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Abstract (Fr)

La croissance rapide du trafic de données sans fil et des services intensifs en bande passante (voix sur IP, streaming
vidéo, live streaming, etc.) nécessite de trouver des solutions viables pour améliorer la qualité de service et max-
imiser les performances du réseau. Pour s’adapter à ces applications intensives en bande passante, les réseaux
cellulaires hétérogènes (HetNets) ont été introduits dans le 3GPP comme l’une des principales caractéristiques
pour répondre à ces exigences avancées. Les opérateurs ont adopté des solutions HetNet pour décharger le trafic
d’une station de base macro (BS) vers une petite cellule BS. Maintenant, en raison de la différence de charges
de trafic de liaison montante (UL) et de liaison descendante (DL) attendues dans les prochaines générations Het-
Nets, il devient essentiel d’ajuster dynamiquement les ressources UL/DL. Pour soutenir cette nouvelle approche, le
duplexage temporel (TDD) dynamique a été proposé. Plusieurs mesures de performance de réseau peuvent être
étudiés et modélisés statistiquement pour analyser un HetNet basé sur TDD. Le facteur métrique important et le
facteur performance clé dans les réseaux cellulaires est l’interférence intercellulaire (ICI). La modélisation statis-
tique de l’ICI joue un rôle impératif dans l’évaluation des mesures de performance du système et le développement
des techniques efficaces d’atténuation des interférences pour les réseaux 5G. Dans ce travail, l’interférence subie à
un niveau (petite cellule de référence) résultant de l’autre niveau (macro-cellule) est appelée interférence cross-tier.
Il convient également de mentionner que, puisque plusieurs petites cellules sont déployées dans des scénarios
réels en superposition à la macro-cellule, la modélisation de l’interférence subie au niveau de la petite cellule de
référence résultant d’autres petites cellules devient indispensable pour évaluer les performances globales du sys-
tème. Dans cette étude, ce type d’interférence est appelé interférence co-tier. Néanmoins, l’importance d’UL se
pose avec l’évolution des réseaux sociaux et des solutions cloud. Par conséquent, il est très intéressant d’introduire
de nouvelles techniques qui atténuent les interférences de l’UL, améliorent les débits UL et DL et permettent égale-
ment une meilleure utilisation des ressources radio en fournissant un équilibrage de charge adéquat entre UL et DL.
Une telle caractéristique supplémentaire est le découplage accès UL/DL. Afin d’aborder les défis susmentionnés,
un changement impératif des HetNets classiques aux HetNets de nouvelle génération (5G) émerge dans le but
d’améliorer globalement la performance du système.

Dans les HetNets de nouvelle génération, la dérivation d’expressions de forme fermée pour les cross-tier/co-tier
et la capacité des utilisateurs dans TDD HetNets aident à la conception et l’optimisation des techniques avancées
d’amélioration, y compris, mais sans s’y limiter, la technique d’accès découplé. La dérivation de ces expressions
réduit également le besoin d’utiliser des simulations Monte-Carlo qui prennent assez du temps, en particulier dans
le cas du déploiement de plusieurs petites cellules où le temps requis pour exécuter des simulations Monte-Carlo
augmente considérablement.
Dans notre travail, nous développons d’abord un modèle TDD dans HetNets. Dans ce modèle, nous dérivons
des expressions analytiques pour la distribution de l’emplacement du brouilleur considérant tous les scénarios
d’interférences possibles qui pourraient se produire dans les réseaux basés sur TDD, tout en tenant compte de
l’impact nocif de cette interférence. Basé sur ce dernier résultat, nous dérivons la fonction de distribution et de
génération de moment (MGF) de l’interférence intercellulaire montante et descendante considérant un réseau com-
posé d’une macro-cellule et d’une petite cellule. Nous nous appuyons sur les expressions dérivées pour analyser la
capacité moyenne de la cellule de référence dans les transmissions en liaison montante et en liaison descendante.
Deuxièmement, nous développons un modèle statistique conjoint TDD/découplage pour mettre en évidence les
avantages que le mode d’accès de découplage peut apporter à un système basé sur HetNet TDD, en termes
d’efficacité spectrale UL et DL. Cette étude était basée sur une approche de probabilité géométrique. L’introduction
du mode de découplage nécessite une analyse approfondie de l’étude de comparaison avec le mode d’accès couplé
UL/DL conventionnel. Par conséquent, nous dérivons les statistiques du signal d’interférence et du signal d’intérêt
des deux modes, puis analysons leur impact sur le performance du système.
Ce travail a été étendu pour inclure le déploiement de plusieurs petites cellules, où des aperçus supplémentaires
sur les avantages du mode de découplage sont fournies en termes de gains de découplage UL et DL. Nous nous
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appuyons sur les expressions de capacité dérivées dans le mode couplé et le mode découplé pour calculer le gain
de découplage et ainsi identifier l’emplacement de la petite cellule interférente, où le mode découplé maintient un
gain plus élevé à la fois en DL et en UL. Suite à la mise en œuvre du modèle développé, il est démontré que le cas
de découplage apporte de plus grands avantages dans la liaison montante et maintient la même amélioration dans
la liaison descendante pour diverses valeurs de décalage et, ainsi, améliore les performances globales du système
lorsqu’il est associé avec une technologie TDD dynamique. Il est en outre démontré que notre réseau modélisé
peut être optimisé en adoptant la combinaison optimale à la fois du facteur de décalage des petites cellules et de la
distance entre les petites cellules.

D’un autre côté, l’évaluation des avantages d’un TDD adaptatif et du découplage dans un système basé sur Het-
Net en fonction des charges de trafic variant dans le temps, nécessite de trouver un simulateur de niveau système où
nous pouvons présenter le motif derrière l’ adoption de découplage et de TDD dynamique et évaluer avec précision
le rôle de ces techniques dans le problème d’optimisation UL / DL. Il convient de mentionner que le modèle proposé
joue un rôle impératif dans l’évaluation des mesures de performance du système telles que l’efficacité spectrale, le
gain de découplage et la consommation électrique moyenne. Cependant, ce modèle évalue la capacité moyenne
d’un utilisateur seulement et sans relever les défis d’adaptation du trafic et d’allocation dynamique des ressources.
En outre, il ne prend pas en compte un fading variable. Pour cette raison, nous proposons un simulateur de niveau
système 5G HetNet qui complète un simulateur LTE existant. Cette combinaison permet une simulation détaillée
des techniques TDD dynamique et de découplage et d’étudier leur impact dans des scénarios de cas réels. Nous
créons un environnement de simulation approprié qui est relatif à des scénarios réels, c’est-à-dire des simulations
où plusieurs petites cellules sont déployées dans un système HetNet lourdement chargé et sous diverses charges
de trafic. Ces scénarios de simulation prennent en compte la distribution aléatoire des utilisateurs avec des déci-
sions d’allocation de ressources dans les directions montante et descendante. Dans ce contexte, nous considérons
une stratégie d’association d’utilisateurs couplée UL/DL conventionnelle et deux types de stratégies d’association
de liaison découplées UL/DL. Notre objectif est de trouver la combinaison optimale entre les configurations TDD
macro et petites cellules d’un côté et la stratégie de découplage avec ses différents paramètres de l’autre côté,
et ceci en fonction de tout changement dans le système, notamment dans le rapport de trafic UL/DL. À partir des
scénarios de simulation mise en œuvre, il est observé que l’algorithme adaptatif proposé (TDD dynamique avec
stratégies de découplage) apporte des améliorations de performances significatives dans le débit UL et DL par rap-
port à un certain nombre de schémas conventionnels, principalement dans le déploiement HetNet dense et dans
les systèmes fortement chargés.
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Abstract

The rapid growth in wireless data traffic and bandwidth intensive services (voice over IP, video streaming, live
streaming, etc.) necessitates finding viable solutions to improve service quality and maximize the network perfor-
mance. To accommodate these bandwidth intensive applications, heterogeneous cellular networks (HetNets) were
introduced in 3GPP as one of the main features to meet these advanced requirements. Operators have adopted
HetNet solutions to offload traffic from a macro base station (BS) to a small cell BS. Yet, because of the difference
in uplink (UL) and downlink (DL) traffic loads expected in the next HetNets generation, it becomes essential to dy-
namically adjust UL/DL resources. To support this new approach, dynamic time-division duplexing (TDD) has been
proposed. Several network performance metrics can be studied and statistically modeled to analyze a TDD based
HetNet. One important metric and key performance factor in cellular networks is the Inter-Cell Interference (ICI).
Statistical modeling of ICI plays an imperative role in evaluating the system performance metrics and developing
efficient interference mitigation techniques for 5G networks. In this work, the interference incurred at one tier (refer-
ence small cell) arising from the other tier (macro cell) is referred to as cross-tier interference. It may also be worth
mentioning that, since multiple small cells are being deployed in real scenarios as an overlay to the macro cell, the
modeling of the interference incurred at the reference small cell arising from other small cells is becoming essential
to evaluate the overall system performance. In this study, this type of interference is referred to as co-tier interfer-
ence. Nevertheless, the importance of UL arises along with the evolution of social networking and cloud solutions.
Therefore, it is of great interest to introduce novel techniques that mitigate UL interferences, improve UL and DL
throughputs and allow as well, a better use of radio resources by providing adequate load balancing among UL and
DL. Such an additional feature is the decoupled UL/DL access. In order to address the aforementioned challenges,
an important shift from classical HetNets to next-generation HetNets (5G) is emerging in the aim of improving overall
system performance.

In the next-generation HetNets, deriving closed-form expressions for cross-tier/co-tier interference and average
user capacity in TDD HetNets helps in designing and optimizing advanced enhancement techniques, including but
not limited to the decoupled access technique. Deriving these expressions reduces as well the need for time con-
suming Monte-Carlo simulations, especially in the case of multiple small cells deployment where the time required
to run Monte-Carlo simulations significantly increases.
In our work, we first develop a TDD model in HetNets. Under this model,we derive analytical expressions for the
distribution of the interferer location considering all possible interference scenarios that could occur in TDD-based
networks, while taking into account the harmful impact of interference. Based on the latter result, we derive the
distribution and moment generating function (MGF) of the uplink and downlink inter-cell interference considering a
network consisting of one macro cell and one small cell. We build on the derived expressions to analyze the average
capacity of the reference cell in both uplink and downlink transmissions.
Second, we develop a joint TDD/decoupling statistical model to highlight the benefits that the decoupling access
mode can bring to a HetNet TDD based system, in terms of UL and DL spectral efficiencies and throughputs. This
study was based on a geometric probability approach. Introducing the decoupling mode necessitates a thorough
comparison study with the conventional coupled UL/DL access mode. Therefore, we derive the statistics of the in-
terference signal and the signal of interest of both modes and then analyze their impact on the system performance.
This work was extended to include multiple small cells deployment, where more insight into the benefits of decou-
pling mode is provided in terms of UL and DL decoupling gains. We build on the derived capacity expressions in the
coupled and decoupled modes to calculate the decoupling gain and thus, identify the location of the interferer small
cell where the decoupled mode maintains a higher gain in both DL and UL. Further to the implementation of the
developed model, it is shown that the decoupling case brings greater benefits in the uplink and maintains the same
improvement in the downlink for various offset values and thus, improves the overall system performance when
being combined with a dynamic TDD technology. It is further shown that our modeled network can be optimized by
adopting the optimal combination of both the small cell offset factor and the distance between small cells.
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On the other hand, evaluating the benefits of an adaptive TDD and decoupling in a HetNet based system accord-
ing to time-variant traffic loads, necessitates finding a system level simulator where we can present the motivation
and accurately assess the role of both decoupling and dynamic TDD techniques in the UL/DL optimization prob-
lem. It is worth mentioning that the proposed model plays an imperative role in evaluating the system performance
metrics such as spectral efficiency, decoupling gain and average power consumption. However, this model eval-
uates the average capacity of only one user and without addressing the traffic adaptation and dynamic resource
allocation challenges. Also, it doesn’t consider a variable slow and fast fading. For this reason, we propose a 5G
HetNet system level simulator that supplements an existing LTE simulator. This combination allows for detailed
simulation of both dynamic TDD and decoupling techniques and to study their impact in real case scenarios. We
create appropriate simulation environment that is relative to real scenarios i.e. simulations where multiple small
cells are deployed in a heavy loaded HetNet system and under various traffic loads. These simulation scenarios
consider random users distribution with scheduling decisions in both the uplink and the downlink directions. In this
context, we consider one conventional UL/DL coupled user association policy and two types of decoupled UL/DL
link association policies. Our objective is to find the optimal combination between both the macro cell and the small
cells TDD configurations from one side and the decoupling association with its various parameters from the other
side, and this with respect to any change in the system, especially in the UL/DL traffic ratio. From the applied simu-
lation scenarios, it is observed that the proposed adaptive algorithm (dynamic TDD with decoupling policies) yields
significant performance improvements in UL and DL throughput compared to a number of conventional schemes,
mainly in dense HetNet deployment and in highly loaded systems.
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Chapter 1

Introduction

In this chapter, we first describe the challenges faced in mobile networks nowadays and the way to address them.
Second, we present the key techniques in next generation HetNets compared to classical HetNets. Further, the mo-
tivation behind adopting dynamic TDD and decoupling techniques in next generation 5G HetNets is also presented.
Finally, we explain the goals and research objectives of this study.

1.1 Challenges in Mobile Networks

Over the past few years, the demand for mobile traffic has been largely increasing. According to [1], the global
mobile data will reach 77 exabytes per month by 2022. Recent reports show that more than 600 million (i.e, 648
million) mobile devices were added in 2017. By 2022, there will be 8.4 billion personal mobile-ready devices, and
3.9 billion Machine-to-Machine (M2M) connections.
In response to this growth, mobile operators resort to flexible and efficient solutions to cope with the continuous
demand on traffic. They have recently adopted HetNet solutions to offload traffic from a macro base station (BS)
to a small cell BS, in the aim of improving the overall system performance. Yet, because of the load traffic disparity
in DL and UL, it becomes essential to dynamically adjust UL/DL resources. In particular, the rapid growth in video
streaming traffic results in asymmetric and dynamically changing UL and DL traffic loads. To support this new
approach, dynamic time-division duplexing (TDD) ( [2], [3]) has been proposed. Nevertheless, the importance of
UL arises along with the evolution of social networking and cloud solutions. Therefore, it is of great interest to
introduce novel techniques that mitigate UL interferences, improve UL and DL throughputs and allow as well, a
better use of radio resources by providing adequate load balancing among UL and DL. Such an additional feature
is the decoupled UL/DL access ( [4], [5]).
Consequently and in order to address the aforementioned challenges, an important shift from classical HetNets to
next-generation HetNets (5G) is emerging in the aim of improving overall system performance.

1.2 Heterogeneous Networks (HetNets)

The heterogeneous networks [6] approach consists in complementing the macro layer with low power nodes such
as small cell base stations. This approach has been considered a way to improve the capacity and data rate in
the areas covered by these low power nodes; they are mostly distributed depending on the areas that generate
higher traffic. HetNets involve the use of different types of radio technology and employ low power nodes working
together with the current macro cells; that is to say, they may coexist in the same geographical area sharing the
same spectrum, so it is not necessary that they provide full area coverage. For this reason, while the location of the
macro stations is generally carefully planned, the low power nodes are typically deployed in a relatively unplanned
manner. Usually, the main aim of low power nodes is to eliminate coverage holes in the macro network, improve
capacity in hotspots and improve cell edge throughput; that is why, the location chosen for their deployment is based
on the knowledge of coverage issues and traffic density in the network.
Deploying low power nodes can be challenging, as performance depends on close proximity to where traffic is
generated and, due to their reduced coverage range, a lot of them may be needed. Nevertheless, owing to their
lower transmit power and smaller physical size, low power stations can offer flexible site acquisitions. Furthermore,
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HetNets allow improving spectral efficiency per unit area and offer very high capacity and data rates in areas covered
by the low power nodes. Therefore, it is an attractive solution in scenarios where users are highly clustered.

Figure 1.1: HetNet architecture.

1.2.1 HetNets Motivation

The concept of heterogeneous networks has attracted a lot of interest recently to optimize network performances.
Spectral efficiency of current systems like WCDMA and LTE is approaching theoretical boundaries [7], LTE improves
system performance by using more spectrum and since spectrum has been a scarce resource in the past few
years a different approach must be considered to improve network performance. The main approach to enhance
the performance is to improve the network topology. This is done in the scenario of heterogeneous networks by
overlaying the planned network of high power macro base stations with smaller low power pico base stations that
are distributed in an unplanned manner or simply in hotspots where a lot of traffic is generated (see Fig 1.2).
By offloading macro base stations, these deployments can improve the overall capacity and the cell edge users’
performance [8].

Figure 1.2: Heterogeneous network using pico base stations.

1.3 Key Techniques in HetNets

In reference to our research analysis, we have observed that the main driver of capacity growth is expected to come
from network architecture advancements and novel techniques. In this section, we discuss the techniques that we
expect to have the highest opportunity for increasing the system capacity in HetNets. These techniques are shown
in Fig. 1.3. The main enhancement techniques tackled in this thesis are highlighted in yellow. In this work, we argue
that analyzing the decoupling along with the dynamic TDD technique in a HetNet sharing the same RAT (radio
access technologies) among cells, will report interesting results to the scientific community.
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Figure 1.3: Key techniques in HetNets.

