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Abstract— We present a photonic integrated circuit (PIC) 

transceiver for frequency modulated continuous wave (FMCW) 
LiDAR applications. The transmitter consists of a widely tunable 
sampled grating distributed Bragg reflector laser (SGDBR) and a 
frequency discriminator which combines multimode interference 
couplers, a tunable asymmetric Mach-Zehnder Interferometer (a-
MZI), and balanced photodiodes. The frequency discriminator 
converts frequency fluctuations of the laser to amplitude 
fluctuations of the photodiode currents. This provides an error 
signal for feedback into the laser cavity for frequency 
stabilization. Frequency modulation is obtained by a phase shifter 
in the a-MZI which tunes the quadrature point of the filter and 
the frequency where the error is zero. An on-chip receiver 
couples power from the transmitter to self-heterodyne with the 
time-delayed echo of a distance object. The generated beat 
frequency of the self-heterodyne measurement gives the echo 
signals time-of-flight to obtain the distance and velocity of the 
reflecting object. The theory of the components is described, and 
characterization of the transmitter and receiver are presented. 
 

Index Terms—LiDAR, Semiconductor Lasers, Photonics 
Integrated Circuits 

I. INTRODUCTION 

UNABLE lasers and photonic integrated circuits (PIC) 
have demonstrated performance improvements for several 

decades in the telecommunication industry enabling over 100 
Gbps data rates [1-7]. Furthermore, advancements in silicon 
photonics have increasingly enabled integrated photonic 
platforms with high component density [4,6,7]. Beyond 
communication application, tunable lasers and PICs are 
enabling compact solutions for remote sensing, detection, and 
spectroscopy. Each individual application puts forth specific 
requirements on the PIC. Laser performance such as power 
output, linewidth, and tuning range become important 
parameters to optimize for the specific application. One 
emerging technology that can benefit from tunable lasers and 
photonic integration is Light Detection and Ranging, or 
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LiDAR. In contrast to RaDAR, LiDAR utilizes signals at 
optical frequencies which improves the spatial resolution of 
the imaging, opening possible solutions to autonomous 
driving, robotics, and terrain mapping. There are several 
approaches to LiDAR as discussed in refs. [8-10]. Photonic 
integration opens the possibility to reduce the system size, as a 
single chip can contain many of the necessary system elements 
such as acting as both a tunable light source and receiver.  

Compared to standard pulsed techniques for LiDAR, 
frequency modulated continuous wave (FMCW) LiDAR has 
the benefit of low peak power, which makes it a good 
candidate to implement in semiconductor waveguides [11-14]. 
In this approach, the laser frequency is modulated with a 
triangular waveform, and split to serve as both an output signal 
to an optical phased array (OPA) and a reference for the 
detection. The OPA can provide 2D beam steering by utilizing 
phase shifters for steering along one direction, and frequency 
dispersion of the optical antenna for steering along the 
orthogonal direction [15-17]. The reflected echo signal 
couples back through the OPA to a receiver where it is mixed 
with the reference signal to generate the measurement result. 
The frequency modulation allows the time-of-flight to be 
determined by the beat frequency generated in the receiver. 
The echo signal frequency is offset from the reference by 
δf = 2∙(ΔF/T)∙δt, where ΔF is the total frequency modulation 
range, T is the period of the frequency modulation, and δt is 
the time-of-flight for the echo signal. The object distance can 
then be determined from d = c∙(δt/2), where c is the speed of 
light. Using a triangular waveform, in contrast to a sawtooth 
waveform, allows both spatial and velocity information to be 
obtained as the object movement imparts a doppler shift to the 
echo signal frequency. The result is that the rising and falling 
portions of the waveform generate different beat frequencies 
which causes the peaks in the stationary frequency spectrum to 
be split by the doppler frequency δfD = 2f0∙(Δv/c). 

