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Downlink Resource Sharing and Caching
Helper Selection Control Maximized Multicast

Video Delivery Capacity in Dense D2D
5G Networks

Thanh-Minh Phan, Nguyen-Son Vo∗, Minh-Phung Bui, Xuan-Kien Dang and Dac-Binh Ha

Abstract—In 5G ultra-dense networks, a large number of mobile users (MUs) request a huge amount of high data rate video
traffic causing a peak congestion situation at the macro base station (MBS) and small-cell base stations. This situation
certainly reduces the total video capacity delivered to the MUs. In this paper, we exploit the available spectrum and storage
resources of the MUs as well as the wireless broadcast nature of device-to-device (D2D) communications to propose a joint
downlink resource sharing and caching helper selection (DRS-CHS) control to maximize the multicast video delivery capacity
in dense D2D 5G networks. We assume that the MUs are divided into different clusters in which they can communicate with
each other by D2D communications. There are two types of MUs in each cluster including the requesting users (RUs) that
request the video and the caching helpers (CHs) that have cached the video. In addition, there are some sharing users (SUs)
that can share their downlink resources with the CHs and the RUs for D2D multicast communications. A DRS-CHS
optimization problem is then formulated and solved for an optimal control process of how to select a CH in each cluster and
how to assign an SU to share its downlink resource with the selected CH such that the total video delivery capacity
multicasted from the CHs to the RUs in all clusters is maximized. Simulation results demonstrate the benefits of the proposed
DRS-CHS control solution compared to other conventional benchmarks.

Index Terms—5G ultra-dense networks, caching and clustering, D2D multicast communications, downlink resource sharing,
video applications and services.

F

1. Introduction

IN mobile networks, the proliferation of mobile users
and the explosion of video applications and services

(VASs) consume a huge amount of network traffic and
resource. According to the global mobile data traffic
forecast reported by Cisco, there will be more than
12 billion mobile-connected devices and about 79% of
mobile data traffic will be video by 2022 [1]. The rising
demand of mobile data traffic poses a set of challenges
for the fifth generation (5G) networks in which the
macro base stations (MBSs) and small cell base stations
(SCSs) suffer from highly congested backhaul links. In
this context, device-to-device (D2D) communications
have been emerged as one of the most efficient solutions
not only to mitigate the congestions at the MBSs and
SCSs but also to improve the quality of service (QoS) of
local area services [2], [3].
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In D2D communications, data traffic can be of-
floaded directly in close proximity without the inter-
vention of the MBSs and SCSs. There are two modes
of D2D communications including out-of-band mode
and in-band mode. Because the out-of-band mode re-
quires further orthogonal spectrum resource, it has not
received more attentions than the in-band mode in
which the mobile users (MUs) can share their spectrum
resources with each other for D2D communications [4]–
[6]. However, in VASs, the videos cannot be offloaded
by only applying spectrum resource sharing assisted
D2D communications without exploiting the benefits
that the videos have been cached in many MUs of 5G
ultra-dense networks [7], [8]. D2D caching techniques
enable the VASs to bring the videos closer to the MUs
such that the quality of experience (QoE) is significantly
improved [9]–[11].

Another promising technique that efficiently works
with spectrum resource sharing assisted D2D commu-
nications is clustering. The most important objectives of
clustering technique are to provide larger coverage [4],
[12]–[14], lower delay [15], better spectral and energy
efficiency [9], [16]–[23], and higher hit rate probability
and system capacity [2], [24], [25]. In case there are many
MUs in a D2D cluster requesting the same video, the
broadcast nature of wireless transmission environment
can be utilized for multicasting [3], [8], [26]–[36]. This

ISSN 1859-1531



Thanh-Minh Phan et al.: DOWNLINK RESOURCE SHARING AND CACHING HELPER SELECTION CONTROL MAXIMIZED MULTICAST VIDEO 13

way, although the requesting users (RUs) are served
at different levels of QoS, the spectral and energy ef-
ficiency is significantly improved. It is further observed
that the aforementioned studies in the literature have
not considered a joint solution of downlink resource
sharing and caching helper selection (DRS-CHS) to max-
imize the multicast video delivery capacity in dense
D2D 5G networks.

In this paper, we exploit the facts in dense D2D
5G networks that 1) there are some available downlink
resources willingly shared by the sharing users (SUs)
with other MUs; 2) there are many caching helpers
(CHs), i.e., the MUs that have cached the popular
videos; and 3) there are many requesting users (RUs)
that request the same videos. Then, D2D communica-
tions can be utilized for multicasting the videos from
the CHs to the RUs by applying clustering techniques
to DRS-CHS solution. In particular, we formulate a
DRS-CHS optimization problem by taking into account
the target signal to interference plus noise ratio (SINR)
of the SUs so that the QoS of the SUs is guaranteed
when they share their downlink resources. The DRS-
CHS optimization problem is then solved for an optimal
combination set of SUs and CHs that provides the RUs
in all clusters with maximum multicast video delivery
capacity. Simultaneously, the DRS-CHS solution satisfies
a given target SINR to limit the interference impact on
the SUs caused by D2D multicast communications. The
contributions of the paper are summarized as follows:

• We propose a multicast video delivery model in
dense D2D 5G networks that utilizes the downlink
resources of SUs, the cached videos in the CHs,
and the nature broadcast of wireless transmission
environment for multicasting the videos to the RUs
in close proximity D2D communications.

• The system model is formulated in the form of
DRS-CHS optimization problem under the con-
straint of target SINR of the SUs. The problem is
solved for finding the best combination set of SUs
and CHs, i.e, to control which SUs to share their
downlink resources and which CHs to send the
videos to the RUs over D2D multicast communi-
cations with downlink resources shared by the SUs,
that serves the RUs in all clusters a maximum video
delivery capacity. The DRS-CHS solution also con-
trols the RUs to be served whether by the CHs over
D2D multicast communications or by the MBS over
conventional cellular communications such that the
video delivery capacity is maximized.

• Due to the large scale of dense D2D 5G net-
works, an exhaustive search algorithm is imprac-
tical. Therefore, we introduce a modified genetic
algorithms (GAs) solution that can be more feasible
to apply to dense D2D 5G networks. Simulation
results are insightfully presented and discussed to
demonstrate the benefits of the proposed DRS-CHS
solution compared to other conventional bench-
marks.

The rest of this paper is organized as follows. In Sec-
tion 2, we present the related works on clustering and

multicasting over D2D communications in 5G networks.
We propose the multicast video delivery model in dense
D2D 5G networks associated with system formulations
in Section 3. Section 4 is dedicated to introducing the
DRS-CHS optimization problem and GAs solution. Sim-
ulation results, evaluation, and discussion are shown in
Section 5. Finally, we conclude the paper in Section 6.

2. Related Works
In this section, we focus on reviewing the works

that exploit the broadcast nature of wireless transmis-
sion environment for multicasting [3], [8], [26]–[36]. The
review shows the insightful understanding of cluster-
ing techniques for D2D multicast communications that
motivates us to propose the DRS-CHS solution.

As a general approach, the authors in [26] intro-
duced a modeling, analysis, and optimization study
of multicast D2D transmissions. This study enables to
evaluate the important performance metrics of multicast
D2D transmissions, i.e., coverage probability, average
number of covered receivers, and throughput. It also
optimizes the multicast performance by finding the
optimal multicast rate and the optimal number of re-
transmission times. In fact, different studies work on
particular performance metrics associated with different
applications and services, presented in the sequel.

In [27] and [28], by exploiting cluster multicast, the
CHs are selected to serve a number of RUs in close prox-
imity. The results show that the proposed CH selection
schemes can reduce the traffic at the MBS, the video
streaming cost, and the average retransmission time.
Toward more efficiency, a joint scheme of conventional
cellular mode and D2D mode has been studied for video
multicast services [29]. The proposed scheme uses single
frequency-based D2D communications that enable the
elected CHs to multicast the videos to the RUs. The
objective is to maximize the aggregate data rate by
allocating the radio resource.

Social relationships between the MUs are also con-
sidered in D2D communications to improve the mul-
ticast performance [3], [8], [30]–[32]. In [3] and [30], a
CH and its RUs are grouped into a cluster based on not
only their physical aspects (e.g., distance and wireless
channel quality) but also their social relationships. The
power and channel resource optimization solutions are
then formulated and solved for maximizing the sys-
tem throughput while minimizing the channel gap and
the number of required channels in different multicast
clusters. In a similar approach that exploits the social
relationships, the authors in [8], [31], [32] have proposed
a clustering and CH selection scheme to enhance the
energy efficiency of the D2D multicast network and the
sum social-aware rate of all the RUs.

Other interesting D2D multicast communications
include [33] and [34] in which multihop transmission
and incentive-based cluster formation are taken into
account. In [33], to enhance the offloading performance,
multiple clusters and their associated CHs are estab-
lished in the form of multihop network. Each inter-
mediate CH is simultaneously acted as a forwarding
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node and a multicasting node such that the delay per-
formance and energy efficiency are guaranteed while
minimizing the transmission redundancy. In addition,
to understand how to motivate the MUs to become a
CH and how to balance the benefit and the cost of the
CHs, the problem of incentive-based cluster formation
for D2D multicast content sharing has been studied to
improve the average utility of the RUs [34].

It is observed that the aforementioned studies in
the literature have not considered the benefit of the
available downlink resources that can be shared with
the CHs for multicasting. Few studies have been done
in the context of D2D multicast communications to
maximize system energy efficiency [35] and the system
throughput [36]. However, the authors in [35] and [36]
have not utilized the CH selection scheme to further im-
prove the performance of cluster-based D2D multicast
communications.

3. System Model and Formulations
3.1. System Model

Fig. 1: Multicast video delivery model in dense D2D 5G Networks.

In this paper, we consider a multicast video delivery
model in dense D2D 5G networks as shown in Figure
1. The model consists of one MBS and K SUs that
share the downlink resources with J D2D clusters for
D2D multicast communications. The D2D cluster j,
j = 1, 2, ..., J , has Mj CHs, i.e., CH1, CH2,..., CHMj ,
that have cached the requested video and Nj RUs, i.e.,
RU1, RU2,..., RUNj , that request the video for streaming.
In the D2D cluster j, the CH m is optimally selected
from Mj CHs to provide Nj RUs with maximum video
delivery capacity. Whenever, the MBS receives a number
of demands for the video, the DRS-CHS scheme is
initiated to work in 3 steps as follows:

• Step 1 - Clustering D2D users: In this step, the MBS
divides the D2D users into J clusters by using the
D2D based clustering scheme [12] to expand the
coverage. In each cluster, the MBS checks if a D2D
user has cached the requested video or not. As a
result, the cluster j has Mj CHs and Nj RUs which
are in close proximity for D2D communications.

• Step 2 - Solving DRS-CHS optimization problem:
The MBS further collects the characteristics of wire-
less channels from it to the SUs and RUs as well
as from the CHs to the SUs and RUs. Based on

these characteristics, the MBS formulates the DRS-
CHS optimization problem and solves it for opti-
mal downlink resource sharing and caching helper
selection index vkj,m. Here, vkj,m = 1 means that
the SU k shares its downlink resource with the
CH m for multicasting the video to Nj RUs in the
cluster j, otherwise vkj,m = 0. The optimal values
of vkj,m found to maximize the multicast video de-
livery capacity. During the process of finding vkj,m,
there are three constraints considered including: 1)∑K
k=1

∑Mj

m=1 v
k
j,m ≤ 1, j = 1, 2, ..., J to ensure

that one SU can share its downlink resource up to
one CH in each cluster, 2)

∑J
j=1

∑Mj

m=1 v
k
j,m ≤ 1,

k = 1, 2, ...,K so that one SU cannot share its
downlink resource with more than one CH in J
clusters, and 3) the target SINR at the SUs is
guaranteed, i.e., greater than or equal to a given
threshold γ0, to limit the interference impact caused
by multicast D2D communications on the capacity
performance of SUs.

• Step 3 - Mulitcating requested video: After finding
vkj,m, the corresponding SUs and CHs are assigned
to multicast the requested video to the RUs at
maximum video delivery capacity. It is noted that
if the requested video is not in any clusters, it is
delivered by the MBS.

3.2. System Forumulations
3.2.1. Capacity at RUs

To derive the capacity delivered to the RUs, we have
to compute the signal to noise ratio (SNR) of the channel
between the CH m and the RU n in the cluster j as
below

γj,m,n =
Pj,mGj,m,n

N0
, (1)

where Pj,m is the transmission power of the CH m in
the cluster j, Gj,m,n is the channel gain between the CH
m and the RU n in the cluster j, and N0 is the power of
additive white Gaussian noise. In this paper, the channel
gain is modelled as a product of an exponential power
fading coefficient with unit mean and a standard power
law path loss function with a path loss exponent η [7].

However, because the channel between the CH m
and the RU n in the cluster j reuses the downwlink
resource of the SU k to multicast the video, it is affected
by the interference caused by the transmission power of
the MBS (P k0 ) to the SU k. By further taking the DRS-
CHS index vkj,m into account, Eq. (1) is rewritten as

γkj,m,n =
vkj,mPj,mGj,m,n

N0 + P k0Gj,0,n
, (2)

where Gj,0,n is the channel gain between the MBS and
the RU n in the cluster j.

In case there are no SUs sharing the downlink re-
sources with any CHs in the cluster j, the video is
delivered by the MBS. We have the SNR of the channel
between the MBS and the RU n given by

γj,0,n =

(
1−

∑K
k=1

∑Mj

m=1 v
k
j,m

)
Pj,0,nGj,0,n

N0
, (3)
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where Pj,0,n is the transmission power of the MBS to
the RU n in the cluster j.

Finally, the total multicast capacity delivered to the
RUs is given by

CRU = W
J∑
j=1

[ K∑
k=1

Mj∑
m=1

Nj∑
n=1

log2(1 + γkj,m,n)

+

Nj∑
n=1

log2(1 + γj,0,n)

]
, (4)

where W is the system bandwidth.

3.2.2. SINR at SUs
In the DRS-CHS optimization problem, when the SU

k shares the downlink resource, the SINR at the SU k
must be guaranteed for high QoS. To do so, we need
to compute the SINR at the SU k under the effect of
interference caused by multicast D2D communications
as below

γkj,m =
P k0G

k
0

N0 + vkj,mPj,mG
k
j,m

, (5)

where Gk0 is the channel gain between the MBS and the
SU k and Gkj,m is the channel gain between the CH m
in the cluster j and the SU k.

4. DRS-CHS Optimization Problem and Solution
4.1. DRS-CHS Optimization Problem

In the DRS-CHS optimization problem, Eq. (4) is
the objective function which is maximized by finding
the optimal value of vkj,m. By further taking the three
constraints aforementioned in 3.1, the DRS-CHS opti-
mization problem is formulated as follows:

max
vkj,m

CRU, (6)

s.t.


∑K
k=1

∑Mj

m=1 v
k
j,m ≤ 1, j = 1, 2, ..., J,∑J

j=1

∑Mj

m=1 v
k
j,m ≤ 1, k = 1, 2, ...,K,

vkj,mPj,mG
k
j,m ≤

Pk
0 G

k
0

γ0
−N0, k = 1, 2, ...,K,

j = 1, 2, ..., J,m = 1, 2, ...,Mj

(7)

where the third constraint comes from Eq. (5) by letting
γkj,m ≥ γ0.

The above DRS-CHS optimization problem can be
simply solved by using exhaustive searching algorithm
[37], [38]. The matrix space to find vkj,m in (6) and (7) is
V =

{
V 1
K×M1

, V 2
K×M1

, · · ·, V 2KM1

K×M1
;V 1
K×M2

, V 2
K×M2

, · ·
·, V 2KM2

K×M2
; · · ·;V 1

K×MJ
, V 2
K×MJ

, · · ·, V 2KMJ

K×MJ

}
. Here

V vK×Mj
, v = 1, 2, · · ·, 2KMj , is the K × Mj binary

matrix. However, exhaustive searching in this matrix
space is impractical if J,K and M are large in dense
D2D 5G networks, i.e., the memory and time complex-
ities of O(2J×K×M ), M = max{Mj}, j = 1, 2, ..., J .
Alternatively, as a family of adaptive heuristic searching
solutions, genetic algorithms (GAs) can be applied to
solve the DRS-CHS optimization problem for exact or

approximate optimal values of vkj,m in a reasonable
memory resource and processing time. The GAs solu-
tion, which is based on the evolutionary principles of
natural selection and genetic variation, is introduced in
the sequel.

4.2. GAs Solution

Fig. 2: Flowchart of GAs.

In this paper, we use the GA tool given in [39]. This
GAs tool is implemented to solve an optimization prob-
lem for the optimal values in R under simple constraints
in the form of lower bound and upper bound. Therefore,
it cannot deal with the problems of finding optimal
binary matrix in the searching space V and satisfying
the set of complicated constraints in (7). For this reason,
we apply penalty method [40] and change the searching
in R to searching in binary, presented as below.

In consideration of the complicated constraints,
penalty method is used to convert the constrained DRS-
CHS optimization problem to an unconstrained opti-
mization problem. To do so, we rewrite the constraints
of (7) in sequence as

∆Vj = 1−
∑K
k=1

∑Mj

m=1 v
k
j,m ≥ 0, j = 1, 2, ..., J,

∆Vk = 1−
∑J
j=1

∑Mj

m=1 v
k
j,m ≥ 0, k = 1, 2, ...,K,

∆γkj,m =
Pk

0 G
k
0

γ0
−N0 − vkj,mPj,mGkj,m ≥ 0,

j = 1, 2, ..., J, k = 1, 2, ...,K.
(8)

We then obtain the penalty function expressed as

F = λ1

J∑
j=1

(
min{0,∆Vj}

)2
+ λ2

K∑
k=1

(
min{0,∆Vk}

)2
+λ3

J∑
j=1

K∑
k=1

Mj∑
m=1

(
min{0,∆γkj,m}

)2
(9)

where λ1, λ2, and λ3 are to reflect the penalty degree of
the constraints.

So far, instead of solving (6) and (7) by exhaustive
searching algorithm, GAs can be applied to solving the
following unconstrained DRS-CHS optimization prob-
lem

max
vkj,m

C = CRU − F. (10)
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Generally, the flowchart of GAs solution is given
in Figure 2 [39], [41]. In particular, in the step 1, NP
initial individuals are randomly created. An individual,
which represents the variable vkj,m, is characterized by
a chromosome of bit string. Because the system has J
clusters and each has its own DRS-CHS matrix variable
V vK×Mj

, v = 1, 2, ..., 2KMj , every individual represent-
ing J variables is characterized by a string of length
NB = K

∑J
j=1Mj bits. It means that we merge J

variables into one variable of length NB bits, i.e., the
number of variables of GAs is NV = 1. For the conve-
nience of binary searching, we do not need to convert
the strings to the real values and the number of bits NB
here is also the precision of the variable. In this step,
the other initial parameters include: the generation gap
(PG), the crossover probability (PC ), and the mutation
probability (PM ). Then, in the initial generation, the
fitness values C (10) are calculated with respect to NP
strings randomly selected from 2NB ones.

In the step 2, all the strings and their corresponding
fitness values are put in the mating pool for ranking
by stochastic universal sampling operator [42], i.e., re-
production. After that, for each variable, NPPG strings
with higher fitness values are selected from NP ones
and placed in the ranked mating pool for breeding.

Next, in the step 3, two parent strings in the ranked
mating pool are randomly chosen to breed two off-
springs that mostly inherit the genetic characteristics of
the parents. A single point crossover operator [43] is
applied with probability PC to make the exchange of
partial information between the two parent strings.

Then, in the step 4, due to the problem that some off-
springs are likely not to have the good genetic character-
istics of their parents, a mutation operation is performed
to recover these good genetic characteristics. To do so,
a bit complement operator is applied with mutation
probability PM to each bit in each offspring string.

Finally, in the step 5, all offspring strings are recalcu-
lated to obtain their fitness values and then reinserted
into the current population to pass on to the next gen-
eration. The GAs are terminated if a given convergence
criterion is held, e.g., the best fitness value and the mean
of all fitness values converge on the same maximum
value after a given number of generations (NG).

5. Performance Evaluation
We deploy the proposed system with the parameters

given in Table 1. In addition, the distances from the MBS
to the MUs, the CHs to the SUs, the CHs to the RUs are
respectively distributed in the ranges of [100, 1000]m,
[50, 100]m, and [1, 50]m. Knowing that it is difficult to
meet constraints in (7) because the required value of
penalty function is too small. We therefore set λ1 = 105,
λ2 = 105, and λ3 = 1025 to make a high value of penalty
when the constraints are not satisfied.

5.1. Convergence Evaluation of GAs

As shown in Figure 3, the convergence rate of GAs
holds after 45 generations. We can observe that the best

TABLE 1: Parameters Setting

Symbols Specifications

K 5 SUs
J 5 clusters
{Mj} {2, 4, 6, 8, 10} CHs
{Nj} {5, 10, 15, 20, 25} RUs
W 5Mhz
N0 10−13W [44]
γ0 5dB
Pk
0 , Pj,0,n Fixed to 5W
Pj,m Randomly distributed from 0.001W to 0.1W
η 4
NP 15000
NG 50
NV 1
NB K

∑J
j=1Mj

PG 0.8
PC 0.8
PM 10−9

fitness value and the mean value of all individuals are
getting closer to the convergence value after each gen-
eration. It means that all the individuals have the same
highest quality in the last generation. Simultaneously,
the error represented by F (10) is approximately equal
to zero to guarantee the constraints. So, it obviously
demonstrates that GAs solution is feasible to solve the
DRS-CHS optimization problem.
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Fig. 3: Convergence rate of GAs.

5.2. System Performance

To evaluate the system performance, we compare
the proposed DRS-CHS solution to other four bench-
marks including capacity of RUs served by only D2D
multicast communications (ODMC), only MBS (OMBS),
average capacity of RUs (Ave), and minimum capacity
of RUs (Min). Particularly, ODMC is the scheme that
the RUs are served by D2D multicast communications
without any support of MBS. Meanwhile, OMBS implies
that there is no downlink resource sharing nor caching
helper selection, in other words, the capacity of RUs
conventionally comes from the MBS. In Ave, we mini-
mize F (10) to guarantee that all the constraints hold,
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and then we compute the total multicast capacity CRU
(4) on average per each individual in the last generation.
And in Min, we consider the worst case of DRS-CHS by
minimizing CRU + F .
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Fig. 4: System performance versus the number of clusters J .

Figure 4 shows the system performance versus the
number of clusters J . It is certain that the increasing
number of clusters enables more RUs to be served by the
CHs over multicast D2D communications. As a result,
the system performance increases with respect to J . In
comparison, the proposed DRS-CHS outperforms the
other ODMC, OMBS, Ave, and Min. It is noted that
if only served by MBS, the total multicast capacity of
OMBS is commonly equivalent to that of Ave while it is
obviously better than that of Min. The OMBS provides
whether higher capacity or lower capacity than the
ODMC does depending on the quality of channels from
the RUs to the MBS and from the RUs to the CHs.

