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This paper proposes a heuristic resource block allocation using complete graphs (abbreviated to RACG) mechanism for device-to-
device (D2D) communication. RACG not only can reduce the cochannel interference but also can improve the overall system
capacity. For RACG, we define two pieces of user equipment in the D2D communication as one D2D pair and use the
interference between each D2D pair to establish an interference graph model, which is then used to identify all complete
graphs with different numbers of vertices. The innovation of RACG is right that it begins with resource block (RB) allocation
for the D2D pairs in the complete graph with the largest number of vertices and considers three additional parameters to
determine the allocation sequence for the D2D pairs. The three additional parameters are the frequency at which D2D pairs
appear in complete graphs, the interference level of a D2D pair to other D2D pairs, and the number of RBs required.
Furthermore, RACG prioritizes the reuse of allocated RB chunks during RB allocation. When a D2D pair and other D2D pairs
with allocated RBs do not have mutual interference, the allocated RB chunk that has the closest number of RBs to the number
of RBs required is selected and reused. We conduct performance analysis and compare the proposed RACG with a resource
allocation of degree-based greedy (RADG) approach. The performance measures include the RB usage rate and occupied rate
in a frame.

1. Introduction

The development of mobile communication technology
brings about massive increases of user equipment (UE) such
as smart phones, machine-to-machine modules, and tablets,
which in turn cause sudden increases in bandwidth demand
in mobile communication networks. UE do not even have
sufficient bandwidth for transmission during peak hours or
in cities with a high population density, resulting in intoler-
able packet delay. To provide sufficient bandwidth to an
increasing number of UE and maintain low packet delay,
the Third-Generation Partnership Project (3GPP) has pro-
posed a new device-to-device (D2D) communication mode
for new generation mobile communication networks [1, 2].
We define two pieces of UE in the D2D communication as
one D2D pair. The D2D communication can reduce the
transmission power and, consequently, the interference pro-

duced by the signal. Therefore, the D2D pairs that do not
have mutually overlapping transmission ranges can use the
same bandwidth resource to transmit simultaneously;
through frequency reuse, the overall system capacity can be
enhanced.

Figure 1 illustrates the medium access technology
applied in 4G and beyond, namely, Orthogonal Frequency
Division Multiple Access (OFDMA) [3]. An OFDMA frame
consists of both frequency domain and time domain. The
frequency domain is measured in Hertz (Hz) and consists
of multiple carriers; each carrier is 180KHz and can be split
into 12 subcarriers. Therefore, each subcarrier is 15KHz.
The time duration of an OFDMA frame is 10ms, and each
frame is divided into ten subframes. Hence, each subframe
is 1ms. A subframe consists of two subslots, where each sub-
slot is 0.5ms and consists of seven symbols. In the 4G Long-
Term Evolution-Advanced (LTE-A) standard, the smallest
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resource element (RE) and smallest resource block (RB) are
defined. One RE consists of one symbol and one subcarrier,
whereas one RB consists of seven symbols and one carrier.
Therefore, each RB has 84 REs. Since the bandwidth require-
ment for one piece of UE can be one or more RBs, the sched-
uler at eNodeB must integrate multiple RBs and allocate
them to the UE. This paper defines the bandwidth provided
by the integration of multiple RBs as one RB chunk. For
example, the RB chunk enclosed by the bold red line in
Figure 1 is composed of two RBs.

Figure 2 demonstrates that one D2D pair consists of one
sender and one receiver. In 3GPP Release13, the direct com-
munication channel between a sender and a receiver is des-
ignated as a sidelink [4]. When the sender needs to transmit
data, it uses a Sidelink Buffer Status Report (S-BSR) packet
to notify the eNodeB about its bandwidth requirement.
The eNodeB then allocates an adequate RB chunk to the
sidelink according to the received S-BSR packet and informs
the sender via a Physical Downlink Control Channel
(PDCCH). Before the commencement of the D2D commu-
nication, the sender uses a Physical Sidelink Control Chan-
nel (PSCCH) to send information to the receiver; this
information relates to the RB chunk allocated to the sidelink.

