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1 | INTRODUCTION

| Shin Kyung Lee

| Jeong Woo Lee | Do Wook Kang |

Many use cases have been presented on providing convenience and safety for vehi-
cles employing wireless access in vehicular environments and long-term evolution
communication technologies. As the 70-MHz bandwidth in the 5.9-GHz band is al-
located as an intelligent transportation system (ITS) service, there exists the issue
that vehicular communication systems should not interfere with each other during
their usage. Numerous studies have been conducted on adjacent interfering channels,
but there is insufficient research on vehicular communication systems in the ITS
band. In this paper, we analyze the interference channel performance between com-
munication systems using distribution functions. Two types of scenarios comprising
adjacent channel interference are defined. In each scenario, a combination of an ag-
gressor and victim network is categorized into four test cases. The minimum require-
ments and conditions to meet a 10% packet error rate are analyzed in terms of outage
probability, packet error rate, and throughput for different transmission rates. This
paper presents an adjacent channel interference ratio and communication coverage to

obtain a satisfactory performance.
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V2X communication technologies and the message formats
supporting them are published through standard documents

Automobiles are becoming smart mobile systems that offer
convenience and safety to drivers by providing automated
driving, infotainment, and road traffic information instead of
simple transportation systems. An automated driving system
is classified into four or five stages according to the functions
and roles of the vehicle. Various events and situations occur-
ring on a road are detected by mounted-sensors or delivered
by the vehicle-to-anything (V2X) communication devices.
The traffic information is provided to the driver if necessary
or used for autonomous driving [1,2]. Use cases comprising

[3-7]. Currently, V2X applications are becoming increas-
ingly advanced and diversified as vehicular communication
technologies are evolving.

Wireless access in vehicular environments (WAVE) and
long-term evolution (LTE) are the key technologies in V2X
communication in the unlicensed 5.9-GHz band for an in-
telligent transportation system (ITS) [8]. WAVE is a short-
range wireless communication technology that supports V2X
in a high-speed driving vehicle environment and follows the
IEEE802.11 standard as well as the IEEE802.11p, which is
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a physical layer for vehicle radio access. This includes the
IEEE1609.x series for security, networking, and multi-chan-
nel support, and this is the only V2X communication tech-
nology currently available for deployment [9-12]. WAVE
technology performance has been verified through several
projects and pilot services in the US, Europe, and Korea. 3rd
Generation Partnership Project (3GPP) has recently standard-
ized LTE Release 14 for cellular V2X (C-V2X) technology
that is capable of inter-vehicle communication and continues
to standardize 5G technologies to meet the objectives of a
peak data rate of 20 Gbps, mobility of 500 km/h, latency of
1 ms, connection density of 106/km2, five times spectrum ef-
ficiency, and user experienced data rate of 1 Gbps [13-15].
Recently, as shown in Figure 1, both V2X using WAVE and
C-V2X using LTE have been demonstrated as network solutions
for ITS service in the 5.9-GHz band. The WAVE system uses
V2X technology to deliver information between the Road Side
Unit (RSU) and vehicle using vehicle-to-infrastructure (V2I)
and between two vehicles, whereas LTE provides the same
service as WAVE through the PCS5 interface including vehicle-
to-pedestrian (V2P) and connects to a cellular network called
evolved Node B through the Uu interface using vehicle-to-net-
work (V2N). WAVE technology has MAC/PHY (medium ac-
cess control/physical layer) characteristics that are advantageous
for short-range wireless communication such as ad hoc commu-
nication. LTE technology is superior to long-distance wireless
communication owing to its technical features that can restore
signals at a lower level. Therefore, it can be stated that WAVE
and LTE are mutually complementary. In addition, the technical
verification of WAVE technology has been completed through
various pilot projects, and WAVE technology is currently in the
process of commercialization; however, it has the disadvantage
of significantly large infrastructure construction costs. However,
LTE can use the existing infrastructure to a certain extent, al-
though the greatest problems are securing technologies until the
commercial stage and a lack of verification testing. Currently,
the US, Europe, and South Korea have announced the use of the
70-MHz band from 5.855 GHz to 5.925 GHz for an ITS service,
which can cause the problem of adjacent channel interference
(ACI) when both WAVE and LTE share this band. The radio
frequency (RF) requirements between the two heterogeneous
networks should be satisfied to avoid interference between
them. The same ACI problem can occur between homogeneous
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communication systems. This paper presents an analysis of the
RF requirements for solving the ACI problems.

