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Abstract

:

In this paper, we present interference rejection combining scheme for interference suppression in wireless access in vehicular environments (WAVE) system. WAVE system performances depend on interference traffic since various signals and noises are present due to various vehicles on the road. The IRC scheme can minimize the interference presence from the received signal within the massive interference condition, resulting in the substantial gain of signal-to-interference and noise ratios (SINR) and performance. Based on the experiment of our proposed scheme, given the vehicle speed, SINR and different channel condition, our proposed scheme for interference suppression achieved significant improvements by 2 dB SINR performance gain in the low speed condition and above 0.5 dB performance gain at the high speed case. To extend our scheme for the comprehensive analysis, we also produced the vehicle speed and SINR performance map, which showed the performance pattern over vehicle speed and SINR of our scheme.
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1. Introduction


With the advancement of the vehicle communication technology, the intelligent transport system (ITS) communities actively participate in the research and development of vehicle communication-related applications and services, including safety service using vehicle-to-vehicle (V2V) communication, traffic information service using vehicle-to-infrastructure (V2I) communication, and multimedia service [1,2].



Until recently, the U.S., Europe, and Japan were building infrastructures for national-level projects and working on their communication standards. In 2004, the IEEE 802.11 committee decided on the American Society for Testing and Materials (ASTM) specification as wireless access in vehicular environments (WAVE) and established Task Group p (TGp) for the standardization [3]. In other words, IEEE 802.11p, also known as WAVE, became the radio transmission standard supporting the maximum 27 Mbps in vehicles with the maximum 200 km/h speed within a radius of one kilometer. WAVE includes a new WAVE basic service set (WBSS) concept, considering the vehicle network’s characteristics compared to the conventional IEEE 802.11 networks [4]. It provides a multi-channel dedicated short range communication (DSRC) solution that shows excellent performance and plans to be a part of vehicular ad-hoc networks (VANETs). Various services and techniques based on V2V and V2I communication were applied and studied for this standard [5,6,7]. Those services and techniques include broadcasting modeling, collision warning service, traffic information, navigation updates, and infotainment [8,9,10].



In a WAVE system, it is critical to achieve a high capacity for sustainable data transmission. In the case of typical traffic conditions, groups of vehicles’ transceivers communicate simultaneously. Due to the heavy network traffic, only a few vehicles can achieve a high transmit data rate. Especially in heavy traffic conditions, the data traffic performance could severely deteriorate because of significantly low SINR caused by other adjacent vehicle interference. This low performed data throughput at heavy traffic is one of the severe bottlenecks of the WAVE system, and specific techniques for SINR improvement need to be present to resolve this issue.



The interference rejection combining (IRC) scheme became widely popular in the mobile communication areas [11], due to no prior knowledge requirement of the interference. In cellular networks, the IRC scheme was widely studied as an example of inter-cell interference suppression [12], non-orthogonal modulation scheme [13], and backhaul links [14] since the surging demands of network capacity with interference cancellation. Since IRC was investigated primarily on cellular communication, the IRC scheme must be considered in the vehicle communications, including WAVE. In particular, the existing vehicle communication studies do not consider the vehicle environments for IRC schemes, and implementing IRC schemes in the WAVE system can promise potential opportunities to improve WAVE communication.



In this paper, we present an interference suppression scheme using IRC to minimize interference powers from adjacent (neighboring) vehicles. In this paper, we first modeled the vehicles present on the road for channel conditions by stating different vehicle types. After modeling, we implemented the IRC algorithm in our proposed scheme without knowing fading channels and modulation schemes of interference signals from adjacent vehicles. Our proposed interference suppression scheme using IRC showed substantial throughput enhancements, compared to the existing WAVE schemes.



This paper consists of the following. In Section 2, we present a system model of the WAVE system and the specifications of WAVE systems. In Section 3, we explain the details of the proposed IRC-based interference suppression scheme. Section 4 shows the simulation results of our proposed scheme. In Section 5, we finish this paper with concluding remarks.




2. System Overview and Models


In this section, we explain about our system model of WAVE system for interference rejection combining approaches. Since we consider the WAVE system as the communication system in the model, we summarize and explain the details of WAVE in the physical layer including pilot arrangements. In addition, we describe the environmental situation where the vehicles are communicated with adjacent (neighboring) vehicles, the major interferers in the communication environments.



