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Abstract—An indium phosphide photonic integrated circuit
(PIC) was demonstrated for integrated path differential absorption
lidar of atmospheric carbon dioxide (CO2). The PIC consists of
two widely tunable sampled grating distributed Bragg reflector
(SGDBR) lasers, directional couplers, a phase modulator, a photo-
diode, and semiconductor optical amplifiers (SOAs). One SGDBR
laser, the leader, is locked to the center of an absorption line at
1572.335 nm using the on-chip phase modulator and a bench-top
CO2 Herriott reference cell. The other SGDBR laser, the follower,
is stepped in frequency over ±15 GHz around 1572.335 nm to
scan the target CO2 absorption line. The follower laser is offset
locked to the leader laser with an optical phase lock loop. An SOA
after the follower laser generates a pulse at each frequency step
to create a train of pulses that samples the target CO2 absorption
line. The PIC components and subsystem are characterized and
evaluated based on target performance requirements. The leader
laser demonstrated a 236-fold improvement in frequency stability
standard deviation when locked compared to free running and the
follower laser frequency stability standard deviation compared to
the leader laser was 37.6 KHz at a 2 GHz programmed offset.

Index Terms—Indium phosphide, lidar, photonic integrated
circuits, remote sensing, semiconductor lasers, spectroscopy.

I. INTRODUCTION

PRECISE and accurate remote sensing of atmospheric gases
requires spectroscopy instruments with on-board lasers.
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Current passive instruments in orbit, such as the Orbiting Carbon
Observatory 3 (OCO-3), rely on reflected sunlight to capture
absorption information and do not provide adequate spatial
and temporal coverage for future mission specifications [1]. A
system developed at Goddard Space Flight Center (GSFC) for
NASA’s Active Sensing of CO2 Emissions over Nights, Days,
and Seasons (ASCENDS) mission is based on an integrated path
differential absorption (IPDA) lidar architecture to measure CO2

concentrations to approximately 1 ppm precision [2]–[5]. The
system, assembled from commercial off-the-shelf (COTS) com-
ponents, has been verified through airborne campaigns [6]–[8].

IPDA lidar measures the optical absorption of a target species
using multiple wavelengths of laser light that propagate to a
reflective surface and return. By probing with multiple wave-
lengths on and off the absorption line of interest, the shape of
the line is mapped. The initial GSFC lidar system developed for
ASCENDS probes the 1572.335 nm absorption line of CO2. This
relatively weak absorption line enables sufficient return signal
and can leverage mature L-band optical components developed
for the telecommunications industry.

There is growing interest to deploy systems based on photonic
integrated circuits (PICs) in space-based communication and
remote sensing applications [9]–[19]. Spaceborne laser instru-
ments are extremely complex optical systems that are costly,
bulky, and power hungry. PICs, on the other hand, allow in-
tegration of the required optical functions on a single chip.
Furthermore, a variety of integration platforms, materials, and
devices exist that allow a high degree of flexibility to meet
stringent specifications.

Therefore, PIC technology can significantly reduce system
cost, size, weight, and power (CSWaP). Improved reliability is
also expected due to the reduced number of fiber connections
between components and the significant reduction in mass.
A PIC and its closely packaged control electronics could be
contained in a single ruggedized module enabling deployment
on small space platforms.

In this work, a PIC designed to integrate all the photonic
components for an IPDA CO2 lidar system is presented. The
PIC consists of two tunable lasers, directional couplers, a phase
modulator, a photodiode, and semiconductor optical amplifiers
(SOAs). The PIC is fabricated on an indium phosphide (InP)
platform that enables inclusion of active components, such as
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Fig. 1. PIC architecture and concept for IPDA lidar system. The SGDBR leader laser is stabilized to 1572.335 nm using a frequency modulation technique. The
SGDBR follower laser is offset locked to the leader laser with an OPLL. A pulse is generated at each follower laser wavelength step resulting in a train of pulses
at ν1, ν2, ν3, etc. Through repeated scans, the amplified pulse train maps the CO2 absorption line shape. Det: detector; EDFA: erbium-doped fiber amplifier.

lasers and amplifiers, along with passive components, such as
directional couplers. InP PICs were developed for telecommu-
nications applications and have recently been pursued for other
applications including free space laser communications and 3D
mapping lidar [9]–[11]. This platform is ideally suited for IPDA
lidar systems that require high performance tunable lasers.

