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ABSTRACT

This article provides an overview on spectrum
sharing in D2D underlaying communications for
5G and beyond 5G applications. Various spec-
trum sharing algorithms are summarized within a
framework of underlaying D2D communications
in cellular networks to increase spectrum efficien-
cy. Dynamic spectrum sharing algorithms in the
frequency, power, and spatial dimensions are pro-
posed for underlaying D2D communications with
both single antenna and multiple antennas at the
base station. Performance evaluations show the
effectiveness of the proposed algorithms in terms
of average data rate per D2D pair.

INTRODUCTION

The required data traffic is expected to sig-
nificantly increase due to very high through-
put services such as high definition (HD) video
streaming, wireless cloud office, and augmented
reality. In order to cope with these new traffic
demands, cellular networks should dynamically
allocate their radio resources as efficiently as
possible. This can be achieved by performing
direct communications between mobile users
on top of the hierarchical architecture where
mobile users can only be connected to the base
station (BS). Therefore, device-to-device (D2D)
communications can be established between
two nearby mobile users that are directly
exchanging data. Such direct communication
has many advantages since it decreases latency,
increases the data rate, and decreases power
consumption due to low propagation loss.
Moreover, the spectrum can be shared by sev-
eral D2D pairs if they are far enough to assume
that their mutual interference is negligible. Of
course, not all mobile users may be involved in
direct communication, and other users (referred
to as cellular users in the remaining parts of the
article) will still communicate with the BS. Spec-
trum sharing is allowed between cellular and
D2D communications dynamically; however,
adding D2D communications should not gen-
erate any regression of cellular transmissions.
D2D communications are then underlaid in cel-
lular transmissions.

Dynamic spectrum sharing in underlaying
D2D communications raises many issues regard-
ing how resources should be allocated to make
the best use of the spectrum [1]. In multi-carrier

transmissions such as Long Term Evolution (LTE),
two types of algorithms can be used. In the first
one, resource block (RB) allocation is separated
from power control and performed just once; in
the second one, the two steps are separated, but
they are iterated to achieve better performances.
In [2], the first type of algorithm was used with
the additional constraint that only one D2D pair
can be multiplexed per RB with a cellular user.
The optimization objectives may be written to
maximize the sum rate or the energy efficiency.
Another constraint imposed, that each D2D pair
is only allocated one RB, whereas several D2D
pairs are multiplexed with a cellular user, was con-
sidered in [3, 4]. The multiplexing of D2D pairs
with cellular users has been written as a graph-col-
oring problem in, for instance, [5, 6]. The second
type of algorithm relies on iterative solutions [7]
to maximize the weighted sum rate or to achieve
proportional fairness.

In this article, we first provide an overview
of D2D communications and of the different
existing D2D transmission modes with a special
emphasis on underlaying communications. Then
we introduce the studied scenario. The different
approaches for dynamic shared spectrum alloca-
tion in the frequency, power, and spatial dimen-
sions are described. The novel spectrum sharing
techniques are assessed with numerical results,
and finally, some open issues are discussed.

D2D COMMUNICATIONS
OVERVIEW OF D2D COMMUNICATIONS

Current cellular networks are structured in a
hierarchical way with a BS in each cell that con-
trols all the users and through which all data
traffic goes. Recently, D2D communications
have been presented to offload the data traf-
fic of BSs [1]. D2D communications provide a
direct connection between two mobile users in
proximity without the help of the BS. D2D com-
munication is a promising solution to improve
spectral efficiency by increasing high-rate local
services, such as distributing large files between
close wireless devices. Moreover, D2D commu-
nications offer a large panel of proximity ser-
vices including online gaming, real-time social
networking, communication in natural disaster,
mobile advertising, and so on.

