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Device-to-device (D2D) communication has gained a lot of attention in the last few 

years, and is considered to be a crucial part of the 4G Long Term Evolution - Advanced 

(LTE-A) cellular system and Beyond 4G (B4G) systems, introducing flexible, cost and 

energy efficient solutions. However, one of the limiting factors in such communication 

scenario is the interference introduced due to the reuse of cellular resources for D2D 

links, degrading the network’s quality of service (QoS) and the transmission capacity. 

In this thesis, we consider a non-cooperative deployment for the LTE and D2D links 

and derive closed-form expressions of the ergodic capacities for both systems based on 

their Signal-to-Interference Ratio (SIR) distributions. We show that the capacities of 

both D2D and LTE are concave and convex respectively w.r.t the transmitted power 

ratio. We then propose two optimization algorithms of the power allocation based on 

the convex concave procedure (CCCP) and a Geo-statistical approach. The CCCP 

procedure is used to obtain the optimal transmitted power ratio that satisfies the target 

Quality of Service (QoS) under limited number of D2D links. In crowded D2D 

environment, we propose to exploit a spatial statistics technique to estimate the Signal-

to-Interference plus Noise Ratio (SINR) and interference distributions based on the 

spatial correlation of the D2D links and cellular links using Kriging interpolator. The 

resulting information is then incorporated in the power optimization problem to relax 

the constraints and provide interference-aware solution for such scenario. The analytical 

and numerical results demonstrate the effectiveness of the introduced algorithms and 

show that there exists an optimal power ratio that satisfies the transmission constraints 

in both D2D and cellular systems. 
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CHAPTER I 

INTRODUCTION 

 

A.  Motivation 

The introduction of smart phones and their applications have caused a 

tremendous burden on the cellular networks with the ever exploding voice and data 

traffic consumption. The Wireless World Research Forum (WWRF) had estimated 

about 7 trillion wireless devices serving 7 billion people by 2020 [1], leading then to the 

so-called spectrum crisis. Given the drastic growth of bandwidth hungry applications, 

such as video streaming and multimedia file sharing, coupled with the limitations of the 

current cellular systems which already have been pushed [1], the time has come to find 

innovative methods to accommodate these bandwidth consuming applications and 

services within the network’s capacity. Although the deployment of small cells, such as 

femto-cells, can bring better coverage and higher rates, it could cause heavy interference 

in loaded networks.  

The Third-Generation Partnership Project (3GPP) has defined data offloading 

as an alternative solution to cope with this problem, where the 3GPP SA1 (services) 

working group has been studying since 2011 a new Rel-12 item, named Study on 

Proximity-Based Services (ProSe), targeting the potential requirements for an operator 

to integrate Device-to-Device (D2D) communication in their network [3]. This 

technology has been proposed as a promising concept for improving user experiences 

and resource utilization in cellular networks by taking advantage of users’ proximity. 
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B.  D2D Background 

Recently, D2D communications underlying cellular networks have received 

great attention in the research community, and it was first introduced in [2] to provide a 

multihop relay architecture for cellular networks, which was then studied as a potential 

spectral efficiency enhancement. Later on, it was investigated as a promising spectrum 

sharing component that could offer further benefits such as reliability, flexibility, power 

saving and plug-and-play capabilities[3],[4]. 

The term D2D communications refers to direct short-range communications 

between terminals of a mobile network, without the intermediate transmission to a Base 

Station (BS). What differentiates it from conventional approaches, such as Bluetooth 

and Wi-Fi Direct, is the utilization of licensed spectrum with QoS guarantees, while no 

manual network detection-selection is required [5]. 

Basically, the direct communication between nearby mobile devices will 

offload the base station and help reduce the overhead and this will improve spectrum 

utilization, overall throughput, and energy efficiency, while enabling new peer-to-peer 

and location-based applications and services. Potential application scenarios include, 

among others, proximity-based services where devices detect their proximity and 

subsequently trigger different services (such as social applications triggered by user 

proximity, advertisements, local exchange of information, smart communication 

between vehicles, etc.). Other applications include public safety support, where devices 

provide at least local connectivity even in case of damage to the radio infrastructure. 

Examples on the applications for D2D can be shown in Figure 1.1. 
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Figure 1.1 Example application scenarios for Device to Device [3] 

 

C.  D2D communication classification  

D2D communications are divided into two types; the in-band type and the out-

band type. The former operates in licensed bands, while the latter operates in license-

free bands [6]. 

In in-band D2D communications, User Equipments (UEs) communicate over a 

direct link using the same spectrum as the cellular resources. This allows the users to 

communicate directly without the need to go through the BS, except in some cases for 

signalling purposes. Hence, the overall throughput of served users will increase. This 

however is obtained at the detriment of increased interference due to the reutilization of 

the cellular resources for D2D links [7].  

In-band communications are divided into underlay and overlay categories. As 

the name implies, underlay communications suggests D2D and cellular communications 

share the same available resources. On the other hand, in overlay mode, the D2D 

communication is carried out using dedicated resources from the cellular resources. The 

major drawback of this mode is the heavy interference sensed by both networks. 
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To eliminate such interference, one way is to operate in out-band D2D mode, 

where D2D links use the 2.4 GHz ISM band for their communications. Such 

communication usually requires special non-LTE interfaces such as Wi-Fi Direct and 

Bluetooth/ZigBee. Although the interference among D2D and cellular is irrelevant in 

this mode, the D2D links are exposed to uncontrolled nature of the unlicensed 

spectrum [5]. Out-band is also divided further into controlled and autonomous 

categories which are self-explanatory from their names. Since the interference in out-

band is hard to manage, in our work we will focus on the in-band underlay mode. 

The D2D operation modes and their categories are illustrated in Figure 1.2

 

Figure 1.2 D2D communication classification 

 

Interference between the cellular and D2D communications is the most 

important issue in underlaying D2D communications. Good interference management 

algorithms can increase the system capacity, and have attracted a lot of attention [8]. 

Generally interference management schemes are classified into three categories [9]: 

1. Interference avoidance: communication is done in an orthogonal fashion, hence 

avoiding unwanted interference between D2D and cellular links. 
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2. Interference coordination: interference is controlled by implementing smart 

power control or/and resource allocation.  

3. Interference cancellation: advanced coding and decoding techniques are done at 

the cellular and D2D links to remove the interference from the intended signals. 

In this work, we will be assuming D2D operation on the downlink band and 

thus, the main interference is originated from the Base Station (BS) to Device-to-Device 

Receiver (DRXs), interference from Device-to-Device Transmitters (DTXs) to Cellular 

UEs and adjacent D2D links interference. Such communication scenario can be 

visualized in Figure 1.3. 

 

Figure 1.3 D2D and cellular networks sharing resources 

 

D.  Objective and Related Work 

This thesis targets the coexistence of D2D and Long Term Evolution (LTE) 

cellular networks, where we consider a non-cooperative deployment for the LTE and 

D2D links and derive closed-form expressions of the ergodic capacities for both 
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systems based on their Signal to Interference Ratio (SIR) distributions. We show that 

the capacities of both D2D and LTE are concave and convex respectively w.r.t the 

transmitted power ratio. We then propose two optimization algorithms of the power 

allocation based on the Convex Concave Procedure (CCCP) and a Geo-statistical 

approach. The CCCP procedure is used to obtain the optimal transmitted power ratio 

that satisfies the target QoS under limited number of D2D links. In crowded D2D 

environment, we propose to exploit a spatial statistics technique known as Ordinary 

Kriging Estimator (OKE) to estimate the Signal to Interference plus Noise Ratio (SINR) 

and interference distributions based on the spatial correlation of the D2D links and 

cellular links. The resulting information is then incorporated in the D2D power 

optimization problem to relax the constraints and provide interference-aware solution. 

The analytical and numerical results demonstrate the effectiveness of the introduced 

algorithms and show that in the scenario of D2D underlaying cellular communication 

there exists an optimal power ratio that satisfies the transmission constraints in both 

D2D and cellular systems.  

The transmission capacity is a metric that has been extensively investigated in 

the literature, as it is considered to be a fundamental issue in heterogeneous systems. 

Comprehensive analysis has been done in [10] for the transmission capacity of relay 

assisted D2D networks, where the authors provide a theoretical analysis on the optimal 

transmission rate over Rayleigh fading channels, firstly by using stochastic geometry, 

then formulating an optimization problem maintaining the outage probability of both 

cellular and D2D networks. 
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The authors in [12] proposed a network controlled algorithm with low 

computation complexity to efficiently solve the capacity optimization problem in D2D 

underlay operation where the BS has total channel awareness. In their work, the authors 

proposed a feasibility function indicating the reusability of D2D for a certain resource in 

binary operation, in other words, the algorithm tries to give high priority for users who 

have the least feasible option. The main drawback of this algorithm is the need to have 

full channel gain knowledge in order to search for the optimal global solution. 

An interference mitigation scheme in presented in [13] where the authors 

aimed at improving the overall capacity and spectral efficiency for a D2D 

communication in cellular networks. They defined a metric, Tolerant Interference 

Degree (TID) to evaluate the permissible interference scope for successful D2D 

transmission; in addition, they derive a lower bound on neighbor distance for a D2D 

UE. 