II. LIDAR SYSTEM ARCHITECTURE

A. Integrated Path Differential Absorption Lidar Operation

The lidar architecture and operation is illustrated in Fig. 1.
A leader laser is locked to the 1572.335 nm CO2 absorp-
tion line using a frequency modulation technique similar to
Pound-Drever-Hall stabilization [20]. The integrated leader laser
is a multi-section sampled grating distributed Bragg reflector
(SGDBR) laser designed for emission near 1572 nm. A di-
rectional coupler designed for an 80/20 splitting ratio routes
most of the leader laser light to a phase modulator operated at
125 MHz and with modulation depth of π radians. The phase
modulated light is coupled to a CO2 Herriott gas cell that serves
as an absolute wavelength reference. Side bands generated by the
phase modulator experience different absorption and dispersion
due to the shape of the absorption line. Phase sensitive detection
of a beat note at the output of the reference cell generates a
frequency-discriminating error signal. The filtered error signal
is then applied to the phase section of the leader laser to maintain
the center wavelength.

To sample at multiple wavelengths, a follower SGDBR laser
is offset-locked to the leader laser via an optical phase lock
loop (OPLL). The follower laser is stepped along several sam-
pling points over ±15 GHz in frequency around 1572.335 nm.
The directional couplers that follow the leader and follower
lasers direct a portion of their light to an integrated high-speed
photodiode. The detected beat note between the leader and
follower lasers is processed by the OPLL electronics. The OPLL

TABLE I
PIC PERFORMANCE METRICS FOR LIDAR SYSTEM

Target performance specification derivations can be found in [2]–[5].

charge pump output is filtered and fed to the phase section of
the follower laser for stabilization at each programmed offset
wavelength.

After the follower laser steps to a new wavelength, the SOA
at the output is driven by a pulse generator to produce a 1 μs
pulse. Communication between the pulse generator and OPLL
electronics coordinates the triggering of the pulse. The pulses are
separated by 133 μs to prevent crosstalk between wavelengths
due to cloud scattering.

B. Photonic Components and Design

Table I lists key performance metrics that the PIC compo-
nents and subsystem must satisfy for the IPDA CO2 lidar. As
described, an InP material platform was chosen for the PIC
due to its maturity and ability to integrate high performance
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Fig. 2. Microscope image of fabricated PIC.

Fig. 3. Top: Sideview cross section of the OQW integration platform. Active-passive integration is accomplished by selectively etching the QWs to form passive
regions. The laser mirror gratings are etched into the waveguide core layer. This is followed by a p-cladding and p-contact layer regrowth, ridge formation, and
metal contact formation. Bottom: SEM images of (a) etched laser mirror gratings, (b) a ridge waveguide cross section, (c) two parallel passive ridge waveguides,
and (d) a directional coupler.

tunable lasers with other active components and with passive
components. An SGDBR laser design was selected for the leader
and follower lasers because of its wide continuous wavelength
tunability (approximately 40 nm) and multi-section format that
enables various locking approaches. Large changes in wave-
length are achieved by injecting current into the front and back
mirror sections of the SGDBR laser, while the phase section
makes fine wavelength adjustments using electronic feedback.
The tunability of these lasers makes them tolerant to fabrication
variations for an application requiring a precise wavelength
target. Furthermore, InP SGDBR lasers have been demonstrated
to have sufficient linewidth and side mode suppression ratio
(SMSR) to meet the specifications reported in Table I [10].

Directional couplers were selected over multimode interfer-
ence (MMI) couplers in order to control the fraction of light
tapped from the lasers for the OPLL photodiode. Additionally,
MMI couplers can produce undesirable reflections that may have
impacted system performance. The directional couplers were
designed to have 2 μm wide waveguides with a 1 μm gap in
between. To enable sufficient power output for coupling to the
CO2 reference cell and for sufficient peak pulse power, about
80% of the light from the leader and follower lasers was routed
to the phase modulator and SOA, respectively. To achieve 80%
power at the through port, the length of the directional couplers
was chosen to be 180 μm based on simulations in Lumerical
software using an eigenmode expansion method.

An SOA was chosen for encoding pulses to maximize the
pulse extinction ratio (ER) and peak power. While high ER has
been demonstrated with electro-absorption modulators in InP,
they exhibit significant insertion loss. It is difficult to reach an ER

of 35 dB using an InP Mach-Zehnder phase modulator (MZM),
another alternative, and they also add some insertion loss. Since
the repetition rate for the lidar system is low and the pulses are
wide, current injection into an SOA is sufficiently fast.