2.1. System Model


We assume our system model to be based on a WAVE system [3]. Figure 1 shows the system model composed of a group of vehicles. In the group, we consider vehicles of three types: serving vehicle, target vehicle, and neighboring vehicle. A serving vehicle acts as a WAVE system transmitter, and a target vehicle receives the signal from the serving vehicle. Neighboring vehicles generate interference to the link between the serving vehicle and the target vehicle. As far as the vehicle position is concerned, we consider that there should be a direct line of sight between the serving vehicle and the target vehicle. In this scenario, the vehicle communication between the serving vehicle and the target vehicle can be interfered with via wireless nodes from the neighboring vehicles [15]. Hence, the signal-to-interference and noise ratio (SINR) should be considered.



Although scenarios of multiple neighboring vehicles are possible, the complexity of wireless communication within heavy traffic is significant in the multiple vehicles cases. In this sector, we start on the single antenna port for transmit and transmit antenna diversity for simplicity before explaining the case of multiple antenna ports.



2.1.1. Single Transmit Antenna Port


In the single transmit antenna port, the received signal with two receiver antennas is defined as follows:


          y 0       y 1           =      h  s , 0        h  s , 1        x s  +  ∑  i = 0   N A        h  i , 0        h  i , 1        x i  +      n 0       n 1          



(1)




where   x s   is the transmit signal from the serving vehicle s and   x i   is the interference signal from the neighboring vehicle i.   h  s , j    is the channel between the j-th receiver antenna of the vehicle s and   h  i , j    is the channel between the j-th receiver antenna of the vehicle i.   n j   is additive white Gaussian noise (AWGN) of the j-th receiver antenna and   N A   is the total number of neighboring interference vehicles. The receiver can combine the received signals using the maximum ratio combining (MRC) [16] as follows:


     y ˜     =   (  h  s , 0   )  *   y 0  +   (  h  s , 1   )  *   y 1           =  h ˜   x s  +  n ˜      



(2)




where    h ˜   = |   h  s , 0     |  2  +   |  h  s , 1   |  2    and   n ˜   is the sum of the neighboring vehicle interferences and AWGN.




2.1.2. Transmit Diversity with Multiple Antenna Ports


When we perform the transmit diversity [17] with two antenna ports in the serving vehicle, the received signals with two antennas can be expressed as follows:


           y 0   ( 2 k )       y 0   ( 2 k + 1 )         y 1   ( 2 k )       y 1   ( 2 k + 1 )            =      h  s , 00      h  s , 00        h  s , 1      h  s , 00             x s   ( 2 k )       x s   ( 2 k + 1 )         x s   ( 2 k )       x s   ( 2 k + 1 )                +  ∑  i = 0   N A        h  i , 00      h  i , 01        h  i , 10      h  i , 11             x i   ( 2 k )       x i   ( 2 k + 1 )         x i   ( 2 k )       x i   ( 2 k + 1 )       +       n 0   ( 2 k )       n 0   ( 2 k + 1 )         n 1   ( 2 k )       n 1   ( 2 k + 1 )           



(3)




where k is a time index.   h  s , j l    is the channel between the j-th receiver antenna and the l-th transmitter antenna of the serving vehicle s and   h  i , j l    is the channel between the j-th receiver antenna and the l-th transmitter antenna of the neighboring vehicle i. The receiver combines the signals from two antennas using the Hermitian of the channel matrix [17] as follows:


           y ˜   ( 2 k )         y ˜   ( 2 k + 1 )            =       h ˜  , 0       0 ,  h ˜             x s   ( 2 k )         x s   ( 2 k + 1 )       +       n ˜   ( 2 k )         n ˜   ( 2 k + 1 )           



(4)




where    h ˜   = |   h  s , 00     |  2   + |   h  s , 01     |  2   + |   h  s , 10     |  2  +   |  h  s , 11   |  2    and    (  n ˜  )   ( m )    is the sum of the interference and AWGN of the m-th symbol.





