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Abstract

Network coding (NC) can greatly improve a system'’s performance on throughput and channel utilization via
corresponding signal processing on the relay side. Implementation of NC in relay-assisted device-to-device (RA-D2D)
communications is a promising way to further explore the advantages of RA-D2D communications in cellular systems.
This paper proposes a signal processing scheme for RA-D2D which jointly takes into account NC and optimal relay
selection. First, the optimal relay user equipment (UE) is selected by jointly considering the end-to-end data rate,
end-to-end transmission delay, and relay survival time. Then, in the procedure of signal processing, the transmitted
useful signal is combined with interference signal for NC operation, and finally, the original useful signal is recovered
at the destination node. Simulation results show that the proposed scheme is able to not only eliminate the
interference effectively but also has a superior performance on end-to-end transmission delay, reachability, and
amount of transmitted information than that without NC. In particular, signal processing via NC is equivalent to
encrypting the signal, which further enhances the information security in D2D communications.
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1 Introduction

People constantly send and receive messages in different
ways, in which the essence is to solve the problems on sig-
nal transmission, processing, and detection [1, 2]. With
the continuous improvement of communication and sig-
nal processing methods, great progress has been made
in both effectiveness and reliability. However, it is envi-
sioned that, in future networks, more and more wireless
terminals will be included, and communication systems
should be able to provide access interfaces for these
terminals. Therefore, how to improve system capacity
and channel utilization with limited resources is critical
[3, 4]. The research of [5] introduces the device-to-device
(D2D) communication technology under the control of
the base station (BS) in the cellular network, and it
demonstrates that users can directly perform signal trans-
mission to complete the communication, whereas the BS
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is only responsible for allocating resources and controlling
the whole communication process, which improves the
resources’ usage efficiency and reduces the burden of
BS [6, 7]. When the distance between the D2D users
is too far to establish a direct link, an idle user can be
selected as a relay node to form a relay-assisted D2D
(RA-D2D) link to complete the end-to-end signal trans-
mission in two time slots. However, the end-to-end rate
and reliability of the signal will be affected due to the user
mutual interference which will inevitably occur. In previ-
ous researches, the interference was mainly controlled via
performing joint scheduling on resource allocation, power
control, and communication mode selection at the BS
[8-12]. In the traditional relay-assisted communication
system, the relay node is responsible for store-and-
forward without performing any signal processing [13]. In
[14], it is proved that network coding (NC) can improve
system throughput and transmission rate through arith-
metic processing in relay. The early study in [15-17]
identified that NC can be implemented into RA-D2D sig-
nal processing to effectively eliminate interference and
improve transmission rate and reliability of the system.
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However, the issue of relay selection and resource allo-
cation are not considered. In [18], the RA-D2D signal
processing based on NC was further improved, in which
the coding and modulation were adaptively performed
according to link quality. Although a scheduling scheme
jointly considering resource allocation, power control, and
relay selection was proposed in [19], the factors taken into
account were not comprehensive. The researches men-
tioned above are all based on the situation of a single
antenna. In [20], NC was implemented into multi-hop
and multi-antenna RA-D2D signal processing, and it was
proved that bringing NC into RA-D2D signal processing
could achieve further improvement on the system perfor-
mance and enhance security in the data transmission.

In view of the deficiencies in the existing researches,
this paper will implement NC into the relay selection
of RA-D2D to achieve more efficient cross-layer relay
selection and resource allocation. End-to-end data rate,
end-to-end transmission delay, and relay survival time will
be jointly considered when NC signal processing is per-
formed to select the optimal relay node. Hence, the overall
communication process will be optimized.

The main contributions of this paper are summarized as
follows:

First, we propose a session mechanism for network
coding involved D2D communications, which is mainly
implemented in the relay-assisted D2D communication
mode. With this mechanism, the interference signal gen-
erated by the cellular users is used to perform network
coding process at the relay node, thereby improving trans-
mission efficiency and saving resources while eliminating
interference.

Second, we incorporate the proposed networking cod-
ing mechanism into the relay selection process in the
relay-assisted D2D communications. By jointly consider-
ing the network coding processing at the candidate relay
nodes, the end-to-end data rate of the relay path, end-
to-end delay of the relay path, and the remaining battery
capacity of the candidate relay nodes, the new relay selec-
tion scheme is expected to provide an even better overall
transmission performances. Simulation results demon-
strate the better performance of our proposed scheme and
reveal the impact of network coding on D2D communica-
tion systems based on optimal relay selection.