Recently, several studies have been conducted to solve the
problem of ACI mainly for the LTE system. Among the stud-
ies conducted on ACI within an LTE network, Son and Kim
[16] show that an adjacent channel interference ratio (ACIR)
of at least 46 dB is required to prevent the occurrence of in-
terference between the uplink channel from a mobile station
and the downlink channel from a base station. To secure the
reliability between vehicle-to-vehicle (V2V) communication
devices using LTE, it has been proposed that the interference
can be reduced through the scheduling of the resource block,
transmission power, and modulation scheme as described in
[17]. In both wireless local area network (LAN) and LTE en-
vironments, the same interference channel problem exists. The
throughput capacity is improved by the scheduling algorithm
using non-overlapping channels, power tuning, and partially
overlapping channels, as described in [18]. Research [19] has
been conducted to improve the throughput of the entire net-
work by employing an effective downlink scheduling algo-
rithm when LTE and dedicated short-range communication
(DSRC) networks are used together for V2V and vehicle-to-in-
frastructure (V2I) communications. The ACI model was stud-
ied in [20] by simulating the channel interference between the
service channel and the control channel according to the num-
ber of vehicles in a multichannel vehicular ad hoc networks
environment.

By examining studies on ACI between LTE systems and
heterogeneous systems, a mutual frame synchronization
scheme and a new uplink scheduling scheme that coexist
with TD-LTE and WiMAX systems are proposed in [21]. A
performance enhancement was demonstrated in [22] using
smart antenna beamforming techniques and guard bands to
resolve the channel interference between M-WiMAX TDD
and WCDMA FDD systems. Taking into consideration
various interference factors, the beamforming schemes for
maximizing the data rate and providing the required signal-
to-noise ratio for high-mobility users have been studied in
[23,24]. In [25], a risk-informed interference assessment was
conducted to solve the frequency-sharing problem of Wi-Fi
in an unlicensed band. In [26], the authors showed that the
appropriate antenna setting and filtering techniques are ef-
fective in solving the channel interference problem of a TV
receiver caused by the coexistence of a digital video broad-
casting-terrestrial network. In addition, unsolved technical
coexistence problems in the 5-GHz band observed in a net-
work combination scenario analysis are mentioned in [27],
including mobile edge computing, latency, and cross-fre-
quency scheduling issues under a coexistence between LTE
and DSRC systems. In the study by Voicu and others [25],
the outage probability for the LTE downlink was analyzed
using the proposed ACI model when IEEE 802.11C causes
ACI to the LTE system.
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An accurate ACI model is required when analyzing the
performance of ACI through a numerical analysis or simu-
lation. The ACI model derivation and performance analysis
has been presented in [16,23,28-37]. Firstly, in the study of
the ACI model using the distribution functions [16,29], the
signal-to-interference-plus-noise ratio (SINR) equation was
obtained by considering the co-channel and adjacent chan-
nel interference signals from multiple terminals using the
same LTE network, and the ACI model was derived by using
the probability density function (PDF) that was derived from
the SINR equation. In order to solve the error problem of
the PDF formula using the lognormal distribution when the
difference in the distance between the desired path and the
interference signal path is large, Kim and otherds [28] pre-
sented a method of assigning appropriate weights to each
PDF by dividing the radius. In the study by Heath [30], the
ACI model is derived using the Poisson point process for
co-channel interference signals using the Gamma distribu-
tion with second-order moment matching. However, there
was no study on various communication performance anal-
ysis including ACI model and throughput performance in
heterogeneous networks between LTE and WAVE networks.
Secondly, the ACI model that takes into consideration the
channel characteristics was studied. In Kim et al's., study,
the channel attenuation characteristics and channel rejection
factor were considered for deriving the interference signal
model. In [32-34], the leakage power of the adjacent chan-
nel was calculated by numerically analyzing the spectral
mask characteristics of the transmitter and receiver and the
frequency response of the filter for deriving the ACI factor.
Lastly, considering the mutual characteristics of heteroge-
neous networks, [23,35,36] applied the ACI model while
taking into consideration the interfering time, transmission
period, and MAC scheme in the co-channel and adjacent
channels as well as the characteristics of the interference
channel. To improve the path loss model as well as the ACI
model, [37] proposed the application of the optimal parame-
ters to the path loss model according to the distance between
the transmitter and receiver.

