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Abstract. In recent years, the requirements for low delay and reliability
of vehicular communication are becoming more and more strict, while
the traditional OFDM (Orthogonal Frequency Division Multiplexing)
technology can not meet the above requirements due to high out-of-
band leakage and strict synchronization requirements. Therefore, in this
paper, the UFMC (Universal filtered multi carrier) system is applied to
the Internet of vehicles communication, and the overall performance of
the system is improved through the optimization design of the waveform
filter. The simulation results show that the FIR (finite impulse response)
filter designed in this paper can improve the SER (symbol error rate)
performance of UFMC system compared with DC (Dolph Chebyshev)
filter.
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1 Introduction

With the official commercial use of 5G and the popularization of mobile termi-
nal equipment, people gradually have a deeper understanding of the concept of
Internet of things. Three technology scenarios are defined in 5G, which are eMBB
(Enhanced Mobile Broadband), uRLLC (Ultra Reliable and Low Latency Com-
munication) and mMTC (Massive Machine Type of Communication). Among
them, uRLLC can satisfy millisecond level and end-to-end low delay transmis-
sion [1,2], which promotes the development of a large number of delay sensitive
mobile applications, such as realtime navigation and autopilot [3,4]. VANET
(Vehicular Ad-hoc Networks), referred to as the Internet of vehicles, is one of
the important applications of 5G system in high reliability and low delay com-
munication scenarios. The Internet of vehicles uses advanced sensor technology,
cloud computing technology, wireless communication technology, etc., which can
fully sense the realtime situation of road and traffic, and connect a certain range
of vehicles, pedestrians and roads to form a special mobile Ad-hoc network [5].
At present, a large number of 5G base stations are integrated into the Internet
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of vehicles, which makes the technology of security authentication, interference
management and load balancing have further development. To a certain extent,
it greatly alleviates the traffic pressure and improves the travel safety.

In the Internet of Vehicles, V2V (Vehicle to Vehicle) communication, V2P
(Vehicle to Pedestrian, Vehicle to Person) and other communication services
require faster and more reliable information in the transmission process, which
puts forward new requirements for basic waveforms [6,7]. If thousands of con-
nections in the Internet of Vehicles scene use the strictly synchronized OFDM
system, a large amount of synchronization signaling will appear in the net-
work, which will cause network congestion [8]. As a new multi carrier tech-
nology, UFMC suppresses the out of band leakage by filtering the sub-band, so
as to reduce the small frequency offset interference and has low synchronization
requirements [9]. UFMC uses shorter filter length, which is more suitable for
short burst packet transmission with low power consumption [10], such as cog-
nitive M2M (Machine to Machine) communication [11]. These advantages make
UFMC system more suitable for vehicle communication.

The current research on UFMC have been carried out. Paper [12] introduces
the system model and system principles of UFMC, and analyzes the channel’s
influence on UFMC when CFO (carrier frequency offset) exists, and at the same
time, the robustness of the system against CFO is improved by optimizing the
filter parameters. Paper [13] proposes to use two different optimization criteria
to optimize the design of FIR filters. The first is to maximize the ratio of signal to
out-of-band leakage, and the second is to maximize the ratio of signal and in-band
distortion plus out-of-band leakage. The filter optimized by these two criteria can
effectively improve the SIR (Signal to Interference) of the system. Paper [14]
considers time and frequency offset on the basis of paper [13]. Compared with
the UFMC system using DC filtering, the SIR of the optimized UFMC system
is increased by 3.6 dB, compared with the traditional OFDM system, the SIR of
the optimized UFMC system is increased by 15.1 dB. Paper [15] uses Chebyshev
filter, Hamming filter and Hamming filter to filter the UFMC system. The results
show that UFMC system is superior to OFDM signal in side lobe attenuation,
bit error rate and error vector amplitude. Paper [16,17] proposed a pilot design
method to suppress the interference in the UFMC system and effectively reduce
the system’s bit error rate. Paper [18] proposed a convex optimization method to
optimize the filter, and the optimized filter can suppress out-of-band interference
to the maximum extent.

