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Abstract

In current cellular networks the demand of traffic is rapidly increasing and new
techniques need to be developed to accommodate future service requirements.
Device-to-Device (D2D) communications is one technique that has been proposed
to improve the performance of the system by allowing devices to communicate
directly without routing traffic through the base station. This technique has the
means to improved performance and support new proximity based services.

Nowadays new applications based on geographical proximity are becoming
more and more popular suggesting that D2D communications will have a high de-
mand in the near future. Thus the study of the scalability of D2D communications
is of paramount importance.

We define the scalability of D2D communications underlay cellular networks
as the maximum number of D2D links that can share the cellular resources while
assuring QoS to both D2D links and cellular users.

In this thesis we study the scalability of D2D communication underlay cellu-
lar networks in a multi-cell environment. We propose interference coordination
schemes to maximize the number of D2D links while assuring QoS to D2D links
and cellular users.

Three interference coordination schemes have been proposed considering dif-
ferent levels of available channel state information (CSI). The first scheme is
called no CSI centralized (N-CSIC) scheme and it is based on a centralized so-
lution where no CSI is needed. The second is partial CSI distributed (P-CSID)
scheme and it is based on a distributed solution where partial CSI is available.
The last scheme is named full CSI optimal (F-CSIOp) scheme and it is achieved
by formulating an optimization problem considering full CSI to be available.

Extensive mathematical and numerical analysis is conducted to develop and
evaluate the proposed schemes. The results show that F-CSIOp scheme offers
the best performance followed by the P-CSID and finally N-CSIC, thus a clear
relationship is found between complexity and performance.

The P-CSID offers a practical solution for a low complexity interference co-
ordination scheme that achieves good scalability and capacity for a wide range of
strict QoS requirements. Moreover the results show that further improvement can
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be achieved if proper selection of the involved parameters is done along with the
implementations of closed loop power control (CLPC) schemes.

The N-CSIC scheme provides a good solution for low SINR values of D2D
links when the QoS of cellular users is low. Thus it is a good candidate for appli-
cations like sensor networks or M2M communications where the SINR require-
ments are rather low and there are no primary users to impose more interference
constraints.

Finally we conclude that good scalability and capacity can be achieved with
the proposed low complexity interference coordination schemes for D2D commu-
nications and provide interesting topics for future research.
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Chapter 1

Introduction

1.1 Background and Motivation
In the last decade the global demand on mobile data traffic has increased expo-
nentially and it is expected to continue doing so for the next years [1]. This means
that the capacity of cellular networks needs to be enhanced, thus new techniques to
improve network performance have been proposed, e.g., heterogeneous networks,
multiple-input multiple-output (MIMO), ultra-dense networks, Device-to-Device
communications, among many others.

Device to Device (D2D) communications has been proposed to increase the
capacity of cellular networks by allowing users to communicate directly without
relaying traffic through the base station (BS). Furthermore this technique has the
means to extend user coverage, increase spectrum and energy efficiency, reduce
delay, support public safety and new proximity based services.

Nowadays the emergence of new applications based on geographical prox-
imity has been proven to be a fast growing market [2]. This suggests that the
implementation of D2D communications will have a high demand in the near fu-
ture. Therefore it is of paramount importance to study the scalability of D2D
communications in cellular networks.

D2D communications can be implemented in overlay or underlay with the
cellular resources. In overlay the D2D links use different radio resources than the
cellular user equipments (CUEs), whereas in underlay the D2D links make use
of the same radio resources as the CUEs. This thesis focuses on D2D commu-
nications underlay cellular networks, thus we define the system scalability as the
maximum number of D2D links that can share the resources with CUEs while
assuring quality of service (QoS) to all users.

In fourth generation (4G) Long Term Evolution (LTE) cellular networks the
radio resources within a given cell are allocated orthogonally, thus there is no

1



(a) Downlink reuse sharing. (b) Uplink reuse sharing.

Figure 1.1: Interference on uplink and downlink resource sharing for D2D com-
munications underlay cellular networks.

intra-cell interference. When D2D links are added into the system, this is no
longer true and an intra-cell interference scenario must be taken into account.
Moreover inter-cell interference is also increased and since LTE networks are de-
sign to work with a frequency reuse of 1, the interference coordination becomes a
crucial task to obtain the most benefits of D2D communications.

The effect of the interference caused by D2D communication is also related to
the resources that the cellular system reuses. As shown in Figure 1.1a when D2D
links share the downlink resources they cause strong interference to the CUEs.
In Figure 1.1b the case of uplink resource sharing is depicted, in this case CUEs
cause strong interference to the D2D links. Since the CUEs are considered as
primary users, it is best to choose uplink resources to share D2D links [3], thus
the cellular communication is less affected.

To implement proper interference coordination schemes available channel state
information (CSI) is of high importance, however obtaining this information may
be costly in terms of signaling overhead. Thus analytical solutions where mathe-
matical models are used to estimate CSI, could be implemented to coordinate the
interference while maintaining a low amount of signaling overhead.

The present study focuses on the scalability of D2D communications underlay
cellular networks considering different available CSI in a multi-cell environment.
Mathematical analysis is performed to propose three interference coordination
schemes assuming no CSI, partial CSI and full CSI available. Monte-Carlo simu-
lations are conducted and comparative analysis including single-cell interference
coordination schemes is performed. The main performance metrics are spectrum
efficiency, number of active D2D links in the system and QoS for CUEs and D2D
links. The results show the main limiting factors in the system scalability and a vi-
able solution for a low complexity interference coordination scheme that achieves
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good performance while offering QoS to the users.

1.2 Related work
D2D communication under cellular networks has been an important subject of
research in the past decade. In [3] the authors provide an overview of the main
design challenges of including D2D communications in LTE networks. A solu-
tion is provided to incorporate D2D links into LTE systems, their results show
that an increase on spectrum and energy efficiency is achieved by the use D2D
communications.

An important technique to coordinate the interference in D2D communica-
tions is the resource allocation algorithms. The main idea of these algorithms
is to allocate resources in a way that the interference between D2D and cellular
communications is avoided or minimized. The work in [4] highlights the effect
of dynamic resource allocation in order to obtain the most benefits from D2D
links. Their results show that more than 200% increase in capacity is achieved in
comparison with traditional LTE cellular systems. In [5] a joint resource block
scheduling is presented where more than one D2D link can share a resource block
(RB) with a CUE, increasing spectral efficiency while considering QoS of D2D
links and CUEs. Their solution significantly increases spectrum efficiency with a
small increase on power consumption when compared to a one D2D link per each
RB solution. The article [6] presents an interference cancellation scheme that
makes an efficient reuse of non-utilized resources in a multi-cell system. Here
the users monitor available channels and exchange necessary information to avoid
high interference scenarios. The results show that the interference is reduced and
the performance is increased.

Power control is another key feature to deal with the interference coordination
problem. Since D2D links share the resources with CUEs, the amount of power
that each user transmits has a critical effect on the interference of the system. The
main idea of power control algorithms is to provide link quality to the commu-
nications of each user while maintaining acceptable levels of interference in the
system.

In [7] a comparative study of different power control strategies for D2D com-
munications within LTE systems is made. Their results suggest that a LTE power
control solution performs near to optimal values if the involved parameters are
properly configured. The authors In [8] propose a double-threshold power control
algorithm. This solution takes the CUEs and D2D links theoretical throughput as
an objective function in order to obtain its maximum value in a single cell while
guaranteeing QoS for CUEs and D2D links. Their results show that the proposed
power control algorithm increases system throughput compared to the traditional
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LTE open loop fractional power control (OFPC) algorithm.
A continuous fuzzy logic power control scheme is proposed in [9] to achieve

better QoS for D2D links while limiting the interference to CUEs. The results
show that the proposed scheme improves average D2D link signal-to-interference
plus noise ratio (SINR) and achieves lower CUEs outage probability with faster
convergence than fixed-step power control algorithm. In work [10] the capacity
of D2D communications underlay cellular networks is studied considering coop-
erative and non-cooperative transmissions. Their results show that having coop-
eration between users increases the performance of the system.

A comprehensive evaluation in terms of spectrum and energy efficiency of
different resource allocation and power control algorithms is given in [11]. The
results show the proper settings of involved parameters so that the most benefit
of D2D communications is obtained, e.g., the distance between D2D transmitter
and receiver should be below 100m. Also the work depicts the trade-off between
complexity and performance.

For most studies available in the literature related to D2D communications
underlay cellular networks, the number of D2D links that can share the resources
with the CUEs is always fixed or set. Usually this number is selected arbitrarily or
in such a way that only one D2D link shares the resources with one CUE. However
since the D2D links could have short distances, the number of D2D links that can
share the CUEs resources may change depending on the interference constraints.
Only a few papers [12–14], have studied the maximum number of D2D links that
the system can support.

The authors on [12] propose a greedy heuristic resource allocation algorithm
to maximize the number of D2D links in the system. Here they increase spec-
trum efficiency by allowing several D2D links to share the same RB with a CUE.
The results show that the proposed algorithm significantly increases spectrum ef-
ficiency compared to a solution where only one D2D link is allowed to share the
resources of one CUE. However this does not implement power control, thus the
scalability of the system considering the interference constraints needs to be fur-
ther studied.