For the signal generation in a LiDAR system, indium 
phosphide (InP) provides mature PIC components and ability 
for active-passive integration to form an integrated transceiver 
[2,5,18-22]. This paper discusses the design and 
characterization of one such InP PIC transceiver which 
consists of a sampled grating distributed Bragg reflector 
(SGDBR) laser, a frequency discriminator based on an 
asymmetric Mach-Zehnder Interferometer (a-MZI) and 
balanced photodiodes (PD), and a receiver consisting of 
balanced PDs and couplers to mix the reference and echo 
signal. The paper is structured to first describe the components 
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Fig. 1 Block diagram of the tranceiver and OPA system (left). The tunable laser provides a signal for the OPA and on-chip frequency discriminiator that drives 
an off-chip feedback circuit for frequency locking the laser. The detector utilizes tapped power from the tunable laser in a self-heterodyne measurement to 
convert object distance to a beat frequency as the tunable laser is frequency modulated. The expanded region (right) shows the tranceiver PIC components 
including gain, phase, and mirrors of the laser; semiconductor optical amplifier (SOA); 1x2 and 2x2 splitters; phase shifters; and photodetectors (PD).  

 

  
 (a) (b) (c) (d) 
Fig. 2 (a) Output of a-MZI under balanced detection calculated from Eq. 1. The shaded region illustrates the amplitude change due to frequency changes of the 
laser output. (b) a-MZI based frequency discriminator sensitivity as the FSR varies for different passive waveguide losses. The orange curve uses a loss of 4 cm-1 
typical for deep ridge waveguides in InP [23,24,26]. (c) Receiver operation principle. Bottom graph shows the instantaneous frequency of the reference and echo 
signal as a function of time. The top graph shows the measured photocurrent as the reference and echo signals beat together on the receiver PDs. (d) Frequency 
spectrum of the receiver photocurrent for reflections at different distances. The inset shows peak splitting due to the doppler effect for moving objects.  

 
of the PIC transmitter with details to elucidate design choices 
and tradeoffs that were considered, followed by a discussion of 
the fabrication and characterization of transceiver components 

II. PIC OVERVIEW AND COMPONENT THEORY 

A block diagram of the LiDAR system is shown in Fig. 1, 
along with a more detailed block diagram of the InP 
transceiver. The InP transceiver PIC can be coupled to an 
OPA which serves as the emitting and receiving aperture. The 
transmitter and receiver are discussed in further details below.  

A. Transmitter 

The transmitter consists of a widely tunable laser and a 
frequency discriminator [18,23,24]. The tunable laser is an 
SGDBR laser which consists of a DBR laser modified by 
periodic blanking of the front and back grating mirrors at 
different sampling periods. This produces a Vernier-like 
reflection spectra allowing for wide tunability [25]. The 
SGDBR laser was designed for tuning over the wavelength 
range of 1530 nm to 1570 nm. Coarse tuning of the 
wavelength is achieved by differential injection of current into 
the front and back mirrors of the laser. Fine tuning is achieved 
by equal current injection into the mirrors, or by current 

injection in a phase shifter inside the SGDBR cavity which 
controls the cavity mode locations. The grating design of the 
SGDBR also considers the front-to-back splitting to obtain the 
desired LiDAR output power and the sensitivity of the 
frequency discriminator. For this purpose, the mirror 
reflections were designed to give a front-to-back power 
splitting ratio of 7:1 by optimizing the number of sampled 
grating bursts. Power from the front mirror is guided to two 
semiconductor optical amplifiers (SOA), and 1x2 and 2x2 
splitters for the OPA and receiver. The two SOAs use the same 
gain material as the SGDBR laser but are tapered to increase 
the mode size to prevent gain saturation. The 1x2 splitter is 
utilized to tap power for use in the receiver as a reference to 
the echo signal. A second, 2x2, splitter is utilized for two 
purposes: first, to couple the reflected signal to the receiver, 
and second to measure chip temperature through an on-chip 
PD. The laser, SOAs, couplers, and PDs were all implemented 
in surface ridge waveguides to minimize passive waveguide 
loss. 

Frequency stabilization is achieved using a tunable a-MZI 
filter using deep ridge waveguides. The a-MZI converts 
frequency fluctuations of the laser to amplitude fluctuations of 
the PD currents. Power from the back mirror of the SGDBR 
laser is split by a 1x2 multimode interference coupler (MMI) 
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between the two different paths of the a-MZI. The longer path 
also contains a phase shifter for tuning the filter quadrature 
frequency. A 2x2 MMI mixes the output from the two paths to 
allow balanced photodetection, eliminating common mode 
noise from the SGDBR laser. The transfer matrix relating the 
input electric field amplitude to the photocurrents in each PD 
is shown below: 
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 Eq. (1) 