In Figure 5, we evaluate the system performance
versus the number of SUs K that share their available
downlink resources. We can see that if K = 0, the MBS
serves all the RUs at the same capacity for the DRS-
CHS, OMBS, Ave, and Min, while the capacity of ODMC
obviously degrades to zero since there is no D2D multi-
cast communications. When increasing the number of
SUs, there are more proper possibilities to select the
best set of SUs and CHs to maximize the capacity and
thus, the DRS-CHS is always the best scheme. However,
the DRS-CHS (or the ODMC) gets saturated when K is
high if no more SUs with better downlink resources for
sharing are added. Amongst ODMC, OMBS, Ave, and
Min, the OMBS and Ave gain higher capacity than the
others, while the ODMC becomes better than the Min
does until the number of SUs is large enough (K ≥ 3).
The Min becomes worse when K increases because a
higher number of SUs may introduce worse interference
channels.

We also evaluate the system performance versus the
target SINR of SUs γ0 as shown in Figure 6. In this
context, increasing γ0 means that the target SINR of
SUs is higher to guarantee higher QoS for the SUs.
As a result, the number of SUs agrees to share their

downlink resources decreases making the performance
of DRS-CHS degraded but keeping the highest total
multicast capacity compared to the ODMC, OMBS, Ave,
and Min. Clearly, the increase of γ0 does not affect
the performance of OMBS and Min, while does make
a high decrease in the performance of ODMC and a
slight decrease in the performance of Ave. The ODMC
is higher than the OMBS, Ave, and Min only if γ0 is very
low (γ0 = 0dB) such that the SUs are suffered from low
QoS to provide more shared downlink resources.
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Fig. 5: System performance versus the number of SUs K.
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Fig. 6: System performance versus the target SINR of SUs γ0.

The trade-off of the proposed DRS-CHS solution is
investigated in Figure 7. The results show that although
DRS-CHS solution gains the highest total multicast ca-
pacity, it causes higher capacity fluctuation amongst
different RUs compared to the OMBS. When increasing
the target SINR of SUs, i.e., γ0=0 and γ0=20 in Figure
7a and Figure 7b, more RUs in DRS-CHS are likely to
be served by the MBS and more RUs in ODMC are not
assisted by the shared downlink resources of the SUs.
Therefore, the capacity fluctuation decreases, even there
is no capacity fluctuation amongst the RUs from 1 to
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50 due to no D2D multicast communications as shown
in Figure 7b when γ0=20. This fluctuation certainly
provides the RUs with unfair QoS of VASs. For a more
efficient solution, a capacity fluctuation constraint must
be considered in the DRS-CHS optimization problem to
limit the capacity fluctuation.
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Fig. 7: Capacity fluctuation amongst the RUs.

6. Conclusion

In this paper, we have proposed a joint downlink
resource sharing and caching helper selection (DRS-
CHS) control for video applications and services (VASs)
in dense D2D 5G networks. The DRS-CHS is flexible
to control the RUs to be served whether by the MBS
or the CHs over clustered-based multicast D2D com-
munications with downlink resource sharing. It also
optimally controls the process of selecting the proper
set of SUs and CHs so as to provide the RUs with
maximum multicast video delivery capacity. The system
performance is validated by insightful simulation re-
sults and evaluation. The results show that the proposed
DRS-CHS solution is better than the other conventional
benchmarks.

Acknowledgement

This research is funded by Vietnam National
Foundation for Science and Technology Development
(NAFOSTED) under grant number 102.04-2018.308.

References

[1] Cisco, “Cisco Visual Networking Index: Global Mobile Data
Traffic Forecast Update,” in 2017–2022 White Paper, (Feb. 2019.
[Online]. Available: https://www.cisco.com).

[2] X. Zhang and J. Wang, “Heterogeneous statistical QoS-driven
resource allocation for D2D cluster-caching based 5G mul-
timedia mobile wireless networks,” in Proc. of IEEE Interna-
tional Conference on Communications, (Kansas City, MO), pp. 1–
6, May 2018.

[3] P. Zhao, L. Feng, P. Yu, W. Li, and X. Qiu, “A social-aware
resource allocation for 5G device-to-device multicast commu-
nication,” IEEE Access, vol. 5, pp. 15717–15730, Oct 2017.

[4] C. Saha and H. S. Dhillon, “D2D underlaid cellular networks
with user clusters: Load balancing and downlink rate analy-
sis,” in Proc. of IEEE Wireless Communications and Networking
Conference, (San Francisco, CA), pp. 1–6, Mar. 2017.

[5] T. L. Thanh and T. M. Hoang, “Cooperative spectrum-sharing
with two-way AF relaying in the presence of direct commu-
nications,” EAI Endorsed Trans. Industrial Netw. and Intelligent
Syst., vol. 5, pp. 1–9, Jun. 2018.

[6] T. H. Nguyen, D. Q. Nguyen, and V. D. Nguyen, “Qual-
ity of service provisioning for D2D users in heterogeneous
networks,” EAI Endorsed Trans. Industrial Netw. and Intelligent
Syst., vol. 6, pp. 1–7, Oct. 2019.

[7] N.-S. Vo, T. Q. Duong, H. D. Tuan, and A. Kortun, “Optimal
video streaming in dense 5G networks with D2D communi-
cations,” IEEE Access, vol. 6, pp. 209–223, Oct 2017.

[8] L. Yang, D. Wu, S. Xu, G. Zhang, and Y. Cai, “Social-energy-
aware user clustering for content sharing based on D2D
multicast communications,” IEEE Access, vol. 6, pp. 36092–
36104, June 2018.

[9] R. Trestian, Q.-T. Vien, H. X. Nguyen, and O. Gemikonakli,
“ECO-M: Energy-efficient cluster-oriented multimedia deliv-
ery in a LTE D2D environment,” in Proc. of IEEE International
Conference on Communications, (London, UK), pp. 1–7, 2015.

[10] X. Zhang, Y. Wang, R. Sun, and D. Wang, “Clustered device-
to-device caching based on file preferences,” in Proc. of IEEE
27th Annu. Int. Symp. Pers., Indoor Mobile Radio Commun.,
(Valencia, Spain), pp. 1–6, Sept. 2016.

[11] J. Song and W. Choi, “Mobility-aware content placement
for device-to-device caching systems,” IEEE Transactions on
Wireless Communications, vol. 18, pp. 3658–3668, July 2019.

[12] S. Gyawali, S. Xu, F. Ye, R. Q. Hu, and Y. Qian, “A D2D based
clustering scheme for public safety communications,” in Proc.
of IEEE 87th Vehicular Technology Conference, (Porto, Portugal),
pp. 1–5, 2018.

[13] S. Joshi and R. K. Mallik, “Coverage and interference in d2d
networks with Poisson cluster process,” IEEE Communications
Letters, vol. 22, pp. 1098–1101, May 2018.

[14] A. Masaracchia, L. D. Nguyen, T. Q. Duong, and M.-
N. Nguyen, “An energy-efficient clustering and routing
framework for disaster relief network,” IEEE Access, vol. 7,
pp. 56520–56532, Apr. 2019.

[15] R. Amer, M. M. Butt, M. Bennis, and N. Marchetti, “Inter-
cluster cooperation for wireless D2D caching networks,” IEEE
Transactions on Wireless Communications, vol. 17, pp. 6108–
6121, Sep 2018.

[16] Z. Yuan, L. Wang, X. Zhang, and L. Zhou, “Clustered un-
derlay device-to-device network: Modeling and performance
analysis,” in Proc. of IEEE Globecom Workshops, (Singapore,
Singapore), pp. 1–6, Dec. 2017.

[17] H. Ding, X. Wang, D. B. da Costa, and J. Ge, “Uniform trans-
mitter selection in clustered D2D networks: An interference
modeling analysis,” in Proc. of IEEE Global Communications
Conference, (Singapore), pp. 1–6, Dec. 2017.

[18] M. Afshang, H. S. Dhillon, and P. H. J. Chong, “k-Closest
coverage probability and area spectral efficiency in clustered
D2D networks,” in Proc. of IEEE International Conference on
Communications, (Kuala Lumpur, Malaysia), pp. 1–6, May
2016.

[19] M. Afshang, H. S. Dhillon, and P. H. J. Chong, “Fundamentals
of cluster-centric content placement in cache-enabled device-
to-device networks,” IEEE Transactions on Communications,
vol. 64, pp. 2511–2526, June 2016.

[20] H. Ding, X. Wang, D. B. da Costa, and J. Ge, “Interfer-
ence modeling in clustered device-to-device networks with
uniform transmitter selection,” IEEE Transactions on Wireless
Communications, vol. 16, pp. 7906–7918, Dec 2017.

[21] C. Choi, S. Park, and D. ho Cho, “User-cooperation scheme
based on clustering for energy efficiency in cellular networks
with D2D communication,” in Proc. of IEEE 25th Annu. Int.
Symp. Pers., Indoor Mobile Radio Commun., (Washington, DC),
pp. 1–5, Sept. 2014.

[22] Y. Shen, C. Jiang, T. Q. Quek, H. Zhang, and Y. Ren, “Device-
to-device cluster assisted downlink video sharing - A base
station energy saving approach,” in Proc. of IEEE Global
Conference on Signal and Information Processing, (Atlanta, GA),
pp. 1–5, Dec. 2014.



Thanh-Minh Phan et al.: DOWNLINK RESOURCE SHARING AND CACHING HELPER SELECTION CONTROL MAXIMIZED MULTICAST VIDEO 19

[23] R. Amer, M. M. Butt, H. ElSawy, M. Bennis, J. Kibilda, and
N. Marchetti, “On minimizing energy consumption for D2D
clustered caching networks,” in Proc. of IEEE Global Communi-
cations Conference, (Abu Dhabi, United Arab Emirates), pp. 1–
6, Dec. 2018.

[24] K. S. Khan, Y. Yin, and A. Jamalipour, “On the application of
agglomerative hierarchical clustering for cache-assisted D2D
networks,” in Proc. of IEEE Annual Consumer Communications
& Networking Conference, (Las Vegas, NV), pp. 1–6, Jan. 2019.

[25] Z. Chang, Y. Hu, Y. Chen, and B. Zeng, “Cluster-oriented
device-to-device multimedia communications: Joint power,
bandwidth, and link selection optimization,” IEEE Transac-
tions on Vehicular Technology, vol. 67, pp. 1570–1581, Feb. 2018.

[26] X. Lin, R. Ratasuk, A. Ghosh, and J. G. Andrews, “Mod-
eling, analysis, and optimization of multicast device-to-
device transmissions,” IEEE Trans. Wireless Commun., vol. 13,
pp. 4346–4359, Aug 2014.

[27] M. Zulhasnine, C. Huang, and A. Srinivasan, “Exploiting
cluster multicast for P2P streaming application in cellular sys-
tem,” in Proc. of IEEE Wireless Communications and Networking
Conference, (Shanghai, China), pp. 1–6, Apr. 2013.

[28] B. Peng, T. Peng, Z. Liu, Y. Yang, and C. Hu, “Cluster-based
multicast transmission for device-to-device (D2D) communi-
cation,” in Proc. of IEEE 78th Vehicular Technology Conference,
(Las Vegas, NV), pp. 1–5, Sept. 2013.

[29] L. Militano, M. Condoluci, G. Araniti, A. Molinaro, A. Iera,
and G.-M. Muntean, “Single frequency-based device-to-
device-enhanced video delivery for evolved multimedia
broadcast and multicast services,” IEEE Trans. Broadcast.,
vol. 61, pp. 263–278, June 2015.

[30] S. S. Moghaddam and M. Ghasemi, “Efficient clustering for
multicast device-to-device communications,” in Proc. of Inter-
national Conference on Computer and Communication Engineer-
ing, (Kuala Lumpur, Malaysia), pp. 1–6, Sept. 2018.

[31] L. Yang, D. Wu, and Y. Cai, “A distributed social-aware clus-
tering approach in D2D multicast communications,” in Proc.
of International Wireless Communications & Mobile Computing
Conference, (Limassol, Cyprus), pp. 1–6, 2018.

[32] Y. Wu, D. Wu, L. Yang, X. Shi, L. Ao, and Q. Fu, “Matching-
coalition based cluster formation for D2D multicast content
sharing,” IEEE Access, vol. 7, pp. 73913–73928, May 2019.

[33] Y. Zhu, X. Qin, and P. Zhang, “An efficient multicast cluster-
ing scheme for D2D assisted offloading in cellular networks,”
in Proc. of IEEE/CIC International Conference on Communications
in China, (Beijing, China), pp. 1–5, Aug. 2018.

[34] Y. Wu, D. Wu, L. Yang, and S. Xu, “Incentive-based cluster
formation for D2D multicast content sharing,” in Proc. of Asia-
Pacific Conference on Communications, (Ningbo, China), pp. 1–
6, Nov. 2018.

[35] M. Hmila, M. Fernandez-Veiga, and M. Rodriguez-Perez,
“Distributed resource allocation approach for device-to-
device multicast communications,” in Proc. of International
Conference on Wireless and Mobile Computing, Networking and
Communications, (Limassol, Cyprus), pp. 1–8, Oct. 2018.

[36] J.-H. Kim, J. Joung, and J. W. Lee, “Resource allocation for
multiple device-to-device cluster multicast communications
underlay cellular networks,” IEEE Communications Letters,
vol. 22, pp. 412–415, Feb 2018.

[37] M.-P. Bui, N.-S. Vo, S. Q. Nguyen, and Q.-N. Tran, “Social-
aware caching and resource sharing maximized video de-
livery capacity in 5G ultra-dense networks,” ACMSpringer
Mobile Networks & Applications, pp. 1–13, July 2019.

[38] N.-S. Vo, T. Q. Duong, M. Guizani, and A. Kortun, “5G
optimized caching and downlink resource sharing for smart
cities,” IEEE Access, vol. 6, pp. 31457–31468, May 2018.

[39] A. Chipperfield, P. Fleming, H. Pohlheim, and C. Fonseca,
”Genetic Algorithm TOOLBOX For Using with Matlab Ver 1.2
Users Guide”. University of Sheffield, 1994.

[40] T. Fang and L.-P. Chau, “GOP-based channel rate allocation
using genetic algoithm for scalable video streaming over
error-prone networks,” IEEE Trans. Image Process., vol. 15,
pp. 1323–1330, June 2006.

[41] N.-S. Vo, T. Q. Duong, and M. Guizani, “QoE-oriented re-
source efficiency for 5G two-tier cellular networks: A femto-
caching framework,” in Proc. of IEEE Global Communications
Conference, (Washington, DC), pp. 1–6, Dec. 2016.

[42] L. Booker, ”Improving search in genetic algorithms”. In Genetic
Algorithms and Simulated Annealing, L. Davis (Ed.), pp. 61-
73, Morgan Kaufmann Publishers, 1987.

[43] D. E. Goldberg, ”Genetic Algorithms in Search, Optimization
and Machine Learning”. Reading, MA, USA: Addison-Wesley,
1988.

[44] N. Eshraghi, V. Shah-Mansouri, and B. Maham, “QoE-aware
power allocation for device-to-device video transmissions,”
in Proc. of IEEE 27th Annu. Int. Symp. Pers., Indoor Mobile Radio
Commun., (Valencia, Spain), pp. 1–5, Sept. 2016.



20 JOURNAL OF SCIENCE AND TECHNOLOGY: ISSUE ON INFORMATION AND COMMUNICATIONS TECHNOLOGY, VOL. 18, NO. 4.2, 2020

Thanh-Minh Phan received the B.E. de-
gree in electronics and telecommunications
from Ho Chi Minh City University of Tech-
nology, Vietnam, in 2000, and the M.Sc.
degree in Automatization from Ho Chi Minh
City University of Transport, Vietnam, in
2008. He is currently the Head Division of
Electronic Engineering & Telecommunica-
tions, Faculty of Electrical & Electronic En-
gineering, Ho Chi Minh City University of
Transport, Vietnam.

Nguyen-Son Vo received the Ph.D. degree
in communication and information systems
from Huazhong University of Science and
Technology, China, in 2012. He is with the
Institute of Fundamental and Applied Sci-
ences, Duy Tan University, Ho Chi Minh
City, Vietnam. His research interests focus
on self-powered multimedia wireless com-
munications, quality of experience provision
in wireless networks for smart cities, and
IoT for disaster and environment manage-

ment. He received the Best Paper Award at the IEEE Global Com-
munications Conference 2016 and the prestigious Newton Prize
2017. He has been serving as an Associate Editor of IEEE Com-
munications Letters, 2019; Guest Editor of Elsevier Physical Com-
munication, Special Issue on ”Mission Critical Communications
and Networking for Disaster Management”, 2019; Guest Editor of
IET Communications, Special Issue on ”Recent Advances on 5G
Communications”, 2018; and Guest Editor of ACM/Springer Mobile
Networks & Applications, Special Issues on ”Wireless Communi-
cations and Networks for 5G and Beyond”, 2018 and ”Wireless
Communications and Networks for Smart Cities”, 2017.

Minh-Phung Bui received the B.S. degree
in Information Technology from Van Lang
University, Ho Chi Minh City (HCMC), Viet-
nam, in 2000, and the M.Sc. degree in
Computer Sciences from the University of
Information Technology, HCMC, Vietnam,
in 2009. He is currently the Vice Dean
of Faculty of Information Technology, Van
Lang University, HCMC, Vietnam. He is also
working toward the Ph.D. degree at the
Institute of Fundamental and Applied Sci-

ences, Duy Tan University, HCMC, Vietnam.

Xuan-Kien Dang received the Ph.D. de-
gree in Control Science and Engineering,
Huazhong University of Science and Tech-
nology in 2012. He is serving as the Direc-
tor of Graduate School, Ho Chi Minh City
University of Transport, Vietnam. He has
been awarded the Best Paper Award in the
4th Conference of Science and Technology,
Ho Chi Minh City University of Transport
(2018), the President Prize for Award Win-
ner of The Excellent Paper of The 17th

Asia Maritime & Fisheries Universities Forum (2018). His current
research interests focus on Control Theory, Automation, Maritime
Technology, Underwater Vehicles, Optimal and Robust Control, and
Networked Control System. He has been serving as an Association
executive committee member of Vietnam Automation Association
(VAA).

Dac-Binh Ha received the B.S. degree
in Radio Technique, the M.Sc. and Ph.D.
degree in Communication and Information
System from Huazhong University of Sci-
ence and Technology (HUST), China in
1997, 2006, and 2009, respectively. He is
currently the Dean of Faculty of Electrical-
Electronic Engineering, Duy Tan University,
Da Nang, Vietnam.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE SYSTEMS JOURNAL 1

Social-Aware Spectrum Sharing and Caching Helper
Selection Strategy Optimized Multicast Video

Streaming in Dense D2D 5G Networks
Nguyen-Son Vo , Thanh-Minh Phan, Minh-Phung Bui, Xuan-Kien Dang, Nguyen Trung Viet, and Cheng Yin

Abstract—The expected explosion of video traffic in 5G ultra-
dense networks will pose many challenges to the Internet service
providers, e.g., degraded capacity and unfair quality of service
(QoS). The most efficient solution is resource allocation that does
not require any network architecture changes. This article proposes
a social-aware spectrum sharing and caching helper selection (SSC)
strategy that exploits the resources of the mobile users (MUs),
i.e., downlink spectrum resources for sharing and caching storage
resources for multicasting, to offload the videos in dense device-
to-device (D2D) 5G networks. Particularly, we consider physical
and social attributes of the MUs to formulate an SSC optimization
problem. The SSC problem is solved to optimally control: which
MUs, namely sharing mobile users (SUs), that share the down-
link spectrum resources and which MUs, namely caching mobile
helpers, that cache the requested videos for D2D multicast com-
munications by reusing the shared downlink spectrum resources.
The objective is to maximize the system capacity while satisfying
the constraints on capacity fluctuation among the receiving mobile
users (RUs) and target signal-to-interference-plus-noise ratio at
the SUs, to guarantee the RUs and the SUs high QoS fairness.
Simulation results are shown to demonstrate the benefits of the
SSC strategy.

Index Terms—5G ultradense networks, caching and clustering,
device-to-device (D2D) multicast communications, resource
sharing, social-aware networks, video applications and services
(VASs).

I. INTRODUCTION

IN 5G ultradense networks, the number of mobile users
(MUs) is expected to grow rapidly, i.e., exceeding 12 bil-

lion connected devices, and the video applications and services
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(VASs) will occupy up to 79% of the mobile data traffic by
2022 [1], whereas the network resources are of scarcity. The
Internet service providers (ISPs) face the challenges of how
to provide the MUs with high quality of VASs by efficiently
exploiting the available resources of networks. This way, by
the so-called resource allocation, the ISPs can further satisfy
the MUs’ demand while do not require to change the network
architectures, and thus at a low cost.

Recently, device-to-device (D2D) communications assisted
caching (D2DC) technique has been introduced to 5G networks
as a promising solution to bring the VASs closer to the MUs.
It not only provides high quality in the direct vicinity of trans-
missions but also improves the resource efficiency in terms of
spectrum sharing and caching storage for D2D communica-
tions [2]–[6]. The D2DC technique enables the sharing mobile
users (SUs) that have available downlink spectrum resources to
share their resources with the caching mobile helpers (CHs) that
have cached the requested videos for establishing D2D commu-
nications between the CHs and the receiving mobile users (RUs).
The videos are then streamed from the CHs to the RUs over
D2D communications. Since the D2DC can offload the videos
by direct D2D communications, it also mitigates the congestion
at the backhaul links of macrobase station (MBS) and small-cell
base stations (SBSs). It is obvious that the D2DC technique
quite meets the common interest-sharing nature of MUs when
they are in close vicinity, e.g., offices, concert, or meeting halls,
stadiums, campuses, and even in case of emergency communi-
cations. In the so-called local VASs, the performance of D2DC
can be improved by considering the clustering, selecting, and
multicasting techniques as well as social relationships between
the MUs [7].

In the context of local VASs, it is reasonable that the CHs
are willing to share the videos with others who have the same
interests. The local VASs further require clustering technique
that groups the MUs into separated clusters. In each cluster,
there are two types of MUs including the CHs and the RUs; the
CHs, which have proper physical and social attributes with the
RUs, are selected for multicasting the requested videos to the
RUs. It is noted that the RUs are normally served by the MBS if
the requested videos have not cached in any CHs in a cluster or if
the quality of received videos multicasted from the CHs is worse
than that done from the MBS. The problems here are: 1) how
to control the process of downlink spectrum resource sharing
and CH selection and 2) how to exploit the broadcast nature
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of wireless environment and the physical and social attributes
between the MUs, to gain the best social-aware spectrum sharing
and caching helper selection (SSC) strategy. The objective of
the SSC strategy is to maximize the video multicast capacity
delivered to the RUs while providing the RUs and the SUs with
a high fairness in quality of service (QoS), i.e., guaranteeing
the RUs low capacity fluctuation caused by multicasting and
limiting the interference impact on the SUs due to sharing the
downlink spectrum resources with the CHs for D2D multicast
communications.