We can distinguish two types of D2D commu-
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nications. In D2D communications with operator
controlled link establishment, the source and des-
tination devices talk and exchange data with each
other without the need for a BS. However, they
are assisted by the operator for link establishment.
On the other hand, in D2D communications with
device controlled link establishment, the source
and destination devices have direct communica-
tion with each other without any operator control.
In this article, we mainly consider operator con-
trolled link establishment. In both cases, the spec-
trum resources for D2D communications should
be allocated in such a way as to ensure limited
interference with other devices and maximize the
overall spectrum efficiency. Besides, an important
challenge of D2D communications is related to
device discovery. The discovery can be processed
by the BS, which will inform the devices about
other devices in close proximity, or can be per-
formed by the devices themselves through the
use of beacons.

Two D2D communication modes to reuse cel-
lular spectrum resources can be considered: over-
lay and underlay communications [2]. In overlay
D2D communications, the operator allocates ded-
icated resources, such as frequency band, to D2D
pairs and cellular users separately. This approach
eliminates interference between the D2D and cel-
lular links; however, it leads to low spectral effi-
ciency. In underlay D2D communications, the
cellular and D2D links use the same spectrum
band. One major challenge is how to manage the
interference caused by D2D links to cellular trans-
mission and vice versa. This interference can be
mitigated by introducing spectrum allocation and
power control schemes, as developed in this arti-
cle. Underlay communications imply a hierarchi-
cal allocation of the resources: cellular users have
higher priority over D2D pairs. In this article, it is
assumed that first the cellular users are dynamical-
ly allocated, and then a spectrum allocation for a
D2D pair is performed.

D2D IN 3GPP LTE StANDARD

Since D2D communications will enhance the
network in terms of both service delivery capa-
bility and efficiency, the Third Generation Part-
nership Project (3GPP) started to study D2D in
2010. Proximity Services (ProSe) are considered
by the 3GPP with the goal to define D2D com-
munications within LTE networks. The first study
item was finished in early 2013 (Release 12) with
the introduction of preliminary functionalities for
D2D communications including network assis-
tance for D2D discovery and communication
The remaining ProSe features, including direct
communication (one-to-one and one-to-many),
mobile to network relays, and Evolved Packet
Core (EPC) support for wireless local area net-
work (WLAN) direct discovery and communica-
tion, were added in stage 2 (Release 14). Further
research developments are under study in the
context of fifth generation (5G) and beyond 5G
(B5G) networks [9].

STUDIED SCENARIO
We assume that the D2D transmission utilizes
uplink resources in order to limit interference.
Indeed, when using downlink resources, the D2D
transmitter may cause high interference to near-

—> Cellular useful signal

D2D useful signal
--> |nterference from cellular
Interference from devices

Base station

Cellular user

Device

FIGURE 1. Underlaying D2D scenario.

by cellular mobiles receiving downlink traffic. On
the opposite side, if the D2D transmission utilizes
uplink resources, the D2D receivers will experi-
ence interference from nearby cellular mobiles
transmitting uplink traffic. In that case, the interfer-
ence generated by the D2D transmitters to the BS
can be controlled.

We consider a scenario with K D2D pairs
and C cellular users, as represented in Fig. 1.
Multi-carrier transmission based on orthogonal
frequency-division multiplexing (OFDM) is used.
Adjacent subcarriers are grouped to form an RB,
and the transmit power per RB as well as the total
power per transmitter may be adapted. Frequen-
cy reuse is not allowed for cellular users, but sev-
eral D2D pairs may reuse the same RB. They may
also reuse the same RB as cellular users, as long
as the interference that they generate at the BS
remains under a threshold, which is denoted /.
Under this constraint, the interference caused by
D2D pairs on cellular communications is negligi-
ble, and D2D communications are underlaid in
cellular communications. We consider both the
case of single antenna and N, > 1 antennas at the
BS. All cellular users and D2D pairs have only one
antenna.