2.2. WAVE Physical Layer


The physical layer of WAVE is defined in IEEE 802.11p standard [3]. IEEE 802.11p is the transformed form of the existing wireless local area network (WLAN) standard from IEEE 802.11. It operates in the frequency band of 5.850–5.925 GHz with the partly overlaying industry, science, and medical (ISM) band of the conventional WLAN standard. It also uses the 10 MHz bandwidth for a channel with OFDM modulation. Given that channel bandwidth, the range of data rate supported is 3–27 Mbps with the various modulation schemes, including BPSK, QPSK, 16QAM, etc. The OFDM signal comprises 64 subcarriers with 48 data, four pilots, and 12 direct currents (DC). In this paper, we consider the 6 Mbps data rate for simulation. Table 1 shows the parameters of the OFDM signal defined in IEEE 802.11p standard [3].



Table 2 shows a transmission mode of an OFDM signal by the data rate [3]. Note that each modulation and coding bit type depends on the data rate. In summary, the IEEE 802.11p standard has a narrow-band transmission spectrum as compared to the conventional wireless LAN standard and is defined to transmit the maximum transmission power of 44.8 dBm [3].



IEEE 802.11p standard also applied pilot arrangements with block and comb types as shown in Figure 2. At the first two OFDM symbols, block pilots are located across all subcarriers, and the OFDM system allocates comb pliots at subcarrier channel −21, −7, 7, and 21. The rest of the OFDM system contains data for transmission.





3. Interference Rejection Combining Scheme


In this section, we explain the details of our proposed scheme with interference rejection algorithms using minimum mean square error (MMSE) since we covered the system model of our work and the brief overview of WAVE systems.



3.1. WAVE Receiver Structure with IRC


In this subsection, a receiver structure is presented based on the WAVE system [3]. Figure 3 shows the IRCt-based receiver structure. In this figure, IRC processing operates with the modules of pilot extraction, noise estimation, channel estimation, covariance, and MMSE processing. After fast Fourier transform (FFT) processing, the receiver estimates noise and channel responses from the received signal, and it also calculates the covariance of the interference for MMSE processing. The IRC scheme can mitigate the interference from neighboring vehicles using the covariance and MMSE processing.



In Figure 3, after the MMSE processing, the signal is demodulated in a MIMO processing and demodulation and decoded in a decoding and de-rate matching. The performance of the interference rejection scheme is highly dependent on the accuracy of the channel estimation. In this paper, we consider the assumption that the channel between serving and target vehicles is perfectly estimated so that the receiver performance is not affected by the channel estimation.




3.2. The Interference Rejection Combining Algorithm


In this subsection, we present an interference rejection scheme to reduce the neighboring vehicle interferences with two receiver antennas. For the details of this scheme, we assume that the neighboring vehicle only uses single-antenna port in transmit mode. Figure 4 shows a system model for interference cancellation with a multiple-input multiple-output (MIMO) configuration.



In Figure 4, the received signal of the zero-th and the first receiver antennas can be expressed as follows:


           y 0   ( 2 k )       y 0   ( 2 k + 1 )         y 1   ( 2 k )       y 1   ( 2 k + 1 )            =      h 0     h 2       h 1     h 3           x 0     −  x  1  *        x 1     x 0               +       i 0   ( 2 k )       i 0   ( 2 k + 1 )         i 1   ( 2 k )       i 1   ( 2 k + 1 )       +       n 0   ( 2 k )       n 0   ( 2 k + 1 )         n 1   ( 2 k )       n 1   ( 2 k + 1 )           



(5)




where x is the data signal in the serving vehicle s and   i j   is the neighboring interference of the j-th receiver antenna; (5) can be simplified as follows:


    Y    =       y 0   ( 2 k )       y 0   ( 2 k + 1 )         y 1   ( 2 k )       y 1   ( 2 k + 1 )                =      h 0     h 2       h 1     h 3           x 0     −  x  1  *        x 1     x 0      +       i 0   ( 2 k )       i 0   ( 2 k + 1 )         i 1   ( 2 k )       i 1   ( 2 k + 1 )       +       n 0   ( 2 k )       n 0   ( 2 k + 1 )         n 1   ( 2 k )       n 1   ( 2 k + 1 )                = H x + I + N     



(6)







The MMSE filter can be expressed as follows [20,21]:


     Y ^     =  H H    (   H H  H  + C )   − 1   Y          =  H H    (   H H  H  + C )   − 1    ( H x + I + N )      



(7)




where    ( · )  H   is a Hermitian operation and C is a covariance matrix expressed as follows:


    C    =      c 00     c 01       c 10     c 11               = E {       i 0  +  n 0         i 1  +  n 1             i 0  +  n 0         i 1  +  n 1       }     



(8)




where   E ( · )   is an expectation operation.