In the work [13] a series of distributed power control algorithms are proposed
and evaluated to achieve energy savings and spectrum efficiency in D2D commu-
nications as an underlay for cellular networks. A constrained opportunistic power
control model is used and modified with biasing, admission control and game
theory schemes to achieve improvements on energy conservation and spectrum
efficiency while considering QoS of all users. However the implementation of
the admission control procedures in terms of signaling is not mentioned and the
system model assumes a single-cell scenario. Thus the scalability of the system
needs to be further studied.

The work [14] considers a scenario where multiple D2D links can coexist with
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CUE transmissions in a single-cell environment. The authors propose two inter-
ference coordination schemes considering a peak interference constraint (PIC)
and an average interference constraint (AIC). The PIC scheme is obtained by for-
mulating an optimization problem where the objective is to maximize the number
of D2D links in the system while assuring QoS to D2D links and the CUE, this
solution assumes full CSI available in the BS. The AIC scheme calculates an up-
per bound for the number of D2D links considering an average constraint in the
QoS of the CUE, here no CSI is needed. To the best of our knowledge this is the
only work that studies the scalability of D2D communications underlay cellular
networks. Thus we used this research as a starting point for our study.

Another important assumption commonly found in the literature is the use
of a single-cell layout. However the inter-cell interference on multi-cell systems
may cause severe problems to the performance in real implementations. Thus
considering a multi-cell environment is highly important to present applicable
interference coordination schemes.

Similarly a survey of D2D communications in cellular networks [15] points
out that in most of the available literature concerning interference coordination
techniques, CSI is always assumed to be known at the BS. However this may
not always be possible due to high signaling overhead. Thus there is a need to
develop low complexity interference coordination solutions where the amount of
CSI needed is reduced. Another remark mentions that the use of mathematical
tools and optimization techniques is very limited; therefore there is also a need to
include these techniques in solutions for the interference coordination problem of
D2D communications in cellular networks.

1.3 Problem Formulation
The present thesis is focused on the scalability of D2D communications under-
lay cellular networks for a multi-cell environment considering different levels of
complexity and available CSI. The problem addressed is to develop interference
coordination schemes to maximize the number of active D2D links while assuring
QoS for CUEs and D2D links.

Since we want to evaluate the scalability based on the interference constraints
we focus our study in only one RB, thus we assume one CUE per cell. Fig. 1.2
depicts the interference constraints that limit the number of D2D links that can
share the uplink resources with the CUEs. When we have several D2D pairs
in active communication their aggregated interference affects the BS receiving
information from CUEs, depicted in Fig.1.2a, as well as the receiving D2D users,
shown in Fig.1.2b. Given that the transmitter and receiver of a D2D pair are close
to each other their transmission power does not need to be that high for them
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to achieve their QoS. Also if we consider the path loss attenuation, the effects of
aggregated interference are stronger depending on the number of active D2D links
that are close to a receiving victim, i.e., a BS or a receiving D2D user. Thus we
develop interference models based on the spatial density of D2D links in order
to decrease the complexity and signaling overhead of interference coordination
schemes.

(a) Interference from D2D links to the BS. (b) Interference from D2D links to D2D links.

Figure 1.2: Interference constraints for D2D links reusing uplink cellular re-
sources.

Three schemes are proposed to coordinate the interference in the system: no
CSI centralized (N-CSIC) scheme, partial CSI distributed (P-CSID) scheme and
full CSI optimal (F-CSIOp) scheme.

The N-CSIC scheme is based on a centralized algorithm assuming no CSI
available in the BS. Here each BS calculates a statistical upper bound for the
number D2D links allowed in its cell considering average interference constraints
to assure the QoS of CUEs and D2D links in the whole multi-cell system.

The P-CSID scheme is based on a distributed algorithm making use of the
already available CSI and adding limited signaling overhead. The algorithm is
applied by each D2D link independently evaluating the feasibility of their link
based on transmission power constraints. The objective is to maximize the number
of D2D links while considering average interference constraints so that QoS is
assured to all users.

Finally the F-CSIOp scheme is based on a mixed integer linear programing
(MILP) optimization problem assuming all CSI to be known at each BS. The goal
is to maximized to number of D2D links while assuring QoS to CUEs and D2D
links.
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The performance metrics used for evaluating the proposed schemes are: spec-
trum efficiency (bps/Hz), number of active D2D links per cell and the QoS of both
CUEs and D2D links. The proposed schemes are compared with single-cell solu-
tions found in [14] under different QoS constraints for D2D links and CUEs. We
preform extensive mathematical analysis, and numerical analysis through Monte-
Carlo simulations.

1.4 Thesis Layout
The rest of the thesis is organized as follows: chapter 2 depicts the system model
and main assumptions considered in the analytical development of the proposed
interference coordination schemes; In chapter 3 the mathematical analysis con-
ducted to develop the interference coordination schemes is presented; chapter 4
shows the simulation environment and numerical results along with detailed anal-
ysis of the performance of the developed schemes; finally in 5 a summary and
conclusions of the thesis is presented, along with interesting topics for future re-
search.
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Chapter 2

System Model

This thesis is focused on the maximum number of D2D links than can share the
cellular uplink resources, thus only one RB is considered to evaluate the interfer-
ence conditions. As a result only one CUE is assumed to be active in each cell
and no resource allocation is implemented. The scalability will be limited by the
maximum level of interference that can be tolerated in the system so that QoS can
be assured to all D2D links and CUEs.

We consider a multi-cell system with circular cells where a set number of D2D
pairs are available in each cell. The D2D pairs and CUEs are randomly distributed
in all cells. The objective is to find the maximum number of D2D links that can
be in active communications and their corresponding transmission power so QoS
could be assured to all active users.

Thus similarly to [14] we define ϕxk ∈ {0, 1}, ∀x ∈ {1, ..., N}, ∀k ∈
{1, ..., N̂x}, as binary random variable that indicates the state of each D2D link.
For ϕxk = 1 the D2D link k in cell x is active, otherwise ϕxk = 0. The parame-
ter N corresponds to the number of cells in the system and N̂x is the number of
available D2D links in cell x.

The maximum level of interference that can be tolerated in the system is given
by the SINR constraints for the CUEs and D2D links, depicted in (2.1a) and (2.1b)
respectively. We also consider an upper bound for the transmission power of D2D
links shown in (2.1c).

Γx0 =
Px0Gx0x0

ID2D
x0 + ICUE

x0 + NBS
≥ γth

x0, (2.1a)

Γxk =
ϕxkPxkGxkxk

ID2D
xk + ICUE

xk +ND
≥ γth

xk, (2.1b)

ϕxkPxk ≤ Pmax
D ,

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
(2.1c)
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The terms ID2D
x0 and ICUE

x0 correspond to the interference received at the BS
of cell x, from the D2D links and CUEs respectively. Similarly ID2D

xk and ICUE
xk

correspond to the interference received at the D2D link k of cell x from other
D2D links and CUEs respectively. NBS and ND are the noise power at the BS
and D2D links receivers respectively. Px0 corresponds to the transmission power
from the CUE at cell x, Pxk is the power of the transmitting device of D2D pair
k in cell x and Pmax

D is the maximum transmission power of D2D links. γth
x0 and

γth
xk represent the target SINR of the CUE uplink and the D2D link k in cell x

respectively.
To describe the channel gains the following nomenclature is implemented:

Gabij corresponds to the channel gain from the transmitter “b” in cell “a” to the
receiver “j” in cell “i”. Note that in all variables, CUE and BS are indexed as “0”
and D2D users are indexed with integer numbers greater than zero. In equations
(2.1a) and (2.1b), Gx0x0 corresponds to the channel gain between the CUE and the
BS of cell x, while Gxkxk corresponds to the channel gain between the transmitter
and receiver of D2D pair k in cell x. Thus we define the interference terms as:

ID2D
x0 =

N∑
i=1

N̂i∑
j=1

ϕijPijGijx0, (2.2a)

ICUE
x0 =

N∑
i=1
i̸=x

Pi0Gi0x0, (2.2b)

ID2D
xk =

N∑
i=1

N̂i∑
j=1

ϕijPijGijxk − ϕxkPxkGxkxk, (2.2c)

ICUE
xk =

N∑
i=1

Pi0Gi0xk, (2.2d)

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
From equations (2.1a) and (2.1b) we can see that there are two sources of

interference that affect the system, one is the D2D links and the other is the CUEs.
Since this study is focused on the impact of D2D links, the SINR target for CUEs
is redefined as:

γth
x0 =

Γi
x0

δ
=

Px0Gx0x0(
ICUE
x0 +NBS

)
δ
, ∀δ ∈ {R+; δ > 1}, (2.3)
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where Γi
x0 is the SINR of CUEs before D2D links are added to the system. The

parameter δ corresponds to the desired ratio between the CUE’s SINR before and
after D2D links are added, i.e., the SINR loss of CUEs due to D2D links. This
definition allows a clear evaluation of the impact of D2D links to the CUEs uplink,
thus we define the QoS of CUEs as the SINR loss being below the desired target
δth.

