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Abstract—Deploying direct device-to-device (D2D) links is
considered an enabler for V2X applications, with intra-cell
interference and stringent latency and reliability requirements as
challenging issues. We investigate the radio resource management
problem for D2D-based safety-critical V2X communications.
Firstly, we analyze and transform the V2X latency and reliability
requirements into mathematical forms that are computable using
only slowly varying channel information. Secondly, we propose
a problem formulation fulfilling the requirements of V2X, where
resource sharing can take place not only between vehicles and
cellular users but also among different vehicles. Moreover, a
Resource Block Sharing and Power Allocation (RBSPA) algorithm is proposed to solve this problem. Finally, simulations are
presented that indicate promising performance of the proposed
RBSPA scheme.

I. I NTRODUCTION
A. Motivation
By recent market analysis, vehicles become the third type
of fastest growing connected devices after smart phones and
tablets [1]. As a result, communications in moving networks
are attracting great interests. In this context, V2X communication plays a crucial role since it enables reliable and lowlatency services such as traffic safety [2]. Here “V2X” is a term
that collectively refers to vehicle-to-vehicle (V2V), vehicleto-infrastructure (V2I), and vehicle-to-device (V2D). In this
work, we focus on safety-critical V2X applications, which
usually have a strongly localized nature. V2X applications
come with real-time requirements and stringent requirements
on reliability and access availability. For instance, the European Union METIS project [2] considers a maximum end-toend delay of 5 ms and transmission reliability of 99.999%.
A related trend is the consideration of device-to-device
(D2D) communications. In a D2D underlaying cellular infrastructure, two physically close user equipment (UE) devices can
directly communicate with each other by sharing the same
resources used by regular cellular UEs (C-UEs), with the
benefits of proximity gain, reuse gain, and hop gain [3].
The analysis in [4], [5] led to two conclusions for V2X
and D2D. First, current legacy solutions for V2X communication, e.g., ad-hoc communication over the 802.11p standard
and backend-based communication cellular networks, are not
able to satisfy the quality of service (QoS) requirements of
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safety-critical V2X applications, particularly in dense traffic.
Second, by the similarities between the requirements on V2X
communication and the characteristics of direct D2D, the latter
is a promising approach for implementing the former.
B. State of the Art
Extensive research has been carried out in the context of
conventional D2D systems, where one of the main challenges
is the interference between the primary cellular network and
the D2D underlay. To cope with this interference situation,
one crucial issue is the radio resource management (RRM)
strategy. For this line of research, the interested readers are
referred to the surveys in [3], [6], and the references therein.
There are three major limitations in most of the existing D2D works for our target application of safety-critical
V2X. Firstly, the performance objective has been typically to
maximize the sum rate and prioritize cellular links [7], [8].
Thus the D2D underlay is considered opportunistic as their
interference to cellular links is controlled to be at acceptable
levels. As a result, schemes for traditional D2D systems
cannot work for V2X with small message payload but very
strict requirements on latency and reliability. Secondly, the
majority of the literature assumes that the eNB is aware of
the full instantaneous channel state information (CSI) of all
the cellular and D2D links; this assumption is probably too
optimistic for fast moving D2D-based V2X communication.
Last but not least, most of previous studies consider the setup
that any RB of C-UEs can be shared by at most one D2D
link [5], [7]. In fact, allowing multiple and concurrent D2D
transmissions on the same RB and assuring the links’ quality
will not only improve spectrum efficiency by higher number
of D2D links, but also may lead to less interference to CUEs due to spatial reuse. Recently, the authors of [8]–[10]
considered the coexistence of multiple D2D links on the same
RB; however the setup in [8]–[10] does not apply D2D to
V2X communications.
When it comes to using a D2D underlay for V2X communications, to the best of our knowledge, only few studies [1],
[2], [4], [5] have been conducted. In particular, we have in
[5] proposed a two-stage resource block (RB) allocation and
power control scheme for D2D-based V2V communication,
considering QoS requirements of both vehicular UEs (V-UEs)
and C-UEs, with orthogonal resource allocation for V-UEs.
C. Contributions
In this work, a RB Sharing and Power Allocation (RBSPA)
algorithm is proposed for D2D-based safety-critical V2X
communication. The main contributions are as follows.

