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Abstract: Light detection and ranging (LiDAR) and optical wireless communication (OWC) are in
high demand and rapidly developing owing to the explosive growth of smart systems that require
automotive and mobile devices. Optical phased arrays (OPA) have become a key technology in
LiDAR and OWC owing to their nonmechanical beam steering capabilities. However, using separate
LiDAR and OWC platforms in one system creates problems, such as spectrum congestion, resource
consumption, and high complexity. We propose a dual-function OPA that enables LiDAR and OWC
to function on a single platform based on the simultaneous amplitude and phase modulation of
optically injection-locked semiconductor lasers. We numerically demonstrated that the primary
LiDAR and secondary OWC function simultaneously by independent control of the main and side
lobes in the OPA signal. The variation in side lobe levels is controlled at 20 or 25 dB to realize low-
and high-level data for OWC function as well as maintaining the main beam LiDAR function. We
successfully achieved wide-opening eye patterns of 10 Gbps data transmission of the OWC operation.

Keywords: optical injection locking; optical phased array; LiDAR; optical wireless communication;
dual-function

1. Introduction

Optical phased arrays (OPA) are an emerging technology for generating and steer-
ing optical beams by controlling the amplitude and phase of arrayed optical emitters [1].
Specifically, non-mechanical beam steering based on electronic modulation in OPA ele-
ments is a remarkable property that significantly reduces the size, weight, and power
consumption [2,3]. The use of a high-frequency optical spectrum is another strength of
the OPA compared with the RF spectrum owing to its broad bandwidth, free spectrum
license, and interference immunity, which overcome the challenges of the RF spectrum
limitations caused by the rapid growth of wireless technologies [4]. Furthermore, OPA of
shorter wavelengths compared with RF technology enable a small form factor with large-
scale element integration to achieve a narrow beamwidth and high output power. These
properties are required for high resolution and fidelity in ranging, sensing, and communi-
cation applications [5,6]. Consequently, the OPA is a promising technology that has been
extensively developed for applications such as light detection and ranging (LiDAR) [7–9],
optical wireless communication (OWC) [10], and medical imaging [11].

Among these applications, LiDAR has been widely adopted in various fields, such
as civil, military, agriculture, and medicine applications, owing to its abilities of accurate
ranging, velocity mapping, object imaging, and sensing [7]. OWC technology is a candidate
for overcoming the ever-growing demand and outstripping the supply of RF wireless
communication owing to the use of optical signals for data transmission [4]. Furthermore,
the growing demand for automotive devices, such as autonomous vehicles, drones, and
mobile robots, requires the simultaneous operation of sensing and communication on
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a single platform [12,13]. However, the coexistence of the LiDAR and OWC functions
on a single platform results in high complexity and resource consumption. Moreover,
LiDAR and OWC operations based on OPA technology utilize a main beam, resulting in a
significant power loss in the side lobes. The side lobes are inevitably produced by main
beam construction. Consequently, the utilization of side lobes and the main beam is a
potential solution to overcome the aforementioned issues.

In this study, we propose an approach for the dual-function operations of a LiDAR
and an OWC on a single OPA platform based on optically injection-locked (OIL) semi-
conductor lasers. To enable dual-function operations, the main beam for LiDAR function
needs to be encoded as an AMCW (amplitude-modulated continuous wave), while the
side lobes should be amplitude-modulated, with high and low levels of OWC transmission.
The proposed dual-function OPA system operates based on the simultaneous amplitude
(AM) and phase (PM) modulation abilities of OIL lasers. This enables precise control of
the far-field beam pattern for independent modulation between the main beam and side
lobes [14]. We previously reported that the amplitudes and phases of OIL-based OPA
elements can be simultaneously controlled through the direct modulation of SLs [15,16].
Based on this property, we propose that the OIL-based OPA can simultaneously provide
main beam steering for the LiDAR function and side lobe beam shaping for the OWC
function. Dual-function OPAs have various advantages, such as spectral efficiency, preven-
tion of spectrum congestion, and interference mitigation, and are potential candidates for
automotive applications and Internet of Things systems.

First, we introduce the concept of a dual-function OPA based on an OIL semiconductor
laser. This dual function is realized by the direct AM/PM of the OIL lasers. Using the
AM and PM in each OPA element, we can achieve side lobe-level (SLL) control of the
far-field pattern for data transmission (OWC function), while simultaneously controlling
the main lobe for ranging and sensing (LiDAR function). Second, we explain the nu-
merical method for the OIL rate equations and demonstrate the simultaneous AM/PM
of OIL semiconductor lasers. Third, we present the far-field beam and eye patterns of
data transmission.