For the D2D links we define the QoS as the SINR being above a given thresh-
old γth

xk. In order to simplify the analysis we also assume that the target SINR for
D2D links its fixed for all devices as γth

xk = γD.
In the F-CSIOp scheme full CSI is available so that an optimal solution can

be reached, however this could be highly difficult to implement due to complexity
and signaling overhead. Thus we develop other two schemes where the amount
of CSI needed and the complexity is significantly lower, these are N-CSIC and
P-CSID scheme. In these schemes we need to establish statistical models for the
interference and channel gains in order to account for the unavailable CSI.

2.1 Interference Model
Consider a victim receiver v surrounded by Ñ devices, we define the aggregated
interference received at v as:

Iv =
Ñ∑
i=1

Ptxvi
GI

vi, (2.4)

where Ptxvi
is the transmission power of an interfering device i and GI

vi is the
channel gain between v and i.

To find a statistical model for the interference we assume that interfering de-
vices are randomly distributed within a given area A, as shown in Fig 2.1. Thus the
channel gains can be represented as a random variable Gvi. We also assume that
the interfering devices have the same transmission power Ptxvi

= Ptx ≤ Pmax,
where Pmax is the maximum transmission power allowed by regulatory entities.
This assumption is made so that the transmission power of the interfering devices
can be used later on as a design variable to control the interference between users.
So we can define an expected value for the aggregated interference within A as:

E[Iv] = ÑAAPtx E[Gvi], (2.5)

where ÑA is the number of interfering devices per unit area.
In order to obtain reasonable values for ÑA the area A needs to be finite, which

means that in practical applications there will be interfering devices outside of A,
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Figure 2.1: Interference Model

as shown in Fig 2.1. Thus we define A = π(dw)
2 as a circular interference area

around v where dw is the maximum distance between v and an interfering device.
Notice that the interference caused by devices outside of A is negligible compared
to the one caused by the users inside due to the path loss attenuation.

To determine the value of dw we assume that if the received power from an in-
terfering device is lower than a threshold, then its effect can be neglected. Notice
that the received power of the interfering devices depends also on their transmis-
sion power and this is meant to be used as a design variable in later analysis.
Thus we calculate dw considering the maximum transmission power that is al-
lowed Pmax so that the interference area A is obtained for the worst interference
scenario. Finally we define dw as:

PmaxE[Gvi] < Nv,

dvi >

(
PmaxcvE[|hvi|2]

Nv

)1/αv
= dw,

(2.6)

where Nv is the noise power at the victim receiver and dvi is the distance
between devices v and i. We define the channel gain between v and i as:

Gvi = cvd
−αv

vi |hvi|2, (2.7)

where cv refers to a propagation constant and αv is the path loss exponent. The
effects of fading are represented by |hvi|2.
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2.2 Channel Gain Model
If CSI is not available we can model the channel gain between two devices v and
i as a random variable Gvi, defined in (2.7), where dvi and hvi are independent
random variables. Thus we can calculate the expected value of Gvi as:

E[Gvi] = cvE[d−αv

vi ]E[|hvi|2]. (2.8)

We assume device v to be located at a fixed point and device i to be positioned
randomly following a circular distribution around v. Thus the probability density
function of dvi is given by a triangular distribution depicted as:

fdvi(x) =

{ 2x
(dmax)

2 if dmin ≤ x ≤ dmax,

0 otherwise.
(2.9)

Combining (2.8) and (2.9) we have that ∀αv ∈ {R+;αv > 2}.

E[Gvi] = cvE[|hvi|2]
∫ dmax

dmin
x−αvfdvi(x)dx

= cvE[|hvi|2]
∫ dmax

dmin

2x(1−αv)

(dmax)2
dx

=
2cvE[|hvi|2]

(
d
−(αv−2)
min − d

−(αv−2)
max

)
(dmax)2(αv−2)

(2.10)

Notice that in our analysis we want to establish statistical models of the chan-
nel gains so consider the channel to be invariant during the period of interest, thus
we assume E[|hvi|2] = 1.

This result is applied to model all channel gains considered in this thesis. Note
also that for practical applications the probability density function of dvi can be
changed to match real users distribution.
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Chapter 3

Interference Coordination Schemes

3.1 NO CSI Centralized Scheme
In practical applications obtaining CSI is not always possible because of high
signaling overhead. Particularly if we consider the case of D2D communica-
tions underlay cellular networks, having CSI from every D2D link in the system
would considerably increase the signaling overhead. Thus we present the N-CSIC
scheme where no CSI is necessary.

On the N-CSIC scheme each BS independently estimates an upper bound for
the number of D2D links that can be active in its cell by considering average
constraints for the QoS of CUEs and D2D links. Then the active D2D links are
selected randomly from the available ones within the cell. The transmission power
of D2D links is obtained by applying the channel inversion power control algo-
rithm which allows for a fixed received power at the receiving device. Thus the
transmission power of a given D2D link k in a cell x is depicted as:

Pxk =
PrD

Gxkxk
≤ Pmax

D ,
∀x ∈ {1, ..., N}
∀k ∈ {1, ..., Ñx}

, (3.1)

where PrD is the received power for all D2D links which is calculated and broad-
casted by the BS. Notice that the channel gain between devices of the same pair
Gxkxk is known to them from the discovery procedure, but unknown to the BS.

To obtain an upper bound for the number of D2D links first we assume ϕxk =
1 and calculate the expected value of interference constrains (2.1a) and (2.1b)
combined with (2.3) and (3.1). As a result we have:

Px0Gx0x0

E[ID2D
x0 ] + E[ICUE

x0 ] + NBS
≥ Γi

x0

δ
, (3.2a)
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PrD

E[ID2D
xk ] + E[ICUE

xk ] +ND
≥ γD, (3.2b)

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
Since no CSI is available we consider the channel gains to be random variables,
then by applying the interference model described in section 2.1 we can define the
interference terms that depend on D2D links as:

E[ID2D
x0 ] = ÑAC

AC PrD

E[GD2D−BS]

E[GD2D]
, (3.3)

E[ID2D
xk ] =

(
ÑAD

AD − 1
)
PrD

E[GD2D−I ]

E[GD2D]
, (3.4)

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
The term GD2D is a random variable that represents the channel gain between
two devices of the same D2D pair. Similarly GD2D−BS describes the channel
gain between D2D transmitters and the BS. GD2D−I represents the channel gain
between D2D transmitters and a given D2D receiver from different pairs. AD and
AC are the interference areas for D2D links and CUEs constraints respectively.
ÑAC

and ÑAD
represent the number of active D2D links per unit area in AC and

AD respectively. Note that in (3.4) the number of D2D links is subtracted by one
because there needs to be more than one D2D link in AD to cause interference.

Applying (3.3) and (3.4) to constraints (3.2a) and (3.2b) allows us to obtain
two statistical upper bounds ÑUB

AC
and ÑUB

AD
for the number of D2D links per unit

area that can be allowed in the system, depicted as:

ÑAC
≤ E[GD2D]IC

PrDACE[GD2D−BS]
= ÑUB

AC
, (3.5a)

ÑAD
≤
(

E[GD2D]

E[GD2D−I ]γD
+ 1− E[GD2D]ID

PrDE[GD2D−I ]

)
1

AD
= ÑUB

AD
,

(3.5b)
where

IC =
δPx0Gx0x0

Γi
x0

−
(
E[ICUE

x0 ] + NBS

)
, (3.5c)

ID =
(
E[ICUE

xk ] +ND

)
,

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
(3.5d)
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Figure 3.1: Nr of D2D links upper bounds vs received power PrD for δ = 3[dB]
and γD = 10[dB]. In a circular area of radius R = 400[m] and with dD2D between
10 m and 50 m.

These upper bounds depend on the received power of D2D links PrD , Fig 3.1
depicts a numerical example of ÑUB

C = ÑUB
AC

A and ÑUB
C = ÑUB

AD
A as the upper

bounds for the number of D2D links in a circular area A of radius R. The term
dD2D is a random variable (see section 2.2, eq: 2.9) that represents the distance
between the transmitter and receiver of a given D2D pair. Note that ÑUB

C is mono-
lithically decreasing respect to PrD and ÑUB

D increases until it reaches a saturation
point. Which means that after certain value of PrD the density of D2D links per
unit area cannot increase if a target SINR γD wants to be provided.

Moreover, the total upper bound for the number of D2D links is given by the
minimum between ÑUB

C and ÑUB
D in order to satisfy both QoS constraints. Thus

it is possible to find P̂rD for which ÑUB = ÑUB
C = ÑUB

D so that the total number
of D2D links is maximized. Thus we define the total upper bound for the number
of D2D links per unit area as:

ÑUB
A =

IC

(
E[GD2D]

γD
+ E[GD2D−I ]

)
ADE[GD2D−I ]IC + ACE[GD2D−BS]ID

, (3.6)
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subject to,

P̂rD =
E[GD2D](ADE[GD2D−I ]IC+ACE[GD2D−BS ]ID)

ACE[GD2D−BS ]
(E[GD2D]

γD
+E[GD2D−I ]

) ,

∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.
(3.7)

From (3.1) we notice that we still need to consider the power constraint for
D2D links. Thus the result found in (3.6) and (3.7) is conditioned on:

P̂rD ≤ Pmax
D E[GD2D]. (3.8)

The case where (3.8) does not hold means that the point where ÑUB
C = ÑUB

D can-
not be reached due to the transmission power limitations of D2D links. Thus the
upper bound for the number of D2D links per unit area is given by the constraint
(3.5b) subject to the maximum received power allowed to the D2D links. As a
result we have:

ÑUB
A =

(
E[GD2D]

γD
+ 1− ID

Pmax
D

)
1

ADE[GD2D−I ]
, (3.9a)

∀γD ∈ R+

{
γD <

E[GD2D]P
max
D

ID − Pmax
D

}
. (3.9b)

Notice that for this case there is a limitation on the D2D SINR target in order
to allow any D2D links to be active, as shown in (3.9b).