Thus far, there has been a lack of ACI research related
to the coverage and distribution of the desired and interfer-
ing V2X signals in the 5.9-GHz band for ITS. The commu-
nication range changes depending on various use cases and
communication environments. Therefore, the interference
analysis is important when adjacent channels have various
communication ranges. In this study, we analyze the perfor-
mance based on the communication range, distribution, and
RF characteristics of vehicles existing in two adjacent chan-
nels. The ACI system modeling is described in Section 2, and
the PDF for the system modeling is derived in Section 3. The
performance of the V2X communication system with ACI is
analyzed in Section 4. Finally, some concluding remarks are
presented in Section 5.

2 | SYSTEM MODELING

Two ACI scenarios are defined for the analysis. The first sce-
nario, called the V2V ACI scenario, is when one aggressor
V2V channel causes ACI in a victim V2V channel, as shown
in Figure 2. The desired V2V communication link is made
using the f; channel at a distance of d; from the transmitter,
whereas the interfering V2V link is made using the f, channel
at a distance of d, from the victim.

The second scenario, called the (infrastructure-to-vehi-
cle) I2V ACI scenario, comprises a victim 12V channel that
is interfered with by an aggressor V2V channel, as shown
in Figure 3. The desired 12V link communicates with the f;
channel at a distance of d; from the RSU, whereas the inter-
fering V2V link communicates with the f, channel at a dis-
tance of d, from the victim.

As shown in Figure 4, the victim vehicle not only re-
ceives a signal from the assigned channel but also experi-
ences interference from the adjacent channel owing to the
imperfection of both the aggressor transmitter mask and
the victim receiver filter. The former interference signal,
referred to as the adjacent channel leakage ratio (ACLR),
is defined as the ratio of the transmitted power to the power
measured in the adjacent channel. The latter, called adja-
cent channel selectivity (ACS), is defined as the ratio of
the receiver filter attenuation on the assigned channel to
that on the adjacent channel. The overall evaluated system
performance is represented by the ACIR, which is defined

Aggressor
& SR

Victim

FIGURE 2 V2V ACI scenario wherein an aggressor V2V
channel interferes with a victim V2V channel
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are causing mutual ACI
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as the ratio of the total power from the assigned channel
to the total interference power affecting a victim vehicle,
which results from transmitter and receiver imperfections.
The ACIR can be obtained from the ACLR and ACS as
follows:

1

ACIRZ = .
¢ 1/ACLR+1/ACS O

In this paper, an ACI analysis is conducted for 10-MHz
channels such that the bandwidth of all the channels and the
offset between the channels is equal to 10 MHz.

3 | DERIVATION OF SINR
DISTRIBUTIONS

Based on the system modeling and the considered scenar-
ios, the PDF of the received signal-to-interference-plus-
noise ratio (SINR) is derived when the transmitted signal
from the adjacent channel affects the signal reception of
the victim vehicle.