Because the transmission power of the D2D communi-
cation is small, it is highly probable that the transmission
ranges of D2D pairs do not overlap with one another. The
D2D pairs that do not have overlapping transmission ranges
can reuse the same bandwidth resource [5, 6] to enhance the
overall system capacity. Figure 3 illustrates that each D2D
pair comprises one sender and one receiver; the senders
are marked in gold (e.g., DUE 1, DUE 3, DUE 5, and DUE
n-1), whereas the receivers are marked in gray (e.g., DUE
2, DUE 4, DUE 6, and DUE n). In Figure 3, the D2D pairs
covered with different colors stand for communication via

different RB chunks. The bottom section of Figure 3 shows
two allocated RB chunks in one OFDMA frame, where one
is marked in green and the other in blue. These two RB
chunks do not reuse the same RBs. The eNodeB cell cover-
age in Figure 3 contains m D2D pairs. Because the transmis-
sion ranges of the D2D pairs may mutually interfere with
each other (e.g., D2D pairs 1 and 2), D2D pairs 1 and 2
use the blue and green RB chunks, respectively. However,
D2D pairs 2, 3, and m can use the same green RB chunk
because their individual transmission ranges do not mutu-
ally interfere with each other.

Without D2D communication, packet exchange between
one pair of UE needs the forwarding of eNodeB, resulting in
the waste of bandwidth resource and the increase of packet
delay. The D2D direct communication reduces the transmis-
sion power of UE and cochannel interference. Therefore,
RBs can be reused repeatedly, and this repeated usage can
enhance the overall system capacity. Aiming to maximize
the benefits of frequency reuse and reduce the interference
level among adjacent D2D pairs, this paper proposes a heu-
ristic RB allocation mechanism using complete graphs
(abbreviated to RACG). At first, RACG establishes an inter-
ference graph model and identifies all complete graphs with
different numbers of D2D pairs in the model. The main con-
tribution of RACG is that it begins with RB allocation for the
D2D pairs in the complete graph with the largest number of
D2D pairs and takes into account three additional parame-
ters to determine the allocation sequence for the D2D pairs.
The three additional parameters are the frequency at which
D2D pairs appear in complete graphs, the interference level
of a D2D pair to other D2D pairs, and the number of RBs
required. Furthermore, RACG prioritizes the reuse of allo-
cated RB chunks during RB allocation. When a D2D pair
and other D2D pairs with allocated RBs do not have mutual
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Figure 1: Framework of OFDMA.
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interference, the allocated RB chunk that has the closest
number of RBs to the number of RBs required is selected
and reused. In order to demonstrate the advantages of the
proposed RACG, we design two topologies that represent
two types of D2D pair distribution, namely, hotspot and
random topologies. For the hotspot topology, we select a
fixed number of D2D pairs and change the level of interfer-
ence among the D2D pairs near the hotspot. For the random
topology, we gradually increase the total number of D2D
pairs. The performance measures include the RB usage rate
and occupied rate in an OFDMA frame.

The remainder of this paper is organized as follows. Sec-
tion 2 explores the related literature. Section 3 describes the
operating procedures of the proposed RACG. Section 4 ana-
lyzes and compares the numerical results. Finally, conclud-
ing remarks and future works are given in Section 5.

2. Related Works

In recent years, studies have proposed RB allocation schemes
under the D2D communication. These studies can be classi-
fied into four types. The first type of studies [7–12] clustered
the D2D pairs based on UE behavior in social networks and
applied the game theory to determine optimal RB allocation.
The second type of studies [13–18] collected actual geo-
graphical locations of D2D pairs to identify the D2D pairs
that had no mutual interference and enabled these D2D
pairs to reuse the same RB chunk. The third type of studies
[19–24] proposed an RB allocation principle with Quality of
Services (QoS) provision. The transmission power of each
D2D pair was calculated to identify the level of mutual inter-
ference, and RB chunks were then allocated to the D2D pairs
according to their respective QoS requirements. The fourth
type of studies [25–31] created an interference graph model
to represent the interference between D2D pairs. As illus-
trated in Figure 4, each vertex represents a D2D pair. If
two D2D pairs mutually interfere with each other, an edge
is used to connect two vertices together. Therefore, the
degree of each vertex represents the level of interference cor-
responding to the D2D pair. Each vertex is colored while

ensuring that its neighboring vertices do not have the same
color. Vertices with the same color are allocated with the
same RB chunk to increase the benefits of frequency reuse.