An interference management strategy which is named as 𝛿𝐷 − Interference 

Limited Area (ILA) control scheme was proposed in [14] to enhance the overall 

capacity of cellular networks and D2D underlaying system. Moreover, an expression of 

lower bound of ergodic capacity which considers interference from more than one 

Cellular UE (CUE) is used to analyze the capacity performance of the proposed 

interference management strategy. However, in [14], only the capacity performance of 

reusing UL radio resource and the interference control scheme in Uplink (UL) mode are 

discussed, the case of Downlink (DL) mode is unavailable.  
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In the rest of this report, Chapter II derives a closed-form expressions on the 

global ergodic capacity for D2D underlay operation in the DL and provide analytical 

observations and simulations. Chapter III formulates the problem of capacity 

optimization and proposes the CCCP approach for tackling it based on the derived 

expressions. Chapter IV discusses the use of kriging in the optimization of the global 

capacity of D2D and cellular networks by proposing an algorithm that returns the 

optimal transmit powers for the D2D TXs while preserving the predefined QoS 

constraints. And finally, Chapter V concludes the report and presents directions for 

future work.  
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CHAPTER II 

DERIVATION AND ANALYSIS OF THE GLOBAL ERGODIC 

CAPACITY IN D2D UNDERLAYING CELLULAR SYSTEM  

 

 

The target of this chapter is to provide closed-form expressions of the 

capacities for both D2D and LTE systems. In this work, we assume no channel state 

information (CSI) is available at the transmitter side. In addition, we assume an 

interference-limited scenario, i.e. the effect of the thermal noise is very small compared 

to the interference power level from the neighbouring devices.  

 

A.  System model 

We consider a basic scenario where several D2D communication sessions 

coexist with an LTE cellular network. The cellular network consists of a BS and a 

single LTE CUE, while the D2D network consists of N D2D links working on the DL 

resources. Figure 2.1 shows such a deployment for the devices in a macrocell 

environment. DTXk is the kth D2D transmitter, while DRXk is the kth D2D receiver. The 

channel gains from BS to CUE and from DTXk to DRXk (𝑘 = 1,2 , . . , 𝑁) are assumed to 

be independent and identically distributed ( i.i.d) with Rayleigh fading distribution. 

For the sake of clarification, we assume the following: 

1. The transmit power of DTXs are identical and is upper bounded. 

2. The channel coefficients are slowly varying for the time period of interest. 
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3. A simple path loss model is considered, i.e. the TX-RX power relation is 

given by: 𝑃𝐿 = 𝑑−𝛼, where α is the path-loss exponent and d is the distance 

separation. 

 

Figure 2.1 Network model of Macro BS with one CUE and several D2D links 

 

B.  SIR Distribution 

The SINR of the CUE and the kth DRX on the nth resource block can be 

respectively expressed as: 

𝛾𝑐 =
𝑃𝑏 𝑙𝑐|ℎ𝑐|

2

∑ 𝑃𝑑 𝑙𝑖|ℎ𝑖|2
𝑁
𝑖=1 +  𝑁0

 

 

(1) 

𝛾𝑘 =
𝑃𝑑 𝑙𝑘|ℎ𝑘|

2

∑ 𝑃𝑑 𝑙𝑗|ℎ𝑗|
2𝑁

𝑗=1
𝑗≠𝑘

+ 𝑃𝑏 𝑙𝑏|ℎ𝑏|2 +  𝑁0

 (2) 

 

BS

DTX1

DRX1

CUE

.....
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where 

 𝑃𝑏 is the transmit powers of the BS. 

 𝑃𝑑 is the transmit powers kth D2D TX. 

 ℎ𝑘 is the channel fading coefficient for the target D2D RX. 

 ℎ𝑗 is the channel fading coefficient for interfering D2D TXs on D2D RX. 

 ℎ𝑖 is the channel fading coefficient for interfering D2D TXs on CUE. 

 ℎ𝑏 is the channel fading coefficient for interfering BS on D2D RX. 

 ℎ𝑐 is the channel fading coefficient for the target CUE.  

 𝑙𝑘, 𝑙𝑗 , 𝑙𝑖, 𝑙𝑏 and 𝑙𝑐 are the corresponding path loss attenuations. 

  𝑁0 is the noise variance.  

The distributions of the SIR are needed later to obtain the ergodic capacity. Since  

|ℎ𝑐|
2, |ℎ𝑖|

2, |ℎ𝑘|
2, |ℎ𝑗|

2
and |ℎ𝑏|

2 are exponentially distributed, the Probability 

Distribution Functions (PDFs) of the SIRs is proved below. 

The global ergodic capacity, in Bits/Sec/Hz is calculated by averaging over the fading 

distributions as follows: 

𝐶𝑔𝑙𝑜𝑏𝑎𝑙 = 𝛦ℎ[𝑙𝑜𝑔2(1 + 𝛾𝑐)] + 𝛦ℎ[𝑙𝑜𝑔2(1 + 𝛾𝑘)] 
  (3) 

where 𝛾𝑐 and 𝛾𝑘 are the SINR given by (1) and (2). E(.) is the expected value over the 

fading distributions respectively. For simplicity, and since the scenario is interference 

limited, we neglect the thermal noise compared to the interference part in the SINR. We 

should mention that even though the simplification of the SINR to SIR might seem 

impractical but this gives us some insights about the capacity expression and evolution.  



 

 

12 

Furthermore, the robustness of this approximation will be verified in the results 

section. To the best of our knowledge, there is no previous work dealing with the 

capacity and SIR distributions. Hence, the problem of the ergodic capacity evaluation 

turns out to find the SIR distribution followed by an expectation over the channel gain 

h.  

In other words, to derive the global capacity in (3), an integration over all h is 

required. Instead, one could replace this integration by a simpler expression by 

integrating over SINR or SIR. The capacity will be then equivalent to: 

𝐶𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐸𝛾̃𝑐
[𝑙𝑜𝑔2(1 + 𝛾̃𝑐)] + 𝐸𝛾̃𝑘

[𝑙𝑜𝑔2(1 + 𝛾̃𝑘)]  
(4) 

where 𝛾̃𝑐 and 𝛾̃𝑘 are the SIR of D2D and CUE respectively. Using (4), the global 

ergodic capacity of both D2D and CUE could be obtained if the PDF of the SIR are 

given. Hence, the problem turns out to find these pdf as done in [14]. 

Lemma 1 At a given location and in Rayleigh fading channel, the distributions of SIRs 

s at a CUE and kth D2D links are given by: 

𝑝𝛾̃𝑐
(𝑠) = 𝑃𝑏𝑙𝑐 [∏

1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

]∑
(𝑃𝑑𝑙𝑗)

2

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑑𝑙𝑗

) (𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑏𝑙𝑐)
2𝑁

𝑘≠𝑗
𝑘=1

𝑁

𝑗=1

  (5) 

𝑝𝛾̃k
(𝑠) =

1

𝑃𝑑𝑙𝑘𝑃𝑏𝑙𝑏
[∏

1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

] 

×

[
 
 
 
 
 
 
 

∑

(𝑃𝑑𝑙𝑘𝑃𝑑𝑙𝑗)
2

(∏ (
1

𝑃𝑑𝑙𝑢
−

1
𝑃𝑑𝑙𝑗

)𝑁
𝑢≠𝑗
𝑢=1

) (
1

𝑃𝑏𝑙𝑏
−

1
𝑃𝑑𝑙𝑗

) (𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑑𝑙𝑘)
2

+
(𝑃𝑑𝑙𝑘𝑃𝑏𝑙𝑏)

2

(∏ (
1

𝑃𝑑𝑙𝑢
−

1
𝑃𝑏𝑙𝑏

)𝑁
𝑢≠𝑗
𝑢=1

) (𝑃𝑏𝑙𝑏𝑠 + 𝑃𝑑𝑙𝑘)2

𝑁

𝑗=1

]
 
 
 
 
 
 
 

 

(6) 
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Proof:  We focus on the distribution of the SIR at the CUE receiver. Let us define the 

two following Random Variables (R.Vs): 𝑋 = 𝑃𝑏 𝑙𝑐|ℎ𝑐|
2

 and 𝑌 = ∑ 𝑃𝑑  𝑙𝑖|ℎ𝑖|
2𝑁

𝑖=1  with 

PDF given by: 

 𝑋  ~ 
1

𝑃𝑏 𝑙𝑐
𝑒

−
𝑥

𝑃𝑏 𝑙𝑐  

 𝑌 ~ [∏
1

𝑃𝑑𝑙𝑖

𝑁
𝑖=1 ] [∑

𝑒
−

𝑥
𝑃𝑑𝑙𝑘

∏ (
1

𝑃𝑑𝑙𝑘
−

1

𝑃𝑑𝑙𝑗
)𝑁

𝑘≠𝑗
𝑘=1

𝑁
𝑗=1 ] 

By applying the change of variable theorem as follows: 

{
𝑆 = 𝑋/𝑌
𝑇 = 𝑌

      ⇔    {
𝑋 = 𝑆𝑇
𝑇 = 𝑌

 (7) 

The joint PDF for the couple (𝑆, 𝑇) can be written as: 