III. INTEGRATION PLATFORM AND FABRICATION

A microscope image of the fabricated PIC, comprised of the
leader and follower SGDBR lasers, directional couplers, phase
modulator, photodiode, and SOAs, is shown in Fig. 2. PICs were
fabricated using an offset quantum well (OQW) platform [21].
A sideview cross section describing this platform is illustrated
in the top of Fig. 3. The initial epitaxial structure was grown
using metalorganic chemical vapor deposition (MOCVD) on an
n-doped InP substrate. Following growth of an n-type buffer,
a 350-nm thick indium gallium arsenide phosphide (InGaAsP)
waveguide layer followed by an InGaAsP multi-quantum well
(MQW) structure with seven quantum wells (QWs) is grown.
The compressively strained quantum wells were designed for
emission near 1565 nm.

The passive sections (used for the laser mirrors, phase section,
phase modulator, and passive routing and coupling) are formed
by selectively etching the QWs. Next, the gratings forming the
laser mirrors are etched into the waveguide layer. The scanning
electron microscope (SEM) image in Fig. 3(a) shows the etched
gratings, which are patterned using electron beam lithography.
This is followed by an MOCVD regrowth to form the p-InP
cladding and p-indium gallium arsenide (InGaAs) contact layer.
Ridge waveguides are then formed with a combination of dry
and wet etching. Fig. 3(b) shows an SEM cross section image
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Fig. 4. (a) LIV characteristics of follower laser for varying TEC temperatures. (b) Overlaid laser spectra showing a 40 nm tuning range. (c) Leader laser spectrum
when tuned to 1572.335 nm and demonstrating a SMSR of 54 dB. (d) Delayed self-heterodyne beat note demonstrating 2.1 MHz 3-dB linewidth. The resolution
bandwidth was 3 MHz and the sweep time was 5 ms. (e) Phase modulator efficiency for a bias of 25 mA. (f) Example integrated photodiode normalized frequency
response measurement demonstrating 15 GHz 3-dB bandwidth.

of a ridge structure. Fig. 3(c) shows an image of two passive
waveguide ridges and Fig. 3(d) shows the output of a directional
coupler.

Following ridge formation, the p-InGaAs contact layer is
selectively removed between devices to provide some electri-
cal isolation. The resulting resistance of approximately 50 kΩ
between the sections of the SGDBR lasers provides sufficient
isolation for forward bias operation of these diodes. Increased
electrical isolation can be achieved via proton implantation of
the waveguide ridge between devices.

Vias are then etched and p-metal contacts and pads are de-
posited. Finally, the wafer is thinned to approximately 150 μm,
backside contacts are deposited and annealed, PICs are cleaved
for separation and to form facets, and anti-reflection coatings
are applied to these facets.

IV. PIC COMPONENT CHARACTERIZATION

A. Widely Tunable Laser

The leader and follower lasers are both widely tunable
SGDBR lasers designed for emission near 1572 nm. The back
mirror consists of twelve 6.1 μm long grating bursts with a
sampling period of 61.34 μm. The front mirror consists of five
4.15 μm long bursts with a sampling period of 68.71 μm. The
grating period for both the back and front mirrors is 244 nm and
the continuous grating coupling coefficient, κ, is 368.2 cm−1. A
500 μm long SOA behind the back mirror can be reverse biased
to absorb light and serve as a monitor for light emitted from the
back of the laser or it can be operated in forward bias to amplify
light emitted from the back mirror and couple it off-chip. The
gain section of the laser is 550 μm long and the phase section is
75 μm long.

The light-current-voltage (LIV) characteristics of the follower
laser for varying thermoelectric cooler (TEC) temperatures are
shown in Fig. 4(a). The laser power was measured out of the
front mirror using the SOA after the follower laser as a detector.
The responsivity of the reverse biased SOA was assumed to be
1 A/W, which is typical for this type of device. The discontinuity
in the light-current characteristic between 150 and 200 mA is
due to an expected laser mode hop. The threshold current was
measured to be 33 mA at a temperature of 15 °C. Fig. 4(b) shows
overlapped spectra from the laser for various combinations
of current applied to the front and back mirrors. The lasers
demonstrate 40 nm of tuning from 1560 nm to 1600 nm. For
all the spectra shown in Fig. 4(b), the laser gain section was
biased at 150 mA and the phase section was biased at 10 mA.
To achieve the tuning, the bias on the rear mirror was varied
between 5 and 10 mA and the front mirror was biased up to
approximately 30 mA. To tune the leader laser to 1572.335 nm,
the bias on the rear mirror, phase section, gain section, and front
mirror was 6 mA, 8.7 mA, 150 mA, and 23 mA, respectively.