For simplicity, the communication radius is assumed to
have a circular cell structure. The victim vehicle is uniformly
distributed within the communication range of the desired
transmitter and has a distance d,, whereas the aggressor vehi-
cle is uniformly distributed within the communication range
of the victim vehicle and has a distance d,. Based on the
given conditions, the SINR of the victim vehicle, denoted as
7, can be expressed as:

des
Prx

=—2 2
N,y + P @

14

where P and P*¢ are the received signal power from the
desired transmitter and the aggressors, respectively, and N is
the noise density in W/Hz.

In general, the noise power is negligible as compared to
the ACI, and on considering the transmitted power and path
loss, the SINR can be re-written as:

Ayd; 107510
= Ayd; ™ 10P/10. 10-¢2/10

AL gre-rtay o ("L)
A b

)
2 d,

3

where A and A, are the constants, a; and a, are the path loss
exponents, and P2 and P2 are the transmitted power from
the desired and aggressor vehicles, respectively.

By transforming (3) at the dB scale, the SINR can be writ-
ten as

y=K+a,1n<dll>+a21n (d,)in dB, )
where
K=10log,, (%) + Pl — PSRy gree, )
a, =10a;log,e, 6)
and a4, = 10a, log, . %)

The PDF of the SINR, denoted as fy, is derived in [16] as

2ay /ay 22
20" 2(t-K)/a D,
@y ¢ <n{gr ) K )
fY = s p¥/a : 2K Dfllz >
2 —2(1—. a 2
(al+az)Dfe N z‘Zln(DTl >+K

where D; and D, are the upper bounds of d; and d,,
respectively.

By applying the shadowing model between the desired
transmitter and victim vehicle, (4) can be expressed in dB as:

y=X+K+a, 1n<di>+azln (da) . ©)
1

where X is a random component for the desired path
shadowing.

The PDF of the shadowing model, which has a log normal
distribution, is given by [38] as

! exp (—i> —oo<x<0o0, (10)
V2ro? 207
where o represents the standard deviation.

Considering the shadowing model, the PDF of the SINR

[ can be derived as

)=
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4 | ANALYSIS ADJACENT

CHANNEL INTERFERENCE

4.1 | Testscenarios and conditions

The V2X communication system parameters for the ACI
analysis are shown in Table 1. The height of the vehi-
cle antenna is based on the height of a passenger car.
The output power of the V2X device in the vehicle is set
as 23 dBm while including 7 dBi of the antenna gain,
whereas the output power of the RSU is 29 dBm owing
to a larger antenna gain of 13 dBi. For convenience of
analysis, it is assumed that all communication devices are
as listed in Table 1, regardless of the type of communica-
tion network.

The values of ACLR, ACS, and ACIR are listed in Table
2 according to the V2X communication system. The ACLR
value is set based on an output power of 23 dBm, and the
ACS values for a WAVE system are set as 22-29 to account

TABLE 2 ACIR for the V2X system [40]

Aggressor Victim
Aggressor Victim ACLR (dBc) ACS(dB) ACIR(dB)
WAVE WAVE 26 22-29 20.6-24.5
LTE WAVE 30 22-29 21.4-26.5
WAVE LTE 26 33 25.2
LTE LTE 30 33 28.2

ETRI Journa-WILEY--"

TABLE 1 V2X system parameters [39]
Parameter Unit Value Description
Thermal noise dBm/Hz —174 N/A
NF dB 10 Noise figure
imp dB 5 Implementation loss
G dBi 7,13 Antenna gain
Py dBm 23,29 Tx equivalent isotropic
radiated power
H,, m 1.5 Vehicle height
H., m 15 RSU height
fe GHz 5.9 Center frequency
BW MHz 10 Channel bandwidth

for extreme cases of performance. We assume that the ACLR
value is independent of the antenna gain. In this paper, WAVE
and LTE are used as examples to obtain the ACIR values. The
ACIR values obtained from both these communication sys-
tems are more valuable for an analysis.