The fourth type of studies is more closely related with
the RACG proposed in this paper, and a summary of these
studies is provided in this section. Lee et al. [25] proposed
an RB allocation with a degree-based greedy (RADG)
approach. RADG first calculates the degree of each vertex
in an interference graph; next, it selects the D2D pair that
has the highest degree (i.e., the D2D pair that causes the
largest amount of interference) to perform RB allocation
first. If two or more vertices have the same degree, RADG
then prioritizes RB allocation for the D2D pair with the
larger bandwidth requirement. When the bandwidth
requirements are the same, RADG then randomly selects a
D2D pair to allocate RBs. RADG is degree-based and does
not consider the mutual interference among multiple D2D
pairs. Therefore, some D2D pairs cannot reuse the allocated
RBs, which reduces the benefits of frequency reuse. In a full
duplex environment, T. Yang et al. [26] focused on deter-
mining the appropriate transmission powers for uplink,
downlink, and D2D communication by establishing the
interference graphs of different links according to the band-
width requirement and interference level for each D2D pair.
Li et al. [27] proposed a joint mode selection and resource
allocation algorithm by dividing the users into groups via
the vertex coloring approach. After solving the power opti-
mization problem for each group and conducting mode
selection between the cellular mode and D2D mode for each
D2D pair, they assigned channel resources to these groups.
On the other hand, the studies in [28–31] considered an
environment in which cellular UE and D2D pairs coexist.
The authors of [28, 29] considered the level of interference
between cellular UE and D2D pairs, and they established
an interference graph to determine the optimal RB alloca-
tion for achieving the coexistence of cellular UE and D2D
pairs. However, cellular UE have higher priority, and an
excessive number of cellular UE can cause the starvation of
the D2D pairs. Zhao et al. [30] proposed an algorithm that
uses an interference graph to decide an RB allocation model.
If the interference level of a D2D pair is smaller than a pre-
defined threshold, the D2D pair can reuse the RBs that have
allocated to cellular UE. Otherwise, new RBs are allocated to
the D2D pair. Without considering the mutual interference
between multiple D2D pairs, the proposed RB allocation
algorithm is apt to allocate new RBs to some D2D pairs,
and this can lead to insufficient system bandwidth. Cai
et al. [31] assumed that the number of RBs required by all
of cellular UE and D2D pairs is identical, and they used
graph coloring to identify the RBs that can be reused. Next,
they used the signal-to-interference-plus-noise ratio (SINR)
to calculate the transmission rate of these reusable RBs and
allocated the RBs with the highest transmission rate to the
corresponding D2D pair to meet the bandwidth requirement
of each D2D pair. However, this also resulted in some D2D
pairs not having reusable RBs, which reduced the benefits of
frequency reuse. The application of graph coloring for the
above-mentioned RB allocation schemes may result in
uneven RB allocation between cellular UE and D2D pairs.
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Figure 2: Operating procedure of D2D communication.
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In addition, some applications ignore the level of interference
between multiple D2D pairs, which leads to fewer reusable
RBs because of limited bandwidth resource and therefore
affects the overall system capacity.

Aiming to maximize the benefits of frequency reuse and
reduce the level of interference among adjacent D2D pairs,
this paper proposes a heuristic RACG. RACG first maps
the interference between D2D pairs to an interference graph
model, after which it applies the Bron-Kerbosch algorithm
[32] to identify every complete graph within the interference

graph. A complete graph (denoted as Kn) is an undirected
graph with n vertices, and any two different vertices have
exactly one edge connecting them [33]. RACG begins with
RB allocation for D2D pairs in the complete graph with
the highest number of vertices. The allocation sequence for
D2D pairs is determined according to three additional
parameters, namely, the number of times D2D pairs appear
in different complete graphs, the interference effect of a D2D
pair on other D2D pairs, and the number of RBs required by
a D2D pair. Besides, RACG prioritizes the reuse of RB
chunks during RB allocation. In other words, if a D2D pair
and other D2D pairs allocated with RBs do not mutually
interfere with each other, we select the allocated RB chunk
with the closest number of RBs relative to the number of
RBs required. If the RB requirement of this D2D pair
exceeds all allocated RB chunks, RACG reuses the largest
RB chunk and adds unallocated RBs.