1.3.1 Non-Orthogonal Multiple Access (NOMA)

Multiple access techniques are used to allow sharing the available resources among a large number of UEs in the
most effective way. As one of the most limited resources in a mobile network is the spectrum. In an multiple access
system, different UEs have to simultaneously use the available bandwidth. Multiple access (MA) [9] schemes can
be broadly classified into two categories: OMA (Orthogonal Multiple Access) and NOMA (Non-Orthogonal Multiple
Access) [10]. OMA schemes have the advantage of avoiding intra-cell interference but they require careful cell plan-
ning to reduce inter-cell interference. The later can be achieved by having sufficient distance between the re-used
channels, which results in a low spectral efficiency. On the contrary, NOMA schemes are prone to high intra-cell
interference, but are robust against fading and inter-cell interference.
As a promising technique for future radio access (FRA) [11], NOMA was proposed by the mobile phone operator
NTT DOCOMO [12] to enable multiple users to share the identical radio resource at the same time, which should
be distinguished through different power levels [12]- [15]. To successfully retrieve the desired information from the
overlapped signals, successive interference cancelation (SIC) technique is utilized at the receivers in NOMA net-
works [12].
In 4G long-term evolution (LTE), orthogonal frequency division multiple access (OFDMA) was chosen for the down-
link. The selection of this MA scheme was a key step for increasing the capacity and improving the performance
in 4G LTE. However, OFDMA might not be sufficient to cope with the expected traffic demands without considering
new enhancement techniques, same as we did in our work. Hence, NOMA has gained a lot of attention as an
MA technique that can boost the capacity of mobile networks, because of its ability to increase the spectral effi-
ciency [16]- [18]. Other benefits of using NOMA include higher cell-edge throughput, relaxed channel feedback,
and low transmission latency. As a result, NOMA technique dramatically attracts the attention of the academic
community. The basic concepts of uplink and downlink NOMA networks were exploited in [12] and [20], and various
challenges for NOMA networks involving power allocation and user scheduling were discussed in [20]. Power allo-
cation therein plays a significant role in enhancing the system performance of NOMA networks since the signals of
multiple users are superposed under certain power partitions, and thereby attracts a lot of research attention. For
instance, the closed-form formula of outage probability and ergodic sum-rate were derived for two-user static power
allocation NOMA system in [21]. Yang et al. [22] analyzed the drawbacks of fixed power allocation in NOMA network
and proposed a general two-user power allocation scheme. On the other hand, the influence of power allocation on
fairness performance of NOMA network was investigated in [23], and the power allocation algorithms for two users
NOMA networks were investigated under sum rate maximization and proportional fairness criteria in [24].

1.3.2 Cloud-Radio Access Networks (C-RAN)

The aforementioned mobile networks challenges are pushing mobile operators to adopt a new cost-effective RAN
architecture. In that context, the C-RAN (cloud-radio access networks) architecture has been introduced, and has
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been motivated in many projects, such as the “Interworking and Joint Design of an Open Access and Backhaul
Network Architecture for Small Cells based on Cloud Networks” [25], launched in 2012 by the European Commis-
sion, and the “Mobile Cloud Networking (MCN)” [26], launched in 2013 also by the European Commission. Further,
many Asian-Pacific MNOs have been tempted by the advantages of C-RAN architecture, and have already started
to plan its deployment. For example, Korean SK Telecom and NTT-DoCoMO have announced early trials of C-RAN
in 2019. The C-RAN consists of a new cloud architecture, aiming to face the need of TCOs reduction. This approach
was conceived from the cloud computing concept. In C-RAN, BBUs (Baseband Units) are migrated from sites, to
be gathered in a single location. The latter consists of a central office or a super macro site used to aggregate
BBUs. RRHs (Remote Radio Heads) are connected to BBUs through high-bandwidth and low latency optical links.
Precisely, baseband elements are employed efficiently and follow the instantaneous load conditions in the network,
instead of adopting the maximum traffic of individual base stations. Consequently, processing power is reduced and
adapts to network instantaneous load.

1.3.3 Multi-User MIMO (MU-MIMO)

Multiple antenna technology, known as MIMO, is playing an important role in 4G cellular networks, and is expected
to be even more essential for meeting 5G target data rates [28]. One key such technique is multiuser MIMO (MU-
MIMO), which allows a base station (BS) with many antennas to communicate simultaneously with numerous mobile
units each with a very small number of antennas. Although multiuser MIMO also known as space division multiple
access (SDMA) has been known for quite some time and previous implementation efforts have been relatively disap-
pointing, enthusiasm has been recently renewed, as seen in the extensive recent literature on “massive MIMO” [29],
as well as the very recent 3GPP standardization of full-dimension (FD) MIMO, which can support 64 antennas in a
2D array at the BS to communicate simultaneously with 32 mobile terminals [30].
Multi-antenna transmissions bring significant additional complexity to HetNet analysis, primarily due to the complex-
ity of the random matrix channel. As shown in [31], the invariance property may be lost in multi-antenna HetNets,
i.e., the outage probability will increase as the BS density increases. This is mainly because the distributions of
both the signal and interference depend on the number of BS antennas and the adopted multi-antenna transmission
strategy of each BS. The work [31] relied on stochastic ordering to compare different multi-antenna techniques, but
such a method cannot be used for quantitative analysis, since the SINR and SIR distributions were not provided.
That work was extended to incorporate load balancing and thus the achievable rate in [32]. Other notable efforts on
MIMO HetNets include work limited to two tiers [33], [34], and the analysis in [35], which focused on the interference
distribution.

1.3.4 User association

Conventional Coupled Access

In classical HetNets, conventional coupled UL/DL access mode is adopted, where each user is associated in down-
link and uplink with a single cell. Cell association criteria in DL and UL is based on DL Reference Signal Received
Power (RSRP) which is the conventional LTE user association policy. That is to say, each UE selects its serving cell
ID according to the cell from which the largest RSRP is provided :

CellIDserving = argmaxi(RSRPi).

Cell Range Expansion (CRE)

Cell selection in LTE is based on terminal measurements of the received power of the downlink signal or more
specifically the cell specific reference (CRS) downlink signaling. However, in a heterogeneous network, there are
different types of base stations with different transmission powers including different powers of CRS. This approach
for cell selection would be unfair to the low power nodes (pico-eNBs), as most probably the terminal will choose
the higher power base stations (macro-eNBs), even if the path loss to the pico-eNB is smaller and this will not be
optimal in terms of:

1. Uplink coverage: As the terminal has a lower path loss to the pico-eNB but instead it will select the macro-eNB.
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2. Downlink capacity: Pico-eNBs will be under-utilized as fewer users are connected to them while the macro-
eNBs could be overloaded even if macro-eNBs and pico-eNBs are using the same resources in terms of
spectrum, so the cell-splitting, also the offload gain is not large and the resources are not well utilized.

3. Interference: Due to the high transmission power of the macro-eNBs, then the Macro-eNB transmission is
associated with a high interference to the pico-eNB users which denies them to use the same physical re-
sources.

As a solution for the first two points, cell selection could be dependent on estimates of the uplink path loss, which
in practice can be done by applying a cell-specific offset to the received power measurements used in typical cell
selection. This offset would somehow compensate for the transmitting power differences between the macro-eNBs
and pico-eNBs; it would also extend the coverage area of the Pico-eNB, or in other words extend the area where
the pico-eNB is selected. This area is called "Range Expansion” [36].
In this technique, users are offloaded to smaller cells using an association bias or offset. Formally, if there are K
candidate tiers available for a user to associate, then the index of the chosen tier is:

k∗ = argmaxi=1−>kBiPrx,i, (1.1)

where Bi is the bias for tier i and Prx,i is the received power from tier i. By convention, tier 1 is the macro cell tier
and has a bias of 1 (0 dB). For example a small cell bias of 10 dB means a UE would associate with the small cell
up until its received power was more than 10 dB less than the macro cell base station.
However, the difference in transmission powers of the macro-eNBs and the pico-eNB in the range expansion area,
makes the users in the range expansion area more prone to interference from the macro-eNB. So along with the
benefits of range expansion, comes the disadvantage of the high inter-cell interference that the macro layer imposes
on the users in the range expansion area of the pico layer.

UL/DL Decoupled Access

Cell association in cellular networks has been traditionally based on the downlink received signal power only [37],
despite the fact that uplink and downlink transmission powers and interference levels differed significantly. This
approach was adequate in homogeneous networks with macro base stations all having similar transmission power
levels. However, with the growth of heterogeneous networks where a big disparity in the transmit power of the
different base station types exists, this approach is highly inefficient. In this work, we study the notion of decoupled
UL/DL access [38]. To understand this assertion, we consider a typical HetNet scenario with a macro cell and a
small cell. The DL coverage of the macro cell is much larger than the small cell due to the large difference in the
transmit powers. However, in the UL all the transmitters, which are battery powered mobile devices, have about the
same transmit power and thus the same range. Therefore, a user equipment (UE) that is connected to a macro
cell in the DL from which it receives the highest signal level might want to connect to a small cell in the UL where
the pathloss is lower to that cell. As HetNets become denser and small cells smaller, the transmit power disparity
between macro and small cells is increasing and, as a consequence, the gap between the optimal DL and UL cell
boundaries increases. For the sake of optimal network operation, this necessitates a new design approach which is
the Decoupled Uplink and Downlink access (DeUD) where the UL and DL are basically treated as separate network
entities and a UE can connect to different serving nodes in the UL and DL (Fig. 1.4). The cell association criteria in
DL is different than the cell association criteria in UL where the power imbalance between the macro cells and the
small cells motivates the decoupling of both links.
As we have previously mentioned, CRE technique appears to improve the network performance in UL and degrade
the performance in DL. On the other hand, the decoupling association policy appears to have potential benefits
including network load balancing and performance improvement in UL without any performance degradation in DL.
This will be investigated in the next chapters where we model and simulate a network with multiple association
policies, including the CRE and the decoupling techniques.
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Figure 1.4: The concept of UL/DL decoupling [39].

1.3.5 Coordinated Multi-Point (CoMP)

In LTE-A (LTE-Advanced) Rel-11 coordinated multi-point (CoMP) transmission schemes were introduced as an al-
ternative approach to cope with interference issues in HetNet systems [40] on a more dynamic basis than enhanced
Inter-Cell Interference Coordination (eICIC). In contrast to eICIC, the interference between nodes in CoMP schemes
is mitigated by the cooperation of a limited set of base stations having high capacity and low latency backhaul link
connections with each other.
Owing to CoMPs significant effect on improving the spectral efficiency, it has also attracted attention from re-
searchers who are focusing on energy efficiency study [41]. For example, authors in [42] gave an overview on
the potential applications of CoMP transmission to increase energy efficiency for cell-edge users. Authors in [43]
verified that combining CoMP and BS sleeping in conventional homogeneous networks can achieve improved en-
ergy efficiency. However, the system model in [43] is a one tier model and the deployment of BSs is based on a
hexagonal grid which is not very realistic. Recently, in comparison to the conventional hexagonal grid based analy-
sis, the stochastic geometry approach has gained increasing popularity for modelling wireless networks because it
is accurate and tractable [44]. In stochastic geometry analysis, positions of BSs and users are modeled from certain
stochastic point process. This approach is especially suitable to be used for HetNets where the deployment of small
cells are far from symmetric distribution within the networks. Authors in [45] has formulated the coverage probability
and the average data rate in homogeneous networks and [46] has extended the work in [45] to HetNets scenario.
In wireless cellular radio networks, the backhaul contribution to the total power consumption is generally overlooked
because of its restrained effect compared with that of the radio BSs. However, satisfying the almost exponential
increase in mobile data traffic demands a prominent number of (mainly small) BSs or macrocell along with remote
antenna elements such as RRHs. Therefore, we can easily deduce that the deployment of the backhaul links in a
CoMP-equipped HetNet will increase the expenditure (both CAPEX and OPEX) including more power consumption
in the highly anticipated future green wireless system.

Figure 1.5: CoMP in HetNet [47].
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1.3.6 UL/DL Decoupling and CoMP

Coordinated Multi-Point (CoMP) transmission or reception, has gained popularity in the context of HetNets as a
means to increase the UE achievable throughput. eNBs within the same cluster communicate via backhaul links
(i.e., via the X2 interface) with the objective of minimizing the inter-cell interference and capitalize on the benefits
of distributed antenna systems. In fact, interference within a cooperation cluster can be effectively cancelled [48],
[51]. This level of coordination and cooperation can be carried out in both UL and DL, and the realization of such
coordination relies strongly on the availability of sufficient backhaul capacity, first to serve the UE in the cell cluster,
and second to communicate with other cells in the cooperation cluster. This backhaul dependency can be very
limiting in situations of high load, and in capacity limited links. The increased flexibility provided by decoupled UL
and DL associations provides advantages when selecting UL and DL coordinated transmissions or receptions. In
particular, there is no need to have both UL and DL simultaneous connection to the entire cooperating set of base
stations and the UE could have unequal UL and DL active links (as in the case of CA). This flexible association
inside the cluster, and the interoperability of DeUD with CoMP goes one step further in the device-centric network,
since the UE can select independently the number and position of DL and UL serving cells, according to several
input parameters, as backhaul capacity, power limitation, throughput maximization, among others

1.3.7 UL/DL Decoupling Enabler between CoMP and C-RAN

Implementing a decoupled cell association in a real network requires excellent connectivity and modest cooperation
between different base stations. The main requirement DeUD imposes is a low latency connection between the
downlink and the uplink base stations, to allow a fast exchange of control messages [52]. We emphasise that
differently from the most sophisticated forms of CoMP (e.g. joint processing) where a high throughput backhaul
connection between BSs is required to allow rapid data exchange, DeUD does not impose a tight requirement on
the backhaul capacity. Put another way, DeUD allows gains similar to uplink joint processing (about 100% edge
and average throughput gain), but with lower deployment costs. Compared to using MIMO or new spectrum to
increase the throughput, the cost comparison is even more favorable to DeUD. The ongoing trend towards using
partial or full Radio Access Network (RAN) centralization in deployments where a high-speed backhaul is available,
will be an enabler for downlink and uplink decoupling, as signalling will be routed to a central processing unit with
low-latency connections. In particular, partial centralization refers to those local deployments (e.g. indoor) where
the transmission points serving the same local area are all connected to the same baseband processing central unit.
Full centralization, often referred as Cloud-RAN, extends this approach to larger areas, where a large number of RF
units are connected to the same baseband processing central unit. Given this already ongoing trend towards more
centralized RAN architectures, which are underpinned by low-latency connectivity between BSs, the incremental
cost of DeUD appears negligible in such scenarios.

1.3.8 Device to Device (D2D) Communications

With the spectral performance of the wireless link approaching the theoretical limits due to present cellular wireless
networks, researchers have been working on various aspects in the framework of LTE-Advanced to further facilitate
the mobile users in a ubiquitous and cost effective manner [53]. One of the ways of increasing the achievable rate in
cellular communications is direct communication between closely located mobile users. This form of communication
is referred to as device-to-device (D2D) communication [ [55], [56]]. D2D communication, is a technique that is first
introduced in 3GPP Release 12 and 13 [54]. Mobile devices involved in D2D communication form a direct link
with each other, without the need of routing traffic via the cellular access network, resulting in lower transmit power
and end-to-end delay, as well as freeing network resources. The lower transmit powers manifest through reduced
interference levels in the system and battery power savings, while the improved rate is achieved as a result of low
path-loss between any pair of devices involved in D2D communication [57]. The concept of D2D was presented in
several studies as a promising solution to increase network capacity [58]. In this concept, the user can relay other
user’s traffic to light loaded small cell using its resource [59] [60].

1.3.9 Dynamic TDD

In classical HetNets, either FDD or conventional TDD technique is adopted. Sharing the same static TDD configu-
ration between macro cell from one side and the small cell from the other side, is what we refer to as conventional
TDD approach. However, the fifth-generation wireless communication systems (5G) are expected to support various
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services, such as voice over IP (VoIP), online video, social networking, video sharing, etc. Due to the different uplink
and downlink traffic demand of these services, the asymmetric traffic is one remarkable characteristics of future
mobile communications. Besides, the instantaneous traffic condition of the network may vary significantly among
adjacent cells. To satisfy this asymmetric and dynamic traffic demand, dynamic TDD is one promising solution since
the UL/DL transmission direction can be changed dynamically to adapt the instantaneous traffic variation [61]. In
the 3GPP standard, dynamic TDD is supported by seven configurations with respect to different uplink and downlink
traffic ratios [62]. As shown in Fig. 1.6, each radio frame consists of 10 subframes, and the UL/DL ratio is different for
each TDD frame configuration. This enables either the macro cell or the small cells base stations to select different
configurations according to the traffic variation. As one special case of dynamic TDD, enhanced interference miti-

Figure 1.6: Supported TDD configurations in 3GPP [62].

gation and traffic adaptation (eIMTA) has been widely studied since LTE Rel.12 [63] where the UL/DL transmission
direction is changed based on seven TDD configurations defined in LTE [62]. However, to enable more flexible traffic
adaptation, fully dynamic TDD shall be supported in 5G where the UL/DL transmission direction can be changed per
slot. Although dynamic TDD can provide flexible resource allocation, it also brings some new challenges due to the
fact of misaligned UL/DL transmission direction among neighboring cells. The main challenge brought by dynamic
TDD is the cross-link interference issue. As shown in Fig. 1.7, because of the different transmission directions
among neighboring cells at a given time, two kinds of cross-link interference are introduced, i.e., BS-to-BS (DL to
UL) interference and UE-to-UE (UL to DL) interference, which may degrade the system performance significantly.
One step further in the optimization of HetNet, is the interdependency between UL and DL and how the association
policies affect the system performance on both links in a way to mitigate the cross-link interference. Hence, the
decoupled association policy has been introduced.

Figure 1.7: UL to DL and DL to UL interference in dynamic TDD system [61].