In fact, clustering, selecting, and multicasting techniques have
been applied to D2DC to improve the system performance,
e.g., communication coverage, delay, spectrum and energy effi-
ciency, content hit rate, and capacity [2], [8]–[30]. The existing
problem of these techniques is that they do not consider the
social attributes of MUs to obtain higher system performance.
Few of the clustering and multicasting techniques have studied
the social attributes of the MUs [7], [31]–[37]. However, the
authors have not utilized the available spectrum resources of
MUs to combine the D2DC technique with the clustering and
multicasting techniques in order to gain the highest system
performance, i.e., maximum system capacity while guaranteeing
the MUs the high fairness in QoS.

To overcome the aforementioned problems, we propose a
social-aware SSC strategy that can simultaneously exploit the
D2DC, clustering, and multicasting techniques as well as con-
siders both the physical and social attributes of the MUs, for
the highest system performance. To do so, first, the D2D-based
clustering technique given in [10] is applied to enlarging the
coverage area of the clustered D2D communications. Second,
the SSC optimization problem is formulated and solved for the
answer to the question: how to control the spectrum resources of
the SUs for sharing and how to manage the caching resources of
the CHs for selecting optimally. In other words, the optimal SSC
strategy is able to assign the proper SUs to share their spectrum
resources with the corresponding selected CHs from the clusters.
Finally, the selected CHs multicast the cached videos to the RUs
at maximum system capacity. Since the multicast technique may
make the RUs in different clusters high capacity fluctuation, the
SSC problem also considers the capacity fluctuation constraint
to guarantee the QoS fairness between the RUs. In addition,
when sharing the spectrum resources with the CHs for D2D
multicast communications, the SUs are obviously affected by
the interference signals transmitted from the CHs. Therefore,
the SSC takes into account a further constraint on target signal-
to-interference-plus-noise ratio (SINR) of the SUs to limit the
interference effect on the SUs and thus guarantee their QoS fair-
ness. The contributions of this article are presented as follows.

1) We propose a multicast video streaming in dense D2D 5G
networks with SSC strategy. The SSC strategy exploits
the benefits of dense MUs that have available spectrum
resources and cached videos to offload the video, and thus
relax the workload at the backhaul links of MBS and SBSs.

2) The SSC optimization problem is formulated by tak-
ing into account many efficient techniques (cluster-
ing, sharing, selecting, and multicasting); important at-
tributes (physical and social attributes); and QoS fairness

constraints (capacity fluctuation among the RUs and target
SINR at the SUs). Solving the SSC problem for the optimal
set of assigned SUs for sharing and selected CHs for
multicasting can provide the RUs with the highest system
capacity while satisfying the QoS fairness for the RUs and
the SUs.

3) We apply genetic algorithms (GAs) that are suitable for
searching in a large scale of dense D2D 5G networks to
solve the proposed SSC optimization problem for global
exact (or approximated) optimal results at reasonable
memory and time complexity [38]. However, in our SSC
optimization problem, the optimal results are in the form
of binary values, i.e., a “1” bit (or “0” bit) is to indicate
that an SU does decide (or does not decide) to share its
spectrum resource with a CH in a cluster for multicasting.
The GAs, which are designed to search for real optimal
results, are therefore modified to search for optimal binary
results.

4) Simulation results are insightfully analyzed to evaluate
the advantages and disadvantages of the proposed SSC
strategy compared to other schemes that do not consider
D2DC nor exploit the social attribute of the MUs.

The rest of this article is organized as follows. Section II
is dedicated to analyzing and discussing the related works in
detail. In Section III, we introduce the system model and the
formulations of multicast video streaming in dense D2D 5G
networks with social-aware resource sharing and caching helper
selection strategy. The SSC optimization and the modified GAs
solution are presented in Section IV. Section V is dedicated to
showing the simulation results, analysis, and evaluation of the
proposed SSC. Finally, Section VI concludes this article.

II. RELATED WORKS

In this section, the benefits and the shortages of the recent
studies in the field are analyzed and discussed insightfully.
For the ease of following, we categorize these studies into
non-social-aware clustering [2], [8]–[21], selecting [22], [23],
multicasting [24]–[30], and social-aware clustering and mul-
ticasting [7], [31]–[37] assisted D2DC techniques, which are
presented in the sequel.

A. Non-Social-Aware Clustering, Selecting, and Multicasting
Assisted D2DC Techniques

1) Clustering Assisted D2DC: The D2DC becomes more
effective if there are a number of MUs having the same interests
of VASs. In this context, the MUs are clustered in close prox-
imity. The clustering assisted D2DC techniques enable various
objectives achieved at higher system performance, i.e., large
communication coverage and low delay, high spectrum and
energy efficiency, and high probability of content hit rate and
system capacity [2], [8]–[21].

With regard to the objectives of large communication cov-
erage and low delay, Joshi and Mallik in [8] applied Poisson
cluster process to modeling the positions of MUs for cover-
age probability analysis. A better analysis was obtained by
modeling the locations of MBSs and the positions of MUs
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using the Poisson point process and Thomas cluster process,
respectively, in which the authors have validated that there exists
an optimal cluster radius to maximize the rate coverage [9].
More specifically, a three-phase clustering algorithm, i.e., clus-
ter head identification, cluster member association, and cluster
reformation, was proposed to expand the coverage of public
safety communications [10]. An important application of clus-
tering assisted D2DC framework has been proposed for disaster
relief network [11]. The proposed framework can enlarge the
functional area to the disaster area in order to guarantee the data
delivery between the two areas at high energy efficiency and low
delay. In addition, Amer et al. [12] studied a cluster cooperation
strategy that divides the MUs into clusters, and then the data
can be exchanged via intracluster by D2D communications or
intercluster by conventional cellular transmissions at minimum
delay.

In consideration of high spectrum and energy efficiency,
Trestian et al. [2] proposed an energy-efficient cluster-oriented
video delivery solution that enables the system to find the
proper tradeoff between the energy efficiency and the perceived
quality to serve the MUs in different clusters. To provide a
comprehensive clustering framework, the exact expressions and
closed-form approximations for coverage probability and area
spectral efficiency were derived in [13]–[15]. The proposed
framework enables us to analyze how the interfering D2D
transmitters, resource allocation, and power control impact the
clustering performance as well as when the best and worst
cases of the clustered D2D networks hold. Amer et al. in [16]
also derived the closed-form expression based on clustering for
coverage probability, then formulating an energy consumption
problem and solving it for minimum energy consumption. Other
efficient clustering techniques proposed to minimize the energy
consumption of MUs and save the energy consumption of the
MBS have been studied in [17] and [18].

In addition, clustering techniques for D2DC have been studied
to achieve a high probability of content hit rate and system
capacity [19]–[21]. Particularly, by using agglomerative hier-
archical clustering technique [19], the MUs are clustered based
on their common interest, and then an optimal caching strategy
is applied to improve the cache hit probability in each cluster.
In cluster-oriented D2DC [20], Chang et al. formulated a joint
power, bandwidth, and link allocation optimization problem for
increasing the system capacity. The resource allocation opti-
mization problem has been also proposed by Zhang and Wang
in [21], but in the context of dynamic clustering, to analyze the
aggregate effective system capacity. The obtained results have
demonstrated the benefits of clustering techniques for D2DC in
terms of high probability of content hit rate and system capacity
compared to other conventional benchmarks.

2) Selecting Assisted D2DC: Together with clustering, se-
lecting the best transmitters for D2DC is required to achieve
higher system performance [2], [9]–[11], [17], [22], [23]. In
clustering assisted D2DC techniques, the cluster heads or the
best transmitters are carefully selected in order to conserve
the energy consumption [2], [17], enlarge the communication
coverage [9], support in synchronization and spectrum resource
management [10], ensure high connectivity and lifetime of the

network [11], etc. Furthermore, a realistic transmitter selection
scheme in clustered D2DC networks has been studied in [22] and
[23]. This article allows us to characterize the statistical profiles
of the number of intracluster/intercluster interferers in different
clusters to derive the two important performance metrics of the
clustered D2DC networks, i.e., coverage probability and area
spectral efficiency, for insightful analysis.

3) Multicasting Assisted D2DC: Multicasting techniques are
applied to D2DC to serve the MUs in a cluster that request the
same videos to increase multiple system performance metrics
while saving more spectrum and energy resources [24]–[30].
Generally, a tractable model for the analysis and optimization
design of multicasting assisted D2DC has been studied in [24].
The article enables us not only to analyze the coverage proba-
bility and capacity of system but also how to obtain an optimal
multicast design. A simple but efficient solution to multicast the
videos to the MUs has been implemented in [25]. This solution
selects an appropriate number of CHs to serve a limited number
of RUs. In this way, the traffic at the MBS is mitigated and
the streaming cost is reduced at better cost fairness. In addition,
multicasting assisted D2DC techniques are also used to decrease
the video delivery time [26]–[28] and maximize the energy
efficiency [29] and the sum effective throughput [30].

B. Social-Aware Clustering and Multicasting
Assisted D2DC Techniques

It can be observed in the aforementioned non-social-aware
techniques that the social relationships between the MUs have
not considered to further satisfy the MUs. Recently, few of
the clustering and multicasting techniques have taken social
attributes of the MUs into account [7], [31]–[37]. Particularly,
in [31], D2D multicast communications have been exploited
based on the social trust and social reciprocity of the MUs to
cooperatively recover the missed video packets and thus provide
a better video playback quality. A D2D multicast cluster is
established relying on both physical communication distance
and social trust of the MUs, and then a joint power and channel
resource allocation scheme is applied to maximizing the system
capacity while guaranteeing the fairness between different D2D
multicast clusters [7], [32]. Decreasing the number of clusters
while increasing the system throughput is one of the interesting
issues that has been studied in [33]. A cluster head selection
algorithm with social maximum weight has been also studied
for clustering and multicasting the local VASs at high energy
efficiency [34], [35]. Besides social attribute, Yang et al. [36]
and Wu et al. [37] further study the pricing attribute to propose
a cluster helper selection and cluster formation scheme so as to
maximize the energy efficiency as well as balance the fee and
the delay of D2D multicast communications. However, these
social-aware techniques do not utilize the available spectrum
resources of the MUs to combine the D2DC technique with the
clustering and multicasting techniques for the highest system
performance. In other words, they are not able to maximize
the system capacity while guaranteeing the MUs the high fair-
ness in QoS, i.e., limiting the QoS fluctuation among the RUs
that receive the videos via D2D multicast communications and
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Fig. 1. Multicast video streaming in dense D2D 5G networks with SSC.

TABLE I
NOTATIONS

guaranteeing the QoS of the SUs that share the downlink re-
sources for D2D multicast communications.

III. SYSTEM MODEL AND FORMULATIONS

A. System Model

We consider the system of multicast video streaming in dense
D2D 5G networks with SSC as shown in Fig. 1 and the important
notations listed in Table I. The system is separated into physical
layer and social layer. The physical layer consists of one MBS,
K SUs, and J clusters, whose relationships are represented by
cellular, interference, and multicast links. The cluster j, j =
1, 2, . . ., J , hasMj CHs andNj RUs. The SUs are with available
spectrum resources for sharing. The CHs have already cached the
video requested by the RUs. Mapping from the physical layer,
we take into account the social layer that provides the social

relationships between the CHs and the RUs for more efficient
SSC strategy. By reusing the spectrum resources shared by the
SUs, the CHs are selected to multicast the requested video to
the RUs. Whenever the MBS recognizes that there are a number
of RUs requesting a particular video, the SSC strategy performs
the following three phases, i.e., clustering, sharing and selecting,
and multicasting phases.

1) Clustering phase: First, the MBS establishes J clusters
by using the D2D clustering technique given in [10]
for the purpose of enlarging the coverage area of D2D
communications. As a result, in the cluster j, the MBS
acknowledges the number of CHs (Mj) and the number
of RUs (Nj) that are in direct D2D communications.

2) Sharing and selecting phase: Second, the MBS collects the
parameters of system, as shown in Table I, to formulate
the SSC optimization problem. The SSC problem is solved
for optimal binary index vk,mj of SSC, so as to maximize
the system capacity. Here, if the SU k decides to share
its spectrum resource with the CH m for multicasting the
requested video to the RUs in the cluster j, vk,mj is set

to 1; otherwise, vk,mj is set to 0. To efficiently exploit the
spectrum resources of the SUs, each SU can share with
up to J CHs in J clusters, but only with up to one CH
in each cluster, by taking into account the constraint of
∑K

k=1

∑Mj

m=1 v
k,m
j ≤ 1, j = 1, 2, . . ., J . In addition, the

other two constraints including the capacity fluctuation
among the RUs (limited by a given standard deviation of
capacity σ∗) and the target SINR at the SUs (guaranteed
by a given target SINR γ0), are also considered in the SSC
optimization problem.

3) Multicasting phase: After obtaining the optimal index
vk,mj , the MBS controls the process of SSC assigned to the
SUs and the CHs so that the requested video is multicasted
from the CHs to the RUs in all clusters at the highest system
performance. It is noted that if the requested video is not
cached in any CHs in a cluster or the multicast capacity
delivered from a CH to the RUs in the cluster is lower
than that done from the MBS, the RUs normally receive
the requested video from the MBS instead of from the CH.

B. System Formulations

1) Social Relationship Between CHs and RUs: It is certain
that besides physical relationships between the MUs, i.e., wire-
less channel quality (distance and noise), their social relation-
ships cannot be ignorable during the deployment of SSC strategy.
The social attribute provides the facts that how close and frequent
the interactions between the MUs are. By exploiting both the
physical and social attributes, the spectrum resources and the
videos shared by the SUs and the CHs for multicasting are
utilized more efficiently. For example, in a cluster, the CH, which
has better wireless channels and social relationships with the
RUs as well as less interference effect on an SU, is selected to
send the requested video to the RUs over D2D multicast com-
munications by using the spectrum resource shared by the SU. In
this article, we apply the Indian buffet model (IBM) [39]–[43] to
capture the social relationships between the CHs and the RUs.
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The IBM enables us to obtain the probability that a pair of a
CH and an RU in a cluster has a close social relationship or not
to send a video, based on the number and the duration of their
encounters. The IBM used for SSC strategy is presented in the
sequel.

We define Im,n
j as the number of encounters of the CH m and

the RU n in the cluster j. The encounter i, i = 1, 2, . . ., Im,n
j ,

has the duration of Dm,n
i,j . The mean of encounter duration of

the CH m and the RU n is given by

Mm,n
j =

∑Im,n
j

i=1 Dm,n
i,j

Im,n
j

. (1)

The variance of the encounter duration, which reflects the
encounter duration fluctuation between different pairs of CHs
and RUs, is expressed as

V m,n
j =

∑Im,n
j

i=1 (Dm,n
i,j −Mm,n

j )2

Im,n
j

. (2)

By considering the variance, among many pairs of CHs and
RUs that have the same mean of encounter duration, the one with
lower variance is more likely to be selected for D2D multicast
communications.

From (1) and (2), we have the gamma-based encounter du-
ration distribution and the probability density function of the
encounter duration, respectively, given by

X ∼ Γ(κm,n
j , θm,n

j ) = Γ

(
(Mm,n

j )2

V m,n
j

,
V m,n
j

Mm,n
j

)

(3)

and

f(x;κm,n
j , θm,n

j ) =
1

(θm,n
j )κ

m,n
j Γ(κm,n

j )
xκm,n

j −1e
− x

θ
m,n
j (4)

where Γ(κm,n
j ) =

∫∞
0 tκ

m,n
j −1e−tdt.

So far, the social-based probability that the CHm successfully
send the video of length Tj (measured in seconds) to the RU n
in the cluster j is

Sm,n
j = 1−

∫ Tj

0

f(u;κm,n
j , θm,n

j )du = 1−
γ
(
κm,n
j ,

Tj

θm,n
j

)

Γ(κm,n
j )

(5)

where γ(κm,n
j ,

Tj

θm,n
j

) =
∫

Tj

θ
m,n
j

0 tκ
m,n
j −1e−tdt.

In this article, we take a further step to standardize the social-
based probability in D2D multicast communications such that
the sum of social-based probabilities to successfully send the
video of length Tj from the CH m to all of Nj RUs in the cluster
j is equal to 1. So, (5) is rewritten as

sm,n
j =

Sm,n
j

∑Nj

n=1 S
m,n
j

. (6)

2) Wireless Channels: To formulate the considered system,
besides the aforementioned social relationship between CHs and
RUs, we have to derive the wireless channel capacity that comes
from the signal-to-noise ratio (SNR) or the SINR. To do so, we

apply the wireless channel gain between the transmitter Tx and
the receiver Rx, which is given in [4] and [44], expressed as

GTx,Rx = hTx,RxgTx,Rx (7)

where Tx ∈ {MBS, CH} and Rx ∈ {RU, SU}; hTx,Rx is the
exponential power fading coefficient assumed to be independent
and identically exponential distribution with unit mean; and
gTx,Rx = (dTx,Rx)−η is the standard power law path loss function
with path loss exponent η, here dTx,Rx is the distance from the
Tx to the Rx.

3) Capacity at RUs: In SSC strategy, the RUs can receive the
video capacity from both the MBS and CHs over D2D multicast
communications. To do so, we first derive the SNR at the RU n,
n = 1, 2, . . ., Nj , received from the CH m, m = 1, 2, . . .,Mj ,
in the cluster j, j = 1, 2, . . ., J , given as follows:

γm,n
j =

sm,n
j Pm

j Gm,n
j

N0
(8)

where sm,n
j is the social relationship factor between the CH m

and the RU n in the cluster j, Pm
j is the transmission power of

the CH m in the cluster j, N0 is the power of additive white
Gaussian noise, and Gm,n

j is the channel gain between the CH
m and the RU n in the cluster j.

In fact, in the cluster j, the transmission from the CH m to the
RU n is established based on the reuse of the downlink resource
shared by the SU k. The tradeoff of the resource reuse is that
the SNR at the RU n is degraded due to the interference caused
by the common transmission from the MBS to the SU k. By
considering the SSC index vk,mj to decide whether or not the SU
k shares its downlink resource with the CH m in the cluster j,
(8) is rewritten in the form of SINR as follows:

γk,m,n
j =

vk,mj sm,n
j Pm

j Gm,n
j

N0 + P 0,kG0,n
j

(9)

where G0,n
j is the channel gain between the MBS (indicated by

0) and the RU n in the cluster j and P 0,k is the transmission
power of the MBS to the SU k.

In addition, since the SU k can share its downlink resource
with more than one CHs in different clusters, the SINR at the
RU n in the cluster j is added by the interference (Ik,nC ) from the
transmissions of the CHs in other clusters that reuse the same
downlink resource. So, (9) is changed to

γk,m,n
j =

vk,mj sm,n
j Pm

j Gm,n
j

N0 + P 0,kG0,n
j + Ik,nC

(10)

where

Ik,nC =

J∑

j′=1,j′ �=j

Mj′∑

m′=1

vk,m
′

j′ sm,′n
j′ Pm′

j′ Gm,′n
j′ (11)

and the channel gain Gm,′n
j′ = hm,′n

j′ gm,′n
j′ is similarly modeled

as in (7), but the distance dm,′n
j′ is from the CH m′ in the other

cluster j ′ to the RU n in the cluster j.
In case if the SUs do not share their downlink resources with

any CHs in all the clusters, the RU n in the cluster j normally
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receives the video capacity from the MBS. To derive the video
capacity at the RUn, we have to compute the SNR of the channel
between the MBS and the RU n expressed as

γ0,n
j =

∏K
k=1

∏Mj

m=1

(
1− vk,mj sm,n

j

)
P 0,n
j G0,n

j

N0
(12)

where P 0,n
j is the power of the MBS transmitted to the RU n in

the cluster j.
Finally, the total video capacity at the RUs delivered from the

MBS and multicasted from the CHs is given by

C = W

J∑

j=1

[ K∑

k=1

Mj∑

m=1

Nj∑

n=1

Ck,m,n
j +

Nj∑

n=1

C0,n
j

]

(13)

where

Ck,m,n
j = log2(1 + γk,m,n

j ) (14)

C0,n
j = log2(1 + γ0,n

j ) (15)

and W is the system bandwidth.
4) Capacity Fluctuation Among RUs: In the SSC strategy,

the problem is that the video capacity values are highly fluctuated
among the RUs in different clusters. To limit the fluctuation, the
standard deviation of the capacity values that must be taken into
account in the SSC optimization problem is computed in (16) as
shown at the bottom of this page, where

C =
C

∑J
j=1 Nj

. (17)

5) SINR at SUs: It is noted that when the SU k shares its
downlink resource with the CHs, its SINR is reduced due to
the interference generated by the CHs. The SSC strategy has to
guarantee the SINR at the SU k for high QoS. To do so, the
SINR at the SU k, which is considered in the constraints of the
SSC optimization problem, is expressed as follows:

γk =
P 0,kG0,k

N0 +
∑J

j=1

∑Mj

m=1 v
k,m
j Pm

j Gm,k
j

(18)

where G0,k and Gm,k
j are the channel gains from the MBS and

the CH m in the cluster j to the SU k, respectively.

IV. SSC OPTIMIZATION PROBLEM AND GAS SOLUTION

A. SSC Optimization Problem

In the SSC optimization problem, we aim at maximizing the
total video capacity at the RUs given in (13) by finding the
optimal values of the downlink resource sharing and caching
helper selection index vk,mj . Together with the three constraints
aforementioned in Section III-A, the SSC optimization problem

is formulated as follows:

max
vk,m
j

C (19a)

s.t.

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∑K
k=1

∑Mj

m=1 v
k,m
j ≤ 1 ∀j = 1, 2, . . ., J

σC ≤ σ∗
∑J

j=1

∑Mj

m=1 v
k,m
j Pm

j Gm,k
j ≤ P 0,kG0,k

γ0
−N0

k = 1, 2, . . .,K

(19b)

where in (19b), the third constraint comes from (18) by letting
γk ≥ γ0 to guarantee that the SINR of the SU k is not less
than γ0 when it shares the downlink resource for D2D multicast
communications.

To solve the SSC optimization problem for the exact optimal
results, we can apply the exhaustive searching algorithm pre-
sented in [45] and [46]. The exact optimal results are J optimal
variables, i.e., V ∗

K×M1
, V ∗

K×M2
,..., V ∗

K×MJ
, selected from the

following searching space:

V =
{
V 1
K×M1

, V 2
K×M1

, . . ., V 2KM1

K×M1
;V 1

K×M2
, V 2

K×M2
, . . .,

vvV 2KM2

K×M2
; . . .;V 1

K×MJ
, V 2

K×MJ
, . . ., V 2KMJ

K×MJ

}
(20)

where V v
K×Mj

, v = 1, 2, . . ., 2KMj , is the K ×Mj binary
matrix.

