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The real-time high-resolution target detection in radar applications has increased
the demand for photonic radar systems due to their higher bandwidth and faster
processing capabilities over conventional microwave radar. Additionally,
photonic-based radar technology can revolutionize the limited performance of
conventional microwave radar caused by various atmospheric attenuations. This
article presents a frequency-modulated continuous-wave photonic radar system
using coherent detection. The performance of the proposed system is
theoretically investigated under the effect of various real-time atmospheric
weather attenuations and the influence of solar background noise, which is
further verified on the simulation platform. This study is conducted under
different atmospheric weather conditions, such as clear, haze, and fog, to
highlight the practical limitation of free-space links in the presence of solar
background noise. The detected signal at different target ranges with and
without solar noise is measured and then compared in terms of signal-to-
noise ratio. Furthermore, the impact of solar noise on the system performance
when the Sun is under different sky conditions and zenithal angles is also analyzed.
The results presented here provide insights into designing photonic radar systems
for practical applications like autonomous vehicle radar systems, self-traffic
control, and navigation.
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1 Introduction

Photonic radar is the next-generation radio detection and ranging system, which detects
and precisely measures the range, velocity, angle, and coordinates of any target. In 1886, a
German physicist first experimentally observed that radio waves are reflected by a solid body
[1]. Based on this experiment, the concept of radar came into existence, where the
electromagnetic waves are transmitted by the transmission antenna and the reflected
echo from the target is received by the receiving antenna for further processing of echo
in order to determine the target information. In the conventional radar system, when a
continuous electromagnetic wave is transmitted all the time, it is known as continuous-wave
(CW) radars. These CW radars are capable of detecting velocity by processing the Doppler
frequency shift [2, 3]. Moreover, when the continuous-wave radar signal is frequency-
modulated, it is known as frequency-modulated continuous-wave (FMCW) radars. In
FMCW radars, the transmission signal changes its frequency linearly during the
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measurement according to a particular modulating pattern such as
saw-tooth, triangular, or rectangular [3]. Linear FMCW radars can
measure velocity as well as range of the target. In radio technologies,
microwave and photonic system is setting new paradigms with
improved performance and new applications [4, 5]. A new
generation of multifunctional systems and advanced surveillance
is being made possible by the use of photonics in radar systems [6].
Due to these reasons, microwave-photonic radar has attracted many
researchers in the last few years all over the globe. Photonic
approaches to generate and process linear frequency-modulated
microwave signals with wide bandwidth at high frequency have
been implemented for several radar applications [7]. Thus,
microwave-photonic radar has potential to achieve high-range
resolution, which is difficult for the conventional electronic radar
system due to its limited bandwidth, low speed, and poor resolution
[8, 9]. Photonic radar finds its application in the field of military
surveillance [10], space application [11], high-resolution imaging
[12], wireless local positioning systems, and intelligent autonomous
transport systems [13]. The global positioning systems are limited to
a marginal accuracy range and require high image resolution
resulting in unreliable performance in urban areas, making the
conventional electronic radar inappropriate for applications such
as intelligence transport systems [14]. Furthermore, the beam
divergence of conventional electronic radars is large, which
makes them difficult to distinguish between two vehicles. On the
other hand, due to the narrow linewidth of the operating laser,
photonic radars have low beam divergence, which makes them
suitable for automotive transport systems [15]. Thus, all these
advantages make photonic radar a primary method for detecting
targets with high resolution and accuracy [16]. Photonic radar can
be implemented on the automotive transport system, where target
information can be extracted by modulating radio frequency on the
optical signal and transmitting over free-space optical links. The
receiver then receives the reflected signal from the target and
additional that
information [17, 18]. In addition to this, photonic radar requires

performs processing to determine target
low input power than electronic radar, which makes it suitable for
automotive transport systems [19].

The sweeping bandwidth and receiver signal-to-noise ratio
influence photonic radar range accuracy [20]. Many photonic
radar systems use high-precision short-pulse lasers with a low
pulse repetition rate and extremely high pulse peak power to
achieve high range accuracy, but the main concern in this type of
system is photon damage due to peak power in the megawatt range,
which gradually degrades the optics and ultimately shortens the
system lifetime [21]. To solve this issue, linear FMCW photonic
radar systems use long optical pulses with low peak power [7]. A
linear FMCW photonic radar system, where a frequency-modulated
continuous-wave signal is used to modulate the optical carrier
signal, gives the information of range and improves the system
range resolution and accuracy, which mainly depend on the sweep
bandwidth of the RF-linear frequency-modulated signal [22, 23].
Using different detection techniques in FMCW photonic radar
systems can affect the receiver sensitivity [24]. The direct
detection method, which is based on a square-law device, is
sensitive to the intensity of the received signal. On the other
hand, a prominent method known as coherent detection uses a
linear process and is sensitive to the received signal’s amplitude,
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phase, and polarization [20, 24]. FMCW photonic radar using
coherent detection is a promising technique with improved
sensitivity. Various FMCW photonic radar detection techniques
are modeled and compared in [24].

Conventional microwave radars are also affected by different
atmospheric attenuations, such as rain, fog, snow, cloud, and haze,
since electronic radar uses microwave/millimeter wave signals for
transmitting signals to the target via free-space links; the radio wave
interacts with the molecules present in the atmosphere and
experiences scattering and absorption phenomenon resulting in
less reflected power, which limits its detection range capability
[25, 26]. Millimeter band signals transmitted over optical signals
in photonic radar, on the other hand, are less affected by
atmospheric attenuation because the signal is transmitted in the
form of light [16].