It is highly complex to calculate the exact covariance matrix C. For computation, the covariance matrix C uses the estimated channel response H and pilot signals from the transmit signals as follows:


     I + N = Y − H x     



(9)







(9) can be possible only when x is the pilot signal. As shown in Figure 2, the average of the calculated covariance is obtained in 14 OFDM systems. After obtaining the covariance, its average is determined as the representative covariance of the each 14 OFDM symbols.



It is assumed that noise is sufficiently small compare with the interference; then (8) can be approximated as follows:


     C ≈       | |   i 0    | |  2       i 0   i  1  *         i  0  *   i 1       | |   i 1    | |  2           



(10)







The signal component defined as    Y ^  s   from   Y ^   in (7) is as follows:


      Y ^  s     =  H H    (   H H  H  + C )   − 1   H x          =  [  h  s , 0  *   h  s , 1  *  ]         | |   h  s , 0     | |  2  +  | |   i 0    | |  2       h  s , 0    h  s , 1  *  +  i 0   i  1  *         h  s , 0  *   h  s , 1   +  i  0  *   i 1       | |   h  s , 1     | |  2  +  | |   i 1    | |  2        − 1        h  s , 0        h  s , 1       x          =   ( | |  h  s , 0   |  | 2  | |  i 0  |  | 2  −  h  s , 0    h  s , 1  *   i 0   i  1  *  −  h  s , 0  *   h  s , 1    i  0  *   i 1  + | |  h  s , 1   |  | 2  | |  i 1  |  | 2  ) x    | |   h  s , 0     | |  2   | |   i 0    | |  2  −  h  s , 0    h  s , 1  *   i 0   i  1  *  −  h  s , 0  *   h  s , 1    i  0  *   i 1  +  | |   h  s , 1     | |  2   | |   i 1    | |  2             = x     



(11)




and the interference component    Y ^  i   from   Y ^   in (7) is the following:


      Y ^  i     =   (   H H  H  + C )   − 1   I          =        | |   h  s , 0     | |  2  +  | |   i 0    | |  2       h  s , 0    h  s , 1  *  +  i 0   i  1  *         h  s , 0  *   h  s , 1   +  i  0  *   i 1       | |   h  s , 1     | |  2  +  | |   i 1    | |  2        − 1        i 0       i 1      x          =   (  h  s , 0  *   i 0  | |  i 1  |  | 2  −  h  s , 1  *  | |  i 0  |  | 2   i 1  −  h  s , 0  *   i 0  | |  i 1  |  | 2  +  h  s , 1  *  | |  i 0  |  | 2   i 1  )    | |   h  s , 0     | |  2   | |   i 0    | |  2  −  h  s , 0    h  s , 1  *   i 0   i  1  *  −  h  s , 0  *   h  s , 1    i  0  *   i 1  +  | |   h  s , 1     | |  2   | |   i 1    | |  2             = 0     



(12)







In (11) and (12), we observe the perfect symbol recovery while presenting an interference. These results demonstrate that using interference rejection techniques can be effective to minimize the impact of the interference signal, given the assumption that we can perform the perfect channel estimation.





4. Performance Results


4.1. Test Environment Setup and Description


Since our interference rejection scheme as shown in Section 3 assumes to be operated on the traffic road environment with adjacent vehicles, we have to be aware that the performance evaluation must follow the specification of WAVE standards. The performance also has to be analyzed given the conditions of the vehicle speed and interference signal power. In this section, we present the simulation results with our proposed interference rejection scheme using the MMSE filter. A WAVE simulator is designed based on the WAVE standard [3] to evaluate the proposed interference cancellation receiver’s performance in a realistic environment. In the simulator, we considered the highway condition for fading channels, and no altitude matter was present on the data transmission. Since the vehicle is present with various interference signals from the neighboring vehicles, the WAVE simulator applied QPSK modulation and low-rate convolutional code. A finite impulse response (FIR) low pass filter in the frequency domain optimizes the component channel estimation. We applied two receiver antennas and two antenna ports for the MMSE filter. For the details of the parameters used in the data link simulator, Table 3 shows all necessary information.