1.3.10 Inter-Cell Interference Coordination (ICIC)

The heterogeneity of all co-existing networks, that intend to enhance the radio coverage and considerably increase
the offered capacity, will inevitably cause higher inter-cell interference if their operation is not coordinated. Orthogo-
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nal Frequency Division Multiple Access (OFDMA) technology is widely accepted as the access scheme for the Third
Generation Partnership (3GPP) LTE [64]. In the downlink, OFDMA allows assigning frequency sub-carriers to users
within each cell in an orthogonal manner, each sub-carrier having a much lower bandwidth than the coherence band-
width of the channel. With the use of cyclical prefix insertion, intra-cellular interference can be eradicated. Hence,
OFDMA is very attractive as it enjoys high spectral efficiency and immunity to both frequency selective fading and
inter-symbol interference (ISI) which encourages the use of a Reuse Factor equal to one. However, when the same
Resource Block (RB) (the smallest time-frequency resource unit allotted to a mobile user) is used in neighboring
cells, interference may occur which can degrade the Signal to Interference plus Noise Ratio (SINR) perceived by
mobile users (especially those with bad channel quality usually situated on the edge cell as illustrated in Figure 1.8).

Figure 1.8: Cell-edge Inter-Cell Interference

Therefore, inter-cell interference is a central issue for the design of future cellular networks, especially at cell
edges. Thus, investigation of Inter-cell Interference mitigation techniques is urgently required and facilitated by
the flexibility in resource assignment in OFDMA. Inter-Cell Interference Coordination (ICIC) is considered as a key
technique to combat interference. In our work, we study and statistically model several network performance metrics
to analyze a TDD based HetNet. One important metric and key performance factor is the Inter-Cell Interference (ICI).
Statistical modeling of ICI plays an imperative role in evaluating the system performance metrics and developing
efficient interference mitigation techniques for 5G networks.

1.3.11 Motivation Behind Dynamic TDD and Decoupling Techniques in 5G

According to many studies, the decoupling technique which is developed in our manuscript, is expected to play an
imperative role in the 5G architecture design. As stated in [65], the decoupling of the downlink and uplink is an
emerging paradigm which will likely impact 5G design efforts.
As mentioned in [66] and in order to achieve extremely high spectral efficiency in 5G, three enabling technologies
which are massive MIMO [67], mmWave [68] and densified heterogeneous networks (HetNets) with decoupling
technique are mainly concerned.
According to [38], decoupling technique is a strong candidate for 5G architecture designs and it can be very useful
in many applications like Machine Type Communications (MTC) where Uplink optimization is very critical. Most
network technologies such as 3G or 4G were designed with macro cells in mind and heterogeneity was just an
afterthought. This dramatic change in cellular networks requires a fresh look on how present networks are deployed
and what fundamental changes and improvements need to be done for future networks to operate efficiently. Cel-
lular networks have often been designed based on the downlink (DL); this is due to the fact that network traffic is
mostly asymmetric in a way that the throughput required in the downlink is higher than the one required in the uplink.
However, uplink is becoming more and more important with the increasing popularity of symmetric traffic applica-
tions, such as social networking, video calls, real-time video gaming, etc. As a consequence, the optimization of the
uplink has become increasingly important.
Taking a real case scenario, Huawei has showcased in Nov. 2017 its ability to improve 5G coverage, capacity,
and user experience by carrying uplink data via 4G LTE bands and downlink data on 5G bands [69] i.e. by using
the decoupling technique. Huawei’s "5G UL & DL Decoupling" receives 2019 GSMA award for best mobile tech-
nology breakthrough at the Mobile World Congress (MWC) in Feb 2019 [70]. This inter-band connectivity in 5G
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networks [71] between two different radio technologies FR1 and FR2 has been clearly described in 3GPP Release
16. As an example, a mobile user hosting a video streaming session which generally requires a high downlink
throughput, will be associated in DL to a mmwave BS that offers a large bandwidth and thus a high throughput.
However in UL, the mobile user suffering from a transmitted signal power limitation will be associated to a low fre-
quency LTE BS to compensate and increase its uplink coverage.

According to 3GPP Release 16 ( [72], [73]) , TDD is widely used in 5G networks especially with high frequency
bands (see Fig. 1.9). One of the main TDD features is the channel reciprocity, that will help in reducing the channel
estimation overhead resulting from the MIMO technology and the multiple antennas implemented in 5G.

Figure 1.9: 5G operating in frequency range 2 with TDD [72].

Accordingly, 5G will adopt TDD [74] due to following reasons:

• The mmWave spectrum is mainly unpaired. It provides a single band used for both downlink and uplink.

• Guard period (GP) for link direction (UL/DL) switching can be kept small for small cells which are in focus for
mmWave deployments.

• TDD operation makes the UL and DL channels reciprocal, which is important for massive MIMO operation (to
estimate DL channel via uplink channel state information).

• DL/UL traffic can be very dynamic. Dynamic TDD matches the DL/UL traffic load of each small cell individually
by adjusting the GP position.

1.4 Thesis Objectives

This thesis proposes studying next generation 5G HetNets using dynamic TDD configuration with uplink / downlink
decoupling. Integrating TDD, uplink / downlink decoupling into the same model and the same simulator is the
challenge that this thesis wishes to address in order to answer the following questions:

1. What are the HetNets’ performances when implementing a dynamic TDD mechanism associated with
uplink/downlink decoupling?

2. What are the benefits of an adaptive TDD and decoupling compared to conventional HetNets?

The answer to question 1 requires the development of a theoretical model (framework) to evaluate the performance
of the system in terms of SINR (signal-to-noise ratio), spectral efficiency and throughput. This model will rely on
probability and statistical tools to retrieve the probabilistic distributions of the above-mentioned performance indica-
tors. Comparing this model with Monte Carlo simulations will validate its accuracy. In the next-generation HetNets,
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deriving closed-form expressions for cross-tier/co-tier interference and user capacity in TDD HetNets helps in de-
signing and optimizing advanced enhancement techniques, including but not limited to the decoupled access tech-
nique. Deriving these expressions reduces as well the need for time consuming Monte-Carlo simulations, especially
in the case of multiple small cells deployment where the time required to run Monte-Carlo simulations significantly
increases.

The answer to question 2 requires the implementation of these techniques in a system level simulator allowing
an adaptive TDD and uplink / downlink decoupling in a HetNet based system. The optimization of a HetNet based
system according to time-variant traffic loads with multiple small cells and multiple users, necessitates finding a
system level simulator where we can present the motivation and accurately assess the role of both decoupling and
dynamic TDD techniques in the optimization problem. Our aim is to create appropriate simulation environment that
is relative to real scenarios i.e. simulations where multiple small cells are deployed in a heavy loaded HetNet system
and under various traffic loads. These simulations consider random users distribution with scheduling decisions in
both the uplink and the downlink directions. The gain provided by the proposed approaches will be evaluated based
on the simulation results.
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Chapter 2

Related Work & Contributions

In this chapter, we review works that relate to our thesis and discuss in detail how our solution advances the state
of the art. In the comparison tables that follow, we indicate how the related articles contribute to each of the topics
listed in the table columns. This will clearly show how our works (highlighted in yellow) lift a number of scientific
locks addressed in the related articles.

2.1 Related Work

Modeling a TDD-based HetNet

Analyzing a TDD based HetNet requires modeling and studying several performance metrics. Interference modeling
is considered a main metric in wireless communications as it plays a role in the design and analysis of wireless sys-
tems and the establishment of advanced interference mitigation techniques. Interference models can also be helpful
in assessing the performance of a given network as a substitute to simulation-based approaches. The problem of
interference modeling in small cell networks has been tackled recently using various tools and methods. Several
recent studies considered the modeling of the Inter-Cell Interference (ICI), where closed-form formulas are derived
to compute the network performance. Some of these studies tackled individually the downlink case, other works
considered the uplink case.

For the downlink case, a semi-analytical distribution for the signal-to-interference-noise ratio (SINR) has been
derived in [75] under path loss and log normal shadowing for femtocell networks.Numerical experiments were per-
formed assuming various environments and deployment scenarios to examine the performance of femtocell net-
works. In [76], the applicability of the Gaussian and binomial distributions for modeling the downlink ICI is inves-
tigated. The influence of the closest interfering cells and time synchronization offsets were in the focus. In [77],
an analytical approach based on geometric probability was developed for downlink performance analysis of a Het-
Net network model where the coverage probability and the spectral efficiency have been derived and verified by
simulation. A novel circular interference model was introduced in [78] to facilitate statistical analysis in networks
with regular grid layout. The key idea was to spread the power of the interferers uniformly along the circumcircle
of the grid-shaping polygon. In [79], an interference model is obtained for the downlink of an OFDMA system with
log-normal shadowing and Rayleigh fading. This work was extended in [80] for Ricean fading channels.

Several research works for the uplink appear in [81], [82] and [83]. An analytical model for the collisions for an
arbitrary number of users in the different cells, was developed in [81]. In [82], an exact analytical expression for
the collision probability was derived for an arbitrary number of base stations with non-coordinated schedulers. The
expression was used to determine conditions under which ICI mitigation techniques may be required as well as to
establish a baseline for performance comparison with ICI coordination schemes. In [83], the intercell interference
was described as a random variable which is composed of many other random variables. The distributions, and
in particular the mutual dependencies of those were carefully studied. In [84], a new approach based on Gaus-
sian approximation was introduced to analyze the uplink signal to interference ratio (SIR) performance. In [85], the
scheduling-based interference models for LTE networks was considered where the distance distribution and thus
the interference distribution was derived for different resource allocation schemes such as proportional fair, greedy
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and round robin scheduling schemes. In [86], uplink capacity (in bps/Hz) was derived with closed-form expressions
in both dedicated and shared spectrum access scenarios. The proposed framework exploited the distance distribu-
tions based on geometric probability theory to characterize the co-tier and cross-tier uplink interferences.

As for the modeling of interference in TDD systems, the work in [87] introduced a statistical framework to ana-
lyze uplink/downlink interactions where analytical expressions for the four interference types in TDD systems were
derived. For interference-aware scenarios, the distribution of the distance between the source and victim of inter-
ference was based on the scheduling algorithms defined in [85]. The distance distribution probability in [87] was
scheduling based instead of geometric probability based. Moreover, it did not evaluate important network perfor-
mance metrics such as average cell capacity. Instead, interference maps were generated to analyze the impact of
TDD operation in a given network.

Analytical Evaluation of Decoupling in TDD HetNets

Several recent studies introduced the concept of downlink/uplink decoupling. The work in [88] focused on the archi-
tectural design and realization, identified and explained some key arguments in favor of DeUD.

A group of articles studied various link association policies and showed their performances based on simulations
results. In [89], the notion of DeUD is studied, where the downlink cell association is based on the downlink received
power, while the uplink is based on path loss. The follow-up work in [90] considered the cell-load as well as the
available back-haul capacity within the association process. The work in [91] added a cell selection offset to the
reference signals in small cells.

Other works focused on the analytical evaluation of a predefined association policy. The research work in [92]
and [93] focused on the analytical characterization of the decoupled access, relying on the stochastic geometry
framework and applying a specific association criteria (power received or transmitted). The main advantage of
using stochastic geometry is the ability to develop a statistical model with randomly distributed small cells. The
locations of BSs and the locations of devices in [92] are modeled by independent homogeneous Poisson Point Pro-
cesses (PPPs). The work in [93] focused on the analytical characterization of the decoupled access by using the
framework of stochastic geometry [94]. A joint analysis of the DL and UL association was performed using the same
realization of the random process that describes spatial deployment of the BSs and devices. This analysis was ap-
plied for a two-tier cellular network, consisting of Macro BSs (MBSs) and Femto BSs (FBSs). Uplink performance
improvement brought by a DeUD mode over a conventional CoUD mode, was investigated in [95]. A fractional
power control was employed to determine location-dependent user transmit power. Two kinds of user equipment
distributions, namely uniform and clustered distributions were considered and modeled as Poisson point and Ney-
man–Scott cluster processes, respectively. Also, the work in a [95] considered a HetNet which consists of k-tier
BSs arranged according to an independent homogeneous PPP. A general analytical framework in a hybrid system
(sub-6GHz and millimeter wave) was developed in [96] where the biased uplink and downlink cell association, as
well as the rate coverage probability, were derived. A two-tier heterogeneous network was considered where Mcells
and Scells (Small cells) are distributed uniformly according to independent homogeneous Poisson point processes
(PPP). Specifically, a deployment of sub-6GHz Mcells overlaid by mmWave Scells is considered. The UEs are also
assumed to be uniformly distributed according to a homogeneous PPP.

As for the modeling of TDD systems, the work in [97] introduced a statistical framework to model the UL/DL
inter-cell interference in TDD networks. The distance distribution probability was scheduling-based and the users
were associated according to the conventional downlink received power policy. As for the joint modeling of both
decoupling and dynamic TDD techniques, it has not been covered in the recent literature. Instead, there is one
study where these two techniques were simulated in a homogeneous small cells network. The main objective of
this study is described next in the simulation section.

Adaptive TDD and Decoupling in 5G HetNets: Simulation-Based Evaluation

Several recent studies considered analyzing the UL/DL decoupling technique with simulations based on specific
network simulators. A set of articles studied various link association policies (including the decoupled policy) and
showed their performances based on simulations results. In [99], the concept of DeUD is studied, where the
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downlink cell association is based on the downlink received power, while the uplink is based on path loss. The
gains of this design approach were presented with simulations based on Vodafone’s LTE field trial network in a
dense urban area, employing a high resolution ray-tracing path loss prediction and realistic traffic maps based on
live network measurements. The follow-up work in [100] considered the cell-load as well as the available back-haul
capacity within the association process. The work in [101] added a cell selection offset to the reference signals in
small cells.
Other works considered the analysis of both decoupling and TDD techniques under the same system level simulator
or trial network. In [102], the problem of decoupled uplink and downlink in time division duplexing (TDD)-based small
cell networks is studied. This work focused on the user association technique to solve the problem of dynamic user
association in UL/DL decoupled small cell networks with dynamic TDD.
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2.2 Thesis Contributions

The main contributions of this work can be summarized as follows:

1) TDD Statistical Model: We consider analyzing, in this work, both uplink/downlink interactions, whereas other
works introduced either a downlink ICI model as in [76] and [77] or an uplink ICI model as in [85] and [86].
Few studies considered modeling a TDD system, however they either did not consider a HetNet system or
did not evaluate any network performance indicator as in [87]. In this work, operating a TDD-based HetNet
network necessitates four interference scenarios depending mainly on the geographical distance between the
reference cell and the neighboring cell. In a multiple small cells scenario, the neighboring cell can be either
the small cell or the macro cell. Thus, analyzing four interference scenarios is still applicable because of the
TDD subframes distribution that is considered perfectly synchronized between the small cells (See Table 2.1
for illustration).
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Table 2.1: Modeling a TDD-based HetNet [Related Work and Contribution].
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2) Analytical Model Covering Various User Association Policies: Focusing on the decoupled access strategy,
other similar works either developed an analytical model studying one specific association criteria ( [92]-
[96]) or investigated multiple association strategies based on simulation results ( [89]- [91]). In this work, an
analytical model covering four association policies is developed with the aim of studying the improvement
that the decoupling access can bring to TDD HetNets among all other association policies (See Table 2.2 for
illustration).
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Table 2.2: Analytical model covering various user association policies [Related Work and Contribution].

3) Joint Modeling of TDD and Decoupled UL/DL access in Multiple Small Cells HetNets: Studying the next-
generation wireless 5G HetNets with respect to TDD and UL/DL decoupled access. Other works investigated
either a TDD system as in [87] and [103] or the decoupled access technique as in [89]- [96]. In fact, considering
a TDD model jointly with a decoupled association policy appears to be a viable solution to address UL and DL
throughput degradation challenges (See Table 2.3 for illustration). The work in [117] studied both decoupling
and TDD techniques, however it was limited to one small cell case study.
In our model, we consider a network consisting of one macro cell along with a reference small cell located at
a certain distance from the macro cell. Multiple instances of interfering small cells are deployed at specific
distances from the reference small cell in order to be aligned as much as possible with real case scenarios. We
consider this specific network model, as simple as it shows in regards to BS distribution, to focus on the main
thesis objective which is the modeling of TDD and decoupling in a scenario that is close to real cases, and at
the same time to avoid adding further complexity to the model itself. Instead, including any other BS distribution
(stochastic for example), will bring significant additional complexity to our HetNet analysis, especially that our
aim is to combine both decoupling and dynamic TDD techniques under one statistical model. Our model is
based on geometric approach contrary to most of the recent articles, where the model is based on stochastic
probability and the user association is based on UL/DL received power. However, we will rely on the recent
literature on decoupling ( [104], [105]) to retrieve the small cell bias/offset (power based) and apply it in our
system level simulations that analyze different association policies among them, a power based policy. The
latter will be discussed in details in Chapter5.
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Table 2.3: Joint modeling of TDD and Decoupling in multiple small cells HetNets [Related Work and Contribution].

4) Adaptive TDD and Decoupling in 5G HetNets: Simulation-Based Evaluation: We conduct simulations using
a system level simulator where we consider analyzing a system supporting a dynamic TDD resource allocation
along with UL/DL decoupled access in a dense HetNet deployment. Other works proposed various link asso-
ciation policies (coupled and decoupled policies) and showed their performance gain with simulations based
on LTE field trial network, without considering any dynamic TDD configuration [99]- [101].
Few studies considered simulating both decoupling and dynamic TDD techniques as in [102], however these
techniques were not implemented under a system simulator with scheduling decisions to dynamically allocate
UL/DL resources. Note that the implementation of scheduling algorithms plays an important role in ensuring
a fair and efficient distribution of resources, whether in the uplink or downlink. Moreover, the work in [102] did
not consider the case of a HetNet deployment in the presence of macro cells, it considered small cell networks
instead (See Table 2.4 for illustration).
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Table 2.4: Adaptive TDD and Decoupling in 5G HetNets: Simulation-Based evaluation [Related Work and Contribu-
tion].

