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This paper investigates resource allocation of latency constrained vehicle-to-vehicle (V2V) communication. When a subchannel of
a vehicle-to-infrastructure (V2I) link can be reused by multiple V2V links, a nonlinear mixed integer optimization problem with
the goal of maximizing the spectral efficiency of the system is derived under the constraints of minimum transmission rate of V2I
links and transmission latency of V2V links. The subchannel allocation problem is solved by means of two-sided exchange
matching theory, optimal transmission power of V2I and V2V links is solved based on the poly-block approximation (PBA)
algorithm, and the system spectrum efficiency is maximized through loop iteration. In order to reduce the computational
complexity of power allocation problem, a power allocation algorithm based on iterative convex optimization (ICO) is
proposed. The convergence of the resource allocation algorithm is also proved. The simulation results show that the proposed
algorithms can guarantee transmission latency requirements of V2V links and improve the system sum rate and access ratio of
V2V links. Compared with two traditional algorithms, latency of poly-block approximation combined with many to one
matching (PBAMTO) is reduced by 30.41% and 20.43%, respectively.

1. Introduction

Vehicle-to-vehicle (V2V) communication has potential to
improve traffic safety, reduce energy consumption, and real-
ize new services related to intelligent transportation systems
[1]. In the 5G new radio vehicle-to-everything (NR-V2X)
standard, the available resources [2] for direct communica-
tion between vehicles can be either dedicated or shared by
vehicle-to-infrastructure (V2I) communication. V2V com-
munication can be performed by the NR sidelink [3].
Document [4] points out that NR-V2X may be deployed in
a carrier dedicated to intelligent transport systems services
or a carrier shared with cellular services. It is claimed in [5]
that the underlay sidelink communication has higher priority
than the dedicated model to achieve higher spectrum utiliza-
tion efficiency by reusing the spectrum resources of V2I com-
munication. However, it also brings interference problems to
the resource allocation of V2X network.

The resource allocation of V2X network is the subject of
many research works in recent years. The resource allocation
schemes of dedicated short range communications and cellu-
lar vehicular network were summarized by Noor-A-Rahim
[6]. Bazzi et al. focused on a highway scenario and identified
two algorithms to be used as a minimum andmaximum refer-
ence in terms of the packet reception probability [7]. With the
goal of maximizing the system sum rate and maximizing the
minimum achievable rate, Ren et al. proposed a V2V group-
ing, channel selection, and power control strategy based on
the geographic characteristics of V2V system [8]. Sun et al.
[9, 10] took outage probability as a constraint condition and
proposed a heuristic resource allocation algorithm for V2V
communication, but they did not consider the number of
accessed V2V links. Under the premise of ensuring that V2V
met the communication outage probability constraint, Liang
et al. proposed a resource allocation scheme based on slowly
changing large-scale fading information of the channel [11],
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which optimized the system sum rate when V2I communica-
tion occurred. In the case that eachV2I link and eachV2V link
could only share one resource block, Liang et al. also proposed
a graph-based resource allocation algorithm [12], which opti-
mized the sum rate of V2I links, but did not consider the
transmission latency and the number of accessed V2V links.
Mei et al. proposed a convex optimization-based resource
block reuse and V2V link power allocation algorithm [13].
This algorithm assumed that each cellular user occupied a pre-
allocated resource block, and each resource block was reused
by at most one V2V link. Moreover, the transmitting power
of the cellular user was not optimized. Under the energy har-
vesting constraints of V2V links, Xiao et al. described resource
allocation as an optimization problem of energy efficiency
through joint optimization of channel reuse and power alloca-
tion of V2V links [14]. Gao et al. studied access control and
resource allocation in cellular V2V networks [15], and the
optimization goal was to maximize the number of accessed
V2V links. Firstly, the interference graph was constructed
based on the interference between vehicles, and then, the
original problem was modeled as the graph coloring problem.
Finally, a resource sharing and access control algorithm was
proposed. However, this algorithm is only aimed at
maximizing the number of accessed V2V links and did not
consider the transmission rate constraints of V2V users. A
joint optimization problem of transmission mode selection
and resource allocation for cellular V2X communication was
investigated by Zhang et al. [16]. In order to exploit the
spectral efficiency of full-duplex communication to fulfill the
reliability constraints of V2V links, Siddig et al. [17] proposed
a resource allocation scheme for vehicular communication
networks. In order to optimize resource utilization efficiency,
Yang et al. [18] investigated the resource allocation and
interference management based on clustering mechanism in
D2D communication.

Most studies directly explain the quality of service
requirements from the point of view of signal to interference
plus noise ratio (SINR) [19–23], that is, the obtained SINR
should be higher than a certain target value. How to obtain
this target value from the original requirements of V2V
communication is not intuitive and clear and usually
involves reliable transmission of a certain amount of data
within a certain frequency band and time period. Most
papers assume that each subchannel can only be reused by
one V2V link. In this paper, we take transmission latency
of V2V links as constraint condition instead of SINR. In
addition, we assume that each subchannel can be reused by
multiple V2V links. We jointly optimize subchannel and
power allocation of V2V communication, in order to guar-
antee the minimum transmission rate requirements of V2I
links and transmission latency are requirements of V2V
links while maximizing the system sum rate. Specifically,
the main contributions of this paper are listed as follows.

(1) A nonlinear mixed integer programming problem
aiming at maximizing system sum rate is constructed
under the constraints of minimum transmission rate
of V2I links, latency of V2V links, and maximum
transmitting power of V2I and V2V links

(2) Firstly, two-sided exchange matching theory is used
to solve the problem of subchannel allocation. Then,
based on the monotonicity of the constraint condi-
tions and the objective function, the poly-block
approximation (PBA) algorithm is used to solve the
power allocation problem. In order to reduce the
computational complexity of power allocation problem,
a power allocation algorithm based on iterative convex
optimization (ICO) is proposed. The convergence of
the resource allocation algorithm is also proved

(3) Finally, simulation results show the effectiveness of
proposed algorithms. The proposed algorithms can
guarantee transmission latency requirements of
V2V links and improve the access ratio of V2V links
and the system sum rate

2. V2V Communication Model

The system model is shown in Figure 1. There areM vehicles
communicating with eNodeB (eNB) through V2I links. V2I
links transmit data through the Uu Interface of NR. In order
to simplify the analysis, each V2I link occupies a single
resource block (RB) [5, 12, 13]. RB is allocated orthogonally
to reduce the interference among adjacent V2I links. Due to
the fact that the uplink resources of V2I links are not used
intensively by vehicles and V2V links usually cause small
interference to eNB, the uplink resources of V2I links are
reused by V2V links [5, 12, 13]. M = f1,⋯, 2,⋯,Mg repre-
sents a set of subchannels; C = fC1,⋯, Cm,⋯, CMg repre-
sents a set of V2I links. V2I link Cm occupies subchannel
m(m ∈M). D = f1, 2,⋯,Dg represents the V2V link set,
the set of all links is L =C ∪D, and there are L =M +D
links. In order to improve spectrum utilization efficiency,
each subchannel assigned to one V2I link can be multiplexed
by multiple V2V links simultaneously. Therefore, cochannel
interference occurs not only between V2V links and V2I
links but also between V2V links that share the same
subchannel [5, 12, 13]. In order to make more V2V links
access the network, spectrum reuse between V2V links is
necessary when the number of V2V links is greater than
the number of V2I links in a fully loaded network [12]. Each
vehicle must send local channel status and interference
information to eNB.

