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Abstract

Autonomous vehicles are regarded as future transport mechanisms that drive the vehicles
without the need of drivers. The photonic-based radar technology is a promising candidate
for delivering attractive applications to autonomous vehicles such as self-parking assis-
tance, navigation, recognition of traffic environment, etc. Alternatively, microwave radars
are not able to meet the demand of next-generation autonomous vehicles due to its limited
bandwidth availability. Moreover, the performance of microwave radars is limited by atmo-
spheric fluctuation which causes severe attenuation at higher frequencies. In this work, we
have developed coherent-based frequency-modulated photonic radar to detect target loca-
tions with longer distance. Furthermore, the performance of the proposed photonic radar is
investigated under the impact of various atmospheric weather conditions, particularly fog
and rain. The reported results show the achievement of significant signal to noise ratio
(SNR) and received power of reflected echoes from the target for the proposed photonic
radar under the influence of bad weather conditions. Moreover, a conventional radar is
designed to establish the effectiveness of the proposed photonic radar by considering simi-
lar parameters such as frequency and sweep time.

1 Introduction

The last decade has witnessed remarkable growth in photonic radar applications for detecting
long-distance targets, image classification and military surveillance, monitoring flood terrains
and using in space applications [1]. Photonic radar is used as a primary method for detecting
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targets in all weather conditions. One of the key applications of photonic radar is in the Auton-
omous Vehicle (AV) industry due to its numerous advantages such as park assistance, lane
detection, monitoring of blind spots and detection of multiple targets [2]. Autonomous cars
can be integrated with photonic radars to avoid collision as well as to detect various sign-
boards, pedestrians, trees, buildings, etc. Photonic radars can extract information from targets
(such as speed, image, distance and altitude) by modulating radio frequency on optical signal
which can be transmitted into free space by an optical transmitter [3, 4]. It can then collect the
reflected signal (echoes) with the help of a receiver. These reflected signals are further pro-
cessed to extract the required information. On the other hand, microwave radars which use
radiation of radio frequencies highly suffer from low bandwidth, low speed and poor resolu-
tions [5-7]. This makes the conventional microwave radars not an appropriate choice for the
AV industry. Fig 1 shows the pictorial representation of microwave radar and photonic radar
in autonomous driving vehicle applications. The beam divergence (which is defined as ratio of
wavelength and aperture diameter of transmitter) for microwave radar is typically large which
makes it difficult to differentiate between two cars. Whereas photonic radar has low beam
divergence due to narrow linewidth offered by the operating laser which makes it an excellent
choice for autonomous vehicles [8].

Moreover, photonic radar offers low input power requirements (=<20W) as it is one of the
important key requirements of autonomous vehicles due to availability of limited power sup-
ply from batteries [9-11]. In [11], authors have verified that power requirement of RADAR is
higher than power requirement of Photonic radar. Further, millimetre band (75-77 GHz) is
preferred by the radar industry in order to attain high resolutions [12]. However, transmission
of microwave radar signals in millimetre band suffers from the atmospheric fluctuations
which confine the radar’s detection ability [13, 14]. These atmospheric fluctuations can
increase signal attenuation which can degrade the reception of signals through the atmosphere.
Other atmospheric turbulences such as rainfall, fog, dust, etc. can impact the signal transmis-
sion from microwave radar which further leads to degradation of its performance. On the
other hand, millimeter bands transmitted over photonic radar offers less environmental deteri-
oration as signal is transmitted over light beams. Many researchers have calculated the impact
of atmospheric turbulences on the performance of photonic radars. For achieving long-range
target detection, frequency band selection in radars plays a very important role. S-band (2-
4GHz) has strong immunity against atmospheric attenuations whereas X-band (8-12 GHz)
has the advantage of narrow beams for tracking the targets [15]. In 2016 [16], authors have
proposed photonic transceiver which can transmit and detect S and X band signals with the
help of low sample rate-based analog to digital converter. In another work [17], authors have

— = Microwave Radar

= = Photonic Radar

/

Beam dlvcrgence

Fig 1. Microwave radar versus photonic radar in autonomous vehicle applications.

