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Abstract

:

Detection and tracing of multiple targets in a real-time scenario, particularly in the urban setup under adverse atmospheric conditions, has become a major challenge for autonomous vehicles (AVs). Photonic radars have emerged as promising candidates for Avs to realize via the recognition of traffic patterns, navigation, lane detection, self-parking, etc. In this work we developed a direct detection-based, frequency-modulated photonic radar to detect multiple stationary targets using four different transmission channels multiplexed over a single free space channel via wavelength division multiplexing (WDM). Additionally, the performance of the proposed photonic radar was examined under the impact of adverse weather conditions, such as rain and fog. The reported results in terms of received power and signal-to-noise ratio (SNR) showed successful detection of all the targets with bandwidths of 1 GHz and 4 GHz. The proposed system was also tested for range resolution of targets at 150 m and 6.75 cm resolution with 4 GHz bandwidth was reported, while resolution of 50 cm was reported with 1 GHz of bandwidth.
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1. Introduction


The World Health Organization was alarmed by the number of deaths and fatal injuries due to speeding, intoxication, and negligence [1]. The U.S. Department of Transportation has reported that around 94% of accidents that occurred in the U.S. are due to human negligence [2]. Automation in transportation has some intriguing predictions, such as lane capacity improvement, reduction in fuel consumption, emissions reduction, reduced travel time, etc. [3]. Thus, autonomous vehicles (AVs) have gained much attention as a new transportation system in the last decade [4]. To achieve autonomy in vehicles, the fusion of many sensors is proposed and studied to observe the contiguous atmosphere, such as traditional radars [5,6], photonic radars [7,8,9,10], and cameras [11,12]. Among these, photonic radars have gained lots of attention due to its high resolution and long-range target detection with precise distance measurements [13]. Several advantages, such as multiple target detection, blind-spot monitoring, lane and crossroads detections, and parking assistance, to name a few, that enhance the driving assistance experience in day-to-day events [14]. In contrast with the traditional microwave radars that employs radio frequency which is affected by the electro-magnetic interference and results in poor resolution and low bandwidth [15], the photonic radar modulates radio-frequency signal with optical signal (laser/led) and transmits it using optical lens as the transmitter into the free space.



Traditionally, radars are configured as pulsed radar and continuous wave (CW) radar, and the range is measured calculating the time of flight. Photonic radars are generally based upon frequency modulated (FM) CW radar configuration where range is measured by the frequency of echo signal and bandwidth of the operational frequency [16,17,18]. Further, triangular sweep is favored in high-speed target detection since it offers smaller sweep time than the pulsed sweep [19]. Similarly, linearly frequency-modulated (LFM) RF signal with a saw-tooth (triangular) modulation function is established to determine object range and velocity [20]. Traditional radars have poor resolution; hence, they cannot distinguish adjacent targets due to high beam divergence, while photonic radars offers low beam divergence due to narrow line-width and hence, offers high-range resolutions and can differentiate between two targets separated by a few centimeters [21].



The FM-modulated photonic radars are engaged in direct detection realization with the benefit of more sensitivity to the echoes on the outlay of shorter detection range [22,23]. Another noticeable solution is heterodyning mixing, more commonly known as coherent detection, with benefits of high receiver sensitivity, longer ranges, and minimal signal fading than direct detection at the cost of system complexity [24,25]. Furthermore, the input power requirement is another challenge in any detection system used in the autonomous vehicle industry as limited power can be availed from vehicle batteries [26]. Photonic radars are provided with power efficient means of detections, and the reported system has successfully operated with input power as low as −10 dBm.