Note also that, in all performance results, we define the vehicle speed as the relative speed between the serving vehicle and the target vehicle shown in Figure 5 for the realistic road conditions during the operation. For instance, when each speed of the serving vehicle and the target vehicle is 65 km/h and 70 km/h, we calculate the relative speed as 5 km/h. In serving vehicles with 85 km/h and the target vehicle with 75 km/h, the relative speed must be 10 km/h. In this relative speed scenario, we assume that the neighboring vehicles perform the same relative speed as the target vehicle. In addition, we measure the vehicle speed up to 25 km/h to consider the realistic situation and experimental significance observed in [22].




4.2. Experimental Results


In the simulation, we present the performance results given the following channel conditions: equal gain Rayleigh channel with (1) 2 us delay and (2) 5 us delay. To analyze the throughput of the downlink in an equal-gain two-paths Rayleigh fading channel with 2 us delay between the two paths, Figure 6 compares the throughput performances of the receivers considered in this paper. For throughput = 0.5, the receivers with interference cancellation could achieve about 2.0 dB and 1.0 dB performance gain, compared with the conventional receivers with 5 km/h and 20 km/h, respectively. In the throughput perspective, the throughput gain is 0.164 and 0.081 when 5 km/h and 20 km/h with SINR = −1.



Figure 7 shows the throughput performances of the receivers over vehicle speeds. When the vehicle speed increased, the performance with interference cancellation still outperformed the conventional receivers, but performance gain reduced steadily. In the red circle, we observed that the performance gains of MMSE at 10 km/h in −5 dB and −1 dB SINRs were 0.137 and 0.142, respectively. This result indicated that the SINR is not a significant factor for the performance gap of interference cancellation.



Figure 8 shows the throughput of the downlink in the Rayleigh channel with a 5 us delay. In Figure 8, we compare the throughputs of the receivers considered in this paper. For throughput = 0.4, compared with the conventional receiver, the receivers with interference cancellation achieved about 2.0 dB and 0.5 dB performance gains with 5 km/h and 20 km/h, respectively. For throughput gain, our scheme achieved 0.1558 and 0.091 when 5 km/h and 20 km/h with SINR = −1. Note that the performance improvement of MMSE was well-present in low SINR.



As compared to Figure 7 and Figure 9 provided the comparison between the performance of different fading channels in various SINR. In this result, we confirmed that the slight delay of Rayleigh fading shows performance degradation in low SINRs. However, we also observed that when SINR is −3 dB, the performance gap becomes narrower than in −5 dB. In SINR with −1 dB, the performance gap is barely visible. This observation explained that when the SINR becomes high, the fading channel condition becomes insignificant for the performance gain.



Extending our experiment results to the comprehensive view of throughput rate performance, we produced the colormap of the throughput rate over vehicle speeds to visualize the performance patterns as shown in Figure 10 and Figure 11. In Figure 10 with the Rayleigh channel in a delay of 2 us, we observed that when the SINR is low, the vehicle speeds become the significant factor for performance degradation by comparing the throughput rate at 5 km/h and 25 km/h at SINR= −5 dB. However, the performance gap in the high SINR is not as high as that of the low SINR. Note that the performance gap at 5 dB is 0.05881 as compared to 0.1612 at −5 dB. In the 5 us delay case from Figure 11, its performance pattern follows that shown in Figure 10. Note that the low SINR results in Figure 11 are inferior to the results in Figure 10, whereas the high SINR results show no significant performance loss.



In the results section, we showed the performance gain of IRC algorithms, and the gain depends on the various factors, including SINR, vehicle speed, and fading channel condition. In particular, the channel conditions must be well studied as examples of colormap, such as Figure 10 and Figure 11 for the WAVE system implementation, since the fading channel situation changes depending on the road, traffic condition, and location.