We define a binary variable ρmd , (d ∈D, m ∈M), ρmd = 1
represents subchannel m is assigned to V2V link d; other-
wise, ρmd = 0. Let pmd represents the transmission power of
V2V link d on subchannel m and pCm represents transmission
power of the V2I link Cm. The SINR of V2V link on the
subchannel m is

γmd ρ, pð Þ = pmd h
m
dd

∑d ′≠d,d∈Dρ
m
d ′p

m
d ′h

m
dd ′ + pCmh

m
dm + σmd

: ð1Þ

hmdd represents the channel gain between the transmitting
vehicle and the receiving vehicle of V2V link d on subchan-
nel m, and σm

d represents the noise power of V2V link on
subchannel m. hmdm represents the channel gain between
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V2I link Cm and V2V link d on subchannel m. pCmh
m
dm repre-

sents the interference from V2I link, which shares the same
subchannel with V2V link d. ∑d ′≠d,d∈Dρ

m
d ′p

m
d ′h

m
dd ′ represents

interference from other V2V links.
The data transmission rate of V2V link d on the

subchannel m is

Rm
d ρ, pð Þ = log2 1 + γmd ρ, pð Þð Þ: ð2Þ

The data transmission rate of V2V link d over all
subchannels is

Rd ρ, pð Þ = 〠
m∈M

ρmd R
m
d ρ, pð Þ: ð3Þ

The SINR of V2I link Cm on subchannel m is

γCm ρ, pð Þ = pCmh
C
mm

∑d∈Dρ
m
d p

m
d h

m
md + σC

m
: ð4Þ

hCmm represents the channel gain between V2I link Cm

and eNB on subchannel m, and σCm represents the noise
power of V2I link on subchannel m; hmmd represents the
channel gain between V2V link d and V2I link m on
subchannel m; ∑d∈Dρ

m
d p

m
d h

m
md represents interference from

the V2V link set that each V2V link shares the same
subchannel with the V2I link. Thus, the data transmission
rate of V2I link Cm is

Rm ρ, pð Þ = log2 1 + γCm ρ, pð Þ� �
: ð5Þ

The sum rate of all V2I links and V2V links is

Rsum ρ, pð Þ = 〠
M

m=1
Rm ρ, pð Þ + 〠

d∈D
Rd ρ, pð Þ

= 〠
M

m=1
Rm ρ, pð Þ + 〠

d∈D
〠
m∈M

ρmd r
m
d ρ, pð Þ:

ð6Þ

In order to guarantee the transmission latency require-
ment of V2V links, its minimum data transmission rate
Rmin
d is the same as that in reference [13] and the proof is

described in the appendix.

Rmin
d = −

�Nd

dmax
W−1

λddmaxε

1 − eλddmax
e λddmaxεð Þ/ 1−eλddmaxð Þð Þ

� �
+ λddmax
eλddmax − 1

� �
,

ð7Þ

where �Nd represents the mean size of the data packet, dmax
represents the maximum tolerable transmission latency in
one time slot of 1ms, ε represents the outage probability
caused by the packet latency exceeding the maximum
latency, and λd represents the packet arrival rate subject to
Poisson distribution, W−1ðxÞ: x ∈ ½−e−1, 0�⟶ ½−∞,−1�.
Our objective is to maximize the system sum rate with con-
straints for both V2V and V2I links. The resource allocation
problem can be formulated as P:

max
ρ,p

Rsum ρ, pð Þ = 〠
m∈M

Rm ρ, pð Þ + 〠
d∈D

Rd ρ, pð Þ, ð8Þ

s:t: Rd ρ, pð Þ ≥ Rmin
d , ∀d ∈D, ð9Þ

Rm ρ, pð Þ ≥ Rmin
m , ∀m ∈M, ð10Þ

pmd ≤ Pmax, ∀d ∈D, ð11Þ
pCm ≤ Pmax, ∀m ∈M, ð12Þ

〠
m∈M

ρmd ≤ 1, ∀d ∈D, ð13Þ

ρmd ∈ 0, 1f g, ∀m ∈M,∀d ∈D, ð14Þ
〠
d∈D

ρmd ≤ qmax, ∀m ∈M: ð15Þ

Constraint condition (9) means that the transmission
rate of each V2V link should not be lower than the mini-
mum transmission rate, and (10) means that the transmis-
sion rate of each V2I link should not be lower than the
minimum transmission rate. The constraint conditions
(11) and (12), respectively, mean that the transmitting
power of each V2V link and V2I link cannot be higher than
the maximum transmitting power. The constraint condi-
tions (13) and (14) mean that each V2V link can only
occupy one subchannel. qmax is a positive integer, and the
constraint (15) means that each subchannel is multiplexed
by qmax V2V links at most.

3. Problem Transformation

The above problem belongs to nonlinear mixed integer pro-
gramming, and it is difficult to find the optimal solution in
polynomial time. In order to find the suboptimal solution
of this problem, we decompose it into two subproblems.
Firstly, the subchannel allocation under given power alloca-
tion is solved by two sided exchange matching. Then, the

V2I link

Transmitting vehicular
signal

Receiving vehicular
interference

Transmitting
vehicular

Receiving
vehicular

Figure 1: V2V communication model.
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power allocation problem is solved by PBA algorithm
according to the obtained subchannel matching. The prob-
lem is solved iteratively until it converges. In order to reduce
the computational complexity of power allocation problem,
a power allocation algorithm based on ICO is proposed.

