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ABSTRACT Vehicular networks are regarded as an effective solution for the traffic management and
road safety. In this paper, the performance of the vehicular networks is investigated under Nakagami-m
fading channels. The vehicular communication is considered to reuse the same time-frequency with another
vehicular communication link, so that both interference and noise produce an effect on each vehicle and
infrastructure. Firstly, we derive the closed-form expressions for the outage probability of vehicular links
and particularly examine two special cases, that is, high SNR case and weak interference case. For both
cases, approximate expressions for outage probability are provided in closed form. Then, we derive lower
and upper bounds of ergoidic achievable rate, which are evident to be sufficiently tight to the Monte-Carlo
simulated results. Based on these results, we further analyze the high SNR and weak interference scenarios
and the asymptotic expressions of ergoidic achievable rate are also presented. All the analytical results
are applicable for arbitrary locations, transmit power, as well as channel parameters. Finally, we propose
the power optimization which aims at maximizing the ergodic achievable rate and guaranteeing the outage
performance. Numerical results validate our analytical results via Monte Carlo simulations.

INDEX TERMS Ergodic achievable rate, Nakagami-m fading, outage probability, vehicular networks.

I. INTRODUCTION
In recent years,with the seamless increase of vehicles,
come along a series of critical global problems including
heavy traffic, traffic accidents, as well as air pollution
caused by traffic congestion [1]. According to statistics,
more than 1.3 million people were dead worldwide in traf-
fic accidents each year [2]. As a broad consensus, vehic-
ular networks are regarded as an effective solution to
these issues. The traffic efficiency and safety can be effec-
tively enhanced by the potential of the vehicular networks,
which can enable awareness of neighboring vehicles through
transmitting the real-time messages to both drivers and
passengers [3]–[6].
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Due to these benefits, great efforts have been spent on
vehicle-to-infrastructure (V2I) communication networks and
vehicle-to-vehicle (V2V) communication [7]–[9]. To meet
the demand for the vehicular communication, many works
focus on the resource allocation schemes of vehicular net-
works [10]–[15]. A joint resource allocation algorithm was
presented to minimize the tracking error while guaran-
teeing the reliability of the vehicular networks [10]. The
resource optimization schemes were proposed to improve
the resource utilization efficiency of the vehicular net-
works overlay device-to-device link, where the resource
of D2D link was assumed to be orthogonal to the cellu-
lar link [11]. The resource management strategies for the
relay-assisted V2V system was investigated in [12] where
the road side units (RSUs) were considered as relay nodes.
In order to maximize the overall packets receive ratio
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performance, a resource allocation mechanism is introduced
with non-orthogonal multiple access based V2V system [13].
An optimization method was proposed to allocate the spec-
trum resource by taking vehicle’s priority level and spectrum
availability into account for LTE V2V communication [14].
In order to maximize the throughput of vehicular commu-
nication network, a reliability and latency aware resource
allocation scheme was provided in [15].

The system performance under Nakagami-m channel has
also drawn much attention. The closed-form expressions for
both outage probability and throughput were presented in
a single hop wireless powered communication system [32].
The interference is characterized in a homogenous Poisson
field of static interferers under Nakagami-m, yet the factor
noise is left out in the consideration [35]. The orthogonal
frequency division multiplexing based DF relay node over
a Nakagami fading channels was discussed and the corre-
sponding signal-to-interference-plus-noise ratio (SINR) was
derived [36]. In [37], researchers investigated the downlink
NOMA networks over Nakagami-m fading channels. The
closed-form expressions for the outage probability and inter-
cept probability were obtained and the approximations for
high SNR scenario were analyzed. The outage probability
and throughput were derived with analytical approximate
closed-form expressions for the hybrid satellite/unnamed
aerial vehicle (UAV) NOMA networks [38]. The high SNR
approximation and diversity orders were explored and an
optimal location scheme for the UVA was provided.

Despite the seamless increase in the number of vehicles in
recent years, the current researches are lacking in the practical
physical layer assumptions. The performance analysis for
the vehicular networks has attracted wide attention over the
past few years. The performance and reliability of vehicle
communication for the safety-critical data broadcasting with
different priorities were analyzed in [16], [17]. The authors
in [18], [19] investigated the outage performance of vehicular
communication via a direct link reusing the cellular uplink
resources. Specifically, the urban area modeled as a grid-link
street layout was considered in [18]. The closed-form expres-
sions for the performance of vehicular Ad-hoc networks were
derived with line of sight (LOS) and single Rayleigh fading
channel respectively [20]. The performance of cluster-based
heterogenous vehicular networks is analyzed based on a
Markov queuing model [21]. Note that the Rayleigh scatter-
ing channel was considered in [18]–[21]. Researchers eval-
uated the performance of LTE-V2D system for both LOS
and NLOS cases based on an intersection simulation sce-
nario [22]. Authors in [23] focus on the vehicular commu-
nication in 5G small-cell networks, and derived the cooper-
ative probability, as well as coverage probability where the
small-cell base stations follow Poisson point process distribu-
tion. The throughput of V2I and V2V networks was analyzed
in [24] where a closed-form expression was presented under
simple channel model. Authors considered the AF-assisted
vehicular networks over Nakagami-m fading channels and
provided the lower bounds of outage performance [25].

