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ABSTRACT

Since the integration of data services into cellular communications, cellular ope-
rators are struggling to harness the overwhelming data traffic on their networks.
Underlay Device-to-Device (D2D) communication is a new and promising para-
digm which allows proximate mobile users to have direct communication over
the cellular spectrum that may be reused by other cellular users in the same cell.
This new paradigm is proposed to assist the cellular operators to deal with the
booming demand of mobile users. Recent studies have shown that underlay D2D
communication significantly increases the cellular network capacity, and enables
cellular operators to support rich multimedia services. However, reusing cellular
resources for both D2D and cellular communication introduces interference is-
sues. In such systems, interference management is of utmost importance because
improper interference coordination may lead to a self-destructive network. Power
control and beamforming appears to be viable techniques for interference mana-
gement which can also be used to enhance the energy efficiency of the system.

Network coordinated sum power optimization schemes for D2D communica-
tions underlaying uplink and downlink cellular spectrum is considered in this the-
sis. In particular, the system optimization target is to minimize the sum transmis-
sion power while guaranteeing the user specific rate constraints. Novel algorithms
are proposed to solve the power minimization problem optimally. For the uplink,
the problem is solved using joint transmit power control and receive beamfor-
ming algorithm. The downlink problem is reformulated as a second-order cone
program (SOCP), and thus, it can be solved efficiently via standard SOCP sol-
vers. Moreover, a decentralized algorithm is proposed that reduces the amount of
control information exchange in comparison to the centralized approach.

The performance of the proposed algorithms is compared with the conventional
cellular scheme. Simulation results demonstrate that the proposed underlay D2D
communication approach is capable of achieving significant performance gains
over the conventional cellular scheme. Results also illustrate that the power con-
sumption of the system is highly affected by the location of the interfering cellu-
lar user and whether the resources are shared in uplink or downlink. Therefore,
four different resource sharing areas are defined for D2D communications. The-
se areas specify the type of resources (i.e., downlink and uplink) suitable for D2D
communication.

Keywords: Device-to-Device communication, coordinated beamforming, power
minimization.
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LIST OF SYMBOLS AND ABBREVIATIONS

B set of BSs
dcu data symbol of cellular user
d̂cu estimated data symbol of cellular user
ddtx data symbol from D2D transmitter
d̂drx estimated data symbol of D2D transmitter in uplink
dj data symbol of user j
d̂j estimated data symbol of user j
gdtx,drx channel response between D2D transmitter and D2D receiver
gcu,drx channel response between cellular user and D2D receiver
hb,j channel vector from user j to BS b
hHb,j hermitian transpose of channel vector from user j to BS b
hcu channel response between cellular user and BS
hdtx channel vector from D2D transmitter to BS
hdrx channel vector from BS to D2D receiver
I identity matrix
J number of single antenna users
Ldtx,drx distance between D2D transmitter and receiver
l0 far field reference distance
mj transmit beamformer vector towards user j
mcu downlink transmit beamforming vector for cellular user
nb additive white Gaussian noise vector at BS b
nbs additive white Gaussian noise at BS
ndrx additive white Gaussian noise sample at receiver of D2D pair
nj complex white Gaussian noise sample at user j
N0 noise spectral density
pcu transmit power of cellular user
pdtx transmit power of D2D transmitter in uplink
p̃dtx transmit power of D2D transmitter in downlink
pj transmit power of jth user
r0 far field reference distance
Rb cell radius of cellular BS
Rcu minimum rate target for cellular user
Rdrx minimum rate target for D2D pair
T number of transmit antenna at BS
U set of all active users
Ub set of users that are served by BS b.
wcu uplink receive beamforming vector for cellular user
wj receive beamforming vector for user j
wH
j hermitian transpose of receive beamforming vector for user j

yj received downlink signal of user j
ydrx received signal at D2D receiver
ybs received signal vector at BS
ỹcu downlink received signal at cellular user



yb uplink received signal vector at BS b
βcu complex scalar channel of cellular user without pathloss
βdtx,drx i.i.d complex scalar channel
α pathloss exponent
λj transmit power for user j in dual uplink
σj scaling factor for user j
ψb,j inter-cell interference from BS b to user j
ψbb′,j local copy of inter-cell interference term at BS b
γj target SINR of user j
γcu fixed SINR target of cellular user
γdrx fixed SINR target of D2D receiver
µb vector of the dual variables associated with ψ(b)

ω the step-size in subgradient method

ADMM alternating direction method of multipliers
BS base station
CSI channel state information
CR cognitive radio
D2D device to device
DL downlink
DEA D2D-exclusive-area
DL-EA downlink-exclusive-area
ICI inter-cell interference
ISM industrial, scientific and medical
LTE long-term evolution
LTE-A long-term evolution-advanced
MIMO multiple-input multiple-output
MISO multiple input single output
MMSE minimum mean square error
MVDR minimum variance dimensionless response
OFDMA orthogonal frequency-division multiple access
OSA open-sharing-area
QoS quality of service
SINR signal to interference plus noise ratio
SIMO single input multiple output
SOC second-order cone
SOCP second-order cone programming
TDD time-division duplexing
UL uplink
UL-EA uplink-exclusive-area
UMTS universal mobile telecommunications system
WLAN wireless local area networks
WiMAX worldwide interoperability for Microwave Access
WSR weighted sum rate
ZF zero-forcing
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1. INTRODUCTION

Satisfying the basic demands of cellular users, such as voice calls and text messages,
is not sufficient anymore. The cellular network operators face greater and greater chal-
lenges in dealing with the emerging mobile applications developed for the new gener-
ation of cellular devices, such as smartphones and tablets. These new cellular devices
allow users to enjoy services with high Quality of Service (QoS) requirements such as
video/audio streaming, online gaming, video calls and social networking. The rapid
penetration of the smartphones has been so fast that the operators have struggled to
adapt the existing infrastructure to support these new applications. Although the third
and fourth generations of cellular technologies (e.g., UMTS [1] and LTE [2]) are de-
signed to accommodate high speed data services, the operators are still struggling with
the increasing bandwidth demand of cellular users. These limitations highlight the
need of a new communication paradigm that revolutionizes the existing cellular archi-
tecture.

Device-to-device (D2D) communications is one of such paradigms that has been in-
troduced to harness these increasing bandwidth requirements. D2D communication in
cellular networks is capable of direct communication between two cellular devices lo-
cated in vicinity of each other. One of the main functionalities of cellular base station
(BS) in conventional cellular networks is to relay traffic between cellular users. In D2D
communication, the data bypasses the BS and it is instead sent using a direct commu-
nication link between the users. Bypassing the BS allows D2D communications to
significantly increase the spectral efficiency of the dense cellular network. Further-
more, D2D communications can improve the throughput, power efficiency and cell
coverage [3–12]. D2D users can either reuse the cellular network resources in the li-
censed spectrum (i.e., inband D2D) or use the resources from the unlicensed spectrum
(i.e., outband D2D).

Outband D2D communication can be seen as an attractive choice because there is
no need to assign cellular network resources for D2D users. However, the service
providers have no control over license-exempt spectrum, and thus, they cannot guar-
antee minimum QoS for D2D users. Majority of the papers on D2D communications
in cellular networks exploit the cellular spectrum for D2D communications.

Inband D2D communications can be classified into underlay and overlay. In under-
lay D2D communication, the cellular resources can be reused for D2D communica-
tions. In overlay communication, D2D users transmit on cellular resources which are
specifically dedicated to D2D communications. Since allocating dedicated resources
for D2D communications decreases the gains of spectral efficiency, underlay commu-
nications schemes are preferable. However, inband D2D communication introduces
extra interference to cellular users which calls for advanced interference and power
management schemes. Indeed, there are plenty of solutions to mitigate the interfer-
ence from D2D transmitter to cellular users by mode selection (e.g., cellular or D2D
mode), power allocation, and scheduling techniques [9, 13, 14]. However, there is a
lack of beamforming schemes for the interference mitigation purposes in D2D com-
munications.