Nowadays, investigating the efficiency of photonic radar systems
under different atmospheric conditions has become one of the hot
topics among the researchers. Since detecting long-range target
selection of frequency bands plays an important role, some
authors have proposed FMCW photonic radars for generating
and detecting the S-band (2-4 GHz) and X-band (8-12 GHz) due
to the strong immunity of S-band against atmospheric attenuation
and the narrow beam of X-band for target tracking [27]. In addition,
FMCW photonic radar systems to detect naval targets in the S-band
and X-band with the help of low sample rates based on the analog-
to-digital converter are reported in [28]. The Ka band (27-40 GHz)
is used for short-range applications such as at airports, since it is
highly affected by atmospheric attenuation [27]. The 24 GHz signal
is used for the automotive cruise control system in cars, but due to
other reserved applications such as industrial and medical
application and limited bandwidth with low resolution [29]
nowadays, 77 GHz RF-LFM signals are highly preferred by many
manufacturers for autonomous vehicle radars as it offers higher
bandwidth of approximately 4 GHz compared to 24 GHz signal,
which improves range and velocity resolution [16, 17, 30]. A novel
algorithm for detecting moving targets using 77 GHz automotive
FMCW photonic radar systems is proposed in [31]. Another FMCW
photonic radar using coherent detection and polarization division
multiplexing for multiple moving target detection under adverse
weather conditions is analyzed and compared in [32]. Similarly,
FMCW photonic radar using the same 77 GHz carrier frequency
with bandwidths of 1 GHz and 4 GHz incorporating direct detection
and wavelength division multiplexing technique for multiple target
detection under adverse weather conditions has been reported
in [33].

The detected signal in the photonic radar system along with
atmospheric attenuation is also influenced by the solar background
noise. During daytime, solar noise has the potential to degrade the
performance of the photonic radar system [34]. The effect of solar
noise in the free-space optical link has been reported by many
researchers as it has evolved as a serious problem that degrades the
signal-to-noise ratio of the photonic radar system [35]. The impact
of solar noise on the performance of underwater wireless optical
communication links has been reported in [36]. Similarly, the effect
of seasonal solar noise on the spaceborne lidar performance is
simulated and assessed in [11]. The author has analyzed the solar
noise effect on the detection range performance of a laser spot
tracker in [37]. Furthermore, solar background noise affects vertical
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FIGURE 1
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Block diagram of the proposed coherent heterodyne-detected FMCW photonic radar system under the influence of atmospheric attenuations and
solar background noise (LFM, linear frequency modulated; CW, continuous wave; LO, local oscillator; MZM, Mach-Zehnder modulator; LPF, low-pass

filter; OSA, optical spectrum analyzer).

free-space optic downlink transmission and is mitigated using the
orbital angular momentum mode in [38].

In this work, the coherent detected FMCW photonic radar
system is proposed under the real-time environment scenario.
The proposed system is first theoretically investigated and then
validated on the numerical simulation platform using OptiSystem
software co-simulated with mathematical programming software
MATLAB. The
continuous-wave photonic radar system at 77 GHz determines

demonstrated linear frequency-modulated
the range information of a stationary target under adverse
atmospheric attenuations and under the influence of solar
background noise, and the detection range performance of the
system is examined in terms of signal-to-noise ratio. The results
obtained from the proposed system can be used to realize the
automotive vehicle radar system. Furthermore, to validate the
robustness of the proposed system, it is compared with the
recent related published literature and commercially available
photonic radar systems. The main contributions of this work are
as follows:

« Simulation design of compact and economic photonic radar
systems for real-time applications.

o The detected signal peak intensity is analyzed to examine the
effects of various atmospheric attenuations, such as haze and
foggy weather.

« The impact of solar background noise on the detection range
performance of the proposed system is evaluated.

The rest of the article is organized as follows: Section 2
demonstrates the proposed system modeling and working
principle; Section 3 presents the simulation setup parameters for
the proposed photonic radar system; in Section 4, the discussion of
results are carried out; and Section 5 presents the conclusion of the
article.

2 Working principle

In this section, a detailed mathematical demonstration of the
proposed coherent heterodyne-detected FMCW photonic radar
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system is carried out. The proposed photonic radar system

performance is analyzed for various atmospheric weather
attenuations at the ground level and the influence of solar
background noise in terms of receiver’s signal-to-noise ratio. The
proposed FMCW photonic radar system modeling and working
principle are described in Figure 1.

The proposed system is divided into three sections. The first
section is the transmitter section, which consists of a narrow
linewidth CW laser source whose one part is intensity-modulated
by then

transmitted toward the target via free-space links. The other

an RF-linear frequency-modulated signal and
part of the same input CW laser source is employed as a local
oscillator signal, which is optically mixed with the signal reflected
back from the target using a 3 dB optical coupler and then
transferred to the balance photodetector at the receiver
section. The detected signal at the output of the balance
photodetector is then electrically mixed with the original RE-
LFM signal followed by a low-pass filter at the signal processing
section in order to obtain a beat signal that determines the

target’s range frequency and Doppler frequency.

2.1 Mathematical analysis

In the transmitter section of the proposed setup, the sinusoidal
signal is frequency-modulated with a saw-tooth signal to produce
the RF-linear frequency-modulated signal, i.e., the radar signal,
which is given as follows [24]

B
sRF*LFM (t) = AC Cos<2ﬂfstartt + ﬂ— t2>, (1)

T

where A, is the amplitude, fq is the starting frequency, B is
the sweep bandwidth, and T, is the time duration of the RF-LFM
signal to sweep the bandwidth B.