3. The Proposed RACG

3.1. Interference Graph Model. The RACG mechanism first
maps the interference between all D2D pairs to an interfer-
ence graph model. In the model, each vertex represents
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one D2D pair, and an edge connecting two vertices indicates
the mutual interference between two D2D pairs. Vn and En,
respectively, denote a vertex set and edge set in an interfer-
ence graph. Let Vn = fv1, v2,⋯, vng, and the adjacency
matrix A is defined to represent the interference graph. A
is a symmetric matrix and its size is n × n. The elements of
A are ai,j (Equation (1)). When ai,j = 1, the transmission
ranges of the ith and jth vertices overlap. Conversely, when
ai,j = 0, the transmission ranges of the two vertices do not
overlap. The edge set is En = fei,jj∀vi, vj ∈ Vn, i ≠ j, ai,j = 1g.
The symbol Gn is used to represent the interference graph
whose number of D2D pairs is n, and Gn = ðVn, EnÞ. For
example, Figure 5 shows an interference graph of six D2D
pairs, and the adjacency matrix of G6 is demonstrated in
Equation (2). In the interference graph of Figure 5, the
vertex set V6 is fv1, v2, v3, v4, v5, v6g, and the edge set E6 is
fe12, e13, e23, e34, e45, e56g.

aij =
1, if vi and vj are adjacent

0, otherwise

( )

∈ A, ∀1 ≤ i ≤ n, ∀1 ≤ j ≤ n,
ð1Þ

: ð2Þ

3.2. RB Allocation Approach. RACG identifies all complete
graphs with different number of vertices in the interference
graph. Thereafter, it commences RB allocation for the D2D
pairs in the complete graph with the largest number of verti-
ces. Different RB chunks are allocated such that the number
of RB chunks which can be reused by other D2D pairs
increases. These principles allow more D2D pairs to use the
same RBs with limited bandwidth resources and increase
the benefits of reusing resources. Some D2D pairs may
belong to two or more complete graphs with identical sizes.
In other words, the vertices of these D2D pairs belong to
the intersection of multiple complete graphs with identical
sizes. As shown in Figure 6, the interference graph has the
two largest complete K4 graphs, namely, fv1, v2, v3, v4g and
fv2, v4, v5, v6g, and the intersection between these two K4
graphs is fv2, v4g. v2 and v4 are allocated RB chunks which
do not overlap prior to the other vertices for the purpose of
reducing the level of interference among adjacent D2D pairs.
RB allocation starts with the D2D pairs in the compete graph
that has the largest number of vertices, and three parameters
are used to determine the allocation sequence of D2D pairs.
The three parameters are the number of times D2D pairs
appear in different complete graphs, the degree to which a

D2D pair interferes with other D2D pairs, and the number
of RBs required by a D2D pair. RB allocation to the D2D
pairs of K3 will start after RB allocation to the D2D pairs of
K4 has finished. RACG prioritizes the allocation of reusable
RB chunks. That is, if a D2D pair and other D2D pairs allo-
cated with RBs do not mutually interfere with each other,
RACG selects and reuses an allocated RB chunk that has
the closest number of RBs to the number of RBs required.
Once the RB requirement of a D2D pair exceeds all allocated
RB chunks, RACG will reuse the largest RB chunk and adds
unallocated RBs.

