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Abstract: The last decade witnessed remarkable growth in the number of global road accidents. To
minimize road accidents, transportation systems need to become more intelligent. Multiple detection
of target vehicles under adverse weather conditions is one of the primary challenges of autonomous
vehicles. Photonic radar sensors may become the promising technology to detect multiple targets to
realize autonomous vehicles. In this work, high-speed photonic radar is designed to detect multiple
targets by incorporating a cost-effective wavelength division multiplexing (WDM) scheme. Numerical
simulations of the proposed WDM-based photonic radar is demonstrated in terms of received power
and signal to noise (SNR) ratio. The performance of the proposed photonic radar is also investigated
under diverse weather conditions, particularly low, medium, and thick fog. The proposed photonic
radar demonstrated a significant range resolution of 7 cm when the target was placed at 80 m distance
from the photonic radar sensor-equipped vehicle. In addition to this, traditional microwave radar is
demonstrated to prove the effectiveness of the proposed photonic radar.

Keywords: autonomous vehicles; photonic radar; fog; range resolution

1. Introduction

Road accidents are one of the leading causes of death, taking around 1.2 million lives
each year worldwide [1]. The increasing number of road accidents has put tremendous
pressure on transportation systems to make vehicles intelligent. It is estimated that 90% of
road fatalities could be reduced with the help of an intelligent transport system (ITS) [2].
In 2019, the ITS market shared a cap of 26.68 billion USD which is expected to reach a
5.8 percent growth rate by the end of 2027 [3]. The main goal of ITS is not only to ease
traveling for people but also to reduce traffic fatalities. Autonomous vehicles are considered
to be a key element for emerging intelligent transportation systems. It is estimated that 90%
of transport fatalities can be reduced with the help of autonomous cars. These intelligent
cars can provide numerous advantages; for example, they can assist one with parking,
detect lanes, and monitoring blind spots, and they can detect multiple targets using various
sensors such as radars and cameras. Photonic radar can play a vital role in extracting
information about the traffic environment such as speed, altitude, distance, and image
from various targets. Photonic radar modulates radio frequency into optical carrier and
then transmits through free space link toward the target. The required information can be
extracted by processing the target-originated reflected echoes.

Photonic radar enables the autonomous vehicle to avoid collision with other traffic
environments, such as pedestrians, trees, and buildings, as well as other vehicles on the
road. However, radio frequency-driven microwave radars are high cost, low bandwidth,
poor resolutions, and low speed, which make these radars a misfit for autonomous vehicles.
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Photonic radar provides low power supply requirements, which is one of the significant
factors making it a preferred choice for autonomous vehicles [4–6]. In 2018 [6], authors
reported higher power requirement of traditional microwave radars compared to that
of photonic radars. The key features of a photonic radar, such as high-speed resolution
with precision, make it an attractive application for autonomous vehicles as compared
to traditional microwave-based radars [7,8]. Frequency band selection in radars plays a
vital role in order to achieve long-range detections. The X-band (8–12 GHz) offers narrow
beams for tracking targets whereas S-band offers robust immunity against atmospheric
turbulences [9]. Moreover, photonic radars industries have started to operate in the high-
frequency band (74–77 GHz) to achieve high-speed resolutions. Although the performance
of photonic radars usually suffers from atmospheric propagation characteristics, the radar
signal highly suffers from attenuation when subjected to different atmospheric commo-
tions including fog, rain, snow, and dust. The range resolution ability of photonic radars
is affected when the radar signal propagates through atmospheric turbulences due to
scattering and absorption through different atmospheric gases and other atmospheric
elements [8,10]. Thus, it is highly important to consider atmospheric turbulences while
designing photonic radars. In [11,12], the authors investigated the effect of dust, smoke,
and other random atmospheric variations on the performance of autonomous vehicles.
In 2016 [13], researchers demonstrated a synthetic aperture radar by adopting multibeam
technique and wavelength division multiplexing (WDM) to achieve high resolutions. In
another work [14], researchers generated and detected S- and X-band signals by employing
linear frequency modulated continuous wave (LFMCW)-based photonic radar. In 2017 [15],
researchers demonstrated photonic synthetic aperture radar with 600 MHz bandwidth and
Ku band. The authors used frequency doubling technique to transmit a linear frequency
modulated (LFM) signal and photonic stretch processing scheme to receive the reflected
signal. In another work [14], researchers proposed a photonics-based LFMCW radar using
microwave photonic in-phase and quadrature (I/Q) mixer. The proposed LFMCW radar
can perform over wide-frequency range as the used I/Q mixer has large bandwidth and
high I/Q balance features. In 2018 [16], researchers demonstrated a photonic time-stretch
coherent radar (PTS-CR) system by employing Erbium Doped Fiber Amplifier (EDFA).
The results reported that the Signal to Noise Ratio (SNR) can be improved if the input
power of EDFA is controlled. The proposed PTS-CR offers 1.48 cm of range resolution and
can operate over W Band with 12 GHz ultrabroad bandwidth. In 2019 [17], researchers
proposed dual-band LFM continuous radar by employing photonic deramp receiver. The
proposed photonic radar can operate over C and Ku bands with 850 MHz and 3600 MHz
bandwidth, respectively. In another work [18], researchers proposed the method of gener-
ating LFM signal using optical frequency comb (OFC) generated from dual-drive Mech
Zhender modulator (DDMZM). The proposed photonic radar can generate the LFM signals
in different bands and transmit over same optical path which enables natural coherence
at minimum costs. FMCW-based photonic radars have garnered attention and many key
works have been introduced recently [19–21]. In 2020 [22], researchers demonstrated a
photonic radar that can detect the movement of drones at the range of 2.7 km. The proposed
radar operates in the X-band and can provide real-time image of drones from the distance of
1.1 km. In 2021 [20], researchers proposed microwave photonic radar to detect the distance
and velocity of target. The proposed photonic radar can measure the velocity and distance
of target with maximum relative error of 2.6% and 0.21%, respectively. Recently, in 2022 [23],
researchers demonstrated dual chirp-based microwave photonics radar for measurement of
velocity and speed of targets. The proposed photonic radar can detect the stationary target
and moving target with the maximum distance measurement error of 1.560 cm and 1.2 cm,
respectively. The current work aims at designing LFMCW-based photonic radar to detect
multiple targets by employing the wavelength division multiplexing (WDM) scheme. The
proposed photonic radar is able to detect four different targets at the same time. The work
discusses principles of the proposed photonic radar in Section 2, its core design in Section 3,
results in Section 4, and conclusions in Section 5.
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2. Major Contribution and Principle of Photonic Radar