•

•

•

We propose a method to transform the strict latency
and reliability requirements of V2X communication into
optimization constraints that use only slowly varying CSI.
Allowing non-orthogonal access for V-UEs, we formulate
an optimization problem for allocating multiple RBs and
transmit power to a set of C-UEs and V-UEs.
Due to the problem’s NP-hardness, we propose a heuristic
two-stage RBSPA scheme which is a long-term RRM
method requiring only slowly varying CSI at the eNB.
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II. P RELIMINARIES
A. Notation
Sets are denoted by calligraphic letters, e.g., X , with |X |
denoting its cardinality. Uppercase and lowercase letters, e.g.,
x and X, represent scalars, lowercase boldface letters, e.g., x,
designate column vectors where xi indicates the ith element,
and uppercase boldface letters, e.g., X, denote matrices where
Xi,j denotes the (i, j)th element. The superscript (·)T stands
for the transposition. Unless otherwise specified, vector and
matrix inequalities are operated element-wise. Besides, E[·]
indicates the expectation.
B. System Model
Consider a single cell environment with M ′ C-UEs and K ′
V-UEs. The latter is counted in terms of transmitters. The
corresponding sets are denoted by M′ , {1, 2, ..., M ′ } and
K′ , {1, 2, ..., K ′}, respectively. The D2D underlay is only
used by V-UEs that share the uplink radio resources. The
uplink bandwidth is divided into F RBs for each scheduling
time unit. As traditional cellular users, orthogonal RB allocation applies to the C-UEs in the uplink, and RB allocation
can be performed by any reasonable scheduling scheme. On
the other hand, unlike existing works [5], [7], one C-UE’s
RBs may be shared by multiple V-UEs simultaneously, which
brings the possibility of non-orthogonality among V-UE pairs.
In addition, one V-UE may reuse the RBs of multiple C-UEs.
Clearly, intra-cell interference may arise in the setup.
Fig. 1 illustrates intra-cell interference by dotted lines,
where the C-UE m′ , the V-UE pairs k ′ and l′ are using the
same RB. Here, h′m′ , hk′ , and hl′ are the effective channel
power gains of the three desired transmissions, respectively,
′
′
gm
′ ,k′ and gm′ ,l′ denote the two interference channel power
gains from the C-UE to the receivers of V-UE k ′ and l′ , and gk′
and gl′ are interfering channel power gains of the two V-UE
transmissions to the C-UE’s receiver (i.e., eNB). Moreover,
gk′ ,l′ and gl′ ,k′ represent the cross-talk, interference channel
power gains between the two V-UE pairs. We define gk′ ,k′ , 0
for all k ′ ∈ K′ . To perform RRM, the eNB needs CSI (at least
to some degree) for all these involved links, where h′m′ , gk′ ,
and gl′ can be measured at the eNB itself, but all the other links
have to be measured by the corresponding V-UE receivers and
then reported back to the eNB.
Due to signaling overhead, V-UEs should only feedback
slowly varying CSI, including path loss and shadowing that
have small variation over a few hundred milliseconds, to the
eNB. For this reason, we argue that the eNB should only utilize
slowly varying CSI and conduct long-term (e.g., a few hundred
milliseconds) RRM for D2D-based V2X communications.
Since path loss and shadowing are not greatly influenced by
frequency in the considered bandwidth, we assume that the

Figure 1.

Interference between V2X and cellular communications.

CSI is frequency-invariant. Nevertheless, in Section V, we will
also consider fast fading effects in simulations to evaluate the
robustness of the proposed long-term RRM scheme.
C. Requirements for V-UEs and C-UEs
For safety-critical V2X services, there are stringent latency
and reliability requirements, though high data rate is of less
significance. Hence, the V-UEs’ QoS requirements have to be
modeled as strict constraints in our mathematical formulation.
Due to the delay constraints as well as the limited bandwidth,
the number of RBs allocated to each V-UE has to be bounded.
Allocating Ekall′ RBs to the V-UE k ′ , the outage probability,
evaluated for a requirement of delivering Nk′ bits, equals [11]

pout
k′ , Pr

 all
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ρ log2 (1 + γi ) < Nk′
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PJ
r
|Gj,i |2 ) is the instantawhere γi , P̄ir |Hi |2 /(σ 2 + j=1 S̄j,i
neous signal to interference plus noise ratio (SINR) of the RB
r
i. Here, J is the number of interference sources. P̄ir and S̄j,i
are the average received power from the desired and interfering
users, respectively. Hi and Gj,i are random variables representing the fast fading effects of the corresponding desired
and interference channels, respectively. σ 2 is the noise power
and ρ is the number of complex symbols per RB. Then, the
reliability requirement is interpreted from the perspective of
outage probability and can be expressed as [2]
pout
k ′ ≤ po ,

(2)

where po is the maximum tolerable outage probability.
We will replace (2) by a more strict constraint to account
for that only slow varying CSI is assumed to be available to
the eNB, To this end, we first upper-bound pout
k′ via Lemma 1.
Lemma 1. pout
is
upper-bounded
by
k′
 all

Ek ′
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1
pout
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where |Gi |2max , maxj=1,2,...J {|Gj,i |2 }, and γ̄i , P̄ir /(σ 2 +
PJ
r
j=1 S̄j,i ) requires only the slowly varying CSI. Note that
γ̄i 6= E[γi ]. Also, the larger J is, the looser the upper bound
is.