Similarly, the input CW laser source is given as

E, = ,Popej(wa(t)Jr‘Pa(t)),

where P,, is the optical power, w, is the optical angular

)

frequency, and ¢, is the random phase fluctuation.
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The CW laser is intensity-modulated by the RF-linear
frequency-modulated signal using the Mach-Zehnder modulator
operating at a minimum transmission point. This RF-LFM-
modulated optical signal is then transmitted toward the target via
the free-space link, which is given as [16, 17, 24]

nB

Ery,,, (t) = /Py cos(ans,mt +
T,

t2>expj(wat+¢u(t)) , (3)
where Py, is the transmitted signal power.

After detecting the target, the reflected signal from the target is
the time-delayed replica of the transmitted signal with time delay 7
and reflected power P, represented as

B ;
ERef (t) = \/FYCOS<2”fstart (t - T) + T(t - T)z)expj(((wg+wd)(t—‘r))+¢,,(f—1)) N
4)

This time delay 7 is the round trip time between the photonic
radar and target, which is given as [20]

2R
T=—, (5)
c

where R represents the range of the target and c is the speed of
the light.

Now, in order to achieve the heterodyne coherent detection, the
same CW laser source from the transmitter is used as a local
oscillator and optically mixed with the reflected signal from the
target at the balance photodetector using the 3 dB optical coupler.
The output of the 3 dB optical coupler can be expressed as [24]

1 ,

Ero, = 5 [Eio (£) + jErer (1), (6a)

1 .
Er, =75 [Erer (£) + jEs (1)), (6b)
where Epp, and Epp, are the outputs of the 3 dB optical coupler,
which are, respectively, fed to photodetector 1 and photodetector 2.
The first input to the 3 dB coupler is fed by E, (¢), which is nothing
but the same input CW laser source expressed in Eq. 7, and the

second input is fed by Eg. (f), which is expressed in Eq. 4.

Elo = VPIoej(wﬂ(t)+¢"(t))> (7)

where Py, is the local oscillator power, which is equivalent to the
transmitted signal power Pyy.
The complex output of the photodetector 1 and photodetector
2 is given as
ipp, (£) = RE}p, (82)
irp, (t) = RE}, , (8b)
where R represents the photodiode responsivity.

Thus, the complex output of the balance photodetector is
represented as
Ipp (1) = ipp, (£) + ipp, (). )
After solving, we get
Ipp (1) = 2RGEi, (DE,g (8). (10)

Considering only the real-part output of the balance detector, we get
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Ip (t) = RP,P, [cos(Zﬂfs,m (t-1)- ;—B(t - T)2>:|.

sin(wat + ¢, () — ¢, (t - 1)). (11)

Now, the output of the balance detector represented in Eq. 11 is
electrically mixed with the RF-LFM signal represented in Eq. 1
followed by a low-pass filter to reject the higher frequency
component and to obtain the detected signal at the output,
which is expressed as [16, 17, 24]

nB

Sir (1) = %m[cos<2nf”mr -7

7%+ 27rf,t>].sin(wdt +4¢,(t,1)),

(12)

where A¢, (t,7) = ¢op (t) - (/)Op (t—7) is the random optical
phase fluctuation, f, is the range frequency, and wy is the
angular Doppler shift frequency, which is given as [20]

Br
fo= g (13)
2v 0] er
fa= =00 (14)

2.2 FMCW photonic radar link consideration

In the photonic radar system, generally the maximum
distance at which the target can be measured is important;
thus, some important factors affecting the maximum range
accuracy should be considered such as design consideration
for proper target surface diffuse reflection, coherent detector
noise, various environmental factors in free-space optic link like
atmospheric weather attenuation, and solar background noise
[39]. Figure 2 shows the graphical outline representation of some
important link budget considerations of the FMCW photonic
radar measurement, which should be kept in mind while
analyzing the system in order to achieve better ranges.

When the RF-LFM-modulated optical signal is transmitted
toward the target after striking it, a reflected echo signal retrieves
back free-space links, which experience divergence and scattering
along with some physical processes in the free-space optical link.
Thus, the losses due to these factors can be investigated using the
radar equation given in Eq. 15. Various factors affecting the
detection range can be estimated using the change in reflected
power from the target at the receiver section of the photonic radar
system, which is given as [34]

2
(3)

P, =Pupis £ cos(@).,

2

(15)

where Py, is the transmitted power, p, is the target reflectivity,
D is the circular receiver aperture diameter, R is the range of the
target, cos (¢) is Lambertian term used to model the spectrality of
the target, and 7 is the receiver efficiency. The exponential term
e 2*R js used to mathematically model attenuation for different
weather conditions between transmitted and received sign\al
power, where o is the atmospheric attenuation coefficient

given by [40]
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where V is the visibility and A,,,, is the transmission wavelength
in nm. The parameter q defines the size distribution of the scattered
particle according to the standard “Kim model” [40, 41].

This reflected signal P, from the target at the system receiver will
always be influenced by the contribution of some background noise.
During daytime, this background signal is dominated by direct or
scattered sunlight radiation. These contributions have to be
considered before the detected signal is analyzed further, as it
affects the detection range and overall signal-to-noise ratio of the
system. When the sunlight strikes the target, an optical power of
solar noise is received at the receiver system whose solar noise
spectral density in units of W/Hz is given as [39]

Seotar = SSI.Area. (17)

1n
120 GHz'
where SSI in Wm”nm'" is the solar spectral irradiance, which is
used to quantify the amount of solar irradiance captured by the
receiver and its effect on the system performance. The value of SSI
has strong dependence on different sky weather conditions and the

Frontiers in Physics

position of Sun (i.e,, zenithal angles) [42]. The zenithal angle @, of
the Sun is the angle formed by the Sun’s direction and the local
vertical (zenith) angle. The value of the zenithal angle varies from
0 to 7 during the daytime, as shown in Figure 3. The value of the solar
irradiance spectrum at the ground level for 200 nm-2000 nm for
different Sun zenithal angles and different sky weather conditions
during the daytime can be approximated through SSI versus
wavelength spectrum given in [39, 42]. In our analysis, we
consider the solar radiation spectrum at approximately 1,550 nm,
assuming it is constant over a wavelength range of few nanometers.