https://doi.org/10.1371/journal.pone.0259438.9001
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proposed linear frequency modulated continuous wave (LFMCW) based photonic radar for
generating and detecting S and X band signals. Similarly, Ka-band (27-40 GHz) suffers high
attenuation under atmospheric attenuations and hence can be used only for short-range appli-
cations such as in airports [18]. Range and velocity resolutions can be improved further by
using 77 GHz optical RF-LFM (Radio Frequency-Linear Frequency Modulation) signals to
realize frequency modulated continuous wavelength based photonic radar (FMCW-PHRAD)
along with long optical pulses and low peak power requirements [19, 20]. AV radars can be
operated at the frequency bands of 24 GHz and 77 GHz. This can help a frequency band of 77
GHz (=4 GHz) achieve a higher bandwidth than a 24 GHz band (<200 MHz) due to which
light-based radar manufacturers prefer it. The higher bandwidth further improves range and
velocity resolutions for detecting close-spaced targets and radar accuracy of long-range targets.
In 2018 [4], authors have demonstrated that with the bandwidth of 1 GHz or more, the resolu-
tions of detected target are significantly improved as compared to lower bandwidth range
(~200 MHz). In 2019 [21], authors have presented algorithm for detecting the moving targets
with the help of 77 GHz automotive radar. In this work, authors have used constant false
alarm rate (CFAR) and adjustable coefficient by using the Fast Fourier Transform (FFT) algo-
rithm technique. This method has low alarm false rate as compared to previous methods.

In this work, we have designed a coherent FMCW-PHRAD by modulating 77 GHz fre-
quency with the bandwidth of 600 MHz to realize the application for autonomous cars. The
modelling of transmitter is carried out by using simulation software OptiSystem ™™ whereas
free space link is modelled by using the MATLAB™ software. The remainder of the paper is
structured as follows: Section II presents the working principle and system modelling whereas
section IIT describes the observations and discussion of the results. The conclusion of this
work is presented in section IV.

2 Working principle and system modeling

Fig 2 demonstrates the configuration of the proposed photonic radar in coherent detection
topology which uses the FMCW technique as autonomous cars have the requirement of low
input power and compact size. FMCW-based photonic radar fulfils all the requirements of
autonomous cars.

A saw tooth signal is modulated by using frequency modulator with the centre frequency of
77 GHz and bandwidth of 600 MHz to produce low-frequency radio frequency (RF) signal.
The range frequency f of the target can be calculated as follows [22, 23]:

_2xBxR

=" 1)

where, B is the bandwidth, R refers to the distance, ¢ the speed of light and T refers to the
sweep time.

This radio frequency signal is split into two parts, one part is for modulating over optical
carrier and the other part is mixed with the received signal from the target in order to recover
the detected radar signal. The 77 GHz RF signal with 600 MHz bandwidth is modulated over
an optical carrier with the help of dual-port Mech Zhender modulator (DMZM). DMZM is
basically an intensity modulator which works on the principle of interferometric effect. A con-
tinuous wave laser with a centre frequency of 1550 nm and linewidth of 100 KHz is used to
drive the MZM modulator. The power of laser is set to 100 mW which satisfies the minimum
requirement of power for autonomous cars. DMZM operates in the configuration of null
transmission in order to attain coherent detection. It contains two 3 dB couplers which are
connected by two equal-length waveguides. With the effect of electro-optic, the refractive
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Fig 2. Proposed 77 GHz FMCW photonic radar.
https://doi.org/10.1371/journal.pone.0259438.g002

indexes of waveguides can be controlled by applying an external voltage which leads to sup-
pression of higher order sidebands. The switching bias voltage and RF voltage of DMZM are
set to 4v whereas bias voltage of 1V and -1V is applied to the two arms of the DMZM modula-
tor. Thus, the modulated signal power E(t) at the output of DMZM is expressed as Eq 2 [23,
24]:

E (—intL(t)JrimM) () . vbiasl(s)
Bt) = et T (1) ) (2)
20

where E; is the laser input power, v;(t) and v,(t) are voltage values applied at the first and sec-
ond arm of the modulator respectively, v;,;(t) and vy,;442(t) are bias voltage values applied at
the first and second arm of the modulator respectively, y is the power splitting ratio

ly=3 (1 — \/%) ; where er = 102X ER is the extinction ratio], IL is the insertion-loss, V,r

refers to the switching modulation voltage and V¢ refers to the switching bias voltage. The
output of DMZM is amplified by using flat gain optical amplifier with a gain of 20 dB and a
noise power of 5 dB. The output gain of the optical amplifier is expressed as [25]:

Pout B PASE
p

G= (3)