Here, E0 is the square root of the laser output power, β is the 
propagation constant of the waveguide mode, α is the 
waveguide loss, L1 is the length of the shorter path in the a-
MZI, δL is the additional path length of the second path, ϕ is 
the tunable phase shift in the second path, and I1,2 is 
photocurrent in each PD. The transfer function using balanced 
photodetection is shown in Fig. 2a. Equation 1 can be used to 
determine the sensitivity to frequency fluctuations by 
calculating dI/dλ and taking the maximum value. The 
sensitivity of the discriminator is determined by the input 
optical power, waveguide loss, and the free spectral range 
(FSR) of the a-MZI which is given by c∙(neffΔL)-1. The 
sensitivity is quantified in terms of the discriminator slope as 
shown in Fig. 2b. The sensitivity, or slope, increases as the 
FSR decreases; however, the additional path length required to 
reduce the FSR increases the total loss. This reduces the 
sensitivity, as the photocurrent amplitude is proportional to the 
square of the electric field amplitude at the input. To address 
this trade-off, an FSR of 60 GHz was selected based on 
previous loss values of 4 cm-1 reported for deep ridge 
waveguides in InP [23,24,26]. The photocurrents generated in 
each PD are input to an off-chip circuit containing a two-stage 
differential amplifier with an inverting input to create the 
balanced detection, and a two-stage op-amp filter to drive the 
difference in PD photocurrents to zero. The amplifiers and 
filter act to convert the error to a current and inject it into the 
phase section of the laser cavity. This tunes the frequency of 
the laser to the quadrature point of the a-MZI where the power 
is equally split between the two photodiodes and the error is 
zero.  

The a-MZI also contains a phase shifter in one path to shift 
the output interference independent of the frequency of the 
laser. This control is referred to as the “chirp” to reduce 
confusion with phase shifter in the SGDBR cavity. Injecting 
current into the chirp section tunes the quadrature frequency 
where the a-MZI equally splits the power between the two 
PDs. When the laser is frequency locked by the external 
circuit, tuning the quadrature frequency allows control over the 
laser frequency. By applying a modulated current to the chirp, 
the PIC can be used to realize FMCW LiDAR. 

B. Receiver 

The receiver consists of a 2x2 splitter and two PDs, which 
act to self-heterodyne the laser output with the received echo. 
Utilizing a 2x2 splitter allows for balanced photodetection in 
the receiver circuit to reject common mode noise and signal. 
The echo signal is coupled back into the transceiver PIC 
through the same port that coupled the output into the OPA. 

As shown in Fig. 2c, the reference and echo signal differ in 
frequency due to the additional travel time of the echo signal. 
The bottom graph shows the instantaneous frequency of the 
reference and echo signal at the receiver. The top graph shows 
the current measured by the receiver PDs that contains the beat 
frequency of the two signals. Fig. 2d shows the calculated 
frequency spectrum of the PD current for measurements on 
objects at different distances to illustrate the change in the 
peak frequency of the photocurrent. The inset shows the peak 
splitting imparted by a moving object due to doppler 
frequency shifts as discussed previously. Also visible in the 
spectrums of Fig. 2d are satellite peaks arising from the beat 
frequency transient as the modulation changes direction (seen 
around 20 ns in Fig. 2c). This transient region sets the 
maximum range of the FMCW LiDAR system barring laser 
coherence length considerations. As the objects distance 
approaches one-half of the chirp period, the receiver 
photocurrent undergoes a constant frequency modulation and 
the spectrum is not peaked around a single value. Additionally, 
due to finite laser linewidth, there is a minimum detectable 
frequency shift, which affects the distance resolution as there 
will be some broadening in the frequency spectrum. The 
modulation period and rate must be selected to address desired 
range which is ultimately limited by the laser linewidth and 
frequency modulation bandwidth. The frequency locking 
technique described previously has demonstrated a linewidth 
of 570 kHz, which gives a maximum range of 160 m [24].  

An important note on integration of the transmit and receive 
circuits for FMCW LiDAR, is the impact of the echo signal on 
the stability of the tunable laser. This can be broken down into 
three regimes: short-range (on-chip), medium-range, and long-
range reflections. For the first case, all on-chip optical 
interfaces are angled to minimize reflections. Furthermore, it is 
well established that laser stability is not strongly influenced 
for very short external cavities [30,31]. In the case of medium-
range reflections, where the reflected power may be 
significant, the frequency modulation detunes the 
instantaneous emitting frequency from the reflection such that 
the influence of the reflections is strongly reduced [32]. For 
long range reflections, in addition to frequency detuning, the 
power will be below the limit to influence stability.  