5. Conclusions


In this paper, we proposed the interference rejection scheme with the MMSE filter for WAVE systems. In the interference rejection scheme, the MMSE approach can effectively suppress the interference and recover the symbol to improve throughput rates of the systems while both the transmitter and receiver (e.g., serving vehicle and target vehicle) are in the non-stationary condition. Our performance results showed that our proposed scheme can achieve a substantial gain in low and high vehicle speed cases as compared to the WAVE system without MMSE. In particular, the scheme operated strongly at the low SINR case. In the vehicle speed case, we observed that the performance gain becomes inversely proportional to the vehicle speed. We also showed the performance map of our scheme to observe the performance pattern over vehicle speed and SINR.



While we were able to produce the performance results of our proposed scheme, we assumed that the neighboring vehicle performs at the same relative speed as the target vehicle. For the further research, we have to investigate and research the improvement of our IRC scheme to achieve the performance, given different relative speed cases of each vehicle. In addition, we only considered the limited antenna port cases in our paper. Since multi-array antenna beamforming is common in modern communication systems, we need to analyze the possibility of using those multiple antenna-based techniques. In future work, the fading channel-based performance fluctuation may become a potential issue and, using the iterative scheme to find the optimal parameters of each antenna beam direction, we may find the best setting in the WAVE system to provide sustainable throughput performance.
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	IRC
	Interference Rejection Combining
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	Wireless Access in Vehicular Environments



	MMSE
	Minimum Mean Square Error



	SINR
	Signal-to-Interference and Noise Ratio



	SNR
	Signal-to-Noise Ratio



	OFDM
	Orthogonal Frequency Division Multiplexing



	MIMO
	Multiple Input Multiple Output



	FFT
	Fast Fourier Transform
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	Additive White Gaussian Noise



	BPSK
	Binary Phase Shift Keying



	QPSK
	Quadrature Phase Shift Keying



	QAM
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	LAN
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Figure 1. System model with multiple vehicles. 
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Figure 2. Preamble, signal field, pilot and data arrangement map for IEEE 802.11p [18,19]. Note that data and pilot started to fill in for transmission after third symbols. 
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Figure 3. IRC-based WAVE receiver structure. 
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Figure 4. Overall structure of MIMO (2 × 2) system model. Note that the neighboring vehicle on the left and right are identical and the same entity. We described one vehicle as two separate entities on the left and right sides to clarify the interference matters from the neighboring vehicle with a single antenna. 
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Figure 5. Examples of the relative speed between serving vehicle and target vehicle. Note that the relative speed also impacts the neighboring vehicles. 
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Figure 6. Throughput rate in an equal-gain two-paths Rayleigh fading channel with 2 us delay. 
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Figure 7. Throughput over vehicle speed, an equal-gain two-paths Rayleigh fading channel with 2 us delay. 
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Figure 8. Throughput rate in an equal-gain two-paths Rayleigh fading channel with 5 us delay. 
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Figure 9. Throughput rate over vehicle speeds in different equal-gain two-paths Rayleigh fading channels. 
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Figure 10. Performance colormap over vehicle speed and SINR in an equal-gain two-paths Rayleigh fading channel with delay 2 us. 
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Figure 11. Performance colormap over vehicle speed and SINR in an equal-gain two-paths Rayleigh fading channel with delay 5 us. 
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Table 1. Properties of OFDM signal in IEEE 802.11p.
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	Parameter
	Value





	Bandwidth
	10 MHz



	FFT Size
	64



	Subcarrier Interval
	0.15625 MHz



	Signal Bandwidth
	8.28 MHz



	IFFT / FFT Interval
	6.4us



	Guard Interval
	1.6us



	Symbol Interval
	8.0(6.4 + 1.6) us
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Table 2. Transmission mode of OFDM signal according to the data rate in IEEE 802.11p.
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	Data Rate (Mbits/s)
	Modulation
	Coding Rate
	Coded Bits per Subcarrier
	Coded Bits per OFDM Symbol
	Data Bits per OFDM Symbol





	3
	BPSK
	1/2
	1
	48
	24



	4.5
	BPSK
	3/4
	1
	48
	36



	6
	QPSK
	1/2
	2
	96
	48



	9
	QPSK
	3/4
	2
	96
	72



	12
	16-QAM
	1/2
	4
	192
	96



	18
	16-QAM
	3/4
	4
	192
	144



	24
	64-QAM
	2/3
	6
	288
	192



	27
	64-QAM
	3/4
	6
	288
	216










[image: Table] 





Table 3. Simulation parameters.