2.3 Thesis Organization

The remaining of this thesis is organized as follows: In Chapter 3, we develop a joint TDD/decoupling model in 5G
HetNets with multiple small cells deployment. We conduct both downlink and uplink performance comparison study
for four various cell association rules in TDD HetNet. Two cases are considered with UL/DL coupled access and
two others with decoupled access. This chapter considers the modeling of both cross-tier and co-tier interferences
in a multiple small cells environment. More insight into the benefits of decoupling mode, is provided in this chapter
in terms of UL and DL decoupling gains. Moreover, we consider the uplink power control and the case of an
unsynchronized TDD configuration between small cells.
In Chapter 4, we evaluate the analytical and simulation results based on the closed-form expressions derived in
Chapter 3. We show the benefits that the decoupling access mode can bring to a HetNet TDD based system, in
terms of UL and DL spectral efficiencies. Monte-Carlo simulation results are provided to validate the accuracy of
the analytical model including 95% confidence intervals of disparity measures.
In Chapter 5, we create appropriate simulation environment that is relative to real scenarios, i.e. simulations where
multiple small cells are deployed in a heavy loaded HetNet system and under various traffic loads. These simulations
consider random users distribution with scheduling decisions in both the uplink and the downlink directions. In this
chapter, we propose a new procedure to jointly implement a dynamic TDD based system with coupled/decoupled
user association policies and to analyze the outcome resulting from this joint optimization. To proceed with these
simulations, we consider an existing system level simulator to which we have added customized features/modules to
motivate our system model. The added modules include, in addition to the decoupling and dynamic TDD techniques,
many other customization that are described in details in this chapter. Finally, Chapter 6 draws the conclusion and
gives recommendations for future works.

19





Chapter 3

Joint Modeling of TDD and Decoupling in
5G HetNets

3.1 Introduction

3.1.1 Motivation

In this chapter, we develop a statistical and analytical model for a HetNet based system where decoupling and dy-
namic TDD are jointly deployed. On the one hand, this model should capture the complexity of the system by taking
into account its main radio and topological design parameters. On the other hand, we aim for closed-form analytical
expressions of the system performance metrics such as the average capacity and the decoupling gain.
By meeting these contradictory requirements and constraints, the proposed model offers a simple analysis tool to
assess a given TDD/Decoupling-based HetNet deployment. The analytical formulas provide relevant insights about
network performance without the need for time consuming Monte-Carlo Simulations. This tool is also useful for
network designers who can use it to determine the range of deployment parameters given a target QoS.
In the remaining of this section, we provided some insights on our modeling approach and identify the main chal-
lenges to overcome, especially those related to complex interference scenarios. We then describe our proposed
solution that uses geometric probability approach to compute the probability distributions of the radio signals in-
volved in a user communication.

3.1.2 TDD Modeling Insights and Challenges

Figure 3.1: HetNet system - single small cell.

Let us consider a HetNet system which consists of one macro cell along with one small cell (see Fig. 3.1). Our
main focus will be evaluating users’ performance inside the small cell. This small cell is referred to as a reference
small cell. Assuming randomly distributed macro and small cell users, the model will compute the statistical distribu-
tion of SINR at the reference small cell. From the SINR, an important performance metric can be calculated, which
is the average user capacity at the reference small cell.
However, obtaining the SINR requires both the statistical distribution for the signal of interest (S) of one user inside
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the reference cell and the statistical distribution for the interference (I). Note that the interference suffered by the
reference small cell is caused by the macro cell that uses the same frequency.
Incorporating the dynamic TDD technique into our HetNet based system imposes a new type of interference and
thus, brings a new challenge in deriving closed-form expressions for the interference I in general. This new type of
interference is called the cross-link interference. Because of the different transmission directions among neighbor-
ing cells at a given time, two kinds of cross-link interference are introduced, i.e., BS-to-BS (DL to UL) interference
and UE-to-UE (UL to DL) interference. The most challenging part is to derive a closed-form expression for the UE to
UE interference which involves two randomly distributed variables: the macro user position and the small cell user
position. The interference incurred at one tier (reference small cell) arising from the other tier (macro cell) is referred
to as cross-tier interference. As shown in Fig. 3.2, four kinds of cross-tier interference are introduced in order to
cover all UL/DL TDD possible combinations between the macro cell from a side and the small cell from the other
side. Hence, we consider analyzing four scenarios in our model as follows:

Figure 3.2: Four possible TDD combinations.

1. Down - Down scenario defines a situation where both macro and small cells are operating in downlink.

2. Up - Down scenario defines a situation where the macro cell is operating in uplink and the small cell in
downlink.

3. Up - Up scenario defines a situation where both macro and small cells are operating in uplink.

4. Down - Up scenario defines a situation where the macro cell is operating in downlink and the small cell in
uplink.

Figure 3.3 illustrates the cross-tier interference (I) and the signal of interest (S) corresponding to each of the afore-
mentioned scenarios. As mentioned earlier, the challenge is to derive closed-form expressions for these interfer-
ences and specifically for the UE to UE interference in the Up - Down scenario.

3.1.3 Joint TDD - Decoupling Modeling Insights and Challenges

Deploying the decoupling policy on top of our TDD HetNet system necessitates the modeling of various association
policies in order to highlight the benefits that the decoupling policy can bring to that system in comparison with the
other policies. We consider a geographical area between the reference small cell and the macro cell where the
users inside this area can be either coupled or decoupled. Users are coupled when they are associated in UL and
DL with the same base station. However, users are decoupled when they are associated in UL with a base station
and in DL with another base station. Decoupling technique is the case when the users are associated in UL with the
small cell and in DL with the macro cell (see Fig. 3.4). Each adopted association policy will have direct impact on
the users in the expanded area and on the users inside the reference small cell as well. Hence, average capacity
for both small cell users and expanded area users must be evaluated in this case. This will require the derivation of
closed form expressions for the interferences that occur at both the expanded area and the reference small cell area.
Deriving expressions for these interferences will depend on the TDD subframe and the association policy selected at
a specific time. Let’s consider a decoupling technique adopted in a Down - Up scenario; users in the expanded area
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Figure 3.3: Illustration of the four possible scenarios.

are at the same time operating in DL with the macro cell that is enabling the DL transmission and in UL with the small
cell that is enabling the UL transmission. The challenge here is to derive expressions for all possible interferences
and specifically the uplink interference experienced from the small cell user at the expanded area user operating in
DL. Deriving a closed form expression for this interference must take into account the random distribution of both
the expanded area users and the small cell users. On the other hand, while adopting the decoupling technique in a
Up - Down scenario, users in the expanded area are associated in DL with the macro cell whilst the latter is enabling
only UL transmissions. Also, users in the expanded area are associated in UL with the small cell whilst the latter is
enabling only DL transmissions. In this case, users in the expanded area will enter an idle state.
As a summary and despite the fact that we have incorporated both the decoupling and the dynamic TDD techniques
into our system, we continue to work towards deriving closed-form expressions for S and I. From these expressions,
we can evaluate the average user capacity in different scenarios. Accordingly, we will be able to analyze and assess
the impact of both techniques on the system performance.

Figure 3.4: HetNet system with decoupling - single small cell.

3.1.4 Solution Approach

Our main objective is to develop a statistical and analytical model by deriving closed-form expressions for S and I
in a HetNet based system, where decoupling and dynamic TDD techniques are jointly deployed. The model should
take into account the main radio and network parameters in order to compute the system performance metrics such
as spectral efficiency, decoupling gain, and power consumption. These metrics are detailed under Section 3.2.4.
Such model will help in optimizing the system design parameters under various radio and network conditions (see
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Fig. 3.5).

Figure 3.5: Model overview.

To start building our model, we will go through three important phases (see Fig. 3.6):

• Geometric method: In our model, we consider that macro and small cell users are both uniformly distributed
in defined geometric places and they can be anywhere in their respective places. Hence, we can rely on a
geometric probability approach to derive statistical expressions for the reference small cell user location and
the interferers locations. This geometric method captures the main model design parameters e.g. macro cell
radius, small cell radius, distance between cells, etc.

• Probabilistic distribution: Based on the statistical closed-form expressions derived in the previous phase,
CDF of S and CDF of I can then be retrieved taking into account various radio conditions (path-loss, fading,
etc. ). From the CDF of S and I, we can obtain their corresponding PDFs.

• Average capacity: In order to calculate the average of the SINR and thus, the average user capacity of the
reference small cell user, we need to apply a specific lemma that requires having the MGF of S and the MGF
of I. Both MGFs can then be obtained from their corresponding and previously derived PDFs.

Figure 3.6: Model block diagram.
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3.1.5 Chapter Organization

This chapter can be divided into four main sections as shown below:

• System Model for Single Small cell Scenario: We describe the system model of a network consisting of
one macro cell and one small cell.

• Ergodic Capacity in TDD 5G HetNets - Single Small Cell Scenario: We model the uplink/downlink intercell
interference and the cell capacity in TDD HetNets, for the single small cell scenario.

• Modeling TDD 5G HetNets with Decoupling - Single Small Cell Scenario: We analytically investigate a
joint TDD and DeUD statistical model based on a geometric probability approach, for the single small cell
scenario.

• Analytical Evaluation in TDD 5G HetNets with Decoupling - Multiple Small Cells Scenario: We derive
analytical expressions for the capacity and the cross-tier/co-tier interference, considering a network of one
macro cell and multiple small cells. We build on the derived capacity expressions to measure the decoupling
gain and thus, identify the location of the interfering small cell where the decoupled mode maintains a higher
gain in both DL and UL. Moreover, we add the uplink power control to the developed model and we consider
an unsynchronized TDD configuration across small cells.

3.2 System Model for Single Small Cell Scenario

3.2.1 Network Topology

We consider a two-tier heterogeneous cellular network consisting of one macro cell and one reference small cell.
The performance metrics will be evaluated inside this small cell.
The macro cell and small cell coverage areas are discs of radius R and Rs respectively. We assume that the small
cell is totally covered by the macro cell. (see Fig. 3.7). There will be no coverage holes thanks to the presence of
macro cell covering the overall area. We are making sure to avoid any coverage hole by selecting the appropriate
system parameters. The reference small cell center (or BS) is located at distance d from the macro cell center.
In order to assess the impact of decoupling and other association policies on our HetNet system, we need to isolate

Figure 3.7: Geometrical illustration of the network model - without decoupling.

a specific area between the macro and the small cell that is called the expanded area. Users inside this expanded
area can be either coupled or decoupled at a specific time t. They are located at a distance re from the center of
the reference small cell where Rs < re < Re (see Fig. 3.8). Let the radius of the expanded area Re, be a tunable
variable and a new design parameter in our model. This new parameter is referred to, in our study, as the small cell
offset factor.

Figure 3.8 depicts all distances involved in our model. We define in Table 3.1 the notations of these distances
for which statistical expressions are derived in the next sections.
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Figure 3.8: Geometrical illustration of the network model - with decoupling.

d
Distance between the reference small cell and the macro
cell

R Macro cell radius
Re Small cell offset factor

re
Distance of the user in the expanded area from the small
cell BS

rme
Distance of the user in the expanded area from the macro
cell BS

rms Distance of the small cell user from the macro cell BS
Rs Small cell radius
rs Distance of the small cell user from the small cell BS
rsm Distance of the small cell BS from the macro user

ues
Distance between the user in the expanded area and the
small cell user

ums Distance between the small cell user and the macro user

Table 3.1: Distances notations

3.2.2 Radio Model

In our HetNet system, the transmission power of the macro BS and the small cell BS is denoted by Pm and Ps
respectively. The transmission power of the macro user and the small cell user is denoted by Pum and Pus respec-
tively. We will use the variable Pt to generically designate the transmit power of either a base station or a mobile
user.
We consider using the same RAT and the same frequency among the macro cell and the small cell. This will lead
to an interference that occurs between these two tiers. This interference is called a cross-tier interference. In our
model, we denote by I the interference experienced from the interfering source at the target receiver. In our case,
the target receiver is either the reference small cell BS or the reference small cell user. Also, we denote by S the
signal of interest or the desired signal received by the user or the BS inside the reference small cell. In uplink
direction, S and I are measured at the BS level whereas in downlink direction, they are measured at the user level.
Knowing the transmit power Pt, we are still in need of a propagation model in order to calculate both signals S and I
at the receiver. For this purpose, we will use the same generic path-loss propagation model across macro and small
cells. Hence, S and I or more generically the received signal power Pr at the receiver can be written as follows:

Pr = KL0Ptl
−γ , (3.1)
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where K is the composite fading, L0 the path-loss constant, γ the path-loss exponent and l is the length of the radio
link between the transmitter and the receiver in meters. L0 depends on the carrier frequency and the propagation
environment.
Considering a suburban environment, the path-loss expression in dB can be written as follows [106] [107]:

PL(dB) = 122.08 + 20log10fc + 10γlog10l, (3.2)

where fc is the carrier frequency in GHz and l is the length of the radio link between the transmitter and the receiver
in kilometers. L0 in (3.1) can be then retrieved by mapping (3.1) to (3.2) as follows:

PL(dB) = 10log10L0 − 10γlog10l = −122.08− 20log10fc − 10γlog10
l

1000
, (3.3)

where l is the length of the radio link between the transmitter and the receiver in meters.
Since the users are randomly distributed inside macro and small cells, we can conclude that l is a random variable.
Accordingly and based on (3.1), S and I will be two random variables as well.

Moreover, considering the dynamic TDD technique in our HetNet system imposes the analysis of the four sce-
narios described previously in Section 3.1.1, and which are Down - Down, Up - Down, Down - Up and Up - Up
scenarios. In our model, closed-form expressions for S and I will be derived in each of these scenarios.

Assumption 1. In this model, the composite fading denoted by K is considered as a constant. It combines both
the shadowing and the fast fading.
Nonetheless, we have simulated exactly the same scenarios under random variable fading. A log-normal shadowing
and an exponential distribution with parameter λ = 1 as an approximation of the Rayleigh fading, were considered.
As a result, we obtained nearly the same throughput values in UL and DL and the same behavior as in the case of
a constant composite fading; the impact of the decoupling in comparison with other association policies remained
the same. Consequently, a constant fading was adopted in this model. In the next chapter, we will assess and show
the impact of the variable fading under section 4.2.2.

Assumption 2. In this model, we consider the interference (I) and the signal of interest (S) as two statistically
independent random variables. To justify our assumption, we have statistically derived the correlation coefficient to
measure the dependency between the two variables S and I. Referring to the path-loss formula in (3.1) and to the
Assumption 1, we can conclude that S is a function of the reference small cell user position. In some rare cases, I
might be indirectly a function of the same reference small cell user position. Accordingly, some cases show exactly
a zero correlation, others show nearly zero values.
In the next chapter, we will show under section 4.3.1 the correlation between S and I in order to validate our
assumption.

3.2.3 Traffic Model

We consider uniformly distributed users in both macro and small cells. Hence, both the interference experienced
from one single user inside each interfering cell and the signal of interest of one single user inside the reference
small cell, must be statistically derived. In this case, the total system bandwidth will be allocated to that single user
in each cell, whether a macro or a small cell. This full load assumption characterizes our system traffic model.

3.2.4 Performance Metrics

In this model, we study several network performance metrics based on the expressions derived for the interference
and the signal of interest. We present hereafter the definition and the motivation of each of these metrics:

Spectrum Efficiency or Ergodic Capacity per Unit Bandwidth

Spectrum efficiency (in bps/Hz) refers to the maximum information rate that can be transmitted over a given band-
width in a specific communication system. With the surge of data traffic and limited spectrum resources, a high
spectrum efficiency is a mandatory requirement of next generation networks. In our model, we consider analyzing
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the average spectral efficiency per user inside a specific reference cell. The spectral efficiency is evaluated in the
case of one small cell (cf. Section 3.3 and Section 3.4) and multiple small cells (cf. Section 3.5). It is considered as
well in the case of synchronized and unsynchronized TDD configuration between small cells. We denote by Cs the
average user capacity in the small cell area and by Ce the average user capacity in the expanded area. Ces denotes
the average user capacity in both the small cell area and the expanded area.

Power Consumption

Uplink power control is used in 3rd Generation Partner Project (3GPP) Long Term Evolution (LTE) and LTE-A
systems [108] to mitigate uplink ICI and save the energy consumption of UE batteries. Hence, we add the uplink
power control to the developed model under Section 3.5.7. This power control mechanism is based on the open-loop
power control strategy standardized in 3GPP LTE [109]. Moreover, we define and evaluate the average reduction in
UEs power consumption under the same section.

Decoupling Gain

The main purpose of introducing the decoupling gain metric is to highlight the benefits that the decoupling access
mode can bring to a HetNet TDD based system, in terms of UL and DL throughput gains, mainly in a multiple small
cells environment. Since the decoupling gain will be a function of both the distance between small cells and the
small cell offset factor (Re), this will help to identify the position of interfering small cells and choose the optimal offset
factor for a higher decoupling gain. In this model, we evaluate the decoupling gain in the case of both synchronized
and unsynchronized TDD configuration between small cells. The exact definition of the decoupling gain is given
under [Section 3.5.9, Definition 1].

3.2.5 Terms, Notations & Summary of Model Variables

Terms Definitions

Specific terms used in this manuscript are defined and described in Table 3.2.

Term Definition
Interfering source User or BS that causes the interference
Target receiver User or BS that receives the interference

Interfering link Radio link between the interfering source and the target
receiver

Interfering distance Length of the interfering link

Table 3.2: Terms definitions

Mathematical Notations

Let Z be a random variable, the probability density function (PDF) of Z can be written as fZ(z). The cumulative
distribution function (CDF) of Z is defined as a function mapped to the probability that Z is less than z: FZ(z) =
P (Z ≤ z) =

∫ z
−∞ fZ(t)dt.

