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ABSTRACT Futuristic transportation systems would be requiring more effective sensing system that are
not only cost effective but also more efficient in sensing multiple targets while acquiring minimal area and
utilizing low input power. To achieve that, frequency modulated continuous wave (FMCW) based Photonic
Radar is proposed. For multiple targets detection, wavelength division multiplexing (WDM) scheme is
used in conjugation with polarization division multiplexing (PDM) scheme. Impact of varying bandwidth is
analyzed upon the performance of the proposed system using numerical simulations. The system is simulated
for detecting and ranging over 100 meters by analyzing received echoes and verifying the range frequency
with theoretically calculated values while effective operation is measured in terms of received power under
varying level of attenuation up to 75 dB/Km under rain and fog conditions. Lastly, the system is replicated
for range resolution with four varying operational bandwidths from 600 MHz to 4 GHz.

INDEX TERMS Frequency modulated continuous wave (FMCW), photonic radar, polarization division
multiplexing (PDM), wavelength division multiplexing (WDM).

I. INTRODUCTION
Intelligent transportation systems are expected to be inte-
gral part of smart cities where self-driving vehicles not
only transport but also make decisions in driverless oper-
ation on the lanes [1]. Among the advantages accessible
through self-driving vehicles, radical lessening in fatal road
mishaps is expected along with decrease in CO2 emission,
lower fuel consumption, reduced lane congestion and effi-
cient and economical transportation [2]. Despite the cost,
several challenges common to all self-driving vehicles are
worth considering for realizing intelligent transportation. The
accident in 2016 of prototype launched by Tesla [3] led to
wide speculation of feasibility of such driverless system as
well as its reliability and accountability in case of misshap-
ing. Other issue is to safeguard electronic operating sys-
tem in autonomous vehicles from being hacked or misused
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by miscreants. Different sensors work together to enable a
complete intelligent transportation including cameras, ultra-
sonic sensors, Photonic radar, artificial intelligence and GPS
(Global Positioning System). Therefore, to avoid collision
and successful detection and tracking of different targets,
both high and low budget self-driving vehicles need to access
high volume of data in terabytes per hour and hence higher
data rate poses another challenge in realization of intelligent
transportation system [4].

Existing navigation and observation devices based upon
microwave technology have inadequate precision-range par-
ticularly in densely congested places [5], [6] even at higher
frequencies. Initially, Radar operations were carried out
using 24 GHz frequency band [7] thus having limited band-
width available which limits the range resolution and detec-
tion capability under the adverse atmospheric condition hence
AV industry has shifted towards higher frequency band
of 77 GHz with larger available bandwidth for AVs oper-
ations at 77 – 81 GHz band, also termed as short range
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radar (SRR) band. However, SSR band suffers austere attenu-
ations specifically under the inconsistent climatic conditions
such as cloudy, foggy, rainy and snowy [8]. Other atmo-
spheric constituents such as vapours and rudiments attenuate
mm-band signal by absorption. This results in weakening
of the target detection and range resolution and hence
minimal indicators are attained for decision making [9].
Sufficient literature is available reporting the impact of atmo-
spheric turbulences operating in free space optics environ-
ment and many researchers have studied these impacts of
various random atmospheric disparities upon the intelligent
transportation using different simulation methods [10]. The
impact of attenuation on performance of time of flight (ToF)
based rangefinder using laser at different wavelengths is
reported [11]. The time-of-flight operation is a state of art
technology and readily applied in Photonic radars. How-
ever, FMCW-based Photonic radar offers advantages such as
enhanced resolution and precision in ranging along with its
compact size and minimal power requirement as compared
with the conventional time-of-flight radar [12]. Generally,
1550 nm wavelength is preferred in AVs for operation as
it is safe for humans. High vulnerability towards moisture,
rain and fog is anticipated at this wavelength due to water
absorption. Other studies [13]–[15] confirm impact of atmo-
spheric variations upon Photonic radar in presence of disperse
gases, rain, fog and temperature deviations. Nevertheless,
these reported works considered single target detection in
normal traffic situations. Thus, the prominence of Frequency
modulated continuous waves-based Photonic radar system
upsurges considerably and is swiftly developing at its early
stages by delivering accuracy in range resolution as well as
prolonged detection range [16], [17].

