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Abstract: Recent reports from World Health Organization (WHO) show the impact of human negligence as a serious concern for road accidents and casualties worldwide. There are number of reasons which led to this negligence; hence, need of intelligent transportation system (ITS) gains more attention from researchers worldwide. For achieving such autonomy different sensors are involved in autonomous vehicles which can sense road conditions and warn the control system about possible hazards. This work is focused on designing one such sensor system which can detect and range multiple targets under the impact of adverse atmospheric conditions. A high-speed Linear Frequency Modulated Continuous Wave (LFMCW) based Photonic Radar is proposed to detect multiple targets by integrating Mode division multiplexing (MDM). Reported results in terms of range frequency, Doppler frequency and range resolution are demonstrated using numerical simulations with the bandwidths of 1 and 4 GHz and under adverse atmospheric conditions carrying 75 dB/km of attenuation. To prove the effectiveness of the proposed photonic radar, moving targets are also demonstrated with different speed. System reported substantial range resolution of 15 cm using 1 GHz of bandwidth and 3 cm using 4 GHz of bandwidth.
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1  Introduction

Ever increasing road congestion and equivalent number of road accidents have driven researchers worldwide to design autonomous vehicles to realize intelligent transportation. Heavy-duty automobiles operating at high speed rely only on drivers’ attention and any impairment such as fatigue or distraction may end up in disastrous outcomes. As per world health organization’s report, each year 1.3 million deaths and approximately 40–50 million significant injuries worldwide result due to road accidents along with considerable economic losses [1]. Autonomous vehicles thus offer the potential of a transformation in transport sector with the substantial possibility of better protection on the highway making pathway to intelligent transportation. Other factors such as enhanced social mobility to the aged, differently abled or those who cannot drive themselves due to medical conditions or any other reason will be provided via autonomous vehicles. However, before this becomes a reality, researchers must undertake and illustrate autonomous vehicles' ability to perform basic driving functions safely and reliably. Autonomous vehicles utilise a complex control system to make decision about road conditions such as congestion, route planning and efficient energy consumption etc. which rely on various sensor systems [2]. The system designer for autonomous vehicles incorporates sensor blending via merging the assets of different sensing modalities to prevail over their distinct constraints [3,4]. Many sensors such as standard Global Positioning System (GPS), cameras, ultrasound sensors and radars are currently being fused together in Avs; however, photonic radar unit has gathered attention as the heart of sensing system. As conventional radars sense radio signals, photonic radar detects echoes from optical-frequency laser illumination to produce long-range and high-resolution point shadow consistent to the location and reflectivity factor of loads of points in the neighboring atmosphere. Because of narrow beam width of optical waves, photonic radar can detect and characterize considerably tinier objects than conventional radars, which is important for navigating next to walkers, bikers, and other possible threats on the roads. Factors such as cost, maximum operational range, processing requirements, operational power (with respect to human safety), line of sight, longitudinal and transverse resolution, immunity towards ambient light source and atmospheric fluctuations are considered essential for consistent real-time performance of any sensor system used in AVs [4,5]. Some of mentioned issues are regulated partially via production and hardware limits like the quality and capability of light sources and responsivity of photodiodes. These factors can be enhanced through continuous investment and improvement in the end-product. However, one of the critical features of sensor employed in AVs is providing maximum detection range as timely identification of a probable threat provides the automobile extra time to take decisions besides avoiding collision, and this cannot be realized alone with the hardware. Photonic radars work in free space and suffer from various atmospheric variations. Free Space Optics (FSO) communication system is well established and various schemes such as multiplexing of wavelength, intensity and polarization have been demonstrated to improve its capacity [6–9]. One such technique is the use of Mode Division Multiplexing (MDM) in which incongruent channels are multiplexed together. The use of MDM technique results in enhancing capacity of system and providing security against physical layer attacks [10]. Many researchers have explored the applications of MDM in FSO system in recent year. The use of MDM is still to be reported in radars and thus we propose the use of MDM in capacity enhancement of photonic radars. As photonic radars will be operating in the free space environments, selection of frequency is crucial. Recently, researchers have proposed different methods to attain high-resolution detection using photonic radars. In [11], a 4 × 8 Multiple-Input Multiple-Output (MIMO) photonic radar is demonstrated with each channel having orthogonal linearly frequency modulated signal generated by heterodyne scheme and 2 GHz bandwidth resulted in range resolution of 7.5 cm. Earlier direct detection scheme-based photonic radar is proposed with a range ability of 750 m under adverse atmospheric conditions [12] with minimum input power requirement. Another study [13] demonstrates the use of photonic radar with hexacopter in detecting drone movement proposed with a detection range of 2700 m experimentally. The implication of different configuration of frequency modulated continuous wave (FMCW) based photonic radar and its advantages are discussed in [14]. In [15] researchers studied the FMCW-based photonic radar in coherent detection with operation bandwidth of 600 MHz. Authors [16]discussed the impact of bandwidth variations on the range resolution of photonic radar. Another study [17] discusses the Doppler rage measurement using polarization division multiplexing based FMCW photonic radar.