The performance of NOMA SWIPT amplify-and-forward
networks underWeibull fading channels was analyzed in [26]
where the lower bound for the outage probability, as well
as the throughput were provided with closed form. Authors
in [27] investigated the performance of an inter-vehicle com-
munication system, and the exact closed-form probability
and symbol error were derived. However, obtained based on
Meijer’s G function, the results in this paper is actually not
a closed-form expression in its real sense. Authors in [28]
investigated the connectivity probability in the presence of
Nakagami fading channel and presented closed-form expres-
sion for the connectivity probability. However, the expression
is a combination of integral identities and the noise at each
user is ignored. In [29], authors focused on the network
connectivity probability of one dimensional linear vehicular
ad hoc network under Nakagami fading channel. A closed-
form expression for the network connectivity probability was
obtained with Meijer’s G function. However, the influence of
the interference was not considered.

Motivated by the above literatures, in this paper, we inves-
tigate the system performance of vehicular networks under
Nakagami-m fading channels which is a versatile fading
model compared to the Rayleigh fading channel. We assume
that the V2V and V2I communicate by sharing the same
time-frequency with the other vehicular link which brings
the interference. We first derive the probability density func-
tion (PDF) of SINR with closed-form expression. Then we
provide the closed form expressions for outage probability
of each link where the interference and noise are both con-
sidered at each node. Based on the results, we discuss two
special scenarios including high SNR case and weak inter-
ference case and the simpler approximations are obtained.
Based on theoretical analyses, the diversity order of outage
probability is obtained. Furthermore, we present the tight
bounds for the ergodic achievable rate with closed-form
expressions. Similarly, two special cases are investigated
and the corresponding approximate closed-form expressions
are also proposed. Based on the theoretical analyses for
the ergodic achievable rate, we discuss the high-SNR slope.
The analytical results demonstrate how the location of vehi-
cle, the wireless channel, and the transmit power affect the
system performance. Finally, we give a power allocation
scheme to enhance the ergodic achievable rate while the
outage performance is guaranteed. Note that all the analy-
sis in our paper apply for arbitrary transmit power, channel
parameters and noise, as well as random placement of the
vehicle.

The paper structure is as follows: Section II describes the
vehicular communication systemwhich shares the same time-
frequency resource. In Section III, the closed-form expres-
sions for outage probability are derived and the special cases
are discussed. We provide the tight bounds for the ergodic
achievable rate with closed-form expressions, as well as,
the approximations for the two special cases in Section IV.
A power allocation scheme is presented to raise the ergodic
achievable rate while guaranteeing the outage performance
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FIGURE 1. The vehicular network where the vehicles and infrastructures
communicate by sharing the same time-frequency resources.

in Section IV. A set of numerical results in Section V
corroborate our analytical results. Finally, Section VI
concludes the paper.

It is convenient to define the following notations: The
symbol 1= refers to the definition whereas |·| represents the
absolute value of a scalar. We use Pr (·) to denote the prob-
ability, while 0 (·) stands for the Gamma function. fX (·)
represents the probability density function (PDF) and FX (·)
returns cumulative distribution function (CDF). Finally, E[·]
indicates the expectation operator.

II. SYSTEM MODEL
In this paper, we consider the vehicular communications
network where there exist multiple vehicles requiring high-
capacity V2I communications, and multiple pairs of vehicles
engaged in local V2V data exchanging in the form of D2D
communications. All the vehicles are capable of doing both
V2I and V2V communication simultaneously. The whole
uplink frequency bandwidth is divided into F subbands,
we assume that only a single pair of V2V is supported via
resource reuse with a V2I pair in each subcarrier/subband in
the form of D2D communication. For the vehicular networks
with multiple V2V pairs, the system assigns each subcarrier
to at most one V2V pair and then performs transmission
design for theV2I link and assignedV2V link.Without loss of
generality, in the rest of our paper, we can simplify the model
and focus on a system where the infrastructure serves a single
vehicle with a co-existing V2V pair. Unfortunately, for the
general vehicular communication system with direct links,
the interference is more complicated. As depicted in Fig. 1,
the vehicles in proximity communicate with each other by
reusing the same frequencywith another communication link.
In such a vehicular network, the V2V pair transmitter VT
sends message to the receiver vehicle VR. At the same trans-
mission time duration, the V2I pair transmitter V1 communi-
cates with RSU. We assume the transmit power of node k as

Pk (k = T ,R, 1,U),1 and set sk as the normalized transmit
symbols for node k with E

[
|sk |2

]
= 1. The channel coeffi-

cients of the links are considered to follow independent and
non-identically distributed (i. n. d) Nakagami-m distribution.
Hence, the channel fading power gain can be written as

f
|hkq|

2 (βk) =

(
mk
�k

)mk βmk−1k

0 (mk)
exp

(
−
mkβk
�k

)
(1)

where hkq (q = R,T , 1,U; q 6= k) represents the channel
fading coefficient, mk denotes the fading parameter which is
assumed to be a positive integer, �k = E