Bandwidth plays a vital role in the functioning of range resolution of a radar. With
transmitted pulses having more bandwidth, radar can distinguish multiple targets with
closer distances. This is the reason radar manufacturers prefer 77 GHz band to 24 GHz
band [24]. At 77 GHz band, it is possible to achieve a bandwidth of ≈4 GHz as compared
to 24 GHz band which provides only ≈200 MHz bandwidth. The bandwidth provided by
the 77–81 GHz band can offer almost 20 times better range resolution as compared to the
24 GHz band. Moreover, it offers velocity resolution three times better than that of 24 GHz
band [25]. The proposed photonic radar is based on the Doppler Effect principle in which
transmission of optical modulated transmitted pulse occurs over free space path to the
target. It then captures and processes reflected echoes from the target to attain information
such as distance and speed. The direct transmission of millimeter waves, as in the case
of radar, involves harmonic distortions which can be reduced while transmitting over
optical carrier by controlling the bias voltage of DMZM. Moreover, the beam divergence of
radar is typically wide, which results in difficulty to differentiate multiple targets whereas
beam divergence of laser-driven photonic radar is small as the laser features narrow
linewidth. This makes photonic radar an excellent choice for autonomous cars [26]. The
range frequency fr of photonic radar can mathematically be derived from the following
equation [27,28]:

fr =
2× B× R

TS × c
(1)

where B refers to the bandwidth of transmitted pulse, R the distance, TS the time sweep,
and c refers to the speed of light. To detect multiple targets (four targets), WDM scheme is
adopted. It aims at transmitting four different channels with narrow spacing of 0.1 nm, each
one carrying LFM signal modulated over optical carrier, over free space channel toward
the target. Moreover, it investigates the performance of the proposed photonic radar under
different atmospheric turbulences, such as fog and rainfall. Furthermore, it considers two
different scenarios for establishing and comparing microwave radar with photonic radar.