The aim of this thesis is to propose novel power control and beamforming schemes
with interference coordination for the network-assisted D2D communication under-
laying both uplink and downlink cellular resources. The considered single-cell system
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consists of a multi-antenna BS communicating with a cellular user, and an underlaying
D2D user pair, which exploits the same radio resources. The optimization objective is
to minimize the total transmission power of the system while satisfying the predefined
per user rate targets. In the uplink resource sharing case, a joint uplink power control
and receive beamforming algorithm is proposed to solve the power minimization prob-
lem. The optimal uplink powers for the users are obtained via fixed-point iterations,
whereas the optimal receive beamforming at the BS is achieved by using the linear
MMSE receiver. In the downlink resource sharing case, a centralized algorithm is pro-
posed to solve the sum power optimization problem by reformulating it as a second-
order cone program (SOCP), and solving it efficiently via standard SOCP solvers. As
a result, the optimal transmit power for the D2D user and the optimal transmit beam-
former for the cellular user are obtained. This centralized algorithm performs all the
computations at the BS side. Thus, it is required that the BS has the knowledge of all
the channels in the system. In this respect, a distributed algorithm is also proposed
which potentially reduces the amount of exchanged control information between the
BS and D2D transmitter. This algorithm utilizes standard dual decomposition method
to turn the original centralized optimization into two levels of optimizations, which
can be then solved in a decentralized manner. The sum power performance of the
proposed algorithms are numerically evaluated and compared with the conventional
cellular system via Matlab-based simulations.

The organization of this thesis is as follows. Chapter 2 provides an overview of
D2D communications in cellular networks. In Chapter 3, coordinated beamforming
in cellular networks is considered. In Chapter 4, sum power minimization problem
is introduced for underlying D2D communication, and centralized and decentralized
algorithms are proposed to solve it. In Chapter 5, the proposed algorithms are nu-
merically evaluated via Matlab-based simulations. Chapters 6 and 7 are dedicated to
discussion and summary of this thesis.
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In D2D communication, users are expected to be in each other’s vicinity, and thus,
it is generally expected to use lower transmission power in comparison to a cellular
transmission. Therefore, D2D communication potentially prolongs the battery life of
mobiles which is an existing challenge for smartphone producers, see e.g., [6,7,17,19,
37]. This feature makes D2D communication specifically attractive for green mobile
communications [4,7,8,17,38]. In addition to energy efficiency, D2D communications
can lead to improved throughput and reduced delay for the same reasons (i.e., user
proximity and direct communication link) [3, 8, 11, 12, 39].

The above mentioned merits are easier to achieve using inband D2D rather than out-
band D2D. For instance, outband D2D may lower the energy efficiency of the device.
That happens because the mobile device should maintain a secondary wireless inter-
face under outband D2D. Therefore, it is easier to improve the energy efficiency in
inband D2D due to the use of a single wireless interface. Moreover, using two wireless
interfaces with different technologies introduces extra complexity in terms of inter-
technology compatibility issues such as vertical handover, acknowledgments and so
on. In addition, the majority of candidate technologies for outband D2D (e.g., Blue-
tooth [30] and WiFi Direct [40]) require manual connection establishment and device
association which is an inconvenience for transparent D2D communications [13, 41].
Outband D2D implementation also faces challenges such as providing operator-level
security, guaranteed QoS [41], effective D2D pairs management, and interference man-
agement over ISM spectrum [6,17]. The main advantage of outband D2D over inband
D2D is the lack of interference between D2D and cellular communication. Actually,
this interference issue is the main challenge of the inband D2D communication. In
order to efficiently handle the extra interference, proper interference management al-
gorithms need to be applied. However, designing efficient interference management
algorithms is challenging. In general, if the interference can be properly managed,
inband D2D can provide better performance than outband D2D.

2.3. Use Cases

In order to acquire insight about the emergence of using D2D communication in the
future generations of the cellular networks, this section provides some examples about
the practical use cases of D2D communication. After evaluating the merits and dis-
advantages of each D2D approaches, inband underlay D2D communication appears
to be the most promising solution. In fact, majority of the literature focus on cellular
network with underlaying D2D communication.

D2D communication is attracting more and more attention not only due to the
general performance gain, but also because of its practical use cases. For exam-
ple [42] and [43] use D2D communications for multicasting purposes. Multicasting in
D2D communication works such that the user with high channel quality is responsible
to retransmit the received data from the BS to the users with weak channel quality, the
retransmission of the data is through D2D links. It is shown that D2D communication
enhances the multicasting performance of cellular network. Multicasting is specifically
useful in densely populated cells such as cells covering stadiums and venues meant for
festivals and conferences in which majority of the crowd share the same interest.
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Data disseminations is another use case of D2D communication [26, 44]. For in-
stance consider the case where a server is installed in sport complex, and the fans can
download promotional materials or join the poll to select the best player of the match,
etc. In this case, the cellular network BS supports phone calls. The cellular BS di-
rects requests for aforesaid services to the server. The direct links between the server
and users are used for D2D communication [6, 24, 44, 45]. Furthermore, peer-to-peer
communication and machine-to-machine has been discussed in [41] and [46] as other
practical use cases of D2D communication.

2.4. Overview of D2D Approaches

In this section, the state-of-the-art approaches of D2D communications underlaying
cellular networks are reviewed. Amongst the various research objectives considered
in the related literature to underlay D2D communication, spectral efficiency improve-
ment [3, 6, 9, 16, 19, 47–51] and energy efficiency enhancement [7, 8, 11, 14, 31] have
been studied more than others.

In the literature with focus on spectral efficiency improvement, variety of techniques
are used, such as; interference management [19, 47–50], resource allocation [16, 51],
and mode selection [3, 6, 9]. These techniques are used when D2D communication
occurs on uplink and downlink resources.

Energy efficiency is another major objective in underlay D2D. The proposed solu-
tions for achieving better energy efficiency are power allocation, mode selection, and
D2D specific scheduling algorithms. Some authors have proposed hybrid schemes that
use a joint combination of the aforementioned techniques. These approaches can be
categorized according to the optimization objectives, direction of the shared resources,
and whether they operate in a centralized or decentralized manner.

The authors of [7, 8, 11, 14, 31] aim to improve the energy efficiency of D2D com-
munication underlaying cellular networks. The authors of [8] and [31] assume joint
mode selection and power control optimization in a single-cell scenario. Both papers
considered the uplink resource sharing. A distributed heuristic algorithm is presented
in [8] and the proposed algorithm of [31] is based on exhaustive search.

Sum rate maximization with total transmit power constraint and power optimization
with rate constraint is studied in [11]. In that work, both uplink and downlink resource
sharing in a single-cell system is considered. The authors proposed a heuristic central-
ized algorithm to solve the optimization problem. In [14] and [7], the authors consider
an optimization problem of sum power minimization in OFDMA cellular networks
with D2D communications underlaying downlink resources.