The objective of the dynamic shared spectrum
allocation considered in this article is to maxi-
mize the weighted sum data rate of the D2D
pairs under two constraints: first, all cellular users
must achieve signal-to-interference-plus-noise ratio
(SINR) constraints per RB; second, the total inter-
ference caused by all D2D transmitters at the BS
in each RB must be lower than the allowed inter-
ference level.

For resource allocation of the cellular users,
the RBs are equally shared among the cellular
users. and the cellular user that has the highest
channel gain is allocated for each RB. After that,
the power level of each cellular user is deter-
mined to achieve a given SINR by taking into
account the maximum transmitted power and
the channel gain of the allocated cellular user
per RB with open loop power control. When
the number of antennas at the BS is higher than
one, the channel gain is determined considering
the post-coding vector based on maximum ratio
combining.
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The spectrum sharing
of D2D pairs is opti-
mized by finding a set
of D2D pairs gener-
ating low interference
to each other in each
RB. This problem is
equivalent to a graph
coloring problem [10],
which can be solved
with several levels of
complexity, including
weighted graphs [5] or
using iterative branch-
and-bound [6], among
other possible tech-
niques.

SPECTRUM ALLOCATION FOR
UNDERLAYING D2D WITH A SINGLE ANTENNA

SHARED USE OF THE SPECTRUM THROUGH
DISTANCE-BASED FREQUENCY REUSE

D2D pairs may be located anywhere in the cell.
D2D pairs that are far enough may reuse the
same frequency resources in order to increase the
total throughput. It is possible to multiplex several
D2D pairs on the same RB, and to multiplex them
with a cellular user. In D2D underlay communica-
tions, we assume that resources are dynamically
allocated to D2D pairs depending on their relative
distance or channel gain between each other and
their distance or channel gain to the BS. The spec-
trum sharing of D2D pairs is optimized by finding
a set of D2D pairs generating low interference to
each other in each RB. This problem is equivalent
to a graph coloring problem [10], which can be
solved with several levels of complexity, including
weighted graphs [5] or using iterative branch-and-
bound [6], among other possible techniques.

A low-complexity graph-based RB allocation for
D2D pairs can be described as follows. D2D pairs
k and [ are forbidden to transmit in the same RB if
the distance between the D2D transmitter of pair
k and the D2D receiver of pair |, or the distance
between the D2D transmitter of pair / and the
D2D receiver of pair k is lower than a given thresh-
old. The graph is represented by G = (V, E), where
the vertices V are all K D2D pairs, and the edges
E are binary variables such that £, ;= 1 if D2D
pairs k and | are forbidden to transmit in the same
RB, and it is equal to 0 otherwise. The first step of
the algorithm consists of building the graph. Then
several graph coloring techniques may be used to
assign the vertices to colors so that if £ = 1, verti-
ces k and [ are in different colors. Finally, the D2D
pairs that belong to the same color are distant
enough and can be multiplexed on the same RB.
On the contrary, the D2D pairs in different colors
must be allocated to orthogonal RBs.

We propose another solution that does not
use graph coloring and is based not only on dis-
tance, but also on channel gains. It consists of
determining the maximum number of multiplexed
D2D pairs that can jointly achieve a high SINR.
The SINR per RB n is defined as a function of the
transmit power of all active devices among the K
D2D pairs. The constraint that all active devices
should achieve SINR higher than a given thresh-
old, noted vy, is written as a set of K equations
depending on the channel gains. The problem
can be expressed in matrix notation as

(g-Dp=v )

where p is the transmit power vector of all devic-
es in RB n and I is the identity matrix of size K. ®
is a matrix containing the ratio of interfering D2D
channel gains to direct D2D channel gains multi-
plied by the target SINR of each user, denoted as
Yk corresponding to line k. Finally, v is a vector
that contains the product of the target SINR with
the interference coming from the active cellular
user in RB n plus the thermal noise per RB, and
divided by the direct channel gain of D2D pair
k. The target SINR is set to either vy = vy, if D2D
pair k is active in the RB or v, = 0 if D2D pair k