The remainder of this paper is organized as follows. In
Section 2, we introduce the system model. The proposed
joint scheme is presented in Section 3. Simulation results
are provided in Section 4 to illustrate the performance
of the proposed algorithms. We conclude this paper in
Section 5.

2 System model
The system model in this paper is a single-cell scenario in
modern cellular systems (e.g., LTE-A). Assume that there
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is efficient interference coordination between adjacent
cells, with which, the base stations in different cells can
perform power coordination and semi-persistent resource
scheduling between cells via exchanging the user equip-
ment (UE) information and resource usage information
[21, 22]. In such a way, the inter-cell interference can
be minimized. Hence, the inter-cell interference is omit-
ted in this paper to emphasize the research focus. The
researched single-cell scenario only includes a base sta-
tion, cellular user equipments (CUEs), relay-capable UEs
(RUEs), and D2D-capable UEs (DUEs), as shown in Fig. 1.
In order to emphasize the research focus on the influence
of network coding processing on relay selection in D2D
communications, it is just assumed that there are only
one pair of D2D communications users. Meanwhile, there
are N CUEs and M RUEs, denoted as [ C1, Cs, ...Cj, ...CN]
and [Ry, Ry, ...R;, ...Ry], respectively. The transmitter and
receiver of the DUEs are denoted by S and D respec-
tively. It is assumed that the cell is overloaded; that means
resources are not idle and cannot be separately allocated
to DUEs, and only CUEs’ uplink resources can be reused
[23]. DUEs can communicate directly or with RA-D2D
mode according to channel quality and communication
requirements. For each of the two communication modes,
at most, one CUE’s uplink resource can be reused. In
RA-D2D communication mode, transmitter-to-relay and
relay-to-receiver transmissions are finished in two time
slots, and transmitter-to-relay and relay-to-receiver links
reuse the same uplink resource. As a result, the CUE
whose uplink channel is reused will generate interference
to the relay UE and the receive DUEs. In addition, assume
that all UEs in the cell are under the control of the BS,
which can acquire all channel state information, control
DUESs’ communication mode, select the reused resource,
and optimize the relay selection.

Based on a comprehensive survey on the path loss sce-
narios mentioned in 3GPP releases (e.g., Release 9 [24]), a
channel gain model given in [25] is adopted in analysis of
the communication process, which jointly considered the
path loss, slow fading, and fast fading. Such a channel gain
model can ensure the universality of the proposed strat-
egy. One can easily modify such a channel gain model to
make the proposed relay selection strategy applicable in a
specific propagation scenario suggested in [24]. The chan-
nel gain between transmitter  and receiver b is defined as

hapl* = KOﬂZ,hﬁZ,bd;g (1)

where Kod;z is the path loss given in 3GPP Release 9, Ky
is a constant whose value corresponds to the implemented
path loss model, d,, is the distance from the transmit-
ter to the receiver, « is is the path loss exponent, ,BZ,b is

slow fading obeying the logarithmic distribution, and ﬁ; b
is fast fading obeying the exponential distribution [26].
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Fig. 1 System model for a single-cell scenario in modern cellular systems
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Fig. 2 The specific scenario of RA-D2D communication based on network coding
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3 The proposed joint scheme
3.1 RA-D2D signal processing scheme based on network
coding
In this paper, the specific scenario of RA-D2D signal pro-
cessing based on NC is shown in Fig. 2. S and D are the
two DUEs, R is a RUE, and the CUE is a cellular user
whose uplink resources are reused. Note that the same
CUE’s uplink channel is reused by the RA-D2D commu-
nications in the two time slots, and the CUE’s interference
to RUE R and the receive DUE D during the signal trans-
mission are taken into account. In the scheduling, when
selecting the cellular uplink channel that can be used by
the researched D2D link, the required signal to noise and
interference ratio (SINR) of the reused uplink channel is
assured. Power control strategy at the source UEs is not
considered in this paper and the interference suppression
is just guaranteed by selecting the optimal cellular uplink
channels that can be reused.