Thus, the reflected power from the target with solar noise is
given as [34]

®)

2

4R?
2

P, =P.p,. € R cos(@).11 + Sslar- (18)

When this solar noise-induced reflected signal from the target is
beat with the input local oscillator signal using a balance
photodetector, optical heterodyning of three input optical fields
come into existence for contributing noise, i.e., input laser signal,
local oscillator signal, and solar background noise. Since in
heterodyning, Pj;, >> Ps, LO and solar noise are mainly
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considered new sources of noise at the coherent detector. Thus, total
noises at the coherent detector are composed of [35]:

a) Thermal noise,
b) Shot noise,
¢) New sources of noise (due to solar background noise).

Thermal noise and shot noise are two main sources of detector
noise which limit the receiver signal-to-noise ratio of the photonic
radar system. Noise spectral density for thermal and shot noise is

given as
4KT
o‘fhermal = 7’ (19)
620: = 24(R.Ppc). (20)

In Eq. 19, K is the Boltzmann constant, T is the effective
temperature of the thermal noise source, and R is the thermal
noise source’s effective resistance. Similarly, in Eq. 20, g represents
the fundamental unit of charge, R represents the photodiode
responsivity in A/W, and Ppc represents the DC component of
the incident light on the photodiode [39].

In FMCW photonic radar system measurement, the DC optical
power is dominated by the local oscillator component. Thus, Ppc is
replaced by Pro. Hence, Eq. 20 becomes

620 = 24(R.Py,). (21)

Thus, the coherent detector limited the SNR of the FMCW
photonic radar system, which is given by [24, 39]

2

h t
SN R onerent heterodyne = ~5 CoReren 5 (22)
Othermal + Oshot
2
SN. Rcoherentheteradyne = M (23)
® + 2q (ERP 1(,)

Eq. 23 shows that by increasing the local oscillator power Py,
the SNR improved until the shot noise dominates the thermal noise.
Once the shot noise fails to dominate thermal noise, SNR cannot be
improved by increasing P;o.Thus, the coherent-detected FMCW
photonic radar system can be limited by shot noise rather than
detector thermal noise.

Like detector noise, sunlight also causes several new sources of
noise at the system receiver [35, 39]. The shot noise caused by the
local oscillator is further increased in magnitude by the solar spectral
irradiance; however, due to relatively low intensity of SSI as
compared to LO, the effect of solar-induced shot noise is
neglected. Second, due to solar spectral irradiance being spread
over a few nanometers around the operating wavelength, it mixes
with itself generating solar self-mixing noise, also known as
solar-solar mixing noise. The solar self-mixing spectral density is
given by

afalur—solur = 49{2 (Sszolar'BSSI) [Az /HZ] > (29)
where Bgg; is the optical filter bandwidth. The third noise arises
due to the solar noise mixing with the local oscillator. Thus, solar-

LO-mixing spectral density is given by

0 1o = AR (Pl Setar) [A/HzZ]. (25)
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Thus, the total SNR due to the solar noise-induced coherent
detector of the FMCW photonic radar system is given by [35, 39]
R2.P,.P,,
2q(R.Py,) + 4R*(82,,,-Bssi) + 4R* (Pyy Seotar)
(26)

SN Rsolarfh'mited =

3 Simulation setup

The proposed coherent heterodyne-detected FMCW photonic
radar system is successfully implemented using MATLAB
OptiSystem co-simulation software. In the proposed simulation
setup as shown in Figure 1, a CW laser source with wavelength
A = 1550 nm, linewidth Av = 50KHz, and power Py, = 10mW is
used. The input CW laser source is divided into two parts. The first
part of the laser source is intensity-modulated by the RF-linear

frequency-modulated ~ signal, = with  starting  frequency
fstart =77GHz, sweep bandwidth B=300MHz, and time
duration T,, = 10us, using the Mach-Zehnder modulator

operating at a minimum transmission point with the DC bias
voltage Vpc = 4V and half-wave voltage V, = 4V. This RF-LFM-
modulated optical signal is then transmitted toward the target by the
telescope with a 5 mm aperture diameter via free-space optic links.
The free-space channel and target model are developed in MATLAB
using Eq. 15, including all the factors affecting the reflected signal
from the target, and co-simulated using OptiSystem software. The
other part of the same input laser source is used as the local oscillator
signal, combined with the reflected signal from the target via the
3 dB optical coupler, and then fed to a balanced photodetector. The
coherent heterodyne-detected signal at the output of the
photodetector is then mixed with the original RF-LFM signal in
order to obtain beat signal frequency, which determines the range
information of the target. The modeling parameters for the
coherent

simulation of the proposed

photonic radar system in the real-time environment scenario are

heterodyne-detected

shown in Tablel.