However, the problem of the exhaustive searching algorithm
is that it becomes impractical in dense D2D 5G networks due
to the large values of J,K and Mj making a high compu-
tational resource, i.e., the memory and time complexity is of

O(2K×∑J
j=1 Mj ). In practice, an approximate optimal result

obtained at low computational resource is more feasible than
an exact optimal result done at high computational resource.
In this article, we apply GAs, the so-called stochastic global
searching solution based on the selection of natural biological
evolution [38], to solving the SSC optimization problem for
exact or approximate optimal result at reasonable computational
resource. The detailed GAs solution is introduced in the sequel.

B. GAs Solution

GAs are implemented based on a random initial population of
individuals, i.e., potential solutions, that get better approxima-
tions to a global optimal solution after each generation following
the principles of evolutionary natural selection. The substantial
benefit of GAs is that they are able to search many optimal
points in parallel, i.e., do not require the searching space to
be unimodal [47], [48]. It means that GAs can make use of
random process to avoid being trapped in the local optimal
points. In addition, GAs are very flexible since they can provide
a number of potential exact and approximate solutions for a

σC =

√
√
√
√
√
√

∑J
j=1

{
∑Nj

n=1

[

W
(∑K

k=1

∑Mj

m=1 C
k,m,n
j + C0,n

j

)
− C

]2}

∑J
j=1 Nj

(16)
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given problem. The final proper solution in accordance with a
particular computational resource requirement is defined by the
users [48].

In comparison with the memory and time complexity of the
exhaustive searching algorithm that exponentially increases with
respect to J,K, and Mj , GAs conserve a memory complexity of
O(NP ×NB), hereNP is the population size, i.e., the number of
individuals (or potential solutions), and NB = K ×∑J

j=1 Mj

is the number of bits used to represent an individual. The time
complexity of GAs depends basically on the values of NP and
NB , the operators of GAs (selection, crossover, and mutation),
the fitness evaluation, and the convergence criteria given by the
users [4], [48].

However, the problem is that GAs are able to deal with an
optimization problem without/with simple constraints of lower
and upper bounds but not with the complicated constraints as
shown in (19b). This complexity can be resolved by using
penalty method [47] in which all the complicated constraints
are considered as a penalty function. To do so, we convert
the constrained optimization problem (19) to an unconstrained
optimization problem by rewriting (19b) as follows:
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ΔVj = 1−∑K
k=1

∑Mj

m=1 v
k,m
j ≥ 0, j = 1, 2, . . ., J

Δσ = σ∗ − σC ≥ 0

Δγk = P 0,kG0,k

γ0
−N0 −

∑J
j=1

∑Mj

m=1 v
k,m
j Pm

j Gm,k
j ≥0

k = 1, 2, . . .,K

.

(21)

Then, the penalty function is given by

P = λ1

J∑

j=1

(min{0,ΔVj})2 + λ2 (min{0,Δσ})2

+ λ3

K∑

k=1

(min{0,Δγk})2 (22)

where λ1, λ2, and λ3 are the penalty degrees that are used to
punish the individuals for violating the constraints. The indi-
viduals are punished by making C (13) a decrease of P (22)
so that they become better, i.e., satisfying the constraints, after
each generation.

Finally, instead of maximizing (19), we apply GAs solution
to maximize the following unconstrained optimization problem:

max
vk,m
j

CP = C − P. (23)

In this article, the GAs solution is implemented for the SSC opti-
mization problem by using the GA tool given in [48]. It consists
of five main steps, i.e., initialization, reproduction/selection,
crossover, mutation, and calculation and reinsertion, as shown
in Fig. 2 [48], [49]. These five steps are particularly presented
as follows.

1) Initialization: In this step, an initial population consisting
of NP individuals (potential solutions) is randomly gen-
erated. Because the variable vk,mj used to represent the
individuals involves K SUs, J clusters, and Mj CHs, j =

Fig. 2. Flowchart of GAs.

1, 2, . . ., J , each individual is characterized by a chromo-
some, i.e., a binary string, of lengthNB = K ×∑J

j=1 Mj

bits. Here the bit length NB also indicates the precision
of the variable. Therefore, the number of variables is
NV = 1 instead of NV = J as aforementioned in the ex-
haustive searching algorithm. In addition, the generation
gap (PG), crossover probability (PC), and mutation prob-
ability (PM ) are defined. Then, the fitness values CP (23)
of all individuals in the initial population are computed in
accordance with NP binary strings. It is noted in our GAs
solution that we compute the fitness values directly with
respect to each binary string without the binary string to
real-value conversion.

2) Reproduction/Selection: All the obtained fitness values
and the binary strings are placed in the mating pool for
ranking. A stochastic universal sampling operator [50]
is applied to the selection process. Then, NPPG binary
strings with higher fitness values are put in the ranked
mating pool for reproduction or the so-called breeding
process.

3) Crossover: For breeding, the crossover process is per-
formed by randomly choosing two parent binary strings in
the ranked mating pool. We apply a single point crossover
operator to exchanging the partial information between
the two parent binary strings. It is noted that the crossover
operator is not necessarily to be performed on all the
chosen parent binary strings. Instead, it is applied to a pair
of parents with a crossover probability PC . This way, the
two offsprings that inherit some parts of genetic material
from their parents are bred.

4) Mutation: The problem of the selection and crossover
processes is that it may remove the good genetic material
of the parents. So, the mutation process is applied to recov-
ering the good genetic material likely lost in the previous
processes. We use a complement mutation operator to
modify a bit in each offspring from 0 to 1 (or 1 to 0)
with a mutation probability PM [51].

5) Calculation and Reinsertion: Finally, in this step, the
fitness values are computed again with respect to the
binary strings of all the obtained offsprings. The results
and the corresponding offsprings are reinserted into the
present generation to check if the GAs are terminated, i.e.,
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TABLE II
PARAMETERS SETTING

satisfying a given convergence condition, or not. If not ter-
minated, the results and the corresponding offsprings are
passed on to the next generation for reproduction/selection
process.

In this article, the convergence condition of GAs is held if the
best fitness value does not change and has the same value with the
mean of all fitness values after a given number of generations
NG. It means that we obtain the maximum value of CP (or
actually C) and simultaneously satisfying all the constraints,
i.e., P = 0.

V. PERFORMANCE EVALUATION

To deploy the proposed system, we use the system parameters
set in Table II. The distances between the MBS and the RUs
(d0,nj ), the MBS and the SUs (d0,k), the CHs and the RUs
in the same cluster (dm,n

j ), the CHs and the RUs in different

clusters (dm,′n
j′ ), and the CHs and the SUs (dm,k

j ) are randomly
distributed in the ranges of [100, 1000]m, [100, 500]m, [1, 50]m,
[1, 300]m, and [50, 150]m, respectively. In addition, since the
value of the penalty function P is much smaller than the value
of the objective function C, the penalty value is not high enough
to punish the individuals such that they meet the constraints.
Therefore, we set λ1 = 106, λ2 = 106, and λ3 = 1032. The way
to choose the proper values of λ1, λ2, and λ3 is presented in [4].

A. GAs Performance

We can see in Fig. 3 that the GAs quickly get convergence
after 20 generations. The convergence situation holds if it si-
multaneously satisfies the two conditions that are: 1) the mean
of fitness values of all individuals is equal to the best fitness
value and 2) the error (penalty value P ) is zero. In other words,
in convergence situation, all the individuals have the same best
quality without punishment for violating the constraints. The

Fig. 3. Convergence rate of GAs.

TABLE III
GAS CONVERGENCE TIME (S) VERSUS J AND NP

TABLE IV
GAS ACCURACY (%) VERSUS J AND NP

quick convergence rate demonstrates that the GAs solution is
feasible to apply to solve the SSC in dense D2D 5G networks.

We further investigate the GAs performance by taking into
account the convergence time and the accuracy versus the num-
ber of clusters (J) and the population size (NP ) as, respectively,
shown in Tables III and IV. The results in Table III indicate
that if the number of clusters is low (J = 1), GAs require a
small population size (NP = 100) to get converged within a
very short time of 0.27 s. When J increases, a larger population
size is required to make GAs converged within a longer time,
but reasonable value of 930.50 s, at J = 5 and NP = 10 000.
Meanwhile, the small population size (NP = 100) cannot make
GAs converged, i.e., N/A in Table III. Similarly, as we can see in
Table IV, increasingJ requires larger population sizes to achieve
the highest accuracy. Taking J = 5 as an example, NP = 500
and NP = 1000 can make GAs converged, but cannot hit 100%
accuracy, i.e., only 90.09% and 96.32%, respectively. The high-
est 100% accuracy holds at NP = 5000 and NP = 10 000, and
thus in this article, we select NP = 10 000 to ensure both the
convergence and accuracy of GAs. It is noted that the accuracy
is obtained based on the exact optimal results by applying the
conventional exhaustive searching algorithm [46] to solving the
SSC optimization problem.
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Fig. 4. System capacity versus the target SINR of SUs γ0.

B. System Performance

To evaluate the performance of the proposed SSC, we com-
pare it to other schemes including non-social-aware SSC (NSA),
only MBS (OMB), average performance (AVE), and minimum
performance (MIN). In NSA, the social relationships between
the CHs and the RUs are the same. In OMB, the requested videos
are multicasted from the MBS to the RUs in all clusters instead
of from the CHs over D2D multicast communications. In AVE,
we find a set of feasible individuals (feasible solutions) that meet
the constraints, and the compute C on average with respect to
each individual. It is noted that we deploy the GAs to minimize
the penalty function P to find the set of feasible individuals. In
MIN, we deploy GAs to minimize C + P to obtain the worst
case of SSC instead of maximizingCP in (23). The performance
evaluations of the SSC, NSA, OMB, AVE, and MIN in terms of
system capacity (C) and standard deviation of capacity (σC) are
presented in the sequel. Fig. 4 plots the system capacity versus
the target SINR of SUs γ0. It is clear that if γ0 is low, i.e., the
SUs agree to degrade their QoS so as to share the spectrum
resources with more CHs for D2D multicast communications,
the system capacity is high. In contrast, increasing γ0 makes
less spectrum resource sharing to guarantee the SUs higher
QoS, and thus lower system capacity. However, if γ0 is too
high (γ0 ≥ 20 dB) to protect the QoS of the SUs, there is no
spectrum resource sharing nor D2D multicast communications
leading to the fact that all the RUs are served by the MBS at
the lowest system capacity. In comparison, the proposed SSC
and the NSA gain higher system capacity than the AVE, OMB,
and MIN do since they efficiently utilize the available spectrum
resources of the SUs and the cached videos in the CHs for D2D
multicast communications. Furthermore, thanks to exploiting
the social relationships between the CHs and the RUs, the SSC
outperforms the NSA. The SSC achieves the highest gain (about
340 Mb/s greater than the NSA) at γ0 = 10 dB. We therefore
select γ0 = 10 dB for performance evaluation such that the
SSC gets the highest gain while guaranteeing the SUs the high
fairness with high SINR.

In Fig. 5, we evaluate the system performance versus the
constraint on capacity fluctuation among the RUs represented

Fig. 5. System capacity versus the standard deviation of capacity σ∗.

Fig. 6. System capacity versus the number of clusters J .

by the standard deviation of capacity σ∗. The lower limit of σ∗ is
set to 15 since less than or equal to 15 certainly makes the system
capacity of the SSC, NSA, and AVE degraded to that of the OMB
and MIN. Relaxing this constraint by increasing σ∗ enables to
serve the RUs higher system capacity but in unfairness due to
higher capacity fluctuation among the RUs. Meanwhile, it is
important to observe that the system capacity becomes saturated
when σ∗ is too high. Therefore, we carefully select the value of
σ∗ to guarantee the RUs high capacity in fairness, σ∗ = 25 at the
knee of the SSC curve, for example. The results show that the
SSC gains the highest system capacity compared to the NSA,
AVE, OMB, and MIN.

The increasing number of clusters (J) requires a higher system
capacity to serve more RUs, as shown in Fig. 6. The SSC is only
better than the NSA until the number of clusters is high enough
(J = 3). The reason is that if the number of clusters is low, the
number of CHs and RU is low too. In this context, the social
relationship factor does not make a significant impact on the
system performance resulting in the fact that the SSC cannot
exploit the social relationships between the CHs and the RUs
to outperform the NSA. In other words, the social relationship
factor can be efficiently exploited in dense D2D 5G networks to
improve the system capacity. In comparison, both the SSC and
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Fig. 7. System capacity versus the number of SUs K.

Fig. 8. Standard deviation of capacity at the RUs.

the NSA are better than the AVE and significantly surpass the
two worst cases, i.e., the OMB and MIN.

Fig. 7 illustrates the system capacity versus the number of
SUs (K) that have available spectrum resources to share with
the CHs for D2D multicast communications. It is easy to see that
the higher number of SUs the system has, the better chances the
system gets to assign the proper SUs to share their downlink
spectrum resources with the CHs. In general, it means that the
system capacity is likely to become higher when increasing K.
The system capacity gets saturated if the new SUs added to the
system are not better than the previous SUs, i.e., K = 2, 3, 4, 5,
as shown in Fig. 7. The SSC is always better than the NSA, AVE,
OMB, and MIN, except when there is not any SUs (K = 0) for
downlink spectrum resource sharing, and thus nor D2D multicast
communications. It is noted that the saturation does not hold if
we keep the number of SUs increased until the new one is better
than the existing ones. The better SU is the one located closer
to the MBS but far away from the CHs (less interference caused
by the CHs).

Finally, we investigate the capacity fluctuation among the
RUs represented by the standard deviation of capacity σC at
the RUs, as depicted in Fig. 8. The results show that although
the OMB and MIN provide the lowest system capacity as afore-
mentioned, they have the lowest standard deviation of capacity

TABLE V
FAIRNESS COMPARISON

to serve the RUs in the highest fairness, i.e., the lowest capacity
fluctuation among the RUs. The tradeoff of the proposed SSC
is that it provides the RUs with the highest (lowest) capacity
but the low (high) fairness. However, it is important that the
SSC can control the fairness flexibly by setting the constraint
on standard deviation of capacity to a reasonable value, i.e.,
σ∗ = 25, which is much less than the system capacity and
only two times higher than the OMB, as shown in Figs. 5
and 8, respectively. Explicitly, we provide a summary fairness
comparison versus the two QoS fairness constraints on target
SINR at the SUs (γ0) and standard deviation of capacity (σ∗), as
presented in Table V. We categorize the fairness into three types
including “Excellent,” “Good,” and “Fair.” The lowest fairness
is defined as “Fair” since it is equal to the reasonable value of
max{σC} = σ∗ = 25.

VI. CONCLUSION

In this article, we proposed the SSC strategy that serves the
RUs high performance of multicast video streaming in dense
D2D 5G networks. The benefit of SSC is that it not only applies
the emerging techniques (clustering, spectrum resource sharing,
caching helper selection, and multicasting techniques) but also
exploits both the physical and social attributes of the CHs and
the RUs. The SSC strategy is formulated as an optimization
problem, which is solved for the optimal set of the SUs and the
CHs under the fairness constraints on the capacity fluctuation
among the RUs and the target SINR at the SUs. The optimal
set enables the SSC strategy to flexibly control: 1) the capacity
traffic delivered to the RUs whether from the MBS or from the
CHs over D2D multicast communications and 2) which SUs
to share their downlink spectrum resources with which CHs
for D2D multicast communications. As a result, the system
capacity delivered to the RUs is maximized while guaranteeing
the RUs and the SUs high fairness of QoS. We insightfully
investigate the benefit as well as the tradeoff of the proposed
SSC strategy through the simulation results to demonstrate its
efficiency in comparison with other schemes that do not consider
social attribute nor D2D multicast communications.

REFERENCES

[1] Cisco, “Cisco visual networking index: Global mobile data traffic forecast
update,” 2017–2022 White Paper, Feb. 2019. [Online]. Available: https:
//www.cisco.com

[2] R. Trestian, Q.-T. Vien, H. X. Nguyen, and O. Gemikonakli, “ECO-M:
Energy-efficient cluster-oriented multimedia delivery in a LTE D2D envi-
ronment,” in Proc. IEEE Int. Conf. Commun., London, U.K., Jun. 2015,
pp. 1–7.

[3] X. Zhang, Y. Wang, R. Sun, and D. Wang, “Clustered device-to-device
caching based on file preferences,” in Proc. IEEE 27th Annu. Int. Symp.
Pers., Indoor Mobile Radio Commun., Valencia, Spain, Sep. 2016, pp. 1–6.

Authorized licensed use limited to: Center for Science Technology and  Information  (CESTI). Downloaded on June 10,2020 at 03:23:19 UTC from IEEE Xplore.  Restrictions apply. 

https://www.cisco.com


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

VO et al.: SOCIAL-AWARE SSC STRATEGY OPTIMIZED MULTICAST VIDEO STREAMING IN DENSE D2D 5G NETWORKS 11

[4] N.-S. Vo, T. Q. Duong, H. D. Tuan, and A. Kortun, “Optimal video stream-
ing in dense 5G networks with D2D communications,” IEEE Access, vol. 6,
pp. 209–223, 2017.

[5] T. L. Thanh and T. M. Hoang, “Cooperative spectrum-sharing with two-
way AF relaying in the presence of direct communications,” EAI Endorsed
Trans. Ind. Netw. Intell. Syst., vol. 5, no. 14, pp. 1–9, Jun. 2018.

[6] J. Song and W. Choi, “Mobility-aware content placement for device-to-
device caching systems,” IEEE Trans. Wireless Commun., vol. 18, no. 7,
pp. 3658–3668, Jul. 2019.

[7] L. Feng et al., “Resource allocation for 5G D2D multicast content sharing
in social-aware cellular networks,” IEEE Commun. Mag., vol. 56, no. 3,
pp. 112–118, Mar. 2018.

[8] S. Joshi and R. K. Mallik, “Coverage and interference in D2D networks
with Poisson cluster process,” IEEE Commun. Lett., vol. 22, no. 5,
pp. 1098–1101, May 2018.

[9] C. Saha and H. S. Dhillon, “D2D underlaid cellular networks with user
clusters: Load balancing and downlink rate analysis,” in Proc. IEEE
Wireless Commun. Netw. Conf., San Francisco, CA, USA, Mar. 2017,
pp. 1–6.

[10] S. Gyawali, S. Xu, F. Ye, R. Q. Hu, and Y. Qian, “A D2D based clustering
scheme for public safety communications,” in Proc. IEEE 87th Veh.
Technol. Conf., Porto, Portugal, Jun. 2018, pp. 1–5.

[11] A. Masaracchia, L. D. Nguyen, T. Q. Duong, and M.-N. Nguyen, “An
energy-efficient clustering and routing framework for disaster relief net-
work,” IEEE Access, vol. 7, pp. 56520–56532, 2019.

[12] R. Amer, M. M. Butt, M. Bennis, and N. Marchetti, “Inter-cluster coopera-
tion for wireless D2D caching networks,” IEEE Trans. Wireless Commun.,
vol. 17, no. 9, pp. 6108–6121, Sep. 2018.

[13] Z. Yuan, L. Wang, X. Zhang, and L. Zhou, “Clustered underlay device-
to-device network: Modeling and performance analysis,” in Proc. IEEE
Globecom Workshops, Singapore, Dec. 2017, pp. 1–6.

[14] M. Afshang, H. S. Dhillon, and P. H. J. Chong, “k-Closest coverage
probability and area spectral efficiency in clustered D2D networks,” in
Proc. IEEE Int. Conf. Commun., Kuala Lumpur, Malaysia, May 2016,
pp. 1–6.

[15] M. Afshang, H. S. Dhillon, and P. H. J. Chong, “Fundamentals of cluster-
centric content placement in cache-enabled device-to-device networks,”
IEEE Trans. Commun., vol. 64, no. 6, pp. 2511–2526, Jun. 2016.

[16] R. Amer, M. M. Butt, H. ElSawy, M. Bennis, J. Kibilda, and N. Marchetti,
“On minimizing energy consumption for D2D clustered caching net-
works,” in Proc. IEEE Global Commun. Conf., Abu Dhabi, UAE,
Dec. 2018, pp. 1–6.

[17] C. Choi, S. Park, and D. Ho Cho, “User-cooperation scheme based on
clustering for energy efficiency in cellular networks with D2D communi-
cation,” in Proc. IEEE 25th Annu. Int. Symp. Pers., Indoor Mobile Radio
Commun., Washington, DC, USA, Sep. 2014, pp. 1–5.

[18] Y. Shen, C. Jiang, T. Q. Quek, H. Zhang, and Y. Ren, “Device-to-device
cluster assisted downlink video sharing—A base station energy saving
approach,” in Proc. IEEE Global Conf. Signal Inf. Process., Atlanta, GA,
USA, Dec. 2014, pp. 1–5.

[19] K. S. Khan, Y. Yin, and A. Jamalipour, “On the application of ag-
glomerative hierarchical clustering for cache-assisted D2D networks,” in
Proc. IEEE Annu. Consum. Commun. Netw. Conf., Las Vegas, NV, USA,
Jan. 2019, pp. 1–6.

[20] Z. Chang, Y. Hu, Y. Chen, and B. Zeng, “Cluster-oriented device-to-device
multimedia communications: Joint power, bandwidth, and link selection
optimization,” IEEE Trans. Veh. Technol., vol. 67, no. 2, pp. 1570–1581,
Feb. 2018.

[21] X. Zhang and J. Wang, “Heterogeneous statistical QoS-driven resource
allocation for D2D cluster-caching based 5G multimedia mobile wireless
networks,” in Proc. IEEE Int. Conf. Commun., Kansas City, MO, USA,
May 2018, pp. 1–6.

[22] H. Ding, X. Wang, D. B. da Costa, and J. Ge, “Interference modeling in
clustered device-to-device networks with uniform transmitter selection,”
IEEE Trans. Wireless Commun., vol. 16, no. 12, pp. 7906–7918, Dec. 2017.

[23] H. Ding, X. Wang, D. B. da Costa, and J. Ge, “Uniform transmitter selection
in clustered D2D networks: An interference modeling analysis,” in Proc.
IEEE Global Commun. Conf., Singapore, Dec. 2017, pp. 1–6.

[24] X. Lin, R. Ratasuk, A. Ghosh, and J. G. Andrews, “Modeling, analysis, and
optimization of multicast device-to-device transmissions,” IEEE Trans.
Wireless Commun., vol. 13, no. 8, pp. 4346–4359, Aug. 2014.

[25] M. Zulhasnine, C. Huang, and A. Srinivasan, “Exploiting cluster multicast
for P2P streaming application in cellular system,” in Proc. IEEE Wireless
Commun. Netw. Conf., Shanghai, China, Apr. 2013, pp. 1–6.

[26] B. Peng, T. Peng, Z. Liu, Y. Yang, and C. Hu, “Cluster-based multicast
transmission for device-to-device (D2D) communication,” in Proc. IEEE
78th Veh. Technol. Conf., Las Vegas, NV, USA, Sep. 2013, pp. 1–5.