(2019) 2019:73

Page 4 of 11

Let x and s denote the signal sent by the CUE to
the BS and the signal from S to D respectively. We
divide the NC-based RA-D2D signal processing into two
phases: transmitting phase and receiving phase. In this
work, linear channel coding and BPSK modulation are
assumed to be used in the network coding assisted D2D
communications. The block diagram for the signal pro-
cessing procedure is shown in Fig. 4. As a result, the CUE
whose uplink channel is reused will generate interference
to the relay UE and the receive DUEs. In addition, we
assume that the distance from the CUE to the DUE and
the link quality meet the restriction requirements, so the
signals transmitted by the CUE can be correctly detected
at both the relay and the DUE D.

In the first phase, the relay R receives the signal trans-
mitted by the CUE and S, and D receives the interference
signals transmitted by the CUE. The received signals at R
and D can be expressed as

In addition, all UEs are assumed to be with single
o = /Pshgys + /Pchex + n 2
antenna and work on half-duplex mode. The specific pro- ISR St CHer SR @
cedure for session establishment and communication is
depicted in Fig. 3. ycp = v/ Pchegx + npp (3)
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Fig. 3 The session establishment and communication based on network coding in RA-D2D systems
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where P¢ and P are the transmit power of the DUEs and
the CUE respectively. kg , k¢, and k4 are the channel
gains between the users; nsg and npp are additive white
Gaussian noises.

In the second phase, the relay node R recovers § and &
by maximum likelihood detection and then performs net-
work coding operation (XOR) and transmits the encoded
signal ¥ @ § to the receiver D. The received signal at D is

yrD = v/Prhya (3 ® 8) + npp (4)

Then, the encoded signal x @ § can be obtained at the
receiver D with maximum likelihood detection

Y&D — /PRy (% @ §) ’ (5)
{ '

—

(56 @ §) = arg min

Finally, the original transmission signal is recovered via

NC decoding, i.e., (x @ §) @ .

The interference signal generated by the CUE is effec-
tively eliminated through the network coding operation,
so that the influence of the interference is effectively
eliminated and the signal-to-noise ratio is improved.
The instantaneous signal to interference and noise ratio
(SINR) from the transmitter to the relay in the first
phase is

_ PS|hsr|2 "‘I)Clhcr|2

No (6)

VSR
In the second phase, the instantaneous signal to inter-
ference and noise ratio (SINR) from the relay to the
receiver is

_ Pelhgl?
Ny

Therefore, the end-to-end reachability rate is

7)

YRD

. 1 1
Ryc = min {zlogg I+ ysr)» Elng 1+ VRD)} (8)

3.2 Optimal relay selection strategy
This subsection describes the cross-layer design for the
optimal relay selection, which jointly takes into account
the end-to-end transmission rate, end-to-end transmis-
sion delay, and relay survival time. The end-to-end rate
Rnc of the system is calculated in Section 3.1. Subse-
quently, we will introduce how to calculate the relay
survival time and end-to-end delay and discuss the opti-
mization problem of relay selection scheme with different
criteria considered [27].

a. Relay survival time

Depending on the relay user’s remaining power, obvi-
ously the longer survival time, the more informa-
tion can be delivered. Therefore, the user with more
remaining power is selected as the candidate relay. Let
E\,Ey,..Ej, ... Epr denote the remaining battery capaci-
ties of the M RUEs. The survival time of RUE R; can be
obtained according to

T; = Ei/I¢ ©

where /; stands for the discharge current. According to the
relationship among voltage, current, and power, if the dis-
charge voltage and the corresponding power consumed
are known, the discharge current can be acquired. In this
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Fig. 5 The distribution of the users in the cell

paper, the discharge voltage is a predefined parameter
and the total power used for data transmission at each
transmit UE can be calculated according to the remaining
battery capacity. « is constant to indicate the non-linear
effect, and its value is around 1.3.

b. End-to-end delay

In the communication, the end-to-end delay mainly
contains the queue buffer delay on the device and the
retransmission delay caused by packet loss. Packet loss
includes packet dropping due to limited buffer length
and transmission errors due to poor communication link
quality.

The average queue length of the device is assumed to be

Qs(i’j ) in the S-R link, and the average throughput in a time

slot is Ts(i'j ). Using the algorithm in [27], the delay caused
by data queuing can be calculated as

Qi
ol AT<1 _ ps(;f)> (1 _ ps(é”))

where A;AT is the number of packets arriving at the
device in one time slot, A; is the arrival rate, and ps(;] ) and
ps(el'/ ) are the packet dropping rate and packet error rate,
respectively.