It is also worth mentioning that E[ICUE
xk ] and E[ICUE

x0 ] can be calculated by
applying the interference model described in section 2.1. In this case the density
of users per unit area is known and corresponds to 1/Acl, where Acl is the area of
the cell, given that there is only one CUE per cell.

From equation (3.6) we can see that the expected values of the channel gains
determine the behavior of the maximum number of D2D links per unit area that
can be allowed in the system. By implementing the model found in section 2.2 we
define these terms as:

E[GD2D] =
2cd

(
d
−(αd−2)
D2Dmin

− d
−(αd−2)
D2Dmax

)
(dD2Dmax

)2 (αd − 2)
, (3.10a)

E[GD2D−BS] =
2c0

(
d
−(α0−2)
D2D−BSmin

− d
−(α0−2)
D2D−BSmax

)
(dD2D−BSmax

)2 (α0 − 2)
, (3.10b)
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E[GD2D−I ] =
2cd

(
d
−(αd−2)
D2D−Imin

− d
−(αd−2)
D2D−Imax

)
(dD2D−Imax

)2 (αd − 2)
, (3.10c)

where the distance between the D2D transmitter and receiver of the same pair
is a random variable within [dD2Dmin

, dD2Dmax ]. The distance between the D2D
links and the BSs is randomly distributed in the interval [dD2D−BSmin

, dD2D−BSmax ].
Similarly the distance between D2D transmitters and receivers of different D2D
pairs is randomly distributed within [dD2D−Imin

, dD2D−Imax ]. The term α0 cor-
responds to the path loss exponent for the channel between devices and the BS,
whereas αd corresponds to the path loss exponent for the channel between devices.
Similarly the term c0 refers to a propagation constant for the channel between de-
vices and the BS, and cd corresponds to a propagation constant for the channel
between devices.

Notice that the maximum limit for the distribution of the distances dD2D−BSmax

and dD2D−Imax are given by the definition of the interference area (see section 2.1,
eq: 2.6). In practical applications more sophisticated spacial distributions of users
can obtained in order to have more accurate values for the expectations of the
channel gains.

At this point we are able to estimate the maximum number of D2D links that
can be allowed in the system without considering any CSI. In order to implement
this result each BS estimates independently the number of D2D links that can be
active in its cells as:

Ñx = min{⌊ÑUB
A Aclx⌋, N̂x}, ∀x ∈ {1, ..., N}. (3.11)

The term Aclx is the area of cell x and N̂x is the number of available D2D links
in the cell. Once the BS calculates the number of active D2D links Ñx, it simply
selects them randomly from the available ones and broadcasts the received power
parameter P̂rD for the power control of D2D links.

3.1.1 Numerical Analysis of the D2D links upper bound
The results found in (3.6) and (3.7) allow us to provide a closed form expression
for a statistical upper bound of the number of D2D links that can be admitted in
a multi-cell system. On this section we analyze the behavior of the scalability of
D2D communications with a numerical example considering the effect of different
parameters.

Fig. 3.2 depicts the impact of the path loss exponents, target CUE SINR loss
and maximum length of the D2D links on the upper bound of D2D links that the
system can support, within a circular area A of radius R. Fig. 3.2a illustrates the
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(a) Max. Nr. of D2D links vs Path loss Exponents α0 and αd, with
R = 400 [m], dD2Dmax = 40 [m], δ = 3 [dB] and γD = 8 [dB].
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(c) Max. Nr. D2D links vs D2D dis-
tance with: α0 = 3.67, αd = 4, R =
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Figure 3.2: Maximum Number of D2D links for N-CSIC scheme with.

impact of the path loss exponents. When α0 grows for a fixed αd = 4, the path
loss between users and the BS increases while the path loss between users remains
constant. Thus we see that the upper bound for the number of D2D links increases
because the interference towards the BS decreases giving a lower constraint for the
QoS of CUEs.

For the case of αd changing and a fixed α0 = 3.67, the path loss between users
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is increasing. We see that the number of D2D links is concave, for low values of
αd the path loss between users is low so that the aggregated interference towards
a given D2D pair is high and their transmission power is low. Thus as αd in-
creases the interference towards D2D pairs becomes lower and their transmission
power becomes higher because the distance between the transmitter and receiver
of devices in the same pair is smaller than the distance between transmitters and
receivers of devices from different pairs. As a result the number of D2D links
allowed increases. However as αd grows the transmission power of D2D links
increases to a level that they start to cause high interference towards the BS so the
number of D2D links starts to decrease.

In the case where αd and α0 increase with the same value we see that the
number of D2D links also increases. This is because as the path loss between
users increases the interference towards D2D links decreases and their transmis-
sion power becomes higher so more D2D links can be allowed. Moreover since
the path loss between users and the BS increases accordingly the interference to-
wards the BS does not limit the number of D2D links.

In Fig. 3.2b we can see how the QoS of CUEs affects the scalability of the
system. We can see that as δ increases the number of D2D links also increases
until it reaches a point of saturation. This occurs because as δ increases the con-
straint regarding the QoS of CUEs becomes less strict and more D2D links can be
admitted in the system. However after a certain point the no more D2D links can
be admitted due to the interference caused by D2D links towards each other.

Notice that this result also provides an insight to the performance of the system
when the density of BS changes. For a system with many BS located close to each
other the interference of the cellular network is high, thus the amount of D2D links
that can be allowed would be small, as in the case of lower δ. Then if the density
of BS decreases the interference of the cellular network also decreases and more
D2D links can be admitted to the system, as in the case where δ is increasing.
Finally in the case of low density of BS the cellular interference is negligible and
the D2D links are only limited by the interference caused among themselves, as
in the case of high values of δ.

Fig. 3.2c depicts the effect of the maximum distance between the transmitter
and the receiver of the same D2D pair. We see that as the distance becomes higher
the number of D2D links decreases exponentially, thus the most gain of having
D2D links is obtained when the D2D transmitter and receiver of the same pair are
closed to each other.

This analysis gives us an statistical view on the scalability of D2D communica-
tions, we can see that the interference between different D2D links is an important
limiting factor to the scalability along with the interference cause towards BS and
the spacial distribution of users.
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Figure 3.3: Implementation of the P-CSID scheme

3.2 Partial CSI Distributed Scheme
In the implementation of D2D communications underlay cellular networks there is
a certain amount of CSI that is already available in the system without adding any
extra signaling overhead. Thus we present the P-CSID scheme that makes use of
the available information to better coordinate the interference between D2D links
and CUEs.

The P-CSID scheme is based on a distributed algorithm where the D2D pairs
decide independently their active status and their transmission power by adding a
limited amount of signaling overhead.

In order to implement this scheme we define two constraints for the transmis-
sion power of D2D links based on the QoS of CUEs and D2D links. Then each
D2D link decides its active status depending on the feasibility of its transmission
power constraints, i.e., being able to assure QoS for itself while maintaining the
aggregated interference below a threshold.

To calculate the constraints for the transmission power of D2D links we need
a statistical estimation of the interference given that CSI in limited. Thus we make
use of the interference model found in 2.1 which can be applied at the D2D pairs
if the BS broadcast the number of active D2D links in their cells.

In D2D communications underlay cellular networks the BS plays a role in the
discovery procedure, hence we can assume that the active status of each D2D pair
can be known to its serving BS. Thus the BS would have information about the
number of active D2D links in their respective cells.
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Fig. 3.3 depicts the roles of a D2D pair and its serving BS within the imple-
mentation of the P-CSID scheme. The BS keeps track of the number of active
D2D links Ñx and calculates I thx0 based on the CUE’s QoS requirement, then it
broadcasts both parameters. At the same time the D2D pairs receive the param-
eters I thx0 and Ñx, then they calculate their transmission power constraints and
notify the BS after their active status is decided. The details for calculating I thx0 are
explained later on.

To illustrate the implementation of the P-CSID scheme lets consider a D2D
pair k in a cell x, denoted by D2Dxk, that needs to decide its active status. Since
each D2D link makes an independent decision with limited CSI, D2Dxk assumes
the same transmission power for all D2D links Pij = PDxk

, ∀i ∈ {1, ..., N},∀j ∈
{1, ..., N̂i}.