In the present work, we have considered a complex scenario where four moving targets are detected using FMCW-based photonic radar in coherent detection scheme. The targets are assumed to be moving at different speed and accordingly blue and red shifts are calculated. The targets are also subject to adverse atmospheric conditions and impact of these conditions upon detection and ranging is observed and compared by utilizing different wavelengths that is 1 and 4 GHz. The major impact of MDM enabled FMCW based photonic radar is

•   Minimal dimensions of trans-receiver (i.e., 5 and 15 mm respectively) resulting in compact and cost effective design.

•   Ability to distinguish closely spaced targets (Higher range resolution of 3 cm).

•   All weather detection (can withstand heavy turbulences of 75 dB/Km)

2  Operating Principle

Autonomous vehicles rely on the effectiveness or ability of a sensor to distinguish between various targets and road conditions. Thus, range resolution LRes plays a vital role in defining the effectiveness of photonic radar and is mathematically expressed as in Eq. (1) [18]:

LRes=c2B(1)

where c is speed of light and B is operational bandwidth. Thus, it is evident from Eq. (1) that higher the bandwidth more will be the ability of radar to distinguish between closely spaced multiple targets. Formerly, operation frequency used for LiDAR operation was 24 GHz with a bandwidth of 250 MHz also known as ISM band but due to smaller bandwidth it was not suitable for future autonomous vehicle applications [19].

Alternatively, state-of-the-art 77 GHz band utilised by short range radar (SRR) offers 4 GHz of bandwidth is a much better option in terms of range resolution and high equivalent isotropic radiated power (EIRP). The 4 GHz bandwidth offered by SRR band offers three times improved velocity resolution and twenty times enhanced range resolution compared to the ISM band. The present work is based upon Doppler-effect in which targets are detected and ranged. In traditional radars, radio signal is transmitted over free space towards the target and reflected echoes from the targets are collected to extract the information of target in respect of its range and speed. As harmonic distortions related to μ-wave band in case of traditional radars affect the efficiency of system, the same can be reduced by modulating radio signal over optical carrier. Furthermore, beam divergence in traditional radar is very large due to its high aperture diameter while optical signal offers small beam divergence due to narrow line-width of laser source making photonic radar more suitable for autonomous vehicles [20]. The received echo from the target is known as range frequency fr and is a function of bandwidth B, distance R between target and radar-equipped vehicle and sweep time TS which can be mathematically expressed as in Eq. (2):

fr=2×B×RTS×c(2)

where c is the speed of light in free space. For detecting multiple targets, we have applied mode division multiplexing (MDM) scheme. The system is subject to various atmospheric conditions in terms of attenuation and performance is investigated. The system is further used to detect Doppler shift and to measure the vehicle velocity. The system is then tested for range resolution

3  System Modeling

Fig. 1 represents the basic block diagram of proposed frequency modulated continuous wave coherent detection mode division multiplexing-based photonic radar. It can be observed that four targets are considered for four individual transmitters each operating at single wavelength of 1550 nm. Each transmitter consists of three parts: first is linear frequency modulator (LFM) section to generate microwave band FM signal, second is optical source and corresponding mode generator, and third is modulator section to modulate LFM signal over optical signal.
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Figure 1: Graphic illustration of proposed MDM multiplexed Photonic radar with multiple target (four) detection

Note: STG-Saw Tooth Generator, FM-Frequency modulator, DMZM-Dual port Mech Zhender Modulator, MS-Mode Selector, APD-Avalanche Photo Diode, OA-Optical Amplifier, EA-Electrical Amplifier, LPF-Low Pass Filter, SA-Signal Analyzer.