If the successful transmission time of the data packet is

(i)

ts 77, and the retransmission time required for the failure
transmission is ts(;],), the retransmission delay caused by
packet errors can be expressed as
i) _ )

S,er

W _ Q& _

5,1

(10)

v (&) (11)

The sum of (10) and (11) is the delay generated by the
S-R link

o)

) )

Similarly, the transmission delay for the R-D link can
be acquired as vﬁi’j). Therefore, the end-to-end trans-
mission delay during the communication process is
v = oD 4y,

c. Relay selection optimization

The relay selection optimization problem is discussed
as follows. The end-to-end date rate-based relay selection
model is

Table 1 Simulation parameters

Parameters Value

Cell radius (R) 500 m

Path loss exponent (a) 4

Path loss constant (Kp) 0.01

Noise power (o) — 174 dBm/Hz
Transmit power of UEs 24 dBm
Distance between source and [0,200)(m)

destination DUEs

Slow fading coefficient <,3;b> Log-normal distribution
' with standard deviation of

8dB

Exponential distribution

Fast fading coefficient (ﬁg,b) -
with unit mean
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ie[l,2,--,M]
max {Ryc} s.t. jel1,2,---,N] (13)
Y Rnc > Bolog, (14 va)

where y, is the SINR at the receiver D. The end-to-end
rate- and RUE survival time-based relay selection models
are

i € [1)2" o ’M]
max {T; x Ryc} st jell,2,--,N]
! Rnc = Bolog, (14 va)

(14)

The relay selection model that jointly considered the end-
to-end transmission rate, RUE survival time, and end-to-
end transmission delay is given as

i€ [1,2,-,M]
T: R S [ » 4y )
max{W} st.]  je[L,2--,N]
o vt Rnc = Bolog, (1 + ya)

(15)

It is possible to transmit data at the maximum end-to-end
rate over a long relay survival time while producing a short
end-to-end delay with (15).
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4 Simulation results and discussions

In this section, the performance of the joint network cod-
ing and optimal RA-D2D signal processing scheme is
simulated and analyzed. The scenario is a single cell with
a radius of 500 m, and the communication nodes in the
cell include a BS and a pair of DUEs; the number of RUEs
and CUEs is 10 and 20 respectively. The distribution of
different types of UEs is shown in Fig. 5; the source DUE
is assumed to be located at a distance no less than half of
the cell radius from the base station which is located at
the center of the cell. The destination DUE is randomly
distributed on a circumference with the source DUE as
its center node. All the candidate relay-capable UEs are
randomly distributed within the circle area defined by
the locations of source and destination DUEs. The other
simulation parameters are given in Table 1.

In Fig. 6, the performance on the total amount of data
that can be transmitted with the three relay selection
schemes, i.e., relay selection based on rate, relay selection
based on rate and RUE survival time, and relay selection
based on rate, RUE survival time, and delay, are simu-
lated and compared. The simulation results show that,
when the distance between the source and the destina-
tion DUEs increases, the total data that can be transmitted

%10°
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——#— Rate based relay selection with NC

==©— Rate and RUEremaing battery based relay selection with NC
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o

Total amount of transmitted data (bits )
o
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Distance between source and destination DUEs (m)

Fig. 6 The total transmitted data of the three relay selection methods with and without network coding
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decreases, due to the fact that the energy consumption
increases along with the separation distance increasing
and the increasing of path loss leads to the decreasing of
the data transmission rate. The vertical comparison shows
that the relay selection scheme only based on data rate
corresponds to the worst performance on total amount
of data that can be transmitted. The reason is that, much
more energy is consumed to achieve the maximum trans-
mission rate, which leads to a great decrease of the relay
UE’s survival time. The scheme that jointly considers end-
to-end rate and relay survival time enables transmission at
the fastest rate with the most remaining power, so it cor-
responds to the best performance on the total amount of
data that can be transmitted. For the scheme that jointly
considers end-to-end transmission rate, RUE’s survival
time, and end-to-end transmission delay, its performance
on total data amount is slightly worse than the scheme that
jointly considers only the end-to-end data rate and the
RUESs’ survival time. The reason is that although the delay
caused by the transmission loss is taken into account, the
impact can be found to be small. When comparing the
results with and without NC for the same relay selec-
tion scheme, it shows that no matter which relay selection
method is adopted, the total amount of data that can be
transmitted under the situation with NC is significantly
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higher than that under the situation without NC. As NC
is performed, the curves for the relay selection schemes
based on rate, delay, and RUE survival time and the relay
selection scheme based on rate and RUE survival time
are almost coincident. Because the possible interference
has been effectively eliminated via NC processing, and
the reachable data rate is improved while the transmission
delay is reduced.