[27] L. Militano, M. Condoluci, G. Araniti, A. Molinaro, A. Iera, and G.-M.
Muntean, “Single frequency-based device-to-device-enhanced video de-
livery for evolved multimedia broadcast and multicast services,” IEEE
Trans. Broadcast., vol. 61, no. 2, pp. 263–278, Jun. 2015.

[28] Y. Zhu, X. Qin, and P. Zhang, “An efficient multicast clustering scheme
for D2D assisted offloading in cellular networks,” in Proc. IEEE/CIC Int.
Conf. Commun. China, Beijing, China, Aug. 2018, pp. 1–5.

[29] M. Hmila, M. Fernandez-Veiga, and M. Rodriguez-Perez, “Distributed
resource allocation approach for device-to-device multicast communi-
cations,” in Proc. Int. Conf. Wireless Mobile Comput., Netw. Commun.,
Limassol, Cyprus, Oct. 2018, pp. 1–8.

[30] J.-H. Kim, J. Joung, and J. W. Lee, “Resource allocation for multiple
device-to-device cluster multicast communications underlay cellular net-
works,” IEEE Commun. Lett., vol. 22, no. 2, pp. 412–415, Feb. 2018.

[31] Y. Cao, T. Jiang, X. Chen, and J. Zhang, “Social-aware video multicast
based on device-to-device communications,” IEEE Trans. Mobile Com-
put., vol. 15, no. 6, pp. 1528–1539, Jun. 2016.

[32] P. Zhao, L. Feng, P. Yu, W. Li, and X. Qiu, “A social-aware resource allo-
cation for 5G device-to-device multicast communication,” IEEE Access,
vol. 5, pp. 15717–15730, 2017.

[33] S. S. Moghaddam and M. Ghasemi, “Efficient clustering for multicast
device-to-device communications,” in Proc. Int. Conf. Comput. Commun.
Eng., Kuala Lumpur, Malaysia, Sep. 2018, pp. 1–6.

[34] L. Yang, D. Wu, and Y. Cai, “A distributed social-aware clustering ap-
proach in D2D multicast communications,” in Proc. Int. Wireless Commun.
Mobile Comput. Conf., Limassol, Cyprus, Jun. 2018, pp. 1–6.

[35] Y. Wu, D. Wu, L. Yang, X. Shi, L. Ao, and Q. Fu, “Matching-coalition
based cluster formation for D2D multicast content sharing,” IEEE Access,
vol. 7, pp. 73913–73928, 2019.

[36] L. Yang, D. Wu, S. Xu, G. Zhang, and Y. Cai, “Social-energy-aware user
clustering for content sharing based on D2D multicast communications,”
IEEE Access, vol. 6, pp. 36092–36104, 2018.

[37] Y. Wu, D. Wu, L. Yang, and S. Xu, “Incentive-based cluster formation
for D2D multicast content sharing,” in Proc. Asia–Pac. Conf. Commun.,
Ningbo, China, Nov. 2018, pp. 1–6.

[38] W. Xiang, C. Zhu, C. K. Siew, Y. Xu, and M. Liu, “Forward er-
ror correction-based 2-D layered multiple description coding for error-
resilient H.264 SVC video transmission,” IEEE Trans. Circuits Syst. Video
Technol., vol. 19, no. 12, pp. 1730–1738, Dec. 2009.

[39] X. Zhang et al., “Information caching strategy for cyber social computing
based wireless networks,” IEEE Trans. Emerg. Topics Comput., vol. 5,
no. 3, pp. 391–402, Jul.–Sep. 2017.

[40] Y. Zhang, E. Pan, L. Song, W. Saad, Z. Dawy, and Z. Han, “Social network
aware device-to-device communication in wireless networks,” IEEE Trans.
Wireless Commun., vol. 14, no. 1, pp. 177–190, Jan. 2015.

[41] M. Cha, H. Kwak, P. Rodriguez, Y.-Y. Ahn, and S. Moon, “I tube, you tube,
everybody tubes: Analyzing the world’s largest user generated content
video system,” in Proc. 7th ACM SIGCOMM Conf. Internet Meas., New
York, NY, USA, Oct. 2007, pp. 1–14.

[42] F. Benevenuto, T. Rodrigues, M. Cha, and V. Almeida, “Characterizing
user behavior in online social networks,” in Proc. 9th ACM SIGCOMM
Conf. Internet Meas. Conf., New York, NY, USA, Nov. 2009, pp. 49–62.

[43] B. Bai, L. Wang, Z. Han, W. Chen, and T. Svensson, “Caching based
socially-aware D2D communications in wireless content delivery net-
works: A hypergraph framework,” IEEE Wireless Commun., vol. 23, no. 4,
pp. 74–81, Aug. 2016.

[44] A. Bhardwaj and S. Agnihotri, “Energy- and spectral-efficiency trade-off
for D2D-multicasts in underlay cellular networks,” IEEE Wireless Com-
mun. Lett., vol. 7, no. 4, pp. 546–549, Aug. 2018.

[45] M.-P. Bui, N.-S. Vo, S. Q. Nguyen, and Q.-N. Tran, “Social-aware caching
and resource sharing maximized video delivery capacity in 5G ultra-dense
networks,” ACM/Springer Mobile Netw. Appl., pp. 1–13, Jul. 2019.

[46] N.-S. Vo, T. Q. Duong, M. Guizani, and A. Kortun, “5G optimized caching
and downlink resource sharing for smart cities,” IEEE Access, vol. 6,
pp. 31457–31468, 2018.

[47] T. Fang and L.-P. Chau, “GOP-based channel rate allocation using genetic
algoithm for scalable video streaming over error-prone networks,” IEEE
Trans. Image Process., vol. 15, no. 6, pp. 1323–1330, Jun. 2006.

[48] A. Chipperfield, P. Fleming, H. Pohlheim, and C. Fonseca, “Genetic
algorithm TOOLBOX for use with Matlab,” Ver. 1.2 Users Guide, Univ.
Sheffield, Sheffield, U.K., 1994.

Authorized licensed use limited to: Center for Science Technology and  Information  (CESTI). Downloaded on June 10,2020 at 03:23:19 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

12 IEEE SYSTEMS JOURNAL

[49] N.-S. Vo, T. Q. Duong, and M. Guizani, “QoE-oriented resource efficiency
for 5G two-tier cellular networks: A femtocaching framework,” in Proc.
IEEE Global Commun. Conf., Washington, DC, USA, Dec. 2016, pp. 1–6.

[50] L. Booker, “Improving search in genetic algorithms,” in Genetic Algo-
rithms and Simulated Annealing, L. Davis, Ed. San Mateo, CA, USA:
Morgan Kaufmann, 1987, pp. 61–73.

[51] D. E. Goldberg, Genetic Algorithms in Search, Optimization and Machine
Learning. Reading, MA, USA: Addison-Wesley, 1988.

Nguyen-Son Vo received the Ph.D. degree in commu-
nication and information systems from the Huazhong
University of Science and Technology, Wuhan,
China, in 2012.

He is currently with the Institute of Fundamental
and Applied Sciences, Duy Tan University, Ho Chi
Minh City, Vietnam. His research interests include
self-powered multimedia wireless communications,
quality of experience provision in wireless networks
for smart cities, and Internet of Things for disaster
and environment management.

Dr. Vo was the recipient of the Best Paper Award at the IEEE Global Com-
munications Conference 2016 and the prestigious Newton Prize 2017. He has
been serving as an Associate Editor for the IEEE COMMUNICATIONS LETTERS

since 2019, Guest Editor for Elsevier Physical Communication (Special Issue
on “Mission Critical Communications and Networking for Disaster Manage-
ment”) since 2019, Guest Editor for IET Communications (Special Issue on
“Recent Advances on 5G Communications”) since 2018, and Guest Editor for
ACM/Springer Mobile Networks & Applications (Special Issues on “Wireless
Communications and Networks for 5G and Beyond” since 2018 and “Wireless
Communications and Networks for Smart Cities” since 2017).

Thanh-Minh Phan received the B.E. degree in elec-
tronics and telecommunications from Ho Chi Minh
City University of Technology, Ho Chi Minh City,
Vietnam, in 2000, and the M.Sc. degree in automatiza-
tion from Ho Chi Minh City University of Transport,
in 2008.

He is currently the Head of the Division of Elec-
tronic Engineering and Telecommunications, Faculty
of Electrical and Electronic Engineering, Ho Chi
Minh City University of Transport.

Minh-Phung Bui received the B.S. degree in infor-
mation technology from Van Lang University, Ho Chi
Minh City, Vietnam, in 2000, and the M.Sc. degree in
computer sciences from the University of Information
Technology, Ho Chi Minh City, Vietnam, in 2009. He
is currently working toward the Ph.D. degree with the
Institute of Fundamental and Applied Sciences, Duy
Tan University, Ho Chi Minh City.

He is currently the Vice Dean of the Faculty of
Information Technology, Van Lang University.

Xuan-Kien Dang received the Ph.D. degree in con-
trol science and engineering from Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
2012.

He is currently the Director of the Graduate School,
Ho Chi Minh City University of Transport, Ho Chi
Minh City, Vietnam. His research interests include
control theory, automation, maritime technology, un-
derwater vehicles, optimal and robust control, and
networked control system.

Dr. Dang was the recipient of the Best Paper Award
at the 4th Conference of Science and Technology, Ho Chi Minh City University
of Transport (2018), the President Prize for Award Winner of The Excellent
Paper of the 17th Asia Maritime and Fisheries Universities Forum (2018). He
has been serving as an Association Executive Committee Member of Vietnam
Automation Association.

Nguyen Trung Viet received the Ph.D. degree from
Tohoku University, Sendai, Japan, in 2007.

He is currently a Professor with Thuyloi University,
Hanoi, Vietnam. He has strong expertise in nearshore
hydro-morphodynamics using both field measure-
ments and numerical modeling, remote sensing video
techniques. He was a Project Leader of numerous
MOST projects on Nha Trang Coast from 2013 to
2019 and Cua Dai Beach from 2015 to 2018 in very
close collaborations with IRD/EPOC/AFD-France,
Japan, and U.K. He authored/coauthored more than

100 papers in journals and international conferences. He has been the Vice Presi-
dent of Thuyloi University since 2014. He has been appointed as a Distinguished
Member of IAHR-APD and the Executive Member of Asian and Pacific Coasts
Council and a member of the State Council for Professorship, Vietnam in the
field of hydraulic engineering since 2019.

Cheng Yin received the Ph.D. degree in wireless
communication from Queen’s University Belfast,
Belfast, U.K., in 2019.

She is currently a Research Fellow with the Insti-
tute of Electronics, Communications and Information
Technology, Queen’s University Belfast. Her research
interests include physical layer security, energy har-
vesting communications, machine learning, and big
data analytics.

Authorized licensed use limited to: Center for Science Technology and  Information  (CESTI). Downloaded on June 10,2020 at 03:23:19 UTC from IEEE Xplore.  Restrictions apply. 





















Downlink Resource Sharing and
Multi-tier Caching Selection Maximized
Multicast Video Delivery Capacity in 5G

Ultra-Dense Networks

Thanh-Minh Phan1, Nguyen-Son Vo2(B), Minh-Phung Bui3,
Quang-Nhat Tran3, Hien M. Nguyen4, and Antonino Masaracchia5

1 Ho Chi Minh City University of Transport, Ho Chi Minh City 700000, Vietnam
ptminh@hcmutrans.edu.vn

2 Institute of Fundamental and Applied Sciences, Duy Tan University,
Ho Chi Minh City 700000, Vietnam

vonguyenson@duytan.edu.vn
3 Van Lang University, Ho Chi Minh City 700000, Vietnam

{buiminhphung,tranquangnhat}@vanlanguni.edu.vn
4 Faculty of Electrical-Electronic Engineering, Duy Tan University,

Da Nang 550000, Vietnam
nguyenminhhien2501@gmail.com

5 Queen’s University Belfast, Belfast BT7 1NN, UK
a.masaracchiag@qub.ac.uk

Abstract. In this paper, we propose a downlink resource sharing and
multi-tier caching selection (DRS-MCS) solution for video streaming
applications and services (VASs) in 5G ultra-dense networks (UDNs). The
DRS-MCS allows mobile users (MUs) to experience the VASs by multicas-
ting from three-tier caching placements, i.e., macro base station (MBS),
femtocell base stations (FBSs), and mobile devices. To do so, the MUs
are categorized into three types including 1) sharing users (SUs) that own
downlink resources being shared for device-to-device (D2D) communica-
tions, 2) caching helpers (CHs) that cache the requested videos for mul-
ticasting over D2D communications, and 3) requesting users (RUs) that
request the videos. The CHs and the RUs are grouped into different clus-
ters, each cluster has a number of CHs and RUs in close vicinity for D2D
multicast communications. We then formulate the DRS-MCS optimiza-
tion problem. By solving the problem, the DRS-MCS solution can select
not only the best pairs of SUs and CHs for D2D multicast communications
but also the best caching placements for multicasting in each cluster, so
as to maximize the total video capacity delivered to the RUs. Simulation
results are shown to demonstrate the benefits of the proposed DRS-MCS
solution compared to other conventional multicasting schemes.
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1 Introduction

By 2022, it anticipates that together with the rapid increase of mobile users
(MUs), the video applications and services (VASs) will bloom and use up about
79% of the mobile data traffic [1]. It is certain in VASs that there are a number of
MUs in close vicinity of each other that have the same interest of video contents.
In this context, by exploiting the benefits of common interest-sharing nature of
dense MUs and broadcast nature of wireless medium, multicasting techniques
play an important role in emerging 5G networks since they can provide the
system with a high energy- and spectrum-efficiency solution and a high video
delivery capacity [2,3].

Most of the multicasting techniques have been studied to apply to device-
to-device (D2D) communications [4,5] with the assistance of the MUs that have
cached the videos for streaming, namely caching helpers (CHs), and have avail-
able downlink resources for sharing, namely sharing users (SUs) [6–12]. The
results achieved include tractable model for analysis and optimization design of
coverage probability and system capacity [6], reduction in streaming cost at bet-
ter fairness [7], minimum video delivery delay [8–10], and maximum energy effi-
ciency [11] and sum effective throughput [12]. Other multicasting techniques have
further exploited both physical communications features and social attributes of
MUs to gain higher system performance [13–20]. However, these studies can-
not provide a flexible multicasting strategy to serve the requesting users (RUs)
that request the videos by fully utilizing the three-tier caching placements, i.e.,
macro base station (MBS), femtocell base stations (FBSs), and CHs over D2D
communications, in 5G ultra-dense networks (UDNs).

Few of multicasting techniques have been proposed to serve the RUs flexibly
by the MBS over conventional cellular transmission and by the CHs over D2D
communications with downlink resources shared by the SUs [21,22]. In particu-
lar, the authors in [21] have designed a downlink resource sharing and caching
helper selection solution to maximize the multicast video delivery in dense D2D
5G networks. The proposed solution has been insightfully studied by considering
the social attributes between the CHs and the RUs as well as the constraint on
the skewed fairness of RUs, so as to further satisfy the RUs [22]. The existing
problem of the works in [21,22] is that they do not exploit the caching placement
at the FBSs to fully provide the RUs with three-tier caching selection for the
highest system capacity.

In this paper, we utilize the three-tier caching placements at the MBS, the
FBSs, and the CHs as well as the downlink resources available at the SUs to pro-
pose a downlink resource sharing and multi-tier caching selection (DRS-MCS)
solution for VASs in 5G UDNs. To do so, we formulate the DRS-MCS opti-
mization problem for finding the best pairs of the CHs and the SUs in order to
multicast the requested videos from the CHs to the RUs over D2D communica-
tions that reuse the downlink resources of the SUs. In addition, the DRS-MCS
is able to select the best caching placements, i.e., the MBS, the FBSs, or the
CHs, to serve the RUs in different clusters at maximum system capacity. The
DRS-MCS optimization problem also considers a constraint on the target signal
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Fig. 1. Multicast Video Streaming in 5G UDNs with DRS-MCS.

to interference plus noise ratio (SINR) of the SUs to guarantee their quality
of service (QoS) which is certainly degraded due to the transmissions of the
CHs when reusing the downlink resources of the SUs. Simulation results are
shown with insightful analysis and discussion to demonstrate the benefits of the
proposed DRS-MCS solution compared to other schemes such as convention-
ally multicasted by the MBS and by both the MBS and the FBSs but without
downlink resource sharing.

The rest of this paper is organized as follows. We introduce the system model
of multicast video streaming in 5G UDNs with DRS-MCS and describe how it
works in Sect. 2. In Sect. 3, we derive the system formulations that enable us
to propose the DRS-MCS optimization problem and solution in Sect. 4. The
performance evaluation is presented in Sect. 5. Finally, we conclude the paper in
Sect. 6.

2 System Model

In this paper, we consider a system of multicast video streaming in 5G UDNs
with DRS-MCS as shown in Fig. 1. The system consists of one MBS, I FBSs, K
SUs, and J clusters. The cluster j, j = 1, 2, ..., J , has Mj CHs that have cached
the requested videos and Nj RUs that request the videos. The system provides
three ways to flexibly multicast the videos to the RUs that are 1) multicast from
the MBS over conventional cellular transmissions, 2) multicast from the FBSs by
applying the channel splitting and F-ALOHA schemes that are able to guarantee
no interference [23], and 3) multicast over D2D communications by reusing the
downlink resources shared by the SUs. At the appropriate time, if there are a
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number of RUs requesting a particular video, the MBS deploys the DRS-MCS
strategy including three steps presented as follows:

– Step 1 - Clustering: To deploy the DRS-MCS strategy, it is necessary to group
the CHs and the RUs that are in close vicinity for D2D communications into
J clusters. We apply the D2D clustering technique proposed in [24], in order
to expand the coverage area of each cluster so that there are Mj CHs and Nj

RUs in the cluster j.
– Step 2 - Formulating and solving the DRS-MCS optimization problem: The

MBS further collects the system parameters such as the number of SUs and
channel information from the MBS, FBSs, and CHs to the RUs and from the
MBS and CHs to the SUs. These parameters enable the MBS to formulate
the DRS-MCS optimization problem and solve it for the optimal downlink
resource sharing index vm,k

j . If vm,k
j evaluates to 1 (or 0), the SU k does

(or does not) share its downlink resource for D2D multicast communications
from the CH m to Nj RUs in the cluster j, m = 1, 2, ...Mj . For the purpose
of limiting the interference impact caused by the transmissions of CHs on
the SUs, i.e., guaranteeing the QoS of the SUs, the DRS-MCS optimization
problem considers the constraints such that an SU can share its downlink
resource with up to only one CH in the whole system and the target SINR of
the SUs is greater than or equal to a given threshold.

– Step 3 - Multicasting: After solving the DRS-MCS optimization problem, the
MBS decides which one, i.e., itself, an FBS, or a CH, multicasts the video
to all the RUs in the cluster j. In other words, the RUs in the cluster j
are served by the MBS, the FBS, or the CH, depending on from which the
channel quality is better so that the total multicast video capacity delivered
to all RUs in the system is maximized.

3 System Formulations

3.1 Wireless Channel

In this paper, the wireless channel gains are modeled as Gx,y
j = hx,y

j gx,yj [25,26],
here x ∈ {0, i,m}, y ∈ {n, k}, i = 1, 2, ..., I, hx,y

j is the exponential power fading
coefficient with unit mean, i.e., ∼exp(1), and gx,yj = ‖dx,yj ‖−η is the standard
power law path loss function with path loss exponent η, dx,yj is the distances
from the MBS (x=0), the FBS i (x=i), and the CH m (x=m) to the RU n (y=n)
and the SU k (y=k).

3.2 Capacity at RUs

To obtain the video capacity delivered to the RUs, it is required to compute the
SINR from the CHs to the RUs and the signal to noise ratio (SNR) from the
MBS and the FBSs to the RUs which are respectively presented in the sequel.

In the cluster j, if the CH m is selected to multicast the video to the RU n by
reusing the downlink resource shared by the SU k, the SINR from the CH m to
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the RU n, which is affected by the interference generated from the conventional
cellular transmission of the MBS to the SU k, is given by

γm,k,n
j =

vm,k
j Pm

j Gm,n
j

N0 + P k
0 G0,n

j

, (1)

where Pm
j and P k

0 are the transmission powers of the CH m in the cluster j and
of the MBS (indicated by 0) to the SU k; Gm,n

j and G0,n
j are the channel gains

from the CH m and the MBS to the RU n in the cluster j; and N0 is the power
of additive white Gaussian noise.

In case there is not any SUs sharing the downlink resources with the CHs,
the FBSs are considered multicasting the video to the RUs. The SNR from the
FBS i to the RU n in the cluster j is given by

γi,n
j =

P i,n
j Gi,n

j

N0
, (2)

where P i,n
j is the transmission power of the FBS i to the RU n and Gi,n

j is the
channel gain from the FBS i to the RU n in the cluster j.

In addition, we further compute the SNR from the MBS to the RU n in the
cluster j which is expressed as

γ0,n
j =

P j
0G0,n

j

N0
, (3)

where P j
0 is the transmission power of the MBS to the RUs in the cluster j.

So far, the capacity at the RU n in the cluster j delivered from the CH m,
the FBS i, and the MBS is respectively given as below

Cm,k,n
j = W log2(1 + γm,k,n

j ), (4)

Ci,n
j = W log2(1 + γi,n

j ), (5)

and

C0,n
j = W log2(1 + γ0,n

j ), (6)

where W is the system bandwidth.
Finally, the total system capacity delivered from the MBS, FBSs, and CHs

to the RUs in all clusters is expressed as

C =
J∑

j=1

max
{ Nj∑

n=1

C0,n
j ,max

{ Nj∑

n=1

Ci,n
j , i = 1, 2, ..., I

}
, (7)

K∑

k=1

Mj∑

m=1

Nj∑

n=1

Cm,k,n
j

}
,

In Eq. (7), C is so-called the objective function in the DRS-MCS optimization
problem.
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Algorithm 1. EBSA for DRS-MCS optimization problem
Input: Initial system parameters given in Table 1
Output: V∗, C∗

1: Generating J search space matrices

V1 = {V 1
M1×K , V 2

M1×K , ..., V 2M1×K

M1×K }
V2 = {V 1

M2×K , V 2
M2×K , ..., V 2M2×K

M2×K }
...
VJ = {V 1

MJ×K , V 2
MJ×K , ..., V 2MJ×K

MJ×K }
2: C∗ ← 0
3: for each matrix v1 in V1, v1 = 1, 2, ..., 2M1×K do
4: for each matrix v2 in V2, v2 = 1, 2, ..., 2M2×K do
5: . . .
6: for each matrix vJ in VJ , vJ = 1, 2, ..., 2MJ×K do
7: if J matrices satisfy (9b), (9c), and (9d) then
8: Computing C in (7)
9: if C > C∗ then

10: C∗ ← C
11: V∗ ← {V v1

M1×K , V v2
M2×K , ..., V vJ

MJ×K}
12: end if
13: end if
14: end for
15: . . .
16: end for
17: end for

3.3 SINR at SUs

In the DRS-MCS strategy, the SUs have to share the downlink resources with
the CHs for D2D multicast communications. This in turn makes the QoS of the
SUs degraded due to the interference from the transmissions of the CHs when
reusing the downlink resources. To limit the interference impact on the SUs for
a high QoS guarantee, it is necessary to compute the SINR at the SU k which
is given by

γk =
P k
0 Gk

0

N0 + vm,k
j Pm

j Gm,k
j

, (8)

where Gk
0 and Gm,k

j are the channel gains from the MBS and the CH m in the
cluster j to the SU k.