3. Proposed Photonic Radar Modeling

Figure 1 shows the schematic diagram of the proposed photonic radar for multiple
target detection.
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Four independent photonic radar transmitters operating at 1550 nm, 1550.1 nm,
1550.2 nm, and 1550.3 nm are combined using WDM technique as shown in Figure 1.
These transmitters use narrow channel spacing of 0.1 nm to ensure the least usage of optical
bandwidth. Each transmitter comprises of three main parts: generation of LFM radar signal,
photonic radar receiver and photonic radar signal analyzer. Now in each photonic radar
transmitter, a sawtooth signal is generated and modulated over low-frequency radio signal
of 77 GHz and bandwidth of 600 MHz using frequency modulator (FM). A splitter is used
to split the output of FM modulator into two parts: signal modulation over optical carrier
using DMZM and RF signal with the target-driven reflected echoes for detection. DMZM
is derived from continuous wavelength laser with the power of 1 mW and linewidth of
100 KHz. With such low input power, the requirement of low power to autonomous vehi-
cles is also fulfilled due to limited power supply from the batteries. Additionally, such a
narrow linewidth of laser ensures the distinguishing of multiple targets. Now to ensure
coherent detection, DMZM operates in null transmission stage. The bias voltage of +1 V
and −1 V is applied to the two inputs of DMZM modulator whereas switching bias and RF
voltage is fixed at 4 V. The mathematical equation of the output of modulated signal (E(t))
at the DMZM modulator is given below [28,29]:

E(t) =
Ein(t)

10IL/20 ×
(
(γ× e(jπv2(t)/VπRF+jπvbias2/VπDC ) + ((1− γ)× e(jπv1(t)/VπRF+jπvbias1/VπDC )

)
(2)

In the above equation, Ein(t) refers to input (optical) signal, IL represents insertion loss,
v1 and v2 the input bias voltages applied to lower and upper arms of MZM, VπRF represents
switching modulation voltage, VπDC represents switching bias voltage, γ represents sym-
metrical power splitting ratio of Y-branch waveguides, Vbias1 bias voltage 1 and Vbias2 bias
voltage 2. Optical amplifier is used for amplifying the DMZM output with the gain of 13 dB.
This amplified optical signal is transmitted toward the target through free space channel. In
this work, the Gamma fading channel is considered to be a free space channel and designed
in the MATLABTM program. The free space model is expressed mathematically as [30]:

PReceived = PTransmitted ×
dR

2

(dT + θR)2 10−α R
10 (3)

where dR refers to the receiver aperture diameter, dT the transmitter aperture diameter,
θ a beam divergence, R the range and α refers to atmospheric turbulences. Rainfall and fog
are considered to be the primary atmospheric commotions for autonomous vehicles which
hamper the performance of photonic radars specifically in the millimeter band.

Marshall Palmer distribution [31] can be used to compute power law variables. The
values of attenuation are measured as 2 dB, 4.6 dB, and 6.9 dB for modeling light, heavy,
and strong rainfall, respectively. Similarly, attenuation under foggy weather is calculated
using the Mie scattering empirical model, which is mathematically expressed as [32]:

(λ) =
3.91
V

(
λ

550

)−ρ

(4)

where λ represents laser operating wavelength, V as visibility (kms) and ρ the scattering
size distribution coefficient. As per International Telecommunication Union (ITU), the
visibility for heavy fog, moderate fog, and low fog conditions is considered to be 200 m,
500 m, and 750 m, respectively. Thus, after using the values of Visibility into Equation (5),
attenuation values are computed as 70 dB/km for heavy fog, 28.9 dB/km for moderate fog,
and 18.3 dB/km for light fog. The reflected echo from the target is mixed at the receiver
side with the output of the same laser which is used at the transmitter side for coherent
detection as shown in Figure 1. Then, the output of the mixer is received by the set of
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two balanced photodetectors (PIN). The received power Pr of the reflected echo from the
target is given by:

Pr =

 Pt
ρt D2 τoptτ

2
atm

4R2 f or extended target

Pt
ρt AtD2 τoptτ

2
atm

4R2 Aill
f or any target

(5)

where D refers to the receiver aperture diameter, ρt a target reflectivity, At target area, τopt
the optical transmission loss, τatm the atmospheric loss, Aill illuminated target area, and
R refers to the target range. The incident optical electrical field Epd1 at photodetector 1 is
represented as [28]:

Epd1 =
1√
2

[
Elo(t) + jEre f (t)

]
(6)

Similarly, incident optical electrical field Epd2 at photodetector 2 is represented as:

Epd2 =
1√
2

[
Elo(t) + Ere f (t)

]
(7)

In the above Equations (8) and (9), Elo(t) is mathematically represented as:

Elo(t) =
√

Ploej(ωo(t)+θo(t)) (8)

where θo(t) refers to the optical phase variation generated from CW laser with Plo as its
optical power and Ere f (t) the incident optical field in the reflected echoes from the target
which is expressed as:

Ere f (t) =
√

Pr cos
[

2π fstart(t− τ) +
πB
Tm

(t− τ)2
]

.e(j(ωo−ωd)t+θo(t)) (9)

where τ refers to propagation delay as in τ = 2 × R/c (R is the range and c the speed of
light), B the modulation bandwidth and Tm refers to time duration. Now, to obtain the beat
signal ((Sb(t)), the output of the balanced photodetectors is combined with the signal of
LFM generated at the transmitter side. Its output is then transmitted through a low pass
filter which regulates range frequency ( fr) and doppler frequency ( fd). The beat signal Sb(t)
is expressed below:

Sb(t) = <× Alo ×
√

Plo × Pr cos
[

2π fstartτ +
πβ

Tm
(τ)2 + 2π fr(t)

]
sin[ωd(t) + (θo(t) − θlo(t))] (10)

where ( fr) refers to range frequency (Equation (1)) and Alo the LFM amplitude. Table 1
shows the other modeling parameters for designing the proposed photonic radar.

Table 1. System Modeling parameters.

Component Parameters Value

Continuous
wavelength Laser

Wavelength
Transmitter 1 1550 nm
Transmitter 2 1550.1 nm
Transmitter 3 1550.2 nm
Transmitter 4 1550.3 nm

Linewidth 0.01 MHz
Power 0.1 mW

Dual Port Mechzender
modulator (DMZM)

Extinction ratio 30 dB
Switching bias voltage 4 V
Switching RF voltage 4 V

Bias Voltage +1 V, −1 V
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Table 1. Cont.

Component Parameters Value

Simulation window Sweep time 10 µs

Photodetector (PIN)

Responsivity 1 A/W
Dark current 1 nA

Thermal noise bandwidth 410 MHz
Absolute temperature 290 K

Load resistance 50 Ω
Shot noise bandwidth 410 MHz

4. Results and Discussion

The numerical simulations obtained from the modeling of the proposed photonic radar
for multiple targets are presented and discussed in this section. Figure 2 represents the
detection of four targets under the influence of clear weather conditions. Now to consider
multiple targets at different distance values, Target 1 is assumed to be at the distance of
20 m whereas Target 2 is assumed at 35 m, Target 3 is assumed at 40 m, and Target 4 is
assumed at 80 m. In these cases, Target 1 peak is detected at 53.20 MHz with −16.50 dBm
threshold power.
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Figure 2. Detection of four targets under clear weather conditions.

For Target 2, the peak is detected at 92.90 MHz with−21 dBm threshold power whereas
for Target 3, it is detected at 106 MHz with −20 dBm threshold power and 213 MHz with
−23 dBm threshold power for Target 4. This also satisfies Equation (1). Hence, the reported
detection peak from the numerical simulation meets with the criteria of mathematical
derivation. When the atmospheric conditions relatively change to fog, the threshold power
of the detected peaks reduces accordingly. Figure 3 shows the computed spectrums for the
four targets under the atmospheric impact of low, medium, and thick fog conditions.

As shown in Figure 3a, under the impact of low fog, Target 1 is detected with the
required threshold power of −16.56 dBm, Target 2 with −21.65 dBm, Target 3 with
−21 dBm, and Target 4 with −25.74 dBm. Similarly in Figure 3b, under the impact of
medium fog, Target 1 is detected with the threshold power of −17.21 dBm, Target 2
with −22.35 dBm, Target 3 with −21.62 dBm, and Target 4 with −26.31 dBm. In the
case of thick fog as shown in Figure 3c, Target 1 is detected with the threshold power of
−18.02 dBm, Target 2 with −24.21 dBm, Target 3 with −23.37 dBm, and Target 4 with
−30.43 dBm. It shows successful detection of all the targets under the impact of different
atmospheric conditions.