Table 1 lists the parameters used by RACG and their
corresponding definitions. n is the number of all vertices in
the interference graph. Vm,j is the vertex set of the jth Km

complete graph. MKm is the matrix with a size of n × tm,
which is made of all Km complete graphs. tm is the total
number of Km complete graphs in the interference graph.
ci,k denotes the element in the ith row and kth column of
MKm; ci,k is either 0 or 1, as demonstrated in Equation (3).
If ci,k is equal to 1, then vertex vi belongs to Vm,k; otherwise,
ci,k is equal to 0. As expressed by Equation (4), f m,i denotes
the sum of all elements in the ith row of MKm, and it indi-
cates the number of Km complete graphs that vertex vi
belongs to. rbvi and dvi represent, respectively, the require-
ment of RBs and degree of vertex vi.

ci,k =
1, if vi ∈ Vm,k

0, otherwise

(
, ð3Þ

f m,i = 〠
tm

k=1
ci,k: ð4Þ

The interference graph of Figure 7 is presented as an
example. Through applying the Bron-Kerbosch algorithm
(mentioned in Section 2), six complete graphs are identified
in Figure 7. The vertex sets of these complete graphs are
V4,1 = fv1, v2, v3, v4g, V4,2 = fv3, v4, v5, v6g, V4,3 = fv1, v2,
v3, v10g, V3,1 = fv4, v6, v8g, V3,2 = fv6, v7, v8g, and V2,1 =
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Figure 5: Interference graph of six D2D pairs.
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fv8, v9g. Therefore, the largest complete graph is K4, and
three K4s are identified. The size of MK4 is 10 × 3, and the
value of each element is as shown in Equation (5). Next, the
calculation indicates that f4,1 = 2, f4,2 = 2, f4,3 = 3, f4,4 = 2,
f4,5 = 1, f4,6 = 1, f4,7 = 0, f4,8 = 0, f4,9 = 0, and f4,10 = 1. There-
fore, v3 has the highest level of interference, and RBs are first
allocated to the D2D pair that v3 represents. The vertices v1,
v2, and v4 have the same level of interference; hence, RBs are
first allocated to the D2D pair that v4 represents because the
degree of v4 (denoted as dv4) is greater than dv1 and dv2.
Because the degrees of v1 and v2 are both four, the sequence
of RB allocation is determined by the RB requirement of the
D2D pairs represented by the two vertices (denoted as rbv1
and rbv2).

: ð5Þ

3.3. Pseudocode of RACG. Pseudocode 1 presents the pseudo-
code of RACG. First, as discussed in Section 3.1, RACG
establishes the interference graph model, Gn = ðVn, EnÞ, of

D2D communication. Next, it applies the Bron-Kerbosch
algorithm to identify all complete graphs in the interference
graph and obtains M vertices in the largest complete graph.
Thereafter, MK1, MK2, …, MKM are established, and f m,i,
of each vertex i is calculated (1 ≤m ≤M). Per the first princi-
ple of RACG, RBs are allocated to the vertex with the largest
f M,i (i.e., D2D pair i). When two or more vertices have the
same f M,i, the second principle of RACG is applied; that is,
these vertices are ranked from largest to smallest according
to their degree number for RB allocation. When the degree
number of the vertices are the same, the third principle of
RACG is applied; that is, RBs are allocated to the vertex that
represents the D2D pair requiring the largest number of RBs.
When the number of RBs required is identical, a vertex for
RB allocation is selected at random.

During RB allocation, when D2D pair i is the first to be
allocated, then the required RBs (rbvi) are directly allocated
to it. By contrast, when this D2D pair and other D2D pairs
allocated with RBs mutually interfered with each other, this
D2D pair do not reuse the allocated RBs and new RBs will
be allocated to it. When this D2D pair and other D2D pairs
allocated with RBs do not mutually interfere with each other,
the following rules are applied to reuse the allocated RB
chunks. (1) The RB chunk that is greater than or equal to r
bvi and closest in value to rbvi is reused; and (2) the RB
chunk that is smaller than rbvi and closest in value to rbvi
is reused, and unallocated RBs are added to meet the RB
requirement of vi.

4. Performance Evaluation

4.1. Simulation Scenarios.We design two network topologies
of D2D communication in LTE-A systems as shown in
Figure 8. The blue circle represents the cell coverage of an
eNodeB, and two pieces of UE form a single D2D pair.
The distribution of all D2D pairs in Figure 8(a) represents
a hotspot topology. Hence, most D2D pairs are concentrated
around the eNodeB with only a few D2D pairs being

v1

v2

v3 v4

v5 v6

Figure 6: Interference graph with vertices belonging to multiple
complete graphs.

Table 1: Parameters and definitions.