Initially we define an upper and lower bound for the transmission power as
PUB
Dxk

and PLB
Dxk

respectively. Then we compare the two sets [−∞, PUB
Dxk

] and
[PLB

Dxk
,∞], if their intersection is a non-empty set D2Dxk is active ϕxk = 1, other-

wise ϕxk = 0. This rule allows D2Dxk to evaluate the feasibility of its link given
that the upper bound limits the interference to the CUE uplink and the lower bound
assures the QoS of D2Dxk link. Notice that our objective is to maximize the num-
ber of active D2D links while assuring QoS to all users, thus D2Dxk should only
be in active mode if the two power sets intersect.

To obtain the upper bound first we redefine the term ID2D
x0 , found in (2.2a), as:

ID2D
x0 = ϕxkPxkGxkx0 + ÎD2D

x0 = ϕxkPDxk
Gxkx0 + ÎD2D

x0 , (3.12)

where ÎD2D
x0 corresponds to the aggregated interference caused by active D2D

links to the BS of cell x (BSx). Since D2Dxk does not have CSI to calculate
ÎD2D
x0 we consider it to be a random variable, thus we can calculated its expected

value by applying the model found on section 2.1. As a result we have:

E[ÎD2D
x0 ] =

Ñx

Aclx

Ax0 PDxk
E[GD2D−BS], (3.13)

where Ax0 is the interference area and Aclx is the area of cell x. The term E[GD2D−BS]
is the expected value of the channel gain between active D2D links and BS.

Finally we obtain an statistical upper bound for the transmission power of D2D
links PUB

Dxk
by combining the expected value of (2.1a) and (2.1c) with (3.13), thus

PUB
Dxk

is defined as:

PUB
Dxk

= min

{
Aclx

(
I thx0 − E[ICUE

x0 ]−NBS

)
Gxkx0Aclx + ÑxAx0E[GD2D−BS]

, Pmax
D

}
,

∀x ∈ {1, ..., N},∀k ∈ {1, ..., N̂x},
(3.14)
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where Gxkx0 corresponds to instantaneous the channel gain between D2Dxk and
BSx, which can be obtained by monitoring the downlink reference signals. The
term ICUE

x0 is considered to be a random variable and can be estimated by applying
the interference model of section 2.1.

The parameter I thx0, depicted in (3.15), is the amount of interference that the
uplink between the CUE and BSx can tolerate. However this information is not
available at the D2D links in normal conditions, thus we assume it is broadcasted
by BSx, as shown in Fig. 3.3.

I thx0 =
Px0Gx0x0

γth
x0

=
δPx0Gx0x0

Γi
x0

, ∀x ∈ {1, ..., N}. (3.15)

To obtain the lower bound for the transmission power we consider the con-
straint (2.1b), where the term ID2D

xk represents the interference from active D2D
links to D2Dxk. Similarly to the previous analysis we can estimate this term as:

E[ID2D
xk ] =

Ñxd

Adk
Axk PD E[GD2D−I ]. (3.16)

Here the parameter Axk is the interference area and E[GD2D−I ] is the expected
value of the channel gain between an interfering D2D link (within Axk) and
D2Dxk. To estimate the number of active D2D links per unit area in the sur-
roundings of D2Dxk we assume that the cells can be divided into three sectors,
which is highly common in practical applications. Thus BSx can know the num-
ber of active D2D links on each sector and this could be broadcasted to the users.
Ñxd represents the sum of active D2D links in the three sectors that are closer to
D2Dxk and Adk is the area enclosed by such sectors.

By calculating the expected value of (2.1b) and combining it with (3.16) we
can obtain an statistical lower bound for the transmission power of D2D links as:

PLB
Dxk

=

(
E[ICUE

xk ] +ND

)
AdkγD

GxkxkAdk −
(
γDÑxdAxkE[GD2D−I ]

) , (3.17)

∀x ∈ {1, ..., N},∀k ∈ {1, ..., N̂x}.
The term Gxkxk corresponds to the channel gain between the transmitter and re-
ceiver of D2Dxk which is obtained from the discovery procedure. The parameter
ICUE
xk corresponds to the interference caused by CUEs towards D2Dxk and can be

estimated by applying the interference model of section 2.1.
Finally the decision of D2Dxk to be active is given by:

ϕxk =

{
1 if PLB

Dxk
≤ PUB

Dxk

0 if PLB
Dxk

> PUB
Dxk

, (3.18a)
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Pxk = ϕxkP
LB
Dxk

,

∀x ∈ {1, ..., N},∀k ∈ {1, ..., N̂x}.
(3.18b)

Notice that if D2Dxk is in active mode, the transmission power is set as lower
bound. This is done because the lower bound is calculated by considering the
estimation of the interference between different D2D links. Thus increasing the
transmission power above this level would result in higher interference between
D2D links limiting the number of active D2D pairs. As a result we select the
active transmission power as the lower bound to minimize the interference and
maximize the number of D2D links.

On this solution the BS needs to broadcast the number of active D2D links
and a parameter for the QoS for the CUE, in its cell. Thus the amount of signal-
ing overhead introduced is significantly lower compared to a solution where CSI
needs to be exchanged. It is worth mentioning also that we consider the areas of
the cells to be known by the D2D pairs, since they do not change with time, this
information can be made available with little impact on the signaling overhead.

3.3 Full CSI Optimal Solution
To achieve an optimal solution we consider that full CSI regarding all users in
the system is available. Thus we present the F-CSIOp scheme by formulating a
general optimization problem following the same approach depicted in [14] and
expand it towards a multi-cell environment. This solution is used as a benchmark
for the optimal performance that can be achieved in the system.

The goal is to maximize the number of active D2D links in the system while
providing QoS to CUEs and D2D links. So a mixed integer programming (MIP)
optimization problem is formulated as follows:

max(
ϕij∈{0,1}
Pij∈R+

)


N∑
i=1

N̂i∑
j=1

ϕij

 , (3.19)

Subject to:

Γx0 =
Px0Gx0x0

ID2D
x0 + ICUE

x0 + NBS
≥ γth

x0, (3.20a)

Γxk =
ϕxkPxkGxkxk + (1− ϕxk)Mxk

ID2D
xk + ICUE

xk +ND
≥ γth

xk, (3.20b)

ϕxkPxk ≤ Pmax
D , (3.20c)
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∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.

The constraint (3.20a) refers to the SINR of the uplink between the CUE and the
BS of a given cell x, similarly the constraint (3.20b) depicts the SINR of the D2D
link k in cell x. Equation (3.20c) shows the limit for the transmission power of
active D2D links.

Mxk is a set parameter defined in such a way that when a D2D link is inactive
ϕxk = 0, its SINR constraint is always satisfied. By doing this we avoid the issue
of having an unfeasible optimization problem because of inactive D2D links. The
constraint for Mxk is given by:

Mxk ≥ γth
xk

(
Pmax
D

(∑N
i=1

∑N̂i

j=1Gijxk −Gxkxk

)
+Pmax

C

∑N
i=1Gi0xk + ND

)
,

(3.21)

where Pmax
C represents the maximum transmission power of CUEs. The opti-

mization variables are the state of D2D links ϕxk and their transmission power
Pxk.

The MIP optimization problem depicted in (3.19) and (3.20) cannot be solved
directly because the constraint (3.20c) is nonlinear, given that ϕxk is a binary vari-
able. To obtain a linear constraint we define:

P̃xk = ϕxkPxk ≤ Pmax
D . (3.22)

Furthermore the constraints (3.20a) and (3.20b) are also nonlinear, thus we
combine (3.22) and (2.2) to rewrite the optimization problem as:

max(
ϕij∈{0,1}
P̃ij∈R+

)


N∑
i=1

N̂i∑
j=1

ϕij

 , (3.23)

Subject to:

N∑
i=1

N̂i∑
j=1

P̃ijGijx0 ≤
N∑
i=1

Pi0A
C
ix0 −NBS, (3.24a)

N∑
i=1

N̂i∑
j=1

P̃ijA
D
ijxk + ϕxkMxk ≤ BD

xk, (3.24b)

P̃xk ≤ Pmax
D , (3.24c)
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∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x},
where

AC
ix0 =

{ Gx0x0

γth
x0

if i = x

−Gi0x0 if i ̸= x
, (3.25a)

AD
ijxk =

{
−Gxkxk if (i = x and j = k)
γth
xkGijxk if (i ̸= x or j ̸= k)

, (3.25b)

BD
xk = Mxk − γth

xk

(
N∑
i=1

Pi0Gi0xk +ND

)
. (3.25c)

The optimization problem found in (3.23), (3.24) and (3.25) is a mixed integer
linear programming (MILP) problem and its solution can be found by using tradi-
tional convex optimization and exhaustive search algorithms.
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Chapter 4

Simulation Results

4.1 Simulation Environment
To evaluate the performance of the proposed interference coordination schemes
we conducted extensive snap shot Monte-Carlo simulations. We consider 7 cir-
cular cells of radius R where BS are located at the center of the cells as de-
picted in Fig. 4.1. In order not to underestimate the interference conditions we
only collect data from the center cell while the interference coordination schemes
are applied on the entire multi-cell system. On each realization we generate
one CUE uniformly distributed per cell, where the distance to the BS is within
dCUE ∈ [dmin, R]. Also N̂ D2D pairs per cell are generated following an uniform
distribution where the distance between devices of the same pair is randomly dis-
tributed within dD2D ∈ [dD2Dmin

, dD2Dmax ], as depicted in Fig. 4.1. The channel
model accounts for path loss and shadow fading implemented according to 3GPP
specifications [18–20], however the fast fading effects are not considered. Table
4.1 contains the main parameters used in the simulation setup.