Based on the above analysis, it is found that researchers have made some
achievements in the research of UFMC system, but most of the researches are
based on suppressing the interference of UFMC system, lack of research on the
relationship between filters index and system SER. This paper will conduct in-
depth research on this problem. Firstly, according to the basic principle of UFMC
system, the signal expression after AWGN (Additive White Gaussian Noise)
channel is derived, and the interference situation is analyzed. Then the FIR filter
is designed according to the CMM (constrained minimum maximum) criterion,
and the SER of UFMC system under each index is obtained by traversing the



The Wave Filter Design of UFMC Vehicle Communication System 69

filters index, and the relationship between the filters index and SER is analyzed.
Finally, the results show that the FIR filter designed in this paper can improve
the SER performance of UFMC system compared with the UFMC system using
DC filter.

2 Signal Model of UFMC System

2.1 Transmitter Model of UFMC System

The system model of UFMC is shown in Fig. 1. The overall bandwidth is divided
into B sub-bands, and each sub-band can be allocated N sub-carriers. With
the N-point IDFT operation, the frequency domain signal X; after equalization
is transformed into time domain x;. Then this output signal is filtered by a filter
fi with the length of L. That results in a symbol length of N + L — 1 because of
the linear convolution between x; and f;.
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Fig. 1. UFMC system model

Finally, all the filtered sub-band signals s; are added together and transmit-
ted. The transmitted signal s can be expressed as:
B-1
i=0
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where X; is a matrix which the element is the signal to be modulated on the i-th
sub-band; E; is a equalization matrix, where the element is the reciprocal of the
amplitude frequency response of the sub-band filter on the current subcarrier;
V,; is the N-point IDFT matrix with the size of N x Ng. The k-th row and

. 1 o (k—1)[(i-1)x Ng4+n—1] A A X
n-th column element of V; is ﬁe] i N . F; is a Toeplitz matrix

with its first column being [fk(O), fe), .. fu(L = 1), OlX(N_l)]T, and first row
. T
being [ f4(0),01x(z—1)]

2.2 Derivation of SINR in UFMC System
Considering that the channel is AWGN channel and is affected by CFO, the

received time domain signal r can be expressed as:
r=T(¢)FVEX +z (2)

where, € represents the normalized carrier frequency deviation, z represents the
additive white noise in the channel, and the remaining matrices are expressed
as follows:

X =[x, xI,... x5]" (3)
E = diag [E1, Es,...,Ep] (4)
V = diag [V, Vs, ..., Vp] (5)

F =[F,,Fs,...,Fp] (6)

o e(N4+L—2)
2n ——§N——

I'(e) = diag [1, AN e

(7)

At the receiver, FFT-based detection is used to transform the received time
domain signal into frequency domain. Since the UFMC symbol has the length
N+ L —1, zeros are padded to perform the 2N-point FFT. Finally, the frequency
domain expression of the signal can be expressed as:

Y =DI'(e)FVEX + Z (8)
where D is a 2N-point DFT matrix with the size of N x N+ L — 1, and the k-th

o 2(k—1)(n—1)
row and n-th column element can be expressed as ﬁeﬂ 2m N .