The two-ray path loss model is used to obtain the channel
constants (A, A,) and exponent values (a,, a,) in (3) under
the conditions listed in Table 1. The constant and exponent
values of the channel are 1072 and 2.2 for V2V, and 10728
and 1.6 for 12V, respectively. The shadowing variance o is
set as 4 dB while considering a V2X outdoor environment.

As mentioned previously, the ACI scenario has two parts,
namely (a) the aggressor V2V channel causes ACI in the victim
V2V channel and (b) the aggressor V2V channel causes ACI in
the victim 12V channel. Each scenario is composed of four test
cases according to the combination of two V2X communication
systems, as shown in Table 3. The communication distance var-
ies from a few meters to a few kilometers depending on the use
cases and modulations. In addition, the performance of the ACI
depends on the ratio of the desired path distance to the distance
from the aggressor, which is defined as D,:

D,=D,/D,. (14)

TABLE 3 Testcases and conditions

Test case Aggressor Victim
V2V ACI as Figure 2

Condition: 1 < D, < 10, P,, =23 dBm

TC1 WAVE WAVE
TC2 LTE WAVE
TC3 WAVE LTE
TC4 LTE LTE
V2V ACI as Figure 3

Condition: 2 < D, < 20, P;, = 23,29 dBm

TCS WAVE WAVE
TC6 ILIUES WAVE
TC7 WAVE LTE

TC8 LTE LTE
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By considering the communication environment and ser-
vice, in the V2V environment, for the range of D,, it is as-
sumed that the range of d, is between d, and 10 times d,.
However, in the 12V environment, the RSU antenna is usually
installed on a road pole and tens of meters high, the minimum
range of D, is set as 2, and the maximum range of D, is set as
20 in consideration of the wide communication range of the
RSU. An output power of 29 dBm is used for the RSU to test
the 12V ACI scenario from TC5 to TCS.

The PDFs of the SINR for the V2V and I2V ACI scenarios
are plotted in Figures 5 and 6, respectively. The numerical re-
sults are obtained from the ACIR in Table 2. In the results of
the V2V ACI scenario, as the value of D, increases from 1 to
10, the SINR distributions are shifted by 20 dB. However, in
the I2V ACI scenario, the distributions are shifted by 18 dB
as the value of D, changes from 2 to 20. It can be observed

0.06 T

Valuc of

0.05F for TC1 and TC2

={20.6,21.4}
0.04

X 0.03F

0.02 -

0.01

FIGURE 5 PDF for D, range under V2V ACI scenario wherein

c=4dB
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FIGURE 6 PDF for D, range under I2V ACI scenario wherein
c=4dB

that the PDF in the 12V ACI scenario has a smaller SINR
distribution with a higher probability density of 0.064 owing
to the 12V channel constant and exponent values.

4.2 | Outage probability

The outage probability is derived from the receiver sensitivity.
Considering the implementation loss, noise figure (NF), and
thermal noise in Table 1, the receiver sensitivity is given by [41]

dBm
S =—174——+101 BW+NF+y+L,.,
r Hz 0L10 14 imp (15)
=M+y
where B
M=—174H—m+1010gloBW+NF+Limp. (16)
zZ

The value of M is computed as —89 dBm from Table 1.
The PDF of the receiver sensitivity is derived from (11) as

fs ()=fz(s—M)

2D§“2/“‘ 7l w1 202
= —28 a Q —\ &t —
(al+a2)D1 ? “ an

2

ZD?al/azez"z/ G owewn [ 207
+—L e of- Cit— >
o a

(a1+a2) D%

<D;2)
c,=s—In — |-K-M. (18)
D

Using (17), the cumulative distribution function (CDF) of
the receiver sensitivity is obtained as

where

Fs(s)=P,(S<5)= | fs(s)ds. (19)

The CDF of the received signal is shown in Figures 7 and 8,
where the vertical dotted line is the minimum receiver sensitiv-
ity based on the IEEE802.11p standard. For the V2V ACI sce-
nario, TC1 through TC4 can receive a 64QAM signal of at least
70% for D, = 1, and a signal of less than 4% for D, = 10. They
can also receive a QPSK signal of more than 95% for D, = 1,
and a signal of less than 40% for D, = 10. As compared to the
12V ACI scenario, TCS through TC8 can receive a 64QAM
signal of more than 50% for D, = 2, and a signal of less than
4% for D, = 20. They can also receive a QPSK signal of more
than 95% for D, = 2, and a signal of less than 60% for D, = 20.