4 Results and discussion

In this section, all-inclusive discussion of results obtained from
the proposed photonic radar system is presented. The proposed
system is designed to analyze the impact of various atmospheric
attenuations and solar background noise on the detection range
performance of the system in terms of signal-to-noise ratio. RF-
linear frequency-modulated signal with the sweep bandwidth of
300 MHz is used as a radar signal, as shown in Figure 4, and is
modulated over a CW laser using the Mach-Zehnder modulator
operating at the minimum transmission point, generating first-order
single sidebands, which is shown in Figure 5A.

This RF-LFM-modulated optical signal is then applied to the
transmitting telescope lens and transmitted toward the target at the
range distance of 500 m via free-space optic links. The reflected
echoes from the target under various environmental factors, as
shown in Figure 5B, are captured by the receiving telescope lens.
This reflected signal from the target is then combined with the same
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TABLE 1 Simulation parameters of the proposed photonic radar system.

Component

CW laser source

10.3389/fphy.2023.1215160

Parameter Simulation value
Wavelength A =1550 nm
Line width <50KHz

Power Py =10mW

RF-LEM signal

Starting frequency

fstart =77GHz

Time duration Ty =10us
Sweep bandwidth B=300MHz
Local oscillator (same CW laser) Power P, = 10mW
Mach-Zehnder modulator DC bias voltage Vpc =4
Half-wave voltage V,=4
Extinction ratio 30 dBm
Channel model Aperture diameter D =5mm
Lambertian term cos(¢) = 0.05
Receiver efficiency n=038

Target range

R = 250 m-3000 m

Target reflectivity y=0.1
Photodetector Absolute Temperature T = 313.15 kelvin
Responsivity R=1A/W
Load resistance R; = 50 ohm
Various weather condition at the ground level Atmospheric attenuation coefficient & calculated according to different Weather V (km)
weather visibilities condition
Clear 10-20 km
Hazy 2-4 km
Foggy 0.2-0.5 km
Solar noise when the Sun is under different sky conditions and Solar spectral irradiance Condition SSI
zenithal angles (Wm?nm™)
Clear sky 0.24
Cloudy sky 5 0.16
Cloudy sky 15 0.08
Sun at 0° 0.28
Sun at 30° 0.20
Sun at 60° 0.12

input laser source via the 3 dB optical coupler and then launched to a
balanced photodetector in order to obtain optical heterodyne
detection. At the output of the photodetector, the de-chirped
detected signal is converted from the optical to electrical signal
and then mixed with the original RF-LEM signal to obtain beat
signal frequency.

To investigate the effects of various atmospheric weather
conditions at the ground level, the peak intensity of the detected
signal is first analyzed for clear atmosphere and then compared with
hazy and foggy atmosphere. Then, the impact of the solar
background noise on the detection range performance is analyzed
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in terms of signal-to-noise ratio. First, the signal-to-noise ratio
variation with the target range under various atmospheric
conditions at the ground level is analyzed in the absence of solar
noise and then compared under the presence of solar noise in order
to evaluate its potential to degrade the system performance. Then,
the comparative investigation of detecting range performance when
the Sun is under different sky conditions, i.e., clear and cloudy with
the optical depth thickness of 5 and 15 and at different zenithal
angles, i.e,, 0° 30° and 60° is conducted in terms of signal-to-noise
ratio. Furthermore, the variation in the solar spectral irradiance with
the maximum distance achieved, minimum received power, and
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FIGURE 4

Simulated RF-LFM signal waveform representation. (A) Time domain. (B) Frequency domain.
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(A) Simulated spectrum of generated single sidebands of the optical signal modulated by the RF-LFM signal at the output of the MZM, which is

transmitted toward the target. (B) Optical spectrum of the signal reflected back from the target.

FIGURE 6

(A) Output spectrum of the detected stationary target of the proposed system under different atmospheric weather conditions. (B) Variation
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solar noise-limited SNR is analyzed for different solar noise-
dominant regions. At last, the range resolution of the proposed
system is examined.

The output spectrum of the detected stationary target located at
a distance of 500 m is shown in Figure 6A. In our analysis, the effects
of different atmospheric weather conditions such as clear, hazy, and
foggy at the ground level on the detected output signal are analyzed.
In addition to various atmospheric attenuations, the aforementioned
detected signal is also affected by detector noise and solar
background noise. When the Sun is at 30° zenithal angle and
under the clear sky condition, the stationary target at 500 m is
detected at beat frequency f, = 100MHz with variations in peak
intensity power due to different atmospheric weather conditions at
the ground level. Figure 6A shows that when the atmospheric
weather condition is clear, the power of the detected signal is
measured as —142 dBm, which is reduced to —145dBm and
further to —176 dBm when the atmospheric weather condition is
changing from hazy to foggy, respectively. To understand the reason
for degradation in the power level of the detected signal under
different atmospheric weather conditions, the variation of various
atmospheric attenuations versus target range that extends from
500 m to 5,000 m, as shown in Figure 6B, is analyzed. Different
atmospheric weather conditions such as clear, hazy, and foggy
attenuates the signal differently when passes through it that can
be estimated using atmospheric attenuation coefficient value using
Eq. 16. Figure 6B shows the total atmospheric attenuation in dB for
different target ranges, which gives the relationship between
transmitted signal power and received signal power throughout
free-space links [25].