III. FABRICATION AND COMPONENT CHARACTERIZATION 

A. PIC Fabrication 

An overview of the fabrication process is shown in Fig. 3a. 
The starting material for the transceiver PIC is grown by metal 
organic chemical vapor deposition (MOCVD) up to an InP cap 
above the quantum well (QW) “active” layers. The QWs are 
selectively removed from the “passive” regions outside of the 
SGDBR gain section, the SOA and the PDs using a wet 
chemical etch. The SGDBR sampled gratings are patterned 
using electron beam lithography and formed with a reactive-
ion-etch (RIE). Next, the InP waveguide cladding and InGaAs 
p-contact are regrown using MOCVD. The waveguides are 
then defined using a combination of wet and dry chemical 
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Fig. 3. (a) Overview of fabrication process for InP transceiver. The initial epitaxy structure is pattern to define the active regions with offset quantum wells. The 
gratings for the SGDBR laser are patterned and p-type InP and InGaAs are regrown by MOCVD for the cladding layer and p-contact. The waveguides are 
defined by wet and dry chemical etches to form the surface ridge waveguides for the laser, amplifiers, and photodiodes, and deep ridge waveguides for the sharp 
waveguide bends. (b) Optical mode simulations of the surface ridge and deep ridge waveguide structures used. (c-i) Images from fabrication showing various 
PIC components and processing steps. In order, these are the sampled gratings, a-MZI, waveguide definition, deep-to-shallow waveguide transition, 2x2 MMI, 
directional coupler and device isolation. 

 

 
Fig. 4 (a) Image of fabricated PIC with components labeled. The dimensions are 8 mm x 2 mm. (b) Module for characterization of the PIC transceiver. The PIC 
is mounted on a carrier and sub-carrier which contains the electronics for the feedback circuit and receiver signal processing. The quarter is shown for scale. 

 

etches to form both surface ridge and deep ridge waveguides 
[27-29]. Fig. 3b shows the simulation of optical modes for the 
two different types of waveguides. The deep ridge waveguide 
provides higher optical confinement, allowing for sharper bend 
radii to keep the PIC footprint relatively small, however, this 
adds additional passive loss due to mode overlap with the 
etched side wall which contain some roughness from the etch. 
The surface ridge waveguide uses a selective wet etch which 
stops on the waveguide layer and eliminates the loss due to 
sidewall roughness. Isolation between contacts of the 
electrodes is formed by removing the low resistance p-InGaAs 
layer on the top of the ridge waveguides, and a Ti/Pt/Au metal 
stack is deposited for the p-type contacts and probe pads. 
Figure 3c-i shows images of taken during fabrication showing 
the various components. The wafer is thinned, and backside 

metal is deposited for a common N-contact. Lastly, the wafer 
is cleaved to separate the individual PICs. Fig. 4a shows the 
final fabricated PIC. The PICs were mounted on carriers for 
integration with electronic lockers and receiver circuits as 
shown in Fig. 4b. Testing of the PICs consisted of the 
following: Current-Voltage measurements on the all diodes, 
Light-Current-Voltage (LIV) measurements of gain section 
using reverse biased SOA and PDs to measure optical power, 
SGDBR spectrum mapping using the front and back mirrors, 
LI measurements of the discriminator PDs as the phase and 
chirp sections are tuned, and frequency chirp control.  

B. SGDBR Laser Performance 

The measured LIV of the SGDBR laser is shown in Fig. 5a. 
The threshold current is around 45 mA with the laser output 
achieving 15 mW at 100 mA. Fig. 5b shows wavelength tuning 
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 (a) (b) (c) 

Fig. 5 (a) Light-current-voltage (LIV) measurement of the SGDBR laser. The laser threshold current is around 45 mA and an output power of 15 mW is 
achieved around 100 mA. The power is measured by reverse biasing the on-chip SOA. (b) Lasing spectrum over the tuning range of 1530 nm to 1570 nm. The 
side mode suppression ratio is greater than 37 dB for this range. (c) Wavelength tuning map as a function of current injection into the front and back mirror.  