43 |

A Nakagami-m fast fading channel model is suitable for open envi-
ronments such as a highway. A Rayleigh channel can be obtained
under the conditions of a Nakagami channel with m = 1. Using
Viterbi hard-decision decoding, the bit error rate equations for the

Packet error rate under fading channel
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mode of binary phase shift keying (BPSK) and N-ary quadrature
amplitude modulation (QAM) are written in terms of the SINR
per symbol, as described in [35]. We modified the equations for
consistency in terms of the SINR of the received signal. Thus, the
bit error probability for the BPSK can be written as:
ek oy~ L | (rmBwTya,) | (20
b 2 1+ (yanWTbag)

In the same manner, the bit error probability for N-ary
QAM can be obtained as

s M)

by
_ Va2 21
=2<\/§ﬁ1)<10g1N> Z (l_ul{V—QAM(y)>( )
2

i=1

where

1.5Q2i- 1)2 (yanWTbag) (22)

N-QAM _
; = — :
N-1+1.5Qi-1)* (yn,ByTya,)

Hi

Using (20), the upper bound packet error rate (PER) in a
Rayleigh fading channel is calculated for a packet length L,
as described in [42], as

0 L
|2 (y)sl—<1— Z ag-p™® (y,d)> . (23)
dzdfree
where
P (r.d)
d d (24
k d—k
=) < L >(p},“°s M) (1-pp* )", d=odd
or

d d k d—k
2 < ¢ >(PL““ ) (1-p= )"
1

=4
k=3+

(25)

1 d mes /2 (1 mes "
+5< d/2 )(pb )" (1=pp*()? , d =even

The values of a; and d,.. are dependent on the convolu-
tional encoder scheme, as shown in [43] and [44].

The average PER using the PDF can be calculated from
(11) and (23) as

[Se]

e = (I) Py Wy () dy

e mes —2(y—K) 20.2
=(I)pk Iwye Q( <—w3+—a >>dy (26)
1

1
(o2
o 2(/-K) 2
+J~p;(nc5(y)wze a Q<l <W3+2i>>d}/
0 o
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FIGURE 7 CDF for D, range under V2V ACI scenario wherein

NF and L, are 10 and 5 dB, respectively

imp
h
Where 2D2‘12/a1 e262/a%
W= @7)
(al +a2) D%
2D2“1/“2e262/a§
1
Wy = ———————, (28)
: (al +a2) Dg
D}
wy=r=in( = ) -K. 9)
1

The average PER under a Rayleigh fading channel for the
modulation and coding scheme (MCS) 3 is shown in Figures
9 and 10. TCI through TC4 under the V2V ACI scenario can
satisfy the requirement of a 10% PER with a range of D, up to
3.3, 4.0, 3.5, and 4.9, respectively. The value of D, is further
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FIGURE 8 CDF for D, range under I2V ACI scenario wherein
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reduced by 2.2 for TC1 and 2.5 for TC2 to obtain a 10% PER
for the ACIR of 20.6 and 21.4, respectively. It was observed
that the ACIR is required to be improved to 35 dB for a 10%
PER requirement for TC2 with MCS 3. TCS5 through TCS in
the 12V ACI scenario can satisfy the requirement of a 10% PER
witha D, range of upto0 6.2, 8.2, 6.5, and 10.5, respectively. The
value of D, is further reduced by 3.4 for TC5 and 4.0 for TC6 to
obtain a 10% PER for the ACIR of 20.6 and 21.4, respectively.
It was observed that the ACIR is required to be improved up
to 33 dB for a 10% PER requirement for TC6 with MCS 3. As
compared to the V2V ACI scenario with the ACIR of 20.6 and
21.4, it is shown that the I2V ACI scenario is more sensitive to
the PER performance owing to the larger degradation.