𝑓𝑆𝑇(𝑠, 𝑡) = 𝑓𝑋𝑌(𝑥(𝑠, 𝑡), 𝑦(𝑠, 𝑡))|𝐽(𝑠, 𝑡)| (8) 

where 𝐽(𝑠, 𝑡) is the Jacobian of the transformation depending on the new variables. As 

𝑋 and 𝑌 are independent, we obtain:  

𝑓𝑆𝑇(𝑠, 𝑡) = 𝑓𝑋𝑌(𝑠𝑡, 𝑡)|𝑡| =
|𝑡|

𝑃𝑏 𝑙𝑐
[∏

1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

]∑
𝑒

−𝑡(
𝑠

𝑃𝑏 𝑙𝑐
+

1
𝑃𝑑𝑙𝑗

)

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑑𝑙𝑗

)𝑁
𝑘≠𝑗
𝑘=1

𝑁

𝑗=1

 (9) 

By integrating the above joint PDF w.r.t the variable t, we obtain the SIR at the LTE 

cellular receiver: 

𝑓𝛾̃𝑐
(𝑠) = ∫ 𝑓𝑆𝑇(𝑠, 𝑡)

∞

0

𝑑𝑡 

= 𝑃𝑏𝑙𝑐 [∏
1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

]∑
(𝑃𝑑𝑙𝑗)

2

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑑𝑙𝑗

) (𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑏𝑙𝑐)
2𝑁

𝑘≠𝑗
𝑘=1

𝑁

𝑗=1

 

(10) 
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𝑓𝛾̃𝑘
 is obtained by following the same steps as previously shown, and the proof is 

complete. 

 

C.  Ergodic Capacity 

We can show that the global ergodic capacity of the regular cellular 

communication and D2D communications is respectively equal to:    

  𝐶𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐶𝑐𝑒𝑙𝑙 + 𝐶𝐷2𝐷 (11) 

where 

  𝐶𝑐𝑒𝑙𝑙 = 𝑃𝑏𝑙𝑐 [∏
1

𝑙𝑖

𝑁

𝑖=1

] × 

∑
𝑙𝑗

∏ (
1
𝑙𝑘

−
1
𝑙𝑗
) (𝑃𝑑𝑙𝑗 − 𝑃𝑏𝑙𝑐)

𝑁
𝑘≠𝑗
𝑘=1

𝑁

𝑗=1

𝑙𝑜𝑔2 (
𝑃𝑑𝑙𝑗

𝑃𝑏𝑙𝑐
) 

(12) 

and 

𝐶𝐷2𝐷 =
𝑃𝑑

2−𝑁𝑙𝑘
𝑃𝑏𝑙𝑏

[∏
1

𝑙𝑖

𝑁

𝑖=1

] × 

[
 
 
 
 
 
 
∑

𝑃𝑑
𝑁−2𝑙𝑗

(∏ (
1
𝑙𝑢

−
1
𝑙𝑗
)𝑁

𝑢≠𝑗
𝑢=1

) (
1

𝑃𝑏𝑙𝑏
−

1
𝑃𝑑𝑙𝑗

) (𝑙𝑗 − 𝑙𝑘)

𝑁

𝑗=1

𝑙𝑜𝑔2 (
𝑙𝑗

𝑙𝑘
)

+
𝑃𝑏𝑙𝑏

∏ (
1

𝑃𝑑𝑙𝑖
−

1
𝑃𝑏𝑙𝑏

)𝑁
𝑖=1 (𝑃𝑏𝑙𝑏 − 𝑃𝑑𝑙𝑘)

𝑙𝑜𝑔2 (
𝑃𝑏𝑙𝑏
𝑃𝑑𝑙𝑘

)

]
 
 
 
 
 
 

 

(13) 

Proof:  By substituting the distributions of the SIRs derived in Lemma 1 in (4) and [15], 

we obtain the ergodic capacities. 
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1.  Special case: Major interfering links 

As the expressions of (12) and (13) are too complex to interpret, we focus in 

this section on the case where the two major interfering D2D links with the cellular 

system are only considered. Indeed, in such a heterogeneous scenario (i.e. cellular and 

D2D links), only few D2D links will affect the overall system capacity as the latter 

depends on the distance between the D2D links from one side and on the distance 

between the cellular and D2D receivers from the other side. Hence, we assume that only 

the closest two D2D links will affect a particular cellular receiver, as seen in Figure 2.2. 

 

Figure 2.2 Special case deployment scenario 

Hence, when 𝑁 = 2, the SIR expression of the D2D link becomes: 

and the SIR for the CUE is given by: 

 

 

BSDRX1

DTX1
DTX2

DRX2

CUE

𝛾̃𝑘 =
𝑃𝑑  𝑙𝑘|ℎ𝑘|

2

𝑃𝑑𝑙𝑑|ℎ𝑑|2 + 𝑃𝑏 𝑙𝑏|ℎ𝑏|2
 

(14) 

𝛾̃𝑐 =
𝑃𝑏 𝑙𝑐|ℎ𝑐|

2

𝑃𝑑(𝑙𝑑1|ℎ𝑑1|2 + 𝑙𝑑2|ℎ𝑑2|2)
 (15) 
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where 

 ℎ𝑑 is the channel fading coefficients for the interfering link on the D2D target 

link. 

 ℎ𝑑1 is the channel fading coefficients for the interfering D2D links 1 on the 

target CUE. 

 ℎ𝑑2 is the channel fading coefficients for the interfering D2D links 2 on the 

target CUE. 

  𝑙𝑑, 𝑙𝑑1, 𝑙𝑑2 are their corresponding path-loss attenuations. 

The global ergodic capacity will be then written as ((11),(12)):  

 

𝐶𝑔(𝑃, 𝑙) =    𝐶𝑐𝑒𝑙𝑙(𝑃, 𝑙) + 𝐶𝐷2𝐷(𝑃, 𝑙) (16) 

where 

  𝐶𝑐𝑒𝑙𝑙(𝑃, 𝑙) = 𝑃𝑏𝑙𝑐 [∏
1

𝑙𝑖

2

𝑖=1

] × 

∑
𝑙𝑗

∏ (
1
𝑙𝑘

−
1
𝑙𝑗
) (𝑃𝑑𝑙𝑗 − 𝑃𝑏𝑙𝑐)

2
𝑘≠𝑗
𝑘=1

2

𝑗=1

𝑙𝑜𝑔2 (
𝑃𝑑𝑙𝑗

𝑃𝑏𝑙𝑐
) 

(17) 

 

and 

𝐶𝐷2𝐷(𝑃, 𝑙) =  
𝑙𝑘
𝑙𝑑

× 

[
𝑙𝑜𝑔2 (

𝑙𝑑
𝑙𝑘

)

(1 −
𝑃𝑏𝑙𝑏
𝑃𝑑𝑙𝑑

) (1 −
𝑙𝑘
𝑙𝑑

)
+

l𝑜𝑔2 (
𝑃𝑏𝑙𝑏
𝑃𝑑𝑙𝑘

)

(
𝑃𝑏𝑙𝑏
𝑃𝑑𝑙𝑑

− 1) (1 −
𝑃𝑑𝑙𝑘
𝑃𝑏𝑙𝑏

)
] 

(18) 
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where (17) is the capacity of the cellular system, i.e. 𝐶𝑐𝑒𝑙𝑙, and (18) represents the 

capacity of the D2D system. As seen in (17) and (18), we notice both expressions 

depend on the path loss and power components. Hence, to further simplify the global 

expression, we reformulate it as follows: 

where  

 𝛽1 = 𝑃𝑑𝑙𝑑1/𝑃𝑏𝑙𝑐 

 𝛽2 = 𝑃𝑑𝑙𝑑2/𝑃𝑏𝑙𝑐 

 𝐴1 = 𝑙𝑑1𝑙𝑏/l𝑐𝑙𝑘 

 𝐴2 = 𝑙𝑑1𝑙𝑏/𝑙𝑐𝑙𝑑  

 𝐴3 = 𝑙𝑑2𝑙𝑏/𝑙𝑐𝑙𝑘 

The parameters 𝛽1 and 𝛽2 capture the transmit power ratio of both cellular and D2D 

systems, i.e. 𝑃𝑑 and 𝑃𝑏. It is noted that (19) is defined for all excluding the following: 

1. 𝛽1, 𝛽2 ≠1 

2. 𝐴2, 𝐴3 ≠ 𝐴1 

3. 𝐴3 ≠ 𝛽2 

4. 𝐴2 ≠ 𝛽1 

𝐶𝑔(𝛽1, 𝛽2) = 

[
𝑙𝑜𝑔2𝛽1

(𝛽1 − 1) (1 −
𝐴3

𝐴1
)

+
𝑙𝑜𝑔2𝛽2

(𝛽2 − 1) (1 −
𝐴1

𝐴3
)
] + 

  [
𝑙𝑜𝑔2

𝐴1

𝐴2

(1 −
𝐴2

𝛽1
) (

𝐴2

𝐴1
− 1)

+ 
𝑙𝑜𝑔2

𝐴3

𝛽2

(
𝐴3

𝛽2
−

𝐴1

𝐴2
) (1 −

𝛽2

𝐴3
)
] 

(19) 
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D.  Performance Evaluation and Analysis 

 In this section, the obtained global ergodic capacity is analyzed. Firstly, 

analytical results are provided according to the analytical expressions of the capacities. 