3.1. Subchannel Allocation. Assume that transmitting power
of V2I links and V2V links is fixed. Then, the subchannel
allocation problem is formulated as SP1:

max
ρ

〠
m∈M

Rm ρ, p∗ð Þ + 〠
d∈D

Rd ρ, p∗ð Þ,

s:t:Rd ρ, p∗ð Þ ≥ Rmin
d , ∀d ∈D,

Rm ρ, p∗ð Þ ≥ Rmin
m , ∀m ∈M,

13ð Þ, 14ð Þ, 15ð Þ,

ð16Þ

Because there are interference terms in the objective
function, the problem is nonconvex optimization. The com-
putational complexity of the exhaustive method increases
exponentially with the number of V2V links and subchan-
nels. In order to deal with the matching problem between
V2V link set and subchannels, this section utilizes the
many-to-one matching algorithm [24], and the relevant
mathematical symbols and basic definitions are as follows.

Definition 1. In a many-to-one matching model, a match is
a mapping μ from the set M ∪D to all subsets of the set
M ∪D, and the following conditions are met:

(1) jμðdÞj = 1, ∀d ∈D, and μðdÞ =∅ if d is not matched
to any subchannel

(2) jμðmÞj ≤ qmax, ∀m ∈M, and μðmÞ =∅ if the
subchannel m is not matched to any V2V link

(3) μðdÞ = fmg if and only if d ∈ μðmÞ

Positive integer qmax represents the maximum number of
V2V links that can be matched with each subchannel. All
V2V links and subchannels represent two sets of agents.
The set of preference sequence of all V2V links and sub-
channels is defined as

pre = p dL1ð Þ,⋯, p dLDð Þ, p ch1ð Þ,⋯, p chMð Þf g: ð17Þ

pðdLdÞ(d ∈D) represents the preference sequence of the
V2V link d on all the subchannels, and pðchmÞ(m ∈M) rep-
resents the preference sequence of the subchannel m on all
the V2V links. The preference sequence can be arranged in
descending order of utilities of both sides of agents. The util-
ity functions of V2V links and subchannels are defined as
follows. The utility function of V2V link d on the subchan-
nel m is defined as

Ud mð Þ = log2 1 + γmd ρ, pð Þð Þ: ð18Þ

Due to cochannel interference, the utility of a V2V link
depends not only on the channel it matches but also on
the set of V2V links occupying the same subchannel.
According to the utility function of V2V link, the preference
relation of V2V link d on the subchannel can be obtained.

m, μð Þ≻d m′, μ′
� 	

⇔Ud m, μð Þ >Ud m′, μ′
� 	

: ð19Þ

Udðm, μÞ represents the utility function under the
matching state μ when the V2V link d occupies the sub-
channel m. The utility function of subchannel m on V2V
link d is the sum rate of V2I links and V2V links occupy-
ing the same subchannel.

Um D0ð Þ = log2 1 + γCm ρ, pð Þ� �
+ 〠

d∈D0

log2 1 + γmd ρ, pð Þð Þ:

ð20Þ

D0 represents the set of V2V links occupying the same
subchannel. According to the utility function of the sub-
channel m, the preference relation of the subchannel m
on the V2V link set D0 and D0′ can be obtained.

D0, μð Þ≻m D0′ , μ′
� 	

⇔Um D0, μð Þ >Um D0′ , μ′
� 	

: ð21Þ

UmðD0, μÞ represents the utility function of the sub-
channel m on the V2V link set D0 under the matching
state μ. Once the V2V link matches with the subchannel,
the preference sequence of the other agents may change
because the utility function varies with the interference.
In order to solve the above matching problem, this section
adopts exchange matching algorithm.

For a given matching μ, m = μðdÞ, and m′ = μðd′Þ, an
exchange matching is defined as

μd ′d = μ \ d,mð Þ, d′,m′
� 	n on o

∪ d,m′
� 	

, d′,m
� 	n o

:

ð22Þ

V2V link d and d′ exchange positions, while the match-
ing of other V2V links and subchannels remains unchanged.
It should be noted that one of the V2V links involved in the
switching can be a vacancy, thus allowing a single V2V link
to move to the available vacancies of the subchannels. When
μðdÞ =∅, one of the subchannels participating in the switch-
ing may be a vacancy.

Definition 2. ðd, d′Þ is called a swap blocking pair if and only
if the following conditions are met:

(1) ∀i ∈ fd, d′,m,m′g, Uiðμd ′d Þ ≥UiðμÞ
(2) ∃i ∈ fd, d′,m,m′g such that Uiðμd ′d Þ >UiðμÞ

Subchannel allocation based on matching theory is
shown in Algorithm 1.
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Proposition 3. The final matching is two-sided exchange sta-
ble matching.

Proof. Suppose that in the final matching μ∗, there is a
swap blocking pair ðd, d′Þ which satisfies ∀i ∈ fd, d′,m,m′g,
Uiððμ∗Þd ′d Þ ≥Uiðμ∗Þ, and ∃i ∈ fd, d′,m,m′g, such that

Uiððμ∗Þd ′d Þ >Uiðμ∗Þ. The subchannel algorithm does not stop
until all swap blocking pairs are deleted. This contradicts with
the fact that μ∗ is the final matching. Therefore, there is not a
swap blocking pair in the final matching, and it can be con-
cluded that the algorithm finally reaches two-sided exchange
stable matching.

3.2. Power Allocation Based on PBA Algorithm. After the
subchannel matching problem is solved, ρ∗ is obtained. In
order to solve the power allocation vector p, the problem is
transformed into SP2:

max
p

E pð Þ = 〠
m∈M

Rm ρ∗, pð Þ + 〠
d∈D

Rd ρ∗, pð Þ,

s:t: Rd ρ∗, pð Þ ≥ Rmin
d , ∀d ∈D,

Rm ρ∗, pð Þ ≥ Rmin
m , ∀m ∈M,

pmd ≤ Pmax, ∀d ∈D,
pCm ≤ Pmax, ∀m ∈M:

ð23Þ

Because ρ∗ is determined, V2V link d and the subchan-
nel m form a match. Due to the cochannel interference, the
problem is nonconvex. Through the analysis, we can find
that the objective function is not a monotonic increasing
function of p, but it has implicit monotonicity. Define a var-
iable zCm for V2I link m, a variable zmd for V2V link d, and a
vector z = ½zCm, zmd �∀m∈M,∀d∈D with dimension of W =M +D.

zCm = ΓC
m pð Þ = pCmh

C
mm

∑d∈Dρ
m∗
d pmd h

m
md + σCm

∀m ∈Mð Þ,

zmd = Γm
d pð Þ = pmd h

m
dd

∑d ′≠d,d∈Dρ
m∗
d ′ p

m
d ′h

m
dd ′ + pCmh

m
dm + σmd

∀d ∈D,∀m ∈Mð Þ:

ð24Þ

Then, the optimization problem can be transformed into
SP2-1:

max
z

f zð Þ = 〠
M

m=1
log2 1 + zCm

� �
+ 〠

d∈D
〠
M

m=1
ρm∗
d log2 1 + zmdð Þ, ð25Þ

s:t: zCm ≤ ΓC
m pð Þ, ∀m ∈M,∀p ∈P , ð26Þ

zmd ≤ Γm
d pð Þ, ∀d ∈D,∀m ∈M,∀p ∈P , ð27Þ

〠
m∈M

ρm∗
d log2 1 + zmdð Þ ≥ Rmin

d , ∀d ∈D, ð28Þ

log2 1 + zCm
� �

≥ Rmin
m , ∀m ∈M, ð29Þ

where P = fp ∣ pmd ≤ Pmax, pCm ≤ Pmax,∀d ∈D,∀m ∈Mg.
The objective function (25) is a monotonic increasing

function. For the convenience of algorithm description, G
represents the normal set of problem SP2-1 satisfying (26)
and (27); H represents the inverse normal set of problem
SP2-1 satisfying (28) and (29), and Z ∈G ∩H represents
the feasible region of problem SP2-1. After transformation,
the above problem is a monotonic optimization problem,
and the global optimal solution can be obtained by using
PBA algorithm. PBA-based power allocation algorithm is
described in Algorithm 2.

In the second step of PBA-based power allocation, we
need to determine the projection of G on the boundary of
zðnÞ. The projection vertex of zðnÞ on the boundary of G is

Input: D, M Output: μ∗, ρ∗

Initialization: D1 = f1, 2,⋯,Dg
While jD1j > 0

V2V link d (∀d ∈D1) constructs the preference sequence.
Repeat
V2V link d selects the most preferred channel. The number of V2V links matching with this preferred channel is less than or

equal to qmax.
Until V2V link d matches with one subchannel or refused by all subchannels.
Remove d from D1

End while
After initialization, the sequence corresponding to the number of V2V link matching with each subchannel Q = fq1, q2,⋯, qMg,

qm ∈Q, and qm ≤ qmax(m ∈M), the initialized subchannel reusing matrix ρI are obtained.
Swap operation:

Repeat.

∀d ∈D, ∀d′ ∈ fD \ fdg, og, and o are available vacancies, IF ðd, d′Þ is a swap blocking pair, then μ = μd ′d .
Until there is no swap blocking pair.

Algorithm 1: Subchannel allocation based on matching theory
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ΠGðzðnÞÞ = λðnÞðzðnÞ + ξÞ − ξ. ξ is a small positive number,
and −ξ = −ðξ,⋯, ξÞ is used to ensure the convergence of
the proposed algorithm. It is solved as follows.

λ nð Þ =max λ ∣ λ nð Þ z nð Þ + ξ
� 	

− ξ ∈ G
n o

=max λ ∣ λ ≤min ΓC
m pð Þ + ξ

zCm + ξ
, Γ

m
d pð Þ + ξ

zmd + ξ


 �
, p ∈P


 �
,

ð30Þ

λ
nð Þ
1 = min

m∈M
max
p∈P

ΓC
m pð Þ + ξ

zCm + ξ
, ð31Þ

λ
nð Þ
2 = min

d∈D,m∈M
max
p∈P

Γm
d pð Þ + ξ

zmd + ξ
, ð32Þ

λ nð Þ =min λ
nð Þ
1 , λ nð Þ

2
n o

: ð33Þ

λðnÞ1 and λðnÞ2 are variables related to zCm and zmd , respec-
tively. We need to solve the problem on the right side of
Equations (32) and (33). Let us make some transformations
to transform this problem into fractional programming. For
V2I link Cm, we define one function ΓC

mðpÞ = ðΓC
mðpÞnumÞ/ð

ΓC
mðpÞdenÞ. ΓC

mðpÞnum and ΓC
mðpÞden are linear functions of p

which represents the numerator and denominator of ΓC
mðpÞ,

respectively. For the V2V link, we define another function
Γm
d ðpÞ = ðΓm

d ðpÞnumÞ/ðΓm
d ðpÞdenÞ. Γm

d ðpÞnum and Γm
d ðpÞden

represent the numerator and denominator of Γm
d ðpÞ, respec-

tively. λðnÞ1 and λðnÞ2 are calculated as follows:

λ
nð Þ
1 = min

m∈M
max
p∈P

ΓC
m pð Þnum + ξΓC

m pð Þden
zCm + ξð ÞΓC

m pð Þden
, ð34Þ

λ
nð Þ
3 = min

k∈K ,d∈D
max
p∈P

Γm
d pð Þnum + ξΓm

d pð Þden
zmd + ξð ÞΓm

d pð Þden
: ð35Þ

The right half of (34) and (35) belongs to standard frac-
tional programming, which can be solved by Dinkelbach’s
algorithm.

The above analysis process, respectively, gives the solu-
tion of subchannel allocation and power allocation. Now,
we combine subchannel allocation and power allocation to
maximize the system sum rate. PBA combined with many
to one matching- (PBAMTO-) based resource allocation is
described in Algorithm 3 below.

In each iteration, the computational complexity of sub-
channel allocation is OðDMqmaxÞ. PBA algorithm is used
to solve transmitting power of the V2V links and V2I links.
I represents the number of iterations of the PBA algorithm.
The complexity of the first step of power allocation algo-
rithm is OðWÞ which is related to the dimension of the opti-
mization vector. The complexity of the second step is
OðL3:5Þ which is related to fractional programming. The
complexity of power allocation based on PBA algorithm is
OðIðW + L3:5ÞÞ. The computational complexity of PBAMTO
algorithm in each iteration is OðIðW + L3:5Þ +DMqmaxÞ. Let
B represents the number of PBAMTO, so the polynomial
time computational complexity of PBAMTO algorithm is
OðBðIðW + L3:5Þ +DMqmaxÞÞ.
3.3. Low-Complexity Power Allocation Algorithm Based on
ICO. PBA algorithm has relatively high computational com-
plexity. In order to reduce the computational complexity, a
calculation method based on ICO is proposed. Since Rlðρ∗

, pÞ (∀l ∈C ∪D) is a nonconvex function, problem SP2 is a
nonconvex optimization problem. In order to perform con-
vex approximation, Rlðρ∗, pÞ is converted into the form of
the difference of two concave functions:

Rl ρ
∗, pð Þ = f l ρ

∗, pð Þ − gl ρ
∗, pð Þ, ð36Þ

Input: z Output: p∗

Initialization: Set the number of iterations n = 1 and the vertex set V ð1Þ = fzð1Þg. The vertex is
zð1Þ = ðzð1ÞÞ, for ∀d ∈D, zmd = ðPmaxh

m
ddÞ/σm

d , ∀m ∈M, zCm = ðPmaxh
C
mmÞ/σC

m.
Repeat
Step 1: Calculate zðnÞ = arg max

z∈V ðnÞ
f ðzÞ. Update the upper boundary f up = f ðzðnÞÞ.