Among the eight test cases in Table 3, we have analyzed the
cases wherein LTE is an aggressor and WAVE is a victim. In
this interference environment, TC2 becomes a test case of V2V
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FIGURE 9 Average PER under a Rayleigh fading channel in
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and TC6 becomes a test case of 12V. In the V2V ACI scenario,
{24.5,26.5,25.2,28.2} listed in Table 2 are used as ACIR val-
ues for TC1 to TC4, respectively. In particular, for TC2, the
result of ACIR 35 that satisfies a 10% PER at D, = 10 was
added. Similarly, in the 12V ACI scenario, {24.5, 26.5, 25.2,
28.2} listed in Table 2 are used as the ACIR values for TCS to
TCS8, respectively. However, for TC6, the result of ACIR 33 that
satisfies the 10% PER at D, = 20 was added.

The average PER under a Rayleigh fading channel for TC2
and TC6 with different MCSs is shown in Figures 11 and 12,
respectively, where two different ACIRs are used for com-
parison. As the MCS increases, the range of D, satisfying a
10% PER is decreased. The PER performance does not match
the MCS order owing to the difference in coding gain. When
the ACIR is increased from 26.5 to 36.5 dB, in the V2V ACI
scenario shown in Figure 11, MCS1 and MCS3 have a PER of
less than 10% at D, = 10. In the case of MCS 2, 4, 5, and 6, the
range of the maximum D, satisfying a 10% PER increases to
8.5, 7.3, 9.8, and 5.4, respectively. Similarly, in the 12V ACI
scenario shown in Figure 12, MCS 1, 2, 3, and 5 show a PER
of less than 10% even at D, = 20. In the case of MCS 4 and 6,
the maximum range of D, satisfying a 10% PER increases to
18.5 and 12.5, respectively. However, a high MCS shows that
a greater ACIR improvement is required to obtain a 10% PER.

44 |

Song and Choi [45]studied the maximum throughput for
WAVE is computed for the different MCSs and packet sizes
under error-free conditions. The V2X throughput under the ACI
scenario can be obtained by considering the packet error rate as

V2X throughput

EMS =EMS i (1-pP). (30)
Under the same conditions, the maximum throughput of
LTE is typically higher than that of WAVE owing to the better
MAC efficiency of the frame structure of the former. However,
to focus on the performance changes, in this paper we assume
that LTE and WAVE have the same maximum throughput for
the given MCS scheme. The average throughput in the V2V
ACI and 12V ACI scenario under a Rayleigh fading channel
is shown in Figures 13 and 14, respectively, where an MCS of
3 is used. The D, point for a 10% throughput reduction is the
same as the D, point for a 10% PER reduction, as expected.

In the V2V ACI scenario of Figure 13, TC4 has a 10%
throughput reduction at D, = 5, whereas TC1 through TC3 have
a21%, 15%, and 19% throughput reduction, respectively. In par-
ticular, when an ACIR of 20.6 and 21.4 is applied, the through-
put of TC1 and TC2 decrease by 40% and 36%, respectively. For
the TC2 of interest, increasing the ACIR to 35 dB can improve
the 10% throughput reduction point to D, = 10. Similarly, in the
12V ACI scenario in Figure 14, TC8 has a 10% throughput re-
duction at D, = 11, whereas TC5 through TC7 have a throughput
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reduction of 21%, 15%, and 19%, respectively. In particular,
when an ACIR of 20.6 and 21.4 is applied, the throughput of
TC5 and TC6 is decreased by 42% and 36%, respectively. For
the TC6 of interest, increasing the ACIR to 33 dB can improve
the 10% throughput reduction point to D, = 20.