The MILP optimization problem is solved by using cvx software for convex
optimization problems on MATLAB.

4.2 Performance Metrics
In order to evaluate the performance of the interference coordination schemes we
use four performance metrics depicted as follows.

1. CUE SINR loss: This metric is selected to evaluate the QoS of CUEs, it
shows the loss in SINR of the CUEs due to the aggregated interference
caused by active D2D links. The calculation of this metric for each realiza-
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Figure 4.1: Simulation environment, cell distribution

tion of a snapshot simulation is done as follows.

Γi
x0

Γf
x0

=

Px0Gx0x0∑N
i=1
i̸=x

Pi0Gi0x0+NBS

Px0Gx0x0∑N
i=1
i̸=x

Pi0Gi0x0+
∑N

i=1

∑N̂i
j=1 ϕijPijGijx0+NBS

, (4.1)

∀x ∈ {1, ..., N}},

where Γi
x0 and Γf

x0 are the SINR of CUE in cell x before and after D2D
links are added to the system, respectively.

2. SINR of D2D links: This metric is used to evaluate the QoS of D2D links,
where the SINR of each D2D link is calculated as follows.

Γxk =
ϕxkPxkGxkxk∑N

i=1 Pi0Gi0xk +
∑N

i=1

∑N̂i

j=1
j ̸=k if i=x

ϕijPijGijxk +NBS

,

(4.2)

∀ϕxk = 1, ∀x ∈ {1, ..., N} ∀k ∈ {1, ..., N̂x}.

Notice that only the SINR of active D2D links is considered since they are
the only ones that are transmitting data.
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Table 4.1: Simulation Parameters.

Description Representation and Value

Radius
R =400 [m]

Noise spectral power density ND,NBS = −174[dBm/Hz]

RB bandwidth
Bw =180 [KHz]

Carrier frequency
fc =2 [GHz]

Max. transmission power
Pmax
D , Pmax

C =23 [dBm]

Max. SINR given by MCS
Γmax =23 [dB]

Min. distance between the BS
and the users. dmin =10 [m]

Bounds of D2D distance dD2Dmin = 10 [m]
dD2Dmax = 40[m]

Number of cells
N = 7

Nr. of D2D pairs available per
cell N̂ = 10

Nr. of Monte-Carlo simulations 5000

3. Spectral Efficiency: This metric is calculated as the aggregated rate per unit
of spectrum of the active users in a given cell that meet their QoS constrains.
That is the CUEs that have a SINR loss below their given target and active
D2D links that have a SINR above their given target. Each rate is calculated
with the Shannon’s capacity formula neglecting the bandwidth to have a
result for each unit of spectrum. Then all rates within a given cell are added
as follows.

Sx = log2

(
1 + min

{
Γf
x0,Γmax

})
+
∑N̂x

j=1 log2 (1 + min {Γxj,Γmax}) ,

∀Γxj s.t {Γxj ≥ γD}, ∀Γf
x0 s.t

{
Γf
x0 ≥

Γi
x0

δ

}
,

∀x ∈ {1, ..., N}.
(4.3)

Notice that due to restrictions from the modulation and coding schemes
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Figure 4.2: CDF of D2D SINR and CUE SINR Loss for F-CSIOp scheme with
γD = {4, 20} [dB] and δ = {1, 5} [dB].

(MCS) when the SINR goes above certain threshold Γmax there cannot be
any more gain in the achieved data rate. Thus SINR values are truncated in
order to give more meaningful results.

4. Number of active D2D links with QoS: This metric gives an insight on the
scalability of the system showing the number of active D2D links with QoS
than can be supported on each cell. That is the number of D2D links with
their SINR above their target on each each cell, depicted as follows.

Ñx =
∑N̂x

j=1 ϕxj,

∀j s.t {Γxj ≥ γth
D },∀x ∈ {1, ..., N}.

(4.4)

4.3 Numerical Results

4.3.1 Optimal Performance Analysis
Initially we evaluate the performance of the F-CSIOp scheme, Fig. 4.2a depicts
the CDF of the SINR of active D2D links and Fig. 4.2b shows the SINR loss of
the CUE for different combinations of γD and δ. We can see that the SINR of
D2D links has over 95% of the values as the exact target whereas the CUE SINR
loss is below the required target over 80% of the time. These results show that the
interference between different D2D links has a stronger effect in the capacity of
the system than the interference from D2D links towards the BS. Thus the number
of D2D links is initially limited by the interference between different D2D links.
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Figure 4.3: CDF of D2D SINR and CUE SINR Loss for γD = 12 [dB] δ = 2
[dB].

4.3.2 QoS Analysis
To present a comparative analysis we introduce two single-cell solutions provided
in [14]. The first consists on an optimization problem formulated with full CSI
within the single cell and the second is a centralized solution where a statisti-
cal upper bound for the number of active D2D links is derived assuming no CSI
available. The initial solution is referred as peak interference constraint (PIC) on
a single-cell “PIC single-cell” and to the later as average interference constraint
(AIC) on a single-cell “AIC single-cell”. These two solutions were developed for
a single-cell case, thus we implemented them independently on each cell.

Fig. 4.3a depicts the CDF of the SINR of D2D links. We can see that the
N-CISC and P-CSID schemes offer higher SINR values to the D2D links. By
considering γD = 12 [dB] as the threshold for assuring QoS, we also see that
the PIC single-cell scheme only does it for 30% of the values while the N-CISC
and P-CSID schemes do it for over 70%. At the same time we see that the AIC
single-cell scheme is not able to assure QoS to almost any D2D link. This result
is expected given that the single-cell schemes disregard the inter-cell interference,
thus the D2D links performance is greatly diminished.

Fig. 4.3b shows the CDF of the CUE SINR loss. We can see that the P-CSID
scheme offers the lowest values while assuring QoS for over 90% of samples con-
sidering δ = 2 as the required threshold. In the case of N-CSIC scheme the values
are higher because the control for the QoS is done based only on the statistical
models for the interference and channel gains which are not always accurate. For
the single cell solutions we see that the AIC scheme offers better QoS than the
PIC scheme. This occurs because the PIC scheme controls the power of the D2D
links to assure their QoS and since it disregards the inter-cell interference, the
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aggregated interference to the BS is increased.
To provide an evaluation for the QoS of CUEs we define the outage as the

probability of CUEs having SINR loss greater than a threshold δ, thus we have:

Poutx0 = Prob

{
Γi
x0

Γf
x0

> δ

}
,∀x ∈ {1, ..., N}, (4.5)

where Γi
x0 and Γf

x0 are the SINR values for the CUE in cell x before and after D2D
links are added into the system, respectively. In the case of the QoS of D2D links
we define the outage as the probability of the SINR of D2D links being lower than
a threshold γD, thus we have:

Poutxk = Prob {Γxk < γD} , ∀x ∈ {1, ..., N}
∀k ∈ {1, ..., Ñx}

. (4.6)

For the results shown in Fig. 4.3 we see that the outage probability assured
by the evaluated schemes varies considerable. To provide a comparative analysis
of the performance under strict QoS constraints we calculate the 95 percentile
of CUE SINR loss and the 5 percentile of D2D links SINR. These calculations
illustrate the values of CUE SINR loss and D2D links SINR for which the outage
probability is 5%. Fig. 4.4 depicts the relationship between the QoS of D2D links
and CUEs with δ and γD , respectively.
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Figure 4.4: CUE and D2D links outage probability for δ = 2 [dB] and γD = 12
[dB] respectively.

Fig. 4.4a depicts the outage of D2D links for different values of the 95 per-
centile of CUE SINR loss. We can see that the N-CSIC scheme gives a slightly
lower outage than the P-CSID scheme when the CUE SINR loss is high. This
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occurs because the P-CSID scheme imposes a more strict constraint in the inter-
ference generated by the D2D links to assure the QoS of CUEs. In the case of the
single cell schemes we can see that it is not possible to assured any level of QoS
because the inter-cell interference is neglected.

Fig. 4.4b shows the CUE outage probability for different values of the 5 per-
centile of D2D links SINR. We can see that the P-CSID scheme is able to offer a
low outage when the SINR of D2D links is below 10 dB outperforming the rest.
This result is achieved by using the downlink reference signals of the BS to limit
the interference caused by each active D2D link.

In the case of the N-CSIC scheme, we see that the outage is quite large and
furthermore the AIC single-cell scheme provides a better performance. This is
due to the fact that the N-CSIC scheme increases the received power of D2D links
to assure their QoS, as a result the interference towards the BS is also increased.
Moreover we see that both AIC and N-CSIC schemes have a concave dependency
with the SINR of D2D links. This occurs because these schemes can only control
the number of D2D links but not their individual transmission power, thus the
concave shape relates to the number of D2D links admitted in the system.

With respect to the PIC single-cell scheme we see that it is not able to provide
low levels of CUE outage because this solution assigns higher transmission power
to the D2D links to assure their QoS while disregarding the inter-cell interference.
As a result the aggregated interference towards the BS is increased and the CUE
uplink cannot meet its QoS requirement.