4 DRS-MCS Optimization Problem and Solution

The DRS-MCS optimization problem aims at maximizing the objective function
C (7). We further take into account the constraints on vm,k

j so that an SU can
share its downlink resource with up to only one CH in the whole system (9b)
and there is up to only one SU sharing its downlink resource with one CH in a
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cluster (9c). In addition, the target SINR γ0 is considered to guarantee the QoS
of the SUs (9d). The DRS-MCS optimization problem is formulated as below

max
vm,k
j

C (9a)

s.t.
∑K

k=1

∑Mj

m=1 vm,k
j ≤ 1, j = 1, 2, ..., J, (9b)

∑J
j=1

∑Mj

m=1 vm,k
j ≤ 1, k = 1, 2, ...,K, (9c)

vm,k
j Pm

j Gm,k
j ≤ Pk

0 Gk
0

γ0
− N0, k = 1, 2, ...,K, (9d)

j = 1, 2, ..., J,m = 1, 2, ...,Mj .

where the constraint (9d) is derived from Eq. (8) by letting γk ≥ γ0.
The DRS-MCS optimization problem is solved by using exhaustive binary

searching algorithm (EBSA) [27] presented in Algorithm 1. To solve the DRS-
MCS optimization problem, we separate vm,k

j into J variables associated with
J clusters, the variable j, i.e., Vj = VMj×K , is an Mj × K matrix. So, finding
vm,k

j = 1 (or 0) is equivalent to finding the element at the row m and the column
k of the matrix Vj evaluates to 1 (or 0). The variable Vj has its own search space
of Vj = {V 1

Mj×K , V 2
Mj×K , ..., V

vj

Mj×K , ..., V 2Mj×K

Mj×K }, vj = 1, 2, ..., 2Mj×K .
In Algorithm 1, line 1 generates J search spaces of J variables. The search

space j has 2Mj×K matrices. Then, the output maximum value C∗ is initially set
at 0 in line 2. In lines 3–6, each permutation of J matrices created by selecting
a matrix in each search space is considered checking if it satisfies the constraints
(9b), (9c), and (9d) or not (line 7). If satisfied, the objective function C is com-
puted (line 8) to obtain a higher value C∗ and find the corresponding result
V∗ (lines 9–11). The EBSA terminates when it completes the computation of
all permutations for finding the maximum value C∗ and the optimal result V∗.
It is noted that the EBSA introduces a high memory and time complexity of
O(2K×∑J

j=1 Mj ). However, we apply the EBSA to solving the DRS-MCS opti-
mization problem thanks to its simple implementation for the exact optimal
results. Finding other proper algorithms that achieve exact or approximated
optimal results at lower memory and time complexity is beyond the scope of the
paper.

5 Performance Evaluation

In this paper, the system parameters used to deploy the DRS-MCS strategy
for multicast video streaming in 5G UDNs are listed in Table 1. The distances
between the MBS and the SUs/RUs, the FBSs and the RUs, the CHs and the
SUs, and the CHs and the RUs are randomly uniform distributed in the ranges
of [100, 1,000] m, [50, 200] m, [50, 100] m, and [1, 50] m, respectively. To evaluate
the performance of the proposed DRS-MCS solution, we compare it to other
schemes including average capacity (AVE), minimum capacity (MIN), without
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Table 1. Parameters Setting

Symbols Specifications

I 5 FBSs

J 5 Clusters

K 5 SUs

{Mj} {2, 4, 6, 8, 10} CHs

{Nj} {5, 10, 15, 20, 25} RUs

W 5 MHz

P j
0 , P k

0 Fixed to 5W

P i,n
j Fixed to 0.1W

Pm
j Randomly uniform distributed in the range of [0.001, 0.01]W

N0 10−13W

η 4 (path loss exponent)

γ0 5 dB

1 2 3 4 5

J

0
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C
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MIN
Non-DRS
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Fig. 2. System performance versus the number of clusters J .

downlink resource sharing (Non-DRS), and only MBS (OMBS). In AVE and
MIN, we compute the average capacity and the minimum capacity of all the
permutations in J search spaces that satisfy the constraints (9b), (9c), and (9d),
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Fig. 3. System performance versus the number of SUs K.

instead of computing the maximum capacity as given in Algorithm 1. In Non-
DRS, we do not consider sharing the downlink resources of the SUs. And in
OMBS, the RUs are traditionally served by the MBS.

We evaluate the system performance of DRS-MCS, AVE, MIN, Non-DRS,
and OMBS versus the number of clusters (J) as shown in Fig. 2. If J = 1, the
performance of all schemes are the same since the best caching placement selected
to serve the RUs is the MBS. Increasing J yields the higher number of RUs
served by MBS, FBSs, and D2D multicast communications, and thus providing
the RUs with higher system capacity. In comparison, the DRS-MCS outperforms
the others thanks to more caching placement selection opportunities. The AVE,
MIN and Non-DRS gain higher performance than the OMBS since they can
further exploit the FBSs to serve the RUs. It is noted that the MIN and Non-
DRS provide the RUs with the same performance since the minimum capacity
of DRS-MCS is equivalent to the context of Non-DRS. The OMBS serves the
RUs the worst system capacity due to no FBSs nor DRS assisted.

The system performance of DRS-MCS, AVE, MIN, Non-DRS, and OMBS
versus the number of SUs (K) is illustrated in Fig. 3. We can observe that if
there is no SU (K = 0) to share the downlink resources, the performance of
DRS-MCS, AVE, MIN, Non-DRS are the same, but it is higher than that of
the OMBS thanks to the assistance of FBSs. Increasing K provides more down-
link resource sharing opportunities to increase the performance of DRS-MCS
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Fig. 4. System performance versus the number of FBSs I.

and AVE. Meanwhile, the performance of MIN and Non-DRS is the same and
keeps unchanged with respect to K. Interestingly, the system performance gets
saturated when K is high enough, i.e., K = 3. This finding helps the system
designers consider selecting a proper number of SUs for high system capacity at
reasonable computation cost of EBSA.

Figure 4 plots the system performance versus the number of FBSs (I). The
results show that if there is no FBS (I = 0), the MIN and Non-DRS obviously
become the OMBS due to no FBSs nor DRS assisted. The performance of DRS-
MCS, AVE, MIN, and Non-DRS increases in accordance with the increase of
I, but getting saturated if I is high enough (I = 4) or the new FBSs added
are not better in terms of providing higher system capacity than the existing
ones. In comparison, the DRS-MCS always outperforms the other AVE, MIN,
Non-DRS, and OMBS schemes. In addition, similar to selecting the number of
SUs, implementing DRS-MCS strategy must carefully consider selecting a proper
number of FBSs to gain high system capacity at reasonable cost of computational
resource and system architecture modification.

In Fig. 5, we further investigate the effect of the target SINR (γ0) of SUs on
the performance of DRS-MCS, AVE, MIN, Non-DRS, and OMBS. It is certain
that increasing γ0 to guarantee the QoS of SUs reduces the downlink resource
sharing opportunities. As a result, the performance of DRS-MCS and AVE is
reduced to that of MIN and Non-DRS when γ0 = 25 dB. It is important to
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Fig. 5. System performance versus the number of FBSs γ0.

observe that the proper value of γ0 should be carefully selected so that the system
capacity is high enough while guaranteeing the SUs a high QoS, γ0 = 5 dB for
example. Depending on the QoS demands of SUs, different values of γ0 can
be selected to make the DRS-MCS gain different system performances that are
always higher than the system performances of other schemes.

6 Conclusion

In this paper, we have proposed the DRS-MCS solution for video streaming
applications and services in 5G UDNs. The proposed DRS-MCS not only allows
the RUs to receive the videos flexibly multicasted from the three-tier caching
placements, i.e., MBS, FBSs, and CHs, but also enables to pair the SUs that
have available downlink resources with the CHs that cache the videos, for D2D
multicast communications by reusing the shared downlink resources. The objec-
tive of the DRS-MCS solution is to serve the RUs the highest system capacity
while guaranteeing the QoS of the SUs by limiting the interference transmitted
by the CHs that reuse the downlink resources of the SUs. Simulation results
are insightfully analyzed to demonstrate the benefits of the proposed DRS-MCS
solution compared to the other schemes. In addition, useful suggestions for sys-
tem design and modification are provided to achieve the most effective DRS-MCS
solution.
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Abstract: Oceans cover a large amount of the Earth’s surface, being closely tied with life on Earth 

and climate changes. In addition to the direct impact on the Earth’s biosphere, the oceans are crucial 

for freight transportation among other sectors of economic value such as fishing, petroleum, minerals 

and tourism. In Vietnam, various types of manned and unmanned vehicles, as well as infrastructure 

such as oil platforms, fish farms, buoys and sensor systems rely on various Information and 

Communications Technologies (ICT) and currently conduct operations in oceans and seas across the 

world. Despite the rapid development of ICT and autonomous systems in specific scenarios, their 

continuous wide integration in maritime environment still faces many challenges. This work analyses 

current challenges and opportunities for autonomous maritime operations and their strict dependence 

on networking and communication technologies.  
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1. Introduction

Recently, 5G is one of the most frequently accessed cache of Big Data cache, with over 724 million

results in Google search. 5G is seen as the key to getting into the world of Internet of Things (IoT), in 

which sensors are important elements to extract data from objects and from the environment. Billions 



139

of sensors will be integrated into household appliances, security systems, health monitors, door locks, 

cars and wearables. However, to provide 5G, carriers will need to strengthen the network infrastructure 

(called a base station). They can start by exploiting the available spectrum. Signal waves with MHz 

measurement frequency will be raised to GHz or even faster and higher frequency band. The 5th 

generation network is an inevitable trend for global connectivity. 5G will be the key to starting 

technological progress or even complete modernization, and there will undoubtedly be some collateral 

impact on society, the economy and the job market for a while long. 

The topic of 5th generation connectivity is correlated with any other technology-oriented topics 

today and this is mainly due to the fact that the world today is wired worldwide. The function of our 

environment today is based on the different types of data that are created, transmitted, processed and 

consumed in vast quantities indescribable at the same time. Therefore, the fact that the quality of this 

function depends on its time and accuracy, as well as security and reliability. We talk about more 

important areas in our environment, the more restrictive and demanding these factors are. The maritime 

industry is one of those industries that will benefit immensely from it, especially when integrating 

autonomous technology. An important role in navigating remote or autonomous ships is connectivity. 

Communications will have to be bidirectional, accurate, scalable and supported by many systems. 

Adequate communication linkage for ship sensor monitoring and remote control must be ensured as 

needed. In maritime navigation, this issue is divided into the ship operating area space. Different regions 

create different challenges and require different interconnect architectures. Therefore, very accurate 

ship-to-shore communication and navigation is needed to avoid using human pilots on board. The 

concept of latency is a challenge in the areas of ports and canals, however, it is the connectivity that 

challenges offshore activities. Clearly, different communication challenges also depend on the 

operating environment. The connectivity challenges of an autonomous ship are shown in Figure 1. In 

this discussion, we propose that communication systems can automatically redirect the connection 

when the ship is at port. sea, coastal and regional 
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Figure 1. Autonomous ship connectivity challenges
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The paper is organized as follows. The challenges of an autonomous ship are introduced in Section 

2. Section 3 is the Data Transmission Requirements and Communication Architecture. Section 4 

Proposing 5G application for autonomous ship systems in the future. Section 5 is conclusive. 

2. Current Challenges for autonomous vessel 

To make the smart ship revolution a reality, several important questions need to be answered: 1) 

What technology is needed and how can it be best combined to allow the ship to operate autonomously , 

away from shore ?; 2) How can an autonomous vessel be made at least as safe as existing ships, what 

new risks will it encounter and how to mitigate it ?; 3) What will be the motivation for owners and 

operators to invest in autonomous vessels? Are autonomous vessels legal and who is responsible in the 

event of an accident? [1] 

A) Technology: A vessel is capable of monitoring its own health, establishing and communicating 

what is around it and making decisions based on information that is critical to the development of its 

autonomous operation. The need is to develop a set of electronic senses that inform the electronic brain 

and allow trains to move safely and avoid collisions. 

1) Sensor fusion: Sensing technology is well developed and found in many forms of autonomous 

vehicle operation, the contribution of various sensor technologies in supplying ships or other Remote 

operators have an accurate perspective on the vessel's surroundings at all times and under all conditions. 
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Looking at different types of radars, high-definition visual cameras, thermal imaging and Light 

Detection And Ranging (LiDAR), the consolidation of multiple sensor inputs yields the best results. 

How to combine these technologies in the most cost effective way when considering the challenges of 

the maritime environment. Finding the optimal way to combine different sensor technologies in a wide 

range of operating conditions and climates will be a challenge. 

2) Control algorithms: Navigating and avoiding collisions will be particularly important for remote 

and autonomous ships, allowing them to decide which action to take in the light of sensory information 

received. The decision algorithms behind this need improvement, as it requires an explanation of 

maritime rules and regulations. This leads to explanatory challenges for programmers. The 

development of control algorithms for autonomous vessels will be a gradual and iterative process and 

subject to extensive testing and simulation. 

3) Communication and connectivity: Autonomous vessels will still need human input from the 

mainland, making the connection between the ship and its crew important. Such communication will 

need to be bidirectional, accurate, scalable and supported by multiple systems - creating redundancy 

and minimizing risks. Affordability of communication links to monitor ship sensors and remote 

controls, when necessary, must be guaranteed. There is a need to study how to combine existing 

communication technologies optimally to control autonomous vessels. 

B) Safe and Security 

Remote and autonomous vessel operations will need to be at least as safe as existing vessels if they 

are guaranteed regulatory approval, support from ship owners, operators, seafarers and broad 

acceptance. more widely. Remote and autonomous vessels are capable of reducing human-based errors, 

but at the same time can modify some existing risks as well as create new types of risks. Possible 

circumstances and remedies will need to be explored. The maritime industry has some experience of 

systematic and comprehensive risk assessment. However, when new and emerging technologies are 

needed, new knowledge, deeper and deeper understanding of new risks and changes (with many known 

and unknown dangers) is needed; guided by research to lead us to the new approaches the project is 

exploring. Network security will be critical to the safe and successful operation of remote and 

autonomous ships. 

C) Legalities: A boat trip is covered by a range of national, international and private legal frameworks. 

To complicate matters further, maritime laws do not anticipate the development of remote or 

autonomous vessels. This presents a lot of ambiguity. For example, is a captain or a crew member 



142

required to stay on board? For remote transport and autonomy to become a reality, we need efforts at 

all levels of regulation. The legal challenges of constructing and operating a demonstration ship at the 

national level need to be explored, while considering changing the appropriate rules at IMO 

(International Maritime Organization). The question of responsibility for autonomous vessels may vary 

by country, but it seems that there is little need for regulatory changes in this area. However, it should 

be discovered that to what extent other rules of liability, such as product liability, will affect the 

traditional rules of maritime liability and insurance in the transport sector. autonomous. Legislation can 

be changed if there is a political will, the necessary legal actions at the national and international levels 

need to be taken by governments. 

Now it is clear that we can expect the sea to be flooded with unmanned ships and autonomous ships 

that transport goods faster, cheaper and without emissions. Local remote-operated ships are expected 

to be widely deployed by 2025, Remote controlled unmanned ocean-going ship by 2030 and 

Autonomous unmanned ocean-going ship by 2035 [1]. These new technologies are aimed at increasing 

safety for maritime operations, reducing fuel consumption and redefining the role of the maritime 

industry to create new positions. 

3. Data Transmission Requirements and Communication Architecture 

The information that needs to be transmitted from the train is sensor information. It includes data of 

sensors related to the state of the engine and mechanical parts that provide a small amount of important 

data to be reliably transferred to remote operators. In addition, Situational Awareness data (SA) from 

sensors such as Infrared cameras, Light Detection And Ranging (LiDARs), radars and optical cameras 

are scanning the ship's environment, and an Automatic Identification System (AIS) transmits radio 

signals. The ship's location and identification data are used to aid navigation and Collision Avoidance 

(CA) [5],[13]. The signal data is depicted in Figure 1. The estimated amount of data transferred is 

described in Table 1 

System Single file/Image (kB) Update rate (Hz) Compressed bit rate (kbps) 

Mechanical sensors 12 0.1-1 1-10 

Radar/AIS plot 375 0.4 100 

Infrared camera 330 1-10 300-1000 

Standard Video 200 - 500 1-10 150-1500 
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HD video 2600 2 800-1500 

LiDAR up to 200 000 1 1000-2000 

Control data, varies 1 1-10 

General GMDSS 
data 

varies  Average ~10 

It should be noted that people can interpret the SA sensor data imperfectly and thus the data 

processing can be used to reduce bit rates for a remote operator. For example, high resolution LiDAR 

3D files can be hundreds of megabytes each. By using on-board image processing methods, one can 

transform into two dimensions and select only the relevant part of the image being transmitted. This 

may reduce the size of the image, for example, with a compression ratio of 100-200 before transmission. 

Therefore, assuming all sensor data is transferred to Shore Control Centre (SCC), we can estimate the 

minimum data rate requirement of 6 Mbps. However, reduced operation can be maintained at 125 kbps 

[15]. With sensor fusion, only the combined data generated from multiple sensors needs to be 

transferred, reducing the power requirements. However, this is an ongoing study and therefore an 

estimate of the bit rate may vary with the knowledge gained in the near future. All vessels in 

international waters are required to bring a number of radio equipment to ensure safety at sea. These 

Global Maritime Distress and Safety System (GMDSS) are aimed at activating and supporting: distress 

alert, (including location), search and rescue, maritime safety information and General contact 

information. The GMDSS bit rate requirements vary according to the situation but generally 10 kbps 

can be considered sufficient. The latency issues are important in different areas of activity, also in the 

deep sea. Collisions can be avoided by predicting both your own movement as well as detected obstacle 

movements [5], [13]. 

Furthermore, the main communication channel requirement for a deep-sea, fully remote ship is 

4Mbit/s (e.g. VSAT), while linking the ship to the shore requires higher bandwidth. In addition, a 

backup channel must handle at least 128 Kbit/s (eg Inmarsat). Clearly, the various communication 

challenges also depend on the operating environment. We must remember that deep sea connectivity is 

mainly based on satellite communication systems due to the channel capacity challenge. The best 

example would be Inmarsat, a geostationary satellite system that provides connectivity to ships 

anywhere in the world, except for the Polar. For self-control and remote control ships, connectivity 

must be available, so onboard satellite systems must operate in different frequency bands. For example, 
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low frequency bands such as the 1.6 GHz L-band are resistant to heavy rain while high frequency 

connections can be completely lost. Having the idea of developing 5G, we can easily deduce that a 5G-

based terrestrial connection will significantly enhance the potential of broadband channel capacity, 

provided that millimeter wave connection will provide speed. up to 20Gbps and a few GHz bandwidth. 

In place of satellite systems for some areas, the High Altitude Platforms (HAP) provides more efficient 

connectivity with better link budgets and lower round trip delays. HAPs typically operate within 22 km 

of the ground, so their use of deep oceans is out of range. On the other hand, HAP can be deployed 

quickly when compared to development and launch satellites. Access technologies such as 5G may be 

available in the form of payloads to provide connectivity for users on the ground. They can also be 

landed for maintenance and reconfiguration purposes that are not possible with satellites. This is the 

kind of solution to create a good and cheap alternative to Inmarsat or VSAT to increase communication, 

in which the most important transportation routes can be covered. However, the current situation places 

the future of deep sea communication in the context of satellite technology. Since 2015, Inmarsat has 

provided high throughput services through the Global Xpress network, providing global IP-based 

services for the marine market up to 50 Mbit/s downlink and 5 Mbit/s uplink. It is supported by the 

existing BGAN L-band network and the services are provided using a combination of the two networks 

to increase availability and reliability. On the other hand, at this time, Inmarsat is advertising Global 

Xpress as the ideal place to provide a high quality user experience for web browsing, voice and media 

services. 

To ensure safety, it is necessary to comply with the Convention on International Regulations for the 

Prevention of Collision at Sea (COLREGS). The prediction must take into account environmental 

impacts such as wind and ocean currents. The decision and how soon the command to stop or change 

the route is made based on the maneuverability of the ship. Large ships slowly change their direction 

according to the steering and thrust controls. The control ring in [13] operates for a period of five 

seconds, ie, the control commands are updated every 5 seconds, which is sufficient to ensure safe 

operation both in cases of single obstacle and Many obstacles. The visibility distance between the 

private train and the obstacle provides enough time to avoid a collision but the sooner the information 

is, the better optimization of the route can be. 

It is certainly true that an ecosystem that integrates terrestrial communication systems into today's 

autonomous environment is far more mature than any satellite connection. Table 2 shows a comparison 

of terrestrial communication systems 
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 VHF digital radio HF 802.11p 802.11n/ 

802.11ac 

LTE/4G 5G mmW 

Spectrum 30-300 MHz 3-30 MHz 5.9 GHz 2.4/5 GHz 450 MHz 
- 3.7 GHz 

24-86 
GHz 

Bandwidth 25 kHz channels, 
can be bundled 
together e.g., to 100 
kHz 

up to 48 
kHz 

10 MHz 20/40 MHz from 1.4 
MHz to 
20 MHz 

up to few 
GHz 

Max bit rate VDES: up to 307 
kbps in ship-to-ship 
or ship-to-shore, 
240 kbps for 
satellite link 

up to 240 
kbps 

27 Mbps 600 Mbps 75/300 
Mbps for 
UL/DL 

up to 20 
Gbps 

Tx range up to 85 km Thousands 
of 
kilometres 

< 1 km typically < 
100 m, up 
to 10 km 
with fixed 
service 

typically < 
2 km up to 
70 km 
with 
directional 
antennas 

< 10 m for 
60 GHz 
WiFi, tens 
of 
kilometres 
with fixed 
links 

Cost Cheap Cheap Cheap Cheap Expensive Cheap 
(WiFi) 

Expensive 
(Cellular) 

4. Proposing 5G application for autonomous ship systems in the future 

We can find comparative studies done in networking between different communication standards 

to find the best solution for road driving situations [2-10]. The most mature standard today is IEEE 

802.11p with very good performance in terms of latency and visibility. When operating close to the 

shoreline, connectivity can be secure based on terrestrial solutions such as LTE / 4G, 802.11p or 5G 

mmW. Another rapidly growing ecosystem is the Internet of Things (IoT), whereby technologies such 

as edge computing or fog computing enable low latency activities by shifting a portion of computing 

and out. Decisive for increasingly intelligent and sophisticated edge devices. This can help solve latency 

issues associated with any analytical activity such as detecting obstructions and small objects by moving 

the computational workload from the ship to the cloud. Intel is one of the market leaders in the 

development of the IoT ecosystem worldwide and plays a major role in the development of 5G 

communications shown in Figure 2. 
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Figure 2. 5G communication architecture of an autonomous ship 

If the ship needs to navigate very accurately, using multiple sensors with high accuracy and the speed 

of updates making decisions in real time, low latency solutions like edge computation may be features. 