Let:
Q =DI'(e)FEV (9)
For the k-th subcarrier, the useful signal can be expressed as Q(k, k)X (k),

the interference signal can be expressed as > Q(k,m)X(m), then the SINR
m#k
expression of the k-th sub-carrier can be written as:

QY (k, k)Q(k, k)

%)k QY (k,m)Q(k,m) + 2" (k) Z(k)

SINRy, = (10)
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3 Design of Waveform Filter

3.1 Filter Optimization Design Model

It can be seen from formula (11) that in order to reduce the SER of the system, it
is necessary to suppress interference signals through filters as much as possible.
In the design of linear phase filters, CMM criterion is usually considered. In the
CMM criterion, it is planned to consider maximum stop-band attenuation of
filter, and constraining the pass-band ripple. The mathematical model can be
expressed as:

minc!x
ot 1—c(w)Tx <dbwe0,w) (11)
U ew)Tx—1 <88 w e [0,w,]
. T
where x = [hT,és} ,Cy = [01\1“}, c(w) = [QCOS (w (%)) oy 2c08(w), 1]T,

h is the filter coefficient, 65, represents the lower bound of the pass-band ripple,
and d; represents the upper bound of the pass-band ripple.

The filter design model of formula (11) can flexibly adjust the target require-
ments to meet special requirements. Figure 2 shows an example, Compared with
the DC filter, the FIR filter has a smaller attenuation in the pass-band, and the
transition-band is longer than DC, which means that the attenuation of the filter
designed in this paper is slower than that of the DC filter in the transition-band.

Magnitude Response (dB)

—— DC filter
—— CMM filter

Magnitude (dB) (normalized to 0 dB)

0 0.1 02 03 04 05 06 07 08
Normalized Frequency (xm rad/sample)

Fig. 2. Magnitude response comparison of DC filter and FIR
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3.2 Influence of Filter on Subcarrier Interference of UFMC System

Figure 3 show the comparison of SINR in a sub-band of UFMC system using DC
filter and FIR filter of Fig.2 when CFO = 0 and 0.05. The simulation results
show that when CFO = 0, the SINR of each sub-carrier is equal, and the gain
of FIR filter is small compared with that of DC filter. When CFO = 0.05, the
SINR of the middle sub-bands are lower than that of the edge sub-bands. The
SINR of the middle sub-bands of FIR filter is about 1 dB higher than that of the
DC filter, but it is lower than that of the edge sub-bands.
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Fig. 3. Performance comparison of DC filter and FIR filter

Figure 4 show the comparison of SINR in a sub-band of UFMC system when
FIR filters with different pass-band ripple are used at CFO = 0 and 0.05. The
simulation results show that when CFO = 0, the SINR of each sub-carrier is
equal, and the change of pass band fluctuation has little effect on the system
gain. When CFO = 0.05, the smaller the pass-band ripple of the filter is, the
SINR of the sub-carriers in the middle of the sub-bands can be improved. In
addition, the smaller the pass-band ripple of FIR filter is, the smaller the stop-
band fluctuation is, the slower the transition-band drops, and the worse the
interference suppression to the edge sub-carriers, resulting in the worse SINR of
the edge sub-carriers.

From the above analysis, it can be found that the filters index can affect the
performance of UFMC system. According to the amplitude response comparison
of DC filter and FIR filter, it can be inferred that the smaller the pass-band
ripple is, the smaller the interference of the intermediate sub-carriers is; The
more slowly the transition-band decays, the more interference the edge sub-
carriers suffer. In view of the above ideas, this paper intends to use the method
of traversing index to find a more suitable waveform filter for UFMC system
through the comparison of SER.
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Fig. 4. Performance comparison of FIR filter with different pass-band ripples

4 Simulation Results and Analysis

The relevant simulation parameters used in this paper are shown in Table 1:

Table 1. Simulation parameter

Parameter Valuel | Value2
Number of sub-carriers | 96 96
Number of sub-bands |6 6
FFTsize 128 128
Modulation 16QAM | 16QAM
SNR 15dB | 30dB
CFO 0 0.05

4.1 Performance Analysis of Filter Index Under Large Step Size

The traversable table under large step is shown in Table 2:

Table 2. Traversable table under large step size

Filter parameters

Value

The length of filter

25

The pass-band/stop-band cut-off frequency of filter | 0.125/0.2

The pass band ripple of filter

[1dB:1dB:6 dB]

Figure5 shows the SER curves of UFMC system by using FIR filters with
different pass-band ripples and the SER curves of UFMC system with DC filters.
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It can be seen from the figure that when CFO is 0, there is little difference
between the performances of different filters. This phenomenon indicates that
when CFO = 0, the interference caused by CFO is very small, and no matter
what kind of filter is used, there is little difference in SER. When CFO = 0.05, it
can be seen from the figure that with the increase of pass-band ripple, the SER
performance of the system is on the rise. In addition, the minimum SER of the
filter designed in this paper is less than that of the DC filter.