Next, a numerical analysis is presented by applying the real values on the parameters of 

the obtained capacities and then analyzing their corresponding simulations. 

 

1.  Analytical analysis 

The analytical expressions of the obtained ergodic capacities 𝐶𝑐𝑒𝑙𝑙, 𝐶𝐷2𝐷 and 𝐶𝑔 

allow to evaluate the system parameters influence on the global and broadcast received 

data rates in particular the cellular and D2D transmission powers and the distance 

between D2D links, CUEs and the BS. As seen in (19), the global capacity of the hybrid 

model is composed of two functions with different forms. These two functions depend 

on the D2D and cellular transmission powers and on the attenuation path loss therefore 

on the distance between transmitters and receivers of the two networks. In (19), the 

transmission power ratios 𝛽1 and 𝛽2 exist with contradictory manner in the two 

capacities equation. This affects the global capacity which is the sum of two contrary 

variations. This interpretation means that the analytical derivation is not sufficient to 

have an idea on 𝐶𝑔 variation. Therefore, because of the complexity of 𝐶𝑔 form, the 

parameter values are needed to evaluate the transmission power variations effect on the 

global capacity. 

  



 

 

19 

2.  Numerical analysis  

In this section, we will analyse the derived capacity expression in extensive 

simulations scenario in order to trace the behaviour of D2D underlaying cellular 

networks. However, this is hard to realize in the analytical approach. Looking into (19), 

we notice the parameters 𝛽1, 𝛽2, 𝐴1, 𝐴2 and 𝐴3  are function of the path-loss and power 

transmissions. Path-loss variables, i.e. 𝑙𝑑1, 𝑙𝑑2 𝑙𝑐, 𝑙𝑘, 𝑙𝑑and 𝑙𝑏 are given to the simple 

model (𝑙 = 1/𝑑𝛼), with 𝛼 is the path-loss exponent equal to 3. The BS radius is 500 m. 

The bandwidth of the network is normalized. The BS and D2D TXs can transmit at a 

maximum of 1.4 W and 0.1995 W respectively. 

Figure 2.3 shows the deployment of the simple scenario adopted in this section. 

 

Figure 2.3 Scenario deployment of a BS with a single CUE and couple D2D pair 

Applying the parameter values on the simulations, four figures are drawn. The first 

three figures show the variation of the system capacities in function of the transmission 
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powers ratio parameters, and the fourth figure shows their variation w.r.t to the power 

ratio 𝑃𝑑/𝑃𝑏 while fixing the distance parameters. 

Firstly, Figure 2.4shows the behavior of the global capacity w.r.t. the cellular 

and DTXs power ratio parameters, i.e. 𝛽1 and 𝛽2. From this figure, it can be 

immediately seen that the global capacity is not a convex function of 𝛽1or 𝛽2. 

Moreover, the maximum data rate would be obtained for a non-operational D2D 

system, which would not be desirable. 

 

Figure 2.4 Global capacity (bits/sec/hz) as a function of the power ratio parameters 𝛽1 and 𝛽2. 

Secondly, the two curves in Figure 2.5 show the behavior of the D2D capacity 

and cellular capacity w.r.t 𝛽1 and 𝛽2. Clearly in (a), we can observe the property of the 

curve and can be identified as concave while (b) as convex, although it is indirectly 

associated with the power transmitted by the DTXs and BS. To that end, Figure 2.6 

removes this vagueness and show only the relation of the capacities with the transmitted 

powers, i.e. 𝑃𝑑/𝑃𝑏 . 
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(a) 

(b) 

Figure 2.5 D2D and Cellular capacities (bits/sec/hz) as a function of the power ratio parameters 

𝛽1 and 𝛽2. 

Figure 2.6 verifies the convexity of the first term and the concavity of the 

second in equation (19) in term of the power ratio 𝑃𝑑/𝑃𝑏. As shown in Figure 2.6, the 

global capacity is maximized at two points, when the power ratio is at 0 or ∞. In other 

words, one of the systems has to be switched off in order to maximize the global 

capacity. This convex concave property of the global capacity expression is very 
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important as it allows specifying the solution of the power optimization problem of both 

systems.  

 

Figure 2.6 Global, Cellular and D2D capacities in terms of the power ratio 𝑃𝑑/𝑃𝑏  

Figure 2.6 also gives us other insights. Let us for example, consider a capacity 

requirement threshold, seen as a QoS metric, equal to 2 [b/s/Hz]. Clearly the D2D 

achieves this requirement whenever the power ratio 𝑃𝑑/𝑃𝑏 is higher than 0.25, while on 

the other hand, the mobile capacity will violate the requirement at power ratio values 

greater than 2.5. Thus 𝑃𝑑/𝑃𝑏 should be confined between 0.25 and 2.5 to meet the QoS 

conditions. This indicates the importance of selecting an appropriate QoS threshold 

which will affect directly the behavior of our optimization. 
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3.  CDF and CCDF analysis 

This section derives the CDF/CCDF for the cellular system and discusses the behavior 

of the analytical results based on the derived expressions of the probability density 

function. Here we will be assuming the D2D are transmitting with unified power, i.e. 

the maximum transmitting power of 0.1995 W. 

To calculate the CDF and the CCDF of the SIRs for the cellular user, we integrate the 

density function 𝑝𝛾̃𝑐
(𝑠) of that user as follows: 

 

The CCDF on the other hand is obtained as: 

𝐹𝛾̃𝑐
(𝑠) =  ∫𝑝𝛾̃𝑐

(𝑠)

𝑠

−∞

𝑑𝑠 

= ∫𝑃𝑏𝑙𝑐 [∏
1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

]∑
(𝑃𝑑𝑙𝑗)

2

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑙𝑗

) (𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑏𝑙𝑐)
2𝑁

𝑘≠𝑗
𝑘=1

𝑁

𝑗=1

𝑠

−∞

𝑑𝑠 

= 𝑃𝑏𝑙𝑐 × [∏
1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

] × ∑

[
 
 
 
 

(𝑃𝑑𝑙𝑗)
2

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑑𝑙𝑗

)𝑁
𝑘≠𝑗
𝑘=1

× ∫
1

(𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑏𝑙𝑐)
2

𝑠

0

𝑑𝑠

]
 
 
 
 𝑁

𝑗=1

 

= 𝑃𝑏𝑙c × [∏
1

𝑃𝑑𝑙𝑖

𝑁

𝑖=1

] × 

∑

[
 
 
 
 

(𝑃𝑑𝑙𝑗)
2

∏ (
1

𝑃𝑑𝑙𝑘
−

1
𝑃𝑙𝑑𝑗

)𝑁
𝑘≠𝑗
𝑘=1

× (
−1

𝑃𝐷𝑙𝑗(𝑃𝑑𝑙𝑗𝑠 + 𝑃𝑏𝑙𝑐)
+

1

𝑃𝑑𝑙𝑗(𝑃𝑏𝑙𝑐)
)

]
 
 
 
 𝑁

𝑗=1

 

(20) 
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The results in Figure 2.7 show the complementary CDF of the cellular user in a 

hybrid cellular and D2D system. Specifically it shows the probability that the cellular 

user will experience SIR (in magnitude) which is higher than a given threshold SIR for 

different values of N and BS transmit power. For example, assuming N=1 (which is the 

number of D2D links on the same resources) and BS transmit power pf 10.17 Watts, 

then the probability that the user will experience SIR higher than 610.2 is 0.6749. 

Notice that for the same N, as the BS transmit power increases, the probability will also 

increase which is as expected. 

 

Figure 2.7 The CCDF of the CUE with varying BS TX power and SIR value and with a single 

D2D pair  

𝐹𝛾̃𝑐
(𝑠) = 𝑃(𝑋 > 𝑠) =  ∫ 𝑝𝛾̃𝑐

(𝑠)

∞

𝑠

𝑑𝑠 = 1 − 𝐹𝛾̃𝑐
(𝑠) (21) 
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Now let’s increase the number of D2D links (N) and observe the results: 

Assuming N=2, and for the same BS transmit power of 10.17, we notice in Figure 2.8 

the probability for SIRs higher than 610.2 is now 0.2998, which is much lower than 

what it was when the case of N=1. 

 

Figure 2.8 The CCDF of the CUE with varying BS TX power and SIR value and with 2 D2D 

pairs 

As a result, we conclude that as N increases, the cellular user will experience 

more interference in the downlink and thus the CCDF will decrease for the same BS 

transmit power and target SIR. 