Figure 6B shows that for clear weather, the atmospheric
attenuation at 500 m is 0.11 dB, which is increased to 1.1dB
when reaching 5,000 m. Similarly, for hazy and foggy weather
conditions, the value of atmospheric attenuation keeps increasing
with the increase in the target range. This indicates that as the
distance between the transmitter and receiver increases, the
atmospheric attenuation reduces the quality of transmission and
effectiveness of free-space optic links. At 500 m for the clear weather
condition, the atmospheric attenuation is 0.11 dB, which is increased
to 1.21 dB and further to 16.98 dB for hazy and foggy weather
conditions. This means that for the same range of the target distance,
foggy weather is able to introduce very high atmospheric attenuation
of 336 dB/km in the transmission signal when compared to clear and
hazy weather with an atmospheric attenuation of 0.2 dB/km and
2.42 dB/km, respectively. Thus, the detected signal experiences
higher atmospheric attenuation due to the foggy weather as
compared to clear and hazy weather conditions. Furthermore,
Eq. 18 shows that there are two attenuation factors with respect
to target ranges, i.e., the quadratic term and exponential term. At the
lower target ranges, the quadratic term dominates the exponential
term and vice versa in case of higher target ranges. This inference
also shows (Figure 6B) that since the ordinate of the graph is
exponential, the plot tends to be linear at higher target ranges
owing to the dominance of the exponential term.

The performance of the coherent heterodyne-detected photonic
radar system is analyzed in terms of receiver’s signal-to-noise ratio.
Since the overall signal-to-noise ratio of the system depends upon
the effects
attenuations, which degrade the detected signal power, and

two factors, namely, of different atmospheric
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second the effects of solar spectral irradiance, which give rise to
new sources of solar noise at the photodetector, the variation in SNR
at different target ranges that extend from 250 m to 3,000 m is
measured and compared by taking both considerations into account,
as shown in Figure 7. Figure 7A shows that when the atmospheric
weather condition is clear at the ground level, the SNR exponentially
decreases with the increase in the target range in both conditions,
i.e., with and without the influence of solar noise. The SNR measured
in the absence of solar noise is 41.26 dB at the 500 m target range,
which is degraded to 14.7 dB when affected by solar noise, and
maintains a constant difference of 28 dB in SNR throughout the
different target distances. In the case of the hazy atmospheric
weather condition, the SNR is degrading exponentially at lower
target ranges and moving toward linear behavior with higher values
of the target range in both conditions, i.e., with and without the
influence of solar noise while maintaining a difference in the SNR of
26 dB, as shown in Figure 7B. For foggy weather conditions, the SNR
follows linear variation with the increase in the target range in both
the conditions, as shown in Figure 7C, with the constant SNR
difference of 11 dB.

The solar noise power depends upon the Sun’s position at
different zenithal angles and Sun under different sky conditions;
thus, the solar noise-limited SNR at different target ranges under
these conditions are also measured and compared. Figures 8A-C
show the signal-to-noise ratio when the atmospheric weather
condition at the ground level is clear, hazy, and foggy,
respectively, in addition to the influence of solar background
noise under different sky conditions, i.e., clear and cloudy with
optical depth thicknesses of 5 and 15.

Figure 8A shows that when there is a clear atmospheric weather
condition at the ground level and Sun is under the clear sky
condition, the SNR measured at the target range of 500 m is
14.9 dBm, which is increased to 16.55dBm and further to
19.55 dBm when the sky condition becomes cloudy with optical
depth thicknesses of 5 and 15, respectively. Figure 8B shows that
when there is a hazy atmospheric weather condition at the ground
level and Sun is at the clear sky condition, the solar noise-limited
SNR measured at the target distance of 500 m is 12.59 dBm, which is
improved by 2 dBm and 5 dBm when the sky condition is changed
to cloudy with optical depth thicknesses of 5 and 15, respectively.
Figure 8Cshows that for foggy weather at the ground level and Sun
under the clear sky condition, the solar-limited SNR measured at the
target distance of 500 m is —18.9 dBm, which is also improved by
2 dBm and 4 dBm when the sky condition becomes cloudy with
optical depth thicknesses of 5 and 15, respectively. This
improvement in SNR is the result of clouds’ intense radiation
scattering and severe radiation extinction as it travels through
them and toward the ground, which reduces the power of solar
noise. On the other hand, with a clear sky, solar noise takes over
since there is less air scattering. SNR is lower in this instance because
the solar noise level is higher under a clear sky condition.

Figure 8A shows that when the target range is extending from
500m to 3,000m, the solar noise-limited SNR is reducing
exponentially from 14.79 dBm to —1.86 dBm when there is clear
atmospheric weather at the ground level and Sun is under clear sky
conditions. Likewise for hazy weather at the ground level and Sun
under the clear sky condition, as shown in Figure 8B, the SNR
measured at the 500 m target range is 12.59 dBm, which decreases
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Variation in SNR versus target distance for different atmospheric weather conditions. (A) Clear, (B) haze, and (C) fog, with and without the solar noise.
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Solar noise-limited SNR measured at different target ranges when the Sun is at different zenithal angles, and the atmospheric weather condition at

the ground level is (A) clear, (B) hazy, and (C) foggy.

to —15.06 dBm when reaching the target distance of 3,000 my; it is
also observed that the solar noise-limited SNR decreases
exponentially for lower range values and moving toward linearity
in higher target ranges. In the case of foggy weather, solar-limited
SNR decreases in linear variation from —18.9 dBm to —204.315 dBm
for the same range of the target distance, as shown in Figure 8C.
Since the exponential atmospheric attenuation factor is higher for
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foggy conditions than that for clear and hazy conditions, under
foggy conditions, the exponential term dominates the quadratic
term even in lower target ranges and hence exhibits linear
characteristics throughout the region.

As discussed in the theory section, under different sky
conditions, the solar background noise effect on the photonic
radar system also depends on the Sun’s position at different
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zenithal angles. The position of the Sun during the daytime varies
according to different zenithal angles, which determines the value of
the solar spectral irradiance resulting in solar noise. The solar noise-
limited SNR measurement when the Sun is at different zenithal
angles under different atmospheric weather conditions at the
ground level is shown in Figures 9A-C.