With the existing infrastructure, the absorption peaks emerge at 24 GHz and 60 GHz, which are rather high, and conveniently, some transmission windows are accessible for acquiring the broadcast of the signal amid these peaks. However, with increasing frequency, the effects of atmospheric turbulences become more severe and thus, restrict radars operations. Thereby, placing a limitation in attaining extended target detection-oriented applications confines the operating frequency in smaller ranges. Moreover, the microwave band centered radar signal has the considerable consequence of rainfall attenuation due to scintillation, rainfall, scattering, foliage blockage, and diffraction. Generally, the wavelengths become smaller in mm-band; therefore, truncated resonances are acknowledged that cause weak signal response. The most prevalent atmospheric turbulences consist of fluctuations in the refractive index due to variations in temperature and pressure as well as smog or dust particles, fog, and rainfall [27]. Regardless of its initial stages, various significant efforts affirming AVs have been presented here. Self-driving vehicles under the effects of smoke and dust particles in the atmosphere are discussed [28]. Another study [29] discusses and compares the effects of 950 nm and 1550 nm on photonic radar operations and the effects of turbulences on them. The influence of different fog situations and experimental calculations of the photonic radar is premeditated [30]. The electro-optical photonic radar is tested with uneven perceptibility changes in haphazard atmospheric conditions by simulations [31]. A consequence of distinctive gases has been calculated to understand turbulences due to low ambient temperature upon photonic radars [32].



Therefore, the described work accords the influence of different attenuations due to atmospheric situations upon the working efficacy of the photonic radar, mainly at a high frequency. Nevertheless, a limited study has been reported that confirms the effectiveness of a frequency-modulated continuous wave (FMCW) driven photonic radar system while considering the fading effects of atmospheric turbulences, such as rain, haze, and fog.



Another challenge in realizing high resolution is bandwidth selection, as a higher bandwidth tends to provide higher resolution. To attain higher bandwidth and ultimately the precise resolution, millimeter band (30–300 GHz) is preferred in photonic radars for operating frequency [33]. Lidar functions in 24 GHz band are generally recognized as ISM (industrial, scientific, and medical) band with unrestricted narrow band (NB) bandwidth of 250 MHz (24–24.5 GHz) and comprises a bandwidth of 5 GHz termed as ultra-wide band (UWB). Although NB-ISM band is employed in sensing blind spots, UWB-ISM is employed for greater resolution. With new guidelines, UWB will not be available shortly, and hence, ISM band would not be as striking as of now for autonomous vehicle uses [33]. Originally, radar works in 70 GHz band, and 70–77 GHz is accessible for autonomous transportation applications. The 77–81 GHz (with 4 GHz bandwidth) band is recognized as short range radar (SRR) band. The key assistance offered is high tolerable equivalent isotopic radiated power (EIRP) that allows adaptive cruise control [33]. The range resolution obtainable by 77 GHz with frequency by 4 GHz bandwidth is 4 cm, equated to a range resolution of 75 cm and presented at 24 GHz with the bandwidth of 250 MHz.



Further, to widen the available bandwidth and track more than one target, the use of the multiplexing technique is proposed. WDM- (wavelength division multiplexing) centered optical links are preferred over the orthodox signal dissemination structures due to their compact and light weight structure, low loss, and immunity to electro-magnetic interference (EMI) [34].




2. Related Works and Main Contributions


In 2016 [35], synthetic aperture radar was proposed by the authors, incorporating the multibeam technique and WDM scheme to achieve high resolutions. In 2017 [36], another photonic synthetic aperture radar was designed which attained the bandwidth of 600 MHz and Ku Band. In another work [37], authors proposed a photonics-based, dual-band linear frequency-modulated continuous wave (LFMCW) radar receiver which offered high bandwidth as well as high resolution. In another work [38], authors demonstrated the detection of a one-inch metallic cylinder at a distance of 150 m by incorporating photonic radar based on 90 GHz FMCW radar with radio over fiber technology. In 2018 [39], authors proposed photonic time-stretch coherent radar (PTS-CR) which offered range resolution of 1.48 cm. The authors used an erbium-doped fiber amplifier for improving the signal-to-noise ratio (SNR) and proposed that PTS-CR can be operated over W band with 12 GHz ultra-broad bandwidth. In 2020 [8], the authors proposed silicon-chip-based photonic radar for attaining high resolutions. The reported result showed the resolution of 2.7 cm with error of less than 2.75 mm. Moreover, the detection of multiple targets was also reported with the help of inverse synthetic aperture. In another work [40], the authors proposed photonic radar based on the FMCW technique which is able to detect a single target. The authors also evaluated the performance under different atmospheric conditions, particularly rain and fog. Recently in 2021 [20], microwave photonic radar was demonstrated to detect the distance and velocity of a target with maximum error of 2.6% and 0.21%, respectively. Furthermore, in the literature, many key works with the use of wavelength division multiplexing were reported [41,42,43,44]. A novel MIMO-based photonic radar was reported based on the WDM technique that employed a single photonic-based trans-receiver and demonstrated simulation results of 15 × 15 MIMO radar system [45]. Microwave photonic radar using WDM was reported with 7.3 cm of range resolution [46]. Another work reported the use of the WDM technique in photonic integrated circuit (PIC) for high speed, low cost, and 3D sensing lidar systems [47].