Furthermore, some studies have been reported in surveil-
lance linked usages under complex traffic conditions such
as [18] reported mm-wave based radar to distinguish amid
infrastructures and moving automobiles using algorithm-
based approach in 24 GHz band. Another study utilises inter-
ferometry method [19] in 35 GHz band to measure vehicle
speed in complex targets scenario to distinguish between
moving targets, but the system fails to distinguish when
two targets move at the same speed. Further, the atmo-
spheric influence on AVs is not included in the reported
works [18], [19]. Recently, a fusion between photonic-based
radar and FMCW-based Photonic radar is also proposed [20]
and reported results show enhanced range resolution but the
study is limited to single target and in clear atmospheric
conditions. Also, the impact of atmospheric turbulence on the
direct detection and coherent detection-based FMCW sensors
is proposed but with single target [21]–[23].

In this paper, deliberations are focused on the target detec-
tions and ranging in complex traffic scenario considering
multiple vehicles using Photonic radar and ability of the
proposed sensor in distinguishing between closely placed
targets. Another issue is low power availability from vehicles
battery as well as minimal dimensions of sensor so as to
give more flexibility to vehicle designer. Hence, the paper

is focused towards developing low cost and low dimensions
(also known as SWAP) based basic features needed for self-
driving vehicles.

For ease of procedure, linear frequency modulated con-
tinuous wave radar system using direct detection configura-
tion (FMCW-DD) has been used in Photonic radar system.
In FMCW-DD system, transmitted pulse is intensity modu-
lated by LFM chirp and de-chirping is accomplished by com-
prehensible mixing with a modulated local oscillator (LO)
[24], [25]. The system is simulated for multiple targets detec-
tion using eight targets in direct detection configuration and
under the impact of severe atmospheric conditions. To enable
multiple targets detection, polarization division multiplex-
ing (PDM) in conjugation with wavelength division multi-
plexing (WDM) has been employed in the proposed Photonic
radar sensor system. The PDM inclusion ensures enormous
working frequency range and better sturdiness in the opera-
tion of Photonic radar system as neither precise high modu-
lation index nor optical filtering is required [26], [27]. The
system is also simulated for range resolution using different
frequency bandwidths under adverse weather conditions and
results were compared as effected of varying bandwidth on
the range resolution of Photonic radar. The contributions of
the proposed Photonic radar system in this paper are briefed
as follows:

• Designing a small and low-cost Photonic radar system
• Testing the system under adverse weather conditions
using eight targets as complex traffic scenario

• Evaluating the impact of bandwidth variations in detec-
tion as well as on range resolution of multiple targets

The rest of the paper is structured as follows. Section II
deliberates working principle and modelling of the pro-
posed Photonic radar sensor system. Section III presents
and discusses the theoretically verified results under differ-
ent atmospheric conditions as well as bandwidth variations.
Section IV concludes the paper.

II. WORKING PRINCIPLE AND SYSTEM MODEL
Figure 1 exhibits the structure of the FMCW-based photonic
radar sensor system in direct detection formation also known
as homodyne formation. The systemmodelled with low input
power requirements as well as compact design to complywith
AVs power and design necessities. The system uses triangular
sweep [28] as it offers minimal sweep time in triangulation
of objects than the pulsed sweep. A pseudo random signal
is generated with a bit rate of 90 Kbps and fed into the
saw-tooth wave generator. The saw-tooth generator converts
input sequence into triangular signal with the sample rate
of 819.19 Mbps having maximum amplitude of 1 a.u. This
triangular sweep measures the frequency inconsistency in
approximation of target range as well as for interim period
between transmitted signal and received echo. The triangular
signal is then fed into linear frequency modulator (LFM)
with start frequency of 77 GHz. Considering the fc as start
frequency, B as bandwidth, R as distance between target and
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FIGURE 1. Block diagram of proposed FMCW based Photonic radar sensor system for intelligent transportation system. CW: Continuous wave;
APD: avalanche photo diode and λ is wavelength used.

sensor equipped vehicle and Tm as sweep time, the range
frequency fr at which echo signal occurs is calculated by
using [29]:

fr =
(2× R× B)
(Tm × c)

(1)

where, c is speed of light. The sweep rate of frequency and
round trip time of local oscillator are matched in order to
accomplish higher quality factor [30].