Very valuable of the connection concept. Moreover, LTE and upcoming 5G mobile technologies 

operate in millimeter wave bands that provide LiDAR support and video data transfer at high update 

rates. Navigation during port access is very sensitive to accidents and pollution, so communication 

between ships and autonomous units requires detailed sensor data and reliable handling. Data is needed 

to be reliably delivered with low latency to avoid collisions, 5G millimeter wave solutions are very 

useful. 

5. Conclusions 

This article examines the necessary requirements as well as the challenges of autonomous and 

remote-controlled ships. Proposing a physical interconnection system, consisting of satellite and 

terrestrial components, supporting identified data transmission requirements and important research 
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challenges for the future. The article provides an overview and the idea of applying the 5th generation 

network system in the field of autonomous ships. 
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Abstract—One of the significant challenges to 5G networks
is how to serve a proliferation of dense mobile users (MUs)
various video applications and services (VASs) at high delivery
capacity under a scarcity of resources. In this paper, we exploit
the resources of dense MUs to establish a set of device-to-
device (D2D) multi-hop multi-path (MHMP) communications
that can assist the macro base station (MBS) to offload the
videos. Particularly, there are three types of MUs including
cellular MUs (CUs), source MUs (SUs), and relay MUs, which
are willing to share the downlink spectrum resources, provide the
cached videos, and forward the videos, respectively. A downlink
resource allocation for D2D MHMP communications (DRA-
DMC) optimization problem is formulated to find the optimal
allocation pairs of CUs and D2D hops in each path from the SUs
to a destination MU (DU). Consequently, the DU can receive the
videos flexibly from both the MBS and the SUs over D2D MHMP
communications by reusing the downlink resources of the CUs,
at maximum delivery capacity. Simulation results are performed
to demonstrate the benefits of the DRA-DMC solution compared
to other conventional schemes.

Keywords—5G networks, device-to-device communications,
multi-hop multi-path, resource sharing, video applications and
services.

I. INTRODUCTION

It is anticipated that the number of connections in 5G
networks will increase over 100-fold from about 13 billion in
2019 to 1.4 billion by 2023 [1]. In addition, we have witnessed
the dense mobile users (MUs) that request various advanced
video applications and services (VASs), e.g., virtual reality,
e-health and education, surveillance, management, and enter-
tainment, at an ever-high capacity demand despite the scarcity
of spectrum resources in 5G networks [2]–[4]. This in turn has
stimulated the need for spectrum resource management or/and
network modifications to meet the benefits of both mobile
network carriers and MUs.

One of the most efficient solutions is utilizing the source
MUs (SUs) that have cached video contents for sharing and
the cellular MUs (CUs) that have available downlink spectrum
resources for reusing in order to establish the video streaming

sessions over device-to-device (D2D) communications [5]–
[10]. In this way, the videos are offloaded to the destination
MUs (DUs) at high delivery capacity in the direct vicinity of
transmissions and the traffic congestion at the backhaul links
of the macro base station (MBS) is reduced, while importantly
there is no costly network modification required. However,
direct D2D communications are impossible to exploit the
videos cached in other SUs that are located more than one
D2D hops far away from the DUs for multi-hop multi-path
(MHMP) D2D video communications.

Dense D2D 5G networks have been studied to establish
MHMP D2D communications that can provide the DUs an
alternately efficient way to receive the videos besides re-
ceiving via direct transmissions over D2D communications
and conventional transmissions from the MBS [11]–[15]. The
problem of these studies is that they have not utilized the
videos cached in the SUs nor the characteristics of the MUs’
behavior represented by the video popularity for a high video
streaming performance. In fact, few of the studies on MHMP
D2D communications can be more suitable for VASs thanks
to considering the videos cached in the SUs or/and the video
popularity [7], [16]–[18]. However, the aforementioned solu-
tions are neither to allocate the downlink resource of an CU to
a proper set of D2D hops nor to allow the DUs to receive the
videos over MHMP D2D communications and from the MBS.

In this paper, we propose a downlink resource allocation
for D2D MHMP communications (DRA-DMC) solution for
VASs in dense D2D 5G networks. Particularly, we take all
the advantages of MHMP D2D communications, downlink
resources of the CUs, videos cached in the SUs, and video
popularity to formulate the DRA-DMC optimization problem.
By solving the DRA-DMC problem, the DRA-DMC fully
exploits the downlink resources of CUs by optimally allocating
the downlink resource of an CU to a proper set of D2D hops for
D2D MHMP communications instead of allocating to only one
D2D hop in common. In addition, a target signal to interference
plus noise ratio (SINR) at the CUs is considered to limit the
interference impact caused by the transmissions of D2D com-
munications on the CUs, i.e., to guarantee the quality of service
(QoS) of the CUs when they share their downlink resources.
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Simulation results are insightfully analyzed to evaluate the
performance of the DRA-DMC solution in comparison with
other conventional benchmarks.

The rest of this paper is organized as follows. In Section II,
we introduce the system model of VASs over MHMP in dense
D2D 5G networks and describe how it works. The system
formulations are presented in Section III that consequently
enable us the obtain the DRA-DMC optimization problem and
solution in Section IV. In Section V, simulation results are
shown to evaluate the performance of the proposed DRA-DMC
solution in comparison with other conventional benchmarks.
Finally, we conclude the paper in Section VI.

II. SYSTEM MODEL

In this paper, we consider the system model of VASs over
MHMP in dense D2D 5G networks as illustrated in Fig. 1. The
system consists of one MBS, N CUs, and K videos cached
in K SUs of K paths and the path k has Hk D2D hops,
k = 1, 2, ...,K, and one DU. The transmissions over the D2D
hops in each path are done by reusing the downlink resources
shared by the CUs. Whenever the MBS observes that the DU
requests for a number of videos, it performs the following three
steps:

• Step 1 - Establishing MHMP: The MBS collects the
system information to establish K paths from K SUs
to the DU by applying the interference-aware multi-
hop path selection schemes for D2D communications
[14].

• Step 2 - Formulating and solving DRA-DMC opti-
mization problem: The MBS further gets the channel
characteristics and video popularity to formulate the
DRA-DMC optimization problem. The problem is
then solved for the optimal downlink resource allo-
cation index vhk

n to indicate that if the CU n shares
its downlink resource with the D2D hop hk in the
path k (vhk

n =1) or not (vhk
n =0), hk = 1, 2, ...Hk. In

this step, to exploit the downlink resources of the
CUs, each CU can share up to K D2D hops in K
paths, but only up to one D2D hop in each path. This
is guaranteed by two constraints of vhk

n including:∑Hk

hk=1 v
hk
n ≤ 1, n = 1, 2, ..., N, k = 1, 2, ...,K and∑N

n=1 v
hk
n ≤ 1, hk = 1, 2, ...,Hk, k = 1, 2, ...,K.

Due to the interference impact caused by the trans-
mitters of D2D hops on the CUs, the DRA-DMC
optimization problem also considers the target SINR
at the CUs (γ0) in order to guarantee the quality of
service (QoS) of the CUs. When solving the DRA-
DMC optimization problem, it is noted that if there is
an arbitrary D2D hop in the path k not being share
by any CUs, the video k is sent from the MBS to the
DU instead of from the SU k, i.e., because it does not
satisfy the constraint on target SINR at the CUs or the
MHMP from the SU k to the DU is worse than the
channel from the MBS to the DU.

• Step 3 - Delivering videos to DU: By cooperating with
the SUs, the MBS delivers the requested videos to the
DU. In other words, the DU can flexibly receive the
videos from the MBS and the SUs over D2D MHMP
communications at maximum deliver capacity.

Fig. 1. VASs over MHMP in dense D2D 5G network.

III. SYSTEM FORMULATIONS

A. MHMP Capacity Delivered to DU

In order to derive the MHMP capacity for delivering a
video from the SU to the DU, it is necessary to compute the
SINR at the receiver of the D2D hop hk reusing the downlink
resource shared by the CU n as below

γhk
n =

vhk
n Phk

n Ghk

D

N0 + PMG
hk

M + Ihk

D

(1)

where Phk
n and PM are the transmission powers of the

transmitter of the D2D hop hk and the MBS, respectively;
Ghk

D and Ghk

M , which are the channel gain of the D2D hop hk
and the channel gain between the MBS and the receiver of
the D2D hop hk, are modeled as a product of an exponential
power fading coefficient with unit mean, i.e., ∼ exp(1), and a
standard power law path loss function with path loss exponent
η [19]; N0 is the power of additive white Gaussian noise; and
Ihk

D is the interferences caused by the transmitters of the D2D
hops in the other paths to the receiver of the D2D hop hk in
the path k, expressed as

Ihk

D =

K∑
l=1,l 6=k

Hl∑
hl=1

vhl
n P

hl
n Ghl . (2)

The MHMP capacity of the path k for delivering the video
k from the SU k to the DU is given by

Ckn =W log2(1 + min{γhk
n , hk = 1, 2, ...,Hk}), (3)

where W is the system bandwidth.

B. MBS Capacity Delivered to DU

In consideration of the path k, if there is any hop that
is not shared by any CUs, this path is not established for
MHMP D2D communications. Therefore, the DU is served by
the MBS over conventional cellular transmission. The signal-
to-noise ratio (SNR) from the MBS to the DU and the capacity
delivered from the MBS to the DU are respectively expressed
as

γk,DUM =

[
1−

∏Hk

hk=1

(∑N
n=1 v

hk
n

)]
PMG

DU
M

N0
(4)

and

Ck,DUM =W log2(1 + γk,DUM ), (5)
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where GDUM is the channel gain between the MBS and the DU
[19].

C. Average System Capacity Delivered to DU

So far, the average system capacity per video delivered to
the DU is

C =
K∑
k=1

rk

( N∑
n=1

Ckn + Ck,DUM

)
, (6)

where rk, which represents the popularity of the video k
depending on the users’ behavior, is modelled by following
Zipf-like distribution [20]

rk =
k−α∑K
k=1 k

−α
, (7)

here α is the exponent of the skewed popularity among
different videos. For example, if α = 0, all the videos have the
same popularity, while the higher value of α yields the higher
skewed popularity among different videos.

D. SINR at CUs

Since the CU n shares the downlink resource with many
D2D hops in K paths, it is affected by the interferences from
the transmissions of the transmitters of the D2D hops that
reuse the downlink resource. For the purpose of limiting the
interference impact, it is required to compute the SINR at the
CU n, given by

γnC =
PMG

n
M,C

N0 +
∑K
k=1

∑Hk

hk=1 v
hk
n Phk

n Ghk
n

, (8)

where GnM,C is the channel gain between the MBS and the
CU n [19].

IV. DRA-DMC OPTIMIZATION PROBLEM AND SOLUTION

To obtain the DRA-DMC optimization problem, the Eq.
(6) is used as the objective function. We further consider the
constraints on vhk

n to exploit the downlink resources of the CUs
and the constraint on the SINR at the CUs to guarantee the
QoS of the CUs, as aforementioned in the step 3 of Section
II. Mathematically, the DRA-DMC optimization problem is
formulated as below

max
v
hk
n

C, (9a)

s.t.
∑Hk
hk=1 v

hk
n ≤ 1, n = 1, 2, ..., N, k = 1, 2, ...,K, (9b)∑N

n=1 v
hk
n ≤ 1, hk = 1, 2, ..., Hk, k = 1, 2, ...,K, (9c)∑K

k=1

∑Hk
hk=1 v

hk
n P

hk
n G

hk
n ≤

PMGn
M,C

γ0
−N0, (9d)

n = 1, 2, ..., N.

where the constraints (9b) and (9c) are to ensure that one CU
is able to share its downlink resource with up to K D2D hops
in K paths, but with up to only one D2D hop in each path.
The constraint (9d), which is to guarantee the QoS of the CUs,
comes from the Eq. (8) by letting γnC ≤ γ0.

The above DRA-DMC optimization problem is solved by
applying exhaustive binary searching algorithm (EBSA) [21].
To do so, instead of finding vhk

n , we define K binary matrices
VN×Hk

, k = 1, 2, ...,K to represent all the candidate solutions
in K paths for the DRA-DMC optimization problem. Here,
vhk
n = 1(0) means that the element at the row n and the

column hk of the matrix VN×Hk
is equal to 1(0). The number

of candidate solutions of the path k is 2N×Hk . Therefore,
the EBSA has to search in a space of size V = 2N×H1 ×
2N×H2 × ...×2N×HK combinations of K matrices to find the
optimal binary results V∗ = {V ∗N×H1

, V ∗N×H2
, ..., V ∗N×HK

}.
The EBSA for solving the DRA-DMC optimization problem
is presented in Algorithm 1. In particular, in the step 1, the
EBSA generates the entire search space of K matrices. Then,
the steps 3, 4, 5, and 6 sequentially select each candidate
solution matrix in each path to yield a combination which is
checked if it satisfies the constraints (9b), (9c), and (9d) or not
in the step 7. If it holds, the EBSA then computes the value
of the objective function C (6) in the step 8. Next, together
with the step 2, the steps 9 to 12 are to find the maximum
value C∗ and the corresponding optimal results V∗. Finally, the
EBSA terminates when it completes the process of computing
all V combinations and obtains the maximum average delivery
capacity C∗ as well as the corresponding optimal results V∗
for downlink resource allocation.

It is certain that the EBSA provides the exact optimal
binary results of vhk

n , but it is not suitable for a larger
scale of dense D2D 5G networks when the number of CUs,
SUs, D2D hops, and videos become greater. In this paper,
we do not deal with the problem of EBSA by attempting
to apply other efficient methods that can provide exact or
approximated optimal results but at a reasonable memory and
time complexity. The reason is that the EBSA is a simple way
to find the exact optimal results. Furthermore, the main focus
of the paper is to propose a new system model of VASs over
MHMP in dense D2D 5G networks and evaluate the system
delivery capacity compared to other conventional schemes. The
other efficient methods for solving DRA-DMC optimization
problem will be studied in our future work.

V. PERFORMANCE EVALUATION

We deploy the system with the parameters given in Table
I. In addition, the distance from the MBS to the DU is
500m; the distance of D2D hops is randomly distributed in
the range of [1, 10]m; and the distances from the transmitters
of D2D hops to the CUs and from the transmitters of the
D2D hops in other paths to the receivers of the D2D hops
in the remaining path are randomly distributed in the ranges
of [50, 150]m and [50, 300]m, respectively. To evaluate the
performance of the proposed DRA-DMC solution, we compare
it to other benchmarks including average (Ave), minimum
(Min), and only MBS (OMBS) schemes. In Ave, we compute
the average of C per each combination of K matrices that
satisfies the constraints (9b), (9c), and (9d), while in Min, we
find the minimum value of C instead of the maximum value
as presented in Algorithm 1. In OMBS, the DU is only served
by the MBS over conventional cellular transmission.

We first evaluate the performance of DRA-DMC, Ave, Min,
and OMBS versus the target SINR γ0 as shown in Fig. 2. It is
clear that when γ0 increases to guarantee the CUs higher QoS,
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Algorithm 1 Exhaustive binary search for DRA-DMC problem
Input: Initial system parameters given in Table I
Output: V∗, C∗

1: Generating K search space matrices
V1 = {V 1

N×H1
, V 2
N×H1

, ..., V 2N×H1

N×H1
}

V2 = {V 1
N×H2

, V 2
N×H2

, ..., V 2N×H2

N×H2
}

...
VK = {V 1

N×HK
, V 2
N×HK

, ..., V 2N×HK

N×HK
}

2: C∗ ← 0
3: for each matrix v1 in V1, v1 = 1, 2, ..., 2N×H1 do
4: for each matrix v2 in V2, v2 = 1, 2, ..., 2N×H2 do
5: . . .
6: for each matrix vK in VK , vK = 1, 2, ..., 2N×HK do
7: if K matrices satisfy (9b), (9c), and (9d) then
8: Computing C in (6)
9: if C > C∗ then

10: C∗ ← C
11: V∗ ← {V v1N×H1

, V v2N×H2
, ..., V vKN×HK

}
12: end if
13: end if
14: end for
15: . . .
16: end for
17: end for

TABLE I. PARAMETERS SETTING

Symbols Specifications

N 5 CUs
K 3 paths/videos
{Hk} {1,2,3}
W 10MHz
P 0

M 10W
P

hk
n Randomly distributed in the range of [0.001, 0.01]W
N0 10−13W
η 4 (path loss exponent)
γ0 5dB
α 1

the opportunity to share the downlink resources becomes less.
As a result, the delivery capacity decreases since D2D MHMP
communications cannot be exploited well. The performance of
DRA-DMC even decreases to that of OMBS if γ0 ≥ 25 due to
no D2D MHMP communications established. In comparison, if
γ0 is carefully selected to balance the benefit of D2D MHMP
communications and the QoS of CUs, i.e., γ0 = 5dB, the
DRA-DMC significantly surpasses the other Ave, Min, and
OMBS. The OMBS without D2D MHMP communications
assisted is the worst case and equivalent to the Min.

Fig. 3 plots the performance of DRA-DMC, Ave, Min, and
OMBS versus the exponent of the skewed popularity among
different videos by changing α from 0 to 2. Increasing α means
fewer videos become more popular than the rear ones. In this
context, the DRA-DMC gains the greatest efficiency since it is
able to optimally allocate the downlink resources of CUs to the
D2D hops in each path from the SUs to the DU depending on
the popularity of the videos cached in the SUs. In other words,
the DRA-DMC prefers allocating the better downlink resources
to the proper D2D hops in the paths that are established to send
the higher popular videos to the DU. Meanwhile, the OMBS
cannot do, and thus it provides the lowest capacity delivered
to the DU, in the same performance with the Min.
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Fig. 2. System capacity delivered to DU versus γ0.
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Fig. 3. System capacity delivered to DU versus α.

In Fig. 4, we evaluate the performance of DRA-DMC,
Ave, Min, and OMBS under the effect of the number of
CUs N . The results show us that if N is too small, e.g.,
N = 1, the downlink resources are not enough to establish
the D2D MHMP communications resulting in the fact that the
performance of all DRA-DMC, Ave, Min, and OMBS is the
same and equivalent to the performance of OMBS. Increasing
N enables the DRA-DMC to have more downlink resources
for more and better D2D MHMP communications to gain the
highest performance. It is noted that the performance of DRA-
DMC gets saturated if we significantly increase the number of
CUs, but there are no new better CUs added to the system. So,
for a higher efficiency in terms of system design, the number
of CUs having available downlink resources to share should
be carefully selected to deploy the DRA-DMC solution, e.g.,
N = 3 is good enough in the considered system.

VI. CONCLUSION

In this paper, we have proposed the DRA-DMC solution
for video applications and services in dense D2D 5G net-
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Fig. 4. System capacity delivered to DU versus N .

works. The DRA-DMC solution exploits not only the available
downlink resources of the CUs but also the videos cached
in the SUs to establish the D2D MHMP communications for
offloading the requested videos from the SUs to the DU.
Importantly, the proposed solution can optimally allocate the
downlink resources of CUs to the proper D2D hops in order
to support the MBS in delivering the videos to the DU at the
highest capacity. Simulation results demonstrate that the DRA-
DMC solution outperforms the other conventional schemes.
The insightful analysis also provides the system designers with
useful findings of selecting the reasonable number of CUs
and setting the right target SINR of CUs for a higher system
efficiency.
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Abstract

In 5G networks, device-to-device (D2D) communications have played an important role in enlarging the
coverage, relaxing the workload of backhaul links of both macro base stations (MBSs) and small-cell base
stations (SBSs), and serving the mobile users (MUs) local applications and services at high capacity. However,
beyond 5G (B5G or 6G) networks will require disruptive solutions that can assist D2D communications
to meet numerous advanced applications and services requested by dense MUs. One of the most efficient
solutions for D2D communications is multi-hop multi-path (MHMP). In this paper, we present a detailed
survey of the so called D2D MHMP communications in terms of models, techniques, and applications for B5G
networks. We discuss and propose the future research directions of D2D MHMP communications. All the
models, techniques, and applications as well as future research directions of D2D MHMP communications
provide the useful insights into B5G networks design and optimisation.
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1. Introduction
In every generation of mobile networks, the carriers
always face the problems of how to provide the prolifer-
ation of mobile users (MUs) with high quality of service
(QoS) and high resource efficiency. The emerging 5G
technologies have been mostly addressing the problems
of high data rate, low latency, ubiquitous and massive
connectivity, etc., but expensive deployment due to
system architecture changes and upgrades. Therefore,
the next generation of mobile networks, i.e., beyond 5G
(B5G or 6G) networks will place a high priority on more
intelligent solutions that can improve the QoS while do
not change the system architecture. One of the most

∗Corresponding author. Email: vonguyenson@duytan.edu.vn

promising solutions, which has been well studied in
5G networks and further developed in B5G networks
is device-to-device (D2D) communications [1].

D2D communications enable direct transmission
between two MUs over one hop in close proximity.
This way not only efficiently mitigates the workload at
both the macro base stations (MBSs) and the small-cell
base stations (SBSs) but also improves system capacity
to meet the high data rate of advanced applications
and services. However, D2D communications over one
hop cannot exploit the contents already cached at the
other MUs around in dense B5G networks for multi-hop
multi-path (MHMP) offloading, namely D2D MHMP
communications [2, 3].

In D2D MHMP communications, the local applica-
tions and services are fully taken to serve the MUs at
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Figure 1. Classification of D2D Communications.

higher quality of experience (QoE1) rather than higher
QoS traditionally. Thanks to shorter transmission per
hop, the D2D MHMP communications reduce the trans-
mission power of each transmitter of a hop. This in turn
allows the transmitters to share their power consump-
tion for longer lifetime as well as to mitigate the inter-
ference on the other receivers which re-use the same
spectrum resource. Importantly, in many applications
and services, e.g., emergency scenarios, the D2D MHMP
communications expand the coverage of networks from
the functional areas to nonfunctional ones, i.e., disaster
areas, to serve as many MUs as possible. It is therefore
crucial to further study on D2D MHMP communica-
tions to make them more powerful for allying to B5G
networks.

In this paper, all the aspects of D2D MHMP com-
munications from architectures, models, techniques,
to applications are investigated insightfully. They are
organised, analysed, and evaluated in a systematic and
logical way. Together with the discussions on future
research directions, we aim to provide both academic
and industrial communities with a full understanding
about D2D MHMP communications. This enables us
to propose disruptive solutions for D2D MHMP com-
munications to address many challenges raised by the
dense MUs with high QoE demand in B5G networks.