Step 2:
Determine the projection of G on the boundary of zðnÞ, that is ΠGðzðnÞÞ.
If f ðΠGðzðnÞÞÞ > f low, and ΠGðzðnÞÞ satisfies (28) and (29), update the lower boundary f low = f ðΠGðzðnÞÞÞ and the current opti-

mal value z∗ =ΠGðzðnÞÞ.
Step 3:

Calculate the additional vertex set �V n = fzðnÞ1 ,⋯, zðnÞW g, zðnÞW = zðnÞ − ðzðnÞ −ΠGðzðnÞÞÞ ⊙ ew, ∀w ∈ f1, 2,⋯,Wg, ew is a vector
whose elements are 0 except the wth element is 1, ⊙ represents Hadamard product. Then, the vertex set V ðn+1Þ = ðV ðnÞ − fzðnÞgÞ
∪ �V n in the next iteration is updated. Change the number of iterations n = n + 1.
Until ð1 + ηÞf low ≥ f up, η represents a predefined threshold.

Algorithm 2: PBA-based power allocation.

6 Wireless Communications and Mobile Computing



For ∀l ∈C ,

f l ρ
∗, pð Þ = log2 〠

d∈D
ρm∗
d pmd h

m
md + σCm + pCmh

C
mm

" #
,

gl ρ
∗, pð Þ = log2 〠

d∈D
ρm∗
d pmd h

m
md + σC

m

" #
:

ð37Þ

For ∀l ∈D,

f l ρ
∗, pð Þ = 〠

m∈M
ρm∗
d log2 〠

d ′≠d,d∈D
ρm
d ′p

m
d ′h

m
dd ′ + pCmh

m
dm + σm

d + pmd h
m
dd

" #
,

gl ρ
∗, pð Þ = 〠

m∈M
ρm∗
d log2 〠

d ′≠d,d∈D
ρm
d ′p

m
d ′h

m
dd ′ + pCmh

m
dm + σmd

" #
:

ð38Þ

The first-order Taylor approximation of glðρ∗, pÞ is

gl ρ
∗, pð Þ ≤ gl ρ

∗, pt
� �

+∇gTl pt
� �

p − pt
� �

: ð39Þ

∇gTl ðptÞ represents the subgradient of glðρ∗, pÞ at p = pt .
The lower bound of transmission rate of each link can be
obtained.

Rl ρ
∗, pð Þ ≥ R̂l ρ

∗, p, pt
� �

, ∀l ∈C ∪D,∀pt , ð40Þ

R̂l ρ
∗, p, pt

� �
= f l ρ

∗, pð Þ − gl p
t� �
−∇gTl pt

� �
p − pt
� �

:

ð41Þ
Given initial power, the power allocation problem SP2

can be approximated as problem ASP2:

max
p

Ê p, pt
� �

= 〠
m∈M

R̂m ρ∗, p, pt
� �

+ 〠
d∈D

R̂d ρ∗, p, pt
� �

, ð42Þ

s:t: R̂d ρ∗, p, pt
� �

≥ Rmin
d , ∀d ∈D, ð43Þ

R̂m ρ∗, p, pt
� �

≥ Rmin
m , ∀m ∈M, ð44Þ

pmd ≤ Pmax, ∀d ∈D, ð45Þ

pCm ≤ Pmax, ∀m ∈M: ð46Þ
Êðp, ptÞ is lower bound of EðpÞ at pt . It can be proved

that the problem ASP2 is a convex optimization problem,
which can be solved by the standard convex optimization
method. The calculation process of the power allocation
problem is described in Algorithm 4.

Then, we get another algorithm called ICOMTO, which
combines ICO and many to one matching. The difference
between ICOMTO and PBAMTO is that ICOMTO solves
power allocation by means of ICO algorithm rather than
PBA algorithm. The number of iterations of ICO algorithm
is T , and the complexity of calculating SP2 using the interior
point method is OðL3:5Þ. Computational complexity of ICO
algorithm is OðTL3:5Þ. The computational complexity of
iterative convex optimization combined with many to one
matching (ICOMTO) algorithm in each iteration is
OðTL3:5 +DMqmaxÞ. Let B represents the number of
ICOMTO, so the polynomial time computational complex-
ity of ICOMTO algorithm is OðBðTL3:5 +DMqmaxÞÞ.

To further reduce the computation complexity, we set
the number of iterations of ICOMTO algorithm to one. This
suboptimal algorithm is called SUBICOMTO and its com-
putation complexity is OðTL3:5 +DMqmaxÞ.

R̂m ρ∗, pt−1, pt−1
� �

= f m ρ∗, pt−1
� �

− gm ρ∗, pt−1
� �

,

R̂m ρ∗, pt−1, pt−2
� �

= f m ρ∗, pt−1
� �

− gm pt−2
� �

−∇gTm pt−2
� �

pt−1 − pt−2
� �

:
ð47Þ

Proposition 4. ASP2 gives a series of feasible solutions to
problem SP2. The objective function value of SP2 is monoton-
ically increasing.

Proof. The optimal solution pt−1 of problem ASP2 at pt−2 is
the feasible solution of problem SP2, and it is the feasible
solution of problem ASP2 at pt−1. Suppose that pt−1 and
pt are results of problem ASP2 in the first and second
iteration, respectively.

According to (40), we obtain

R̂m ρ∗, pt−1, pt−1
� �

≥ R̂m ρ∗, pt−1, pt−2
� �

≥ Rmin
m : ð48Þ

Input: D, M, z Output: p∗, ρ∗.

Step 1: Set n = 1, initialize the transmit power pCm
0, pmd

0, ∀m ∈M.
According to the initialization process in the subchannel allocation algorithm, ρ0 is worked out. According to the obtained ρ0,

power allocation vector p0 is solved by the poly-block approximation algorithm.
Calculate the objective function value Rsumðρ0, p0Þ of problem P according to (6).

Step 2: Repeat the following operations
n = n + 1

For given pn−1, ρn is obtained according to subchannel allocation algorithm.
Then, according to ρn, pn is obtained by means of PBA algorithm.