The authors of [14] proposed a heuristic algorithm in order to solve the optimiza-
tion problem which is constrained with per-user data rates. The heuristic algorithm
solves the optimization problem using a joint resource allocation and mode selection
approach. In [7], a distributed algorithm for finding optimal sum power in uplink shar-
ing is proposed. The optimization problem is constrained based on the sum rate. The
algorithm searches for the SINR target iteratively and it continues the search until it
converges to the predefined sum rate value. Both SIMO and MIMO settings are stud-
ied.
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2.5. Summary and Discussion

Previous sections provided a detailed introduction to D2D communications in cellular
networks. Considering all the aforementioned pros and cons for inband and outband
D2D communications, inband D2D appears to be a more promising option. Hence, the
focus of this thesis is on inband communication. In addition, considering the afore-
mentioned merits of underlay inband D2D communications, this thesis focuses on
D2D communications underlaying cellular network. Underlay D2D communication
appears to be the most promising candidate for implementation in future generation
cellular networks to improve spectrum and energy efficiency as well as to provide
higher data rates and better QoS.
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3. COORDINATED BEAMFORMING IN CELLULAR
NETWORKS

This chapter provides a brief overview of coordinated beamforming in cellular net-
works. First, the background and motivation of the coordinated beamforming are dis-
cussed. Then, the main algorithms for sum power minimization in uplink and down-
link are considered. The ideas behind these algorithms are exploited in the context of
network assisted underlaying D2D communications in Chapter 4.

3.1. Motivation and Background

The performance of modern and future cellular networks (i.e., LTE [2] and LTE-
Advanced [52]) is significantly limited by inter-cell interference (ICI). Inter-cell inter-
ference is originated from the transmissions in nearby cells if the same radio resources
are re-used without appropriate interference management. In this regard, coordinated
beamforming is as a promising approach to enhance the performance of cellular net-
works since it controls the generated inter-cell interference [53]. The main idea behind
the coordinated beamforming is that each data stream is transmitted from a single
BS while the transmissions over multiple BSs are coordinated in order to manage the
caused interference. Along with network MIMO [53], coordinated beamforming be-
longs to a specific interference management approach called coordinated multipoint
transmission [53].

In general, coordinated beamforming is a less complex approach than network
MIMO since carrier phase synchronization is not needed and the amount of signal-
ing is reduced. Coordinated beamforming can be operated in centralized or decen-
tralized manners. In a centralized case, a central controlling unit is responsible for
interference coordination requiring global CSI of all active links. In a decentralized
case, coordination is performed between BSs via information exchange using back-
haul links and/or over-the-air signaling while only local CSI is needed per BS. In a
practical point of view, decentralized approaches are more appealing than centralized
ones since the potentially reduced signaling load, lower computational requirements
per decision making unit and less complex network structure [54].

Coordinated beamforming approaches with a wide variety of optimization targets
have been studied intensively in the literature, for instance, weighted sum rate (WSR)
maximization [55, 56], maximization of the minimum SINR\rate [57] and sum power
minimization [54, 58]. In general, the first two approaches do not guarantee the target
QoS of users, while the third approach aim to provide a predefined QoS per each user.
Moreover, in the power minimization approach, the overall interference in the whole
network is mitigated since the target is to minimize the sum power. In the rest of this
chapter, the particular interest is in the sum power minimization with per user SINR
constraints.
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3.2.1. Joint Transmit Power Control and Receive Beamforming

The problem (3) can be optimally solved using the iterative algorithms proposed
in [59–61]. These algorithms are inherently amenable to decentralized implementa-
tions. The main idea is to optimize the transmit powers of the users via fixed-point
iterations, and then, use the linear MMSE receivers at the BSs for optimal reception.
The iterative approach is summarized in Algorithm 1.

Algorithm 1 Joint uplink power control and receive beamforming
1: Set t = 0. Initialize {pj}j∈U .
2: Repeat
3: Calculate the optimal transmit powers for each user using fixed-point iterations:

pj[t+ 1] =
γj

1 + γj

1

hbj ,j

(
N0I +

∑
n∈U

pn[t]hHbj ,nhbj ,n

)−1
hHbj ,j

, ∀j ∈ U .
(4)

4: Set t = t+ 1
5: Until stopping criterion is satisfied.
6: Calculate the receive beamformers using the linear MMSE receiver:

wj =
ŵj

‖ŵj‖2
, ŵj =

(
N0I +

∑
n∈U

pnh
H
bj ,n

hbj ,n

)−1
hbj ,j, ∀j ∈ U . (5)

Algorithm 1 can be solved in centralized and decentralized manners. Centralized
approach operates as follows. All the BSs transmit their local CSIs to a central con-
trolling unit, which then has global CSI. Central unit iteratively computes the optimal
user specific transmit powers using (4) and signals them back to the BSs, which signal
them to the corresponding users. Then, all the users transmit using the optimal powers
and the BSs employ the MMSE receivers. In the decentralized approach, each BS is
responsible for the power update process of its own users. This is possible since it is as-
sumed that each BS can estimate its received signal covariance matrix. Thus, each BS
updates its own users’ powers using (4) and signals them to the corresponding users,
which then transmit with the updated powers. At the receiver side, each BS employs
MMSE receiver for reception. This procedure is repeated until convergence.

3.3. Multi-cell Multi-user MISO Downlink

This section provides an overview on the main coordinated beamforming approaches
for the sum power minimization in multi-cell multi-user MISO downlink systems. The
system set up considered herein for the downlink is similar as in the previous section
for the uplink, and it is illustrated in Figure 4 .
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problem can be solved easier than solving the downlink problem itself. Hence, the
uplink-downlink duality was introduced as a practical approach to solve the downlink
beamforming problem in [63]. By reversing the input and output of the the downlink
channel the dual uplink can be achieved [63]. The dual uplink problem of the primal
downlink problem (7) can be written as

min.
∑
j∈U

λjN0

s. t.
N0λj|wH

j h
H
bj ,j
|2∑

n∈U\{j}
N0λn|wH

j h
H
bn,j
|2 +N0‖wj‖22

≥ γj,∀j ∈ U
(8)

where {wj}j∈U and {λj}j∈U are the optimization variables. In (8), {wj}j∈U and
{λj}j∈U can be interpreted as the uplink receive beamformers and the transmit pow-
ers, respectively. The problem (7) can be optimally solved via the following three
steps: (i) computation of uplink transmit powers {λj}j∈U , (ii) computation of uplink
receive beamformers {wj}j∈U and (iii) computation of downlink transmit beamform-
ers {mj}j∈U . The uplink-downlink duality-based beamforming design approach is
summarized in Algorithm 2 [63].

Algorithm 2 Coordinated downlink beamforming via uplink-downlink duality
1: Set t = 0. Initialize {λj}j∈U .
2: Repeat
3: Calculate the optimal uplink transmit powers {λj}j∈U using

fixed-point iterations:

λj[t+ 1] =
γj

1 + γj

1

hbj ,j

(
N0I +

∑
n∈U

λn[t]hHbj ,nhbj ,n

)−1
hHbj ,j

,∀j ∈ U
(9)

4: Set t = t+ 1.
5: Until stopping criterion is satisfied.
6: Compute the uplink receive beamformers {wj}j∈U using the linear MMSE re-

ceiver:

wj =
ŵj

‖ŵj‖2
, ŵj =

(
N0I +

∑
n∈U

N0λnh
H
bj ,n

hbj ,n

)−1
hbj ,j, ∀j ∈ U (10)

7: Calculate the optimal downlink transmit beamformers {mj}j∈U by scaling the op-
timal uplink receive beamformers {wj}j∈U :

mj =
√
σjwj,∀j ∈ U (11)

where {σj}j∈U are the scaling factors, which are defined in [66].

Algorithm 2 can be solved in a centralized or decentralized manner. In the cen-
tralized processing case, each BS measures its local channels and signals them to the
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central controlling unit. This is a valid assumption in TDD mode where the downlink
channels can be measured from the uplink due to the channel reciprocity. Central unit
computes the optimal beamformers using the steps in Algorithm 2, and signal them to
the corresponding BSs. Then, each BS employs the optimal beamformers for the data
transmissions. In the decentralized processing case, the first implementation steps,
i.e., computing the uplink powers and receive beamformers, are similar to that in Al-
gorithm 1. On the top of that, Algorithm 2 employs a scaling process in order to adjust
the results of the dual-uplink problem for the downlink beamforming problem. This
can be performed also in a decentralized way through downlink per-user power update
as explained in [63].