2. Concept of Dual-Function OPA Based on OIL Semiconductor Lasers

Figure 1 illustrates the dual-function OPA concept of spectrum and platform sharing.
The dual functions are primary LiDAR and secondary OWC. The proposed dual-function
OPA is developed using an OIL-based OPA system. We previously reported a LiDAR
operation with reduced SLL [15] and an OWC operation with improved security perfor-
mance [16]. As shown in Figure 1, an OIL-based OPA comprises a single ML and an array of
SLs that can be directly amplitude- and phase-modulated through optical injection locking.
The ML output is at a frequency of fML, an amplitude of AML, and a phase of φML. The
free-running SL output (=without ML injection) is at a frequency of f f ree,SL, an amplitude of

A f ree,SL, and a phase of φ f ree,SL. We define the detuning frequency
(

∆ f = fML − f f ree,SL

)
as

the frequency difference between ML and SL, and the injection ratio
(

R = A2
ML/A2

f ree,SL

)
as the ML and SL squared amplitudes ratio. The detuning frequency and injection ratio
are the two injection-locking parameters that determine the locking phenomena. In the
injection-locked case, the SL output exhibits phase and frequency synchronization with the
ML, hence operating at the ML frequency fML, and produces a stable locked-amplitude
An and phase φn [17]. Therefore, by modulating the two injection-locking parameters in a
stable locking regime, we can simultaneously modulate the amplitude An and phase φn
of the injection-locked SL output signal. The output of the independently modulated SL
array enables shaping and steering of the main and side lobes as desired. Steering of the
main beam was achieved based on the phase difference control between the OPA elements.
Data transmission in the side lobe magnitude change was achieved based on the amplitude
distribution control of the OPA elements. Therefore, the simultaneous AM/PM of OIL
lasers is a significant advancement in OIL-based OPA systems that enables the integration
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of LiDAR and OWC functions on a single platform, in addition to the high coherence of
OIL optical signals for OPA beamforming.
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Figure 1. Concept of dual-function optical phased array (OPA) using optically injection-locked (OIL)
semiconductor lasers. ML: master laser, SL: slave laser, AM: amplitude modulation, PM: phase
modulation, SLL: side lobe level, OWC: optical wireless communication, LiDAR: light detection
and ranging.

The OWC function, based on magnitude changes in the side lobes, can be classified
into broadcasting and directional communication. In broadcast communication, magnitude
changes (e.g., high and low levels) are realized on all side lobes. The data are transmit-
ted simultaneously to multiple OWC receivers located in a spatial area covered by side
lobes, as shown in Figure 2a. In directional communication, data are transmitted to OWC
receivers located in specific spatial directions, usually for high security demands, as shown
in Figure 2b. All side lobes are modulated to identical levels simultaneously in the broad-
casting case, whereas only side lobes in specific directions located in the OWC receivers
are modulated in the directional OWC case. Because data transmission is based on SLL
modulation without affecting the LiDAR operation in the main beam, only the side lobes
should be modulated to maintain the main beam power and steering ability, as shown in
Figure 2. Because the AM/PM of OIL semiconductor lasers can be achieved through direct
current modulation of the SL [15,16], we can achieve SLL modulation for the OWC and
power maintenance of the main beam for the LiDAR based on the OIL-based OPA.
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3. Simulation Results

OPA far-field beam patterns are produced by the interference of optical fields with
high coherence from the OPA elements. The far-field beam pattern characteristics of the
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OIL-based OPA are represented by an array factor (AF), which is derived from the vector
addition of the OIL laser outputs and is expressed as in [14,18]:

AF(θ) =
N

∑
n=1

An exp{j(n− 1)(kdcosθ+ ∆φ)}, (1)

where θ is the angle between the observation direction and the axis normal to the OPA axis,
An is the optical field amplitude radiated by the nth OPA element, k is the wavenumber,
and d and ∆φ are the spacing and phase difference between the adjacent OPA elements,
respectively. AF(θ) is a function of the d, frequency fML, amplitude An, and phase φn of
the OPA elements. The side lobes in the far-field beam pattern can be controlled by appro-
priately assigning the element position, frequency, and field magnitude. Beam steering can
be achieved by changing the phase difference between the elements. Therefore, side lobe
modulation and beam steering can be achieved at the same time through simultaneous
AM/PM. The key mechanism of simultaneous AM/PM to achieve dual function can be
realized by modulating the two locking parameters in the OIL lasers, as analyzed by the
OIL rate equations [19]:

dA(t)
dt

=
1
2

g[N(t)− Nth]A(t) + κAML cos(φ(t)), (2)

dφ(t)
dt

=
α

2
{

g[N(t)− Nth]− γp
}
− κ

AML
A(t)

sin(φ(t))− 2π∆ f , (3)

dN(t)
dt

= Jbias(t)− γnN(t)−
{

γp + g[N(t)− Nth]
}

A(t)2, (4)

where N(t) is the carrier number of the SL. g, Nth, α, γn, and γp are the linear gain
coefficient, threshold carrier number, linewidth enhancement factor, carrier recombination
rate, and photon decay rate of the slave laser, respectively. κ is the field coupling rate
between SL and ML. The number of electrons, Jbias(t), represents the bias current of the
SL in Equation (4). The rate Equations (2)–(4) are solved for the steady-state amplitude
A f ree,SL, phase φn, expressed by [18]:

A2
f ree,SL =

Jbias − γnNth
γp

, (5)

A2
n =

A2
f ree,SL −

(
γn
γp

)
(Nn − Nth)

1 +
(

g[Nn − Nth]/γp
) , (6)

φn = sin−1

{
− 2π∆ f

κ
√
(1 + α2)

An

AML

}
− tan−1 α. (7)

The dependence of the locked-amplitude An and phase φn on the detuning frequency
and injection ratio is revealed by Equations (5)–(7). A stable locking regime can be calculated
as a function of the injection ratio and detuning frequency. When the OIL laser system
operates in the injection-locked region, the SL output is locked to the ML, indicating the
frequency and phased locking of the SL to the ML.

We numerically calculated and demonstrated the simultaneous modulation of the
amplitude and phase of an OIL output signal in the amplitude-locking and phase-locking
maps, which are functions of the detuning frequency and injection ratio, as shown in
Figure 3a,b, respectively. The simulation parameters were obtained from [19].



Photonics 2023, 10, 498 5 of 10

Photonics 2023, 10, x FOR PEER REVIEW 5 of 10 
 

 

We numerically calculated and demonstrated the simultaneous modulation of the 
amplitude and phase of an OIL output signal in the amplitude-locking and phase-locking 
maps, which are functions of the detuning frequency and injection ratio, as shown in Fig-
ure 3a,b, respectively. The simulation parameters were obtained from [19]. 

  

 

(a) (b)  

Figure 3. Simultaneous AM/PM on (a) amplitude- and (b) phase-locking maps as a function of de-
tuning frequency and injection ratio. 

The grey-colored regions in Figure 3a,b represent the stable-locked states, in which 
the frequency of the OIL output signal is locked and equal to ML, while the amplitude 
and phase are stable. Each pair of OIL parameters within the stable locking region corre-
sponds to a specific pair of amplitude and phase values. For instance, with a detuning 
frequency of 2 GHz and an injection ratio of −26 dB, we obtained amplitude 𝐴  and 
phase 𝜙 as shown in Figure 3a,b, respectively. We can extract a specific combination of 
amplitude and phase by analyzing the locking map shown in Figure 3. Specifically, the 
appropriate selection of the injection-locking parameters in this locking regime provides 
a method for controlling the phase and magnitude of the SL. Consequently, by varying 
the injection-locking parameters, the amplitudes and phases of the OIL lasers can be sim-
ultaneously modulated to achieve the required values because of the dependence on both 
the amplitude and phase. The simultaneous control of the injection-locking parameters 
can be obtained by directly modulating the bias current of the semiconductor SL owing to 
the dependence of the output power and frequency on its bias current [20,21]. Therefore, 
the direct modulation of OIL lasers without external modulators can simplify the OPA 
system and achieve a low loss, high power efficiency, and noise reduction. 