[∣∣∣h2kq∣∣∣] denotes the
mean power, while 0 (·) is gamma function. We assume all
the nodes are affected by the additive white Gaussian noise
nk with zero-mean and variance of N0. We characterize the
path loss factors as Lkq =

(
d0/dkq

)α where α is the path-
loss exponent, d0 stands for the reference distance and dkq
denotes the distance between node k and q. Because the V2V
links share the same time-frequency resource, the two links
interfere with each other. Then, the received signal at VR can
be expressed by

yR =
√
PTLTRhTRsT +

√
P1L1Rh1Rs1 + nR (2)

while the signal obtained by RSU is given by

yU =
√
P1L1Uh1U s1 +

√
PTULTUhTU sT + nU . (3)

Based on the expressions in (2) and (3), we can write the
SINR at VR and RSU respectively as

γR =
PTLTR|hTR|2

P1L1R|h1R|2 + N0
(4)

and

γU =
P1L1U |h1U |2

PTLTU |hTU |2 + N0
. (5)

The outage probability is considered as a crucial quality of
service metric, which can be calculated by integrating the
PDF of γ from 0 to an acceptable threshold γth. Hence,
the outage probability of k − q link can be obtained by

Proutkq = Pr
(
γkq ≤ γth

)
=

∫ γth

0
f
(
γkq
)
dγkq (6)

where f
(
γkq
)
is the PDF of the received SINR of k − q link.

In addition, we can write the ergodic achievable rate as follow

Rkq = E
[
log2

(
1+ γkq

)]
. (7)

Prior to starting our investigation of the system perfor-
mance, a new key lemma is provided which will be used in
the subsequent analysis.
Lemma 1: Given three constants µ, η, ξ satisfying

Re [µ] > 0,Re [η] > 0,Re [ξ ] > 0, and two positive integers
n1, n2 ∈ N , for the function

I (µ, η, ξ ; n1, n2) =

+∞∫
ξ

xn1 exp (−µx)
(x + η)n2

dx (8)

1Note that T stands for VT , R represents VR, and 1, U respectively refer
to the V1 and RSU.
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we have

I (µ, η, ξ ; n1, n2)

=



exp (µη)

 n2∑
j=0

C j
n1

(−η)n1−j

(ξ + η)n2−j−1
En2−j (µ (η + ξ))

+

n1∑
j=n2+1

C j
n1(−η)

n1−jµn2−j−10 (j−n2+1, µ (η+ξ))

 ,
n1 > n2

exp (µη)
n1∑
j=0

C j
n1

(−η)n1−j

(ξ + η)n2−j−1
En2−j (µ (ξ + η)) ,

n1 ≤ n2
(9)

where En (p) is Exponential Integral and is expressed by

En (p) =
(−p)n−1

(n− 1)!
[− ln p+ ψ (n)]−

∞∑
m=0

(−p)m

(m−n+ 1)m!

(10)

with 
ψ (1) = −γ

ψ (n) = −γ +
n−1∑
m=1

1
m

n > 1
(11)

where γ ≈ 0.577 is Euler’s constant.
Proof: See Appendix A. �

Here, Lemma 1 provides a simple and computationally
efficient expression with closed form, which only includes
several elementary functions. It is also worth noting that
I (·, ·, ·; ·, ·) is a monotonically decreasing function with µ,
η and ξ . Having established the results in Lemma 1, we are
now ready to investigate the outage probability and ergodic
achievable rate for the vehicular networks under Nakagami-
m fading channel. Note that the interference expressions for
links VT − VR and V1 − RSU are similar, except that the
coefficients are different. Therefore, to find either the outage
probability or the ergodic achievable rate, we only need to
find the performance of one link, and then the other one can
be naturally obtained in the same manner.

III. OUTAGE PROBABILITY ANALYSIS
In this subsection, we first derive the closed-form expression
for the PDF of SINR. Then we obtain the outage probability
of both VT−VR and V1-RSU links with closed-form solution.
Subsequently, we discuss two special scenarios involving
high SNR and weak interference, for each special scenario,
we give the approximations with simple closed-form expres-
sions.

A. EXACT OUTAGE PROBABILITY
For the sake of convenience, we define the following nota-
tions, σ1 = PTLTR, σ2 = P1L1R, U = σ1|hTR|2 and

V = σ2|h1R|2 + N0 and then we have

fU (u) =
1
σ1
f
(
u
σ1

)
(12)

and

fV (v) =
1
σ2
f
(
v− N0

σ2

)
. (13)

According to the expression in (2), we further obtain the PDF
of γR as follows

fγR (w) =

+∞∫
−∞

|v| · fUV (wv, v)dv (14)

where fUV (·) is joint probability density function. Since U ,
V are independent, fγR (w) is given by

fγR (w) =
+∞∫
N0

v · fU (wv) · fV (v) dv. (15)

Submitting (12) and (13) into (15), we have

fγR (w) =
2
5
l=1

(
ml
�l

)ml 1
0 (ml)

×

+∞∫
N0

v
1
σ1

(
wv
σ1

)m1−1

exp
(
−
m1wv
�1σ1

)

×
1
σ2

(
v−N0

v

)m2−1

exp
(
−
m2 (v−N0)