Table 2.1 shows the CCDF for different values of N for the same transmitting BS power 

and SIR values: 

Number of D2D pairs (N) CCDF value 

1 0.6749 

2 0.2998 

3 0.07457 

4 0.01048 
Table 2.1 CCDF values for different N 
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CHAPTER III 

OPTIMIZATION OF THE GLOBAL ERGODIC CAPACITY  

 

 

The purpose of this chapter is to improve the performance of coexisting D2D 

and cellular systems. The intended improvement is to maximize the ergodic capacity of 

the systems or at least reach a convergence point where the QoS constraints are 

satisfied. This optimization process targets the special case that was investigated in 

section C of chapter II, i.e. the case of a single CUE and multiple D2D links. We could 

easily assume that these D2D links present the maximum interference levels on the 

CUEs. This assumption made due to the complexity of the expressions in crowded and 

dense scenarios. The crowded situation will be studied in the next chapter as multiple 

CUEs coexist with multiple D2D links. We will be using the already derived capacity 

expressions for our maximization process in terms of power allocation of an objective 

function given as the sum of D2D and cellular capacities. The latter is composed of a 

convex and concave parts. As seen in equation (19), the expression depend on the ratio 

of the transmission power parameters and not on each solely, so it is best to jointly 

maximize the ratio of the power parameters. The CCCP is applied to the maximization 

problem under QoS constraints in order to obtain the optimal functioning point.  
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A.  Optimization problem 

In order to maximize the global ergodic capacity for the previously defined scenario, a 

maximization problem must be solved as detailed below. Firstly, the objective function 

is formulated. Secondly, the maximization problem is presented. 

 

1.  Problem formulation 

Our target is to jointly maximize the global capacity under QoS constraints. 

Then, our problem is formulated as follows: 

𝛼𝑐𝑒𝑙𝑙 and 𝛼𝐷2𝐷 are two thresholds inserted in the optimization process to satisfy the 

required QoS constraint. Then the Lagrangian of this problem can be written as 

where 𝜆, 𝜈 ≥ 0, are the Lagrangian multipliers associated to the constraints in (22). For 

tractability and to simplify the optimization process, we consider the power ratio 𝑥 =

𝑃𝑑/𝑃𝑏 as the metric to be optimized in our work. It is captured in 𝛽1 and 𝛽2 parameters. 

Moreover, the maximization problem is shown to be a convex-concave formulation 

based on the analysis in section D of chapter II, hence we propose to use the CCCP to 

find the optimal solution. 

  

 𝑚𝑎𝑥⏟
𝛽1,𝛽2

  𝐶𝑔 (𝛽1, 𝛽2)  

𝑠. 𝑡.      𝐶𝑐𝑒𝑙𝑙(𝛽1, 𝛽2)   ≥  𝛼𝑐𝑒𝑙𝑙 
(22) 

           𝐶𝐷2𝐷(𝛽1, 𝛽2)  ≥  𝛼𝐷2𝐷  

 𝐿 (𝛽1, 𝛽2, 𝜆, 𝜈) = (1 + 𝜆)𝐶𝑐𝑒𝑙𝑙(𝛽1, 𝛽2) + 

(1 + 𝜈)𝐶𝐷2𝐷(𝛽1, 𝛽2) − 𝜆𝐶𝑐𝑒𝑙𝑙_𝑡ℎ − 𝜈𝐶𝐷2𝐷_𝑡ℎ 

(23) 
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2.  CCCP background and Procedure 

a.  Application conditions 

The function 𝑓1(𝑥), to be optimized with CCCP procedure, should have a 

bounded Hessian 𝜕𝑓1(𝑥)/𝜕𝑥𝜕𝑥 and could be always decomposed into the sum of a 

convex function and a concave function. When a convex function 𝑓(𝑥) has positive 

definite Hessian with eigenvalues bounded below by 𝜖𝐶𝐶𝐶𝑃 > 0, then there exists a 

positive constant 𝜆 such that the Hessian of 𝑓(𝑥) + 𝜆𝑔(𝑥) is positive definite and hence 

𝑓(𝑥) + 𝜆𝑔(𝑥) is convex. Hence 𝑓(𝑥) can be expressed as the sum of a convex part, 

𝑓(𝑥) + 𝜆𝑔(𝑥), and a concave part −𝜆𝑔(𝑥) [17]. 

 

b.  CCCP convergence 

The function 𝑓(𝑥) (bounded below), to be optimized, is with the form: 

with 𝑓𝑣𝑒𝑥(𝑥) and 𝑓𝑐𝑎𝑣𝑒(𝑥) are respectively convex and concave functions of 𝑥. 

Then the discrete iterative CCCP algorithm 𝑥⃗𝑡 → 𝑥⃗𝑡+1 given by: 

is guaranteed to monotonically decrease 𝑓(𝑥) as a function of time and hence to 

converge to a minimum or saddle point of 𝑓(𝑥). 

 

c.  CCCP algorithm 

A CCCP algorithm is illustrated for Convex minus Convex. Figure 3.1 

represents an example of 𝑓(𝑥). If the problem is to minimize the function in the Left 

  𝑓(𝑥) = 𝑓𝑐𝑎𝑣𝑒(𝑥) + 𝑓𝑣𝑒𝑥(𝑥) (24) 

  𝑓𝑣𝑒𝑥(𝑥⃗
𝑡+1) =  −𝛻⃗⃗𝑓𝑐𝑎𝑣𝑒(𝑥⃗

𝑡) 
(25) 
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Panel in Figure 3.1, it must decompose it (Right curves) into a convex part (top curve) 

minus a convex term (bottom curve), which means 𝑓(𝑥) = 𝑓𝑣𝑒𝑥(𝑥) − (−𝑓𝑐𝑎𝑣𝑒(𝑥)). The 

algorithm iterates by matching points on the two curves which have the same tangent 

vectors. The algorithm rapidly converges to the solution. The convexity of 𝑓𝑡+1 (𝑥⃗)  

implies that there is a unique minimum 𝑥⃗𝑡+1 = 𝑎𝑟𝑔 𝑚𝑖𝑛
𝑥

𝑓𝑡+1(𝑥⃗). This means that an 

inner loop is needed to calculate 𝑥⃗𝑡+1 then we can use standard techniques such as 

conjugate gradient descent and a lot of other existing methods according to the problem 

case. 

 

Figure 3.1 The function to minimize is a sum of convex and (-convex) functions [17] 

 

3.  Problem optimization 

By analogy in equation (23), the convex term in 𝐿 is (1 + 𝜆)𝐶𝑐𝑒𝑙𝑙(𝛽1, 𝛽2) − 𝐶𝑐𝑒𝑙𝑙_𝑡ℎ, 

and the concave term is (1 + 𝜈)𝐶𝐷2𝐷(𝛽1, 𝛽2) − 𝜈𝐶𝐷2𝐷_𝑡ℎ. 

 Then the procedure will become: 

By applying (26) in (23), we get the following: 

  𝛻𝐿𝑣𝑒𝑥(𝑥
𝑡+1) =  −𝛻𝐿𝑐𝑎𝑣𝑒(𝑥

t) (26) 
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Hence, an iterative algorithm for the implementation of CCCP is proposed based on 

(27). 

This algorithm, given below, tries to obtain the optimal power ratio 𝑥∗ meeting QoS 

threshold as seen in the loop at step 5, while the loops at steps 8 and 17 will calculate 

the optimal Lagrangain multipliers for a certain 𝑥. 

 

  

 𝛻𝐶𝑐𝑒𝑙𝑙(𝑥
𝑡+1) =  −

1 + 𝜈

1 + 𝜆
𝛻𝐶𝐷2𝐷(𝑥𝑡) 

(27) 
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Algorithm CCCP for global capacity optimization [14]. 

Required: 𝛼𝑐𝑒𝑙𝑙, 𝛼𝐷2𝐷 > 0, 

Outcome: Return the optimal power ratio 𝑥∗ between D2D and  LTE 

1. Initialize 𝜖 > 0, 𝜆𝑚𝑖𝑛,  𝜆𝑚𝑎𝑥,   𝜐𝑚𝑖𝑛, 𝜐𝑚𝑎𝑥and 𝑥0 

2. 𝜆 ⟵ (𝜆𝑚𝑖𝑛 + 𝜆𝑚𝑎𝑥)/2,  𝜐 ⟵ ( 𝜐𝑚𝑖𝑛 +  𝜐𝑚𝑎𝑥)/2 

3. Update 𝑥𝑡+1 with (27) 𝑥1 ⟵ 𝑥𝑡+1 

4. Update both 𝐶𝑐𝑒𝑙𝑙(𝑥
𝑡+1) and 𝐶𝐷2𝐷(𝑥𝑡+1) 

5. while |𝑥𝑡+1 − 𝑥𝑡| >  𝜖 or 𝐶𝑐𝑒𝑙𝑙 < 𝛼𝑐𝑒𝑙𝑙 or 𝐶𝐷2𝐷 < 𝛼𝐷2𝐷 do 

6.      𝑥𝑡 ⟵ 𝑥1 and update 𝑥𝑡+1 with (27) 

7.      Update 𝐶𝑐𝑒𝑙𝑙(𝑥
𝑡+1) and 𝐶𝐷2𝐷(𝑥𝑡+1)   

8.      while 𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑖𝑛 > 𝜖 do 

9.           if  𝐶𝑐𝑒𝑙𝑙 <  𝐶𝑐𝑒𝑙𝑙_𝑡ℎ then 

10.                𝜆𝑚𝑎𝑥 ⟵ 𝜆 

11.           else 

12.               𝜆𝑚𝑖𝑛 ⟵ 𝜆 

13.           end if 

14.           𝜆 ⟵ (𝜆𝑚𝑖𝑛 + 𝜆𝑚𝑎𝑥)/2 

15.           𝑥𝑡 ⟵ 𝑥1 and update 𝑥𝑡+1 

16.           Update 𝐶𝑐𝑒𝑙𝑙(𝑥
𝑡+1) and 𝐶𝐷2𝐷(𝑥𝑡+1) 

17.           while 𝜐𝑚𝑎𝑥 − 𝜐𝑚𝑖𝑛 > 𝜖 do 

18.              if  𝐶𝐷2𝐷 <  𝐶𝐷2𝐷_𝑡ℎ then 

19.                  𝜐𝑚𝑎𝑥 ⟵ 𝜐 

20.              else 

21.                 𝜐𝑚𝑖𝑛 ⟵ 𝜐 

22.              end if 

23.              𝜐 ⟵ (𝜐𝑚𝑖𝑛 + 𝜐max)/2 

24.              𝑥𝑡 ⟵ 𝑥1 and update 𝑥𝑡+1 

25.              Update 𝐶𝑐𝑒𝑙𝑙(𝑥
𝑡+1) and 𝐶𝐷2𝐷(𝑥𝑡+1) 

26.   end while 

27. end while 

28. end while 

29. 𝑥∗ ⟵ 𝑥𝑡+1 
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B.  Simulation and Analysis 

In this section, we provide simulation results obtained by the CCCP algorithm. 