In this work, we propose a direct detection linear frequency modulated continuous wave (LFM-CW) based photonic radar by modulating a carrier frequency of 77 GHz with bandwidths of 1 GHz and 4 GHz to realize the autonomous vehicles. The system is designed to range and detect multiple targets, as shown in Figure 1. The free space link is modeled using MATLABTM, while the system is designed using OptiSystemTM software.



The main contributions in this work are briefed as follows:




	
Designing a small and economical photonic radar system;



	
Testing the system under adverse weather conditions using four targets in a complex recognition scenario;



	
Evaluating the impact of different bandwidths in detection as well as on range resolution of multiple targets.








The remaining paper is organized as Section 3 presents the system modeling and working principle of proposed system, Section 4 describes the interpretations and discussion of results, followed by Section 4 which presents the conclusion of this work.




3. System Modeling and Working Principle


Figure 2 depicts the schematic illustration of the proposed linear frequency modulated continuous wave (LFM-CW) wavelength division multiplexing (WDM) enabled photonic radar in direct detection configuration. The key advantage is low-power requirement and compact size that is a must for autonomous vehicles. At the transmitter side, the system contains four channels being transmitted using a single channel in free space over 150 m. Each channel comprises a saw tooth generator with a sample rate of 819.19 Mbps, and max amplitude of 1 a.u. is employed to generate triangular sweep signal, as discussed in the introduction. The input for this saw tooth generator is given by a pseudo random bit sequence generator, generating 90 kbps of signal. The triangular sweep signal is fed into linear frequency modulator (LFM) where information is modulated using center frequency of 77 GHz. As the system is tested for effects of bandwidth on resolution, the two bandwidths used are 1 GHz and 4 GHz. The range frequency peak, fR, that denotes the target detection is calculated as Equation (1) [22]:


fR = (2 × R × B)/(T(s) × C)



(1)




where R is the range in meters, aB is bandwidth, c is speed of light, and Ts is sweep time. A higher Q factor of linear frequency modulator is attained by equalizing the sweep rate of frequency and trip time of local oscillator [48]. The modulator transfer function is stated in Equation (2) as [49,50,51]:


     E  o u t      E  i n     = cos  (   ϕ o  +   π   S  ( t )    2  v π     )   



(2)




where Eout and Ein are the input and output optical fields, vπ is the voltage needed to vary the optical power transfer function [50],  ϕ i is the initial phase, and S(t) is the RF-LFM signal power that is defined as Equation (3):


  S  ( t )  =  A c  cos  (  2 π  f c  t +   π B    T m       t 2   )   



(3)




where fc is the center frequency, Ac is the amplitude of LFM signal, and B is the sweep bandwidth.