Proof: Due to the space limitation, a rigorous proof is
not given here but will be presented in our future work.
Utilizing Lemma 1, we can constraint the upper bound in (3)
to assure the original outage probability constraint in (2). Then,
we further restrict the new outage probability requirement by
means of the following two inequalities.
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γ̄i ≥

γ̄kT′ (J),

∀i =

1, 2, ..., Ekall′ .

(5)

′

For the V-UE k that shares a common RB with other J UEs
(including both C-UE and V-UEs), by deriving γ̄kT′ (J) from
(4) and requiring the actual γ̄i of each used RB to be greater
than or equal to γ̄kT′ (J), we can guarantee the fulfillment of
(2). Note that γ̄i contains our optimization variables that will
be formally defined later on. From now on, with a slight abuse
of terminology, we refer to (5) as the SINR constraint under
J interference UEs.
For a given ρ, Nk′ , po , and the probability density functions
(pdfs) of Hi as well as Gj,i , γ̄kT′ (J) and Ekall′ can be treated as
functions of each other. In this paper, we assume a fixed Ekall′
and then derive γ̄kT′ (J) from Ekall′ for various values of J by,
e.g., Monte Carlo (MC) simulations.
Similar to [5], we reduce the two-dimensional RB allocation
problem over both frequency and time into a sequence of onedimensional problems in the frequency domain. Toward this
end, the requirements on latency and reliability become
Ek′ =

⌈Ekall′ /Ltol ⌉,

γ̄i ≥

γ̄kT′ (J),

objective is to maximize the C-UEs’ sum rate with the
aforementioned fairness consideration for the C-UE, subject
to satisfying V-UEs’ requirements on latency and reliability,
i.e., the conditions defined by (6).
For notational convenience, we introduce the concepts of
sub-users and extended user sets. Specifically, we split the VUE k ′ into Ek′ sub-V-UEs for all k ′ ∈ K′ , and split the C-UE
′
′
′
m′ into Em
′ sub-C-UEs for all m ∈ M , where each sub-user
corresponds to the allocation of one RB to the UE in question.
Moreover, we define two extended user sets K , {1, 2, ..., K}
with K = |K| and M , {1, 2, ..., M } with M = |M| for the
sub-V-UEs and sub-C-UEs, respectively. To relate the original
user sets and the extended user sets to each other, we define
mapping k̂: K → K′ such that k ′ = k̂(k) is the V-UE to which
the sub-V-UE k belongs. Similarly, mapping m̂: M → M′
such that m′ = m̂(m) is the C-UE to which the sub-C-UE m
belongs.
Based on the above definitions, the joint RRM problem for
V-UEs is formalized below.

max

III. P ROBLEM F ORMULATION
In this section we detail the problem formulation that jointly
deals with RRM for V-UEs and C-UEs. The performance

′

log2

m=1

subject to:
xm,k ∈ {0, 1},
0 ≤ Pm,k ,

Sm hm̂(m)
1+
P
K
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Pm,k ≤ P max xm,k
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X

X

∀m, k

Pm,k ≤ P max ,
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!

(7a)

(7b)
(7c)

m=1 k,k̂(k)=k′

0 ≤ Sm ,

∀i = 1, 2, ..., Ek′ , (6)

where Ltol is the latency constraint on V2X communication
in terms of the number of scheduling time units, and Ek′
is the number of RBs allocated to the V-UE k ′ during each
scheduling time unit.
By taking the steps outlined thus far, we have transformed
the original V2X requirements on latency and reliability into
constraints on Ek′ and γ̄kT′ (J), and the latter requires slow
varying CSI only. In effect, for an arbitrary V-UE k ′ sharing
RB with J additional UEs, allocating Ek′ RBs during each
time unit and ensuring that for any of these RBs, say RB i,
the actual γ̄i is at least as large as γ̄kT′ (J), the original latency
and reliability requirement of the V-UE will be able to meet
with some margin.
In comparison to V2X communications, most cellular data
traffic types have much less strict latency requirement, and the
system usually strives for high data rate under subject to some
level of fairness. Therefore, the maximization of C-UEs’ sum
rate will be used as the optimization objective in our problem
that will be formally stated in the next section.
To address the fairness among C-UEs, here we follow the
proportional bandwidth fairness concept [12]. As a result,
′
′
the number of RBs Em
during
′ allocated to the C-UE m
one ′scheduling time unit is given for all m′ ∈ M′ and
PM
′
m′ =1 Em′ = F .