Parameter Definition

n The number of all vertices

Vm,j Vertex set of jth Km complete graph

MKm Matrix formed by all Km complete graphs

ci,k Element in the ith row and kth column of MKm

f m,i Sum of all elements in ith row of MKm

rbvi Number of RBs required by vertex vi
dvi Degree of vertex vi

v10

v1 v2

v4

v9

v3
v5

v6

v7

v8

Figure 7: Interference graph with multiple complete graphs of
varying sizes.
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exceptions. Figure 8(b) represents randomly distributed
D2D pairs in a random topology.

We use MATLAB [34] to perform a numerical simula-
tion in which the total number of RBs of an OFDMA frame
is set to 400. In the hotspot topology, the number of D2D
pairs is fixed at 30, whereas the number of D2D pairs in
the random topology changes from 20 to 70. To verify that
our proposed RACG effectively alleviates the RB usage rate
and occupied rate in an OFDMA frame for D2D communi-
cation, we compare RACG and RADG in the hotspot net-
work topology and random network topology. Table 2
summarizes the comparison between RACG and RADG on
attributes of design.

4.2. Hotspot Network Topology. A hotspot network topology
can be classified as high density (HD) and low density (LD).
A high-density distribution indicates that the distance
between D2D pairs is short, such that D2D pairs are more
likely to exhibit mutual interference. By contrast, for a low-

density distribution, D2D pairs are further apart and, there-
fore, less likely to exhibit mutual interference.

Figure 9 displays the OFDMA Frame Utilization (OFU)
of high-density and low-density distributed hotspot network
topologies under various bandwidth requirements for D2D
pairs. We define OFU as the total number of RBs allocated
to D2D pairs divided by the total number of RBs in an
OFDMA frame. In Figure 9, the red and blue lines represent
the OFU of high-density and low-density distributions,
respectively, whereas the solid and dashed lines represent
the OFU with RACG and RADG, respectively. We observe
from Figure 9 that when the number of RBs required by each
D2D pair increases, the OFU of high-density distribution
increases at a faster rate, whereas the OFU of low-density
distribution increases at a slower rate. This is because the
D2D pairs in high-density distribution exhibit more mutual
interference. Hence, they have fewer reused RB chunks and
the total number of RBs allocated to D2D pairs resulting in
a rapid rise in OFU. In high-density distribution, the

RACG.
Input :
Number of D2D pairs: n
Inference graph: Gn = (Vn, En)
All complete graphs with different set of vertices belonging to Gn
Number of the vertices in the maximal complete graph: M
The set of m vertices for the jth Km: Vm,j for each j, 1 ≤ j ≤ tm
The joint matrix for all of the complete graphs with m vertices: MKm, 1 ≤ m ≤ M
Number of RBs required by vi: rbvi, 1≤ i ≤n
Degree of vi: dvi, 1≤ i ≤n
The set of vertices having been allocated RBs: VR, initially VR={ }
Output :
//RB allocation to all D2D pairs
1. for m = M : 1 do
2. fm,i = sum of all elements at row i of MKm, 1≤i≤n;
3. L= the maximum value among fm,1, fm,2, …, fm,n;
4. for a = L : 1 do
5. If only fm,i for vertex vi equals a
6. Do RB allocation for vi;
7. Else
8. D = the maximum degree among the vertices with fm,i = a;
9. for d =D : 1 do
10. If two or more dvi’s equal to d
11. Do RB allocation for vi’s in the descending order of rbvi;
12. Else if two or more vertices requiring the same number of RBs
13. Do RB allocation for vi’s in a random sequence;
14. end for
15. end for
16. end for

//Do RB allocation for vi
17. If VR ={ }
18. Allocate a new RB chunk of rbvi RB(s);
19. Else if vi is interfered with every vertex in VR
20. Allocate a new RB chunk of rbvi RB(s);
21. Else if there is at least one allocated RB chunk with size more than rbvi
22. Allocate an allocated RB chunk with size closest to rbvi;
23. Else
24. Allocate an allocated RB chunk with size closest to rbvi plus extra RB(s);
25. VR = VR ∪{vi};