To power eight transmitters, four optical continuous
wave (CW) laser sources have been employed with input
power of 0 dBm and linewidth of 0.1 MHz while four
wavelengths are employed with 0.1 nm channel spacing
i.e., 1550 nm, 1550.1 nm, 1550.2 nm and 1550.3 nm. The
optical output of CW laser and radio frequency output of
LFM generator is then modulated together using lithium nio-
bate (Li-Nb) dual arm Mach-Zehnder (DM-MZM) external
modulator. DM-MZM has the extinction ratio of 30 dB and
switching bias voltage of 4v. DC bias is also used with
DM-MZM to subdue any additional bands and to produce
second order bands. The transfer function of the DM-MZM
is given as [31]:

Eout
Ein
= cos

(
φo +

πS(t)
2Vπ

)
(2)

where, φi is the primary phase, vπ is the power needed to
transform the optical power transfer function, Eout and Ein

are input and output optical fields, and S(t) is the LFM signal
strength given as [32]:

S(t) = Accos(2π fct +
πB
Tm

t2) (3)

where, Ac is the amplitude, B is the sweep bandwidth and fc is
the start frequency. For homodyne detection systems, MZM
output power is expressed as in equation 4 [32]:

ETx(t) =

√
Pt
2
[1+

β

2
cos(2π fct +

πB
Tm

t2)].e(jωot+θo(t)) (4)

where θo(t) is the arbitrary phase element, ωo is the angular
frequency and β is the modulation index (β � 1). The output
modulated signal is fed into polarization controller where
state of polarization is given to the optically modulated LFM
signal. For simplicity of operation, odd channels (channel 1,
3, 5 and 7) are multiplexed together, given 0◦ phase shift
depicted as X polarization and even channels (channel 2, 4,
6 and 8) multiplexed together, given 90◦ phase shift depicted
as Y polarization as shown in figure 1. The polarised signal
from X and Y polarization states is combined using power
combiner and this polarized-multiplexed signal is then ampli-
fied using optical amplifier signal having 10 dB gain and
4 dB of noise figure. The amplified signal then focuses on
the multiple targets using telescope lens with aperture size of
5 mm and 15 mm via free space channel. Various elements
affect the echo signal reflected from the target to the receiver
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such as reflectivity of target, atmospheric effects and angular
dispersion.

At the receiver section, the signal is separated using polar-
ization splitter again as X and Y polarized signal followed by
a de-multiplexer. The power received from the echo signal Pr
is given as in equation 5 [29]:

Pr =

 Pt
ρtD2τoptτ

2
atm

4R2
for any extended target

Pt
ρtAtD2τoptτ

2
atm

4R2Aill
for any target

 (5)

where ρt is the target reflectivity, At is the target area, R is
the target range, D is the receiver aperture diameter, τopt is
the transmission loss in the optical domain, τatm is the atmo-
spheric loss factor and Aill is the illuminated area at target.
The resonated signal power Eref at receiver is given as [29]:

Eref (t) =
√
Pr [1+

β

2
cos(2π fc(t − τ )

+
πB
Tm

(t − τ )2].e(j(ωo−ωd )t+θo(t)) (6)

where, τ is the propagation delay given as τ = 2 × R/c.
As optical mixing of signal is not done in homodyne
detection, photodiode output having the responsivity < is
expressed as [33]:

iph(t) = <.Pr (1+
β

2
cos(2π fc(t − τ )+

πB
Tm

(t − τ )2)2 (7)

And filtered photocurrent signal to acquire baseband signal
given as [32]:

iph(t) = Idc + isig(t) ≈ <.Pr (1+
β

2
cos(2π fc(t − τ )

+
πB
Tm

(t − τ )2)2 (8)

where Idc and isig are dc and ac current signals obtained from
the photo detector.