Figure 4a shows the injection-locking parameters for the 21 OIL lasers in the OIL-
based OPA. The injection lock positions in the locking map are selected to construct a far-
field pattern to modulate the SLLs for broadcasting the OWC, as shown in Figure 4b. First, 
we calculate the required amplitude and phase profiles of the OPA elements using Equa-
tion (1). Subsequently, we look up the corresponding injection parameters on the two 
locking maps (Figure 3a,b), which relate the required amplitudes and phases of the OIL-
based OPA elements. In our simulation, we choose a 5 dB variation to send “1” and “0” 
bits (e.g., −20 dB for “1” and −25 dB for “0”). The cross and square markers represent the 
injection-locking parameters of the 21 OIL lasers to achieve SLLs of −20 dB and −25 dB, 
respectively. By properly controlling the 21 OIL lasers in accordance with the injection-
locking parameters, the levels of the entire side lobe were simultaneously modulated 
while maintaining the same main beam power for the LiDAR function. Figure 4b shows 
the corresponding far-field beam pattern of the dual-function OPA for a 10 Gbps broad-
casting OWC. 
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The grey-colored regions in Figure 3a,b represent the stable-locked states, in which
the frequency of the OIL output signal is locked and equal to ML, while the amplitude and
phase are stable. Each pair of OIL parameters within the stable locking region corresponds
to a specific pair of amplitude and phase values. For instance, with a detuning frequency
of 2 GHz and an injection ratio of −26 dB, we obtained amplitude An0 and phase φn0 as
shown in Figure 3a,b, respectively. We can extract a specific combination of amplitude
and phase by analyzing the locking map shown in Figure 3. Specifically, the appropriate
selection of the injection-locking parameters in this locking regime provides a method for
controlling the phase and magnitude of the SL. Consequently, by varying the injection-
locking parameters, the amplitudes and phases of the OIL lasers can be simultaneously
modulated to achieve the required values because of the dependence on both the amplitude
and phase. The simultaneous control of the injection-locking parameters can be obtained by
directly modulating the bias current of the semiconductor SL owing to the dependence of
the output power and frequency on its bias current [20,21]. Therefore, the direct modulation
of OIL lasers without external modulators can simplify the OPA system and achieve a low
loss, high power efficiency, and noise reduction.

Figure 4a shows the injection-locking parameters for the 21 OIL lasers in the OIL-
based OPA. The injection lock positions in the locking map are selected to construct a
far-field pattern to modulate the SLLs for broadcasting the OWC, as shown in Figure 4b.
First, we calculate the required amplitude and phase profiles of the OPA elements using
Equation (1). Subsequently, we look up the corresponding injection parameters on the
two locking maps (Figure 3a,b), which relate the required amplitudes and phases of the
OIL-based OPA elements. In our simulation, we choose a 5 dB variation to send “1”
and “0” bits (e.g., −20 dB for “1” and −25 dB for “0”). The cross and square markers
represent the injection-locking parameters of the 21 OIL lasers to achieve SLLs of −20 dB
and −25 dB, respectively. By properly controlling the 21 OIL lasers in accordance with
the injection-locking parameters, the levels of the entire side lobe were simultaneously
modulated while maintaining the same main beam power for the LiDAR function. Figure 4b
shows the corresponding far-field beam pattern of the dual-function OPA for a 10 Gbps
broadcasting OWC.

Figure 5 shows the results for the directional OWC. The OWC receivers should
be located at −40◦ and 50◦ directions. The SLLs are modulated between −20 dB and
−25 dB to represent “1” and “0” bits of data, respectively. Similar to the broadcasting OWC
case, the required injection-locking parameters of the 21 OIL-based OPA elements were
calculated and analyzed using locking maps. Figure 5a demonstrates the sets of the cross
and square markers that represent the cases of −20 dB and −25 dB of SLLs at −40◦ and
50◦ directions, respectively. Figure 5b shows the corresponding far-field beam patterns.
The two side lobes in the positions of OWC receivers are modulated between −20 dB and
−25 dB, whereas others are maintained at −20 dB. We can achieve SLL modulation at any
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specific position of the OWC receiver within the side lobe region for a dual-function OPA.
The main beam power is maintained for ranging and sensing operations.
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We simulated the eye patterns of the ideal OWC receivers in the steering direction,
as shown in Figures 6 and 7. The simulation employed the ordinary differential equation
solver in MATLAB on the OIL rate Equations (2)–(4) to obtain the time-domain amplitude
and phase of the OIL outputs. The data sequences were generated pseudo-randomly at a
rate of 10 Gbps, and the other simulation parameters were obtained from [19].