The output signal of this LFM modulator is split into two parts: one is fed into dual port Mach–Zhender modulator (DP-MZM) where the optical carrier is modulated with radio signal, and the other is mixed with the received signal to recover the detected signal. A continuous wave laser diode is used as the optical source, operating at 1550 nm for channel 1 and with 0.1 nm channel spacing for subsequent channels. The major contribution of this system is minimal power requirement as the laser operates at −10 dBm of input power, and the line width used is 100 KHz. The optical signal is fed into one port of lithium niobate (LiNbO3) Mach–Zhender modulator and is used as the carrier signal. This LiNbO3 modulator has an extinction ration of 30 dB, switching bias voltage of 4 V, switching RF voltage of 4 V, and bias voltages V1 and V2 as 0 V. External DC bias of 2 a.u. is applied to the DP-MZM to generate second order sidebands and quash any additional sidebands if any. The DP-MZM output power for the direct detection systems is stated as Equation (4) [50]:


   E  T x    ( t )  =      P t   2      [ 1 +  β 2  cos  (  2 π  f c  t +   π B    T m     t 2   )  ] ·  e   (  j  ω o  t +  θ o   ( t )   )     



(4)




where β is the modulation index (β << 1); ωo is the angular frequency of transmitted signal; and θo(t) is the random phase component.



To minimize the budget and size, the use of an optical amplifier is omitted in this proposed system. The optically modulated radar signal from each channel with different operating wavelengths is then fed into the wavelength division multiplexer (WDM) with a bandwidth of 10 GHz. The multiplexed signal is then focused on the target, transmitted over free space using the optical transmitter and receiver (telescopic lens) with apertures of 5 cm and 15 cm, respectively. The free space channel is simulated for a maximum target distance of 150 m with geometric losses, transmitter losses of 1 dB, and additional losses of 2 dB for compensating normal conditions. The reflected echoes from the target usually suffer losses, specifically from angular dispersion, atmospheric transmission effects, and target reflectivity. The reflected signal power at the receiver is calculated as in Equation (5) [22]:


   P  r     =  {       P t       ρ  t      D 2     τ  o p t    τ  a t m  2    4  R 2                                              f o r   e x t e n d e d   t a r g e t        P  t        ρ  t      A t   D 2     τ  o p t    τ  a t m  2    4  R 2   A  i l l                                                             f o r   a n y   t a r g e t        



(5)




where D is the receiver aperture diameter, ρt is the target reflectivity, At is the target area, τopt is the transmission loss in the optical domain, τatm is the atmospheric loss factor, Aill is the illuminated area at target, and R is the target range.



The echoed signal power, Eref, at receiver is given as in Equation (6) [22]:


   E  r e f    ( t )  =    P r       [  1 +  β 2  cos ( 2 π  f c     (  t − τ  )  +   π B    T m         (  t − τ  )   2   ]  ·  e   (  j  (   ω o  −  ω d   )  t +  θ  o  ( t )     )     



(6)




where τ is the propagation delay given as τ = 2 × R/c. With the range of 150 m, the delay time is computed as 1 µs.



The photodiode output current with the responsivity, ℜ, is expressed as in Equation (7) [52]:


   i  p h    ( t )  = ℜ .  P r       (  1 +  β 2  cos ( 2 π  f c     (  t − τ  )  +   π B    T m         (  t − τ  )   2   )   2   



(7)







The filtered photocurrent signal to acquire the baseband signal is given as in Equation (8):


   i  p h    ( t )  =  I  d c   +  i  s i g    ( t )    ≈ ℜ .  P r       (  1 +  β 2  cos ( 2 π  f c     (  t − τ  )  +   π B    T m         (  t − τ  )   2   )   2   



(8)




where Idc and isig are the dc and ac photo detected current signals.



The detector used is PIN type photodiode with responsivity of 1 A/W with dark current of 10 nA, load resistance of 50 Ω, and bandwidth (thermal as well as shot) of 410 MHz. An electrical analyzer is used to detect the power and signal-to-noise ratio of received signal as in Equation (9) [22]:


  S N  R  d i r   =    β 2   ℜ 2   P r 2  / 2   2 q ℜ  P r   B  r x   + 4  k b   T r   B  r x   /  R L     



(9)




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



The photodiode detected signal is the amplified using an electrical amplifier with a gain of 40 dB. This amplified detected signal is now fed into a rectangular low pass filter (LPF) with cut-off frequency of 450 MHz along with RF-LFM signal to extract the required echo signal [53,54,55,56]. The beat signal after LPF is given as in Equation (10):


   S b   ( t )  =  A c  ℜ  P r  β cos  (  2 π  f c  τ −   π B    T m       τ 2  + 2 π  f r  t  )   



(10)







The filtered signal is the observed using the spectrum analyzer. The rest of the channels have a similar arrangement other than the operating wavelength. The parameters of the different components considered in the proposed photonic radar are given in Table 1.