Sin

where P,,, is the output power, Pg;, is the input power and P, is the generated and amplified
spontaneous emission. The optical amplified signal is projected towards the target via free
space channel through telescope which has the aperture diameter of 5 cm. The free space chan-
nel is modelled in the MATLAB™ software with the help of Phase array toolbox. The visibility
of less than <100m is considered to be hazardous for autonomous vehicles. Atmospheric
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turbulences, particularly rain and fog, are considered as the main challenges for autonomous
vehicles which can degrade the performance of photonic radars especially in mmW band.
However, attenuation caused by rain is relatively less as compared to fog due to small wave-
length of optical signal as compared to rain droplet. The rain attenuation A,,;, can be calcu-
lated as follows [26]:

Amin = kR: (4)

where rainfall rate is denoted by R, in mm/hr, k and « are power law factors that depend upon
variables such as droplet size, frequency and temperature and can be computed using Mar-
shall-Palmer distribution [27, 28]. Thus, the value of attenuation is considered as 6.9 dB/km,
4.6 dB/km and 2 dB/km for light rain, average rain and strong rain respectively [29]. Similarly,
for computing the attenuation of fog, Mie scattering empirical model is used which is

expressed as follows:
391/ 2\
B(2) == (ﬁ) (5)

where A refers to the operating wavelength of the laser, V the visibility (kms) and p refers to the
size distribution coefficient of scattering. The values for parameter visibility V are considered
as 200 m for heavy fog, 500 m for moderate fog and 750 m for low fog conditions as per the
ITU standards [29]. Thus, from the Eq (5), the attenuation for heavy fog is computed as 70 dB/
km, 28.9 dB/km for moderate fog and 18.3 dB/km for light fog. The echoes reflected from the
target are denoted with the help of receiver which consist of balance PIN photo diodes. In
order to attain the heterodyne coherent detection, same CW laser signal, as used in transmitter
side, should be mixed with the reflected echoes from the target as described in Fig 2.

The received power of echo signal P, is calculated as:

ptDZTo ITE m
IT;;t for extended target
P = 2 2 (6)
pADt T
— for any target
AR Ay,

where D is the receiver aperture diameter, p; is the target reflectivity, A, is the target area, 7, is
the transmission loss in optical domain, 7,4, is the atmospheric loss factor, A;; is the illumi-
nated area at target and R is the target range. The receiver has two PINs and it recovers the
baseband (radar RF) signal followed by the electrical subtractor. The incident optical electrical
field E,4 at photodetector 1 is given by [23]:

1 )
By = 5 [Eul0) + By 1) 7)
whereas incident optical electrical field E,, at photodetector 2 is given by:
1
By =5 [Bult) + By (1) ®)

In the Eq (8) and (9), Ej,(¢) is expressed as below:
Elo(t) =V Ploei(wg(t)+6U(t)> (9)

where 6,,(¢) is the phase variation of signal (CW laser) and Pj, is the optical power (CW laser)
and E,(t) is the incident optical field from the target (reflected echoes) which can be expressed
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as [23]:

Eyg() = /P, €08 | 20f (¢ = 1) + 7 (1 — )| b s (10)
where T is the propagation delay given as 7 =2 x R/c (R refers to the range and c refers to the
speed of light), B is the modulation bandwidth and T, is the time duration. When the range is
750 m, delay time is calculated as 5 psec at 200 kHz of pulse repetition frequency (PRF). The
output current of the balanced photodetector with responsivity R after using low pass filter is
expressed as [23]:

7
(1) = 2 B x VB cos [2nf (0 0) + 7 (6 =) fsinlo 1)+ (0~ Ou) (1)
In order to attain the beat signal ((S,(¢)), the output from the balanced photodetector is
mixed with radar RF signal and then passed through low pass filter which also determines the
range frequency (f,) as well as doppler frequency (f,). Sp(t) can be expressed as follows [23]:

Sb(t) = m X Alo X V Plo X Pr cos |:2nfstartr + 7;1_[} (T)Z + 2nfr<t):| Sin[wd(t) + ({)O(t)

m

- 610([))} (12)

where (f,) is the range frequency (Eq 1) and Ay, is the amplitude of radar RF signal. The other
parameters considered for modelling the proposed coherent detection-based photonic radar
are mentioned in Table 1.

3 Observations and discussions

A comprehensive discussion is demonstrated in this section that describes the results obtained
from the modelling of the proposed coherent detection-based photonic radar. The scintilla-
tions in the free space channel are assumed to be in ideal condition. A total number of 8192
samples are considered in the modelling. The detection of reflected echoes from the target

Table 1. Modeling parameters for proposed photonic radar.