Photodetector used to detect echoes signal in this sensor
system is PIN type with dark current noise of 10 nA and
bandwidth of 0.4 GHz having device limitations such as shot
noise, thermal noise and amplified spontaneous emission.
The constant responsivity of engaged PIN type photodetector
is 1 A/W . The system is evaluated in terms of received power
and measured signal to noise ration using electrical analyser
after the photo-detector as given in equation 9 [29]:

SNRdir =
β2<2P2r/2

2
q<PrBrx + 4kbTrBrx/RL (9)

where kb is the Boltzmann constant ≈ 1.38 × 10-23 J/K, q is
the electrical charge≈ 1.6× 10-19 c, Tr is the receiver noise
temperature, RL is the load resistance and Brx is the receiver
bandwidth.

The detected signal from the photodetector is then ampli-
fied using electrical amplifier with the gain of 40 dB and fed
into the mixer where signal from LFM is mixed with received
and amplified signal. The mixed signal is then subjected
to the low pass filter (LPF) having the cut-off frequency

TABLE 1. Photonic radar modeling parameter.

of 1 GHz. The beat signal produced by the LPF is given as in
equation 10 [29]:

Sb(t) = Ac<Prβcos(2π fcτ −
πB
Tm
τ 2 + 2π fr t) (10)

The filtered signal from LPF is then analysed for detection
using RF spectrum analyser where the range frequency is
observed. The parameters considered for Photonic radar sen-
sor are mentioned in Table 1.

III. RESULTS AND DISCUSSION
An all-inclusive discussion is presented in this section which
describes the results acquired from the proposed Photonic
radar sensor. The gleaming is assumed to be ideal in the
atmospheric channel. As mentioned in table 1, a total of
8192 samples were considered during modelling of the pro-
posed sensor system. The system is modelled to detect and
range multiple targets as shown in figure 1.

As the sensor system is designed to analyse impact of
bandwidth variations and detection and range resolution,
the system is simulated with 4 bandwidths, i.e., 600 MHz,
1 GHz, 2GHz and 4 GHz. Firstly, the system is simulated
with clear weather conditions as shown in Figure 2. The
range frequency peaks obtained from RF spectrum analyser
using the proposed Photonic radar sensor show same fre-
quency value as calculated using equation 1 theoretically. For
instance, with bandwidth of 600 MHz, the range frequency
at 100 meters should be 40 MHz, with bandwidth 1 GHz it
should be 66.66 MHz and with bandwidth 4 GHz it should be
266.66 MHz. By observing Figure 2, it can be seen that peak
is obtained at the same values for echo signal. The system
results in successful detection and ranging of all the targets
with acceptable power levels. As autonomous vehicles are
thought to be efficient under adverse atmospheric conditions,
hence Photonic radar sensor must be able to detect and range
under the influence of strong turbulences such as rain and
fog. Impacts of these turbulences are deterrent and result in
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FIGURE 2. Reflected Echoes obtained from multiple targets using bandwidth (a) 600 MHz, (b) 1 GHz, (c) 2 GHz and
(d) 4 GHz under clear conditions. T1: Target1 at 100 meters; T2: Target 2 at 95 meters; T3: Target 3 at 90 meters; T4: Target 4
at 85 meters; T5: Target 5 at 80 meters; T6: Target 6 at 75 meters; T7: Target 7 at 70 meters; T8: Target 8 at 65 meters.

zero visibility which can be hazardous for the operation of
intelligent transportation systems particularly in mm-wave
band. Rain effects are minimal as compared to fog on the
operations of Photonic radar as droplet size is large compared
to the optical wavelength. Attenuation due to rain Arain can be
calculated as given in equation 11 [34]:

Arain = k.Rαo (11)

where rate of rainfall is given as Ro in mm/hr while k and
α are power law factors which are based upon frequency,
temperature and droplet size of the rain. The values of k and α
are calculated using Marshal–Palmer distribution [35], [36].
Fog is a mixture of rudiments that degrade the overall sys-
tem performance particularly at high frequency bands [37].
The impact of fog in terms of attenuation is calculated
using Kim’s model based upon Mie scattering given as in
equation 12 [38], [39]:

β(λ) =
3.91
V

(
λ

550
)(−ρ) (12)

where ρ refers to the size distribution coefficient of scat-
tering V the visibility (kms) and λ refers to the operating
wavelength of the laser. For modelling purpose, the stan-
dard international visibility code values of rain and fog

attenuation adopted from Awan et al. [39] are considered
in this work in such that light rain or mist with precipi-
tation of 2 mm/hr is considered as 2 dB/km; average rain
with 12.5 mm/hr precipitation is considered as 4.6 dB/km;
strong rain with 25 mm/hr precipitation is considered at
6.9 dB/Km and storm/snow or light fog with 100 mm/hr
precipitation is considered at 18.3 dB/km of attenuation level,
respectively. Likewise, moderate fog is considered having
28.9 dB/km of attenuation while thick fog at 75 dB/km of
attenuation. Figure 3 represents echoes obtained from mul-
tiple targets under the impact of thick fog with attenuation
of 75 dB/Km. Other losses viz atmospheric losses, propa-
gation losses and geometric losses are also considered to
replicate real-world scenario while analysing atmospheric
effects.

It is concluded from the illustrated results that the proposed
Photonic radar sensor system has successfully detected and
ranged multiple targets under heavy attenuation. The peaks
observed in Figure 3 are placed at the same value of frequency
in clear weather, but the power level decreased as atmospheric
conditions changed.

The actual signal strength of the echo signal received at
the photo detector is perceived via electrical analyzer prior
to the amplification under the varying values of attenuation
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FIGURE 3. Reflected Echoes obtained from multiple targets using bandwidth (a) 600 MHz, (b) 1 GHz, (c) 2 GHz and
(d) 4 GHz under thick fog conditions with attenuation 75 dB/km. T1: Target1 at 100 meters; T2: Target 2 at 95 meters;
T3: Target 3 at 90 meters; T4: Target 4 at 85 meters; T5: Target 5 at 80 meters; T6: Target 6 at 75 meters; T7: Target 7 at
70 meters; T8: Target 8 at 65 meters.

as defined above. Figure 4 illustrates analogous observed
values of received power with respect to varying attenuation
up to 70 db/Km with bandwidth of 600 MHz, 1 GHz, 2GHz
and 4 GHz, respectively. For instance, power levels of signal
observed using 600MHz bandwidth range between−40 dBm
and −60 dBm under varying attenuation levels as illustrated
in Figure 4 (a). Likewise, the power levels of received echo
signal with 1 GHz bandwidth range between −55 dBm and
−80 dBm as shown in figure 4 (b), −58 dBm to −80 dBm
with bandwidth 2 GHz as shown in Figure 4 (c) and−61 dBm
to −82 dBm using 4 GHz of bandwidth. The minimum
detectable power is well within specified acceptable ranges
which further strengthen successful detection and ranging of
the proposed sensor system.

Likewise, Figure 5 presents the signal to noise ratio
curve for al the targets with respect to the attenuation
at 4 GHz bandwidth. The reported results depict successful
detection of all the targets with acceptable signal to noise
ratio.

Another challenge in autonomous vehicles segment is the
ability to distinguish between closely spaced targets such
as two vehicles moving parallel to avoid any hazardous

condition known as range resolution. The range resolution
LRES is defined using equation 13 [40]:

Lres =
c
2B

(13)

where,B is bandwidth of the system and c is speed of the light.
As it is theoretically evident that higher bandwidth means
greater resolution using equation 13, the results obtained for
range resolution using 600 MHz, 1 GHz, 2GHz and 4 GHz
bandwidth are presented in Figure 6. Theoretically, using
equation 13 the value for range resolution at 600 MHz band-
width is obtained as 25 cm. However, while using simu-
lations, as number of closely spaced targets increases, the
resolution depletes. For the proposed sensor system, range
resolution using 600 MHz is obtained at 75 cm between
targets from a ranging distance of 100 meters. Similarly, the
theoretical value of range resolution using 1 GHz bandwidth
is 15 cm, using bandwidth of 2 GHz its 7.5 cm while using
4 GHz bandwidth resolution is calculated as 3.75 cm. While
simulating the scenario with 1 GHz bandwidth, individual
peaks are obtained with an inter target distance of 50 cm
as observed from 100 meters distance from the Photonic
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FIGURE 4. Received power with respect to varying attenuation levels at (a) 600 MHz, (b) 1 GHz, (c) 2 GHz and (d) 4 GHz
of bandwidth. T1: Target1 at 100 meters; T2: Target 2 at 95 meters; T3: Target 3 at 90 meters; T4: Target 4 at 85 meters;
T5: Target 5 at 80 meters; T6: Target 6 at 75 meters; T7: Target 7 at 70 meters; T8: Target 8 at 65 meters.