Until jðRsumðρn, pnÞ − Rsumðρn−1, pn−1ÞÞ/ðRsumðρn−1, pn−1ÞÞj < δ

Algorithm 3: PBAMTO-based resource allocation
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Similarly, we obtain

R̂d ρ∗, pt−1, pt−1
� �

≥ R̂d pt−1, pt−2
� �

≥ Rmin
d : ð49Þ

pt−1 satisfies constraints (45) and (46), so pt−1 is a feasi-
ble solution of ASP2 at pt−1. According to the optimized
objective function, we can get pt = arg max

p
Êðp, pt−1Þ; there-

fore, Êðpt , pt−1Þ ≥ Êðpt−1, pt−1Þ. According to (40), we obtain

E pt
� �

≥ Ê pt , pt−1
� �

≥ Ê pt−1, pt−1
� �

= E pt−1
� �

: ð50Þ

In addition, we can also get

Rm pt
� �

≥ R̂m pt , pt−1
� �

≥ Rmin
m , ∀m ∈M,

Rd pt
� �

≥ R̂d pt , pt−1
� �

≥ Rmin
d , ∀d ∈D:

ð51Þ

Therefore, it can be deduced that pt is a feasible solution
of problem SP2 and EðptÞ ≥ Eðpt−1Þ holds. So, ASP2 gives a
series of feasible solutions to problem SP2 and the objective
function value is monotonically increasing.

Proposition 5. In the iteration process of subchannel alloca-
tion and power allocation algorithm for V2V communication,
it generates a set of feasible solutions which makes the value of
the objective function monotonically increase.

Proof. After n − 1 iterations, the objective function is formu-
lated as

Rsum ρn−1, pn−1
� �

= 〠
m∈M

Rm ρn−1, pn−1
� �

+ 〠
d∈D

Rd ρn−1, pn−1
� �

:

ð52Þ

For given pn−1, the subchannel allocation is

ρn = arg max
ρ

〠
m∈M

Rm ρ, pn−1
� �

+ 〠
d∈D

Rd ρ, pn−1
� �

: ð53Þ

So, we obtain

〠
m∈M

Rm ρn, pn−1
� �

+ 〠
d∈D

Rd ρn, pn−1
� �

≥ 〠
m∈M

Rm ρn−1, pn−1
� �

+ 〠
d∈D

Rd ρn−1, pn−1
� �

= Rsum ρn−1, pn−1
� �

:

ð54Þ

For given ρn, if power allocation based on PBA is carried
out, we obtain

pn = arg max
p

〠
m∈M

Rm ρn, pð Þ + 〠
d∈D

Rd ρn, pð Þ,

〠
m∈M

Rm ρn, pnð Þ + 〠
d∈D

Rd ρn, pnð Þ ≥ 〠
m∈M

Rm ρn, pn−1
� �

+ 〠
d∈D

Rd ρn, pn−1
� �

:
ð55Þ

According to (54), we obtain

Rsum ρn, pnð Þ = 〠
m∈M

Rm ρn, pnð Þ + 〠
d∈D

Rd ρn, pnð Þ

≥ Rsum ρn−1, pn−1
� �

:

ð56Þ

For given ρn, if power allocation based on ICO is carried
out, we obtain

Table 1: Simulation parameters of V2V.

Parameters Value

Carrier frequency 2GHz

Cell coverage 500m

Subchannel bandwidth 180KHz

V2I path loss 128:1 + 37:6 log10(d) [km]

V2V path loss WINNER + B1
Number of V2I links 6

Number of V2V links 8-16

The distance between V2V 50m

Fast fading of V2V link
3GPP TR 36.843 channel

model [25]

Fast fading of V2I link
3GPP TR 36.814 channel

model [26]

Maximum transmission power 23 dBm

Minimum packet arrival rate of
V2V users

0.01 packet/slot

Packet size of V2V users 800 bytes/packet

qmax 2

Input: p Output: p∗

Initialize power allocation vector p0, calculate ∇gTmðp0Þ, ∀l ∈C ∪D, t = 0.
Repeat

t = t + 1
pt is solved according to interior point method, update ∇gT

mðptÞ, ∀l ∈C ∪D.
Until ÊðptÞ − Êðpt‐1Þ < θ

Algorithm 4: Power allocation based on ICO
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pn = arg max
p

〠
m∈M

Rm ρn, pð Þ + 〠
d∈D

Rd ρn, pð Þ

= arg max
p

〠
m∈M

f m ρn, pð Þ − gm ρn, pn−1
� ��

−∇gT
m pn−1
� �

p − pn−1
� �� + 〠

d∈D
f d ρn, pð Þ − gd ρn, pn−1

� ��
−∇gT

d pn−1
� �

p − pn−1
� ��:

ð57Þ

Then,

〠
m∈M

f m ρn, pnð Þ − gm ρn, pn−1
� �

−∇gT
m pn−1
� �

pn − pn−1
� �� 

+ 〠
d∈D

f d ρn, pnð Þ − gd ρn, pn−1
� �

−∇gTd pn−1
� �

pn − pn−1
� �� 

≥ 〠
m∈M

Rm ρn, pn−1
� �

+ 〠
d∈D

Rd ρn, pn−1
� �

:

ð58Þ

For

gd ρn, pnð Þ ≤ gd ρn, pn−1
� �

−∇gTd pn−1
� �

pn − pn−1
� �

,

gm ρn, pnð Þ ≤ gm ρn, pn−1
� �

−∇gTm pn−1
� �

pn − pn−1
� �

,
ð59Þ

the following inequality is obtained:

〠
m∈M

f m ρn, pnð Þ − gm ρn, pn−1
� �

−∇gTm pn−1
� �

pn − pn−1
� �� 

+ 〠
d∈D

f d ρn, pnð Þ − gd ρn, pn−1
� �

−∇gTd pn−1
� �

pn − pn−1
� �� 

≤ 〠
m∈M

f m ρn, pnð Þ − gm ρn, pnð Þ½ �

+ 〠
d∈D

f d ρn, pnð Þ − gd ρn, pnð Þ½ �

= Rsum ρn, pnð Þ:
ð60Þ

At last, we obtain Rsumðρn−1, pn−1Þ ≤ Rsumðρn, pnÞ. The
proposition is proved.

4. Simulation Results

In order to compare the performance of the proposed
approaches, we conduct the simulation based on MATLAB.

All performance results are obtained on Intel i5-2400 CPU
running at 3.1GHz. In an outdoor single-cell uplink com-
munication scenario, the simulation parameters are shown
in Table 1. The maximum tolerable latency for V2V users
is 100ms, the outage probability caused by the data packet
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Figure 2: V2V access ratio versus packet arrival rate.
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Figure 3: System sum rate versus packet arrival rate.

Table 2: Average time consumption of different algorithms.