4. Results and Discussions


This section presents various observations and discusses the results obtained from direct detection-based, WDM-enabled photonic radar in a comprehensive manner. The proposed system used a total of 8192 samples for simulation purposes. Four different stationary targets are considered in the model with maximum distance of 150 m for target 1, 110 m for target 2, 60 m for target 3, and 15 m for target 4. The varying distances replicate the scenario in which a pedestrian, a cyclist, a car, as well as a large vehicle, such as a truck, are acting as targets on the road conditions. For the purpose of simulation, scintillations in free space are presumed to be ideal. Initially, the system is tested with bandwidth of 1 GHz under the clear weather conditions and similar results are obtained and compared at bandwidth of 4 GHz. Figure 3 illustrates the successful reception of reflected echoes from each of the four targets observed at the RF spectrum analyzer after filtering the unwanted signals at LPF with (a) at 1 GHz and (b) at 4 GHz bandwidth.



Usually in radar operations, 90% of the transmitted power is either absorbed or scattered in the transmission, and only 10% of the power is considered reflected from the stationary targets. The clear peaks indicate range frequency for all the four targets at 1 GHz as well as for 4 GHz, as shown in Figure 3 depicting successful detection. Theoretically, the range frequency is calculated as given in Equation (1).



For 1 GHz bandwidth, the range frequency is theoretically calculated to be 100 MHz at 150 m, 73.33 MHz for 110 m, 40 MHz for 60 m, and 10 MHz for 15 m of target distance. The calculated theoretical values and similar detected range frequency peak is observed in Figure 3a. Likewise, when the bandwidth is changed to 4 GHz, the theoretically calculated range frequency is 400 MHz at 150 m, 293.33 MHz for 110 m, 160 MHz for 60 m, and 40 MHz for 15 m of target distance. Again, the calculated and observed peaks of the range frequency matches, as given in Figure 3b. This indicates successful detection of the multiple targets by the proposed WDM-enabled LFM-CW based photonic radar without any error.



The AV system relies on photonic radars for the effective performance of most of the conveniences and hence, should be able to detect effectively under the impact of atmospheric turbulences, particularly in low-visibility conditions to achieve the extended range detection. In the transportation sector, zero visibility is referred to as visibility of less than 50 m under adverse weather conditions that may leads to accidents [57]. Consequently, the performance of the proposed photonic radar is further studied under the impact of fog and rain. Fog is considered as a mixture of many aerosols in the air that results in degradation of overall system performance [58]. Another degrading factor in the performance of the photonic radar is rain that affects the signal propagation, particularly at high frequencies, such as mm-band. The rain effect depends upon the rainfall rate (in mm/h) as well as the droplet size of the rain, as they both result in scattering or absorption. The theoretical value for calculation of attention due to rain (Arain)is given as [59]:


   A  r a i n   = k .  R o α   



(11)




where k and α are the power law factors that depend on variables, such as droplet size, frequency, and temperature, while Ro is the rate of rainfall in (mm/h).



The values of k and α can be computed via Marshall–Palmer distribution [60], and for the start frequency of 77 GHz, the values are calculated as 1.210 and 0.772. For this particular work we considered the values of attenuation in the modeling of the photonic radar system as specified in international visibility code [61] as 0 dB/km for clear weather, 2.5 dB/km for light rain (~2–3 mm/h), 12.5 dB/km for strong rain (~25 mm/h) and light fog, 25 dB/km for moderate fog, 50 dB/km for thick fog, and 70 dB/km for dense fog conditions. Another important aspect viz transmission losses, geometric losses, and additional losses are already considered, as explained in the system description. Figure 4 represents the successful reception of reflected echoes via the spectrum analyzer under the adverse effects of weather with attenuation of 50 dB/km.