The moment generating function (MGF) of Z is defined as the integral of fZ(z): MZ(t) =
∫∞
0
e−tzfZ(z)dz.

A(a, b, Rc) is a circle with radius Rc and centered at a point having a as abscissa and b as ordinate.

Summary of Model Variables

The below Table 3.3 summarizes all the model variables defined so far:
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Variable Description Random
Variable

γ Path-loss exponent
Ce Average user capacity in the expanded area

Ces
Average user capacity in both the expanded area and the
small cell area

Cs Average user capacity in the small cell area

d
Distance between the reference small cell and the macro
cell

fc Carrier frequency
I Interference signal at the target receiver XXX
K Composite fading
Kc Defined constant
L0 Path-loss constant
Pm Macro BS transmission power
Pr Received signal power
Ps Small cell BS transmission power
Pt Transmit power
Pum Macro user transmission power
Pus Small cell user transmission power
R Macro cell radius
Re Small cell offset factor

re
Distance of the user in the expanded area from the small
cell BS XXX

rme
Distance of the user in the expanded area from the macro
cell BS XXX

rms Distance of the small cell user from the macro cell BS XXX
Rs Small cell radius
rs Distance of the small cell user from the small cell BS XXX
rsm Distance of the small cell BS from the macro user XXX
S Signal of interest or desired signal at the target receiver XXX

ues
Distance between the user in the expanded area and the
small cell user XXX

ums Distance between the small cell user and the macro user XXX

Table 3.3: Model variables summary

3.3 Ergodic Capacity in TDD 5G HetNets - Single Small Cell Scenario

In this section, an analytical framework is developed to evaluate the performance of a TDD system in heterogeneous
networks which considers a concurrent uplink and downlink transmission in two different types of cells, macro and
small cells.
Referring to our model diagram (Fig. 3.6) and in order to compute the average user capacity, we need to apply a
specific lemma that requires having the MGF of S and the MGF of I. However and in order to retrieve the MGFs, we
require first deriving probabilistic/statistical expressions for S and I. Both S and I expressions can be derived using
the path-loss formula in (3.1). Since the composite fading K is considered as constant according to Assumption 1,
the only random variable parameter that will be impacting S and I is the distance l between the transmitter and the
receiver. In order to find the probability distribution of S, we need to derive the probability distribution of the distance
between the reference small cell user and the small cell BS. It depends on the position of the reference small cell
user, whether uplink or downlink direction is considered. In order to find the probability distribution of I, we have to
derive the probability distribution of the length of the interfering link, i.e. the distance between the interfering source
and the target receiver.
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In this section, we will show how statistical expressions for both the reference user position and the interfering link
length can be derived using the proposed geometric approach.

3.3.1 Signal of Interest Modeling

A. Downlink Direction

The signal power received by a randomly selected user at the reference small cell on a downlink channel is defined
using equation (3.1) with Pt = Ps the transmit power and l = rs the reference user position. Consequently, S can
be written as follows:

S = KL0Psr
−γ
s , (3.4)

Since we consider uniformly distributed users, the distribution of the distance rs of a small cell user will be following
the distribution of a random point inside a disk of radius Rs:

frs(r) =
2r

R2
s

, 0 ≤ r ≤ Rs, (3.5)

According to Assumption 1, K is considered as constant. Consequently, the CDF of S can be formulated as:

FS(s) = P (S ≤ s) = P (KL0Psr
−γ
s ≤ s) = P (r−γs ≤ s

KL0Ps
) = P

(
rs ≤ (

s

KL0Ps
)−

1
γ

)
= 1− Frs

(
(
s

Kc
)−

1
γ

)
, (3.6)

where Kc = KL0Ps and Frs(r) is the CDF of rs.

Applying the chain rule [111], the PDF of the received signal S can be formulated as:

fS(s) =
1

sγ
frs

(
(
s

Kc
)−

1
γ

)
(
s

Kc
)

−1
γ . (3.7)

By replacing (3.5) in (3.7), the PDF of S can be written as:

fS(s) = βs−(
2+γ
γ ), (3.8)

where β = 2K
2
γ
c

γR2
s

.

Consequently, the MGF of S can be given as:

MS(t) = E[e(−tS)] =
∫ ∞
0

e−tsfS(s)ds. (3.9)

MS(t) =

∫ ∞
a

βs−(
2+γ
γ )e−tsds, (3.10)

where a = KcR
−γ
s .

B. Uplink Direction

When the small cell is operating in uplink mode, the signal power received at the reference small cell on an uplink
channel from a randomly selected user is defined using equation (3.1) with Pt = Pus and l = rs. Same formulas are
applied to the PDF and MGF of the signal of interest while changing the constant Kc to Kc = KL0Pus.

3.3.2 Interference Modeling

In order to characterize the statistics of each interference scenario that could occur in TDD-based HetNets, the
proposed framework analyzes in details both the downlink and uplink interferences (see Fig. 3.9). This will require
considering the four interference scenarios described previously: Down - Down, Up - Down, Down - Up and Up -
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Up.
In each scenario, the distance between the interfering source and the target receiver has a different probability
distribution. Accordingly, a new probability distribution of I will be derived in each scenario. For example, in Down
- Down scenario, the interfering source (macro BS) position is fixed whereas the target receiver (small cell user)
position is changing. However, in Up - Down scenario, both interfering source (macro user) and target receiver
(small cell user) positions are changing.

Figure 3.9: Four interference scenarios.

Based on the path-loss formula in (3.1), I can be written as I = KL0Ptl
−γ where l is the interfering distance. The

value of Pt and the distance variable representing l depend on the interference scenario.
According to Assumption 1, K is considered as constant. Consequently, the CDF of interference I can be formulated
similarly to (3.6):

FI(i) = 1− Fl
(
(
i

Kc
)−

1
γ

)
, (3.11)

where Kc = KL0Pt and Fl(r) is the CDF of l.
Applying the chain rule, the PDF of I can be written as:

fI(i) =
1

iγ
fl

(
(
i

Kc
)−

1
γ

)
(
i

Kc
)

−1
γ . (3.12)

Consequently, a closed-form expression for the MGF of I can be derived based on (3.12) as follows:

MI(t) =

∫ ∞
0

e−tifI(i)di. (3.13)

From (3.12), we see that the statistical distribution of I can be obtained based on the distribution of the interfering
distance. Accordingly and in order to obtain closed-form expressions for I, we will derive in this section the proba-
bility distribution of the interfering distance (fl(r)) in each interference scenario, based on the proposed geometric
approach.

A. Down - Down mode

In this mode, since both macro and small cells are operating in downlink, the macro BS is the source of the inter-
ference suffered by the small cell user. Therefore, on the interfering link between these two entities, Pt = Pm and
l = rms and the received interference signal can be written as I = KL0Pmr

−γ
ms.

In order to find the probability distribution of rms, we will start by deriving its CDF.
By definition, the CDF of rms can be written as follows:

Frms(r) = P (rms ≤ r). (3.14)

Geometric approach:

P (rms ≤ r) can be seen as the percentage of small cell users located at distance rms ≤ r from the macro
BS, out of all the small cell users distributed inside the small cell area (see Fig. 3.10). Since the users are uniformly
distributed inside this cell, the probability of locating a small user at distance rms ≤ r is equal to the probability that
this same user is inside the intersection area of two circles: a circle centered at the macro BS with radius r and a
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Figure 3.10: Down - Down mode.

circle centered at the small cell BS with radius Rs. Note that in this case, the distance between the circles’ centers
is d with d > Rs.
In order to calculate this cell intersection based on a geometric approach, we will adopt a Cartesian coordinate
system having the macro BS as origin (see Fig. 3.11). As shown in Fig. 3.11, we define Arms as the intersection

Figure 3.11: Down - Down geometric presentation.

area of the two circles A(0, 0, r) with radius r and A(d, 0, Rs) with radius Rs.
Consequently, P (rms ≤ r) can be written as follows:

Frms(r) = P (rms ≤ r) =
Arms

Small cell area
=
Arms
πR2

s

, (3.15)

Frms(r) =


Arms
πR2

s
= 0

πR2
s
= 0, r < d−Rs

Arms
πR2

s
, d−Rs ≤ r ≤ d+Rs

Arms
πR2

s
=

πR2
s

πR2
s
= 1, r > d+Rs.

(3.16)

We denote by x0 the distance between the origin and the segment formed by the intersection point of the two circles
i.e., it is the abscissa of the intersection points. The equations of the two intersected circles can be written as:

x2 + y2 = r2 (3.17)

(x− d)2 + y2 = R2
s (3.18)
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At the intersection points of abscissa x0, (3.17) and (3.18) are equal, which gives:

(x0 − d)2 + (r2 − x20) = R2
s. (3.19)

Multiplying through and rearranging gives:

x20 − 2dx0 + d2 − x20 = R2
s − r2. (3.20)

Solving for x0 results in:

x0 =
d2 −R2

s + r2

2d
. (3.21)

From another side, since Arms is the sum of areas under the two circles, integrals can be used to calculate it as
follows (see Fig. 3.11):

Arms = 2

∫ x0

d−Rs

√
(R2

s − (d− x)2)dx+ 2

∫ r

x0

√
(r2 − x2)dx. (3.22)

After replacing x0 by its value from (3.21), solving the integrals of (3.22) yields to:

Arms =
π

2
(r2 +R2

s)− r2 arcsin(
d2 + r2 −R2

s

2dr
) +R2

s arcsin(
r2 − d2 −R2

s

2dRs
)− 1/2

√
(r2 − (d−Rs)2)((d+Rs)2 − r2)

(3.23)

Arms = R2
s arccos(

d2 +R2
s − r2

2dRs
) + r2 arccos(

d2 + r2 −R2
s

2dr
)− 1/2

√
4d2r2 − (d2 −R2

s + r2)2. (3.24)

The CDF of rms can now be obtained by substituting (3.24) in (3.16):

Frms(r) =


0, r < d−Rs
R2
s arccos(

d2+R2
s−r

2

2dRs
)+r2 arccos(

d2+r2−R2
s

2dr )

πR2
s

− 1/2
√

4d2r2−(d2−R2
s+r

2)2

πR2
s

, d−Rs ≤ r ≤ d+Rs

1, r > d+Rs.

(3.25)

The PDF is obtained by deriving (3.25) as a function of distance r:

frms(r) =


0, r < d−Rs
1

πR2
s
(πr − 2r arcsin(

d2+r2−R2
s

2dr )), d−Rs ≤ r ≤ d+Rs

0, r > d+Rs.

(3.26)

frms(r) =

{
1

πR2
s
(πr − 2r arcsin(

d2+r2−R2
s

2dr )), d−Rs ≤ r ≤ d+Rs

0, elsewhere.
(3.27)

N.B. The obtained result in (3.27) will be frequently used in our model to derive PDF expressions for
distances other than rms. It can be generalized to any circular cell of radius Rs intersecting with a circle of
radius r, with a distance d between the centers of the two circles.

B. Up - Up mode

In this mode, since both macro and small cells are operating in uplink, the macro user is the source of the inter-
ference suffered by the small cell BS. Therefore, on the interfering link between these two entities, Pt = Pum and
l = rsm, and the received interference signal can be written as I = KL0Pumr

−γ
sm. As in the down-down, we will use

a geometric approach to derive the CDF and the PDF of rsm.
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Figure 3.12: Up - Up mode.

Figure 3.13: Up - Up geometric presentation with r > R− d.

Geometric approach:

P (rsm ≤ r) is the probability of finding the interfering macro user at a distance less then r from the small cell
BS. We denote by Arsm the area around the small cell where the macro user location verifies rsm < r. Knowing that
the macro user can be anywhere in the macro cell area, excluding the small cell area, we can write:

Frsm(r) = P (rsm ≤ r) =
Arsm

Macro cell area− Small cell area
. (3.28)

In order to calculate the Arsm area, we will use a Cartesian coordinate system having the small cell BS as origin.
We consider the circle A(0, 0, r) which is a circle of radius r whose center is the small cell BS and the circle
A(−d, 0, R) which is the macro cell circle. If we denote by Aint the intersection area of these two circles, we notice
that Aint = Arsm + Small cell area with Ars = Small cell area (see Fig. 3.13). Hence, Arsm = Aint − πR2

s and the
CDF of rsm becomes:

Frsm(r) = P (rsm ≤ r) =
Aint − πR2

s

πR2 − πR2
s

, (3.29)

which can be calculated, thanks to Aint, using a circle intersection approach.
Note that the distance between the circles’ centers is d with d < R. This means that the centers of the two inter-
sected circles are both inside the same circle A(−d, 0, R) with radius R.

Two cases are considered for the calculation of Aint:
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1. r > R− d

In this case, a part of the circle A(0, 0, r) is outside the macro cell area (see Fig. 3.13). Let x0 denote
the distance between the origin and the intersection points of the two circles A(0, 0, r) and A(−d, 0, R). The
equations of these two circles can be written as:

x2 + y2 = r2 (3.30)

(x+ d)2 + y2 = R2 (3.31)

At the intersection points of abscissa x0, (3.30) and (3.31) are equal, which gives:

(x0 + d)2 + (r2 − x20) = R2. (3.32)

Multiplying through and rearranging gives:

x20 + 2dx0 + d2 − x20 = R2 − r2. (3.33)

Solving for x0 results in:

−x0 =
d2 −R2 + r2

2d
. (3.34)

From another side, since Aint is the sum of areas under the two circles, integrals can be used to calculate it
as follows:

Aint = 2

∫ R−d

x0

√
(R2 − (d+ x)2)dx+ 2

∫ x0

−r

√
(r2 − x2)dx. (3.35)

After replacing x0 by its value from (3.34), solving the integrals of (3.35) yields to:

Aint = R2 arccos(
d2 +R2 − r2

2dR
) + r2 arccos(

d2 + r2 −R2

2dr
)− 1/2

√
4d2r2 − (d2 −R2 + r2)2. (3.36)

Therefore, substituting (3.36) in (3.28) yields to:

Frsm(r) =
R2 arccos(d

2+R2−r2
2dR ) + r2 arccos(d

2+r2−R2

2dr )

πR2 − πR2
s

−
1/2
√

4d2r2 − (d2 −R2 + r2)2

πR2 − πR2
s

− πR2
s

πR2 − πR2
s

(3.37)

The PDF is obtained by deriving (3.37) as a function of distance r:

frsm(r) =
1

πR2 − πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

2dr
)). (3.38)

2. r < R− d
In this case, the circle A(0, 0, r) is entirely inside the macro cell area (see Fig. 3.14) and Aint is simply :

Aint = πr2. (3.39)

Therefore, substituting (3.39) in (3.28) yields to:

Frsm(r) =
πr2 − πR2

s

πR2 − πR2
s

. (3.40)

The PDF is obtained by deriving (3.40) as a function of distance r:

frsm(r) =
2πr

πR2 − πR2
s

. (3.41)

Adding both cases, the PDF of rsm can be written as follows:

frsm(r) =


1

πR2−πR2
s
(2πr), Rs ≤ r < R− d

1
πR2−πR2

s
(πr − 2r arcsin(d

2+r2−R2

2dr )), R− d ≤ r ≤ R+ d

0, elsewhere.

(3.42)
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Figure 3.14: Up - Up geometric presentation with r < R− d.

C. Up - Down mode

In this mode, the macro cell is operating in uplink while the small cell is in downlink mode. The macro user is gen-
erating interference at the small cell user. Therefore, on the interfering link between these two users, Pt = Pum and
l = ums and the received interference signal can be written as I = KL0Pumu

−γ
ms. Note that in this case, transmitter

and receiver of the interfering link have variable positions.

In order to compute the CDF of the interfering distance ums we will need to jointly consider the random vari-

Figure 3.15: Up - Down mode.

able rsm (distance between the macro user and the small cell BS). Let us denote by fums,rsm the joint pdf of ums
and rsm, and by fums|rsm the conditional pdf of ums given rsm.

Using marginal and conditional distributions mathematical definitions, the CDF of ums is derived as follows:

Fums(r) = P (ums ≤ r) =
∫ r

−∞
fums(x)dx =

∫ r

−∞

[ ∫ +∞

−∞
fums,rsm(x, y)dy

]
dx =

∫ r

−∞

[ ∫ +∞

−∞
fums|rsm=y(x)frsm(y)dy

]
dx

Since the densities are non-negative measurable functions, Fubini–Tonelli theorem can be applied in order to switch
the order of integration yielding to:

Fums(r) =

∫ +∞

−∞

[ ∫ r

−∞
fums|rsm=y(x)dx

]
frsm(y)dy
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The term
∫ r
−∞ fums|rsm=y(x)dx is the conditional CDF of ums , denoted by Fums|rsm , obtained by fixing the distance

rsm between the macro user and small cell BS. The CDF of ums can then be rewritten as:

Fums(r) =

∫ +∞

−∞
Fums|rsm(r)frsm(y)dy, 0 ≤ r ≤ R+ d+Rs. (3.43)

The pdf of rsm (frsm ) has already been calculated in the Up-Up scenario. Hence, from (3.42) we have:

frsm(rsm) =

{
1

πR2−πR2
s
(2πrsm), Rs ≤ rsm < R− d

1
πR2−πR2

s
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)), R− d ≤ rsm ≤ R+ d.

(3.44)

N.B. The reader would have noticed the abuse of notation in (3.44) regarding the use of the symbol rsm.
In fact, in frsm(rsm), the subscript rsm designates, as it should be, the random variable, while in the argu-
ment, it designate a value of rsm. We think that this makes the formulas easier to read.