M
X

X
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(7e)

xm,k = Jm , Jm ∈ K′ ,

∀m

(7f)

k=1

Pm,k hk̂(k)

′
σ 2 + Sm gm̂(m),
+
k̂(k)
T
≥ xm,k γ̄k̂(k)
(Jm ),

K
P

l=1,l6=k

∀m, k

Pm,l gk̂(l),k̂(k)
(7g)

where k ∈ K, m ∈ M, k ′ ∈ K′ , m′ ∈ M′ . In the
formulation, xm,k is a binary variable that equals 1 if the
sub-V-UE k is sharing the same RB with the sub-C-UE m
and 0 otherwise, Sm is the transmit power of the sub-C-UE
m, and Pm,k is the transmit power of the sub-V-UE k on the
RB shared by the sub-C-UE m. If this sharing does not take
place, i.e., xm,k = 0, then Pm,k must be 0 as well; this is
implied by constraint (7b). Constraints (7c) and (7d) state the
max transmit power for each V-UE and C-UE, respectively.
Equation (7e) ensures that each sub-V-UE is paired with exact
one sub-C-UE, and equation (7f) implies that Jm sub-V-UEs
are sharing the same RB with the sub-C-UE m. Last but not
least, constraint (7g) formulates the SINR requirement for each
sub-V-UE, where the left-hand side is interpreted as γ̄k . It
should also be remarked that, in the formulation, RB sharing
among multiple sub-V-UEs is admitted, in contrast to the setup

in [5] that only allows V-UEs to use orthogonal RBs.
′
2
In problem (7), the input consists of M ′ , K ′ , Em
′ , Ek′ , σ ,
′
max
max
′
T
P
, S
, hm′ , gk′ , hk′ , gm′ ,k′ , gk′ ,l′ , and γ̄k′ (J) for all
J ∈ K′ . The output, represented by the optimization variables,
is given by xm,k , Pm,k , and Sm for all k ∈ K and m ∈ M.
Theorem 1. The RB sharing and power allocation problem
(7) for D2D-based V2X communication is NP-hard.
Proof: Due to the space limitation, the proof is not given
here but to be published elsewhere. The basic idea is to reduce
the partition problem, which is known to be NP-complete, to
problem (7).
In our reduction proof for Theorem 1, the sum-power limits
(7c) and (7d) are not in effect. Hence we obtain the following
corollary.
Corollary 1. The RB sharing and power allocation problem
(7) remains NP-hard even if maximum sum- power constraints
(7c) and (7d) are relaxed.

loss of generality, because otherwise the problem decomposes
into independent and smaller parts, each being associated with
an irreducible inherent constraint matrix [14].
We present two lemmas which play crucial roles in deriving
the RBSPA algorithm.
Lemma 2. Assuming the inherent constraint matrix Ω associated with (8) irreducible, we have
ρ(Ω) = inf

max

p>0 i=1,...,N

γiT
,
γi (p)

where ρ(Ω) denotes the spectral radius of matrix Ω.
Proof: Firstly, note that
PN
γiT
j=1 Ωi,j pj + qi
inf max
= inf max
p>0 i=1,...,N γi (p)
p>0 i=1,...,N
pi
N
X
αp̃j
qi
Ωi,j
+
= inf
max
α>0,p̃>0 i=1,...,N
αp̃i
αp̃i
j=1

(10)

(11)
(12)

T

Due to the NP-hardness of problem (7), we cannot expect
the existence of an algorithm that is both time-efficient and
guarantees global optimality, unless P = NP. Therefore, we
resort to heuristic algorithms for problem solution.
IV. T HE P ROPOSED RBSPA A LGORITHM
In this section we propose a heuristic RBSPA scheme to
solve problem (7). To this end, we will first in Section IV-A
introduce the theoretical motivation of the proposed approach,
utilizing the Perron-Frobenius theory [13]. Then we will derive
the RBSPA scheme that consists of two stages that are detailed
in Sections IV-B and IV-C, respectively. In the first stage, the
max power constraints for both V-UEs and C-UEs are relaxed,
and the eNB assigns RB to each sub-V-UE according to a
specific metric in a sequential manner. The metric is driven
by the Perron-Frobenius theory. In the second stage, based
on the RB sharing outcome of stage one, the eNB optimally
adjusts the transmit power for each V-UE and C-UE, taking
the sum power constraints into account.
A. The Underlying Theory
Consider N UE pairs using the same resource for data transmission, where each UE pair has a received SINR constraint
γiT , i.e.,
wi,i pi
T
i = 1, 2, ..., N
(8)
γi (p) , P
2 ≥ γi ,
j6=i wj,i pj + σi