�2σ2

)
dv (16)

where m1 stands for the fading parameter of hTR while m2
refers to the fading parameter of h1R. Let v ← v − N0, after
some manipulations, (16) can be transformed into

fγR (w) =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

wm1−1

× exp
(
−
m1N0w
�1σ1

) +∞∫
0

(v+ N0)
m1vm2−1

× exp
(
−

m1

�1σ1

(
w+

m2�1σ1

m1�2σ2

)
v
)
dv. (17)

Utilizing Eq.(3.151.3) in [41], the PDF of γR is written as

fγR (w) =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

× wm1−1

× exp
(
−
m1N0w
�1σ1

)

×

m1∑
i=0

C i
m1
Nm1−i
0

(
�1σ1
m1

)m2+i

(
w+ m2�1σ1

m1�2σ2

)m2+i
0 (m2 + i) (18)

where C i
m1

is the m1-combination of i. Having obtained
the pdf of γR, we now derive the main results as
follows.
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Theorem 1: When each vehicle and RSU are influenced
by both interference and noise, the outage probability of V2V
link under independent Nakagami-m fading is given by

PrR (γth)= 1−
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
m1
Nm1−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i)

× I
(
m1N0

�1σ1
,
m2�1σ1

m1�2σ2
, γth;m1−1,m2+i

)
(19)

where I (·, ·, ·; ·, ·) is shown in Lemma 1.
Proof: According to the definition of outage probability

in (6), we have

Pr (γR ≤ γth) = 1− Pr (γR > γth)

= 1−

+∞∫
γth

fγR (w)dw. (20)

Submitting the PDF of SINR into (20), we obtain the follow-
ing formula

+∞∫
γth

fγR (w)dw =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
m1
Nm−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i)

×

+∞∫
γth

wm1−1(
w+ m2�1σ1

m1�2σ2

)m2+i
exp

(
−
m1N0w
�1σ1

)
dw.

(21)

Then the equation (19) in Theorem 1 can be easily evaluated
based on the results in Lemma 1. �
Note that the outage probability of V1-RSU link can be

obtained in exactly the same way. It is obvious that the
result in (19) relies on several system parameters including
the desired signal power σ1 from VT , the interference sig-
nal power σ2 from V2V link, the noise N0 and the fading
parameters for desired V2V channel and interfered channel.
The results in Theorem 1 gives the exact outage probability of
eachV2V link or V2I link which applies for arbitrary transmit
power, noise, distance between the vehicles and infrastruc-
tures, as well as channel parameters. Note that the expression
in Theorem 1 is presented with closed-form including stan-
dard functions which can be evaluated computationally and
efficiently. In addition, a special case was proposed in [42]
where m1 = m2 is assumed.
Corollary 1: For the Rayleigh fading case, the outage

probability is presented as

PrRay = 1−
σ1

σ2γth + σ1
exp

(
−
N0

σ1
γth

)
. (22)

Proof: In equation (19), we set m1 = m2 = 1 and the
I (·, ·, ·; ·, ·) can be simplified as

I
(
N0

σ1
,
σ1

σ2
, γth, 0, 1+ i

)
=

1

(γth + σ1/σ2)
i exp

(
N0

σ2

)
E1+i

(
N0γth

σ1
+
N0

σ2

)
. (23)

The expression of outage probability in Rayleigh fading case
can be written as

PrRay = 1−
N0

σ2
exp

(
N0

σ2

)
E1

(
N0γth

σ1
+
N0

σ2

)
+

σ1

γth + σ1
exp

(
N0

σ2

)
E2

(
N0γth

σ1
+
N0

σ2

)
(24)

considering that the En (p) function meets the following
recursive formula

nEn+1 (p) = e−p − pEn (p) . (25)

Set n = 1, and then we can acquire a simpler form of the
equation (24) in Corollary 1. �

We now examine two scenarios of Theorem 1 where the
expressions will reduce to simpler forms.

B. HIGH SNR CASE
Corollary 2: For the high SNR case, the outage probabil-

ity reduces to

PrHS = Pr (γR ≤ γth) |i=m1,N0→0

≈ 1−
(
m2�1σ1

m1�2σ2

)m2 0 (m1 + m2)

0 (m1) 0 (m2)

× I
(
0,
m2�1σ1

m1�2σ2
, γth;m1 − 1,m1 + m2

)
. (26)

Proof: In this case, the additive noise can be ignored so
we have Pi

/
N0 →∞. According to the expression in Theo-

rem 1, it’s obvious that Pr 6= 0 only when i = m1. Therefore,
the outage probability for high SNR case in Corollary 2 is
trivially obtained by taking N0→ 0 and i = m1 into (19). �
Thus, it is easily conceivable that the expression for high

SNR case is much simpler and the outage performance is
enhanced as the desired signal power from VT decreases.
We can also find that a ceiling is excited in the high SNR
levels when the transmit power of each vehicle is fixed,
since the outage performance is independent of SNR but
only depends on the signal-to-interference ratio(SIR). The
approximation in (26) will be shown converging to the exact
outage probability curves for high SNR regime in Fig. 3.