Given a fixed value of rsm, calculating Fums|rsm is geometrically similar to the Down-Down scenario where the
macro cell is replaced with the macro user. Therefore, (3.25) can be used after replacing d with rsm.

Fums|rsm(r) =


0, r < rsm −Rs
R2
s arccos(

r2sm+R2
s−r

2

2rsmRs
)+r2 arccos(

r2sm+r2−R2
s

2rsmr
)

πR2
s

− 1/2
√

4r2smr
2−(r2sm−R2

s+r
2)2

πR2
s

., r −Rs ≤ rsm ≤ r +Rs

1, r > rsm +Rs.

(3.45)
In this context, Fums(r) can be derived from (3.43), (3.44) and (3.45) as follows:

Fums(r) = 0P (rsm > r + Rs) + 1P (rsm < r − Rs) +

∫ r+Rs

r−Rs
Fums|rsm(r)frsm(rsm)drsm,

Fums(r) = Frsm(r −Rs) +
∫ r+Rs

r−Rs
Fums|rsm(r)frsm(rsm)drsm, (3.46)

given that the lowest and the highest values of rsm are respectively Rs and R+ d.

The same logic applies for the PDF:

fums(r) =

∫ r+Rs

r−Rs
fums|rsm(r)frsm(rsm)drsm, 0 ≤ r ≤ R+ d+Rs, (3.47)

where fums|rsm(r) =
1

πR2
s
(πr − 2r arcsin(

r2sm+r2−R2
s

2rsmr
)) and frsm(rsm) as follows:

frsm(rsm) =

{
1

πR2−πR2
s
(2πrsm), Rs ≤ rsm < R− d

1
πR2−πR2

s
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)), R− d ≤ rsm ≤ R+ d.

(3.48)

D. Down - Up mode

In this mode, the macro cell is operating in downlink while the small cell is in uplink mode. The macro BS is
generating interference at the small cell BS. Therefore, on the interfering link between these two entities, Pt = Pm
and l = d and the received interference signal can be written as I = KL0Pmd

−γ . Note that in this case, transmitter
and receiver of the interfering link have fixed positions.
In this case, I is a constant. Accordingly, the MGF of I will be defined as:

MI(t) = E[e(−tI)] = e−tIc (3.49)

where Ic = KL0Pmd
−γ (see Fig. 3.16 for illustration).

Table 3.4 summarizes different interfering distance distribution of each interference scenario.
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Figure 3.16: Down - Up mode.

Macro Small cell Scenario Interfering Distance Distribution

Down Down BS-MS frms(r) =
1

πR2
s
(πr − 2r arcsin(

d2 + r2 −R2
s

2dr
)), d−Rs ≤ r ≤ d+Rs

Up Up MS-BS frsm(r) =


1

πR2−πR2
s
(2πr), Rs ≤ r < R− d

1
πR2−πR2

s
(πr − 2r arcsin( d

2+r2−R2

2dr )), R− d ≤ r ≤ R+ d

Up Down MS-MS

fums(r) =

∫ r+Rs

r−Rs
fums|rsm(r)frsm(rsm)drsm, 0 ≤ r ≤ R+ d+Rs,

fums|rsm(r) =
1

πR2
s
(πr − 2r arcsin(

r2sm + r2 −R2
s

2rsmr
))

frsm(rsm) =


1

πR2−πR2
s
(2πrsm), Rs ≤ rsm < R− d

1
πR2−πR2

s
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)), R− d ≤ rsm ≤ R+ d

Down Up BS-BS d = constant

Table 3.4: Summary of interfering distances distributions.

3.3.3 Capacity Analysis in Single Small Cell Scenario

The average user capacity per unit bandwidth i.e. the spectral efficiency at the reference small cell, is defined as
the achievable average rate of the link to the allocated bandwidth (B), expressed mathematically by the modified
Shannon’s formula as:

Cs = E
[B ln(1 + S

I+σ2 )

B

]
= E

[
ln(1 +

S

I + σ2
)
]
, (3.50)

with σ2 the thermal noise power variance.

The latter can be calculated using the lemma proposed in [112] as follows:

Cs = E[ln(1 +
S

I + σ2
)] =

∫ ∞
0

MI(t)−MS(t)MI(t)

t
e−(σ

2)tdt =

∫ ∞
0

MI(t)−MS(t)MI(t)

te−at
e−(σ

2+a)tdt, (3.51)
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where S and I are considered independent for all cases. In this work, the a parameter was introduced to resolve
the scaling problem in Laguerre polynomial, more specifically in the M(t) expression.
This expression can be solved efficiently by expressing it in terms of the weights we and abscissas xe of the Laguerre
orthogonal polynomial [113]. The Laguerre orthogonal polynomial formula can be expressed as follows:∫ ∞

0

f(x)e−xdx '
n∑
e=1

wef(xe), (3.52)

where the weights we and abscissas xe can be obtained from the tables provided in [114].

Therefore, mapping (3.51) to(3.52) with a change in variables, yields to:

Cs =

n∑
e=1

we

(MI(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

− MS(xe/(σ
2 + a))MI(xe/(σ

2 + a))

xee−(axe)/(σ
2+a)

)
. (3.53)

Note that this formula has been generalized under Section3.5.6 to include the multiple small cells scenario.

3.4 Modeling TDD 5G HetNets with Decoupling - Single Small Cell Sce-
nario

In this section, we analytically investigate a joint TDD and DeUD statistical model based on a geometric probability
approach, considering a network consisting of one macro cell and one small cell. This section complements the
previous work by modeling the decoupling technique on top of the TDD HetNet model developed in Section 3.3.
Taking all possible TDD subframes combinations between the macro and small cells, four coupled and decoupled
cell associations strategies for users in the expanded area are investigated in details.
A good assessment of DeUD requires a thorough comparison study with the conventional coupled UL/DL access
(CoUD) mode. For further analysis and to ensure the generality of our study, we investigate the CoUD scenario by
taking into account two cases:

1) Users in the expanded area are coupled in UL and DL with macro cell.

2) Users in the expanded area are coupled in UL and DL with small cell, i.e. it represents the CRE scenario.

Two cases, as well, can be part of the DeUD mode:

1) Forward decoupling where users in the expanded area are associated in UL to the small cell and in DL to the
macro cell. In the remaining, this case will be called simply "decoupling" instead of "forward decoupling".

2) Reverse Decoupling, where users in the expanded area are associated in UL to the macro cell and in DL to
the small cell.

As mentioned previously, each adopted association policy will have direct impact on the users in the expanded area
and on the users inside the reference small cell as well. Hence, average capacity for both small cell users and
expanded area users must be evaluated in this case. This will require the derivation of closed form expressions for
the signal of interest and interference that occur at both the expanded area and the reference small cell area.
The above mentioned variables of interest are summarized in the Table 3.5 that complements the Table 3.3.

In order to cover all possible UL/DL TDD combinations, we will analyze in this section the four TDD scenarios
for each association policy (see Fig. 3.17). In each scenario, closed form expressions for the pdf of Ie, Se, Is and Ss
will be derived. The full ergodic capacity analysis will be completed in the next section. Note that the same ergodic
capacity formula will be used to calculate both Cs and Ce.

39



Variable Description
Ce Average user capacity in the expanded area

Ces
Average user capacity in both the expanded area and the
reference small cell area

Cs Average user capacity in the reference small cell area
Ie Interference signal at the expanded area
Is Interference signal at the reference small cell area
Se Signal of interest at the expanded area
Ss Signal of interest at the reference small cell area

Table 3.5: Complementary model variables for the joint TDD/Decoupling single small cell model

Figure 3.17: All possible TDD/CoUD/DeUD scenarios

3.4.1 Capacity Analysis with CoUD

In this section, we will consider the users in the extended area associated in UL and DL with a single cell. Two cases
are considered, users in this area are either coupled to the macro cell or to the small cell.

CoUD with Macro Cell

This is the default case where users in the expanded area are associated to the macro cell without any special
coupling or decoupling strategy (see Fig. 3.18). All the subsequent coupling and decoupling strategies will be
compared to this reference scenario.

In each of the below possible UL/DL combinations, we derive the statistics of users in both expanded area and
small cell.

A. Down - Down Scenario

The downlink interference Ie is experienced from the small cell BS at the mobile user in the expanded area.
On this link, Pt = Ps and l = re.
Since we consider uniformly distributed users, the CDF of the distance re of users in the expanded area bounded
between Rs and Re is given by:

Fre(r) =
πr2 − πR2

s

πR2
e − πR2

s

, Rs ≤ r ≤ Re. (3.54)
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Figure 3.18: CoUD with macro cell illustration

Consequently, the PDF of re is given by:

fre(r) =
2r

R2
e −R2

s

, Rs ≤ r ≤ Re. (3.55)

The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Pm and l = rme.

Figure 3.19: Illustration of rme distance.

Three cases are considered to derive the PDF of rme (see Fig. 3.19 for illustration):

1. d−Re ≤ r ≤ d−Rs

The CDF of rme in this case can be a result of cell intersection with circle of radius Re, dividing it by the
entire expanded area i.e. πR2

e − πR2
s . Consequently, the PDF of rme as follows:

frme(r) =
1

(πR2
e − πR2

s)
(πr − 2r arcsin(

d2 + r2 −R2
e

2dr
)). (3.56)

2. d−Rs ≤ r ≤ d+Rs

The CDF of rme in this case can be a result of cell intersection with circle of radius Re minus the result of
cell intersection with circle of radius Rs , dividing it by the entire expanded area i.e. πR2

e−πR2
s . Consequently,

the PDF of rme as follows:

frme(r) =
1

(πR2
e − πR2

s)

(
(πr − 2r arcsin(

d2 + r2 −R2
e

2dr
))− (πr − 2r arcsin(

d2 + r2 −R2
s

2dr
))
)
. (3.57)
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3. d+Rs ≤ r ≤ d+Re

The CDF of rme in this case is defined as:

Frme(r) = F3(r)−
πR2

s

(πR2
e − πR2

s)
, (3.58)

with F3(r) a CDF that results from a cell intersection with a circle of radius Re .
By applying the derivative of Frme(r) and since the second term is a constant, the PDF frme(r) will be:

frme(r) = f3(r) =
1

(πR2
e − πR2

s)
(πr − 2r arcsin(

d2 + r2 −R2
e

2dr
)), (3.59)

with f3(r) defined as the derivative of F3(r).

Adding the three cases, the probability density function (PDF) of rme can be written as:

frme(r) =


1

(πR2
e−πR2

s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d−Re ≤ r ≤ d−Rs

1
(πR2

e−πR2
s)

(
(πr − 2r arcsin( d

2+r2−R2
e

2dr
))− (πr − 2r arcsin( d

2+r2−R2
s

2dr
))
)
, d−Rs ≤ r ≤ d+Rs

1
(πR2

e−πR2
s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d+Rs ≤ r ≤ d+Re.

(3.60)

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
BS at the small cell users. On this link, Pt = Pm and l = rs. Based on the expression (3.27) derived in the previous
section, the PDF of rms can be obtained as a result of cell intersection with circle of radius Rs:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)). (3.61)

The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.
Since we consider uniformly distributed users, the distribution of the distance rs of a small cell user is given by:

frs(r) =
2r

R2
s

, 0 ≤ r ≤ Rs. (3.62)

Note that the same distribution of rs will be applicable for all coming scenarios.

B. Up - Down Scenario

The uplink interference Ie is experienced from the small cell BS at the macro BS. On this link, Pt = Ps and
l = d.
The uplink desired signal Se of the mobile user in the expanded area is defined on a link having Pt = Pum and
l = rme.
Repeating the same analysis as in (3.60), the PDF of rme can be written as:

frme(r) =


1

(πR2
e−πR2

s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d−Re ≤ r ≤ d−Rs

1
(πR2

e−πR2
s)

(
(πr − 2r arcsin(

d2+r2−R2
e

2dr
))− (πr − 2r arcsin(

d2+r2−R2
s

2dr
))
)
, d−Rs ≤ r ≤ d+Rs

1
(πR2

e−πR2
s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d+Rs ≤ r ≤ d+Re.

(3.63)

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
cell user at the small cell user. On this link, Pt = Pum and l = ums.
Based on the expression (3.47) derived in the Up - Down scenario, the PDF of ums can be written as follows:

fums(r) =

∫ r+Rs

r−Rs
fums|rsm(r)frsm(rsm)drsm, 0 ≤ r ≤ R+ d+Rs, (3.64)

where fums|rsm(r) =
1

πR2
s
(πr − 2r arcsin(

r2sm+r2−R2
s

2rsmr
)) and frsm(rsm) defined as follows:

frsm(rsm) =

{
1

πR2−πR2
s
(2πrsm), Rs ≤ rsm < R− d

1
πR2−πR2

s
(πrsm − 2rsm arcsin( d

2+r2sm−R
2

2drsm
)), R− d ≤ rsm ≤ R+ d.

(3.65)

The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.
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C. Up - Up Scenario

The uplink interference Ie is experienced from the small cell user at the macro BS. On this link, Pt = Pus and
l = rms.
The PDF of rms can be defined as:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)), d−Rs ≤ r ≤ d+Rs

The uplink desired signal Se of the mobile user in the expanded area is defined on a link having Pt = Pum and
l = rme.
The PDF of rme can be defined similarly as in (3.60):

frme(r) =


1

(πR2
e−πR2

s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d−Re ≤ r ≤ d−Rs

1
(πR2

e−πR2
s)

(
(πr − 2r arcsin( d

2+r2−R2
e

2dr
))− (πr − 2r arcsin( d

2+r2−R2
s

2dr
))
)
, d−Rs ≤ r ≤ d+Rs

1
(πR2

e−πR2
s)
(πr − 2r arcsin(

d2+r2−R2
e

2dr
)), d+Rs ≤ r ≤ d+Re.

(3.66)

As for the statistics related to the small cell users, the uplink interference Is is experienced from the macro cell user
at the small cell BS. On this link, Pt = Pum and l = rsm.
The PDF of rsm can be deducted from the expression (3.42) in the Up - Up scenario as follows:

frsm(r) =

{
1

πR2−πR2
s
(2πr), Rs ≤ r < R− d

1
πR2−πR2

s
(πr − 2r arcsin( d

2+r2−R2

2dr
)), R− d ≤ r ≤ R+ d.

(3.67)

The signal of interest Ss of the small cell user is defined on a link having Pt = Pus and l = rs.

D. Down - Up Scenario

The downlink interference Ie is experienced from the small cell user BS at the mobile user in the expanded
area. On this link, Pt = Pus and l = ues.
Since ues refers to the distance between two randomly selected nodes in concentric circles and in this case the
two nodes are uniformly distributed, then the PDF of ues can be derived using the closed form expression obtained
in [115]. The inner concentric circle is the one in which the small cell users are located and its radius is equal to Rs.
In the outer concentric circle, the users in the expanded area are located and its radius is equal to Re.
In this context, the PDF of ues can be written as:

fues(r) =


2r
R2
e
, 0 ≤ r ≤ Re −Rs

r
π

(
2v(r)−sin(2v(r))

R2
e

+ 2w(r)−sin(2w(r))
R2
s

)
, Re −Rs ≤ r ≤ Re +Rs,

(3.68)
where v(r) = arccos(

r2−R2
e+R

2
s

2rRs
) and w(r) = arccos(

r2+R2
e−R

2
s

2rRe
).

The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Pm and l = rme.
Repeating the same analysis as in (3.60), the PDF of rme can be written as:

frme(r) =


1

(πR2
e−πR2

s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d−Re ≤ r ≤ d−Rs

1
(πR2

e−πR2
s)

(
(πr − 2r arcsin( d

2+r2−R2
e

2dr
))− (πr − 2r arcsin( d

2+r2−R2
s

2dr
))
)
, d−Rs ≤ r ≤ d+Rs

1
(πR2

e−πR2
s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d+Rs ≤ r ≤ d+Re.

(3.69)

As for the statistics related to the small cell users, the uplink interference Is is experienced from the macro BS
at the small cell BS. On this link, Pt = Pm and l = d.
The signal of interest Ss of the small cell user is defined on a link having Pt = Pus and l = rs.
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CoUD with Small Cell or CRE Scenario

A major issue in HetNet planning is to ensure that the small cells actually serve enough users. One way to do that is
to increase the area served by the small cell, which can be done through the use of a positive cell selection offset to
the received power of the small cell. Extending the coverage of a cell by means of connecting a UE to a cell whose
signal is weaker than the strongest detected cell signal, is referred to as cell range extension (CRE) [116]. Figure
3.20 illustrates the CRE concept, where users in the expanded area are associated in both UL and DL directions
with the small cell.

Figure 3.20: CRE illustration

In each of the following scenario under CRE, we will derive the statistics of users in the expanded area apart, in
addition to the the small users’ figures.

A. Down - Down Scenario

The downlink interference Ie is experienced from the macro BS at the mobile user in the expanded area. On
this link, Pt = Pm and l = rme.
Repeating the same analysis as in (3.60), the PDF of rme can be written as:

frme(r) =


1

(πR2
e−πR2

s)
(πr − 2r arcsin(

d2+r2−R2
e

2dr
)), d−Re ≤ r ≤ d−Rs

1
(πR2

e−πR2
s)

(
(πr − 2r arcsin( d

2+r2−R2
e

2dr
))− (πr − 2r arcsin( d

2+r2−R2
s

2dr
))
)
, d−Rs ≤ r ≤ d+Rs

1
(πR2

e−πR2
s)
(πr − 2r arcsin( d

2+r2−R2
e

2dr
)), d+Rs ≤ r ≤ d+Re.

(3.70)

The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Ps and l = re.
The distribution of re is given by (3.55).