It can be observed that for different zenithal angles of the Sun,
the solar noise-limited SNR decreases exponentially with the
increase in target range when the atmospheric weather at the
ground level is clear and hazy, as shown in Figures 9A, B, and
moves toward linearity when the weather at the ground level
becomes foggy, as shown in Figure 9C. This is because under
clear and hazy weather conditions, atmospheric attenuation is
weak as compared to foggy weather, which makes the received
signal power high and comparatively higher than the solar noise
power; however, in the case of foggy weather condition, the received
signal power keeps decreasing and become comparatively equal to
solar noise power. Thus, the received signal power is affected by
various atmospheric attenuations and is influenced by solar noise
according to different positions of the Sun. Figure 9A shows that
solar noise-limited SNR is measured when the target range increases
from 500 m to 3,000 m and decreases exponentially from 14.12 dBm
to —2.53 dBm when there is a clear atmospheric weather condition at
the ground level, and the Sun is at 0° zenithal angle. Likewise, for
hazy weather at the ground level and the Sun at 0° zenithal angle, as
shown in Figure 9B, the SNR measured at the 500 m target range is
11.90 dBm, which decreases to —15.73 dBm when reaching the target
distance of 3,000 my; it is also observed that the solar noise-limited
SNR decreases exponentially for lower range values and moves
toward linearity in higher target ranges. In the case of foggy
weather, solar noise-limited SNR decreases in linear variation
from -19.6 dBm to —203.52 dBm for the same range of the target
distance, as shown in Figure 9C.

Figure 9A shows that for clear weather conditions at the ground
level, the solar-limited SNR measured when the Sun is at 0° zenithal
angle is 14.1 dBm, which increases to 15.58 dBm and further to
17.79 dBm when the Sun moves to 30° and 60° zenithal angles,
respectively. Figure 9B shows that when there is a hazy atmospheric
weather condition at the ground level and the Sun is at 0° zenithal
angle, the solar noise-limited SNR measured at the target distance of
500 mis 11.9 dBm, which increases by 1.5 dBm and 4 dBm when the
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Sun moves to 30° and 60° zenithal angles, respectively. Figure 9C
shows that for foggy weather at the ground level and when the Sun is
at 0° zenithal angle, the solar noise-limited SNR measured at the
target distance of 500 m is —19.6 dBm, which also increases by
1 dBm and 3.5 dBm when the Sun moves to 30° and 60° zenithal
angles, respectively. This is because when the Sun is at 0° zenithal
angle, i.e., during the daytime at noon, the solar noise is maximum
and decreases when the Sun reaches 30° and 60° zenithal angles,
lowering the effect of solar noise.

Figures 10A-C show the variation in the solar spectral irradiance
with the maximum achievable target range, minimum received
power, and receiver’s signal-to-noise ratio at different solar noise-
dominant regions. There are three possible regimes for the solar-
limited SNR, and the dominant effect depends on the value of SSI
during the measurement. LO-shot noise is dominated when
Ssolafﬁ. It can be seen that in this region, the maximum
achievable target range, minimum power received, and solar-
limited SNR at different atmospheric attenuations remain almost
constant. This is because the value of SSI is very low in this region, so
the impact of solar noise on the received power is negligible, which
does not affect the maximum target range, minimum power
received, and SNR, making values constant throughout the
region. In the LO-shot noise-dominated region, the maximum
achievable target range has a constant value of 20707.9 m,
minimum received power is measured as —174 dBm, and the
solar noise-limited SNR is 41 dB, as shown in Figures 10A-C,
respectively.

B0 n this

Bsst
region, the value of SSI increases slowly, so the effect of solar noise

Now, LO-solar noise is dominated when #Ssalw

on received power comes into existence. The maximum achievable
target range and SNR decrease exponentially by 60% and 32%,
respectively, as the SSI increases from 107 to 1072 in the LO-solar
noise-dominated region, as shown in Figures 10A, C.

Similarly, solar-solar noise is dominated when Ssolm’%; since the
value of SSI increases in huge proportion, it has a strong impact on the
received power, thus varying the maximum achievable target range and
SNR in linear proportion. In this region, the maximum target range and
SNR decreased to 423 Km and —1.36 dB, which shows that the system
performance is highly degraded by solar noise. Furthermore, Figure 10B
shows that the minimum received power increases exponentially
from -174dBm to —-161dBm in the LO-solar noise-dominated
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TABLE 2 Comparison of this article with recent related works.

Reference Radar Operating Bandwidth Maximum Range Atmospheric Solar
type band (Hz) (MHz) detection resolution (m) attenuation background
range (m) noise
[43] MLL X-band 200 5,500 150 Not reported Not reported
pulsed
[44] MLL S- and X-bands 18 1,650 8.33 Not reported Not reported
pulsed
[45] FMCW K-band 8,000 4 0.00185 Not reported Not reported
[46] FMCW Not reported 1,000 12,000 0.127 Not reported Not reported
[47] FMCW Ku-band 4,000 90 Not reported Not reported Not reported
[30] FMCW W-band 300 550 for heavy fog Not reported Reported for rain, haze, Not reported
and fog
[48] FMCW W-band 600 1,090 for heavy fog Not reported Reported for rain, fog, Not reported
and drizzle
[49] CW pulsed Not reported Not reported 90 Not reported Not reported Reported
[37] CW pulsed Not reported Not reported 3,000 Not reported Not reported Reported
This work FMCW W-band 300 500 for heavy fog 5 Reported Reported

region and then in a linear manner in the solar-solar noise-dominated
region with the power of ~131 dBm when the value of SSI is 10> .Thus,
the dominant region depends on the solar spectral irradiance, affecting
the minimum received power and maximum target range.