Fig. 4(c) shows the spectrum for the leader laser tuned to
1572.335 nm. At this wavelength of interest, the SMSR is
54 dB. The follower laser linewidth was characterized using
a self-heterodyne method with a 25 km long fiber delay line. As
shown in Fig. 4(d) the resulting beat note yields a 3-dB linewidth
of 2.1 MHz. A resolution bandwidth of 3 MHz and a sweep time
of 5 ms were used to capture this measurement.

B. Phase Modulator

Fig. 4(e) plots the modulation efficiency of the 2.5 mm long
phase modulator in forward bias at a bias current of 25 mA. The
efficiency was measured using a setup similar to that reported in
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Fig. 5. Test setup for characterizing PIC subsystem. PS: electrical phase shifter; OSA: optical spectrum analyzer; TIA: transimpedance amplifier.

[22], which transfers the optical modulation to the RF domain
where it is demodulated with a homodyne IQ receiver. The drive
levels in Fig. 4(e) assume 50 Ω loads. The phase modulator
was operated in forward bias rather than reverse bias to take
advantage of the higher efficiency and linearity, and to help
minimize residual amplitude modulation (RAM) by avoiding
electro-absorption due to the Franz-Keldysh effect. RAM is a
significant source of noise in frequency modulation locking and
future work will include analysis of the effect of RAM on the
leader laser wavelength stabilization.

C. Photodiode

For the PIC characterized in this work and shown in Fig. 2, a
fabrication defect resulting in optical loss in the coupler preced-
ing the 60 μm long photodiode prevented the demonstration of
on-chip beat note detection for the OPLL. Therefore, light was
coupled off-chip to generate the beat note externally. It is worth
noting, however, that similar photodiodes from other PICs and
samples exhibited a 3-dB bandwidth of approximately 15 GHz,
as shown in Fig. 4(f). This bandwidth would allow the follower
laser to tune across the desired range of frequency steps to sample
the CO2 absorption line of interest.

V. SUBSYSTEM CHARACTERIZATION

The test setup used to characterize operation of the PIC
subsystem is illustrated in Fig. 5. A precision TEC maintains
the PIC temperature to prevent performance variations due to
heating.

A. Leader Laser Stabilization

The leader laser is tuned to near 1572.335 nm by injecting
current into the back and front mirrors and phase section. Feed-
back is applied to the phase section to maintain the wavelength

at 1572.335 nm. The frequency-discriminating error signal used
to stabilize the leader laser and the transmission of the CO2

reference cell plotted in Fig. 6(a) were obtained by sweeping
the frequency modulated leader laser across the CO2 absorption
line. To characterize the leader laser stability, a beat note is
generated with a benchtop external cavity laser that serves as
a frequency standard. The resulting beat frequency with and
without feedback is measured and reported in Fig 6(b) for
60 minutes with 1 second gate times. Without feedback, the
peak-to-peak frequency stability was 607 MHz and the fre-
quency standard deviation was 90.5 MHz. With feedback, the
peak-to-peak stability was 2.75 MHz and the standard deviation
was 384 kHz, representing a 221- and 236-fold improvement,
respectively.

B. Follower Laser Offset Locking

To lock the follower laser to the leader laser, the beat note
between them was detected off chip as illustrated in Fig. 5. As
with the leader laser, a DC bias applied to each of the laser
mirrors and the phase section maintains the follower laser wave-
length near 1572.335 nm. Feedback from the OPLL is applied
to the phase section of the follower laser for stabilization at each
programmed offset. Fig. 6(c) shows the beat note between the
leader and follower lasers with and without OPLL operation over
60 minutes for 1 second gate times at a programmed frequency
offset of 2 GHz. Without the OPLL, the peak-to-peak frequency
stability was 1.23 GHz and the frequency standard deviation
was 162 MHz. With the OPLL, the peak-to-peak stability was
295 kHz and the standard deviation was 37.6 kHz. The mean
frequency offset from the leader laser was measured to be
1.999911243 GHz.