Component Parameters Value
Continuous wavelength Laser Wavelength 1550 nm
Linewidth 100 KHz
Power 0.1W
Dual Port Mechzender modulator (DMZM) Extinction ratio 30dB
Switching bias voltage 4V
Switching RF voltage 4V
Bias Voltage +1V,-1V
Simulation window Sweep time 10 ps, 20 ps and 30 pus
No of Samples 8192
Delay time 5 us
Photodetector (PIN) Responsivity 1A/W
Dark current 1nA
Thermal noise bandwidth 410 MHz
Absolute temperature 290 K
Load resistance 50 0
Shot noise bandwidth 410 MHz

https://doi.org/10.1371/journal.pone.0259438.t001
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Fig 3. Reflected echoes from the target at 10 ps, 20 us and 30 ps time sweep.
https://doi.org/10.1371/journal.pone.0259438.9003

located at the range of 750 m is presented in Fig 3. The atmospheric conditions are assumed to
be clear weather conditions. In this condition, the peak of reflected echoes is detected at 300
MHz when the sweep time is set to 10 us with the power threshold of -24 dBm. Similarly, when
the sweep time is shifted to 20us, the reflected echoes are detected at the range frequency (fz)
of 150MHz with a threshold power of -19 dBm. The reflected echo frequency changes to 100
MHz with a threshold power of -17 dBm when the sweep time changes to 30 ps. This satisfies
the theoretical Eq (1).

The effect of adverse weather turbulence conditions, particularly rain and fog, in the
reflected echoes are presented in Figs 4 and 5, respectively.

Fig 4 determines the impact of fog (low, medium and heavy based on Eq (5) and (6)) on the
performance of target detection by the proposed photonic radar at different time sweep. When
the time sweep is set at 10 ps, the power of the reflected echo from the target is measured as
-24 dBm with the range frequency of 300 MHz under light fog conditions. However, when the
atmospheric fog changes to medium fog and heavy fog, the power of the reflected echo is mea-
sured as -38 dBm and -44 dBm, respectively. Similarly, at the time sweep range of 20 ys, the
power of the reflected echo is computed as -36 dBm under light fog conditions. In the case of
the atmospheric conditions changing into medium and heavy fog, it drastically reduces the
power of the reflected echo which is computed as -42 dBm and -78 dBm respectively with the
range frequency of 150 MHz. Similarly, when the time sweep is set at 30us, the reflected echo is
detected with the power of -32 dBm, -39 dBm and -70 dBm under the impact of low, medium
and heavy fog conditions respectively with the range frequency of 100 MHz.

Fig 5 shows the impact of rainfall (Eq 4) on reflected echoes from the target. Under the
influence of light rain, average rain and heavy rain at the sweep time of 10 ps, the reflected
echo is detected with the power of -26 dBm, -27 dBm and -29 dBm, respectively. When the
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sweep time further changes to 20us, the reflected echoes under the impact of light rain, average
rain and heavy rain are detected with the power of -23 dBm, -24 dBm and -25 dBm, respec-
tively. Furthermore, when the sweep time changes to 30 ps, the reflected echo is detected with
the power of -19 dBm, -22 dBm and -23 dBm under the influence of light rain, average rain
and heavy rain, respectively. Under the impact of fog and rain, the signal to noise ratio (SNR)
is used for measuring the performance of the proposed photonic radar.

The SNR for the coherent heterodyne detection scheme can be measured as [23]:

mzpla Pr
29RP, B, + Hipe

lo™'rx

SNR (heterodyne) = (13)

where R responsivity of the photodetector is 1A/w, B,, is the thermal bandwidth of photode-
tector which is 410MHz, T, is the absolute temperature of photodetector and it is equal to 290
Kand R; is the load resistance which is set at 50 Q. Fig 6 shows the measured SNR under the
impact of atmospheric attenuations (fog and rain).

When the weather condition changes to light fog, the SNR of the reflected echo is measured
as 30 dB with the target distance capability of 2000 m and when there is moderate fog, the SNR
of the reflected echo reduces to 10 dB with the same distance. In this case, target distance
reduces to 1400 m to achieve the SNR of 30 dB. Furthermore, when the weather condition
changes to heavy fog, the target distance reduces to 600 m only to achieve the SNR of 30 dB.
Likewise, the impact of rain is less severe to the performance of radar as compared to fog. In
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Reflected B .
(—{ Light rain
Echoes % Mmuwﬂﬂﬁwwwww 201 Reflected Average rain
Light rain NWM»") "'"‘er‘vwﬁ"‘“‘v\‘fl'\wm _-22 | | Echoes Strong rain
-30 Average rain -30 [ ”—\I
= Strong rain = ? oM
5 & Q2
< S35 [ |
‘g § Light rain g -26
o [ — Average rain
S 35 »\/VM : M I 40+ | Reflected Strong rain 8 -28 Dk\v
’ ‘»\ Echoes —>>
-40 -32 ¥
iy ; ; ; ALY .50
202 204 296 298 300 302 304 306 308 310 130 135 140 145 150 155 160 165 170 175 95 100 105
Frequency (MHz) Frequency (MHz) Frequency (MHz)