where γi (p) is defined as the received SINR for the receiver
i, wj,i denotes the channel power gain from the transmitter j
to the receiver i, pi is the transmit power of the transmitter i,
and σi2 is the noise power at the receiver i. By defining
 T
γi wj,i /wi,i
if i 6= j
Ωi,j ,
(9)
0
otherwise,

and qi , γiT σi2 /wi,i , the matrix form of (8) is (I − Ω)p ≥ q.
For convenience, we name Ω ∈ RN ×N the inherent constraint matrix associated to the model in (8). Note this matrix
is non-negative. To ease the presentation, here we assume Ω is
irreducible1. The assumption of irreducible Ω comes with no
1 Replacing all non-zero entries in a matrix by one, and viewing the matrix
as the adjacency matrix of a directed graph, the matrix is called irreducible
if and only if such directed graph is strongly connected.

p̃ p̃=1

=

inf

max

p̃T p̃=1,p̃>0 i=1,...,N

= inf

max

p>0 i=1,...,N

N
X

N
X

Ωi,j p̃j /p̃i

(13)

j=1

Ωi,j pj /pi ,

(14)

j=1

where (11) follows by the definitions of Ωi,j and qi ; (12) is true
due to the fact that any p > 0 can be expressed as p = αp̃
for certain α > 0 and p̃ > 0 with p̃T p̃ = 1; (13) follows
since the value of αp̃j /(αp̃i ) is independent of α, but qi /(αp̃i )
decreases to 0 when α → +∞; and (14) is true because scaling
p̃ does not change the value of the objective function in (13).
Furthermore, from the Theorem A.47 in [15], we know that
ρ(Ω) = inf

max

p>0 i=1,...,N

N
X

Ωi,j pj /pi ,

(15)

j=1

which concludes the proof.
Lemma 3. For (I − Ω)p ≥ q, a necessary and sufficient
condition to have a positive solution p for every positive vector
q is that (I − Ω)−1 is nonnegative for Ω ≥ 0. Moreover, for
any Ω ≥ 0, (I − Ω)−1 ≥ 0 if and only if ρ(Ω) < 1.
Proof: See [13].
B. RB Sharing
In the first stage of the RBSPA algorithm, maximum power
limits for both V-UEs and C-UEs are relaxed. Now the
problem of RB sharing becomes to pair the sub-V-UEs with
sub-C-UEs in a way such that the sub-C-UEs’ sum rate is
maximized and the sub-V-UEs’ SINR constraints are met.
Due to the NP-hardness stated in Corollary 1, we propose
a heuristic RB sharing scheme that associates each sub-V-UE
with a sub-C-UE in a sequential fashion.
Assume that sub-V-UEs {1, ..., k − 1} have been already
paired with sub-C-UEs, and let us focus on the sub-V-UE
k and find the most appropriate sub-C-UE for RB sharing.
The decision has to account for two aspects: 1) The SINR
constraints of the k sub-V-UEs {1, ..., k} should be satisfied
(unless this is infeasible), and 2) the sub-C-UE that has the

best rate when sharing its RB should be selected. However, the
challenge here is that power is not set at this stage, prohibiting
the evaluation of the sub-V-UEs’ and the sub-C-UEs’ rates.
Therefore, in the following, we will design a metric that is
independent of the power parameter for the pairing process,
and justify its rationale.
(k−1)
For all m ∈ M, denote by Km
the indices of the subV-UEs in {1, . . . , k − 1} such that RB sharing takes places
(k−1)
with the sub-C-UE m, i.e., Km
, {l|l ∈ {1, ..., k −
1}, xm,l = 1}. If the sub-V-UE k would also use the subC-UE m’s RB, the SINR constraints (7g) for the sub-V-UEs
(k)
(k−1)
in K̃m , Km
∪ {k} are
X
T
(k)
Pm,l −
Pm,l′ gk̂(l′ ),k̂(l) γ̄k̂(l)
(Jm
)/hk̂(l)
(16)
(k)

l′ ∈K̃m ,l′ 6=l

≥

′
Sm gm̂(m),
γ̄ T (J (k) )/hk̂(l)
k̂(l) k̂(l) m
(k)

(k)