radar sensor-equipped vehicle which comes down to 40 cm
with 2 GHz of bandwidth while the distance between targets
comes down to 25 cm with 4 GHz of bandwidth at the same
ranging distance of 100meters between Photonic radar sensor
and targets.

As shown in Figure 6 (a), the position of Target 1 is at
100 meters, while the positions of targets 2, 3 and 4 are at
99.25 meters, 98.50 meters and 97.75 meters, respectively.
Likewise, Target 5 is placed at 90 meters while targets 6,
7 and 8 are at 90.75 meters, 91.50 meters and 92.25 meters,
respectively. Accordingly in Figure 6 (b), the position of
targets is displaced by 50 cm such that Target 1 is placed
at 100 meters while targets 2, 3 and 4 are at 99.50 meters,
99 meters and 98.50 meters, respectively. While Target 5 is at
90 meters and targets 6, 7 and 8 are at 90.50 meters, 91 meters
and 91.50 meters, respectively. In figures 6 (c) and (d) dis-
placement of 40 cm and 25 cm is given in the target position
such that for Figure 6 (c) Target 1 is at 100 meters and targets
2, 3 and 4 are at 99.60 meters, 99.20 meters and 98.80 meters,
respectively.While Target 5 at 90meters and targets 6, 7 and 8
are at 90.40 meters, 90.80 meters and 91.20 meters, respec-
tively. Similarly for Figure 6 (d) Target 1 is at 100 meters
and targets 2, 3 and 4 are at 99.75 meters, 99.50 meters and

FIGURE 5. Signal to noise ratio with respect to varying attenuation levels
at 4 GHz of bandwidth. T1: Target1 at 100 meters; T2: Target 2 at
95 meters; T3: Target 3 at 90 meters; T4: Target 4 at 85 meters;
T5: Target 5 at 80 meters; T6: Target 6 at 75 meters; T7: Target 7 at
70 meters; T8: Target 8 at 65 meters.

99.25 meters, respectively. While Target 5 is at 90 meters
and targets 6, 7 and 8 are at 90.25 meters, 90.50 meters and
90.75 meters, respectively.
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FIGURE 6. Received power spectrum of multiple targets separated by (a) 75 cm at 600 MHz, (b) 50 cm at 1 GHz,
(c) 40 cm at 2 GHz and (d) 25 cm at 4 GHz of bandwidth.

TABLE 2. Comparison with recent works.

The present work surpasses previously reported works in
terms of number of targets detected simultaneously, perfor-
mance under atmospheric conditions, detection range as well
as range resolution as shown in Table 2.

The non-overlapping and strong crests of echoes received
from the targets designate the ranging and discovery of all
the eight objects at a distance of ∼ 100 meters from the
sensor system. This points toward the recognition of intel-
ligent transportation system that can differentiate narrowly

located targets. Simulated results depict that the system suf-
fers an error of 50 cm in case of 600MHz bandwidth; 35 cm in
case of 1 GHz bandwidth and 21.25 cm error in case of 4 GHz
bandwidth from the hypothetically calculated values.

IV. CONCLUSION
In this work, multiple targets detection is achieved by
employing FMCW-based Photonic radar sensor system
using PDM-WDM multiplexing to realize an intelligent
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transportation system. Different wavelengths were compared
for Photonic radar operations. The system is evaluated under
the impact of rain and fog with maximum attenuation of
75 dB/km and successful detection and ranging of all the
targets is reported at 100 meters from the Photonic radar
sensor. The results are validated by observing minimum
acceptable received power at photoreceptor for successful
sensing operation. Lastly, the sensor system is simulated for
range resolution using different wavelengths. The reported
results show that the range resolution improves significantly
from 75 cm in case of 600 MHz to 25 cm with 4 GHz of
bandwidth.
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