Number of V2V links PBAMTO ICOMTO SUBICOMTO Document [5] Document [13]

8 105.18 s 14.99 s 7.49 s 3.82 s 2.65 s

10 181.37 s 25.07 s 12.53 s 7.46 s 3.31 s

12 269.83 s 36.45 s 18.22 s 12.89 s 3.98 s

14 401.69 s 55.03 s 27.51 s 20.47 s 4.63 s

16 586.25 s 76.11 s 38.05 s 30.56 s 5.31 s
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exceeding the maximum latency is 0.01, and the minimum
rate requirement of V2I link is 3 bits/s/Hz. The proposed
PBAMTO, ICOMTO, and SUBICOMTO is compared with
approaches in document [5, 13]. Document [5] gives power
allocation for each possible V2I and V2V reusing pair by
geometric analysis, and it adopts bipartite matching to solve
subchannel allocation. Document [13] assumes that trans-
mission power of V2I links is fixed, which adopts the
Lagrange dual decomposition method and the binary search
method to solve transmitting power of V2V links and sub-
channel allocation. Different channel gains lead to different
resource allocation results. The resource and power alloca-
tion varies with channel gain. Each point of the figures is
obtained by averaging the channel gains of 1000 random
realizations. The algorithm is executed immediately after
the channel gain is generated in each simulation. The
average time in seconds of different algorithms is shown in
Table 2. PBAMTO has the highest polynomial time computa-
tion complexity, so its computation time is the longest,
followed by ICOMTO and SUBICOMTO. Computation com-
plexity of algorithm in document [5] is OðD3 + LMÞ, and its
computation time is lower than that of SUBICOMTO. I
denotes the number of iterations of the algorithm in document
[13], its computation complexity isOðIMDÞ, and its computa-
tion time is lower than that of the algorithm in document [5].

V2V access ratio and system sum rate versus packet
arrival rate are shown in Figures 2 and 3, respectively. In this
paper, the access ratio refers to the ratio of the accessed V2V
links to all V2V links. As the packet arrival rate increases,
the V2V link access ratio and system sum rate of these algo-
rithms decreases. The access ratio of ICOMTO algorithm is
3.89% lower than that of PBAMTO algorithm. The access
ratio of ICOMTO algorithm is increased by 9.07% on aver-
age compared with that of SUBICOMTO algorithm. The
access ratio of SUBICOMTO algorithm is 14.98% higher

than that of algorithm in document [13]. The system sum
rate of ICOMTO algorithm is reduced by 3.75% on average
compared with the system sum rate of PBAMTO algorithm.
The system sum rate of ICOMTO algorithm is 6.26% higher
than that of SUBICOMTO algorithm. The system sum rate
of SUBICOMTO algorithm is increased by 15.61% on
average compared with the system sum rate of algorithm
in document [13].

V2V access ratio and system sum rate versus vehicular
speed are shown in Figures 4 and 5, respectively. With the
increase of mobile speed, the channel environment between
V2V becomes bad, which leads to the decrease of V2V link
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Figure 5: System sum rate versus vehicular speed.
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Figure 6: Access ratio versus total number of V2V links.
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Figure 4: V2V access ratio versus vehicular speed.
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access ratio and system sum rate. PBAMTO still has the
highest V2V link access ratio and the highest system sum
rate. The access ratio of ICOMTO algorithm is 3.60% lower
than that of PBAMTO algorithm. The access ratio of
ICOMTO algorithm is increased by 10.02% on average com-
pared with that of SUBICOMTO algorithm. The access ratio
of SUBICOMTO algorithm is 23.01% higher than that of
algorithm in document [13]. The system sum rate of
ICOMTO algorithm is reduced by 2.96% on average

combined with that of PBAMTO algorithm. The system
sum rate of ICOMTO algorithm is 8.46% higher on average
than that of SUBICOMTO algorithm. The system sum rate
of SUBICOMTO algorithm is 12.82% higher than that of
algorithm in document [13].

The access ratio and system sum rate versus the number
of V2V links are shown in Figures 6 and 7, respectively. As
the number of V2V links in the network increases, the access
ratio of V2V links decreases. The probability of V2V links
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Figure 8: V2V access ratio versus minimum rate requirement of
V2I links.
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Figure 9: System sum rate versus minimum rate requirement of
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Figure 7: System sum rate versus total number of V2V links.
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reusing the subchannel of the V2I link increases, and the
network will admit a greater number of V2V links under
the premise of meeting the minimum rate requirement of
the V2I link, which makes system sum rate increase.
PBAMTO algorithm has the highest sum rate, followed by
ICOMTO, SUBICOMTO, and algorithm in document [5].
Algorithm in document [13] has the lowest sum rate. When
the number of V2V links is 8, average time consumption of
PBAMTO, ICOMTO, SUBICOMTO, algorithm in docu-
ment [5], and algorithm in document [13] is 105.18 s,
14.99 s, 7.49 s, 3.82 s, and 2.65 s, respectively. When the
number of V2V links is 16, average time consumption of
PBAMTO, ICOMTO, SUBICOMTO, algorithm in docu-
ment [5], and algorithm in document [13] is 586.25 s,
76.11 s, 38.05 s, 30.56 s, and 5.31 s, respectively. As the num-
ber of V2V links increases, the number of optimization var-
iables increases. As a result, time consumption increases.
PBAMTO algorithm has the longest computation time,
followed by ICOMTO, SUBICOMTO, algorithm in docu-
ment [5], and algorithm in document [13]. The execution
time depends on the hardware configuration. Field Pro-
grammable Gate Array (FPGA) and Application Specific
Integrated Circuit (ASIC) can be used to realize the hard-
ware acceleration of the algorithm.

V2V access ratio and system sum rate versus minimum
rate requirement of V2I links are shown in Figures 8 and
9, respectively. It can be seen that with the increase of the
V2I link rate requirement, the number of accessed V2V links
decreases, and the system sum rate also decreases. Figures 10
and 11 show average latency and outage probability versus
packet arrival rate, respectively. When packet arrival rate is
0.04 and the number of V2V links is 8, time latency of
PBAMTO is reduced by 30.41% and 20.43%, respectively,
compared with algorithm in document [5, 13]. Compared

with ICOMTO and SUBICOMTO, time latency of
PBAMTO is reduced by 7.59% and 15.35%, respectively.
PBAMTO has the lowest outage probability, followed by
ICOMTO, SUBICOMTO, and algorithm in document [5]
and document [13]. It can be seen that the proposed algo-
rithm has lower latency and outage probability compared
with traditional algorithms.