T
(k)
)/hk̂(l) ,
+ σ 2 γ̄k̂(l)
(Jm

(k)

for all l ∈ K̃m , where Jm , |K̃m |. The inherent constraint
(k)
(k)
matrix Ω(k,m) ∈ RJm ×Jm associated with the inequality
system (16) can be easily calculated. According to Lemma 3,
when the sub-V-UE k is paired with the sub-C-UE m, it is
possible to satisfy the SINR constraints (16) if and only if
ρ(Ω(k,m) ) < 1.
Checking ρ(Ω(k,m) ) for all m ∈ M yields the subset
M̃ containing the feasible sub-C-UEs for paring with the
sub-V-UE k. The next step is to choose the sub-C-UE in
M̃ from the rate perspective. Even though rate cannot be
exactly evaluated without setting the power, we can utilize
the following observation to design a reasonable metric for
choosing sub-C-UE.
Observation 1. From Lemma 2, the spectral radius of a set of
SINR inequalities is closely connected to the attainable SINR
levels and hence rates. Thus, loosely speaking, the smaller the
spectral radius is, the better the attainable SINR of the subC-UE, for which the maximum of the inner problem in (10) is
achieved.
To utilize the observation, for each sub-C-UE m ∈ M, we
T
T
,
, where βm
associate with a virtual SINR constraint βm
2
T
max ′
S hm̂(m) /σ . The reason for the choice of βm is that,
in line with our goal of maximizing rate for sub-C-UE and
according to Observation 1 and Lemma 2, the maximum over
i ∈ {1, ..., N } in (10) may be reached at the sub-C-UE
m when considering the inherent constraint matrix of these
selected SINR thresholds. By considering sub-C-UE m as well
(k)
as all sub-V-UEs K̃m , the SINR constraint system becomes
(16)
P
′
′
T
T
Sm − l∈K̃(k) Pm,l gk̂(l) βm
/hm̂(m) ≥ σ 2 βm
/hm̂(m)



m



(17)

(k)
K̃m ; the corresponding
(k)
(k)
(Jm
+1)×(Jm
+1)

inherent constraint matrix
for all l ∈
Ω̃(k,m) ∈ R
can be easily obtained. Then, we
propose to assign the sub-V-UE k with the sub-C-UE m’s RB
where m = arg minm∈M̃ ρ(Ω̃(k,m) ).
The steps the proposed RB sharing scheme are presented in
Algorithm 1.
2 Since the bound proposed in Lemma 1 becomes looser with the number
of interference sources J, in the algorithm we restrict the number of V-UEs
that may share the same RB to Jmax .

Algorithm 1 RB Sharing Scheme
′

′
Input: M , K, σ 2 , S max , hm′ , gk′ , hk′ , gm
′ ,k′ , gk′ ,l′ , and
T
2
′
γ̄k′ (J), for all J ∈ {1, 2, ..., Jmax }, m ∈ M′ , k ′ ∈ K′ , and
l ′ ∈ K′ .
(K)
∗
, Km∗ , x∗m,k , and Ω(m)∗ ,
Output: Feasibility, Km
Ω(K,m) , for all m ∈ M and k ∈ K.
(0)
Initialization: Feasibility = true, Km = ∅, and x∗m,k = 0.
for k = 1 : K do
M̃ = ∅, ρ̄ = [], and ρ̄index = []
for m = 1 : M do
(k−1)
(k−1)
if |Km | < Jmax− 1 and k̂(k) 6= k̂(l) for all l ∈ Km
then
(k)
(k−1)
K̃m , Km
∪ {k}
Calculate Ω(k,m) of (16)
if ρ(Ω(k,m) ) < 1 then
M̃ = M̃ ∪ {m}
Calculate Ω̃(k,m) of (17)
ρ̄ = [ρ̄, ρ(Ω̃(k,m) )], ρ̄index = [ρ̄index , m]
end if
end if
end for
if M̃ =
6 ∅ then
m∗ = arg mini ρ̄i
(k)
(k−1)
x∗m∗ ,k = 1, Km∗ = Km∗ ∪ k
else
Feasibility = f alse (i.e., problem is infeasible), break
end if
end for

C. Power Allocation
If the problem is reported feasible by Algorithm 1, i.e.,
Feasibility = true, the second stage of the proposed RBSPA
scheme is to allocate power based on the RB allocation. In case
Feasibility = f alse, the problem is considered infeasible. This
infeasibility can be caused by either the problem data or the
limitation of the algorithm.
Assuming feasibility in RB allocation, the power allocation
problem (PAP) is formulated similarly to (7), by replacing
each xm,k with x∗m,k obtained from Algorithm 1. Now the
optimization variables are Sm and Pm,k for all m ∈ M and
k ∈ Km . Since the objective function is not concave with
respect to Pm,k , the PAP is not convex. Nevertheless, we can
note that the objective function is monotonically nonincreasing
in Pm,k , and thus at the maximum, equality must hold for (7g)
for sub-V-UEs’ SINR, with the matrix form
(I − Ω(m)∗ )pm = bm ,