Table 3.1 summarizes the parameters used in our simulations. The distance between 

D2D TX1 and LTE RX is a simulation parameter ranging from 50 m to 2000 m. Figure 

3.2 shows the optimal transmit power ratio 𝑥∗ for the range specified of D2D TX1- LTE 

RX separation in meters, and for QoS constraints of 𝛼𝑐𝑒𝑙𝑙 = 5 bits/s/Hz, 𝛼𝐷2𝐷 = 1 

bits/s/Hz. As can be seen in this figure, as distance increases, 𝑥∗ also increases. Indeed, 

this behavior is expected, since with larger separations, the D2D can transmit with 

higher power to maintain its capacity threshold. At larger distances, the optimal ratio 

seems to saturate. 

 

Parameter Default Value 

BS – LTE RX distance (m) 100 

BS – D2D RXs distances (m) 1000, 500 

Cross D2D links separation (m) 1500 

D2D links separations (m) 120, 100 

D2D TXs – LTE RX distances (m) 50 →2000 

Path-loss exponent for both systems 3 

Realizations at each 𝑥 100 
Table 3.1 Simulation parameters for the CCCP algorithm 
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Figure 3.2  𝑥∗ as a function of D2D TX1 - LTE RX distance (m) 

 

In addition, the relation of the optimal power ratio with the capacities is given in 

Figure 3.3 where at a power ratio x tends to 0, the D2D is switched off while the cellular 

system is at maximum capacity. Then, as 𝑥∗ increases, the cellular capacity will decrease 

and as a result, the D2D will have higher capacity. By inspecting the global capacity, we 

find it to be minimized when both systems satisfy the QoS constraints, and maximized 

whenever one system is dominant over the other. Hence, for fair operation among both 

systems, the global capacity is at minimum as shown in Figure 2.6. 
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Figure 3.3 Mobile and D2D Capacities as function of 𝑥∗ 

 

The results of our algorithm can be verified in by applying the optimal power 

ratio 𝑥∗ resulted from the CCCP algorithm into a simulation scenario with the same 

setup. As can be seen in Figure 3.3, the results we obtained match those of the 

algorithm, and this shows the robustness of our algorithm. 

Figure 3.4 shows the variation of the capacities w.r.t. the D2D TX1 - LTE RX 

distance. Indeed as this separation increases, we expect less interference on the DL 

resources, resulting in higher capacity for the LTE user. On the other hand, since the 

D2D only assumed operational on the DL, no interference should come from the LTE 

user, so the capacity remains relatively stable. In other words, as long as the cellular 

separation is large enough, the D2D capacity will not be affected by the cellular 

interference, as expected.  
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Figure 3.4 Mobile and D2D Capacities as function of D2D TX1 - LTE RX distance 

 

Finally, it is worth mentioning that the power allocation is obtained by 

maximization of the joint capacity which does not necessarily mean a maximization of 

each capacity. Hence, for instance, the cellular capacity might decrease even when the 

D2D TX1 - LTE RX distance increases while the D2D capacity increases. 

  

0 500 1000 1500 2000
0

5

10

15

20

25

C
a
p
a
c
iti

e
s
 [

b
its

/s
/H

z
]

 

 
Mobile Capacity

D2D Capacity

Global Capacity



 

 

36 

CHAPTER IV 

CAPACITY ANALYSIS AND OPTIMIZATION USING GEO-

STATISTICAL MODELING 

 

 

Spatial statistics constitute a powerful tool utilized in the solution of a broad 

spectrum of problems in different fields, ranging from sociology or medicine to 

engineering and technology. The particular field of wireless communications has also 

made use of different techniques drawn from this field [17], [18]. 

In this chapter, we develop a solution for the D2D power allocation problem in 

dense D2D underlaying cellular network topology. The analytical derivations for such 

model becomes complex and difficult to analyze as the number of devices increase. 

Therefore, we refer to the geostatistical modeling for radio environment predictions, 

explicitly by observing the spatial coverage cross-correlation between the BS and the 

D2D links in the DL spectrum, then propose an iterative algorithm based on the 

construction of SINR regions or tessellations to give better insights for the power 

allocation. The resulting information are incorporated in Matlab tool CVX, that is used 

for solving convex and concave problems; where it gives the optimal D2D power 

allocations, maximizing the global capacity of the network. 
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A.  Geostatistics background 

Geostatistics is described as a spatial statistical tool that can be employed in 

any practical problem where predictions of a random variable are needed in a 1D, 2D or 

3D application. The basic theoretical framework of geostatistics was developed in the 

early 1950’s mainly for mining purposes to estimate ore reserves. Today geostatistics is 

widely recognized as a tool for accurate spatial estimation [19]. The first attempt to 

demonstrate that geostatistical techniques can be effectively and pragmatically applied 

in the domain of signal strength estimation is presented in [20], where they consider 

these methods powerful and statistically rigorous and encourage researchers to further 

investigate this concept when approaching the problem of empirical radio environment 

mapping. There is no work done in the literature as far as we know on the application of 

geostatistical modelling into the coexistence of D2D and cellular networks, hence we 

propose to investigate this application to the incorporation of the power optimization 

problem. Among others, Kriging is a popular geostatistical method that has been 

proposed for use in the domain of signal strength estimation [21]. We will discuss this 

technique further in the following section. 

 

1.  Kriging background  

In 1951 a South African Mining Engineer, D.G. Krige, published a seminal 

paper in the journal of the Chemical, Metallurgical and Mining Society of South Africa, 

where he pursued a statistical exploration of the conditional biases in ore block 

valuations. This formed the basis of the interpolation method known today as 

kriging [22]. The French mathematician G. Matheron, who is known for laying the 
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foundation of geostatistics, adapted and formalized the work of Krige in 1963 [24]. 

Kriging is defined as an optimal interpolation method based on regression against 

observed values of surrounding data points, weighted according to spatial covariance 

values [22]. 

Kriging can be divided into three main types: simple kriging, ordinary kriging, 

and universal kriging. In our work we will be adopting the ordinary kriging since it is 

the most suitable for our scenario. 

Kriging forms weights from surrounding measured values to predict values at 

unmeasured locations. As with interpolation techniques, the closest measured values 

have the most influence. However, the kriging weights for the surrounding measured 

points are more sophisticated than those of these techniques. Inverse Distance 

Weighting (IDW) for example, uses a simple algorithm based on distance, but kriging 

weights come from a semivariogram that was developed by looking at the spatial 

structure of the data. To create a continuous surface or map of the phenomenon, 

predictions are made for locations in the study area based on the semivariogram and the 

spatial arrangement of measured values that are nearby [25]. 

 

B.  System model and Fields evaluation 

In this section, we develop the system model and apply the ordinary kriging to 

generate a prediction of the coverage fields for both the cellular and D2D systems. 

Specifically we obtain the SINR predictions in unmeasured locations in the network 

where no working devices exist. Then we discuss the resulting maps and investigate the 

cross-correlation of the both network.  
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1.  System model  

We consider a basic scenario where D2D UEs coexist with CUEs in the same 

coverage area of the Macro BS. The BS uses the DL LTE band to deliver important 

control signals to cell associated users, where all CUEs share the resources 

orthogonally, and we assume that D2D users reuse the DL resources. So CUEs do not 

cause interference between themselves, but D2D UEs will interfere with nearby cellular 

transmissions. The general model for resource sharing is shown in Figure 4.1, with 

multiple D2D and cellular links, where solid links represents an ongoing transmission 

and red dashed link represents an interference signal 

In our model, we assume that the mobile users are spatially distributed 

according to a PPP with density λ. Figure 4.2 shows a deployment scenario model. The 

D2D links are represented, with the filled circles being the TXs and the empty ones 

being the RXs. If a device is associated with a BS for regular cellular communication, it 

is represented by a star sign. Note that for convenience, we removed the cellular links 

for the sake of clarification. Table 4.1 shows the simulation network parameters adopted 

in this section. 