 

 
 (a) (b) (c) (d) 

Fig. 6 (a) Photocurrent measured by the SOA and two PDs of the frequency discriminator. The discontinuity around 120 mA is a result of a mode hop. (b) 
Photocurrent in each PD of the frequency discriminator as a function of the current injected into the phase section of the SGDBR cavity. The top axis shows the 
corresponding frequency change of the laser output measured using an optical spectrum analyzer. (c) Photocurrent in each PD of the frequency discriminator as 
a function of the current injected into the chirp section of the a-MZI. (d) The locking frequency offset as a function chirp current. This is obtained by taking 
multiple measurements at various a-MZI chirp and SGDBR phase currents and measuring the frequency of photocurrent crossing point.  

 

from 1530 nm to 1570 nm with side mode suppression ratio 
greater than 37 dB over the entire tuning range. Fig. 5c shows 
a full tuning map as the current is varied in the front and back 
mirrors. In practice, this provides a look-up table to tune the 
laser frequency and sample a discrete set of angular point 
using an OPA. The output during the transient stabilization can 
be suppressed by reducing the gain of the on-chip SOAs. 
Additionally, identical SGDBR lasers have been characterized 
by our group showing free-running linewidths of 6 MHz [22] 

C. Frequency Discriminator Response 

Characterization of the frequency discriminator consists of 
first determining the power reaching the PDs, then tuning the 
lasing wavelength by using the phase shifter in the SGDBR 
cavity, followed by tuning of the filter spectral location using 
the chirp section in the a-MZI. The photocurrent detected by 
the discriminator PDs was measured alongside the SOA 
photocurrent as shown in Fig. 6a. The SOA measures the 
power from the front mirror, while the two discriminator PDs 
measure the power from the back mirror. As mentioned above, 
a front to back splitting ratio of 7:1 was expected from the 
front and back mirror designs. However, lower power was 
detected at the discriminator PDs, which we attribute to 

passive optical loss in the deep ridge waveguide of the a-MZI. 
The photocurrent in each detector as a function of phase 
current is shown in Fig. 6b. Current injection into the phase 
section of the SGDBR provides fine tuning of the laser 
frequency, which is measured on an Optical Spectrum 
Analyzer and shown on the top x-axis of Fig. 6b. As discussed 
in Section II, the a-MZI was designed to have an FSR of 60 
GHz. Fig. 6b shows that the filter passes through half of a 
cycle in 30 GHz of frequency tuning. Lastly, the filter 
quadrature location is tuned using the chirp section in the a-
MZI as shown in Fig. 6c.  

The external locking circuits operates by injecting current 
into the phase section of the SGDBR such that the lasing 
frequency is located at the quadrature point of the a-MZI and 
equal power is distributed to the two PDs. By tuning the 
current injected into the chirp section, the quadrature 
frequency is changed, and the output of the feedback circuit 
changes to maintain the locking condition. Fig. 6d shows the 
offset lasing frequency tuning over 30 GHz as the chirp phase 
shifter current is tuned between 0 mA to 10 mA. By imparting 
a triangular waveform with a current modulation range of 10 
mA, the frequency of the laser can be modulated continuously 
over 30 GHz with a tuning efficiency of 3 GHz/mA.  
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D. Receiver 

The receiver consists of two PDs and a 2x2 MMI. One input 
consists of the reference signal from the SGDBR laser and the 
second is the echo signal. Fig. 7 shows the measured 
photocurrent in each PD as the phase section of the SGDBR 
laser is tuned with no intentional reflection. With an 
intentional reflection present, this would undergo a similar 
beating response as seen in Fig 6b. As shown in Fig. 7, the 
reference signal provides greater than 1 mW of input power 
into the receiver. This falls into the regime of shot noise 
limited operation making the minimum detectable echo signal 
power around 1 nW [33].  

 
Fig. 7 Receiver photocurrent as a function of the SGDBR phase current. The 
large variations in the photocurrent are due to mode hops of the laser.  

IV. CONCLUSION  

We presented a PIC transceiver consisting of an SGDBR 
laser with an on-chip frequency discriminator for frequency 
locking and modulation for LiDAR applications. The 
components of the PIC were characterized to demonstrate 
functionality and the operating principles of the transceiver. 
Future experiments will implement one-dimensional ranging 
measurements. This can be achieved by imparting frequency 
modulation in the a-MZI and coupling to fiber with delay lines 
and 2x2 couplers to act as near perfect reflectors to extract the 
beat frequency at various delay lengths. In addition, the PIC 
transceiver can be butt-coupled to an OPA for full 2D beam-
steering experiments and free space ranging measurements.  
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