3.3.2. Coordinated Beamforming via Dual Decomposition

This section describes a dual decomposition-based decentralized beamforming de-
sign [54], which relies on local CSI and limited information exchange between BSs.
Dual decomposition method can be applied for optimization problems which have cou-
pling constraints such that the problem decouples into multiple subproblems when the
coupling constraints are relaxed. Hence, the original one-level optimization problem
is turned into two levels of optimizations. In particular, lower-level subproblems (one
for each BS) with fixed dual variables are controlled by a master problem which is
responsible of updating the dual variables. This problem structure can be solved via
decentralized processing.

The problem (7) can be equivalently reformulated in a form to which dual decom-
position is applicable. In this respect, the first step is to equivalently rewrite the SINR
formulation as follows: This is expressed as

|hbj ,jmj|2∑
n∈Ubj \{j}

|hbj ,jmn|2 +
∑

b′∈B\{b}
ψ2
b′,j +N0

≥ γj,∀b ∈ B,∀j ∈ Ub (12)

where the set B is defined as B = {1, ..., B} and ψ2
b′,j =

∑
n∈Ub′

|hb′,jmn|2 is the inter-

cell interference from the BS b′ to the user j. Now (7) can be equivalently reformulated
as

min.
∑
j∈U

‖mj‖22

s. t.
|hbj ,jmj|2∑

n∈Ubj \{j}
|hbj ,jmn|2 +

∑
b′∈B\{b}

ψ2
b′,j +N0

≥ γj ,∀b ∈ B,∀j ∈ Ub

∑
n∈Ub

|hb,jmn|2 ≤ ψ2
b,j ,∀b ∈ B,∀j 6∈ Ub

(13)

where the optimization variables are {mj}∀j∈U and {ψb,j}∀b∈B,∀j 6∈Ub . In (13), the sec-
ond set of constraints, i.e., the inter-cell interference constraints, are relaxed by in-
equality since they hold with equality at the optimal solution. Next step is to introduce
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ψ
(b)2

b′,j as a local copy of the inter-cell interference term ψ2
b′,j . By enforcing the two local

copies to be equal, i.e., ψ(b)2

b,j = ψ
(bj)

2

b,j , (13) can be equivalently reformulated as

min.
∑
j∈U

‖mj‖22

s. t.
|hbj ,jmj|2∑

n∈Ubj \{j}
|hbj ,jmn|2 +

∑
b′∈B\{b}

ψ
(b)
b′,j

2
+N0

≥ γj ,∀b ∈ B,∀j ∈ Ub

∑
n∈Ub

|hb,jmn|2 ≤ ψ
(b)
b,j

2
,∀b ∈ B,∀j 6∈ Ub

ψb,j
(b) = ψb,j

(bj) ,∀j, b ∈ B \ {bj}

(14)

where the optimization variables are {mj}∀j∈U and ψ. All the local ICI terms are
stacked into the vector ψ.

In order to decouple (14) between BSs, the consistency constraints can be relaxed by
utilizing the partial Lagrangian. The resulting relaxed problem can be divided into two
levels, which are introduced next. The lower level subproblem for the BS b is written
as

min.
∑
j∈Ub

‖mj‖22 + µb
Tψ(b)

s. t.
|hbj ,jmj|2∑

n∈Ubj \{j}
|hbj ,jmn|2 +

∑
b′∈B\{bj}

ψ
(b)
b′,j

2
+N0

≥ γj ,∀j ∈ Ub

∑
n∈Ub

|hb,jmn|2 ≤ ψ
(b)
b,j

2
,∀j 6∈ Ub

(15)

where the optimization variables are {mj}∀j∈Ub and ψ(b). The vector ψ(b) consists of
the local ICI terms that are related to the BS b. The vector µb consists of the dual
variables associated with ψ(b). The problem (15) can be equivalently reformulated as
an SOCP, and thus, solved optimally. With the knowledge of local CSI, subproblem b
can be solved independently at the BS b, for all b in parallel. The higher level master
problem is given by

maximize f(µ1, ...,µB) =
∑
b∈B

fb(µb) (16)

where fb(µb) is the optimal value obtained from solving (15) for a given µb. The mas-
ter problem (16) can be solved (in a component wise) using the following subgradient
method:

µb,j(t+ 1) = µb,j(t) + ω(ψb,j
(b)(t)− ψb,j(bj)(t)) ,∀b ∈ B,∀j 6∈ Ub (17)

where ω and t are indicating the step-size and the index of iteration, respectively. The
term ψb,j

(b)(t) − ψb,j
(bj)(t) is the subgradient of f at a point µb,k. The subgradient

step (17) requires that the local ICI terms are exchanged between the coupled BSs.
This can be performed via backhaul signaling. Decentralized downlink coordinated
beamforming approach [54] is summarized in Algorithm 3.
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Algorithm 3 Coordinated downlink beamforming via dual decomposition
1: Set t=0. Initialize µb(0).
2: Repeat
3: Solve the subproblem (15), and signal the resulting ICI terms ψ(b) to the

coupled BSs via backhaul links.
4: Update the dual variables µb using the subgradient method (17).
5: Set t = t+ 1
6: Until stopping criterion is satisfied
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be equal for uplink and downlink phases for both cellular and D2D communications.
Thus, the overall problem can be separated between uplink and downlink. The result-
ing uplink problem can be written as

min. pcu + pdtx

s. t. log2

(
1 +

pcu|wH
cuh

H
cu|2

pdtx|wH
cuh

H
dtx|2 +N0

)
≥ Rcu

log2

(
1 +

pdtx|gdtx,drx|2

pcu|gcu,drx|2 +N0

)
≥ Rdrx

(23)

where the optimization variables are pcu, pdtx and wcu. Note that the receive beam-
forming vector is normalized, i.e., ‖wcu‖2 = 1.. The fixed values Rcu and Rdrx are
the minimum rate targets for the cellular user and D2D pair, respectively. Note that
the rate constraints in (23) can be equivalently mapped into the SINR constraints. The
resulting equivalent uplink optimization problem is given by

min. pcu + pdtx

s. t.
pcu|wH

cuh
H
cu|2

pdtx|wH
cuh

H
dtx|2 +N0

≥ γcu

p2|gdtx,drx|2

pcu|gcu,drx|2 +N0

≥ γdrx

(24)

where the optimization variables are the same as in (23), and γcu = 2Rcu − 1 and
γdrx = 2Rdrx − 1 are the fixed SINR targets.

Similarly, the downlink sum power minimization problem is expressed as

min. ‖mcu‖22 + p̃dtx

s. t.
|hcumcu|2

p̃dtx|gdtx,cu|2 +N0

≥ γcu

p̃dtx|gdtx,drx|2

|hdrxmcu|2 +N0

≥ γdrx

(25)

where the optimization variables are p̃dtx and mcu.

4.2. Solution for Uplink Communications

In this section, joint power control and receive beamforming algorithm is proposed to
optimally solve the uplink power minimization problem (24). The proposed algorithm
extends the ideas from the conventional cellular communications described in sec-
tion 3.2 to the underlaying D2D communication system. After setting the Lagrangian
of (24) to zero (w.r.t. wcu) and some rearranging, similar to that in [63], the optimal
powers of the cellular user and D2D transmitter can be iteratively calculated via the
following fixed-point iterations

pcu[t+ 1] =
γcu

hcu (N0I + pdtx[t]hHdtxhdtx)
−1

hHcu
(26)
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pdtx[t+ 1] =
γdrx

gdtx,drx
(
N0 + pcu[t]gHcu,drxgcu,drx

)−1
gHdtx,drx

. (27)

The optimal receive beamformer at the BS can be calculated by using the (scaled)
linear MMSE receiver:

wcu =
ŵcu

‖ŵcu‖2
, ŵcu =

(
N0I + pdtxh

H
dtxhdtx

)−1
hcu. (28)

The proposed uplink power control and receive beamforming approach is summarized
in Algorithm 4. The implementation requirements of Algorithm 4 are discussed in
section 4.4.