Figure 4 shows the computed Signal to Noise ratio (SNR) for all the targets under
various atmospheric attenuation influences. The maximum attenuation value is considered
to be 75 dB which is in the case of thick fog. Here, it can show that all the targets are
detected successfully with high SNR under 75 dB attenuation.
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Another key feature of FMCW-based photonic radar systems is the ability to distin-
guish between closely spaced targets, also known as range resolution, to avoid any mishaps.
Range resolution Lres can be mathematically described as [33]:

Lres =
c

2B
(11)

Theoretically, for the bandwidth 4 GHz, range resolution should be 3.75 cm as per
Equation (11). Figure 5 depicts the range resolution of the proposed system at 80 m and
60 m from photonic radar-equipped vehicle. Target 1 is placed at 80 m and Target 2 is
separated by 7 cm from Target 1 and placed at 79.03 m. Likewise, Target 3 is placed at
60 m and Target 4 is placed at 59.03 m, separated by 7 cm from Target 3. The observed
peaks satisfy Equation (1) which shows the successful detection of multiple targets that are
separated by 7 cm from one another.

J. Sens. Actuator Netw. 2022, 11, x FOR PEER REVIEW 8 of 11 
 

 

Figure 4 shows the computed Signal to Noise ratio (SNR) for all the targets under 
various atmospheric attenuation influences. The maximum attenuation value is consid-
ered to be 75 dB which is in the case of thick fog. Here, it can show that all the targets are 
detected successfully with high SNR under 75 dB attenuation. 

 
Figure 4. Computed SNR for targets with respect to atmospheric attenuation. 

Another key feature of FMCW-based photonic radar systems is the ability to distin-
guish between closely spaced targets, also known as range resolution, to avoid any mis-
haps. Range resolution Lres can be mathematically described as [33]: 

2res
cL
B

=
 

(11)

Theoretically, for the bandwidth 4 GHz, range resolution should be 3.75 cm as per 
Equation (11). Figure 5 depicts the range resolution of the proposed system at 80 m and 
60 m from photonic radar-equipped vehicle. Target 1 is placed at 80 m and Target 2 is 
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conventional FMCW radar which is the extension of this work. Figure 6 shows the two 
scenarios of a car which has a mounted conventional FMCW radar. The speed of FMCW 
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The effectiveness of the proposed photonic radar sensor is established by designing
conventional FMCW radar which is the extension of this work. Figure 6 shows the two
scenarios of a car which has a mounted conventional FMCW radar. The speed of FMCW
radar-equipped car is assumed to be 50 km/h (13.88 m/s). The distance between the FMCW
radar-equipped car and target car is considered to be 40 m. In the first scenario, the target
car is assumed to be moving toward the radar-equipped car at a speed of 50 km/h (same
as with the radar-equipped car). In this case, the relative velocity is calculated as 0 m/s. In
the second scenario, the target car is assumed to be moving at a speed of 5.55 m/s toward
the radar-equipped car, hence the relative velocity is calculated as 8.33 m/s.
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The computed radar pattern response is presented in Figure 7. In the case of Scenario 1,
since both the radar-equipped vehicle and target vehicle are moving at the same speed, the
velocity of the target vehicle is detected as 0 m/s at the distance of 40 m. The threshold
power of the detected target is computed as −60 dB. In Scenario 2, the target vehicle is
moving at the speed of 5.55 m/s with its relative velocity of 8.33 m/s at the distance of 40 m.
The threshold power in this case is measured as −40 dB. This indicates that the proposed
photonic radar sensor has higher threshold power of detected targets with longer distances
as compared to microwave radars.
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5. Conclusions

In this work, a photonic radar sensor is designed for intelligent transport vehicles
which can detect four different targets by incorporating the WDM scheme. The model-
ing of the proposed photonic radar sensor is carried out in the MATLAB software. A
Gamma model is used to design the free space optical path. Numerical simulations demon-
strated successful detection of four targets with the threshold power values of −16.50 dBm,
−21 dBm,−20 dBm, and−23 dBm, respectively, under clear weather conditions. Moreover,
the proposed photonic radar has reported a significant range resolution of 7 cm when the
targets are placed at a distance of 80 m from the photonic radar sensor-equipped vehi-
cle. Furthermore, this work investigated the performance of the proposed photonic radar
sensor under the influence of low fog, medium fog, and thick fog conditions. Reported
results show successful detection of all targets under the influence of diverse fog conditions.
Moreover, the work established the effectiveness of the proposed photonic radar sensor by
designing a conventional radar. The reported radar range-speed response pattern shows
successful detection of the target car by employing two different scenarios. The reported
numerical simulation result satisfies theoretical equations which establish the validation
of the proposed photonic radar sensor. This work can be further extended by considering
more complex traffic as well as realizing real-time testbeds for the proposed photonic
radar sensor.
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