In LFM section, saw-tooth-generated signal is frequency modulated via LFM modulator with 77 GHz of operating frequency and two bandwidths of 1 and 4 GHz. The splitter is employed to split this output signal into two parts; one is sent towards modulator and other towards receiver as a reference signal. The optical source here used is continuous wave laser with input power of −10 dBm (0.1 mW) and operating wavelength of 1550 nm. The generated optical signal is subjected into the mode generator which attaches transverse mode profiles to the input signal. We have utilized Laguerre-Gaussian (LG) profile in this work, which is described as in Eq. (3) [21]:

ψm,n(r,φ)=(2r2wo2)|n2|Lmn(2r2wo2)exp⁡(r2wo2)exp⁡(jπr2λRo2){Sin(|n|φ),n≥0Cos(|n|φ),n≥0}(3)

where m and n represent the X and Y index that describe the azimuthal and radial indexes, respectively. R is the radius of curvature, w0 is the spot size and Ln,m is the Laguerre Polynomial. The signal from CW laser is subjected to the mode generator component where laser signal is encoded into transverse modes. Thus in transmitter 1, LG 00 transverse mode is created and similarly in transmitter 2, 3 and 4 transverse modes namely LG 01, LG 02 and LG 03 are created. The mode profiles of different modes are shown in Fig. 2.
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Figure 2: Mode profiles of LG modes

This transverse optical signal acts as a carrier signal to the LFM signal and modulated using dual port Mach Zhander modulator (DMZM). The output of the DMZM is represented as E(t) mathematically as in Eq. (4) [22]:

E(t)=Ein(t)10IL/20×((γ×e(jπv2(t)/VπRF+jπvbias2/VπDC)+((1−γ)×e(jπv1(t)/VπRF+jπvbias1/VπDC))(4)

where Ein (t) is input signal strength from optical source, insertion loss is given as IL, VπRF & VπDC represent switching modulation voltage and switching bias voltage, respectively. Signals from all transmitters are combined using a power combiner and amplified using optical amplifier of gain 20 dB and noise figure of 4 dB before transmitted towards target in free space using lens. For this work we have considered Gamma-Gamma fading channel and is expressed mathematically as in Eq. (5) [23]:

PReceived=PTransmitted×dR2(dT+θR)210−αR10(5)

where R is operating range, θ is the beam divergence; dT & dR are transmitter and receiver aperture diameters respectively and α represents atmospheric turbulences. For AVs, fog and rain are considered as key parameters that restrict the operational efficiency in terms of detection and ranging. Fog appears to be more destructive than rainfall as wavelength used in optical communication is smaller than droplets. Rainfall attenuation is given by Kim model as given in Eq. (6) [24]:

Arain=k×roα(6)

where k and α are variables dependent upon droplet size, frequency and temperature and computed using Marshall Palmer distribution while ro signifies the quantity of rain in mm/hr. For calculating fog attenuation Mie scattering model is used which is given as in Eq. (7) [25]:

(λ)=3.91V(λ550)−ρ(7)

where V is visibility in kilometres, ρ represents scattering size distribution coefficient and λ is the operational wavelength of the system. For this work we have considered attenuation values as prescribed in International Visibility codes [26] as 0.2 dB/km for clear weather and 75 db/Km for dense fog conditions. For detection PIN type photodiode is used in the receiver. The received power Pr is expressed mathematically as in Eq. (8):

Pr={PtρtD2τoptτatm24R2 for extended targetPtρtAtD2τoptτatm24R2Aill for any target(8)

where D refers to the receiver aperture diameter, ρt a target reflectivity, At target area, τopt the optical transmission loss, τatm the atmospheric loss, Aill illuminated target area and R refers to the target range. While output signal from the low pass filter also known as beat signal (Sb(t) is given as in Eq. (9):

Sb(t)=R×Alo×Plo×Prcos⁡[2πfstartτ+πβTm(τ)2+2πfr(t)]sin⁡[ωd(t)+(θo(t)−θlo(t)(9)

where fr is range frequency, Plo is power of low pass filter, fstart is initial frequency and Alo is the amplitude of FM modulator. Tab. 1 shows the other modelling parameters for designing the proposed Photonic radar.
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4  Results and Discussion

The results obtained from the modelling of proposed MDM-enabled FMCW-based photonic radars for detection and ranging of multiple targets are presented in this section. First, the proposed system is tested for clear weather conditions with stationary targets in which attenuation from the atmosphere is assumed to be 0.2 dB/Km. The system is also tested for the different bandwidths in clear atmospheric conditions. Fig. 3 presents the clear weather conditions detection of multiple targets.
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Figure 3: Multiple Target detection under clear atmospheric conditions (a) at 1 GHz bandwidth and (b) at 4 GHz bandwidth