Algorithm 4 Joint uplink power control and receive beamforming
1: Set t = 0. Initialize pcu(0) and pdtx(0)
2: Repeat
3: Calculate the transmit powers pcu(t+ 1) and pdtx(t+ 1) using (26)

and (27), respectively.
4: Set t = t+ 1
5: Until stopping criterion is satisfied.
6: Calculated the receive beamformer wcu using (28).

4.3. Solutions for Downlink Communications

4.3.1. Centralized SOCP-based Algorithm

In this section, an optimal centralized approach is proposed to solve the downlink
sum power minimization problem (25). By denoting p̂dtx =

√
p̃dtx, and following the

similar procedure as in [64], (25) can be equivalently reformulated as the following
convex SOCP:

min. q

s. t.
√

1

γcu
hcumcu ≥

∥∥∥∥p̂dtxgdtx,cu√
N0

∥∥∥∥
2√

1

γdtx
p̂dtxgdtx,drx ≥

∥∥∥∥hdtxmcu√
N0

∥∥∥∥
2∥∥∥∥mcu

p̂dtx

∥∥∥∥
2

≤ q

(29)

where the optimization variables are q, p̂dtx, and mcu. The problem (29) can be solved
via centralized processing if global CSI is available at the BS. In other words, the BS
needs to know all the channels depicted in Figure 6. Assuming TDD mode, the BS can
acquire its own local channels from the uplink phase. However, the channels from the
D2D transmitter to the D2D receiver and to the cellular user need to be delivered to the
BS via over-the-air signaling.
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4.3.2. Decentralized Dual Decomposition-based Algorithm

In this section, a decentralized solution is presented for the sum power minimization
problem (25). The proposed approach extends the coordinated beamforming approach
from cellular networks, as described in section 3.3.2 and in [54], to the underlaying
D2D communication system. The idea is to use dual decomposition to turn the original
one-level optimization problem (25) into two levels of optimizations, i.e., a master
problem and several subproblems with fixed dual variables. In particular, the master
problem is responsible for updating the dual variables and each dual variable dependent
subproblem is to be solved accordingly. This two-level optimization can be solved
at the BS via decentralized processing with the aid of limited over-the-air signaling
between the transmitters (i.e., the BS and D2D transmitter). In order to apply dual
decomposition method, (25) needs to be reformulated. The first step is to equivalently
rewrite the SINR constraints as

|hcumcu|2

ψ2
dtx,cu +N0

≥ γcu (30)

p̃dtx|gdtx,drx|2

ψ2
bs,drx +N0

≥ γdrx (31)

where ψ2
dtx,cu = p̃dtx|gdtx,cu|2 denotes the interference from the D2D transmitter to the

cellular user and ψ2
bs,drx = |hdrxmcu|2 denotes the interference from the BS to the D2D

receiver. Now, the original downlink optimization problem (25) can be equivalently
rewritten as

min. ‖mcu‖22 + p̃dtx

s. t.
|hcumcu|2

ψ2
dtx,cu +N0

≥ γcu

p̃dtx|gdtx,drx|2

ψ2
bs,drx +N0

≥ γdrx

p̃dtx|gdtx,cu|2 ≤ ψ2
dtx,cu

|hdrxmcu|2 ≤ ψ2
bs,drx

(32)

where the optimization variables are mcu, p̃dtx, ψdtx,cu and ψbs,drx. The problem (32)
is equivalent to (25) since the third and fourth constraints hold with equality at the op-
timal solution. Now (32) is coupled between the transmitters by the interference terms
ψdtx,cu and ψbs,drx. By fixing the interference terms, (32) would decouple, and thus,
each transmitter (i.e., the BS and D2D transmitter) could minimize its transmit power
separately. Next step is to introduce transmitter specific (i.e., local) auxiliary variables
and additional equality constraints such that the coupling in the SINR constraints is
transferred to the added equality constraints. After this reformulation, equality con-
straints can be decoupled via standard dual decomposition method. The aforemen-
tioned auxiliary variables are the transmitter specific copies of ψdtx,cu and ψbs,drx, and
they are denoted by ψbs

dtx,cu, ψdtx
dtx,cu and ψbs

bs,drx, ψdtx
bs,drx. The additional equality con-
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straints enforce the two transmitter specific copies to be equal, i.e., ψbs
dtx,cu = ψdtx

dtx,cu

and ψbs
bs,drx = ψdtx

bs,drx. Now (32) can be equivalently reformulated as

min. ‖mcu‖22 + p̃dtx

s. t.
|hcumcu|2

ψbs
dtx,cu

2
+N0

≥ γcu

p̃dtx|gdtx,drx|2

ψdtx
bs,drx

2
+N0

≥ γdrx

p̃dtx|gdtx,cu|2 ≤ ψdtx
dtx,cu

2

|hdrxmcu|2 ≤ ψbs
bs,drx

2

ψdtx
dtx,cu = ψbs

dtx,cu

ψbs
bs,drx = ψdtx

bs,drx

(33)

where the optimization variables are p̃dtx, mcu, ψdtx
dtx,cu, ψbs

dtx,cu, ψbs
bs,drx and ψdtx

bs,drx.
In (33), the coupling is only involved in the equality constraints since the objective
and inequality constraints can be separated between the transmitters. To achieve a
distributed algorithm, a standard dual decomposition method is applied next. First, we
take the partial Lagrangian by relaxing the consistency constraints as follows:

L(mcu, p̃dtx, ψ
bs
bs,drx, ψ

dtx
bs,drx, ψ

dtx
dtx,cu, ψ

bs
dtx,cu, µbs,drx, µdtx,cu) =

‖mcu‖22 + p̃dtx + µbs,drx(ψ
bs
bs,drx − ψdtx

bs,drx) + µdtx,cu(ψdtx
dtx,cu − ψbs

dtx,cu)
(34)

where µbs,drx and µdtx,cu are the dual variables associated with the equality constraints.
The dual function is formulated as

g(µbs,µdtx) = gcu(µbs) + gdtx(µdtx) (35)

where gcu(µb) and gdtx(µdtx) are defined as

gcu(µbs) = inf
mcu,ψ

bs
‖mcu‖22 + µbs

Tψbs
(36)

gdtx(µdtx) = inf
p̃dtx,ψ

dtx
p̃dtx + µdtx

Tψdtx. (37)

The vectors are defined as µb = [µbs,drx,−µdtx,cu]T , µdtx = [−µbs,drx, µdtx,cu]T ,ψbs =
[ψbs

bs,drx, ψ
bs
dtx,cu]T and ψdtx = [ψdtx

bs,drx, ψ
dtx
dtx,cu]T .