Table 3. Simulation parameters.





	Parameter
	Value





	Data Rate (Mbits/s)
	6



	Error Correction Coding
	Convolutional Code



	# of antenna
	2 × 2



	Channel
	An equal-gain two-paths

Rayleigh fading channel

(Delay between the two-paths:

2 us and 5 us)



	Signal-to-Noise Ratio
	20 dB



	Vehicle Speed
	5 km/h∼25 km/h
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Relative Speed: 5km/h »
% &

Serving Vehicle Target Vehicle
65km/h 70km/h

Relative Speed: 10km/h [
&) )

Serving Vehicle Target Vehicle
85km/h 75km/h





media/file13.png
Throughput Rate
© o o
A~ (&)} (o))

O
w

O
N

Performance Results over Vehicle Speed

T T

—-&- Conventional/-5dB
—+ MMSE/-5dB

—+ MMSE/-1dB

-5~ Conventional/-1dB ||

15 20
Vehicle Speed (km/h)





media/file12.jpg
09

08

0.7

Throughput Rate

03

0.2

Performance Results over Vehicle Speed

-~ Conventional/-5dB |
- MMSE/-5dB

~&- Conventional/-1dB |
—+ MMSE/-1dB

10

15 20 25
Vehicle Speed (km/h)





media/file18.jpg
Y 0.45041

25

0.40003

052439

0.50069

047116

0.44114

084987 0.91185 0.94151 -

081115

061587 K7L

SINR (dB)

0.88834 0.92322

08776 091537

0.85301 0.89714

0.83389 0.8827 -

409

08

07

08

05

04

03





media/file9.png
Relative Speed: 5km/h [
ﬁ < > ®

Serving Vehicle Target Vehicle
65km /h 70km /h
Relative Speed: 10km/h [
ks < > &G

Serving Vehicle Target Vehicle
85km /h 75km /h





media/file14.jpg
08

Throughput Rate
o
>

04

Equal Gain Two Path Rayleigh Channel (Delay:

~o- Conventional, Skm/h
—— MMSE, 5kmh

~o- Conventional, 20km/h
—— MMSE, 20kmh

0
SINR (dB)

2 4






media/file20.jpg
20

Vehicle Speed (km/h)

{os
0.85187 0.91566 0.93058

08

051994 088531 0.9115

0.48872 084134 0.9022 08

(WOZPRP LS 07511 08483  0.88851 e

04
043466 0 X 082243 0.87184

SINR (dB)





media/file5.png
Received WAVE Signal

v

I Frequency Down Conversion ‘

v

I FFT Processing ‘

v

‘ Noise Estimation H Pilot Extraction |

v

‘ Channel Estimation ‘

¢ \ 4

‘ Covariance Processing H MMSE Processing |
v

| MIMO Processing & Demodulation |

v

| Decoding & De-rate Matching |






media/file15.png
Throughput Rate

0.8

0.6

0.4

Equal Gain Two

Path Rayleigh Channel (Delay: Sus)

T

1

T

1

T T

—&— Conventional, 5km/h
—— MMSE, 5km/h

—o— Conventional, 20km/h
—— MMSE, 20km/h

Il Il

-2

0
SINR (dB)

2 S






media/file19.png
Venhicle Speed (km/h)

0.57944

0.40003 0.52439

0.36705 0.50069

0.33463 0.47116

0.29817 0.44114

T T

0.84987 0.91185 0.94151 -

0.81115 0.88834 0.92322 -

0.79441 0.8776 0.91537 -

Renieiye 0.76045 0.85301 0.89714 -

Wreixich 0.73341  0.83389 0.8827 -

10.9

1 0.8

8 0.7

-2 0 2 4 6

SINR (dB)