is inactive. A feasible positive power allocation
exists if and only if the spectral radius of matrix
@, denoted p(®), is strictly less than 1. Conse-
quently, the proposed RB allocation algorithm
consists of determining the largest subset of D2D
pairs with v, = vy, such that the spectral radius of
matrix @ is lower than 1. However, computing the
spectral radius for any subset of pairs is too com-
plex, and it is preferable to use an upper bound
on p(®). The spectral radius is upper bounded by
any norm of matrix ®. The infinity norm has the
main advantage of leading to a distributed criteri-
on, as was used in another context in [11]. Thanks
to the infinity norm, we obtain the following algo-
rithm: If a D2D pair k is such that the sum of all
interfering channels at receiver k divided by the
direct channel gain of D2D pair k is strictly less
than the inverse of the target SINR, then transmit-
ter k is active in RB N. Otherwise, D2D pair k is
not allocated in this RB. This heuristic approach
provides a feasible subset that is sub-optimal, but
it still achieves good performance compared to
graph-based allocations, as shown later by simula-
tion results. Moreover, this heuristic approach has
the same complexity as graph-based allocation.

SHARED USE OF THE SPECTRUM
THROUGH POWER CONTROL

Spectrum sharing between devices is quite effec-
tive with the different techniques based on dis-
tances. However, these techniques do not take
into account the fact that D2D communications
should be underlaid in cellular communications.
The interference received at the BS in each RB
n is the sum of the interference generated by all
the D2D pairs that are multiplexed in RB n. Con-
sequently, in order to fulfill the BS interference
constraint, some of the D2D pairs multiplexed
in RB n must decrease their transmit power. This
may particularly have an influence on the transmit
power of devices that are close to the BS, since
they generate more interference at the BS than
the devices that are at the cell edge.

Power control can be used not only to fulfill
the BS interference constraint, but also to mitigate
the remaining interference among the D2D pairs
that are allocated in the same RB. This may be
extremely useful if the RB allocation has not been
efficient, for instance, if the algorithms detailed in
the previous section have not been used. Howev-
er, even if they are used, power control can help
achieve some specific resource allocation goals
that can be mathematically expressed as optimi-
zation problems. For instance, a possible optimi-
zation objective may be written to maximize the
weighted sum rate among all D2D pairs, taking
into account all RBs; other possibilities are given
to minimize the transmit power subject to a target
data rate, or to maximize the energy efficiency.
In [12], a power control algorithm was proposed
to maximize the weighted sum rate of D2D pairs
while fulfilling the interference constraint at the
BS. This algorithm can be implemented in a dis-
tributed way, which is particularly interesting for
dynamic allocation to rapidly react to the varia-
tions of the channels. One drawback of this algo-
rithm can be that it requires all active D2D pairs
to have high SINR. Consequently, an efficient RB
allocation step similar to the ones previously pre-
sented should be used beforehand.
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Therefore, the high SINR assumption holds,
and the power control utility function is simplified
to U(p, k) = ax log(SINR,, ) for each user k active
in RB n where oy is the weight of user k. Then the
weighted sum rate, which is expressed by sum-
ming of the data rate of all D2D pairs based on
their allocated RBs, is maximized under the con-
straints of the maximum transmit power per D2D
pair and the maximum allowed interference per
RB at the BS, Io.

Nevertheless, power control may substantially
decrease the transmit power of the D2D pairs that
are close to the BS and lead to low data rates. In
single-input single-output (SISO) transmission, the
only means for these D2D pairs to reach very high
data rates would be to transmit in RBs that are not
currently occupied by cellular users, and where
the BS interference constraint does not hold. But
this may only happen if the number of cellular
users is low or their data traffic is limited. In order
to overcome this limitation, multiple antennas can
be used at the BS in single-input multiple-output
(SIMO) transmissions. Then the interference gen-
erated by the D2D transmitters close to the BS
may be low thanks to spatial semi-orthogonality.
The flow chart of the proposed spectrum sharing
for SISO D2D communications is given in Fig. 2
with the blocks in darker green. The same flow
chart is also used for the proposed spectrum shar-
ing in SIMO D2D communications by adding the
block in light green. This solution is explained in
detail in the next section.