Finally, the lower level subproblems for the BS and D2D transmitter can be formu-
lated as

min. ‖mcu‖22 + µbs
Tψbs

s. t.
|hcumcu|2

ψbs2
dtx,cu

+N0 ≥ γcu

|hbs,drxmcu|2 ≤ ψbs
bs,drx

2

(38)

and
min. p̃dtx + µdtx

Tψdtx

s. t.
p̃dtx|gdtx,drx|2

ψdtx
bs,drx

2
+N0

≥ γdrx

p̃dtx|gdtx,cu|2 ≤ ψdtx
dtx,cu

2

(39)
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where mcu,ψ
bs are the optimization variables in (38) and p̃dtx and ψdtx are the opti-

mization variables in (39). The subproblems (38) and (39) can be written in epigraph
forms as follows:

min. zbs

s. t. ‖mcu‖22 + µbs
Tψbs ≤ zbs

|hcumcu|2

ψbs
dtx,cu

2
+N0

≥ γcu

|hdrxmcu|2 ≤ ψbs
bs,drx

2

(40)

and
min. zdtx

s. t. p̃dtx + µdtx
Tψdtx ≤ zdtx

pdtx|gdtx,drx|2

ψdtx
bs,drx

2
+N0

≥ γdrx

p̃dtx|gdtx,cu|2 ≤ ψdtx
dtx,cu

2

(41)

where the optimization variables for (40) are mcu, ψbs, and zbs. In (41), the optimiza-
tion variables are p̃dtx, ψdtx, and zdtx. By denoting p̂dtx =

√
p̃dtx and following the

similar procedure as in [54], the optimization problems (40) and (41) can be casted as
the following SOCPs:

min. zbs

s. t.

(1− µbs
Tψbs + zbs)/2

(1 + µbs
Tψbs − zbs)/2
mcu

�SOC0


√

1 + 1
γcu

hcumcu

ψbs
dtx,cu√
N0

�SOC0

[
ψbs
bs,drx

mcu
Hhdrx

H

]
�SOC0

(42)

and
min. zdtx

s. t.

(1− µdtx
Tψdtx + zdtx)/2

(1 + µdtx
Tψdtx − zdtx)/2
p̂dtx

�SOC0


√

1 + 1
γdtx

p̂dtxgdtx,drx

ψdtx
bs,drx√
N0

�SOC0

[
ψdtx
dtx,cu

p̂dtxgdtx,cu

]
�SOC0

(43)
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where the optimization variables are mcu,ψbs, and zbs for (42), and p̃dtx,ψdtx, and zdtx
for (43). The master problem for the dual decomposition is expressed as

maximize
µbs,µdtx

g(µbs,µdtx). (44)

The sub-gradient method can be used to solve the master problem. Thus, (44) can be
solved iteratively by using the following sub-gradient updates:

µbs,drx(t+ 1) = µbs,drx(t) + ω(ψdtx
dtx,cu − ψbs

dtx,cu)

µdtx,cu(t+ 1) = µdtx,cu(t) + ω(ψbs
bs,drx − ψdtx

bs,drx)
(45)

where t is the iteration index and ω is a positive step-size. To find a feasible trans-
mission solution at any iteration, (43) and (42) can be solved with the following fixed
average values of interference terms

ψdtx,cu(t) =
1

2
(ψbs

dtx,cu(t) + ψdtx
dtx,cu(t))

ψbs,drx(t) =
1

2
(ψdtx

bs,drx(t) + ψbs
bs,drx(t)).

(46)

The proposed decentralized transmission strategy is illustrated in Figure 7., and it is
summarized in Algorithm 5. The implementation challenges of Algorithm 5 are con-
sidered in section 4.4.

Figure 7. Decentralized power control and beamforming approach.
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Algorithm 5 Decentralized coordinated beamforming and power control via dual de-
composition

1: Set t = 0. Initialize µbs(0) = 0 and µdtx (0) = 0
2: Repeat
3: Solve the independent subproblems (42) and (43) at the corresponding

transmitters. Exchange the resulting interference terms between the
transmitters using over-the-air signaling.

4: Update the dual variables using (45).
5: Set t = t+ 1
6: Until stopping criterion is satisfied.

4.4. Practical Considerations

This section discusses how the proposed algorithms operate, and what are the possi-
ble implementation requirements and challenges. Prior works in [41], [17] and [23]
studied the implementation challenges of outband D2D communications in cellular
networks. In fact, the authors of [23] showed that the real world implementation of
outband D2D communication, which is believed to be even more complex than in-
band, can be achieved in LTE-A systems. Since operations such as session establish-
ment, connection management and security are relatively similar in outband and inband
D2D, this section only addresses the main (physical layer) aspects of the proposed al-
gorithms, such as availability of global/local CSI and limited over-the-air signaling for
power control or other information exchange purposes.

In the uplink phase, the proposed joint power control and receive beamforming ap-
proach (i.e., Algorithm 4) operates as follows. First, it is required that global CSI, i.e.,
all the channels in the system, is available at the BS. It is assumed that the BS can
measure its local uplink channels, i.e., the channels from the cellular user and the D2D
transmitter. In addition, the D2D receiver can also estimate its local channels, i.e., the
channels from the D2D transmitter and the cellular user. These channels should be
then send to the BS via over-the-air signaling. Having the global CSI, the BS can per-
form the iterative power control step from Algorithm 4. The resulting optimal uplink
powers need to be signaled to the cellular user and D2D transmitter over-the-air. After
this, the cellular user and D2D transmitter can use the optimal powers for the physical
uplink transmissions. At the BS, the linear MMSE receiver is used for the optimal re-
ception. In order the obtain the optimal solution and satisfy the rate targets, the global
CSI needs to be perfect and all the channels have to be static for the whole process.
This power control and beamforming design can be seen as a centralized processing
case since the BS is responsible for the power computations relying on the global CSI.

In the downlink phase, the power minimization problem can be solved both in cen-
tralized and decentralized manners. In the first approach, the original problem is re-
formulated as a convex problem, which can be solved via centralized processing if
global CSI is available at the BS. Assuming TDD mode, the BS can acquire its own
local downlink channels from the uplink phase due to the channel reciprocity. In ad-
dition, the channels from the D2D transmitter to the D2D receiver and to the cellular
user need to be delivered to the BS via over-the-air signaling. After this phase, the
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BS can compute the optimal transmit beamformer for the cellular user and the opti-
mal power for the D2D transmitter. Over-the-air signaling is again used to deliver the
power information to the D2D transmitter. Finally, the BS and the D2D transmitter
can physically transmit with optimal parameters. Similarly as in the uplink case, the
global CSI needs to be perfect and all the channels have to be static in order to achieve
optimal performance with rate targets satisfied.

In the second approach, the dual decomposition is first used to reformulate the orig-
inal problem in a form where a decentralized implementation is possible. In this case,
the BS and D2D transmitter can be seen as separate entities, both of which are respon-
sible of serving their own users independently. Thus, both the BS and D2D transmitter
rely only on the local CSI and limited information exchange between them via over-
the-air signaling. Local CSI can be acquired from the uplink measurements (assuming
that also D2D receiver is sometimes in transmitting mode). At each iteration of the
Algorithm 5, limited amount of information, i.e., the coupled ICI terms, is exchanged
between the BS and D2D transmitter. If the local CSI is perfect and all the channels
remain static, Algorithm 5 will converge to the optimal solution. Note that feasible
iterates, where the rate targets are satisfied, can also be achieved during the conver-
gence process. Hence, to avoid long delays and to reduce signaling/computational
load, Algorithm 5 can be stopped at intermediate iterations. This comes at the cost
of (somewhat) sub-optimal performance. It is worth noting that in this simple sys-
tem model case, where there are only few single antenna users, centralized processing
may be a better choice. However, for the larger multi-cell multiuser systems, decen-
tralized implementation might be beneficial by potentially reducing the amount of the
exchanged control information between the BS and D2D transmitter as compared with
the centralized case. Furthermore, the proposed decentralized approach can operate
even if the exchanged information between the transmitters is outdated.
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5. NUMERICAL EVALUATION

In this chapter, the performance of the algorithms proposed in the previous chapter are
numerically evaluated. The chapter is arranged such that, first, the simulation model
and parameters are introduced. Then, the performance of the D2D communication
approach is numerically compared with the pure cellular case.