∀m ∈ M,

(18)

T
∗
where pm stacks Pm,k and bm stacks σ 2 γ̄k̂(k)
(Jm
) +
′
T
∗
∗
∗
∗
Sm gm̂(m),k̂(k) γ̄k̂(k) (Jm ) for all k ∈ Km with Jm = |Km
|.
The order of the sub-V-UE indices in pm and bm is assumed
to be consistent with that in Ω(m)∗ .
Solving (18), we obtain pm = (I − Ω(m)∗ )−1 bm for all
m ∈ M. Since the PAP is feasible without considering maximum power constraints, we have (I − Ω(m)∗ )−1 ≥ 0 from
∗
, Pm,k can be expressed
Lemma 3. Therefore, for all k ∈ Km

as an affine function of Sm with nonnegative slope and offset.
Using the optimal solution of pm , we can eliminate Pm,k from
the PAP. Then, the remaining problem is transformed into an
equivalent convex optimization model, which can be solved
optimally by an interior point method. The convexity can be
shown through verifying the positive semidefinite property of
the corresponding Hessian matrix, which is resulted from the
nonnegative slope and offset analyzed above.

B. Simulation Results
Based on the requirements given by METIS [2], we
have Nk′ = 12800 bits, po = 10−5 (i.e., a transmission
reliability of 99.999%), and Ltol = 10 (i.e., a latency
requirement of 5 ms). Here we consider Ek′ equal to 2
or 5. As results, by the analysis in Section II-C, some
possible values of {Ek′ , γ̄kT′ [dB], J} are {2, 32.6, 1},
{2, 33.4, 2},
{2, 34.0, 3},
{2, 34.5, 4},
{2, 34.9, 5},
{5, 14.9, 1}, {5, 15.7, 2}, {5, 16.3, 3}, {5, 16.7, 4}, and
{5, 17.1, 5}.
Fig. 2 compares the C-UEs’ sum rates of the RRM schemes
when F = 4 and shows the performance gap in respect of the
global optimum. Recall that the values shown in the labels
are based on the long-term CSI, whereas the CDF curves
represent results for which fast fading effects are accounted
for. By comparing the values to the CDFs, it can be seen that
even though the RRM decisions are based on long-term CSI,
the results remain reasonably accurate for realistic channel
conditions with fast fading. Comparing the RRM schemes, the
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Figure 2. Sum rate of the C-UEs with F = 4, M ′ = 2, K ′ = 2, Em
′ = 2,
Ek′ = 2, and Jmax = 2.
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A. Performance Metrics and RRM Schemes
We base our evaluation on three metrics:
• C-UEs’ sum rate when the fast fading effect is disregarded (i.e., value of the objective in (7));
• cumulative distribution function (CDF) of the C-UEs’
sum rate;
• CDF of one V-UE’s transmitted bits within 5 ms, i.e., the
left-hand side of the inner inequality in (1).
Note that the last two metrics are evaluated with consideration
of fast fading in the simulations.
The proposed RBSPA scheme is compared with the following baseline methods.
1) The two-stage SRBP algorithm in [5] that consists in
RB allocation and power control, where RB allocation of VUEs is restricted to be orthogonal. For a given initial power,
maximum weight matching (MWM) for bipartite graphs is
used to achieve the optimal RB sharing.
2) SRBP-Ext, which is a simple extension of the SRBP
scheme to nonorthogonal V-UEs, by performing MWM for
each V-UE sequentially. Here the purpose of the extension is
for the traffic load which is defined as the number of V-UEs,
but not for the C-UE’s rate performance.
3) Global optimal solution to problem (7) by the exhausitive search over all the RB sharing possibilities. Due to its
exponentially increased complexity, we consider F = 4.