 

Figure 4.1 D2D and cellular systems sharing resources 
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Figure 4.2 scenario deployment. Users are distributed as PPPs with density λ=100.  D2D links 

attachment are based on max distance threshold 

 

Parameter Default Value 

BS coverage area (m2) 500 

Users density λ 100 

BS transmit power (Watts) 40 

UE transmit power (dBm) 23 

Channel realizations 1000 

Path-loss exponent 3 

Power level thermal noise (dBm/Hz) -112.2391 

Max feasible distance between a D2D link (m) 50 
Table 4.1 Network Simulation Parameters 

 

2.  Coverage fields 

As mentioned before, Kriging uses the distances and the spatial arrangement of 

the users or devices to calculate the spatial correlation or the semi-variogram 

𝛾 [18], [19]. This technique, unlike most deterministic interpolation approaches, 

assumes that the measurements are random processes with some trait of dependence 

between them. Moreover, it can generate prediction surfaces and provide a decent level 
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of accuracy for these predictions. Thus, its advantage over deterministic models appear 

in being less complex to establish a prediction for the coverage fields in environments 

where input parameters are hard to obtain. For instance, for a cellular BS, it would be 

hard to obtain the power transmitted by each D2D, hence an estimation of this power is 

necessary for the optimization purposes. 

The empirical correlation, widely known as semi-variogram, is calculated by: 

where (x,y) are two different locations, and 𝑍 represents the SINR for D2D links at 

these locations. Using the SINR values of D2D receivers, we can develop the coverage 

map in a specified range. This map serves as an important factor in devising an 

algorithm to enhance system throughout and sum-rate capacity [18]. 

 

a.  Coverage maps interpretation 

The estimation of SINR coverage maps is shown in Figure 4.3. It is noted that 

in our case study, we did not consider the scheduling phase, which means the devices 

are only able to measure and report on their interference levels, at their location.  As 

expected, we notice in Figure 4.3 (a), a degradation in the received signal quality for 

D2D communication near the location of the BS which gets improved when the links 

are away from it. Contrariwise, the SINR level for CUEs is at its best near the BS and 

starts to fade with distance due to path-loss effect, not to mention the minima are caused 

by the interfering D2D TXs which are near that location.  

 

𝛾(𝑥, 𝑦) = 0.5 × 𝐸 [(𝑍(𝑥) − 𝑍(𝑦))
2
] (28) 
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Figure 4.3 Coverage field estimation using OKE exponential model fitting. (a) D2D SINR field. 

(b) Cellular SINR field 

 

b.  Cross-Correlation of the fields 

Figure 4.4 shows the normalized spatial cross-correlation of the D2D SINRs 

compared to cellular SINRs of the network, which was generated using the built-in 

MATLAB function normxcorr2. The figure exhibits minima around the BS position, 

which is intuitive because the BS will highly interfere with proximate D2D users on the 

downlink while CUEs having the maximum received power. The negative correlation 

depicts locations of high interference seen in the center and edges, otherwise the SINRs 

correlations become independent. 

(a) (b)
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Figure 4.4 Cross-correlation of D2D and Cellular SINR fields 

This figure is a very important result of the OKE tool as it allows the utilization 

of the coverage map in resource and power allocation for both D2D and cellular UEs. 

Indeed, due to the high cross-correlation factor and starting with the cellular coverage 

maps obtained through OKE, the scheduler could estimate the interference level nearby 

the D2D links and could allocate the resources accordingly. In other words, one can 

exploit the spatial correlation rather than the optimization of the ergodic capacities 

given in the previous chapters, to determine how to optimize the network by some 

interference management techniques.  The interest of the coverage maps becomes more 

significant when the number of D2D links increases as it would be unmanageable to 

find a close-form expression of the global capacity optimization problem similar to 

equation (19) in chapter II. 

To illustrate the importance of using geostatistics, consider Figure 4.5, where 

the behavior of the mean ergodic capacities of the D2D and cellular systems for the 

considered model is interpreted. As can be seen in the figure, when the BS is idle, the 

capacity of the D2D links is maximum, as expected.  Indeed, the only interference is 
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from adjacent D2D links. The higher the transmit power intensity of the BS is, the 

worse the capacity of the D2D system is, resulting in poor QoS for these devices. 

Referring to equations (17) and (18), we can see that the expressions depend on the 

power ratios of D2D and the BS as well as on the distances included in the path-loss 

parameters. Hence for fixed power transmissions, the distribution and separation of the 

devices are the key factors affecting the global capacity. That being said, the use of 

geostatistical techniques such as ordinary kriging is crucial in order to optimize the 

network’s overall QoS, and also to predict the behavior of the SINR distributions when 

new users/devices are introduced to the system. Specifically, these new links should be 

associated considering their contribution in boosting or worsening the overall global 

capacity based on their locations. 

 

Figure 4.5 Capacity of the hybrid system vs the BS transmit power 
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C.  Optimization Problem  

The predicted coverage maps are key inputs for the optimization problem in 

this section, as they will be incorporated in the objective function to be optimized as 

will be discussed later.   Furthermore, it is noted that this optimization differs from the 

previous one in its versatility to function over multiple cellular devices and D2D links, 

which is not feasible with the analytical model derived in chapter II due to the 

complexity of the expressions for increasing number of devices. Hence, the use of 

geostatostcial modeling. 

 

1.  SINR Regions 

In our formulation, we propose to divide the coverage map of the D2D network 

into SINR regions as follow: 

1. High SINR region. 

2. Medium/fair SINR region. 

3. Low SINR region. 

In this case, it becomes easier to trace regions of interest as well as the locations that are 

the most susceptible to interference. In addition, the methodology reduces the 

simulation time and complexity by gathering SINR ranges instead of working on 

singular values. 

 Figure 4.6 illustrates the grouping of the SINR map of the D2D system into 3 main 

categories. The first category is assumed on the range above SINR values of 10 dB, the 

second confined between 0 dB and 10 dB, the third below 0 dB. 
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Figure 4.6 SINRs (dB) of the D2D system grouped into 3 categories  

 Devices located within the same tessellation or region, will be allocated the 

same TX power corresponding to the optimal power for that region. In addition, we will 

assume each region having a single D2D link that captures the existence of all pairs in 

that region. In that sense, and since we only have three SINR ranges, the problem is 

reduced to finding the three optimal TX powers for each category. 

The location of the D2D link is selected to be at the location of the centroid of 

its tessellation. In geometry, a centroid refers to arithmetic mean position of all the 

points in a shape or region, consequently, this centroid (if the region is convex) lies in 

the region’s central void. 

Figure 4.7 shows the scenario described before and the centroid selection by 

using image processing functions in MATLAB. The process of finding the centroid 

location is done separately for each category, then the results are aggregated into a 

single plot. As can be seen, the yellow spots indicate the regions where the SINR values 

are within the range of interest, otherwise they are colored purple. When multiple 

regions exist, then only the most significant one is processed as shown by the red 

circles. Indeed, this suggests more D2D users are distributed in this region more likely. 
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Each of the SINR region is defined with a D2D link (TX and RX) separated by the 

mean distance of all links in the region. 

 

 (a)  

 

(b) 

 

(c) 

 

(d)  

Figure 4.7 Centroid selection representation in the most significant D2D SINR regions. (a) SINR 

region 1 (b) SINR region 2 (c) SINR region 3 (d) SINR regions combined 
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2.   Problem formulation 

In this section, we formulate the optimization problem and present our 

algorithm that incorporates the previously described approach .The objective of the 

optimization is to allocate the TX powers to the D2D transmitters which maximizes the 

capacity of the D2D system while guaranteeing minimum QoS constraints. The process 

also tries to maintain the SINR of the cellular system above a minimum threshold. It is 

formulated as follows: 

 

Objective  𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒 ∑ log2(1 + 𝑆𝐼𝑁𝑅𝑖)
𝑀
𝑖=1      

Subject to    0 ≤  𝑃𝑖 ≤ 𝑃𝑚𝑎𝑥 

   𝑆𝐼𝑁𝑅𝑖 ≥ 𝛼  ∀ 𝑖 

   𝑆𝐼𝑁𝑅𝑗 ≥ 𝛽  ∀ 𝑗 

where 

𝑆𝐼𝑁𝑅𝑖 =
𝑃𝑖𝑟𝑖|ℎ𝑖|

2

𝐼𝑖 +  𝑁0

 
 (29) 

𝑆𝐼𝑁𝑅𝑗 =
𝑃𝑏𝑟𝑗|ℎ𝑗|

2

𝐼𝑗 +  𝑁0

 
 (30) 

𝑆𝐼𝑁𝑅𝑖 is the signal to interference and noise ratio of the 𝑖𝑡ℎ D2D receivers. 𝑆𝐼𝑁𝑅𝑗 on 

the other hand, is the signal to interference and noise ratio of the 𝑗𝑡ℎ cellular receiver. M 

is the number of SINR categories (set to 3). 𝑃𝑖 is the transmit power of the D2D to be 

optimized, 𝑃𝑏 is the BS transmit power. The path-loss model is considered as 𝑟𝑖 = 𝑑𝑖
−𝑎 

where 𝑎 is the pathloss coefficient and 𝑑𝑖 is the distance between the corresponding 

transmitter and receiver. |ℎ|2 is the channel gain.  𝑁0 is the thermal noise, 𝛼 is the 
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minimum required SINR level for the D2D devices and 𝛽 is the minimum required 

SINR level for the cellular devices. 