SPECTRUM ALLOCATION FOR UNDERLAYING D2D
WITH MULTIPLE ANTENNAS

When multiple antennas are available at the BS,
under the same target SINR, the transmitted pow-
ers of cellular users are decreased because of
antenna gain at the BS. Consequently, the interfer-
ence generated by cellular users to D2D receivers
is also reduced. Since the interference caused by
D2D transmitters at the BS is very critical for the
cellular links, the D2D pairs that are near the BS
have less chance to be allocated than D2D pairs
far from the BS. In order to overcome this major
problem, we can allow link establishment for D2D
pairs close to the BS by taking into account the
directivity properties of the multiple antennas at
the BS. To do so, we propose to allow spectrum
sharing through spatial orthogonality.

The proposed spectrum sharing algorithm
for SIMO D2D communications is performing
resource allocation for cell-center D2D pairs
based on semi-orthogonality criterion and cell-
edge D2D pairs based on multiplexing and then
applying power allocation for all D2D pairs.

First, we separate all D2D pairs into two sets
depending on their location in the cell. Let R be
the cell radius and R, a given distance to distin-
guish cell-edge and cell-center regions by 0 < Rp
< R. Then Scis a cell-center D2D set that includes
the D2D pairs in the area of (0,1 - Rp), and S¢ is
the cell-edge D2D set that includes the D2D pairs
in the area of (Rp, R).

Then, for each RB, one cell-center D2D pair
that is semi-orthogonal to the previously allo-
cated cellular user is selected. The semi-orthog-
onal-based spectrum sharing leads to selecting
the cell-center D2D pair that causes the lowest

For each RB, allocate
one cell-center D2D pair:
semi-orthogonal criterion
¥
For each RB, allocate
multiple D2D pairs: SIMO
infinity norm criterion

SIS0
v

Distributed power
allocation for all D2D pairs

FIGURE 2. Flowchart of the proposed spectrum
sharing for SISO/SIMO underlaying D2D.

interference at the BS [13]. Therefore, the chan-

nel between the D2D transmitter and the BS

becomes as orthogonal as possible to the uplink
channel of the allocated cellular user.

In order to construct a feasible set of cell-cen-
ter D2D pairs for spectrum sharing between cel-
lular users and D2D pairs, we hold the following
constraints for each RB:

+ This set must contain only one cell-center D2D
pair that is semi-orthogonal to the initially allo-
cated cellular user as explained above.

+ This set must not contain any other cell-cen-
ter D2D pairs because the cumulative effect of
interference at the BS is more severe than the
interference caused by cell-edge D2D pairs.

As explained in the shared use of the spec-
trum through distance-based frequency reuse,
we determine the largest set of cell-edge D2D
pairs that can be multiplexed on the same RB
without violating the infinity norm criterion by
taking into account already chosen cell-center
D2D pairs. Then the distributed power alloca-
tion algorithm for D2D pairs is performed as
explained in the shared use of the spectrum
through power control.

PERFORMANCE EVALUATION

In this section, we illustrate simulation results for
different shared use of the spectrum for underlay-
ing D2D communication in cellular networks. The
simulation parameters are given in Table 1. All
D2D pairs have the same weight, 1/K. The target
SINR at each RB for the cellular users and D2D
pairs is chosen as 20 dB and 10 dB, respectively.
The simulation results for SISO D2D commu-
nications are illustrated in Fig. 3. The proposed
SISO algorithm is compared to a frequency-di-
vision multiple access (FDMA) algorithm, where
each RB is allocated to one D2D pair, and all
D2D pairs obtain the same number of RBs with
a random selection. There is no power control
among D2D pairs, but the interference constraint
at the BS is verified. The second algorithm uses
graph-coloring (GBA) to allocate RBs and then
uses the proposed power control algorithm. The
average data rate with the proposed SISO algo-
rithm is 42 to 84 percent higher than with GBA
and 337 to 748 percent higher than with FDMA.
In Fig. 4, the average data rate is increased
between 7 and 12 percent by the proposed