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
BS at the small cell users. On this link, Pt = Pm and l = rms.
The PDF of rms can be obtained as a result of cell intersection with circle of radius Rs:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)), d−Rs ≤ r ≤ d+Rs. (3.71)

The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.

B. Up - Down Scenario

The downlink interference Ie is experienced from the macro cell user at the small cell user that is located in-
side the area bounded by Re. On this link, Pt = Pum and l = ums.
The PDF of ums is given by replacing Rs with Re in (3.64):

fums(r) =

∫ r+Re

r−Re
fums|rsm(r)frsm(rsm)drsm, 0 ≤ r ≤ R+ d+Re, (3.72)
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where fums|rsm(r) =
1

πR2
e
(πr − 2r arcsin(

r2sm+r2−R2
e

2rsmr
)) and frsm(rsm) formulated as:

frsm(rsm) =

{
1

πR2−πR2
e
(2πrsm), Re ≤ rsm < R− d

1
πR2−πR2

e
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)), R− d ≤ rsm ≤ R+ d

(3.73)

The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Ps and l = re.
The distribution of re is given by (3.55).

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
cell user at the small cell user that is located inside the area bounded by Re. On this link, Pt = Pum and l = ums.
The distribution of ums is given by (3.72). For simplicity, we considered the same distance ums to measure the
distance from the macro user to either the small cell user or the user in the expanded area. This approximation is
valid due to the notably smaller size of small cells comparing to the macro cell. The signal of interest Ss of the small
cell user is defined on a link having Pt = Ps and l = rs.

C. Up - Up Scenario

The uplink interference Ie is experienced from the macro cell user that is located outside the area bounded
by Re at the small cell BS. On this link, Pt = Pum and l = rsm.
The PDF of rsm is derived as in (3.73) where Re is replacing Rs:

frsm(r) =

{
1

πR2−πR2
e
(2πr), Re ≤ r < R− d

1
πR2−πR2

e
(πr − 2r arcsin( d

2+r2−R2

2dr
)), R− d ≤ r ≤ R+ d.

(3.74)

The uplink desired signal Se of the mobile user in the expanded area is defined on a link having Pt = Pus and l = re.
The distribution of re is given by (3.55).

As for the statistics related to the small cell users, the uplink interference Is is defined on a link having Pt = Pum
and l = rsm.
Same distance rsm as in (3.74) will be studied for simplicity. The accuracy of this approximation will be validated in
the next chapter using Monte-Carlo simulations.
The signal of interest Ss of the small cell user is defined on a link having Pt = Pus and l = rs.

D. Down - Up Scenario

The uplink interference Ie is experienced from the macro cell BS at the small cell BS. On this link, Pt = Pm
and l = d.
The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Pus and l = re.
The distribution of re is given by (3.55).

As for the statistics related to the small cell users, they can be modeled by replacing re with rs in the expressions
derived for the mobile users in the expanded area under this same scenario.

3.4.2 Capacity Analysis with DeUD

In this section, we will consider the users in the extended area simultaneously connected to two cells, one for the
downlink and one for the uplink. Two cases are considered, decoupling access or reverse decoupling access.

DeUD with Decoupling

Figure 3.21 illustrates the DeUD with decoupling case, where users in the expanded area are associated in UL to
the small cell and in DL to the macro cell.
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Figure 3.21: DeUD with decoupling illustration

A. Down - Down Scenario

The downlink interference Ie is experienced from the small cell BS at the mobile user in the expanded area.
On this link, Pt = Ps and l = re.
The distribution of re is given by (3.55). The signal of interest Se of the mobile user in the expanded area is defined
on a link having Pt = Pm and l = rme.
The distribution of rme is defined as in (3.70).

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
BS at the small cell users. On this link, Pt = Pm and l = rms.
The PDF of rms can be obtained as a result of cell intersection with circle of radius Rs:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)), d−Rs ≤ r ≤ d+Rs. (3.75)

The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.

B. Up - Down Scenario

In this scenario, users with a decoupled access will be in a silent mode. Consequently, the average through-
put for the users in the expanded area won’t be considered.

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
cell user at the small cell user that is located inside the area bounded by Re. On this link, Pt = Pum and l = ums.
The distribution of ums is given by (3.72) where Re is replacing Rs.
The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.

C. Up - Up Scenario

In this scenario, same expressions will be derived as in the Up-Up scenario defined for the CoUD with small
cell case.

D. Down - Up Scenario

In this scenario, users in the expanded area can operate at the same time in uplink and downlink. The downlink
interference Ie is experienced from the small cell user BS at the mobile user in the expanded area. On this link,
Pt = Pus and l = ues.
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Referring to (3.68), the PDF of ues can be written as:

fues(r) =


2r
R2
e
, 0 ≤ r ≤ Re −Rs

r
π

(
2v(r)−sin(2v(r))

R2
e

+ 2w(r)−sin(2w(r))
R2
s

)
, Re −Rs ≤ r ≤ Re +Rs,

(3.76)

where v(r) = arccos( r
2−R2

e+R
2
s

2rRs
) and w(r) = arccos( r

2+R2
e−R

2
s

2rRe
).

The downlink desired signal Se of the user in the expanded area is defined on a link having Pt = Pm and l = rme.
The PDF of rme is given by (3.70).

As for the uplink transmission, the interference Ie is experienced from the macro BS at the small cell BS. On
this link, Pt = Pm and l = d.
The uplink desired signal Se in this case, is defined on a link having Pt = Pus and l = rs.

As for the statistics related to the small cell users, the uplink interference Is is experienced from the macro BS
at the small cell BS. On this link, Pt = Pm and l = d.
The signal of interest Ss of the small cell user is defined on a link having Pt = Pus and l = rs.

DeUD with Reverse Decoupling

Figure 3.22 illustrates the DeUD with reverse decoupling case, where users in the expanded area are associated in
UL to the macro cell and in DL to the small cell.

Figure 3.22: DeUD with reverse decoupling illustration

A. Down - Down Scenario

The downlink interference Ie is experienced from the macro BS at the mobile user in the expanded area. On
this link, Pt = Pm and l = rme.
The PDF of rme is formulated as in (3.70).
The signal of interest Se of the mobile user in the expanded area is defined on a link having Pt = Ps and l = re.
The distribution of re is given by (3.55).

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
BS at the small cell users. On this link, Pt = Pm and l = rms.
The PDF of rms can be obtained as a result of cell intersection with circle of radius Rs:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)), d−Rs ≤ r ≤ d+Rs

The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.
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B. Up - Down Scenario

In this scenario, users in the expanded area can operate at the same time in uplink and downlink . The downlink
interference Ie is experienced from the macro cell user at the small cell user that is located inside the area bounded
by Re. On this link, Pt = Pum and l = ums.
The PDF of ums is given by (3.72).
The downlink desired signal Se of the user in the expanded area is defined on a link having Pt = Ps and l = re.
The distribution of re is given by (3.55).

The uplink interference Ie is experienced from the small cell BS at the macro BS. On this link, Pt = Ps and l = d.
The uplink desired signal Se of the mobile user in the expanded area is defined on a link having Pt = Pum and
l = rme.
The PDF of rme is given by (3.70).

As for the statistics related to the small cell users, the downlink interference Is is experienced from the macro
cell user at the small cell user that is located inside the area bounded by Re. On this link, Pt = Pum and l = ums.
For simplicity, we considered the same distance ums to measure the distance from the macro user to either the small
cell user or the user in the expanded area. This approximation is valid due to the notably smaller size of small cells
comparing to the macro cell.
The signal of interest Ss of the small cell user is defined on a link having Pt = Ps and l = rs.

C. Up - Up Scenario

In this scenario, same expressions will be derived as in the Up-Up scenario defined for the CoUD with macro
cell case.

D. Down - Up Scenario

In this scenario, users with a reversed decoupled access will be in a silent mode. Consequently, the average
throughput for the users in the expanded area won’t be considered.

As for the statistics related to the small cell users, the uplink interference Is is experienced from the macro BS
at the small cell BS. On this link, Pt = Pm and l = d.
The signal of interest Ss of the small cell user is defined on a link having Pt = Pus and l = rs.

3.5 Analytical Evaluation in TDD 5G HetNets with Decoupling - Multiple
Small Cells Scenario

In the previous sections (3.3 and 3.4), the developed models were built with the assumption of one macro cell and
one small cell. However and in order to provide more insight into the benefits of decoupling mode in multiple small
cells environment, we derive in this section, analytical expressions for the capacity and the interference, considering
a network of one macro cell and multiple small cells. In this environment, we will consider at least one interfering
small cell as a second source of interference affecting the reference small cell, in addition to the first source which is
the macro cell. In the previous sections, the interference incurred at one tier (reference small cell) arising from the
other tier (macro cell) is referred to as cross-tier interference. It may also be worth mentioning that, since multiple
small cells are being deployed in this section as an overlay to the macro cell, the modeling of the interference
incurred at the reference small cell arising from other small cells is becoming essential to evaluate the overall
system performance. This type of interference is referred to as co-tier interference. Under this context, closed-form
expressions for this new type of interference must be derived as well in order to calculate the average capacity at
the reference small.
Moreover, we build on the derived capacity expressions to measure the decoupling gain and thus, identify the
location of the interfering small cell where the decoupled mode maintains a higher gain in both DL and UL.
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3.5.1 System Model for Multiple Small Cells Scenario

We consider a two-tier heterogeneous cellular network consisting of one macro cell and multiple small cells. The
system model (topology, radio and traffic) for the macro and the reference small cell is the same as in section (3.2).
However, this model should be extended in order to account for multiple small cells.
We denote by Ns the number of small cells. In this work and for simplicity, we consider Ns = 2 with one interfering
small cell. However, the model scope can be expanded to include multiple interfering small cells which will definitely
incur huge computational complexity (see Model Scalability Section 3.5.4).
We denote by d12 the distance from the reference small cell to the interfering small cell to be a new design parameter
in this section. All small cells are considered synchronized with the same TDD configuration. Macro users are
uniformly distributed in the macro cell. Similarly, small cell users are uniformly distributed inside their respective
small cell. The reference small cell is located at a distance d from the center of the macro cell. The interfering small
cell is located at a distance d12 and d2 from the reference small cell and the macro cell respectively. Figure 3.23
depicts all distances involved in this model. In the following, we will define the major notations of these distances:

• ψ = {s,m, i} denotes a set of base stations. The small cell reference BS is designated by s, the interfering
macro cell BS by m and the interfering small cell BS by i. Note that e designates the expanded area at the
reference small cell s.

• The interference experienced from the macro cell m and the interfering small cell i at the reference small cell
s, is denoted by Im and Ii respectively.

• uk,j denotes the distance between the user in the cell k and the user in the cell j, where j and k ∈ ψ.

• rk,j denotes the distance from the cell k to the user in the cell j, where j and k ∈ ψ. If k=j, rk,j = rk.

• dk,j denotes the distance from the cell k to the cell j, where j and k ∈ ψ.

For simplicity, we redefine dk,j notations in Table 3.6.

dk,j = d; k=m & j=s
Distance between the macro cell and the
reference small cell

dk,j = d12; k=s & j=i
Distance between the reference small
cell and the interfering small cell

dk,j = d2; k=m & j=i
Distance between the macro cell and the
interfering small cell

Table 3.6: dk,j Notations

3.5.2 Cross-tier Interference Modeling

Cross-tier interference is the interference experienced from the macro cell m at the reference small cell s. In
a multiple small cells environment, we have observed that nearly the same analytical expressions for the four
interference types can be derived as in the case of one small cell (cf. Section 3.3).
However, some exceptions occurred, where introducing additional small cells leads to a change in the cross-tier
interference expressions ((3.42) and (3.48)) derived under the Up - Up and Up - Down scenarios respectively. We
can notice that the main interferer in these scenarios is the macro cell user. In this context, the area occupied
by the small cells should be excluded when deriving the cumulative distribution function (CDF) of the interference
experienced from the macro user at the reference small cell.
We define hereby the function g(r) as a result of cell intersection with circle of radius R, with a distance d between
the centers of the two circles:

g(r) = πr − 2r arcsin(
d2 + r2 −R2

2dr
), (3.77)

and h(r) as a result of cell intersection with the interfering small cell of radius Rs, with a distance d12 between the
centers of the two circles:

h(r) = πr − 2r arcsin(
d212 + r2 −R2

s

2d12r
). (3.78)
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Figure 3.23: Geometrical illustration of all possible distances in the case of multiple small cells environment

Consequently, the PDF of rsm in (3.42) and (3.48) is updated to include the distance between small cells (d12) as
follows:

frsm(r) =


2πr

πR2−2πR2
s
, Rs ≤ r < R− d

g(r)
(πR2−2πR2

s)
, R− d ≤ r ≤ d12 −Rs

g(r)−h(r)
(πR2−2πR2

s)
, d12 −Rs ≤ r ≤ d12 +Rs

g(r)
(πR2−2πR2

s)
, d12 +Rs ≤ r ≤ R+ d.

(3.79)

3.5.3 Co-tier Interference Modeling

In order to model the cumulative interference at the reference small cell in a multiple small cells HetNet, we derive
hereafter closed-form expressions for the co-tier interference to complement the cross-tier interference expressions
derived in the previous section. We consider as co-tier interference the interference experienced at the reference
small cell s from the interfering small cell i (see Fig. 3.23). Since the small cells are considered synchronized in
uplink and downlink, the following two scenarios must be taken into account to derive expressions for the co-tier
interference:

Small cell in Downlink Mode

The downlink co-tier interference is experienced from the interfering small cell BS at the mobile user associated with
the reference small cell BS. On this link, Pt = Ps and l = ris.

Similar to the BS-MS scenario in (3.27), the PDF of ris can be written as:

fris(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, d12 −Rs ≤ r ≤ d12 +Rs, (3.80)

where d12 represents in this case the distance between the centers of two intersecting circles.
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Small cell in Uplink Mode

The uplink co-tier interference is experienced from the interfering small cell user at the reference small cell BS. On
this link, Pt = Ps and l = rsi.
The PDF of rsi can be obtained as a result of cell intersection with the interfering small cell of radius Rs:

frsi(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, d12 −Rs ≤ r ≤ d12 +Rs. (3.81)

3.5.4 Model Scalability

Although in this section the model is built with two small cells, however its scope can be expanded to include multi-
ple interfering small cells f located at distance d1f from the reference small cell respectively. Accordingly, in order
to derive expressions for the interference experienced from different interfering small cells, the PDF of ris (to be
denoted by rfs) in (3.80) is revised by replacing d12 with d1f , same for the PDF of rsi (to be denoted by rsf ) in (3.81).
On the other hand, the PDF of the interference experienced from the macro users and thus, the PDF of rsm in (3.79)
is carefully revised and can be written as follows:

frsm(r) =



2πr
πR2−NsπR2

s
, Rs ≤ r < R− d

g(r)
(πR2−NsπR2

s)
, R− d ≤ r ≤ df −Rs

g(r)−
∑Ns
f=2 hf (r)

(πR2−NsπR2
s)

, df −Rs ≤ r ≤ Df +Rs
g(r)

(πR2−NsπR2
s)
, Df +Rs ≤ r ≤ R+ d,

(3.82)

where g(r) = πr − 2r arcsin( d
2+r2−R2

2dr
), Df = max

2≤f≤Ns
d1f , df = min

2≤f≤Ns
d1f and

hf (r) =

{
πr − 2r arcsin(

d21f+r
2−R2

s

2d1f r
), d1f −Rs ≤ r ≤ d1f +Rs

0, elsewhere.
(3.83)

3.5.5 Signal of Interest Modeling

The signal power received by a randomly selected user at the reference small cell on a downlink channel is defined
as: S = KL0Psr

−γ
s where rs is the distance of the user from the small cell BS s. The distribution of S remains the

same as in the case of a single small cell:
fS(s) = βs−(

2+γ
γ ), (3.84)

where β = 2K
2
γ
c

γR2
s

and Kc = KL0Ps. Note that same logic applies to derive similar expressions on the uplink channel.

3.5.6 Capacity Analysis in Multiple Small Cells Scenario

The average user capacity per unit bandwidth i.e. the spectral efficiency at the reference small cell, in a multiple
small cells environment is defined as follows:

Cs = E
[B ln(1 + S

Itot+σ2 )

B

]
= E

[
ln(1 +

S

Itot + σ2
)
]
, (3.85)

where σ2 is the thermal noise power variance and Itot the cumulative interference defined as: Itot = Im + Ii. Im
is the interference experienced from the macro cell and Ii is the interference experienced from the interfering small
cells, at the reference small cell. S and Itot are considered as two independent variables. In the following, we will
provide an approximation to the generic function of the capacity Cs:

The interference, in general, can be written as: I = KL0Ptl
−γ = Kcl

−γ where Kc = KL0Pt, l denotes the in-
terfering distance, Pt the transmitted power and K the composite fading. Applying the chain rule to the CDF of I,
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the corresponding PDF can be written as fI(i) = 1
iγ
fl

(
( i
Kc

)−
1
γ

)
( i
Kc

)
−1
γ . Accordingly, a closed-form expression for

the MGF of the interference I can be formulated as MI(t) =
∫∞
0
e−tifI(i)di. Note that the same steps apply for the

derivation of the MGF of the signal of interest (MS(t)).
Denote by Itot the cumulative interference from the macro cell (Im) and the interfering small cells (Ii), at the ref-
erence small cell. Consequently, Itot can be written as: Itot = Im + Ii. Considering Im and Ii as independent
variables, the MGF of the cumulative interference Itot can be calculated as follows: MItot(t) =MIm(t)MIi(t).
Based on the MGF expressions derived for S and Itot, the average capacity per unit bandwidth can be calculated
using the lemma proposed in [112] as follows:

Cs = E[ln(1 + S
Itot+σ2 )] =

∫∞
0

MItot (t)−MS(t)MItot (t)

t
e−(σ

2)tdt

Cs =
∫∞
0

MIm (t)MIi
(t)−MS(t)MIm (t)MIi

(t)

te−at
e−(σ

2+a)tdt.