The diversity order usually aims to describe how fast
the outage probability decreases with the transmitting SNR.
Accordingly, the diversity order can be defined as [39]

d = − lim
ρ→∞

log (P∞ (ρ))
log ρ

(27)

where P∞ (ρ) refers to the asymptotic outage probability
for high SNR case. Since the expression in Corollary 2 is
independent of SNR, we can easily get the diversity order for
the outage probability.
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Remark:1 By substituting the result in Corollary 2
into (27), the diversity order is equal to zero. This is due to the
fact that the received interference form the communication
link which shares the same time-frequency resources.

C. WEAK INTERFERENCE CASE
Corollary 3: For the weak interference case, the outage

probability reduces to

PrWI (γR ≤ γth) =
1

0 (m1)
γ

(
m1,

m1γthN0

σ1�1

)
(28)

where γ (·,·) is lower incomplete gamma function, defined as

γ (n, z) = (n− 1)! − exp (−z)
n−1∑
k=0

(n− 1)!
k!

zk . (29)

Proof: When the V2V link and V2I link sharing
the same time-frequency is far away from each other,
the interference between two links becomes negligible. Under
such circumstances, the received SINR is expressed by
γWIR ≈ σ1|h1|2

/
N0. Similar to the previous derivation,

we can easily present the approximate expression for the
weak interference case in Corollary 3. �

Again, we see a simpler expression for the weak interfer-
ence case. Since the received signal power decreased expo-
nentially with the distance between two links, it results in
the disappearance of the received interference signal power
in (28). According to the result in (28), we clearly see that
when the threshold γth is fixed, the dominating factor on the
outage probability is the received SNR and the noise. This
approximation is verified later in Fig. 4.

IV. ERGODIC ACHIEVABLE RATE
In this subsection, we first give the exact expression for the
ergodic achievable rate of V2V link, and then we present the
tight bounds, which admit simpler expressions with closed
form. Furthermore, we also examine high SNR case andweak
interference case, and approximate closed-form expressions
for each case are provided, respectively. Having established
the pdf of γth in (1), we can write the ergodic achievable rate
of V2V link as follows

RR = E
[
log2 (1+γR)

]
=

+∞∫
0

log2 (1+ w)×
2
5
l=1

(
ml
σl�l

)ml
×

1
0 (ml)

wm1−1 exp
(
−
m1N0w
�1σ1

)

×

m1∑
i=0

C i
mN

m−i
0

(
�1σ1
m1

)m2+i

(
w+ m2�1σ1

m1�2σ2

)m2+i
0 (m2 + i)dw. (30)

A. TIGHT BOUND ANALYSIS
Note that the computation of the exact expression for the
ergodic achievable rate in (30) is complicated, although

the integral in (30) can be evaluated numerically. Conse-
quently, deriving tight closed-form upper and lower bounds
for the ergodic achievable rate with closed-form expressions
is important and efficient. Here, we propose new upper and
lower bounds on the ergodic achievable, as is shown in
Theorem 2.
Theorem 2: When each vehicle and infrastructure are

influenced by both interference and noise, the ergodic achiev-
able rate of V2V link under independent Nakagami-m fading
is bounded by

RR,lo ≤ RR ≤ RR,up (31)

where

RR,lo = log2

1+
1

8I
(
m1N0
�1σ1

, m2�1σ1
m1�2σ2

, 0;m1−2,m2+i
)

(32)

and

RR,up = log2

(
1+8I

(
m1N0

�1σ1
,
m2�1σ1

m1�2σ2
, 0;m1,m2 + i

))
(33)

with

8 =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
mN

m−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i) . (34)

Proof: See Appendix B. �
It is important to note that Theorem 2 gives the closed-form

bounds for the ergodic achievable rate for arbitrary transmit
power, as well as location of each vehicles and infrastruc-
tures. Our results in Theorem 2 are computationally effi-
cient, including only several elementary functions. Moreover,
the interference and noise are both considered in the deriva-
tion. The new bounds proposed in (31) will be compared with
Monte Carlo results and a perfect agreement will be shown
in Section V. Two special scenarios will also be discussed
hereafter to demonstrate more insightful characterizations.

B. HIGH SNR CASE
Corollary 4: For the high SNR case, the ergodic achiev-

able rate bounds reduces to

RHSR,lo ≤ R
HS
R ≤ R

HS
R,up (35)

where

RHSR,lo = RHSR,lo|i=m1,N0→0

= log2

(
1+

m2�1σ10 (m1) 0 (m2)

ψlo

)
(36)

and

RHSR,up = RHSR,up|i=m1,N0→0

= log2
(
1+ ψup

)
(37)
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with

ψlo = m1�2σ20 (m1 + m2)

×

m1−2∑
j=0

C j
m1−2

(−1)m1−2−jEm1+m2−j
(
0+
)

(38)

and

ψup =
m2�1σ1

m1�2σ2

0 (m1 + m2)

0 (m1) 0 (m2)

×

m1∑
j=0

C j
m1
(−1)m1−jEm1+m2−j

(
0+
)
. (39)

Proof: For N0 → 0, as observed from the expressions
of upper and lower bounds, it is solvable only when i = m1.
Then it yields the results in Corollary 4. �
It is obvious that the expressions in Corollary 4 are simpler

than the exact ergodic achievable rate given for this regime
in Theorem 2. We can explicitly find that the results in
Corollary 4 only rely on the desired signal power, interference
signal power and channel parameters which imply an upper
limit existed in the approximations.