Lastly, the range resolution of the proposed photonic radar system
is examined. Range resolution is defined as the ability to distinguish
between two closely spaced targets and is theoretically given as

R lution = —
ange resolution = 2B (27)

According to the aforementioned Eq. 27, for a sweep bandwidth of
300 MHz, the theoretical range resolution is 0.5 m. Thus, in order to
examine the range resolution of the proposed system, two target
scenarios have been used. Here, target A is at 500 m range and
target B is at 501 m, such that they are 1 m apart from each other as
shown in Figure 11A. Figure 11A shows that the detected signal peaks of
the two targets obtained from numerical simulation overlaps and cannot
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be distinguished. Furthermore, when these two targets are 3 m apart,
there is a partial overlapping, and the peaks cannot be distinguished
clearly, as shown in Figure 11B. At last, the range resolution is examined
when the two targets are 5 m apart, as shown in Figure 11C. The detected
signal peak of targets A and B are distinct and non-touching; hence, it is
distinguishable. The results obtained from the numerical simulation
suggest that the proposed system can successfully detect multiple targets
with the range resolution of 5 m.

The proposed FMCW photonic radar system is compared with the
recent related works reported in the literature, as shown Table 2. In Refs
[43, 44], the author has proposed the photonic-based radar system using
MLL pulsed laser modulated by an RF radar signal operating at S-band
(2-4GHz) and X-band (4-8 GHz), which can determine range
information of the target at a large distance but has limited range
resolution. Furthermore, the authors in Refs [45-47] used the FMCW
photonic radar system where the linear frequency-modulated signal
operating system at Ku-band (12-18 GHz) and K-band (18-27 GHz) is
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used, which is capable of providing high range resolution and accuracy
with the simultaneous range and velocity measurement. However, the
system is not investigated under the real environment scenario, which
limits its real-time application capabilities. In Refs [30, 48], many others
have proposed the FMCW photonic radar system operating at W-band
(75-110 GHz), which is widely used for automotive vehicle radar
systems and is investigated under adverse weather conditions such as
haze, fog, and rain that limit the detection range performance and
precision of the system. In addition, various atmospheric attenuations
and effects of solar background noise on the photonic radar system have
also been reported by some authors in [37, 49]. Along with these
published literature works, some commercially available lidar systems
are available in the market, which provide single-chip lidar for fast
connectivity and improved safety in autonomous mobility as reported in
Ref. [50]. Another commercial lidar for the self-driving system is
available, which is designed for operating in the bandwidth of
1,550 nm and uses FMCW technology and coherent detection, that
allows high-sensitive measurement with a high dynamic range of over
200 m, as reported in [51].

The proposed photonic radar system is designed using practical
values and recent technology in the commercial photonic radar system,
which makes it more reliable. Furthermore, in comparison to all the
aforementioned literature works, our proposed coherent heterodyne-
detected FMCW photonic radar system is better as it is examined under
various atmospheric attenuations along with the influence of solar
background noise. Our system with the range resolution of 5 m achieves
the target range of 500 m under clear weather conditions in the presence
of solar noise with an acceptable SNR of 14.7 dB, which makes the
system robust. However, the proposed work is limited to the simulated
environment scenario using OptiSystem-MATLAB co-simulation;
there may be some variation in real-time measurement when
compared to numerical simulation measurement, but the proposed
system can potentially help the researchers in designing the practical
photonic radar system, which will allow sensitive measurement with
high dynamic ranges. The system finds its application in the field of
automotive vehicle radar systems, self-traffic control systems,
navigation systems, etc.

5 Conclusion

In this paper, the FMCW photonic radar system using coherent
heterodyne detection is proposed. The RF-LFM-modulated optical
signal is transmitted toward the target via free-space optic links
modeled using the MATLAB-OptiSystem co-simulation platform.
The reflected echoes from the target are analyzed under the effect of
various atmospheric weather conditions at the ground level and under
the influence of solar background noise. The overall performance of the
system is analyzed in terms of receiver’s signal-to-noise ratio. The
stationary target is successfully detected under different atmospheric
weather conditions, which shows that the foggy weather introduces very
high atmospheric attenuation as compared to clear and hazy weather.
The result shows that to achieve the SNR of 30 dB, the maximum target
range extends to 1,500 m when the weather is clear, but in case of hazy
and foggy weather, the target range limits only to 1,000 m and 500 m,
respectively. In the presence of solar noise, this SNR is reduced from
30 dB to 4.8 dB to achieve 1,500 m under clear weather conditions and
further to 4 dB to achieve 1,000 m under hazy weather and —18.94 dB to
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achieve 500 m under foggy weather conditions , respectively. The
observation shows that solar noise can potentially degrade the
performance of the photonic radar system, which also depends on
the Sun at different positions and sky conditions. Furthermore, the
proposed system achieves the range resolution of 5 m at the target range
of 500 m under clear weather conditions in the presence of solar noise
with an acceptable SNR of 14.7 dB, which makes the system robust. To
the best of our knowledge, the proposed setup under the combined
effects of atmospheric attenuation and solar noise is analyzed for the
first time, and thus the system is reliable, making it suitable for
designing practical photonic radar systems for applications in the
field of automotive vehicle system, self-traffic control system, and
navigation system.
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