Fig 5. Impact of rain on reflected echoes from the target at sweep time of (a) 10us, (b) 20us and (c) 30us time sweep.
https://doi.org/10.1371/journal.pone.0259438.9g005
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the case of light rain, the reflected echo achieved 45 dB SNR at the target distance of 6000 m
whereas under the influence of average rain, SNR reduced to 20 dB at the same distance. In the
case of heavy rain, SNR reduced to 9 dB only at 6000 m of the target distance. To demonstrate
the feasibility of the proposed FMCW photonic radar (sweep time = 30ps), the work was fur-
ther extended by comparing with the conventional FMCW radar. A car moving at a speed of
19.44 m/s usually installs the conventional FMCW radar. This work also reported two scenar-
ios for the FMCW radar equipped on moving cars. In the first scenario, the speed of the target
car is assumed to be same with the FMCW radar-equipped car (detection) with the speed of
19.44 m/s. Therefore, the relative velocity of the target car is Okm/h as with respect to photonic

Speed= 19.44 m/s Speed= 19.44 m/s

Target
Radar
Equipped Vehicle (car)
Vehicle (car)
Speed= 19.44 m/s Speed= 13.88 m/s

Target
Radar

Equipped Vehicle (car)
Vehicle (car)

Fig 7. Pictorial representation of FMCW conventional radar (a) scenario 1 (b) scenario 2.

https://doi.org/10.1371/journal.pone.0259438.9007
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https://doi.org/10.1371/journal.pone.0259438.9008
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radar equipped vehicle whereas in the second scenario the speed of the target car is different
(lower) than the FMCW-equipped car. In case of both scenarios, the distance from the target
car to the photonic radar is assumed as 50 m.

Fig 7 shows the representation of two scenarios. In the first scenario, the speed of the target
car and the photonic radar-equipped vehicle is 19.44 m/s each. Therefore, the relative velocity
of the target car is 0 m/s as with respect to the photonic radar-equipped vehicle. In case of both
scenarios, the distance from the target car to the photonic radar is assumed as 50 m.

The maximum speed of the target vehicle and the FMCW radar-equipped vehicle is
assumed as 41.66 m/s. To compare with the proposed photonic radar, the sweep time of the
conventional FMCW radar is set to 30 us with the bandwidth of 600 MHz. Fig 8A) shows the
detection of target by computing radar range response with respect to relative velocity. The
target vehicle is detected at 50 m from the photonic radar-equipped vehicle. In the second sce-
nario, the speed of the target vehicle is 13.88 m/s, hence the relative velocity is 5.56 m/s with
respect to the FMCW radar-equipped vehicle. Fig 8(B) shows the detection of the target vehicle
which moved with the relative velocity of 5.56 m/s towards the radar-equipped vehicle.

4 Conclusion

In this work, we have designed FMCW -based coherent photonic radar for autonomous vehicle
applications. The free space link is modelled in the MATLAB™ software. The observation
shows the successful detection of target at different sweep times of 10 ps, 20 us and 30 ps. How-
ever, the reflected echo has computed the highest power at 30 ps as compared to 10 ps and

20 ps. Furthermore, the effects of various atmospheric weather conditions particularly rain
and fog are investigated on the performance of the proposed FMCW-based coherent photonic
radar. To achieve the SNR of 30 dB, the target range prolongs to 2000 m for light fog condi-
tions and 1400m for moderate fog conditions whereas for heavy fog conditions, target range
prolongs to only 600 m. Similarly, under the impacts of low rain, average rain and heavy rain,
the target range prolongs to 6000 m with the SNRs of 45 dB, 20 dB and 9 dB, respectively.
Moreover, the FMCW-based conventional radar is designed and compared with the FMCW-
based photonic radar to establish the effectiveness of the proposed coherent FMCW-based
photonic radar by considering same parameters. The reported range-speed patterns of the
radar show the successful detection of moving target vehicles. In future, this work is further
extended by real-time experiments with complex traffic conditions.
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