The high SNR slope is selected to capture the diversifi-
cation of ergodic rate with the transmitting SNR, which is
expressed by [40]

s = lim
ρ→∞

R∞ (ρ)
log ρ

(40)

whereR∞ (ρ) refers to the asymptotic ergodic achievable rate
for high SNR regime.
Remark:2 By substituting the result in Corollary 4 into (40),
we have

0 = lim
ρ→∞

R∞R,lo (ρ)

log ρ
≤ s ≤ lim

ρ→∞

R∞R,up (ρ)

log ρ
= 0 (41)

Therefore, due to the influence of received interference,
the high SNR slope is equal to zero.

C. WEAK INTERFERENCE CASE
Corollary 5: For the weak interference case, the ergodic

achievable rate bounds reduces to

RWIR,lo ≤ R
WI
R ≤ R

WI
R,up (42)

where

RWIR,lo = log2

(
1+

�1σ1 (m1 − 1)
m1N0

)
(43)

and

RWIR,up = log2

(
1+

�1σ1

N0

)
. (44)

Proof: Based on the analysis in Section III-C, we have
σ2→ 0. Based on the aforementioned analysis, the upper and
lower bounds in Corollary 5 can be easily arrived. �
Clearly, results in Corollary 5 provide extraordinary con-

cise expressions for the ergodic achievable rate bounds under
the scenario where the interference link is far away from the

desired link. Interestingly, the asymptotic upper bound is only
related to the received signal power and the noise. In addition,
it could be seen from equations (43) and (44) that when the
value ofm1 goes to infinity, the two equations will eventually
aggregate. That is, the larger the value ofm is, the closer upper
and lower bounds and the more accurate the solution is.

D. POWER ALLOCATION
We now focus on power allocation to maximize the ergodic
achievable rate of each link, with guarantee on the out-
age probability performance. In the previous discussion,
the transmit power is considered unchanged. However, in a
more realistic scenario, the total transmit power constraint
should be considered, that is PT + P1 = PTotal . In order to
investigate the power allocation scheme, we assume the trans-
mit power of VT , V1 as ϕPTotal and (1− ϕ)PTotal , respec-
tively. The problem is formulated as

max
ϕ

[RR (ϕ) ,RU (1− ϕ)]T

s.t. ϕ ∈ [0, 1]

PrR (ϕ) ≤ pR
PrU (1− ϕ) ≤ pU (45)

where RU (1− ϕ) refers to the ergodic achievable rate of V1-
RSU link.

In order to reduce the difficulty and complexity of multi-
objective optimization model, we transfer the problem in (45)
into single-objective optimization by using weighting objec-
tivesmethod. Inmost realistic scenarios of vehicular network,
the importance for two links sharing the same source is dif-
ferent. On the basis of conforming the generality, we denote
the weighting factor as κ . Then the optimization model is
converted into

max
ϕ

[κRR (ϕ)+ (1− κ)RU (1− ϕ)]

s.t. ϕ ∈ [0, 1]

κ ∈ (0, 1)

PrR (ϕ) ≤ pR
PrU (1− ϕ) ≤ pU . (46)

The scheme to optimize the transmit power so as to maxi-
mize the ergodic achievable rate guaranteeing the outage per-
formance is shown in the Algorithm below. The complexity
of this algorithm is O (K ) where K is the discrete dimension
of ϕ. The complexity is determined by the discrete interval
value, which is low for current well-developed communica-
tion systems.

V. PERFORMANCE EVALUATION
In this section, numerical simulations are provided under
different settings to validate our results. In consideration of
both generality and convenience, we analyze the urban macro
cell scenario where the path-loss fading coefficient is set as
α = 4. We assume the reference distance to be in unity that
d0 = 1. We also set the noise variance as 1, and the SNR
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Algorithm 1 Power allocation scheme to maximize ergodic
achievable rate guaranteeing the outage performance require-
ments

Input a set of system parameters including the weighting
factor κ , the channel parameters for each link, and the
outage performance requirements, Rmax

sum = 0.
Output the ergodic achievable sum rate.
for each ϕ = 0 : 1ϕ : 1, do

calculate the corresponding outage probability PrR and
PrU , respectively, based on the results in Theorem 1
if PrR ≤ pR and PrU ≤ pU , then
calculate the corresponding ergodic achievable rate
RR,up and RU ,up respectively, based on (32)
calculate the weighted ergodic achievable sum rate
Rsum = κRR (ϕ)+ (1− κ)RU (1− ϕ)
if Rsum ≥ Rmax

sum , then
Rmax
sum ← Rsum, ϕopt ← ϕ

else if continue
end if

else if continue
end if

end for

FIGURE 2. Comparison of exact analytical and Monte Carlo simulated
results for outage probability.

at vehicles is formulated as SNR= Pi
/
Ni. All the Nakagami

fading channels are independent and identically distributed.
The Monte Carlo results are generated by averaging over
106 independent channel realisations. Although in our per-
formance evaluation section, the results are obtained for some
fixed fading scenarios, they are valid for an arbitrary fading
scenario since we do not impose any specific constraint in our
derivations.