The graph illustrates the impact of attenuation with higher bandwidth at mm-band attenuation severely affected power of echo signal at 150 m of range. Thus, it can be concluded that though the signal distortion is higher at the 4 GHz bandwidth with attenuation of 50 dB/km and an increasing target range from 15 m to 150 m; yet the proposed photonic radar successfully detected the target with minimum acceptable signal strength. The actual signal strength from the received echo signal is observed via the electrical analyzer before amplification under the varying values of attenuation, as defined above, while theoretical calculation of SNR is discussed above in Equation (9). Figure 5 depicts the corresponding observed values of received power and signal-to-noise ratio (SNR) with respect to range for bandwidth of 1 GHz up to 70 dB/km of attenuation.



The effects of attenuation are detrimental with varying ranges, as shown in the graph in terms of the received power and signal-to-noise ratio. For instance, channel 4 has been placed at 15 m from the radar-equipped vehicle; hence, minimal effects of attenuation are observed in the channel 4 signal strength as well as the SNR, whereas it has a maximum effe3ct for the channel as it is placed at 150 m. At 0 dB/km, the received power is −66.34 dBm, while the reported SNR is 33.65 dB for all the channels, but as the attenuation increases, the received power and SNR degrades. For attenuation of 50 dB/km, the SNR and received power for channel 1 are 18.65 dB and −87.34 dBm, respectively, while for channel 4 they are 31.55 dB and −68.44 dBm, respectively. This depicts minimum effects upon channel 4 as compared to channel 1. Similarly, the system is tested under the attenuations of 2.5 dB/km, 12.5 dB/km, 25 dB/km, and 70 dB/km; the values of reported received power and SNR for each channel are shown in Table 2. From the table it is evident that the entire channels successfully received signal under the attenuation effects up to 50 dB/km with sufficient received power and minimum acceptable signal-to-noise ratio.



Figure 6 depicts the corresponding observed values of the received power and signal-to-noise ratio with respect to range for bandwidth of 4 GHz and up to 50 dB/km of attenuations. As discussed in the case of 1 GHz, similar observations have been made in 4 GHz bandwidth. At 0 dB/km, the received power is reported as −67.59 dBm and SNR as 32.40 dB for all the channels. As the attenuation increases, the signal degradation is reported highest at channel 1 being placed at 150 m and lowest at channel 4 placed at 15 m from the radar-equipped vehicles. At 50 dB/km attenuation, channel 1 reported received power as −82.58 dBm and measured SNR as 17.40 dB, while at channel 4 the received power is reported as −69.09 dBm and the SNR is measured as 30.90 dB. As the minimum acceptable SNR is kept at 15 dB, the results with 70 dB/km attenuation are not reported in the case of 4 GHz as the signal degrades below 10 dB SNR in that case. Table 3 contains the brief observed values of received power and SNR for all the channels at different conditions.



From the above discussed Figure 5 and Figure 6 as well as Table 2 and Table 3, it can be concluded that attenuation effect increases with increase in bandwidth as well as range. Figure 7 shows the variations of SNR values with attenuation to further understand the variations in signal quality in varying atmospheric conditions. As discussed above and as depicted in Figure 7, the SNR in the case of 1 GHz bandwidth is better than in 4 GHz bandwidth.



Another important parameter to realize autonomous vehicles is to distinguish between two closely located targets. Many times, autonomous vehicles find such a situation where two objects or vehicles are at the same distance and with very narrow spacing between them. Any mishap may occur if the AVs are not able to distinguish the difference between such close vehicles. This feature is known as range resolution and to the best of the author’s knowledge, range resolution above 100 m of distance between the target vehicle and the radar-equipped vehicle is yet to be reported.



The range resolution, LRES, is defined as Equation (12) [21]:


   L  R e s   =  c  2 B    



(12)




where c is speed of light and B is bandwidth of the system. From Equation (12) it can be deducted that the range resolution depends upon the bandwidth of the frequency band utilized.