Pseudocode 1
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difference between the OFU with RACG and RADG
increases when the number of RBs required by each D2D
pair increases, and this trend becomes more obvious in
high-density distribution than low-density distribution. This
is because RADG only avoids the level of interference but
does not consider RB chunks with similar number of RBs;
therefore, the OFU of RADG increases rapidly when the
number of RBs required increases. Similar to RADG, RACG
begins with RB allocation for the D2D pairs in the complete
graph with the largest number of vertices, that is, for those
with the highest degree. Nevertheless, RACG considers three
additional parameters to determine the allocation sequence
for the D2D pairs, the frequency at which D2D pairs appear
in complete graphs, the interference level of a D2D pair to
other D2D pairs, and the number of RBs required, whereas
RADG simply generates the allocation sequence at random.
Besides, RACG intends allocating the reusable RB chunk that
has the closest number of RBs to the number of RBs required
to maximize the benefits of frequency reuse. Hence, the OFU
of RACG increases at a slower rate relative to RADG.

Randomly setting the number of RBs required by each
D2D pair from 31 to 35, we vary the degree of the vertices
(i.e., D2D pairs) concentrated near the eNodeB. Figure 10

presents the number of RB chunks used in an OFDMA
frame when RACG and RADG are applied. The red and blue
bars represent the number of RB chunks used by RACG and
RADG, respectively. Figure 10 demonstrates that when the
interference of D2D pairs concentrated near the center
increases or the degree number increases, the number of
RB chunks used by RACG or RADG increases. When the
degree number of the D2D pairs concentrated near the hot-
spot increases, the mutual interference between D2D pairs
increases, resulting in most D2D pairs being unable to reuse
a given RB chunk; therefore, the eNodeB has to allocate a
new RB chunk to the D2D pairs. Compared with RADG,
RACG achieves superior performance when the mutual
interference between D2D pairs increases; this phenomenon
is consistent with that observed in Figure 9.

4.3. Random Network Topology. The number of RBs
required by each D2D pair is randomly generated from 1
to 35, and the total number of D2D pairs is varied from 20
to 70. Figure 11 presents the OFU versus the total number
of D2D pairs in the random network topology. The red and
blue lines represent the OFU with RACG and RADG, respec-
tively. Figure 11 indicates that when the number of D2D pairs

(a) Hotspot topology (b) Random topology

Figure 8: Two network topologies of D2D communication.

Table 2: Comparison between RACG and RADG.

Attributes of design The proposed RACG RADG [25]

Interference graph model v v

Identifying complete graphs v x

The degree of each vertex v v

The frequency at which each vertex appears in complete graphs v x

Various number of RB requirement v v

Allocation sequence of the vertices v x

Reusing an allocated RB chunk with the closest size v x

“v” indicates that the attributes are specified in the scheme. “x” indicates that the attributes are unspecified in the scheme.
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increases, the OFU with either of RACG and RADG increases.
As noted in Section 4.2, the likelihood of D2D pairs mutually
interfering with each other increases when the number of D2D
pairs increases. Besides, RACG considers more parameters
than RADG while doing RB allocation. As a result, the OFU
with RACG is lower than that with RADG. However, when
the total number of D2D pairs reaches 70, almost all the RBs
in an OFDMA frame are used. Hence, the OFU with either
of RACG and RADG approaches 100%, and the two schemes
do not exhibit a difference.

With the same simulation scenario as Figure 11,
Figure 12 presents the number of RB chunks used in an
OFDMA frame when RACG and RADG are applied. The

red and blue bars represent the number of RB chunks used
by RACG and RADG, respectively. Figure 12 indicates that
the number of RB chunks used by RACG or RADG
increases when the number of D2D pairs increases. The
number of RB chunks used by RACG is lower than that used
by RADG due to the same reason elaborated above. Refer-
ring to Figure 11, when the total number of D2D pairs
reaches 70, almost all the RBs in an OFDMA frame are used.
Therefore, the difference between the number of RB chunks
used by RACG and RADG is extremely small.