In this work, four different targets are assumed to be located at different distance from the photonic radar such that target 1 is at 75 m, target 2 at 65 m, target 3 at 55 m and target 4 at 45 m. Fig. 3a depicts detection with 1 GHz bandwidth while detection with 4 GHz bandwidth is presented by Fig. 3b. At 1 GHz bandwidth, the range frequency of received echo is observed at 50 MHz for target 1, at 43.33 MHz for target 2, at 36.6 MHz for target 3 and at 30 MHz for target 4. Similarly, with bandwidth of 4 GHz, the range frequency of received echo is observed at 200 MHz for target 1, at 172.90 MHz for target2, at 146.31 MHz for target 3 and at 119.7 MHz for target 4. The mathematically calculated values of range frequency using Eq. (2) with range and bandwidth parameter as prescribed above matches with the simulation values. Hence, it may be concluded that the proposed system is capable of error-free detection of multiple targets. Fig. 4 depicts the impact of atmospheric turbulences.
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Figure 4: Multiple Target detection under heavy attenuation of 75 dB/Km atmospheric conditions (a) at 1 GHz bandwidth and (b) at 4 GHz bandwidth

The system has been tested for varying attenuation from 0 to 75 dB/km and reported results show the successful reception at maximum attenuation of 75 dB/km in Fig. 4 with stationary targets. Fig. 4a depicts the impact of atmospheric attenuation on targets with 1 GHz of bandwidth. It may be noted that target 4 has least impact in terms of maximum received power as compared to target 1, target 2 and target 3. Likewise, successful detection of all the targets is reported in 4 GHz bandwidth in Fig. 4b. It may also be noted that the range frequency reported again is similar to that of mathematically calculated values using Eq. (2). Hence, it may be concluded that the error-free detection is reported using the proposed model.

As coherent detection scheme is used to analyse intensity as well as phase of the target; hence, the proposed system is further tested for analysing moving targets. For the simulation purpose, targets are supposed to be moving at different speed but the range from the photonic radar is kept the same. That is, target 1 is assumed to be at 75 m and moving with a speed of 20 Km/hr. Similarly, target 2 is assumed to be at 65 m and moving with speed 32 KM/hr, target 3 at 55 m and moving with a speed of 36 Km/hr and target 4 is assumed to be 45 m with velocity of 50 Km/hr. Corresponding Doppler frequency for target 1 is calculated as 7 Mhz, for target 2 it is calculated as 11.5 MHz, for target 3 doppler frequency is 12.9 MHz and for target 4 doppler frequency is calculated as 17.91 MHz. As Doppler shift is dependent upon the targets direction such that if the target is approaching towards the photonic radar, the range frequency will decrease by the amount of Doppler frequency (i.e., fr – fd) and the target will be moving away from the photonic radar then range frequency will be added up by the amount of Doppler frequency (i.e., fr + fd).

Fig. 5 depicts the moving targets detection having different speed and range from photonic radar. For simulation purpose both the scenarios has been considered that is target approaching the photonic radar as fr – fd and target going away from the photonic radar as fr + fd. The range frequency peaks obtained in the numerical simulation results equals the mathematically calculated value in both the cases in Figs. 5a and 5b. In Fig. 5a peaks observed for target 1 when target is moving away from photonic radar is at 57 MHz and when target is moving towards the photonic radar peak is observed at 43 MHz as highlighted in black colour in Fig. 5a. Similarly, for target 2 when target is moving away from photonic radar peak is at 54.8 MHz and when target is moving towards the photonic radar peak is observed at 31.8 MHz ass highlighted in red colour, for target 3 when target is moving away from photonic radar peak is at 49.5 MHz and when target is moving towards the photonic radar peak is observed at 23.76 MHz as highlighted in pink colour and for target 4 when target is moving away from photonic radar peak is at 47.9 MHz and when target is moving towards the photonic radar peak is observed at 12.10 MHz as highlighted in blue colour in Fig. 5a. Likewise, in Fig. 5b peaks observed for target 1 when target is moving away from photonic radar is at 207 MHz and when target is moving towards the photonic radar peak is observed at 193 MHz as highlighted in black colour in Fig. 5b. Similarly, for target 2 when target is moving away from photonic radar peak is at 184.5 MHz and when target is moving towards the photonic radar peak is observed at 161.40 MHz as highlighted in red colour, for target 3 when target is moving away from photonic radar peak is at 159.2 MHz and when target is moving towards the photonic radar peak is observed at 133.40 MHz as highlighted in pink colour and for target 4 when target is moving away from photonic radar peak is at 137.60 MHz and when target is moving towards the photonic radar peak is observed at 101.8 MHz as highlighted in blue colour in Fig. 5b.