Theoretically, range resolution for 1 GHz of bandwidth is calculated as 15 cm, and for bandwidth of 4 GHz, range resolution is calculated as 3.75 cm using Equation (12). To test the proposed system for possible range resolution, we placed target 1 at 150 m and target 3 at 148 m. The simulation was performed with a displacement of 15 cm between targets 1 and 2 as well target 3 and 4 in the case of bandwidth 1 GHz, and displacement of 3.75 cm is given in the case of 4 GHz bandwidth between targets 1 and 2 as well target 3 and 4. Overlapping peaks were initially reported, and thus, the displacement is first increased to 30 cm and then to 50 cm in the case of 1 GHz bandwidth. Likewise, displacement shifted from 3.75 to initially 5 cm and then to 6.75 cm in the case of 4 GHz bandwidth. The clear peaks are observed at the displacement of 50 cm in the case of 1 GHz and 6.75 cm in the case of 4 GHz bandwidth between the targets, as shown in Figure 8.



The clear peaks of received echoes indicate the detection of all four vehicles at a distance of ~150 m, showing the realization of autonomous vehicles that can distinguish closely placed targets. The simulated results depict the system suffers an error of 35 cm in the case of 1 GHz bandwidth and 3 cm error in the case of 4 GHz bandwidth from the theoretically calculated values.



Table 4 shows some of the previous works which indicate that the proposed photonic radar performs well in terms of target range and resolution, impact of turbulences, and the total number of targets identified concurrently.




5. Conclusions


In this work, we designed a LFM-CW based photonic radar by incorporating WDM scheme for autonomous vehicle applications that can detect multiple stationary objects via the direct detection method. The key advantages of the proposed system are low-power requirement and compact size. Four targets placed at varying distances from the photonic radar-equipped vehicle were detected using 1 GHz and 4 GHz bandwidths in clear weather as well as under atmospheric turbulences. The results show improved power and SNR levels at the lower bandwidth of 1 GHz compared to the higher bandwidth of 4 GHz. The system is further tested for range resolution to identify the closely spaced targets at 150 m, and the reported results shows resolution of 50 cm in the case of 1 GHz of bandwidth and 6.75 cm in the case of 4 GHz of bandwidth. The reported results also show the significant improvement in range resolution as well as target detections compared to the previous works, as mentioned in Table 4. In the future, this work can be further extended to the moving targets and under complex traffic conditions.
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Figure 1. General diagram of tracking of multiple targets using photonic radars in autonomous vehicles [18]. 
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Figure 2. Schematic of proposed WDM-enabled LFMCW photonic radar. LFM: linear frequency modulator, DP-MZM: dual port Mach–Zehnder modulator, Tx/Rx: trans-receiver, EA: electrical amplifier, LPF: low-pass filter, WDM: wave-length division multiplexing. 
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Figure 3. Power spectrum of de-chirped signal from multiple targets under clear atmospheric conditions (a) at 1 GHz and (b) at 4 GHz bandwidths. 
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Figure 4. Power spectrum of de-chirped signal from multiple targets under adverse atmospheric conditions with attenuation of 50 dB/km (a) at 1 GHz and (b) at 4 GHz bandwidth. 
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Figure 5. (a) Received power and (b) signal-to-noise ratio (SNR) with respect to range at 1 GHz bandwidth. 
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Figure 6. (a) Received power and (b) signal-to-noise ratio (SNR) with respect to range at 1 GHz bandwidth. 
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Figure 7. Signal-to-noise ratio versus attenuation (a) at 1 GHz bandwidth and (b) at 4 GHz bandwidth. 
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Figure 8. Power spectrum of de-chirped signal (a) separated by 50 cm at 1 GHz and (b) separated by 6.75 cm at 4 GHz. 
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Table 1. Photonic Radar Modeling Parameters.
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	Component
	Parameter
	Value





