters can be tuned in bandwidth and frequency in
real-time. Recently, we fabricated and demonstrated cascaded
[46] and coupled-ring [45] bandpass filters showing high levels
of tunability and near-ideal filter shapes. Figure 15 shows
the tuning capabilities of a 2"¢ order coupled-ring bandpass
filter. Coupled-ring structures easily synthesize bandpass filters
whose bandwidth is controlled by the inter-ring coupling
value. Pole magnitudes are set by the intra-ring SOAs [45].
The InGaAsP/InP material platform is also advantageous for
monolithic integration with other link components like trans-
mitters and receivers, as discussed in Section II.

While highly-tunable and high-quality filters were demon-
strated, it is important that RF link performance not be
compromised by the photonic subsystem. Integrated SOAs
produce amplified-spontaneous-emission (ASE) noise and dis-
tortion via four-wave mixing that negatively impact the system
spurious-free dynamic range (SFDR). The SFDR of a fabri-
cated second-order bandpass filter was measured to be 86.3
dB-Hz?/3, indicating the need for a high-dynamic-range design
[46]. Such a design is achieved through the use of a high-
saturation-power and low-loss material platform, and a high-
SFDR device layout, as we discuss in the following sections B
and C.
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B. High Dynamic Range SOAs

The noise and distortion that negatively impact the SFDR of
an RF-photonic link incorporating a PIC filter originate in the
integrated SOAs. ASE noise is generated in any SOA operating
in the linear amplification regime, and in-band intermodulation
distortion (IMD) is generated via carrier population oscilla-
tions that produce four-wave mixing [47]. The SFDR of a
coherent link with an LO power much greater than all other
optical powers can be written in terms of optical noise and
third-order IMD output intercept point (OIP3) as [48],

Porp3 T/ :
SuseE +ho |
Where S4sE is the power spectral density of ASE in the mode,
and Ppjp3 is the optical third-order IMD output intercept
point. SFDR is given on a bandwidth-independent dB-Hz*/3
scale. Using the definitions for Sssg and Ppjyp3 from [48],
we derive an equation for the SFDR of a single SOA in a link

PsG

as 2/3
) 2
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Where Ps is the SOA saturation power, G is the single-pass
power gain, ngp, is the population inversion factor, and ¢ =
(I'g — a;)/T'g, where T'g is the modal gain, and a; is the
modal loss. For two closely spaced tones (the worst case), M
is a material parameter given by

h
M= 7”\/1 +a2/c2. 3)

Where o is the linewidth enhancement factor and 7 is the
carrier lifetime. M is constant for a certain material platform
and for constant bias current. The SFDR of a system of many
SOAs is a complex function of SOA gain and placement in
the PIC, but (1) and (2) show that the best performance for an
SOA is obtained at high current density, when n, is small,
¢ is close to 1, and saturation power is highest. Maximizing
SFDR for a single SOA is equivalent to maximizing saturation
power and minimizing total gain used. In a PIC, minimizing
total gain used is equivalent to minimizing passive waveguide
propagation loss and component insertion loss. If less loss is
accrued, less gain is needed, and the structure achieves a higher
SFDR. Thus, the key material attributes needed to achieve a
high linearity integration platform are high Ps and low loss.
We have fulfilled both these requirements by slightly modi-
fying the well-established OQW material platform, previously
described in the Section II of this paper. Ps can be increased
by lowering I without reducing the active region cross section.
This is done by inserting an extra InP layer in between the
waveguide and the active region, there through lowering T
The penalty of increasing Py comes with trading off for lower
modal gain, since I' is decreased. The lower gain is not a
problem for our filter designs, which rely on reducing the
incorporated SOA gain (G) to maximize SFDR ((1) and (2)).
More importantly, having the CT-layer in the passive sections
exponentially reduces the propagation loss since the modal
overlap with the p-cladding and thus the inter-valence band
absorption is reduced [49]. Figure 16 schematically illustrates
this integration platform, with the key CT-layer highlighted.

SFDR = [ (1)

SFDR =|:
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Fig. 17. Simulated P as a function of I', varying number of QWs and
CT-layer thickness (lines). Superimposed with measured output saturation
powers (stars), and averaged passive losses (diamonds) for corresponding CT-
layer designs. For the passive loss measurement, the standard deviation is
<0.087 cm™! for all points. The standard OQW with 7QWs is highlighted
for reference.

One boundary condition for the CT-layer technique is that
the CT-layer cannot be made too thick, such that higher
order transverse modes are guided. This effectively limits the
number of wells that can be used for a given Ps, and is
manifested by the broken lines in the simulation of Pg in
Figure 17. The active/passive integration for this platform is
analogous to the standard OQW platform, with a simple wet-
etch step removing the quantum wells in passive sections,
and a single blanket regrowth of the p-cladding. We have
characterized this high linearity platform using a deeply etched
waveguide design. The deep etching allows for maximum
flexibility in device integration since the mode has large lateral
confinement and the dry etch fabrication does not require a
specific crystallographic direction. The filter PICs described
previously use deeply etched waveguides.