0.6

0.5

0.4

0.3





media/file2.jpg
YO
OO0 ¥

000"
Poa

o
0000@0C

000080080000 0080000

AVQN;QOOQOOCO.OO.OA

&

0000000800080080000
9000800800080080000 *
0000000000080 80!
O )OO0080

YOC

@@@@@@@C&@@@@@@(, :
©6666660666666600
Ceeeeeee0666666600

(3y)siouEaqng

Symbols(M)





nav.xhtml


  electronics-10-01922


  
    		
      electronics-10-01922
    


  




  





media/file11.png
Throughput Rate

0.8

0.6

0.4

Equal Gain Two

Path Ray

leigh Channel (Delay: 2us)

T

T

|

T T

—&— Conventional, 5km/h
—— MMSE, 5km/h

—o— Conventional, 20km/h
—— MMSE, 20km/h

| |

4

0
SINR (dB)

2 -4






media/file6.jpg





media/file1.png
m— Target Vehicle
—: Serving Vehicle

m— : Neighboring Vehicle






media/file10.jpg
08

Throughput Rate
o
>

04

Equal Gain Two Path Rayleigh Channel (Delay: 2us)

&~ Conventional, Skm/h

—+ MMSE, 5kmh
& Conventional, 20km/h
—+ MMSE, 20kmh

0
SINR (dB)

2

4





media/file7.png
s  Serving Vehicle %

o e o = - -

A & h
&
Neighboring Vehicle

@
Neighboring Vehicle

e e

Yo Target Vehicle

|
I
: 7_‘ -
| &%
1





media/file16.jpg
0.9

0.8

0.7

Throughput Rate

0.3

0.2

Performance Results over Vehicle Speed

~o Rayleigh(2us)/-5dB
—+ Rayleigh(2us)/-3dB
—+ Rayleigh(2us)/-1dB
- Rayleigh(5us)/-5dB
~+ Rayleigh(5us)/-3dB
—+ Rayleigh(5us)/-1dB|

5 10 15 20

Vehicle Speed (km/h)

25





media/file3.png
Subcarriers(k)

OO000000000
0000000000,
UIINNISISISISISISIS)
UINISISISISISISIS)
UL X L X X X X
UINISISISISISISIS
UIINISISISISISISNS
UL L L X X X 1 J
IIINISISISISISISIS)
OOO00000000
UIINISISISISISISIS
N X L X X X X
IIINISISISISISISIS)
IXIIINISISISISISISISIS

0l Jolelol 10l0] JD1ele.

elele] oIl Julelol J0ol JOIUIele

B
=
w

1000000000000 00000OO0O

%
@)
w
(]
=
(5
e}
=X

= w
S B
(=)}

o}

2 =
o “ee =l
~

e
~

SC +31

Symbols(M)





media/file17.png
Throughput Rate

o
©

o
(o3

o
\'

o
o

o
o

o
~

o
w

o
N

aVal

Performance Results over Vehicle Speed

1

T

T

/-5dB
/-3dB
/-1dB
/-5dB

2us
2us
2us
Sus

-o- Rayleigh
—— Rayleigh
—— Rayleigh
-o- Rayleigh
—+— Rayleigh(5us)/-3dB |-
—— Rayleigh(5us)/-1dB

Py
— ' ' '

—=

1

10

15
Vehicle Speed (km/h)

20 25





media/file4.jpg
Received WAVE Signal

:

Frequency Down Conversion

i

FFT Processing

]

Noise Estimation [« Pilot Extraction

'

Channel Estimation

i

Covariance Processing  —»f MMSE Proc

ng

¥

MIMO Processing & Demodulation

'

Decoding & De-rate Matching






media/file0.jpg





media/file21.png
Sl 0.44089

'l 0.38744

(RCISTACK

Vehicle Speed (km/h)
o

{0l 0.31485

T

T

0.56762 0.85187 0.91566 0.93058 -

0.51994 0.81396 0.88531

0.9115 -

YRR RS 0.79128  0.84134 0.9022 -

0.45742 0.62415 100

0.8483

0.88851 -

(RGN RDGE 0.73459 0.82243 0.87184 -

0
SINR (dB)

2

1 0.9

108

8 0.7

0.6

0.5

0.4

0.3