The throughput under a Rayleigh fading channel for the
different MCSs is shown in Figures 15 and 16. Furthermore,
when D, increases, the throughput decreases rapidly, partic-
ularly for a high MCS. In addition, it can be observed that
the performance degradation slopes of MCSs 1, 3, and 5 are
smoother than those of MCSs 2, 4, and 6 owing to the ro-
bustness against interference. The throughput performance
indicated by the dashed line is obtained by adding an ACIR
of 10 dB for the purpose of comparison. In the V2V ACI sce-
nario of Figure 15, as the value of ACIR increases by 10 dB,

the V2V ACI scenario wherein L = 1,024 bytes and for MCS 3
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FIGURE 14 Throughput under a Rayleigh fading channel under
the 12V ACI scenario wherein L = 1,024 bytes and for MCS 3

the value of D, with a 10% throughput reduction is improved
from {4.5, 2.9, 4.1, 2.5, 3.4, 1.9} to {13, 8.4, 11.5, 7.3, 9.7,
5.4} for each MCS level. Similarly, in the 12V ACI scenario
of Figure 16, the value of D, with a 10% throughput reduction
is improved from {9.6, 5.3, 8.5, 4.4, 6.5, 2.9} to {>20, 22,
>20, 18.4, >20, 12.4} for each MCS level. This shows that
the high MCS, especially MCS 6, requires a greater improve-
ment in the ACIR to meet the 10% performance reduction
condition.

S | CONCLUSION

In this paper, the ACI performance for V2X systems was dis-
cussed to analyze the minimum requirements of the ACIR
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FIGURE 16 Throughput under a Rayleigh fading channel for
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and the maximum ratio of the victim V2X coverage over the
aggressor V2X coverage. Two different V2X scenarios are
defined, including four test cases in each scenario according
to the different combinations of communication systems and
roles. The analysis of the ACI performance was performed as
follows. First, the PDF of the SINR was derived, while tak-
ing into consideration the link distance for the desired and
interfering path, the path loss characteristics, and the log nor-
mal shadowing effects. Second, the CDF of the receiver sen-
sitivity was derived to analyze the outage probability under
the given noise figure and implementation loss. Finally, a
Nakagami-m fast fading channel was used to compute the
PER. The average PER is obtained using the packet probabil-
ity and the PDF of the SINR and then used for obtaining the
V2X throughput. For the same D,, the results obtained under

the 12V ACI scenario (TCS5 through TC8) outperform those
obtained under the V2V ACI scenario (TC1 through TC4)
owing to the better path loss characteristics and greater EIRP
transmission power. The performance metric D, is determined
by considering the communication service ranges and is se-
lected as 10 and 20 for the V2V and 12V ACI scenarios, re-
spectively. The maximum allowed value of D, under the V2V
and 12V ACI scenarios is 5 with TC4 and 11 with TC8, re-
spectively, to meet a 10% PER requirement when the MCS
is 3. In the analysis of the PER and throughput with different
MCSs, the 10% PER performance for MCS 6 is degraded by
more than 2 and 3 times, respectively, under the V2V and
12V ACI scenarios as compared with MCS 1. The throughput
performance decreases rapidly as D, increases, particularly in
the case of a high MCS. In addition, it is shown that the deg-
radation slopes of MCSs 1, 3, and 5 are smoother than those
of MCSs 2, 4, and 6 owing to the robustness against the inter-
ference. In this paper, it can be observed that the ACIR value
of 28 dB or less does not satisfy the performances of D, and
PER. Under both the aforementioned scenarios, when MCS 3
is used, the ACIR value must be at least 35 dB to obtain a 10%
PER performance. If the ACIR value is approximately 37 dB,
the majority of the MCSs satisfy the performance criterion,
but a high MCS, such as MCS 6 or above, requires a higher
ACIR value of 40 dB.
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