[image: images]

Figure 5: Multiple moving target detection (a) at 1 GHz bandwidth and (b) at 4 GHz bandwidth. T1 is target 1 at 75 m with speed 20 KM/hr; T2 is target 2 at 65 m with speed 32 Km/hr; T3 is target 3 at 55 m with speed 36 Km/hr and T4 is target 4 at 45 m with speed 50 Km/hr

Lastly, the system is tested for the ability to distinguish between closely spaced targets also termed as range resolution and as given in Eq. (1) the impact of varying bandwidth is also proved. Fig. 6 illustrates the impact of bandwidth on the range resolution of the photonic radar.
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Figure 6: Range resolution of proposed photonic radar (a) at 1 GHz bandwidth and (b) at 4 GHz bandwidth

In Fig. 6a, targets are placed 15 cm apart from each other such that target 1 is at 75 m and target 2 is at 74.85 m while target 3 is at 72 m and target 4 is at 72.15 m. The individual and non-overlapping peaks obtained in numerical simulations depict successful detection of these targets which also proves the range resolution of proposed system to be 15 cm and is exactly the same as calculated mathematically using Eq. (1) at bandwidth of 1 GHz. Further, Fig. 6b illustrates the targets placed at 3 cm distance from each other such that target 1 is placed at 75 m and target 2 is at 74.97 m while target 3 is placed at 72 m and target 4 is placed at 72.035 m. The individual and non-overlapping peaks obtained in numerical simulations depicts successful detection of these targets which also proves the range resolution of proposed system to be 3 and 3.5 cm which is further improved then theoretically value calculated mathematically using Eq. (1) at bandwidth of 4 GHz. The results also verified that with increasing operational bandwidth, the resolution of the photonic radar improves.

Tab. 2 distinguishes between previously reported works and our work in terms of Doppler frequency detection, range, targets, turbulences and range resolution.
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5  Conclusions

In this paper, we have designed photonic radar for intelligent transportation system by employing mode division multiplexing technique to detect four individual targets. Numerical simulation for the proposed system is carried out to analyse the impact of atmospheric conditions. The reported results show successful detection of all the four targets with range frequency of 50, 43.3, 36.6 and 30 MHz for target 1, 2 ,3 and 4 respectively with bandwidth of 1 GHz and range frequency of 200, 172.90, 146.3 and 119.70 MHz for target 1, 2 ,3 and 4 respectively with bandwidth of 4 GHz. The system is further tested under atmospheric conditions and reported results under high attenuation of 75 dB/km depict successful detection as well as validation of proposed system. Further, the system is tested for analysing speed and direction of the targets as well as range resolution of the proposed photonic radar system and resulted in 15 cm resolution with 1 GHz bandwidth wile resolution of 3 cm with 4 GHz of bandwidth. All the numerical simulation results obtained contents with the mathematically obtained results and validates the proposed system. Further, extension of the proposed model can be achieved by real-time test-beds as well as introducing machine learning algorithms to take decision based upon the inputs of the photonic radar sensor.
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Table 1: Simulation parameter

Component Parameters Value
Continuous Wavelength 1550 nm
wavelength Laser Line-width 0.01 MHz
Power 0.01 mW
LG modes 00, 01, 02, 03
Dual Port Mach Zander modulator (DMZM) Extinction ratio 30 dB
Switching bias voltage 4V
Switching RF voltage 4V
Bias voltage +1V,—-1V
Simulation window Sweep time 10 s
Photo-detector (PIN) Responsivity 1 A/W
Dark current 1 nA
Thermal noise bandwidth 410 MHz
Absolute temperature 290 K
Load resistance 50 @
Shot noise bandwidth 410 MHz
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Table 2: Comparison with recent works

Year No. of  Doppler Turbulences Target Range Operating
targets  Shift distance Resolution  frequency
from Radar band
2018 [27] 1 Not Not reported 15 m Not reported 24 and 77
considered GHz
2020 [28] 1 Not Weak to 550 m under Notreported 77 GHz
considered Heavy heavy fog
2021 [29] 1 Not Not reported 1.73 m 5.9 cm 8-12 GHz
considered
2021 [15] 1 Not Weak to 600 m under Not reported 77 GHz
considered Heavy heavy fog
2022[16] 8 Not Weak to 100 m 25cm 77 GHz
considered Heavy (maximum)
2022 [17] 2 considered Weak to 140 m 6.75 cm 77 GHz
Heavy (maximum)
Current work 4 considered Weak to 75 m 3cm 77 GHz
Heavy (maximum)
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