Figure 2 verifies the validity of our analytical results for
the outage performance in Theorem 1. We compare the exact
analytical results with Monte-Carlo simulated results for dif-
ferent predetermined ratio γth. Here, we set d1R = 3, m1 = 3
and m2 = 2. As anticipated, a perfect agreement is shown

FIGURE 3. Comparison of exact analytical and high SNR analytical results
for outage probability.

FIGURE 4. Comparison of exact analytical and weak interference
analytical results for outage probability.

between the analytical and simulated curves for all the SNR
regime.

We compare the exact analytical results of outage
performance against the high SNR approximation in
Corollary 2, for different levels of interference influenced
by sharing the same time-frequency resources. In Fig. 3 we
setm1 = 3,m2 = 3, γth = 0dB. As expected, the approxima-
tions for high SNR case seem to be noticeably tight even for
moderate SNR range (e.g. approximately 30dB). We observe
that a longer distance between two links reduces the inter-
ference at the receiver, thereby leading to a smaller outage
probability. Moreover, the increasing SNR has a diminishing
effect on the outage performance, which yields a certain
value. That is, the results inCorollary 2 can accurately predict
the outage probability over a wide SNR regime.

In Fig. 4, the exact and weak interference approxi-
mate analytical results are provided against the distance
between V1 and VR. We assume m1 = 4,m2 = 3, and
γth = 0dB. Different SNR curves are plotted in the
figure (SNR= 10, 15, 20dB). Again, a precise agreement
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FIGURE 5. Comparison of exact analytical tight bounds, as well as Monte
Carlo simulations for ergodic achievable rate.

FIGURE 6. Comparison of exact analytical and high SNR analytical results
for ergodic achievable rate.

between exact and weak interference analytical results is
seen in the figure. The weak interference approximations are
shown to converge to their respective exact analytical results
for medium and long d1R. From Fig. 2- Fig. 4, this phenomena
proves that our analytical results are tight for various tested
topologies.

Figure 5 depicts the closed-form upper and lower bounds
for the ergodic achievable rate based on Theorem 2, the exact
analytical results in (30), as well as, Monte Carlo results.
All the curves are presented as a function of SNR at trans-
mitters. As anticipated, we clearly see that both upper and
lower bound remain fairly close to the Monte Carlo simu-
lated ergodic achievable rate for all the considered system
configurations. More importantly, the upper bound almost
coincides with the Monte Carlo results for low to middle
SNR regime. The ergodic achievable remains robust to an
increased SNR and all the curves converge to diverse certain
values depending on the network parameters, for instance,
the transmit power and the location of each node.

We now assess the proposed approximated high
SNR bounds for ergodic achievable rate by setting

FIGURE 7. Comparison of exact analytical and weak interference
analytical results for the bounds of ergodic achievable rate.

FIGURE 8. Comparison of proposed power allocation strategy and equal
power strategy for the ergodic achievable sum-rate.

(m1,m2, d1R) = ((6, 5, 7) ; (10, 10, 4)) in Fig. 6. Here we
evaluate the tightness of weak interference bounds RHS1R,lo and
RHS1R,up in (36) and (37). From Fig. 6, the bounds in Theorem 2
match accurately with Monte-Carlo results. We can find that
when the SNR at the user increases, the SNR ceiling effect
takes into effect at impractical SNR regime.

In Fig. 7, the simulated results along with the approximate
weak interference bounds in Corollary 5 are provided against
the distance between two links. We assume (m1,m2, SNR) =
((5, 6, 15) ; (18, 18, 20)) in this figure. As anticipated, when
the distance between two links increases, the interference
level reduces. As d1R is larger than a threshold, the ergodic
achievable approaches to a certain value which is dominated
without interference. Furthermore, it shows that the larger
channel parameter m1, m2 can squeeze the gap between the
lower and upper bounds which verifies the correctness of our
analysis.

Figure 8 provides the ergodic achievable sum-rate
against SNR under power allocation scheme in differ-
ent parameter configurations. We also show the curves
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under equal power case for comparison. Here, the loca-
tion of each node is assumed as (dTR, d1R, d1U , dTU ) =
((0.5, 3, 1, 3.2) ; (1, 3, 2, 3)). As expected, again, the ergodic
achievable rate depends on the topologies of vehicular
networks. From Fig. 8, performance of the proposed power
allocation scheme significantly exceeds that of the equal
allocation. It shows that the higher SNR at the transmitter
achieves a more ergodic achievable rate compared to an
equal case. This simulation result highlights the truth that the
presented power allocation algorithm is particularly valid and
effective for various locations of users, as well as, the noise.
The power allocation scheme is proposed to maximize the
ergodic achievable sum rate guaranteeing the outage prob-
ability of each link. In the low SNR regime, the outage
probability falls below the threshold, and the communication
link occur interrupt. Therefore, the ergodic achievable sum
rate is reduced to zero.