Figure 6 shows the eye patterns in the broadcast OWC case. Because all the side lobes
were modulated, we checked the eye patterns in the −40◦, −20◦, 30◦, and 50◦ directions.
Although there is a slight difference between the four eye patterns, we can achieve wide-
opening eye patterns in any OWC direction because of the high modulation bandwidth of
the OIL lasers. The OIL laser exhibited an enhanced modulation performance owing to its
increased resonant frequency [17,19]. The high performance of eye patterns ensures reliable
data transmission of the broadcasting function using a dual-function OIL-based OPA.

Figure 7a,b shows the eye patterns of 10 Gbps data at −40◦ and 50◦ in the directional
OWC case. We observed the opening of the eye patterns, ensuring the reliability of data
transmission, although the phase change of the OPA elements to control the specific side
lobes caused a degradation in the eye pattern performance compared with the broadcasting
OWC case.
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Figure 7. Eye patterns of directional OWC at (a) −40◦ and (b) 50◦ directions of OWC receivers in
side lobe regions.

To provide a more comprehensive demonstration, we also investigated the OWC
performance at different main beam steering angles for LiDAR applications. In Figure 8,
we demonstrate the operation of the dual-function OPA when the LiDAR function steers
the beam to 0◦. The controls of the 21 OPA elements follow two sets of OIL parameters,
which are calculated and presented in Figure 8a. We achieved the corresponding far-field
beam patterns in which the side lobes at 50◦ and−40◦ directions are magnitude-modulated
for OWC applications while maintaining the main beam power for LiDAR, as shown
in Figure 8b. The cross markers indicate the set of OIL parameters to obtain the 0 and
1 bits at 50◦ and −40◦, respectively, while the square markers are for the case of 1 and
0 bits assigned at the same directions. Additionally, we simulated and achieved clear
eye patterns of 10 Gbps data at the two OWC directions, as demonstrated in Figure 8c,d.
Therefore, the dual-function OPA system, using OIL semiconductor lasers, can ensure high
OWC performance in side lobes under different LiDAR operation conditions. In addition,
the OIL-based OPA offers power scaling capabilities due to the high output power of
active emitters, specifically OIL lasers [22], which ensure excellent OWC performance in
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side lobes for various application ranges. For example, the proposed 21-element OPA,
with an output power of 10 dBm per OIL semiconductor laser, will emit a total output
power of 23.5 dBm, with the estimated power in the main beam at 20 dBm. As per the
assigned 20 dB SLL, the transmitted power in side lobes for OWC applications is 0 dBm,
making it suitable for indoor or short-range OWC applications [23]. High-performance
requirements for long-range OWC applications can be achieved by using high-power
semiconductor lasers (hundreds of milliwatts) [22], adding optical amplifiers, and utilizing
high-sensitivity photodetectors at receivers. Consequently, the dual-function OPA based
on OIL semiconductor lasers can achieve high performance of the OWC function in the
side lobe region while maintaining the primary LiDAR function in the main lobe.
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(a) Controls of 21 OIL lasers on locking map and (b) the corresponding far-field radiation pattern
with OWC directions at 50◦ and −40◦. Eye patterns at (c) −40◦ and (d) 50◦.

4. Conclusions

We theoretically proposed and demonstrated a dual-function OPA based on an OIL
laser configuration to achieve LiDAR and OWC functions. Simultaneous AM/PM of OIL
semiconductor lasers can be achieved through the direct modulation of bias currents on
semiconductor SLs. We numerically calculated the amplitudes and phases of the 21 OPA
elements required for the modulation of whole side lobes and selected side lobes of OPA
beam patterns for the broadcasting and directional OWC cases. We calculated the amplitude
and phase values required to achieve the dual functions. We extracted the injection locking
parameters for 21 OIL lasers in the OIL-based OPA by analyzing the relationship between
the locking map position and signal phase and magnitude. Based on appropriate control
of the array phase and amplitude, we generated a far-field beam pattern exhibiting SLL
modulations. Clear and reliable eye patterns for 10 Gbps data were demonstrated for both
broadcast and directional OWC cases while maintaining the main beam LiDAR operation.
In this study, we employed the modulation technique based on the magnitude variation
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of side lobes to implement the OWC function. Using the phase modulation technique on
side lobe signals may increase the transmission capacity of OWC function, which might be
investigated in future research. Dual-function OPA based on OIL semiconductor lasers can
be used in various applications, such as autonomous vehicles, drones, and mobile robots
employed in civil, military, medical, and agricultural fields, owing to their simplicity and
multifunctionality.
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