0.8

CDF

V. P ERFORMANCE E VALUATION
We use a single cell outdoor system as the test scenario. In
particular, we consider test case (TC) 2 defined by the METIS
project [16]. Details of the system parameters and channel
models are presented in [5].
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Figure 3. F = 100, M ′ = 25, K ′ = 50, Em
′ = 4, Ek′ = 2, and
Jmax = 5. (a) Sum rate of C-UEs. (b) Transmitted bits within 5 ms for each
V-UE.

performance difference of the proposed RBSPA to optimum is
very small. On the other hand, SRBP and SRBP-Ext exhibit
worse sum rates.
Now consider more realistic scenarios with F = 100. We
define the traffic load as the number of V-UEs. For a low load
situation, i.e., K ′ = 10, Fig. 3(a) and Fig. 3(b) illustrate the
performances of C-UEs and V-UEs respectively.
In Fig. 3(a), the CDFs of the C-UEs’ sum rates are presented. By comparing the numbers in the labels and the CDF
curves, it is again evident that, even though the RRM schemes
use long-term CSI, lead to valid results even when fast
fading effects are present. Moreover, compared to SRBP and
SRBP-Ext, the proposed RBSPA scheme exhibits superiority.
Fig. 3(b) depicts the CDFs of the transmitted bits within 5
ms for one V-UE. It can be seen that the outage probability
constraint, which represents the QoS requirements of the VUEs, is fulfilled for all the three schemes. RBSPA and SRBPExt give higher number of bits than SRBP, because allowing
non-orthogonality gives rise to increased SINR value in (7g)
and better rate (and here, more bits) for the V-UEs. SRBP-Ext
achieves slightly higher number of bits than RBSPA as the
former allocates more V-UEs on the same RB. This, in fact,
illustrates a disadvantage of SRBP-Ext since the increased VUE’s rate is at the price of the C-UE’s rate (see Fig. 3(a)),
which is the objective in (7).
Next, the C-UEs’ sum rates are plotted in Fig. 4(a) and
Fig. 4(b) with respect to various load levels of the of vehicular
communications (i.e., values of K ′ ) for Ek′ = 2 and Ek′ = 5.
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Figure 4. Sum rate of C-UEs versus number of V-UEs (K ′ ) with F = 100,
′
M ′ = 25, Em
′ = 4, and Jmax = 5. (a) Ek′ = 2. (b) Ek′ = 5.

By SRBP, the maximum supported numbers of V-UEs are
50 and 20 for Ek′ = 2 and Ek′ = 5, respectively; these
values represent the limit of orthogonal resource allocation.
By allowing non-orthogonality, RBSPA and SRBP-Ext enables
vehicular communications with much higher loads. Note that,
within the feasible range of SRBP, SRBP outperforms SRBPExt as K ′ increases. The reason is that, even though allowing
non-orthogonality among V-UEs may bring less interference
to C-UEs by spatial reuse, there are two potential drawbacks.
First, the values in the SINR constraint (7g) becomes larger
when more V-UEs are sharing the same RB. As a result, the
transmit power of the V-UEs will be higher, leading to more
interference to the RB-shared C-UE. Second, in SRBP, MWM
is used for the RB sharing stage. As the corresponding problem
become NP-hard for nonorthogonal RB allocation, sequential
MWM is deployed by SRBP-Ext, and the performance gap
between the optimum and sequential matching becomes larger
with increased K ′ . However, it should be emphasized that
the most important advantage of allowing non-orthogonality
is to support a significantly higher number of V-UEs. Last
but not least, RBSPA provides the best performance for all
the considered scenarios. Compared to SRBP-Ext, RBSPA
exhibits not only improved rate, but also robustness to the
number of V-UEs and the superiority of RBSPA becomes more
apparent when K ′ is larger.
When it comes to complexity, the difference of the three
schemes lies in the RB sharing stage. Based on the properties
of MWM [5], the computational complexities of the RB sharing procedures in the SRBP and SRBP-Ext are upper-bounded
by O(F 3 ) and O(K ′ F 3 ), respectively. On the other hand, the
most complex part of the RBSPA scheme is on the calculation
of spectral radius which has the complexity of O(N 3 ) for a
N ×N matrix. Correspondingly, the computational complexity
of the RB sharing stage in RBSPA is about O(K ′ F N 3 ) with
N ≤ 5, which gives much lower complexity compared to the
SRPB-Ext scheme.
VI. C ONCLUSION
Adopting direct D2D links is a promising enabler for safetycritical V2X communications, though this requires the development of application-tailored RRM schemes. In this paper,
we have presented an approach to transform the strict latency
and reliability requirements of V2X communications into
mathematical constraints that can be computed using slowly

varying CSI only. Utilizing the mathematical constraints, the
RRM process is then formulated as an optimization problem,
where V-UEs are allowed to share RBs. By allowing this
non-orthogonality among the V-UEs, the supported number
of V-UEs can be significantly increased. Moreover, we have
proposed the RBSPA scheme to solve the optimization problem. As demonstrated by the simulation results, the proposed
scheme leads to not only improved cellular sum rate performance but also robustness to the number of V-UEs, which
promotes its application in practice.
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