 

 𝐼𝑖 is the downlink interference on the 𝑖𝑡ℎ D2D receiver and is represented by: 

𝐼𝑖 = ∑ 𝑃𝑗𝑟𝑗|ℎ𝑗|
2𝑀

𝑗=1
𝑗≠𝑖

+ 𝑃𝑏𝑟𝑏|ℎ𝑏|
2  

 (31) 

Since we are considering the devices are sharing DL resources, on each D2D receiver 

there will be 𝑀 − 1 interfering transmissions as well as the BS transmission. 

 

 𝐼𝑗 is the downlink interference on the 𝑗𝑡ℎ cellular receiver and is represented by: 

𝐼𝑗 = ∑ 𝑃𝑗𝑟𝑗|ℎ𝑗|
2𝑀

𝑗=1
  

 (32) 

Having only one D2D link per region, the CUEs experience three interfering signals, 

indeed, since the D2D link in the center could be interpreted as the average signal 

strength in that region. 

𝐼𝑖 and 𝐼𝑗 in our optimization problem are not variable and are known for a 

given power. They could be easily extracted at any desired location by mathematical 

manipulation on the SINR maps produced by OKE as in the previous section. So instead 

of analytically calculating their values, we will be referring to the interference map of 

each network as can be seen in Figure 4.8. This figure shows the interference on the 

D2D RXs for the previously described scenario. The Z – axis of this figure represents 

the value of the interference in magnitude on the D2D RXs that is due to nearby TXs 

and the BS. 
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Figure 4.8 The Interference map on the DL D2D RXs 

The fact that the capacity of the D2D system is concave w.r.t the transmit 

powers ratio as seen Figure 2.6, the problem described above can be solved using a 

convex optimization tool such as CVX which is known for capability with such 

problems. In addition, an iterative approach is proposed to automate the process of 

regions construction and centroid selection. The following algorithm tries to solve the 

formulated problem and returns the optimal power allocations for each region. 

Algorithm Power allocation for D2D. 

Input: Users with their coordinates and channel knowledge at the BS 

Outcome: Return the optimal power allocation vector for D2D at each SINR 

region 
1. Initialize 𝛼, 𝛽, 𝜖, 𝑃, 𝑃𝑜𝑙𝑑 > 0 

2. Set initial 𝑃 ← 𝑃𝑚𝑎𝑥 and calculate the SINRs for the users 

3. Apply kriging prediction technique and produce SINR coverage maps for D2D 

and cellular 

4. while |𝑃𝑜𝑙𝑑 − 𝑃| >  𝜖 or 𝑆𝐼𝑁𝑅_𝑐𝑒𝑙𝑙 < 𝛽 or 𝑆𝐼𝑁𝑅𝑑2𝑑 < 𝛼 do 

5. set 𝑃𝑜𝑙𝑑 ← 𝑃 

6. Construct the SINR regions on the D2D coverage map produced by the 

kriging prediction tool 

7. Extract the location of the centroid in each SINR region and only consider 

the most significant one for the three regions 

8. Calculate the distances with the path-loss and fading coefficient 
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9. Extract the necessary information of 𝐼𝑖 and 𝐼𝑗 based on the coordinates of 

the previous step 

10. Begin CVX optimization  → 𝑃𝑜𝑝𝑡𝑖𝑚𝑎𝑙_𝑣𝑒𝑐   

11. Set 𝑃 ← 𝑃𝑜𝑝𝑡𝑖𝑚𝑎𝑙_𝑣𝑒𝑐   
12. apply the optimal power allocation to the original scenario with each 

D2D user transmitting with the corresponding allocated power in its 

region 

13. update 𝑆𝐼𝑁𝑅𝑐𝑒𝑙𝑙  , 𝑆𝐼𝑁𝑅𝑑2𝑑 

14. Apply kriging prediction technique and produce new SINR coverage 

maps for D2D and cellular 

15. end while 

16. 𝑃∗ ⟵ 𝑃 

 

The algorithm returns the optimal power allocation vector of length 3, i.e. the 

three power values, corresponding to the three SINR regions; which maximizes the 

objective function and satisfies the QoS constraints. As a result, D2D users in a certain 

SINR region are allocated with the optimal TX power that the region belongs to in order 

to maximize the transmission capacity of the network. As an example, should the 

optimization algorithm yield the following power vector [0.145; 0.09; 0.1995], and 

assuming that D2D pairs are located in SINR region 2, then the DTXs are bound to  

transmit with 𝑃 = 0.09 W for an optimal transmission rate. 

 

D.  Simulation and Analysis 

We did the simulations for a static scenario (no mobility models) where the 

users are independent and identically distributed. Furthermore, we assume a full buffer 

model, i.e. a TX is always transmitting at any given time. The simulation parameters are 

summarized in the following table. 
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Parameter Default Value 

BS coverage area (m2) 500 

Users density λ 100 

BS transmit power (Watts) 5 

Realizations 1000 

𝛽(dB) 15 

𝛼 (dB) 10 

      𝜖 0.001 

𝑃𝑚𝑎𝑥 (Watts), 𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (Watts) 0.3, 0.1995 

Fading model Rayleigh 
Table 4.2 Simulation parameters for D2D power allocation  

 

Figure 4.9 and 4.10 show the CDF of the SINRs for the D2D and CUEs before 

and after optimization. The new SINR values for the D2D system are shown to be 

improved by at least 5 dBs within the range of -10 to 10 dBs.  Furthermore, we notice 

the overall SINRs for the cellular system to be improved on values greater than 4 dBs, 

otherwise the probabilities remain the same or relatively lower on some values. 

 

Figure 4.9 CDF of D2D system  
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Figure 4.10 CDF of Cellular system 

 

A comparison on the average SINRs for D2D and cellular systems before and after the 

optimization is shown in Figure 4.11, where the average SINR for the D2D system is 

show to be improved by 16.99% and the cellular system by 66.04%.  

 

Figure 4.11 Average SINR comparison for D2D and cellular systems 

To analyze these results, we observe the optimal power allocation vector obtained by 

the simulation, which is as follows: 

11.8486

9.2352

12.5301

11.4375

0 5 10 15

D2D AVG SINR (dB)

Cell AVG SINR (dB)

After simulation Before simulation
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𝑃⃗⃗𝑜𝑝𝑡𝑖𝑚𝑎𝑙(𝑤𝑎𝑡𝑡𝑠) =  〈0.3, 0.2359, 0〉 

The high SINR region users will be allocated the max power, while the fair SINR 

region users are allocated 0.2359 watts, but more importantly, the low SINR region 

users are bound to switch off their transmission.  This indicates that these users will not 

be able to meet the QoS requirements for good communication and thereby are switched 

to cellular mode. And that explains the higher improvement in the cellular system than 

that of the D2D system. 

To evaluate the capacity of the network based on the obtained results, Figure 

4.12 demonstrates a comparison for the results acquired in chapter IV with the results 

obtained in this section. To have a valid comparison, we considered only 2 D2D links 

and 1 CUE as the criteria for comparison. As a result, we observe a similar behavior of 

the transmitting capacities at the optimal power ratio 𝑃𝑑/𝑃𝑏, i.e. 0.3/5 = 0.06, which 

proves the accuracy of our algorithm. 

 

Figure 4.12 Comparison of the global, D2D and cellular capacities w.r.t the optimal power ratio 

for the proposed algorithms 
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So the problem of finding the optimal transmit power in D2D unerlaying 

cellular communications by using a spatial statistics proves to be not only accurate, but 

also feasible in most practical scenarios where extraction of sample data is difficult or 

impractical. Also, the model works smoothly in a dense network of multiple CUEs and 

D2D pairs occupying the same spectrum. 
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CHAPTER V 

CONCLUSION 

 

In this thesis, we studied the coexistence of D2D and LTE cellular networks by 

considering a non-cooperative deployment for the LTE and D2D links in a sense that 

full interference scenario is created. We derived closed-form expressions of the ergodic 

capacities for both systems based on their SIR distributions. Then, we showed that the 

capacities of both D2D and LTE are concave and convex respectively w.r.t the 

transmitted power ratio. We then proposed two optimization algorithms of the power 

allocation based on the CCCP and a Geo-statistical approach. The CCCP procedure is 

used to obtain the optimal transmitted power ratio that satisfies the target QoS under 

limited number of D2D links. In crowded D2D environment, the derived expressions 

become very complex and hence we proposed to exploit a spatial statistics technique to 

estimate the SINR and interference distributions based on the spatial correlation of the 

D2D links and cellular links using Kriging interpolator. The resulting information is 

then incorporated in the power optimization problem to obtain the optimal power 

allocations for the D2D transmissions, which maximizes the global capacity while 

guaranteeing the predefined QoS constraint. The analytical and numerical results 

demonstrated the effectiveness of the introduced algorithms and showed that there 

exists an optimal power allocation that leads to fair underlay operation in fully 

interfered heterogeneous networks.  
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