Fig. 6(d) shows overlapped spectra of the locked leader
and follower lasers for follower laser frequency offsets of
1 to 15 GHz, demonstrating mode-hop-free tuning around
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Fig. 6. (a) CO2 reference cell absorption and the frequency-discriminating error signal used to lock the leader laser to the absorption line center. (b) Beat note
between the leader laser and an external cavity laser with and without feedback to the leader laser phase section. (c) Beat note between the leader and follower
laser with and without the OPLL engaged. (d) Overlaid spectra measured from the leader and follower laser as the follower laser is tuned from 1 – 15 GHz offset
from the center wavelength. (e) 1 μs pulse generated by sweeping the bias on the SOA pulse carver from 0 to 100 mA. The pulse rise time is 262 ns and the fall
time is 169 ns. (f) Measured absorption of a CO2 test cell at several wavelengths overlaid with a Lorentzian fit. The FWHM of the fit is 1.6 GHz. Each point is an
average of 1000 measurements taken over 100 μs.

1572.335 nm. These results demonstrate the overall operation
of the dual laser PIC for CO2 absorption with use of an absolute
wavelength reference.

C. Follower Laser Pulse Generation

Fig. 6(e) shows a 1 μs pulse generated with the 1 mm long
SOA after the follower laser. The SOA bias was ramped from
0 to 100 mA to achieve an ER of over 40 dB. The ER was
estimated using a DC measurement because the power level in
the off state was below the noise floor of the photodiode/TIA
used to measure the pulse. Future work will include triggering
the pulse generator after each follower laser wavelength step to
create a train of pulses in frequency.

The peak pulse power coupled off chip was approximately
2 mW, which does not meet the desired 10 mW peak power. The
main source of loss is the free space coupling between the output
waveguide and lensed fiber. In future, this will be improved by
attaching a fiber optic array to the PIC. The peak power could
also be improved by increasing the current applied to the laser
gain section and pulsed SOA. Newer design implementations
will include PICs with a second amplifier SOA for power boost-
ing in addition to the SOA for pulse generation.

D. Initial Gas Sampling and Sensing Measurement

Finally, sampling of the CO2 absorption line with the follower
laser was demonstrated. A second CO2 gas cell set to a different
pressure than the one used for the absolute wavelength reference
was used as a sample for sensing. Fig. 6(f) shows the results for
points sampled at programmed offsets of ±1, 1.2, 1.5, 2, 2.5, 4,

and 8 GHz with a Lorentzian fit overlaid. Each point is an average
of 1000 measurements taken over 100 μs. The differences in
transmission levels for points on either side of the absorption
peak are most likely due to variations in PIC output power as
the follower laser is tuned. This variation can be addressed by
measuring the power level leaving the PIC at each frequency
point. The limited bandwidth of the detector hardware built into
the CO2 cell prevented measurement during pulsed operation.
Future work, which requires new hardware, will perform similar
sampling but with generated pulses.

The sampled absorption spectrum shape captured here is quite
reasonable for enabling accurate concentration measurement
extraction from this data. This demonstration, whereby the
leader laser was locked to the CO2 reference, the follower laser
was locked to the leader laser, and the follower laser was tuned
to programmed frequency offsets to sample CO2 in a separate
cell, represents a significant advance toward realizing PIC based
remote gas sensing for low CSWaP and eventual deployment on
small airborne and space platforms.

VI. CONCLUSION

An InP PIC for a dual laser IPDA lidar architecture was
demonstrated and used to perform an initial CO2 gas sensing
experiment. The PIC consists of leader and follower SGDBR
lasers, directional couplers for splitting and coupling to various
elements, a phase modulator for the leader laser stabilization to
an absolute wavelength reference, a photodiode for beat note
detection and follower laser locking, and an SOA for pulse
generation. The PIC component and subsystem performance
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were evaluated against metrics developed for precision spec-
troscopy. Sampling of CO2 gas at various frequency offsets was
also demonstrated. This work represents a significant advance
toward compact gas sensing lidar systems for airborne and
space applications. Future work will include implementing the
triggered frequency switching and pulsing of the follower laser
output, the development of and integration with small form-
factor printed-circuit board electronics, and the development of a
compact wavelength reference to replace the bulky Herriott cell.
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