The proposed spec-
trum sharing algo-
rithm for SIMO D2D
communications is
performing resource
allocation for cell-cen-
ter D2D pairs based
on semi-orthogonality
criterion and cell-edge
D2D pairs based on
multiplexing and then
applying power alloca-
tion for all D2D pairs.
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Average data rate per D2D pairs or cellular users (Mb/s)

0.8

0.6

Number of cellular users =20

—a— Proposed SISO
—o— GBA

—*— FDMA

—v - Cellular user

14 16 18 20 22 24
Number of D2D pairs (K)

FIGURE 3. Average data rate per D2D pair or cellular user, SISO case.

sum rate, D2D pairs (Mb/s)

Number of cellular users = 20

—e— Proposed SISO
—<— Proposed SIMO, N =2
—s— Proposed SIMO, Nr =4

Cell radius 500 m
Maximum distance for 50m
D2D pairs

Maximum distance for GBA 125m
Maximum transmit power 21 dBm
Noise power spectral density ~ -174 dBm/Hz
Bandwidth 5 MHz
Fast Fourier Transform size 512
Number of RB 25
Number of cellular users 20
Number of D2D pairs 81024

Path loss model to BS
Path loss model to devices
Shadowing at BS
Shadowing at devices

Multi-path fading for devices

Lgg=128.1 + 376 log;o(d(km))
L4g = 140 + 36.8 log;o(d(km))
c=9dB

cy=4dB

Indoor channel-B model

FIGURE 4. Average data rate per D2D pair, SIMO case.

SIMO algorithm compared to the proposed SISO
algorithm depending on the number of antennas
at the BS and the number of D2D pairs in the cell
coverage. Besides, thanks to the spectrum sharing
with the proposed SIMO D2D algorithm, which
gives an opportunity to the cell-center D2D pairs
to obtain RBs under the semi-orthogonality crite-
rion, the percentage of the D2D pairs that can-
not establish a communication link is significantly
reduced, as shown in Fig. 5.

CONCLUSION AND OPEN ISSUES

In this article, we have discussed the research
aspects on dynamic shared spectrum allocation
for D2D communications underlaying cellular
networks. Topics addressed include spectrum
sharing through distance-based frequency

Multi-path fading for cellular ~ Pedestrian-B model

Interference level at BS, /g Equal to the noise per RB

TABLE 1. Simulation parameters.

reuse, power control, and semi-orthogonality in
the multi-antennas case for interference man-
agement. Performance evaluation for different
shared spectrum allocation algorithms have been
provided to illustrate the average data rate of
D2D pairs and cellular users. There are several
open issues for D2D communications in 5G and
B5G networks. Enabling D2D communications
over millimeter-wave (mmWave) communication
is a promising technology to provide very high
data rates. Since mmWave communication has
a high propagation loss and operates through
directional antennas, it causes relatively low
multi-user interference. However, the interfer-
ence management between D2D pairs and an
mmWave BS through efficient spectrum sharing
strategies is one of the future directions because
of densely deployed mmWave BSs in 5G net-
works. Enabling D2D communications in mas-
sive multiple-input multiple-output (MIMO) in
which a BS has a large antenna array can almost
mitigate interference between D2D pairs and
the BS. However, the multiuser transmission in
massive MIMO may increase the interference
between cellular users to D2D pairs, especial-
ly under imperfect channel state information at
the receivers that perform interference cancella-
tion. Future work may carry out spectrum shar-
ing algorithms between D2D pairs and cellular
users by taking into account imperfect channel
conditions.
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