" = —y r = r = r 64— = r = : = : =

—©-DC filter —©—DC filter
62 —*—FIR filter| 4 621 —*—FIR filter

1 15 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 5.5 6
Rp(dB) Rp/dB

(a) CFO =0 (b) CFO = 0.05

Fig. 5. SER comparison of UFMC systems with different filters

As can be seen from Fig. 6, with the increase of pass-band ripple, the SER
of the intermediate carrier is gradually increasing. As the pass-band ripple
increases, the filter stop-band attenuation can be improved. At this time, the
filter in the transition-band will attenuate faster, and the interference suppres-
sion effect on the edge sub-carriers are better, so the SER on the edge-subcarriers
are lower.
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Subcarrier index

Fig. 6. SER comparison of each subcarrier under different pass-band ripples
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4.2 Performance Analysis of Filter Index Under Small Step Size

Section 4.1 analyzes the influence of filter index on SER of UMFC system in
large step size. Based on Sect. 4.1, this section narrows the search interval and
continues to search for the filter with good performance in small step size. The
traversable table is shown in Table 3:

Table 3. Traversable table under small step size

Filter parameters Value

The length of filter 25

The pass-band/stop-band cut-off frequency of filter | 0.125/0.2

The pass band ripple of filter [0.1dB:0.1dB:1dB]

Figure 7 shows the performance of UFMC system with small step length to
traverse the filter pass-band ripple when CFO = 0.05. It can be seen that as
the pass-band ripple continues to decrease, the SER is not greatly improved,
which indicates that in UFMC system, there is a threshold for the filter pass-
band ripple to improve the system performance. Even if the pass-band ripple
continues to improve, the performance of UFMC system will not be better, or
even worse.
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Fig. 7. SER comparison of UFMC systems with different filters

As can be seen from Fig.8, when the pass-band ripple is 0.1dB, the SER
of the edge subcarrier is the worst, because the pass-band ripple of the filter
is the smallest, the stop-band fluctuation of the filter becomes smaller. At this
time, the transition-band attenuation is the slowest, so that the interference
suppression to the edge sub-carrier is the worst. In addition, the SER of the
intermediate-carrier is not improved, which leads to the increase of the overall
SER.
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Fig. 8. SER comparison of each subcarrier under different pass-band ripples

4.3 Performance Comparison

It can be seen from Sect.4.1 and 4.2 that the best filter for UFMC system
performance is FIR filter with 1dB pass band ripple. Figure9 show that the
performance of the FIR filter designed in this paper is better than that of the
DC filter in UFMC system regardless of the modulation order with or without
CFO.
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Fig. 9. SER comparison of FIR filter and DC filter

5 Conclusion

Aiming at the problem that the Internet of vehicles is sensitive to time delay and
synchronization, this paper proposes to apply UFMC system to the Internet of
vehicles. In order to improve the reliability of UFMC system, this paper analyzes
the problem of inter-carrier interference in UFMC system, and gives the detailed
derivation process. Then, the interference is suppressed by optimizing the design
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of waveform filter. The performance of UFMC system using FIR filter and DC
filter is compared by MATLAB simulation platform in AWGN channel with or
without CFO, The influence of filter index on the performance of UFMC system
is analyzed. The results show that the waveform filter designed in this paper is
better than the DC filter to a certain extent, and can effectively improve the
reliability of the system.
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