Because PBAMTO algorithm adopts optimal power allo-
cation based on PBA, it has the highest V2V link access
ratio, the highest system sum rate and the lowest latency
and outage probability. ICOMTO algorithm adopts iterative
convex optimization to solve power allocation, which maxi-
mizes the lower bound of system sum rate. The performance
gap between PBAMTO and ICOMTO is mainly attributed
to the suboptimality of power allocation in ICO algorithm.
The number of iterations of SUBICOMTO algorithm is less
than ICOMTO, so its performance is less than ICOMTO.
Power allocation of document [5] is simplified into geomet-
ric analysis. Document [13] assumes that transmitting
power of V2I links is fixed and just optimizes the transmit-
ting power of D2D links. These two traditional schemes
cannot give better solution of power allocation. As a result,
they limit the improvement of system performance.

Although PBAMTO has the highest performance, its
computation time is the longest. The performance of
ICOMTO is close to that of PBAMTO, and its computation
time is much shorter than that of PBAMTO. The perfor-
mance of SUBICOMTO is lower than that of ICOMTO,
and its computation time is shorter compared with
ICOMTO. Compared with SUBICOMTO, two traditional
algorithms in document [5] and document [13] have shorter
computation time, but their performance is lower. In prac-
tice, ICOMTO can be a better scheme to tradeoff the perfor-
mance and computation time.
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Figure 11: Outage probability versus packet arrival rate.
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5. Conclusions

In order to meet the low latency requirement of communica-
tion between vehicles, the minimum transmission rate
requirement of V2I links, and the transmitting power
requirement of V2I and V2V links, a nonlinear mixed inte-
ger optimization problem aiming at maximizing system
sum rate is constructed by comprehensively considering
the subchannel allocation and transmitting power of cellular
and V2V links. Firstly, the subchannel allocation problem is
solved by many-to-one two-sided exchange matching. Then,
according to the implicit monotonicity of the objective func-
tion, an optimal power allocation algorithm based on PBA is
proposed. In order to tradeoff the performance and com-
plexity, a convex optimization problem is constructed by
expressing the nonconvex function as the difference of two
concave functions, and a power allocation algorithm based
on ICO is proposed. The simulation results show that the
proposed algorithms can guarantee transmission latency
requirements of V2V links and improve the system sum rate
and access ratio of V2V links.

Appendix

A.1. Proof of Equation (7)

Suppose that the packet arrival rate of each time slot in the
dth V2V link cache queue obeys the Poisson distribution
with arrival rate of λd . Qd indicates the number of packets
waiting to be sent in the V2V cache queue. The size of the
nth data packet arriving in the cache queue is NdðnÞ, which
obeys the exponential distribution with mean value of �NdðnÞ
. The waiting latency of the packet in the cache queue is
WdðnÞ, and its transmission latency δdðnÞ is determined
by the instantaneous data transmission rate of V2V link.
Therefore, latency of the nth packet in the dth V2V link
cache queue is represented as

Dd nð Þ =Wd nð Þ + δd nð Þ: ðA:1Þ

dmax represents the maximum tolerable transmission
latency, and transmission latency requirement of the data
packet is denoted as

P Dd nð Þ > dmaxf g ≤ ε, ∀d ∈D: ðA:2Þ

ε represents the outage probability caused by the packet
latency exceeding the maximum latency. The max-plus
queueing method in stochastic network theory [27] is used
to transform the transmission delay requirement into a con-
straint on instantaneous data transmission rate.

In a GI/GI/1 queue system, θ is very small and greater than
zero, and Mδð1Þ−τð1ÞðθÞ exists. θ0 = sup fMδð1Þ−τð1ÞðθÞ ≤ 1g;
the upper limit of waiting time [27] can be expressed as

P W nð Þ > xf g ≤ inf Mδ 1ð Þ−τ 1ð Þ θð Þe−θx
n o

: ðA:3Þ

δð1Þ is the service time of the first arriving data packet, τ
ð1Þ is the difference of arrival time between the second data

packet and the first data packet, and Mδð1Þ−τð1ÞðθÞ is the
moment generating function of δð1Þ − τð1Þ.

The instantaneous data transmission rate of the dth V2V
is �Rd , and D̂dðnÞ denotes latency of the nth data packet of
this V2V link. According to max-plus queueing method,
we can get

D̂d nð Þ = Ŵd nð Þ + bδd nð Þ: ðA:4Þ

The waiting latency of the nth data packet in the cache
queue is expressed as

Ŵd nð Þ = max
0≤v≤n

〠
n−1

v=m
bδd vð Þ − 〠

n−1

v=m
τd vð Þ

" #
: ðA:5Þ

The transmission time of the nth data packet is bδdðnÞ.
τdðnÞ represents the difference of arrival time between the
nth packet and the ðn + 1Þth packet, which follows exponen-
tial distribution with mean value of λd . For a fixed data
transmission rate Rd , transmission time of the nth data
packet follows exponential distribution with mean value of
Rd/�NdðnÞ. According to (A.3), we can get

P Ŵd nð Þ > x
� �

≤ min
0<θ<θ0

Rd/�Nd nð Þ
Rd/�Nd nð Þ − θ

λd
λd + θ

e−θx ≈ e− Rd/�Nd nð Þ−θð Þx,

P D̂d nð Þ > dmax
� �

=
ðdmax

0
P Ŵd nð Þ > dmax − x
� �

fbδd nð Þ
xð Þdx

+
ð+∞
dmax

fbδ d nð Þ
xð Þdx

= e− Rd/�Ndð Þdmax
Rd

λd �Nd

eλddmax − 1
� 	

+ 1
� �

≤
ðdmax

0
e− Rd/�Nd nð Þ−θð Þ dmax−xð Þ fbδd nð Þ

xð Þdx

+
ð+∞
dmax

fbδ d nð Þ
xð Þdx:

ðA:6Þ

The upper bound of (A.2) is

P Dd nð Þ > dmaxf g ≤ P D̂d nð Þ > dmax
� �

= ε: ðA:7Þ

The instantaneous data transmission rate Rd of the dth
V2V link should be greater than Rmin

d , which is

Rmin
d = inf μ : e− μ/�Ndð Þdmax

μ

λd �Nd

eλddmax − 1
� 	

+ 1
� �

− ε ≤ 0, μ > λd �Nd


 �
:

ðA:8Þ
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According to LambertW function z =WðzezÞ, we can get

Rmin
d = −

�Nd

dmax
W−1

λddmaxε

1 − eλddmax
e λddmaxεð Þ/ 1−eλddmaxð Þð Þ

� �
+ λddmax
eλddmax − 1

� �
,

ðA:9Þ

where W−1ðxÞ: x ∈ ½−e−1, 0�⟶ ½−∞,−1�. Equation (7) is
proved.
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