5.1. Simulation Model and Parameters

The simulation model consists of a single cell with a BS serving a single cellular
user and an underlaying D2D user pair. The BS is equipped with T = 4 antennas,
whereas each user has a single antenna. In all simulation scenarios, the D2D pair and
the cellular user have fixed distances from the BS, i.e., the users are located on the
cell-edge, whereas the channels between the BS and users are simulated by applying
a simple distance dependent pathloss model. The channel between the BS and the
cellular user is expressed as

hcu =

√(
R

r0

)−α
h̄cu (47)

where R is the cell radius, α is the pathloss exponent and r0 is the far field reference
distance. In the simulations, macro and small cells are modeled by setting the cell
radiusR to 400 m and 50 m, respectively. Furthermore, the channel vector h̄cu consists
of i.i.d. complex random elements that are generated from Gaussian distribution, each
with zero mean and unit variance. The same model is used to generate the channels
from the BS to the D2D transmitter and receiver, i.e., hdtx and hdrtx, respectively.
Moreover, the similar pathloss model as in (47) is also considered for the channels
between the cellular and D2D users. Precisely, the channel from the D2D transmitter
to the D2D receiver is given by

gdtx,drx =

√(
Ldtx,drx

l0

)−α
ḡdtx,drx (48)

where Ldtx,drx is the distance between the D2D transmitter and receiver, l0 is the far
field reference distance and ḡdtx,drx is the i.i.d. complex scalar channel generated from
Gaussian distribution with zero mean and unit variance. The channels gdtx,cu and gcu,drx
are also generated using the pathloss model in (48). The simulation model is depicted
in Figure 8.
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Figure 10. Sum power versus D2D distance for uplink and downlink communications.
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Figure 11. Individual transmitter powers versus D2D distance for uplink and downlink
communications.

Figure 11 illustrates the individual per-transmitter powers versus the D2D distance.
The simulation set-ups are the same as in Figure 10, except only the D2D communi-
cation scenario is considered. Note that in the Figures the transmission power of the
cellular user is denoted by p̃cu = ‖mcu‖22 . The results in the small cell scenarios (i.e.,
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Figure 13. Sum power versus distance between cellular user and D2D receiver for
uplink and downlink communications.

Figures 13(a) and 13(c) present the sum transmission power versus the distance be-
tween the cellular user and D2D receiver in small cell scenario for 0dB and 10dB
SINR targets, respectively. The performance of the D2D communication scenario is
compared with the pure cellular system both in uplink and downlink phases. The sum
power performance is similarly demonstrated in macro cell scenario in Figures 13(b)
and 13(d).

The simulation results show that the locations of the cellular user and D2D pair
play important roles for the resource sharing between them. As can be seen from the
results, there are four different areas in the Figure 13. In the first area, the cellular user
is far enough from the D2D pair. Therefore, the generated interference between the
D2D pair and the cellular user is negligible. Since both uplink and downlink resource
sharing are beneficial in this area, it is referred to as open-sharing-area (OSA). In the
second area, the cellular user is close to the D2D receiver. Therefore, the D2D receiver
experiences high level of interference, making it a disadvantageous scenario for the
uplink resource sharing. Hence, only the downlink resource sharing adds sum power
gain to the system. This area is referred to as uplink-exclusive-area (UL-EA).

In the third area, the cellular user is located between the D2D pair. Neither the up-
link nor the downlink resource sharing is possible in this area. This area is referred
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to as D2D-exclusive-area (DEA). In the fourth area, the cellular user is moving away
from the D2D transmitter. In this area, the uplink resource sharing adds sum power
gain to the system. Nevertheless, the downlink resource sharing is not advantageous
because the source of interference for the cellular user (i.e., the D2D transmitter) is
close, making it a worst case scenario for the downlink resource sharing. The afore-
mentioned area is defined as downlink-exclusive-area (DL-EA). Table 2 summarizes
the characteristics of four D2D resource sharing areas.

Table 2. Characteristics of four D2D resource sharing areas.
Region D2D Feasibility Uplink Underlay Downlink Underlay

D2D-exclusive-area x x x
Uplink-exclusive-area X x X

Downlink-exclusive-area X X x
Open-sharing-area X X X

It can be observed that the level of the SINR targets has an impact on the sizes of
the four defined areas. The higher the targets, the smaller the areas where the D2D
communication is beneficial. Moreover, the results also imply that the larger cell size
increases the sum power levels, but does not have much of an effect to the sizes of the
defined areas.

Figure 14 illustrates the individual transmit powers of the cellular user and the D2D
transmitter versus the distance between the cellular user and the D2D receiver for up-
link and downlink communications. The simulation set-up is the same as used for
Figure 13, but only the D2D communication scenario is considered herein. In the
uplink case, the transmission power of the cellular user slightly increases when the
cellular user is in DEA, and for the rest of locations it remains approximately fixed.
On the contrary, the transmission power of the D2D transmitter is varying significantly
while the distance between the cellular user and the D2D receiver is changing. When
this distance is short, the source of the interference for the D2D receiver is closer than
the desired transmitter. Therefore, the D2D transmitter needs to transmit with higher
power level to satisfy the SINR target. This behavior is emphasized in the higher SINR
target case. In the downlink communication, the interference towards the D2D receiver
is from the BS. Since the BS is in charge of designing the transmission parameters, this
interference can be coordinated due to the transmit beamforming capabilities of the
BS. Hence, the transmission power of the D2D transmitter does not vary significantly
in UL-EA, DL-EA and OSA, but when the cellular user is located in the DEA, the
transmission power of D2D transmitted slightly decreases. It is due to the fact that the
transmit beamforming of the BS is close to the zero-forcing (ZF) beamforming. The
BS apply ZF to have null towards the D2D pair which decrease the generated inter-
ference from BS to D2D pair. Hence, the D2D transmitter transmit with lower power.
This effect is more obvious in Figures 14(c) and 14(d), because for the high SINR tar-
gets, ZF beamforming behavior is emphasized. However, the interference experienced
by the cellular user is increasing when the cellular user moves towards the D2D trans-
mitter. Thus, the BS needs to use significantly higher transmission power in order to
meet the SINR target of the cellular user. As expected, the power increase is empha-
sized when the SINR targets are higher. Moreover, it can be seen that in the macro
cell case all the other power levels are significantly higher than in the small cell case,
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except the power of the D2D transmitter. This can be explained by the interference
coordination performed by the BS via transmit beamforming. Moreover, the pathloss
between the interfering BS and the D2D receiver is also increased with the larger cell
size.
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Figure 14. Individual transmitter powers versus distance between cellular user and
D2D receiver for uplink and downlink communications.

5.4. Impact of SINR Targets

This section provides a study on the effect of the different target SINRs on the achiev-
able power gain. In this simulation scenario, the D2D distance is fixed to 10m and the
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distance between the cellular user and D2D receiver is fixed to 27m for both cases of
small and macro cells.
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Figure 15. Sum power versus SINR target for uplink and downlink communications.
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Figure 16. Individual transmitter powers versus SINR target for uplink and downlink
communications.

Figures 15(a) and 15(b) show the sum power versus the SINR target for the small
and macro cell cases, respectively. The sum power performance of the underlay D2D
and pure cellular systems are compared in uplink and downlink phases. The results
demonstrate that the power gain from the D2D communication decreases when the
SINR target increases. Furthermore, for this specific simulation setup, the performance
of the D2D communication using the uplink resources is better than in the downlink
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case. It can be seen that when the SINR targets increase, the sum power gain decreases
for both downlink and uplink, but the degradation of the downlink power gain is faster
than the uplink power gain. Hence, for the SINR targets higher than 10dB the D2D
downlink degrade the performance of cellular network.