The rest of this paper is organised as follows.
In Section 2, we introduce an overview of D2D
communications and techniques that can be utilised
in D2D MHMP communications. Section 3 and
Section 4 present the D2D MHMP communications
architecture and related models, respectively. The
detailed techniques of D2D MHMP communications
are shown in Section 5. Section 6 is dedicated to
presenting various useful applications of D2D MHMP
communications. In Section 7, we discuss and propose
some potential research directions of D2D MHMP

1Unlike QoS, QoE [4] is more visual and sensitive for the MUs to
evaluate the system performance. Some metrics of QoE are used
including hit rate, latency, jitter, quality fluctuation, etc.

communications in B5G networks. Finally, we conclude
the paper in Section 8.

2. Overview of D2D Communications
In traditional mobile networks, all communications
must go through the MBSs or the SBSs if better.
This scheme is not quite reasonable for B5G in
which dense MUs. The MUs often use high-speed
data applications and services (e.g., social networks
and e-learning, e-heath, video sharing, and games,
etc.), and they may be located in close proximity. In
this context, the MUs in short distances from each
other can perform direct D2D communications which
are expected to be much better than longer distances
from MBSs or SBSs [1]. To name but a few, the
benefits of D2D communications include: increasing
the spectrum, energy, and coverage efficiencies [5, 6];
high connectivity and low transmission time [7–9], and
high QoS [10, 11].

D2D communications can be classified based on the
spectrum use manner as shown in Fig. 1. D2D com-
munications occur in the licensed band of the cel-
lular mobile networks (inband) or in the unlicensed
band (outband). For inband communications, recent
studies have focused on how to efficiently distribute
the spectrum for D2D communications and cellular
mobile networks (underlay inband mode). This research
problem mainly focuses on minimizing the interfer-
ence between D2D communications and cellular mobile
communications [12–16]. Other solutions for address-
ing the interference, the authors suggest that a portion
of the licensed band of cellular mobile networks can
be devoted to D2D communications (overlay inband
mode). In this mode, the spectrum allocation is very
important so that the licensed band is pre-specified, but
not wasted [17].

Meanwhile, the studies in [18–21] recommend
the outband used for D2D communications rather
than the inband. In outband communications, the
coordination between two radio interfaces can be
controlled by the MBSs (controlled outband D2D
communications) or between D2D users themselves
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Figure 2. A Typical Architecture of D2D MHMP Communications.

(autonomous outband D2D communications). It can
be observed that D2D outband communications face
the challenge of complicated coordination between
the two bands because D2D communications usually
occurs at the secondary radio interface (e.g., WiFi direct
and Bluetooth). Therefore, in this paper, all the D2D
MHMP communications are in inband applications and
services.

In addition, D2D communications can be divided
into three typical categories based on the way
they communicate with each other including peer-to-
peer communications and cooperative communications.
Although D2D communications bring many benefits
to the network infrastructure and the network core, it
is required a disruptive development to become more
powerful, and thus can be applied to B5G networks. The
promising solution developed for D2D communications
is D2D MHMP communications is investigated in detail
below.

3. D2D MHMP Communications Architecture
A typical architecture of D2D MHMP communications
in B5G networks is illustrated in Fig. 2. It consists of
a core network, MBS, SBSs, unmanned aerial vehicles
(UAVs), vehicles, and MUs; hereafter, the vehicles and
MUs are called end users (EUs). The B5G networks
are able to provide advanced applications and services
(ASSs) over multiple communication modes, e.g., from
MBS, SBSs, and UAVs to EUs, vehicle-to-vehicle (V2V)
communications, direct D2D communications, and
D2D MHMP communications. In this architecture, the

D2D MHMP communications are established based on
the key techniques such as routing, relay selection
(RS), caching, downlink spectrum resource sharing
(DRS), and energy harvesting (EH). The routing and
RS techniques play an important role in finding the
best D2D MHMP communications from the source EUs
(SUs) to the destination EUs (DUs). In addition, the
caching, DRS, and EH techniques are applied to further
utilising the storage, spectrum, and ambient energy
resources to enhance the performance of D2D MHMP
communications in B5G networks. In most of the D2D
MHMP communications, inband is often used, and thus
the interference may occur if using underlay mode.

It is obvious that the B5G networks can serve
the dense EUs numerous advanced ASSs like video
streaming, social networks, e-learning, e-health, smart
transportation, etc. With D2D MHMP communications
assisted, the B5G networks can be more efficiently
applied to content delivery, public safety, environment
and disaster management, IoT networks, and hetero-
geneous ad-hoc networks (HANETs). The main benefit
of D2D MHMP communications is that it can expand
the coverage of networks from functional areas to non-
functional ones, e.g., in disaster and emergency scenar-
ios [63].

4. D2D MHMP Communications Models
In this section, we introduce some models which
are important and mostly used in D2D MHMP
communications. Other ones such as wireless channel,
transmission models, and energy consumption models
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Table 1. D2D MHMP Communications Models

Ref.
Models

Delay Capacity Coverage Security

[6, 22–28] X
[2, 13, 29–40] X
[41–44] X
[45–51] X
[52–56] X X
[3, 57–60] X X
[61] X X
[62] X X X

Figure 3. Key models of D2D MHMP communications.

[64–69] are assumed to be well-known and thus they
are not considered. The general information of D2D
MHMP communications models is shown in Table 1
and Fig. 3. In all systems, the models have to be built
first, and then, the system performance can be analysed,
optimized, and evaluated. The details of D2D MHMP
communications models are discussed as follows.

4.1. Capacity Model
Capacity is the crucial metric used to evaluate
the system performance of a proposed architecture,
technique, or optimisation design. Most of the capacity
models are derived originally from the Shannon-
like capacity W log2(1 + γm,n) characterised by the
signal-to-noise ratio (SNR) γm,n = Pm,n

N0
or signal-to-

interference-plus-noise ratio (SINR) γm,n = Pm,n
N0+Im,n

[2, 3,
13, 29, 31, 33–40, 52–57, 62]. Here, W is the system
bandwidth, Pm,n and Im,n are the power of the incoming
signal of interest and the power of the co-channel
interference signal respectively at the receiving node of
the nth D2D hop in the mth path, and N0 is the power of

additive white Gaussian noise. In addition, the capacity
can be derived from the incoming data traffic at a relay
node [30, 32, 58–60]. In D2D MHMP communications,
the capacity of the mth path, m = 1, 2, ...,M, consisting
of Nm D2D hops, is generally computed as below

Cm = min{Cm,n, n = 1, 2, ..., Nm}. (1)

So, the best path is the one that provides the highest
capacity given by

Cmax = max{Cm, m = 1, 2, ...,M}. (2)

It is noted that the above max−min capacity model
is equivalent to the min−max inference model given in
[13].

4.2. Coverage Model
Coverage is another important metric that has been
mostly studied to evaluate the performance of D2D
MHMP communications. The coverage of D2D MHMP
communications is modeled based on the quality of the
received signal, i.e., SNR or SINR, at the receiving node
of a D2D hop. If the SNR (or SINR) is less than a given
threshold (θ), it means that the transmitting node of the
D2D hop cannot cover the receiving node [6, 22, 23, 25–
28, 52, 54, 55, 62]. The coverage outage probability
(COP) of the nth D2D hop in the mth path is computed
relying on the SNR (or SINR) represented by γm,n and
the threshold θ, given by

pCOP
m,n = P(γm,n < θ), (3)

where P presents the probability.
Next, we have the end-to-end (E2E) COP over Hm

D2D hops of the mth path, expressed as [24, 53, 56, 61]

pCOP
m = 1 −

Hm∏
n=1

(
1 − pCOP

m,n

)
. (4)

From Eq. (4), we can select the best path with the
lowest COP to guarantee the large coverage of the D2D
MHMP communications.
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Table 2. D2D MHMP Communications Techniques

Techniques Ref.

CRR [9, 22–25, 28, 29, 31, 33, 36–45, 49, 50, 52, 54, 55, 57–59, 62–67, 69–80]
DRS [2, 3, 34, 43, 52, 55, 58, 68, 69, 81, 82]
Caching [2, 3, 30, 34, 46]
EH [36, 54, 64]

Figure 4. Key techinques of D2D MHMP communications.

4.3. Delay Model
With D2D MHMP communications assisted, the system
capacity and coverage can be improved, but it may
cause longer delay due to MH communications and
the process of MHMP communications establishment.
In D2D MHMP communications, E2E delay is often
formulated in many forms to be minimised or limited
so as to meet the ultra-low delay of B5G networks.
Particularly, in [45, 49, 57, 59, 61], the E2E delay
is computed based on the time when a packet is
transmitted at the SU and the time when it is
successfully received at the DU. The E2E delay can
be derived from the processing delay per hop, the
average waiting delay per hop, and the number of
hops [3, 46]; the per-hop parameters of coding delay,
propagation delay, and transmission delay [47]; or
simply transmission delay [60, 62]. In some delay
models, the E2E delay further includes the MHMP
control process [48, 50, 51, 58].

4.4. Security Model
Unlike direct D2D communications, D2D MHMP com-
munications are more vulnerable to the eavesdroppers
because of more MH transmissions [41]. The secure
models for D2D MHMP communications are thus seri-
ously studied. Recently, physical layer security (PLS)
has become a promising solution that can efficiently
assist the cryptographic technologies done at higher

layers of the protocol stack. In [43], an energy effi-
cient secure model has been proposed for D2D MHMP
communications. It is known in PLS that the secrecy
capacity for the nth D2D hop in the mth path is given
by

Cs
m,n = [Cm,n − Ce

m,n]+, (5)

where [x]+ = max{x, 0} and Ce
m,n is the channel capacity

of the eavesdropping hop associated with the nth D2D
hop in the mth path.

From Eq. (5), by taking into account the secrecy
capacity constraint Cc, the secrecy outage probability
(SOP) of the nth D2D hop in the mth path is given by

pSOP
m,n = P(Cs

m,n < Cc). (6)

Then, we have the E2E SOP over Hm D2D hops of the
mth path, expressed as

pSOP
m = 1 −

Hm∏
n=1

(
1 − pSOP

m,n

)
. (7)

So far, Eq. (7) allows us to select the best path with the
lowest SOP to guarantee the security of the D2D MHMP
communications.

Furthermore, in [42], the SOP of a D2D hop can
be replaced with the trusted probability to compute
the secrecy levels of D2D MHMP communications in a
similar vein with the work in [43]. And it is interesting
that the PLS combined with cooperative beamforming
strategy can improve the secrecy performance of D2D
MHMP communications [44].

5. D2D MHMP Communications Techniques
In this section, we investigate the key techniques that
have been used in D2D MHMP communications. These
techniques mostly focus on establishing the best D2D
MHMP communications by using clustering or/and
relay selection assisted routing (CRR) techniques
and enhancing the resource efficiency by using
DRS, caching, and EH techniques to gain higher
system performance. The summary of D2D MHMP
communications techniques is shown in Table 2 and Fig.
4. The details are presented as below.
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5.1. Techniques for establishing D2D MHMP
Communications

The clustering or/and relay selection assisted routing
(CRR) techniques enable the EUs to access the contents
from the SUs located far away over MHMP communi-
cations instead of within one hop over direct D2D com-
munications. Depending on the models of D2D MHMP
communications, different CRR techniques have been
proposed in the literature to establish a D2D MHMP
communications session. Under the assumption that
the methods to create D2D MH communications,
e.g., frequency reuse, frequency synchronization, cross-
tier interference mitigation, coded cooperative data
exchange, energy efficient relay selection, D2D based
clustering scheme, relay selection, bit error rate and
fading analysis, etc., within one cell [22, 23, 25, 28, 52,
65, 69–71, 76–80] and cooperative D2D communica-
tions across multiple cells [64], can be utilised, the CRR
techniques are detailed in the sequel.

In [9], the authors proposed a shortest path routing
protocol in which all clustering, RS, and routing
techniques are used for effective data dissemination,
i.e., larger coverage and higher transmission efficiency.
To do so, the target areas of dense EUs are first divided
into different clusters for effective advertisement
dissemination. Then, the routing path selection process
is done to find the shortest path from the SU to
the DU for effective data dissemination. During the
routing path establishment process, the relay selection
technique is deployed to find the set of successive
forwarders who can relay the advertisement message
successfully from the SU to the DU over the shortest
path using geographical user information. In addition,
the shortest path routing protocol can be simply done
by selecting the set of relay nodes to form the path with
minimum number of D2D hops [24], low symbol error
rate and outage probability [29], max-min capacity [31],
or with energy harvesting [36] and secrecy [42] added to
enhance the system performance.

For the purpose of energy efficiency, the authors
in [63, 66] studied an energy-efficient clustering
and routing framework. The framework starts with
selecting the EUs that have higher remaining energy
and computational power to act as the cluster heads
(CHs). After that, the other EUs that can communicate
with a particular CH is grouped into a cluster.
Finally, together with optimal power allocated to the
CHs for high energy efficiency, a path optimization
problem is formulated and solved for finding the path
with minimum end-to-end delay and longer network
lifetime. Clustering, RS, and routing techniques have
also been studied in [44, 54, 75]. However, the authors
in these works further combined with the beamforming
technique [44, 75] and EH technique [54] at the relay
nodes so as to improve the quality of received signal.

In addition, clustering technique can be ignored, i.e.,
only RS and routing techniques are used to address the
issues of delay, energy efficiency, spectrum efficiency,
system capacity, green communications, connectivity,
and secrecy transmissions [33, 37–41, 43, 45, 49, 50, 55,
57–59, 62, 67, 72–74].

5.2. Techniques for Enhancing D2D MHMP
Communications Performance
Downlink Spectrum Resource Sharing. As mentioned in
Section 2, inband D2D communications have been
often studied in the literature because the inband
resource can be controlled and distributed easier than
the outband resource can do. In inband, a D2D
communication between the two EUs is established by
reusing the spectrum resource shared by an arbitrary
common cellular user (CU), i.e. underlay mode, or by
managing the spectrum resource allocation between the
D2D communication and the CU, i.e., overlay mode.
The former always yields interference caused by the
transmission of the D2D communication to the CU due
to using the same spectrum resource, meanwhile the
later does not [81, 82].

In [68], the authors have used multiple modes to
exploit both inband and outband for D2D MHMP
communications. This way can obviously find the best
spectrum resource sharing solution, but with very high
complexity of radio interface control and management.
Meanwhile, the authors in [69] have one utilised inband
for D2D MHMP communications for the ease of radio
interface control and management.

Despite the co-channel interference, the DRS in
underlay mode has been drawn more studies in D2D
MHMP communications thanks to its flexible design
depending on only the interference limit of the CUs. In
a simple sharing manner, a CU can share its spectrum
resource with only one D2D hop [34] with less effect
of co-channel interference. However, some works in [2,
3, 43, 52, 55, 58] allow multiple D2D hops in different
paths to reuse the same spectrum resource shared by a
CU as long as the signal to interference-plus-noise ratio
(SINR) at the CU is greater than or equal to a given
threshold.

Caching. In D2D MHMP communications, the contents
can be provided by caching technique at the MBS and
the SBSs [34]. However, in dense EUs of B5G networks,
many contents are already cached in the EUs. The
cached contents in the EUs must be exploited to relax
the workload of the MBS and the SBSs as well as
improve the QoS of the system [2, 3, 30, 46]. However,
the caching techniques in [2, 3, 30, 34, 46] are all
proactive caching in which the best SUs are assigned
to serve the DU. Further reactive caching techniques
that are more efficient are required to study in the
context of D2D MHMP communications. It means that
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Table 3. D2D MHMP Communications Applications and Services

Ref.
Applications and Services

CASs Public Safety Disaster Management IoT, HANETs

[2, 3, 30, 46, 47, 83] X
[52, 67, 69] X X
[28, 38, 76, 84, 85] X
[22, 33, 34, 36, 37, 40, 44, 63, 64, 66, 75, 86]
[26, 27, 51, 53, 54, 60, 61, 79, 82, 85, 87–92] X

[41–43, 53] X

the contents are placed in the best SUs in advance, with
a certain caching density based on a prediction model of
content popularity. And then, whenever a DU requests
the content, D2D MHMP D2D communications are
immediately established to serve the DU.

Figure 5. Key applications and services of D2D MHMP
communications.

Energy Harvesting. One of the most important problems
of D2D MHMP communications is that many EUs
agree to join the data transmission session from the
SU to the DU. These EUs have to sacrifice part of the
remaining energy for D2D MHMP communications.
The promising technique to compensate the EUs for
their energy consumption is EH. In particular, in [54,
64], a relay EU acts as not only an information transfer
(IT) node but also an energy harvesting node (energy
harvested from the MBS in functional area) and an
energy transfer node (to the next relay node in non-
functional area). The process of EH and IT can be
repeated over a path from the SU to the DU as studied
in [36].

6. D2D MHMP Communications Applications and
Services
As we can see from the earlier sections that D2D MHMP
communications can efficiently support the MBSs and
the SBSs to provide the EUs with many local advanced
applications and services. In this section, typical

D2D MHMP communications assisted applications and
services, i.e., content delivery, public safety, disaster
management, and IoT and HANET, as shown in Table
3 and Fig. 5, are presented in the sequel.

6.1. Content Delivery
In most studies, D2D MHMP communications are used
for local content delivery applications and services
(CASs) [2, 3]. Conventionally, the MBSs or the SBSs are
responsible for cooperatively serving the EUs the CASs.
In addition, D2D communications are able to do so by
direct transmissions over one hop. It is necessary that
D2D MHMP communications are applied to enhance
the hit rate of CASs, i.e., the success probability to hit
a requested content, and thus provide the EUs with
better chances to access the contents. To do so, D2D
MHMP communications are equipped with proactive
caching techniques to bring the contents closer to
the EUs or/and passive caching techniques to exploit
the contents already cached in the EUs for serving
the others around. As a result, the EUs can feasibly
access the contents from MBSs, SBSs, direct D2D
communications, and D2D MHMP communications, at
the highest QoE.

6.2. Public Safety
It is interesting that D2D MHMP communications
have been widely applied to B5G networks for public
safety purpose [28, 38, 52, 67, 69, 76, 84, 85]. In this
scenario, 5G networks may be damaged partially or
fully, or the MBSs are overloaded due to the huge
traffic requested from the EUs for emergency supports
and communications [67]. Such public applications
often get the emergency forces and local governments
involved to ensure the citizens’ safety. In order to meet
the requirements of emergency communications like
low latency, high data traffic exchange, connectivity
maintenance, large coverage; routing algorithms [67],
relay and clustering techniques [28, 38, 52, 69, 76],
and even using UAVs [84, 85, 91]; have been further
studied for D2D MHMP communications. As a result,
B5G networks with D2D MHMP communications can
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assist the emergency forces and local governments in
enhancing the performance of public safety activities.

6.3. Disaster Management
In emergency conditions like natural disasters, the
numerous studies suggest that D2D MHMP is a key
technology that helps to maintain the connection
for rescue activities. The main reason is the mobile
infrastructure is often destroyed fully or partially when
a natural disaster strikes and D2D communications
are proper solution for these cases [22, 27, 88].
The requirement to keep the communications on-
going is a critical matter attracting researches. Due
to the damage of mobile networks during disasters,
under limited energy and battery life of the mobile
nodes, D2D MHMP communications are equipped with
some special techniques, such as clustering, energy
harvesting, cooperative beamforming [22, 27, 33, 51,
54, 63, 66, 75, 88]. Besides conventionally using the
remaining mobile nodes of network infrastructure,
UAVs are also deployed to establish D2D MHMP
information exchanged for disaster management [53,
85, 89, 91]. The UAVs can help to replace the role of the
damaged MBSs in nonfunctional areas by connecting
themselves to the MBSs in functional areas. The D2D
MHMP communications are then connected to the
UAVs to provide the EUs with useful information that
may reduce human lost in natural disasters.

6.4. IoT and HANETs
With the proliferation of wireless devices, IoT and
HANETs are mentioned frequently in many applica-
tions of the fourth industrial revolution. The advantage
of D2D communications that allows the mobile nodes to
directly communicate with each other plays an impor-
tant role in IoT networks and HANETs. D2D communi-
cations are expanded to D2D MHMP communications
for IoT networks by utilising routing algorithms [42, 43,
74]. The objective is to exploit the dense mobile nodes in
IoT and HANETs to minimise the energy consumption.
Especially, with the help of UAVs, D2D MHMP commu-
nications and IoT networks can be efficiently applied to
natural disaster management [53]. However, the most
important issue of D2D MHMP communications in IoT
networks and HANETs is security. The authors in [41]
have listed out all the threats related to data transmis-
sion over D2D MHMP communications in IoT networks
and HANETs. Meanwhile, few of studies have proposed
some methods for security in IoT [41, 42].

7. Research Directions and Open Issues
D2D MHMP communications are considered as the
promising solution to relax workload at backhaul link,
enlarging the coverage and improving connectivity to

deal with demand of users in both the number of
connection and QoS. The above researches still have to
be studied more to improve the QoE and the flexibility
in advanced ASSs. Future research directions may focus
on routing, energy efficiency, reactive caching, security,
and even with UAVs assisted. In fact, there are some
studies about UAVs that have been applied to D2D
communications, but not many applied to D2D MHMP
communications [53, 89].

In routing, selecting paths in D2D MHMP commu-
nications in order to increase the reliability of the
transmitted data and reduce the latency is an impor-
tant problem that needs to be studied further. Besides,
studying the proper number of hops in routing algo-
rithms is also required to select the path so that latency
and energy consumption can be minimized. Related to
energy efficiency and reactive caching, only minimiz-
ing the energy consumption and deploying proactive
caching are not enough. It is more efficient if energy
harvesting techniques are added to prolong the lifetime
of mobile devices, especially in emergency scenarios,
and if reactive caching techniques applied to meet the
dense EUs requesting extreme high data rate ASSs in
B5G networks.

Importantly, in dense B5G networks, using D2D
MHMP communications will still be an important point
to be researched in terms of security. The reason is that
the data transmitted over D2D MHMP communications
is easier to be disclosed. Security for D2D MHMP
communications is also a very serious issue. Finally,
when D2D MHMP communications applied to emer-
gency scenarios, public safety, transportation systems,
and smart cities, the UAVs with optimal trajectories are
deployed as intermediate SBSs to support the EUs in
quick response without any interruptions.

8. Conclusion

We have witnessed a great achievement in cellular
mobile communications that 5G networks have been
launched and equipped with many emerging technolo-
gies. In B5G networks, besides studying new disruptive
solutions that may change the system architecture and
require a high cost, it is important to place a high
priority on the ones that do not make the system any
changes, but are able to ubiquitously serve the ever-
high demand of non-stop proliferation of EUs. In this
paper, we have made an insightful survey on D2D
MHMP communications - a promising solution for B5G
networks. The survey presents throughout not only
the models, techniques, and applications but also the
analysis of D2D MHMP communications to know how
it works, what it benefits, and which open issues can
be developed in future research directions. Our work
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can provide the useful insights into D2D MHMP com-
munications design and optimisation to enhance the
performance of B5G networks.
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