Figure 17 shows the measured output saturation power and
passive loss for a few different I' designs. The measured
results match theory very well; Ps increases and passive
loss decreases with decreasing I' (increasing CT-layer thick-
ness). The loss with the lowest confinement OQW design
is 0.34dB/mm, improved by factor over the standard OQW
design. At the same time, Ps was improved by >7dB to
19.1dBm, this is the highest reportedPs to our knowledge
using <3um wide waveguides. The gain for this design is
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Fig. 18. (a) Schematic representation of a second-order coupled ring filter.
MMIs are in blue, SOAs in red, and phase modulators (PM) in green. The
inter-ring coupling value is controlled by the Mach-Zehnder interferometer
(MZI) tunable coupler comprised of two MMIs and two waveguides of
equal length. (b) Simulated transfer function of a second-order coupled ring
bandpass filter with inter-ring coupling of 15%. This optimal-SFDR filter
provides a passband gain of —0.26 dB.

measured to be 7.8 dB/mm, which is sufficient to balance the
accrued loss in our PIC filters. The proven loss and saturation
improvements for the OQW platform promise to facilitate high
dynamic range PIC filters, which will be discussed in the next
section.

As mentioned in the end of the Integration Platform section,
it is fully possible to integrate high-gain CQW sections with
these high-linearity SOA structures, simply by adding a second
regrowth. This way an LO laser and balanced receiver could
be integrated with the RF-filter application.

C. Next Generation High Dynamic Range Microwave PIC
Filters

In [48], we develop a model to calculate the SFDR of an
arbitrary PIC system with SOAs operating in the linear ampli-
fication regime. ASE and IMD are calculated for each SOA,
and their contributions summed at the receiver depending on
the frequency-dependent transfer function from the PIC input
to the SOA, and from the SOA to the PIC output. This model
creates a method for investigating the impacts of device design
on SFDR.

In addition to the importance of integration on a high-
saturation-power material platform proven in the last section,
the layout of a signal-processing PIC is crucial for obtaining
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Fig. 19. (a) Simulated transfer function and SFDR over the 3 dB bandwidth
of the SFDR-optimal second-order coupled ring bandpass filter. (b) Simulated
ASE noise output and OIP3 power over the 3 dB bandwidth at the output of
the same filter.

high SFDR. Here, we will use a second-order coupled ring
bandpass filter as an example to demonstrate the design
process.

The second-order coupled-ring filter shown in Figure 18(a)
produces two transfer function poles, the magnitudes of which
are set by the net ring gain and loss. The phases of the poles are
set by the round-trip phase accumulation, and are tuned by the
phase modulators. When the two ring resonances are located at
the same frequency, the coupled nature of the transfer function
causes the poles to split in frequency. The frequency separation
is determined by the magnitude of the inter-ring coupling.
As inter-ring coupling increases, the poles move away from
each other and the filter bandwidth increases. By appropriately
setting the pole magnitudes and inter-ring coupling value, a
flat-topped bandpass filter can be synthesized. An example of
this flat-topped filter is shown in Figure 18(b).

The pole magnitudes used to create the filter shape are
dependent on the total gain and loss in the ring, but not
on the location of that gain and loss. For example, SOA
gain can be located either in the “feedback” or “forward”
waveguide segments as shown in Figure 18(a). By adjusting
the distribution of gain between these forward and feedback
segments, the filter transfer function will move up and down
on a dB scale, while the filter shape remains the same. In
this way, the filter can be designed for a specific passband
gain. As the SOA distributions are changed, the SFDR will
also vary. It is also crucial for high SFDR to locate all SOAs
at the end of their respective waveguide segments in order to
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minimize signal power (and hence distortion generation) in the
SOAs [48].

For this filter, the optimal SFDR is obtained when the
ring 1 SOA is located in the feedback segment, and the
ring 2 SOA is located in the forward segment. Figure 19
shows the transfer function, SFDR, ASE, and OIP3 power
as a function of frequency over the 3 dB bandwidth for this
arrangement. The model uses the measured results presented
in Section VI-B to calculate the SFDR of a device fabricated
on the high-saturation-power integration platform. An SFDR
range of 111.2-117.0 dB-Hz?/3 is predicted over the 3dB filter
bandwidth. ASE power and IMD are higher at the edges of the
passband (OIP3 is lower) causing a degradation of SFDR in
those areas. The SFDR of an arbitrary signal in the passband
is a complex function of many-tone interactions, but the SFDR
range reported here provides and upper and lower bound [48].

The PIC-limited SFDR calculated with this model is com-
parable to recent measurements of coherent RF-photonic links
incorporating passive microwave photonic filters [50], [51].
Importantly, active PIC filters like the example in Figure 19
do not have insertion loss, which can relieve demands on the
transmitter and receiver. With the possibility to monolithically
integrate PIC filters with a transmitter or receiver, the active
InGaAsP/InP material system is attractive for use in next-
generation coherent RF-photonic links.

VII. CONCLUSION

We have demonstrated photonic circuits monolithically inte-
grated on an InP-based platform for use in coherent commu-
nication links. We have shown examples of an integrated
transmitter that uses an optical phase locked loop to both
accurately set the wavelength as well as possibly narrow the
linewidth. Compatible mode-locked ring lasers are illustrated
as possible on-chip WDM sources, which have been demon-
strated with a flat gain profile across a 2 THz band. New device
designs promise to provide a flatted gain over a 5 THz band.
We have shown coherent receivers incorporating an integrated
widely tunable laser: open-loop measurements demonstrated a
10 Gb/s QPSK transmission. Paired with an OPLL, the coher-
ent receiver has the potential to demonstrate phase-locked
operation without DSP post-processing. This is a preferable
solution especially for short-haul links where dispersion is
less of an issue, since our OPLL offers an easier and more
power-efficient integration. Finally a tunable, programmable
optical bandpass filter for use in analog coherent RF links is
demonstrated. With an established higher-saturation and lower-
loss OQW design, improved filter designs can potentially
exceed 117 dB-Hz?/* SFDR.
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