In Figures 16(a) and 16(b), the individual per-transmitter powers are plotted against
the SINR target for the same small and macro cell scenarios as previously. In these
Figures, only the underlaying D2D communication scenario is considered. It can be
seen that the transmit powers of the D2D communication are much lower in compari-
son to the powers in the cellular communication. Furthermore, the used power of the
D2D transmitter is significantly lower in the downlink than in the uplink phase. This
is again due to the transmit beamforming performed at the BS. This performance be-
havior is further emphasized when the cell size grows. Consequently, in the macro cell
case, all the other power levels are significantly increased, except the D2D transmit
power in the downlink phase.
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6. DISCUSSION

The goal of this thesis is to study network assisted D2D communications underlaying
cellular networks while proposing the algorithms to underlay uplink and downlink
resources. To achieve this purpose, coordinated beamforming approaches in cellular
networks are studied. Both centralized and decentralized approaches of coordinated
beamforming in cellular networks has been considered. It leads to facilitating D2D
communication underlaying cellular networks to increase the energy efficiency of the
cellular networks.

Based on the algorithms studied in Chapter 3, novel algorithms are proposed to en-
hance energy efficiency of D2D communications underlaying cellular networks. The
algorithms minimize the total transmission power while guaranteeing the user specific
rate constraints. The algorithm proposed for D2D communications underlaying uplink
is based on the joint power control and receive beamforming algorithm using simi-
lar ideas as presented in [59–61]. For D2D communications underlaying downlink,
the proposed algorithm is based on the SOCP. The performance of the algorithms are
benchmarked with conventional cellular networks. The results show that algorithms
add significant power gain to the cellular networks. This gain is achieved because the
proposed algorithms manage to successfully reduce the interference using power con-
trol and beamforming techniques. In particular, the proposed algorithms harness the
interference caused by D2D communications so that successful cellular communica-
tions is guaranteed. Additionally, a decentralized approach is designed based on the
principles introduced in [54]. This algorithm uses standard dual decomposition ap-
proach to solve the optimization problem individually at each transmitter. Therefore,
the original optimization problem can be solved at each BS using local CSI. The de-
centralized algorithm aims to reduce the amount of control information exchange in
comparison with the centralized approach.

Majority of prior works on power allocation for D2D communications underlaying
cellular networks did not consider the implementation requirements and challenges of
their proposed algorithms. However, Chapter 4 discussed the implementation chal-
lenges of the proposed centralized and decentralized algorithms. The main challenges
for implementing the proposed sum power minimization algorithms are channel mea-
surements, CSI feedback, and power updates via over-the-air signaling. Although the
proposed centralized algorithms require global CSI knowledge at the BS side, sending
the channel states of the users in scalar forms greatly reduces the bandwidth consumed
for feedback reporting. Moreover, the decentralized algorithm allows the BS to per-
form beamforming with limited information exchange among interfering transmitter.
It is worth mentioning that in the considered simple system model, the use of the cen-
tralized approach might be a better choice since only the scalar channels need to be
signaled to the BS by the users via over-the-air signaling. However, the role of the
decentralized approach is emphasized for larger multi-cell systems with multiantenna
users.

The numerical analysis of the algorithm is provided in Chapter 5. There are three
parameters which play the main role in the considered simulation scenarios, i.e., the
distance between users, the SINR targets, and the cell size. The numerical simulations
showed that: (i) increasing the distance between the D2D pairs reduce the system
performance. This happens because the D2D transmission power is higher for larger
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distances which in turn results in higher interference; (ii) larger distance between the
D2D pair and cellular user leads to better system performance because the interference
between the D2D and cellular transmission is inversely proportional with distance;
(iii) for the higher SINR targets, the D2D performance gain decreases more rapidly as
compared with the lower SINR targets. This is due to the increased interference since
the transmission powers need to be higher; (iv) the total sum power increases with
cell size due to the pathloss effect. Considering the importance of these parameters
on the system performance, it is crucial to take them into account in the design of
D2D systems. Interestingly, studying the impact of these parameters on the system
performance showed that the cell area can be divided into four different areas. Each
area has certain characteristics in terms of the feasibility of D2D communication and
the type of resources used for D2D communication. The characteristic of these areas
are shown in Table 2. It should be noted that the aforementioned parameters (e.g.,
user distance, target SINR, etc.) affect the coverage of these areas. One of the main
outcome of the numerical analysis is that implementation of smart mode selection
can increase the performance of algorithm. According to the position of the cellular
user, the algorithm should decide about the optimal transmitter and the best resource
to be shared. Therefore, the algorithm combines the second and third areas. Thus,
adding smart mode selection to the current algorithms is an interesting future research
direction.

The aforementioned results are obtained from a simple scenario consisting of a BS,
a cellular user, and a D2D pair. However, the results can be better justified in a more
realistic multi-cell scenario with higher number of D2D and cellular users, and more
sophisticated channel model. Nevertheless, these additions make the sum power min-
imization problem more complicated. Another potential future direction is to inves-
tigate the behavior of the system when the users are not only located on the edge.
Investigating the performance of the proposed decentralized algorithm in a multi-cell
scenario is also an interesting future research direction. For the sake of tractability, the
sum power minimization design was considered so that a clear understanding of pros
and cons of the D2D underlaying cellular network can be provided. Furthermore, con-
sidering other optimization criteria such as spectral efficiency or WSR maximizations
are good candidates for further research. These new optimization criteria are more
interesting from the practical point of view. Channel estimation and CSI availability
at the BS (especially from D2D transmitter) is also an important issue. For instance,
the BS may not be able to sense the pilot signals from D2D transmitters due to their
low transmission power. A potential solution could be defining D2D specific signaling
in which the transmitter sends pilot signals with higher power. Thus, design of D2D
specific signaling can be another line for future research.
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7. SUMMARY

The aim of this thesis was to study the energy efficiency of D2D communications
underlaying cellular networks. In particular, algorithms for sum power minimization
for both uplink and downlink resource sharing between D2D pair and cellular user are
proposed. Moreover, the proposed algorithms are benchmarked against conventional
cellular systems.

In Chapter 2, D2D communications in cellular networks is introduced and the re-
lated literature on the topic is reviewed. Chapter 3 reviews network-coordinated beam-
forming techniques in cellular networks. In Chapter 4, the problem of the interference
management in underlay D2D scenarios is elaborated. In particular, the sum power op-
timization problems for the downlink and uplink resource sharing are formulated. The
objective of the optimization problems is to minimize the sum power consumption of
the network constrained with per user rate target. In order to solve the optimization
problems, novel algorithms are proposed which minimize the sum power consumption
of the network in both uplink and downlink directions. The proposed algorithm for
solving the optimization problem in uplink is based on joint uplink power control and
receive beamforming algorithm. In the downlink, the power minimization problem
is casted as an SOCP, which can be then solved optimally via centralized process-
ing. In addition to the centralized solution, a decentralized dual decomposition-based
algorithm is proposed for the downlink case. The implementation challenges of the
proposed power control and beamforming algorithms for the D2D communications
are also discussed.

The proposed algorithms are benchmarked against the conventional cellular network
via Matlab-based simulations. The single-cell simulation model consists of a cellular
user and a single D2D pair, which share the same cellular spectrum. The simulation
results showed that the locations of the cellular user and D2D pair play important
roles for the resource sharing between them. Based on these results, four different re-
source sharing areas, namely, D2D-exclusive-area , uplink-exclusive-area, downlink-
exclusive-area, and open-sharing-area, for D2D communication are defined. The re-
sults showed that the proposed algorithms can reduce the sum power consumption of
the network by 5dB at best.
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