VI. CONCLUSION
This paper have investigated the vehicular communications
by sharing the common time-frequency resources in vehicular
networks under Nakagami fading channels. We analyzed the
outage probability, as well as the tight bounds of ergodic
achievable rate, and provided the corresponding closed-form
expressions. Two special scenarios, namely, high SNR case
andweak interference casewere discussed. For each scenario,
the approximations were obtained with closed-form expres-
sions, respectively. According to these results, several pri-
mary factors which play a destructive role for the network per-
formance were revealed. Furthermore, the power allocation
algorithm was provided to optimize the ergodic achievable
rate at the same time guaranteeing the outage performance.
All the results shown in this paper can be applied for arbi-
trary network topologies and system parameters. Numerical
simulations validated our analytical results.

APPENDIX A
PROOF OF LEMMA 1
When n1 ≤ n2, and we let x ← x − η, then we have

I (µ, η, ξ ; n1, n2) = exp (µη)
n1∑
j=0

C j
n1(−η)

n1−j

×

+∞∫
ξ+η

x j exp (−µx)
xn2

dx

︸ ︷︷ ︸
I0

. (47)

Since j ≤ n1 ≤ n2, the integral term I0 is n-order exponential
integral, (47) can be written as

I (µ, η, ξ ; n1, n2)=exp(µη)
n1∑
j=0

C j
n1(−η)

n1−j

+∞∫
ξ+η

exp(−µx)
xn2−j

dx

(48)

Let t = x/ (ξ + η), we get

I (µ, η, ξ ; n1, n2) = exp (µη)
n1∑
j=0

C j
n1

(−η)n1−j

(ξ + η)n2−j−1

×

+∞∫
1

exp (−µ (ξ + η) t)
tn2−j

dt. (49)

With the help of [ [41], Eq.358], we can obtain

I (µ, η, ξ ; n1, n2) = exp (µη)
n1∑
j=0

C j
n1

(−η)n1−j

(ξ + η)n2−j−1

×En2−j (µ (ξ + η)) . (50)

When n1 > n2, for the case j ≤ n2, it converts into the
problem in (47). For the case n2 ≤ j ≤ n1, the integral term
I0 can be expressed by

I (µ, η, ξ ; n1, n2)

= exp (µη)
n2∑
j=0

C j
n1(−η)

n1−j

+∞∫
ξ+η

exp (−µx)
xn2−j

dx

︸ ︷︷ ︸
I (a)(µ,η,ξ ;n1,n2)

+ exp (µη)
n1∑

j=n2+1

C j
n1(−η)

n1−j

+∞∫
ξ+η

x j−n2 exp (−µx)dx

︸ ︷︷ ︸
I (b)(µ,η,ξ ;n1,n2)

(51)

where I (a) (µ, η, ξ ; n1, n2) can be easily obtained with
the analysis for the case n1 ≤ n2. Now we focus on
I (b) (µ, η, ξ ; n1, n2), we have

I (b) (µ, η, ξ ; n1, n2) = exp (µη)
n1∑

j=n2+1

C j
n1(−η)

n1−j

×

+∞∫
ξ+η

x j−n2 exp (−µx)dx

︸ ︷︷ ︸
I (b)0

. (52)

With the help of [ [41] Eq.(3.151.2)], the integrals in (52) can
be obtained as

I (b)0 = µ
n2−j−10 (j− n2 + 1, µ (ξ + η)) (53)

where 0 (n, z), n ∈ N ∗, z > 0 is upper incomplete gamma
function defined as

0 (n, z) = exp (z)
n−1∑
k=0

(n− 1)!
k!

zk . (54)

Submitting (53) into (52), we can easily obtain the expression
for I (b) (µ, η, ξ ; n1, n2). Based on the above results, we arrive
at the expressions for I (µ, η, ξ ; n1, n2) in Lemma 1.
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APPENDIX B
PROOF OF THEOREM 2
Based on the well-know Jensen’s inequality

log2

(
1+

1
E [1/γR]

)
≤ E

[
log2 (1+ γR)

]
≤ log2 (1+ E [γR]) (55)

we now derive the expressions for E [1/γR] and E [γR]
respectively. According to the pdf of γR in (18), we have

E [1/γR] =
+∞∫
0

1
w × fγR (w) dw. (56)

After some basic algebraic manipulations, it yields

E [1/γR] =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
mN

m−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i)

×

+∞∫
0

wm1−2

(w+ τ)m2+i
exp

(
−
m1N0w
�1σ1

)
dw. (57)

Utilizing the results in Lemma 1, (57) can be transformed into

E[1/γR]=
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
mN

m−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i)

× I
(
m1N0

�1σ1
,
m2�1σ1

m1�2σ2
, 0;m1−2,m2+i

)
. (58)

Similarly, we give the expression for E [γR] as follows

E[γR] =
2
5
l=1

(
ml
σl�l

)ml 1
0 (ml)

×

m1∑
i=0

C i
mN

m−i
0

(
�1σ1

m1

)m2+i

0 (m2 + i)

× I
(
m1N0

�1σ1
,
m2�1σ1

m1�2σ2
, 0;m1,m2 + i

)
. (59)

Having the above results and combining them with (31),
we arrive at the results in Theorem 2.
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