From Fig. 4.4 we can see that the inter-cell interference caused by D2D links
is non-negligible and needs to be taken into account in order to satisfy QoS re-
quirements of both D2D links and CUEs. Furthermore we see that there is a high
correlation between the QoS of CUEs and the SINR of D2D links, thus there is a
trade-off between the capacity of the D2D links and the QoS of CUEs.

4.3.3 Overall Performance Analysis
At this point we have seen the performance of the proposed schemes in terms of
the QoS that they can provide to D2D links and CUEs. Now we like to get a more
comprehensive view of the performance of the system when a specific QoS is as-
sured by all schemes for all users. For this we present 3D graphs where on one
axis we place the 5 percentile of the SINR of D2D links and on the other axis we
put the 95 percentile of the CUE SINR loss. By making this selection of axis we
can evaluate the performance for a 5% outage probability of both CUEs and D2D
links. Notice that the results for the F-CSIOp scheme do not have outage prob-
ability since they correspond to an optimal solution where all QoS requirements
are assured for all active users.

Fig. 4.5 depicts the spectral efficiency of the users that achieved their QoS
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Figure 4.5: Spectral efficiency [bps/Hz] vs 5% SINR of active D2D links and 95%
CUE SINR loss.

requirements. We can see that the best performance is given by the F-CSIOp and
P-CSID schemes, furthermore notice that their performance cross. For lower val-
ues of D2D SINR the P-CSID scheme provides better performance and for higher
values the opposite occurs. This happens because when the P-CSID scheme as-
sures a 5% outage for the D2D links the mean value is higher, whereas in the case
of the F-CSIOp scheme the SINR target of all D2D links is met but not exceeded
for most cases.

On the performance of P-CSID scheme we can see that a maximum spectral
efficiency is achieved when the D2D links SINR is rather low and for high values
the performance decreases. This is due to the errors obtained from the implemen-
tation of the statistical models of the interference and channel gains given that CSI
is limited. As the SINR target increases the number of active D2D links decreases
and the predictions are less accurate so the performance is diminished. Another
interesting insight is that when the CUE SINR loss increases after certain point
the gain in performance becomes very small. This phenomenon is related to the
results depicted in Fig. 4.2b, since this scheme makes use of some CSI the effect
of the interference between D2D links on the capacity of the system is stronger
than the effect of the CUE SINR loss.

For the N-CSIC scheme we see that it can only provide good results when the
SINR target of D2D links is low and more importantly when the SINR loss of
CUEs is high. Contrarily to the F-CSIOp and P-CSID schemes, this results show
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that when no individual power control can be performed by the D2D links the
effect of the interference constraint of CUEs also becomes an important limiting
factor on the performance of the system. However this suggests that the N-CSIC
algorithm could be used for sensor network applications where the SINR target of
the links does not need to be high and there are no primary users that impose an
extra interference constraint.

In the case of the single cell solutions we see that the PIC scheme performs
better than the AIC scheme, however their performance is well below the proposed
schemes. Notice also that their results are only confined to high values of the CUE
SINR loss and for the AIC scheme low values of D2D SINR, meaning that these
schemes can only provide limited QoS to the users. This is to be expected as we
have seen before because these schemes neglect the inter-cell interference.

On Fig. 4.6 we show the number of active D2D links with SINR above their
respective target. The F-CSIOp scheme provides the best results since its an
optimal solution where all active devices meet their QoS. Then we have the P-
CSID scheme that presents greater results from the rest schemes. For the N-CSIC
scheme we see as in the previous result that the number of D2D links increases
when the CUE SINR loss is high and the SINR for D2D links is low. Notice that
for all proposed schemes, as the QoS requirements become stricter the number of
D2D links decreases.

For the single cell schemes the behavior is the same as in the previous re-
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sults, the PIC scheme provide higher number of D2D links that the AIC scheme,
however they are both to low.

From the results obtained we can see that the best performance is given by the
F-CSIOp scheme followed by the P-CSID scheme and then the N-CSIC scheme.
We can observe that when the interference coordination schemes have more infor-
mation available they provide better results but also they become more complex.
Thus we see a clear relationship between complexity and performance.

Another important remark is that when we evaluate the performance of the
interference coordination schemes for strict QoS requirements, we see that the P-
CSID scheme not only provides good results but it is also able to adapt for a wide
range of values for the CUE SINR loss and SINR of D2D links. Thus this scheme
is a good candidate to be used in practical applications. Moreover the P-CSID
scheme still has room for improvement especially in the range where the SINR
target of D2D links is high.

4.3.4 On the impact of selecting the target CUE SINR loss
Up to this point we have assumed that all BS in the system have the same target
CUE SINR loss and we have only considered static snapshot simulations. On
this section we like to give an insight to the performance upon proper selection of
the CUE SINR loss. We take the case of the P-CSID scheme since it is the best
solution suitable for practical applications

On the implementation of the P-CSID scheme the BS broadcast the number
of active D2D links and the parameter I thx0 corresponding to the amount of inter-
ference allowed by the CUE uplink (see section 3.2). However as we have seen
in the results depicted on Fig. 4.3b the CUE SINR loss is usually well below the
required target. Thus the BS could adjust I thx0 to have a better performance on the
system.

To evaluate the impact of the BS modifying their I thx0 parameter we implement
a fixed step iterative algorithm on each cell independently, depicted in Fig. 4.7.
First each BS sets the parameter δ as the target CUE SINR loss δth, calculates
I thx0 and broadcasts it. Then each BS measures the CUE SINR loss, if its value
is above the target, δ is decreased with a fixed step ∆δ. On the other hand if the
CUE SINR loss is below the target minus a given margin Mδ the parameter δ is
increased with the same step ∆δ. The margin Mδ is introduced to maintain the
CUE SINR loss within a fixed interval [δth −Mδ, δ

th].
The first row of Fig. 4.8 depicts the total number of active D2D links in all 7

cells versus the number of iterations for three step sizes ∆δ = {0.5, 1, 1.5} [dB]
with Mδ = ∆δ. We can see that in all cases the number of D2D links increases
until it reaches a point of oscillation. As the step size becomes lager the average
number of D2D links decreases and the oscillations become larger, this occurs
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Figure 4.7: Flow chart of iterative algorithm for selecting δ.

because the smaller the step size the more accurate is the tuning of the parameter
I thx0. However for smaller values of step size the number of iterations needed for
the number of D2D links to reach stable oscillations also increases. This results
show that after a point the number of D2D links will reach a semi stable solution
which is higher than the initial values, thus more D2D links can be added to the
global system.

The second row the Fig. 4.8 shows CUE SINR loss of all 7 cells versus the
number of iterations for three step sizes. We can see that as the number of iter-
ations increases the oscillations on the CUE SINR loss become higher for some
cells and for smaller values of the step size it takes more iterations for this phe-
nomenon to occur. This reveals that after a certain point the changes on the pa-
rameter I thx0 cause a huge impact of the CUE SINR loss because of the addition
and removal of D2D links.

The results show that a simple tuning mechanism of the parameter I thx0 can
increase the number of D2D links in the system potentially increasing the perfor-
mance, however after a point the CUE SINR loss becomes unstable for some BS
and can no longer be guaranteed to be under a desired target. Thus more study
needs to be done in order to successfully implement a low complexity tuning
mechanism for the parameter I thx0, this work is left for future research.
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(c) Nr act D2D links in all 7
cells for ∆δ = 1.5 [dB].
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(e) CUE SINR Loss for
∆δ = 1[dB].
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Figure 4.8: Nr of active D2D links and CUE SINR loss for ∆δ = 0.5− 1.5 [dB]
and Mδ = ∆δ with γth

D = 16 [dB] and δth = 2 [dB].

4.3.5 On the impact of implementing closed-loop power con-
trol (CLPC) for D2D links

On this section we want to provide and insight on the impact that a CLPC algo-
rithm have in the performance of the system when applied to the P-CSID scheme.
Thus we provide a more comprehensive view on the expected gain of implement-
ing the proposed scheme in real applications.

In the initial analysis we assumed that the once the D2D links decide their
active status the transmission power is selected as the lower bound of the power
constraints of the P-CSID algorithm. However in real applications is common to
implement CLPC algorithms to compensate for variations on the radio channel.
Thus we implement a simple fixed step iterative power control for D2D links to
evaluate its impact on the performance of the system.

The implemented CLPC algorithm for a D2D link k in cell x (D2Dxk) is
depicted in Fig. 4.9. First the transmitting device of D2Dxk measures the SINR γt
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Figure 4.9: Flow chart of modification to the CLPC algorithm.

and if it is lower than the required target γth
Dxk

the transmission power is increased
by a fixed step ∆γD , notice that the transmission power cannot exceed the upper
bound calculated in the P-CSID algorithm to guarantee the QoS of CUEs. On the
other hand if the measured SINR is above the required target plus a set margin
Mγth

D
the transmission power is reduced by a fixed step. The margin Mγth

D
is

introduced to maintain the D2D link SINR within a fixed interval [γth
D , γth

D +Mγth
D
].