The performance on average end-to-end transmission
delay under the three relay selection schemes are further
simulated and compared, as shown in Fig. 7. With the dis-
tance between the source and destination DUEs is increas-
ing, the delays corresponding to the three relay selection
schemes are all increasing. This is reasonable, because
increasing of the separation distance leads to the increas-
ing of path loss, which would make the packet loss and
retransmission even worse. In addition, the low transmis-
sion rate makes the queuing time increasing. The vertical
comparison for the three relay selection schemes shows
us that the rate-based scheme corresponds to a minimum
end-to-end transmission delay under the same simulation
settings, because the maximum transmission rate natu-
rally takes the least transmission time. The scheme based
on rate and RUE survival time has the maximum end-
to-end transmission delay, while the scheme based on
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—t— Rate based relay selection with NC
—©— Rate and RUEremaing battery based relay selection with NC
3.6 | |=8=Rate delay and RUEremaing battery based relay selection with NC =0
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Fig. 7 The average end-to-end delays of the three relay selection methods with and without network coding
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rate, delay, and RUE survival time corresponds to a delay
performance between the former two schemes.

Jointly reviewing Figs. 6 and 7, it is seen that the
scheme based on rate and RUE survival time is similar
to the scheme based on rate, delay, and RUE survival
time in terms of the performance on total amount of
data that can be transmitted, whereas the latter is sig-
nificantly better than the former in terms of the delay
performance. Therefore, the relay selection scheme jointly
considering rate, delay, and RUE survival time corre-
sponds to the best overall transmission performance. Fur-
thermore, it can be found that, for each of the three
relay selection schemes, implementing NC processing
can greatly reduce the end-to-end transmission delay,
because the interference is effectively eliminated via the
network coding operation. Since NC utilize the inter-
ference generated by the CUEs whose uplink channels
are reused, it can reduce the retransmission time caused
by packet errors and end-to-end time delay. In addition,
it will not have a big impact on the time delay caused
by increasing of the distance between the source and
destination DUEs.

Figures 8 and 9 show the performance on total data
amount and average end-to-end transmission delay under
the aforementioned two relay selection schemes, i.e., the
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scheme based on rate and RUE survival time and the
scheme based on rate, delay, and RUE survival time, with
different channel bandwidths. The influence of the band-
width on the transmission performance is obvious in
Figs. 8 and 9. No matter which relay selection scheme is
implemented, with the broadening of the channel band-
width, the performance on the total amount of data that
can be transmitted and the end-to-end transmission delay
becomes better. The wider the channel bandwidth, the
higher the end-to-end data transmission rate. It further
reduces the times consumed on data queuing, and thus
decreases the transmission delay and more transmission
can be finished within the relay UE’s survival time. In
such situations, the influence of taking transmission delay
into account on the relay selection is reduces. Accordingly,
the performance difference generated by the two different
relay selection strategies becomes smaller.

5 Conclusions

In this paper, we designed a relay-assisted D2D signal
processing scheme based on network coding. Different
from the traditional store-and-forward processing, the
network coding operation for the desired and interference
signal at the selected relay node effectively eliminates
the interference caused by resource reusing and expands
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Fig. 9 The average end-to-end delay in different bandwidths for joint network coding and relay selection schemes

the communication range of the D2D communications.
Bringing network coding into relay assisted D2D signal
processing further explores the benefits of D2D commu-
nications underlaying cellular systems. The security for
the transmitted information in the relay assisted D2D link
can also be improved with the help of network coding.
In the proposed scheme, the candidate relay-capable UE
that can achieve the optimal overall performance on end-
to-end data rate, end-to-end transmission delay, and link
survival time is selected as the final relay node. Simulation
results indicated that the relay selection scheme jointly
considering end-to-end data rate, transmission delay, and
link survival time corresponds to the best overall perfor-
mance on total amount of data that can be transmitted and
end-to-end transmission delay. Moreover, for a specific
relay selection scheme, the overall transmission perfor-
mance with network coding is significantly better than
that without network coding when the optimal relay UE
is selected. Hence, the effectiveness of including network
coding into the relay selection process in the relay assisted
D2D communications is validated.
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