4.4. Complexity Analysis. The time complexity of RACG is
divided into five phases. In phase 1, n D2D pairs are mapped
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Figure 9: OFDMA frame utilization in the hotspot topology.
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to an interference graph model. In phase 2, the number of
complete graphs that each vertex belongs to is identified.
In phase 3, all elements of a row in the matrix MKm are
summed, and each vertex from the largest to smallest is
ranked according to its degree. In phase 4, each vertex from
the largest to smallest is ranked according to the number of
RBs it required. During the final phase, the number of RBs
required by each vertex is used for identifying and reusing
the RB chunk that corresponds most closely to the number
of RBs required by the vertex. In phase 1, the interferences
between any two of D2D pairs are inputted into a two-
dimensional adjacency matrix; hence, the time complexity
for this phase is Oðn2Þ. In phase 2, the Bron-Kerbosch algo-

rithm is applied to identify all the complete graphs in the
interference graph. Because the identification of complete
graphs is an NP-complete problem, the method proposed
by Moon and Moser [35] is applied to group all n vertices
into groups of three to form triangles. A total of n/3 triangles
are formed, and in each triangle, one or two vertices can
form additional triangles with one or two vertices from
another triangle. Therefore, the time complexity for identify-
ing the maximum number of complete graphs is Oð3n/3Þ. In
phase 3, we determine the degree of each vertex with the cor-
responding adjacency matrix A, and we rank them from the
largest to smallest according to their degree number; the
time complexity for this phase is Oðn2Þ. In phase 4, we rank
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Figure 11: OFDMA frame utilization in the random topology.
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all the vertices from the largest to smallest according to the
number of RBs they required; the time complexity for this
phase is also Oðn2Þ. In the final phase, we use the RBs
required by each vertex to select and reuse the RB chunk that
corresponds most closely to the number of RBs required; the
time complexity for this phase is Oðn2Þ. Thus, the time com-
plexity of RACG is Oð3n/3 + 4n2Þ.

On the other hand, the time complexity of RADG is
divided into four phases. In phase 1, n D2D pairs are
mapped to an interference graph model; the time complexity
for this phase is Oðn2Þ. In phase 2, each row in the adjacency
matrix A is summed to obtain the degree of each vertex, and
all the vertices from the largest to smallest are ranked
according to their degree number; the time complexity for
this phase is Oðn2Þ. In phase 3, all the vertices are ranked
from the largest to smallest according to the number of
RBs they required; the time complexity for this phase is
Oðn2Þ. During the final phase, one of RB chunks is randomly
selected and reused to meet the RB requirement of each ver-
tex; the time complexity for this phase isOðnÞ. Thus, the time
complexity of RADG is Oðn + 3n2Þ. Therefore, the RACG
proposed in the paper enables the effective usage of RBs but
at the cost of more computational time.

5. Conclusions

This paper proposes a heuristic RB allocation mechanism
using complete graphs (abbreviated to RACG) for D2D
communication in LTE-A and beyond mobile communica-
tion networks. RACG not only can reduce the cochannel
interference but also can enhance the overall system capac-
ity. First, RACG maps the interference between any two of
D2D pairs to an interference graph model and identifies all
complete graphs in the model. Next, it begins with RB allo-
cation to the D2D pairs in the largest complete graph, and
let the D2D pairs with similar RB requirements reuse the
same RB chunks if no mutual interference is present. The
RB allocation sequence is determined according to three
additional parameters, namely, the number of times D2D
pairs appear in different complete graphs, the interference
effect of a D2D pair on other D2D pairs, and the number
of RBs required by a D2D pair. We compare the OFU and
number of RB chunks allocated by RACG and RADG via
numerical simulations. The results reveal that the difference
between RACG and RADG in the OFU increases when the
interference among the D2D pairs concentrated at the center
increases in the hotspot network topology. The difference
between RACG and RADG in the OFU also increases when
the total number of D2D pairs increases in the random net-
work topology. On the other hand, the number of RB
chunks used by RACG is 15% less than the number of RB
chunks used by RADG in the hotspot and random network
topologies. Focusing on enhancing the overall system capac-
ity of all communication modes, we are now investigating
RB allocation schemes by including cellular UE, which are
allowed to directly connect to eNodeB through unused RBs
or the RBs used by D2D pairs that do not exhibit mutual
interference.
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