To evaluate the performance of the CLPC first we assess the convergence of
the transmission power of D2D links for different values of MγD as depicted in
Fig. 4.10. We can see that when MγD = 0 dB the transmission power oscillates
around the target value and as MγD increases it becomes more stable. Furthermore
as MγD increases the transmission power converges faster, however the target val-
ues of the transmission power become higher which rises the interference in the
system. We can also see that the majority of D2D links decreases their transmis-
sion power which is to be expected since most of the devices exceed their target
SINR (see Fig. 4.3a). However some D2D links increase their transmission power
up to a ceiling value that corresponds to their upper bound, which means that they
may not be able to achieve the desired target. This occurs because of the miss
calculations given by the interference models and could be solved by varying the
SINR target according to the channel gain conditions which is highly common in
practical applications.

In Fig. 4.11 the CDFs of the main performance metrics are depicted to evaluate
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(a) Tx Power convergence.
MγD = 0 [dB].
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(b) Tx Power convergence.
MγD = 4 [dB].
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(c) Tx Power convergence.
MγD = 12 [dB].

Figure 4.10: Convergence of the Transmission Power of D2D links for ∆γD = 1
[dB], with γth

D = 16 [dB] and δth = 2 [dB].

the CLPC for different values of MγD . Fig. 4.11a shows the CUE SINR loss and
we see that for low values of MγD the performance of the CLPC is closed to the
P-CSID, however for high values of MγD the performance decades slightly. This
occurs because as MγD increases the transmission power of D2D links is higher
increasing the aggregated interference towards the BS.

In Fig. 4.11b the CDF of the SINR of active D2D links is depicted. We see
that for values of MγD > 0 the outage probability of D2D links decreased by
almost 15% in comparison to the P-CSID scheme with no CLPC. Moreover as
MγD increases the active D2D links with good channel conditions can enjoy of
better SINR. For the case of MγD = 0 [dB] the values are closer to the target
but they don’t assure the QoS strictly due to the oscillations of the transmission
power, however this could be solved with MCS techniques.

Fig. 4.11c shows the CDF of the spectral efficiency. We can see that when
MγD = 0 [dB] the performance is greatly diminished in comparison to the P-
CSID scheme. This occurs because the SINR of D2D links is closed to the target
and not exceeding it as in the P-CSID, also the target is not strictly assured to all
users as shown in Fig. 4.11b. On the other hand we see that as MγD increases
the performance is greatly improved surpassing the P-CSID scheme. Thus an
improvement can be achieved by using CLPC schemes on top of the proposed
P-CSID scheme.

Fig. 4.11d depicts the CDF of the number of active D2D links with QoS. We
can see that similarly to the previous results when MγD = 0 [dB] the number
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Figure 4.11: CDF of the performance of the CLPC algorithm and all other
schemes for ∆γD = 1 [dB], γth

D = 16 [dB] and δth = 2 [dB].

of D2D links is greatly diminished because of the variations on the transmission
power of D2D links. For higher values of MγD the number of D2D links with QoS
is greater than in the P-CSID scheme. However notice that for MγD = 4 [dB] and
MγD = 12 [dB] there is no difference in the number of D2D links. This suggests
that since the CLPC does not affect the decision of D2D links to be active, if we
want to further improve the performance of the system more D2D links should
be added. This could be achieved by the proper selection of the I thx0 parameter as
shown in section 4.3.4.
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From these results we see that by implementing CLPC algorithms the QoS of
the D2D links can be greatly improved with little impact to the QoS of CUEs,
moreover an enhancement on spectrum efficiency can also be achieved. Thus
combining CLPC algorithms with a proper selection of the I thx0 parameter the per-
formance of the P-CSID can be greatly improved with little complexity.

Notice that in the evaluation done up to this point the SINR target of D2D
links has remained fixed for all users, however in practical applications this value
changes depending of the traffics demands and the channel conditions Thus fur-
ther study is needed to assess the full potential of the proposed interference coor-
dination schemes, this we leave as future work.
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Chapter 5

Conclusions

5.1 Summary
The ever increasing demand on mobile traffic creates a challenge for the design of
future cellular networks. Thus D2D communications has been proposed to allow
users to communicated directly between each other while sharing the resources
of CUEs. This technique provides the means to increase the performance of the
network and support new proximity based services.

New proximity based applications are becoming more and more popular these
days, therefore the implementation of D2D communications on cellular networks
will have a high demand in the near future. As a result we have conducted a
comprehensive study on the scalability of D2D communications underlay cellular
networks.

The scalability of D2D communications is defined as the maximum number of
D2D links that can share the cellular resources while guaranteeing a QoS for D2D
links and CUEs. On this study we implement interference coordination schemes
to evaluate the scalability of the system.

After conducting an extensive literature survey we have found key elements
that need to be taken into consideration in order to provide a comprehensive study
of the system scalability of D2D communications. We assume different levels of
CSI information to evaluate the trade-off between complexity and performance.
Also we assume a multi-cell environment to have a more practical evaluation of
the interference scenario. Finally we include optimization techniques to obtain a
reference for the optimal performance that can be achieved.

On this study we have conducted extensive mathematical analysis to develop
three interference coordination schemes namely F-CSIOp, P-CSID and N-CSIC.
Also numerical analysis is conducted to evaluate the performance of the proposed
schemes. The results show that the best performance is achieved by the F-CSIOp,
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which corresponds to the optimal solution with full CSI. Then we have the P-CSID
based on a distributed algorithm with partial CSI. Finally the lowest performance
among the proposed schemes is given by the N-CSIC scheme based on a central-
ized algorithm where no CSI is needed. We conclude that as the CSI becomes
available the performance of the interference coordination is increased, however
the complexity and signaling overhead is also increased. Thus a trade-off must be
found in order to provide a practical solution that can be deployed in real systems.

The P-CSID scheme has been proven to be a good candidate for practical
applications giving a good trade-off between complexity and performance. This
scheme provides good spectrum efficiency and scalability for a wide range of strict
QoS requirements for both D2D links and CUEs. Moreover it is possible to further
improve its performance by the proper selection of the involved parameters and
the implementation of CLPC schemes.

On the other hand the N-CSIC scheme is able to provide good spectrum effi-
ciency and scalability for low QoS requirements of D2D links without considering
the QoS of CUEs. Thus it is possible to implement this scheme in other applica-
tions like sensor networks or machine-to-machine (M2M) communications where
the devices do not need high levels of SINR and there are no primary users to
impose an extra interference constraint.

We have also found that considering a multi-cell scenario is of paramount
importance in order to obtain a comprehensive view on the performance of the
system.

Finally we can conclude that improving the scalability of D2D links results
in an increase of spectrum efficiency and it is possible to achieve this with low
complexity interference coordination schemes.

5.2 Findings and Contributions
1. An theoretical close form expression has been found to characterize an up-

per bound for the number of D2D links per unit area that can be in active
communications while sharing the resources of CUEs.

2. A low complexity distributed algorithm has been proposed to successfully
coordinate the interference in D2D communications underlay cellular net-
works.

3. An optimization problem is formulated to coordinate the interference in
D2D communications underlay cellular networks considering a multi-cell
environment.
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4. An statistical model for the interference based on the number of devices per
unit area is introduced.

5. The P-CSID scheme is proven to be a good candidate for the practical in-
terference coordination of D2D communications underlay cellular networks
with low complexity and low signaling overhead. Providing a good perfor-
mance of scalability and spectrum efficiency for a wide range of strict QoS
requirements.

6. The performance of the P-CSID scheme can be further improved by proper
selection of the involved parameters and the implementation of CLPC tech-
niques.

7. The N-CSIC scheme can be a good candidate for the interference coordi-
nation of sensor networks or M2M communications where devices require
low SINR levels and there are no primary users that impose additional in-
terference constraints.

8. The impact of inter-cell interference is non negligible, thus a multi-cell en-
vironment needs to be considered to obtain a comprehensive view of the
system’s performance.

9. The effect of the interference between different D2D links is a stronger
limiting factor of the scalability than the interference caused by D2D links
towards the BS. This is true for interference coordination schemes that con-
trol the transmission power of D2D links based on CSI, e.g, F-CSIOp and
P-CSID.

10. There is a strong correlation between the target SINR of D2D links and the
QoS of CUE and D2D links. Thus adapting the SINR target of each D2D
link can increase the system performance.

5.3 Further work
For this study we have evaluated the scalability of D2D communications as an
underlay on cellular networks while considering the interference constraints on
one RB. Thus a next step would be to extend the study to a large resource grid and
scale the proposed schemes for a more comprehensive view on the scalability of
the system.

In the last stage of this study we found that the performance can be further
improved by proper selection of the target CUE SINR loss and the implementation
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of CLPC techniques. However more study is needed to determine the best way to
apply these changes and asses the full potential of the P-CSID scheme.

Further work can also be done to asses the energy efficiency of the proposed
schemes. The study of the relationship between scalability and energy efficiency
of D2D communications presents an important area of research.

Another interested area of study is the implementation of the proposed schemes
in terms of signaling protocols and evaluation of the signaling overhead. To de-
velop discovery procedures and protocols that can support the proposed schemes.
This is of high importance in order to deploy scalable D2D communications in
real systems.
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