	Continuous

Wave

laser
	Wavelength

Channel Spacing

Linewidth

Power
	1550–1550.3 nm

0.1 nm

100 KHz

100 µW



	Dual Port

Mech-Zhender

modulator

(DP-MZM)
	Extinction ratio

Switching bias voltage

Switching RF voltage

Bias voltage
	30 dB

4 V

4 V

0 V



	Simulation

window
	Sweep time

No. of samples
	10 µs

8192



	Photo detector

(PIN)
	Responsivity

Dark current

Thermal and shot noise BW

Absolute temp

Load resistance
	1 A/W

1 nA

410 MHz

290 k

50 Ω
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Table 2. Ghz Bandwidth.
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Attenuation Level

	
Power (dBm)

	
SNR (dB)




	
Ch 1

at 150 m

	
Ch 2

at 110 m

	
Ch 3

at 60 m

	
Ch 4

at 15 m

	
Ch 1

at 150 m

	
Ch 2

at 110 m

	
Ch 3

at 60 m

	
Ch 4

at 15 m






	
Thick Fog (70 dB/km)

	
−87.34

	
−81.74

	
−74.74

	
−68.44

	
12.65

	
18.25

	
25.25

	
31.55




	
Heavy Fog (50 dB/km)

	
−81.34

	
−77.34

	
−72.34

	
−67.84

	
18.65

	
22.65

	
27.65

	
32.15




	
Moderate Fog (25 dB/km)

	
−73.84

	
−71.84

	
−69.34

	
−67.09

	
26.15

	
28.15

	
30.65

	
32.90




	
Strong Rain and Low Fog (12.5 dB/km)

	
−70.04

	
−69.09

	
−67.84

	
−66.72

	
29.90

	
30.90

	
32.15

	
33.27




	
Light Rain (2.5 dB/km)

	
−67.64

	
−66.89

	
−66.64

	
−66.42

	
32.90

	
33.10

	
33.35

	
33.57




	
Clear (0 dB/km)

	
−66.34

	
−66.34

	
−66.34

	
−66.34

	
33.65

	
33.65

	
33.65

	
33.65
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Table 3. Ghz Bandwidth.
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Attenuation Level

	
Power (dBm)

	
SNR (dB)




	
Ch 1

at 150 m

	
Ch 2

at 110 m

	
Ch 3

at 60 m

	
Ch 4

at 15 m

	
Ch 1

at 150 m

	
Ch 2

at 110 m

	
Ch 3

at 60 m

	
Ch 4

at 15 m






	
Thick Fog (70 dB/km)

	
−82.58

	
−78.59

	
−73

	
−69.50

	
17.40

	
21.40

	
26.40

	
30.90




	
Heavy Fog (50 dB/km)

	
−75.89

	
−73.09

	
−70.59

	
−68.34

	
24.90

	
26.70

	
29.40

	
31.65




	
Moderate Fog (25 dB/km)

	
−71.34

	
−70.39

	
−69.09

	
−67.96

	
28.65

	
29.67

	
30.90

	
32.03




	
Strong Rain and Low Fog (12.5 dB/km)

	
−68.34

	
−68.14

	
−67.89

	
−67.66

	
31.65

	
31.85

	
32.10

	
32.33




	
Light Rain (2.5 dB/km)

	
−67.59

	
−67.59

	
−67.59

	
−67.59

	
32.40

	
32.40

	
32.40

	
32.40




	
Clear (0 dB/km)

	
−82.58

	
−78.59

	
−73

	
−69.50

	
17.40

	
21.40

	
26.40

	
30.90
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Table 4. Performance Comparison with Recent Works.
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	Ref.
	No. of Targets
	Range
	Operational Bandwidth
	Range Resolution
	Turbulences





	[62]
	1
	15 m
	24 and 77 GHz
	Not Reported
	Not Reported



	[63]
	1
	11 m
	40 GHz
	Not Reported
	Not Reported



	[64]
	1
	1.72 m
	8.5 to 12.5 GHz
	5.9 cm
	Not Reported



	[65]
	1
	51 m
	10 GHz
	Not reported
	Not reported



	[66]
	2
	2 m
	10 GHz
	1.5 cm
	Not reported



	Our work
	4
	150 m
	77 GHz
	6.75 cm
	Heavy Fog (70 dB/Km)
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