This expression can be solved efficiently by expressing it in terms of the weights we and abscissas xe of a La-
guerre orthogonal polynomial [113] [114], as follows:

Cs =

n∑
e=1

we

(MIm(xe/(σ
2 + a))MIi(xe/(σ

2 + a))

xee−(axe)/(σ
2+a)

− MS(xe/(σ
2 + a))MIm(xe/(σ

2 + a))MIi(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

)
. (3.86)

In this work, the a parameter was introduced to resolve the scaling problem in Laguerre polynomial, more specif-
ically in the M(t) expression. Adding the a parameter will ensure scalable values of the MGF expression with
M(xe/(σ

2 + a)). a is set to 10−4 in the scenarios where the macro cell is in a DL mode and to 10−6 in the scenarios
where the macro cell is in an UL mode.

Special Case: ψ = {s,m}, i.e. Ns = 1 and Ii = 0: In case of a network consisting of one macro cell and
one reference small cell, the latter will be purely affected by the interfering macro cell and therefore Itot = Im = I.
Accordingly, the capacity expression can be formulated as follows:

Cs =

n∑
e=1

we

(MI(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

− MS(xe/(σ
2 + a))MI(xe/(σ

2 + a))

xee−(axe)/(σ
2+a)

)
. (3.87)

3.5.7 Uplink Power Control

Uplink power control can also be added to the developed model. Based on the open-loop power control strategy
standardized in 3GPP LTE [109], the transmit power of a mobile user is given by:

Pt = min(Pmax, P0r
γ
s ), (3.88)

where rs is the distance of the reference small cell user from its serving BS, P0 is the desired received signal level at
the BS and Pmax denotes the maximum transmit power capability per user. Consequently, the uplink signal power
received at the reference BS with power control can be given as S = KL0Ptr

−γ
s with:

S =

{
KL0P0, Pmax > P0r

γ
s

KL0Pmaxr
−γ
s , Pmax ≤ P0r

γ
s ,

(3.89)

and the interference caused at a reference BS (or user) from a given interfering small cell (or macro cell), can then
be derived as I = KL0Ptl

−γ with:

I =

{
KL0P0r

γ
s l
−γ , Pmax > P0r

γ
s

KL0Pmaxl
−γ , Pmax ≤ P0r

γ
s ,

(3.90)
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where l is the length of the interfering link. The PDF of I can be derived by averaging over rs the PDF of fl(r)|rs .
It is important to note that the power control mechanism leads in average to reduction in power consumption when
a user in a specific position is able to compensate the overall path loss with P0r

γ
s < Pmax. In this case, average

reduction in power consumption (PR) can be defined as: PR = E[Pmax − P0r
γ
s ].

Simulation results showing the impact of power control on the system throughput and the network power consump-
tion, will be discussed in the next chapter under Section 4.5.2.

3.5.8 Unsynchronized TDD Configuration

Although in this chapter the model is developed based on a synchronized TDD configuration assumption across
small cells, it can be well adapted to consider an unsynchronized TDD configuration by deriving two additional
expressions for the co-tier interference experienced from the interfering small cell at the reference small cell:

1) In the case where the interfering small cell operates in uplink and the reference small cell operates in downlink,
the PDF of the distance from the interfering small cell user to the reference small cell user (uis) can be derived
similarly to the PDF of ums in (3.47):

fuis(r) =

∫ r+Rs

r−Rs
fuis|rsi(r)frsi(rsi)drsi, 2(Re −Rs) ≤ r ≤ d+ 2Rs, (3.91)

where fuis|rsi(r) =
1

πR2
s
(πr − 2r arcsin( r

2
si+r

2−R2
s

2rsir
)) and frsi(rsi) defined as

follows:

frsi(rsi) =
1

πR2
s

(
πrsi − 2rsi arcsin(

d212 + r2si −R2
s

2d12rsi
)
)
, (3.92)

2) In the case where the interfering small cell operates in downlink and the reference small cell operates in uplink,
the distance from the interfering small cell to the reference small cell is constant and equal to d12.

Simulation results showing the impact of considering an unsynchronized TDD configuration, will be discussed in the
next chapter under Section 4.5.3.

3.5.9 Decoupling Gain Analysis in Multiple Small Cells Scenario

In the previous sections, we have calculated the average user capacity per association policy mainly, in order to
compare the performance of the decoupling strategy with other association strategies. However and in order to
provide more insights about the gain that the decoupling strategy can bring in comparison with the coupled with
macro case, we focus in this section on the analytical evaluation of this gain that is referred to as the decoupling
gain. Under this context, we investigate the decoupling gain mainly in multiple small cells scenario where it appears
to be dependent on the distance between the reference small cell and the interfering small cells.

Definition 1. The decoupling gain, denoted as ηd, is defined as the ratio between the throughput achieved when
decoupling is adopted and the throughput achieved without decoupling (in the coupled with macro (CM) case):

ηd =
Throughputd(Decoupling) - Throughputd(CM)

Throughputd(CM)
, (3.93)

where d ∈ {UL,DL}.

To analyze the decoupling gain in a multiple small cells TDD HetNet, it is important to develop a complete model
for both the CM and the decoupling cases. Moreover, calculating the decoupling gain in one direction (UL or DL)
necessitates measuring Ces in that direction for both CM and decoupling cases. Ces is computed by adding the
average users capacity in the small cell area (Cs) to the average users capacity in the expanded area (Ce). For
simplicity, we consider in the below calculations Ns = 2 with one interfering small cell.
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Uplink Decoupling Gain

In the Down - Up and Up - Up scenarios, small cell users along with the users in the expanded area are operating
in uplink. Hence, the latter two scenarios present a considerable part of the overall uplink capacity (Ces), whereas
the Up - Down case considers a negligible part (Ces = Ce ' 0).

A. Down - Up Scenario

a) CM Case: For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pmd.

• Ii = KL0Pusrsi, where d12 −Rs ≤ rsi ≤ d12 +Rs.

• Ss = KL0Pusrs, where 0 ≤ rs ≤ Rs.

The PDF frsi(r) is given by (3.81), an expression derived in the case of two small cells:

frsi(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, d12 −Rs ≤ r ≤ d12 +Rs. (3.94)

In this case, Ce = 0.
b) Decoupling Case: For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pmd.

• Ii = KL0Pusrsi, where d12 −Re ≤ rsi ≤ d12 +Re.

• Ss = KL0Pusrs, where 0 ≤ rs ≤ Rs.

The PDF frsi(r) is given by replacing Rs with Re in (3.94):

frsi(r) =
1

πR2
e

(
πr − 2r arcsin(

d212 + r2 −R2
e

2d12r
)
)
, d12 −Re ≤ r ≤ d12 +Re. (3.95)

The same interference expressions will be derived for the calculation of Ce. However, Se is defined as: Se =
KL0Pusre, where Rs ≤ re ≤ Re.

B. Up - Up Scenario

a) CM Case: For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pumrsm, where Rs ≤ rsm ≤ R+ d.

• Ii = KL0Pusrsi, where d12 −Rs ≤ rsi ≤ d12 +Rs.

• Ss = KL0Pusrs, where 0 ≤ rs ≤ Rs.

The PDF of rsm is derived as follows:

frsm(r) =


2πr

(πR2−2πR2
s)
, Rs ≤ r < R− d

g(r)
(πR2−2πR2

s)
, R− d ≤ r ≤ d12 −Rs

g(r)−h(r)
(πR2−2πR2

s)
, d12 −Rs ≤ r ≤ d12 +Rs

g(r)
(πR2−2πR2

s)
, d12 +Rs ≤ r ≤ R+ d,

(3.96)

where g(r) = πr − 2r arcsin( d
2+r2−R2

2dr
) and h(r) = πr − 2r arcsin( d

2
12+r

2−R2
s

2d12r
).

The PDF of rsi is given by (3.94).
In this case, Ce ' 0.

b) Decoupling Case: For the Cs calculation, closed-form expressions are derived for:
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• Im = KL0Pumrsm, where Re ≤ rsm ≤ R+ d.

• Ii = KL0Pusrsi, where d12 −Re ≤ rsi ≤ d12 +Re.

• Ss = KL0Pusrs, where 0 ≤ rs ≤ Rs.

The PDF frsm(r) is given by replacing Rs with Re in (3.96):

frsm(r) =


2πr

(πR2−2πR2
e)
, Re ≤ r < R− d

g(r)
(πR2−2πR2

e)
, R− d ≤ r ≤ d12 −Re

g(r)−i(r)
(πR2−2πR2

e)
, d12 −Re ≤ r ≤ d12 +Re

g(r)
(πR2−2πR2

e)
, d12 +Re ≤ r ≤ R+ d,

(3.97)

where g(r) = πr − 2r arcsin( d
2+r2−R2

2dr
) and i(r) computed as a result of cell intersection with the interfering small

cell of radius Re, with a distance d12 between the centers of the two circles:

i(r) = πr − 2r arcsin(
d212 + r2 −R2

e

2d12r
). (3.98)

The PDF of rsi is given by (3.95).
The same interference expressions will be derived for the calculation of Ce. However, Se is defined as: Se =
KL0Pusre.

Downlink Decoupling Gain

In the Up - Down and Down - Down scenarios, small cell users along with the users in the expanded area are
operating in downlink. Hence, the latter two scenarios present a considerable part of the overall downlink capacity
(Ces), whereas the Down - Up case considers a negligible part (Ces = Ce ' 0).

A. Up - Down Scenario

a) CM Case: For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pumums, where 0 ≤ ums ≤ R+ d+Rs.

• Ii = KL0Psris, where d12 −Rs ≤ ris ≤ d12 +Rs.

• Ss = KL0Psrs, where 0 ≤ rs ≤ Rs.

ums represents the distance from the macro cell user to the small cell user that is located inside the area bounded
by Rs. The PDF of ums is derived by averaging over the PDF of rsm (frsm(rsm)):

fums(r) =

∫ r+Rs

r−Rs
fums|rsm(r)frsm(rsm)drsm, 0 ≤ r ≤ R+ d+Rs, (3.99)

where rsm is the distance of the reference small cell BS from the macro cell user and fums|rsm(r) denotes the PDF
of ums conditioned on rsm.
In this case, the expanded areas of both small cells are part of the macro user region and thus, frsm will be derived
using Rs as the main parameter to determine the macro user area boundaries as in (3.96). Since Cs represents the
average capacity of the reference small cell users located inside the area bounded by Rs, the integral of fums|rsm(r)
will range from r − Rs to r + Rs. The PDF fris(r) is given by (3.80), an expression derived in the case of two small
cells:

fris(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, d12 −Rs ≤ r ≤ d12 +Rs. (3.100)

In the CM case under the Up - Down scenario, Ce = 0 and thus, Ces = Cs.
b) Decoupling Case: For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pumums, where Re −Rs ≤ ums ≤ R+ d+Rs.
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• Ii = KL0Psris, where d12 −Rs ≤ ris ≤ d12 +Rs.

• Ss = KL0Psrs, where 0 ≤ rs ≤ Rs.

ums represents the distance from the macro cell user to the small cell user that is located inside the area bounded
by Rs. The PDF of ums is derived by averaging over the PDF of rsm (frsm(rsm)):

fums(r) =

∫ r+Rs

r−Rs
fums|rsm(r)frsm(rsm)drsm, Re −Rs ≤ r ≤ R+ d+Rs. (3.101)

Contrary to the CM case, the expanded areas of both small cells are out of the macro user region and thus, frsm will
be derived using Re as the main parameter to determine the macro user area boundaries:

frsm(r) =


2πr

(πR2−2πR2
e)
, Re ≤ r < R− d

g(r)
(πR2−2πR2

e)
, R− d ≤ r ≤ d12 −Re

g(r)−i(r)
(πR2−2πR2

e)
, d12 −Re ≤ r ≤ d12 +Re

g(r)
(πR2−2πR2

e)
, d12 +Re ≤ r ≤ R+ d,

(3.102)

where g(r) = πr − 2r arcsin( d
2+r2−R2

2dr
) and i(r) = πr − 2r arcsin( d

2
12+r

2−R2
e

2d12r
).

Consequently, ums will range from Re − Rs to R + d + Rs. Similar to the CM case and since Cs represents the
average capacity of the reference small cell users located inside the area bounded by Rs, the integral of fums|rsm(r)
will range from r −Rs to r +Rs.
Note that ris(r) follows the same statistical distribution as in the CM case. Whether the user located in the expanded
area, is in decoupling or CM state, ris(r) will be reflecting the interference experienced from the interfering small
cell independently of the small cell user access policy.
In this case, Ce = 0 and thus, Ces = Cs.

B. Down - Down Scenario

Under this scenario, same expressions are derived for both CM and decoupling cases. Theoretically, it means
there is no downlink decoupling gain (ηDL = 0).
For the Cs calculation, closed-form expressions are derived for:

• Im = KL0Pmrms, where d−Rs ≤ rms ≤ d+Rs.

• Ii = KL0Psris, where d12 −Rs ≤ ris ≤ d12 +Rs.

• Ss = KL0Psrs, where 0 ≤ rs ≤ Rs.

The PDF of rms can be obtained as a result of the cell intersection with the circle of radius Rs:

frms(r) =
1

πR2
s

(
πr − 2r arcsin(

d2 + r2 −R2
s

2dr
)
)
, d−Rs ≤ r ≤ d+Rs. (3.103)

The PDF of ris is given by (3.100).
As for the Ce calculation, closed-form expressions are derived for:

• Im = KL0Pmrme, where d−Re ≤ rme ≤ d+Re.

• Ii = KL0Psrie, where d12 −Re ≤ rie ≤ d12 +Re.

• Se = KL0Psre, where Rs ≤ re ≤ Re.

The PDF of rme can be defined similarly as in (3.60). As for the distribution of rie, it is given by replacing d with d12
in (3.60):
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frie(r) =


i(r)

(πR2
e−πR2

s)
, d12 −Re ≤ r ≤ d12 −Rs

i(r)−h(r)
(πR2

e−πR2
s)
, d12 −Rs ≤ r ≤ d12 +Rs

i(r)
(πR2

e−πR2
s)
, d12 +Rs ≤ r ≤ d12 +Re,

(3.104)

where i(r) = πr − 2r arcsin( d
2
12+r

2−R2
e

2d12r
) and h(r) = πr − 2r arcsin(

d212+r
2−R2

s

2d12r
).

3.6 Conclusion

In this chapter, we have developed a statistical and analytical model for a HetNet based system where decou-
pling and dynamic TDD are jointly deployed. The proposed model offers a simple analysis tool to assess a given
TDD/Decoupling-based HetNet deployment. The analytical formulas provide relevant insights about network perfor-
mance without the need for time consuming Monte-Carlo Simulations. This tool is also useful for network designers
who can use it to determine the range of deployment parameters given a target QoS.
In our analysis, we have considered a network consisting of one macro cell along with one small cell. Our main
focus will be evaluating users’ performance inside the small cell. This small cell is referred to as a reference small
cell.
Firstly, the case of one small cell has been considered. Incorporating the dynamic TDD technique into the HetNet
based system has imposed the modeling of four kinds of cross-tier interference in order to cover all UL/DL TDD
possible combinations between the macro cell from a side and the small cell from the other side. Moreover, deploy-
ing the decoupling policy on top of the TDD HetNet system has necessitated the modeling of various association
policies in order to highlight the benefits that the decoupling policy can bring to that system in comparison with the
other policies.
Secondly, multiple instances of interfering small cells have been deployed at specific distances from the reference
small cell in order to be aligned as much as possible with real case scenarios. We have considered this specific
network model, as simple as it shows in regards to BS distribution, to focus on the main thesis objective which is
the modeling of TDD and decoupling in a scenario that is close to real cases, and at the same time to avoid adding
further complexity to the model itself. Instead, including any other BS distribution (stochastic for example) will bring
significant additional complexity to our HetNet analysis. In this case, our work will be further away from reaching its
objectives.
In this chapter, a geometric approach has been adopted to derive closed-form expressions for the interfering dis-
tances along with the location of the reference small cell user. This geometric approach was based on different
methods, e.g. cells intersection method, randomly selected nodes in concentric circles method, etc. Based on
the distances distribution, we have calculated the PDF and MGF of the interference and the signal of interest. In
multiple small cells environment, a new type of interference to which we refer to as the co-tier interference has been
modeled in addition to the cross-tier interference. Relying on the MGF results of both the interference and the signal
of interest, we have derived closed-form expression for the spectral efficiency or what we refer to as capacity per
unit bandwidth. Also, additional expressions have been derived for other performance metrics. e.g. the decoupling
gain, power control and average reduction in power consumption. Moreover, the statistical model has been adapted
to consider an unsynchronized TDD configuration across small cells, in addition to the initial synchronized TDD
configuration.
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Chapter 4

Performance Evaluation of TDD and
Decoupling in 5G HetNets

4.1 Introduction

We evaluate under this chapter the system performance metrics, for which we have derived closed form expressions
in Chapter 3. We define the system parameters and discuss the Monte-Carlo simulation results that are provided to
validate the accuracy of the analytical model including 95% confidence intervals of disparity measures. Confidence
intervals are derived for a sample mean, using the sample data values themselves. In this chapter, we denote by
(Th.) the theoretical results and by (M.C.) the Monte-Carlo simulation results.

4.2 System Parameters

In this chapter, we consider analyzing the average capacity (Ces) of the reference small cell for each of the below
listed scenarios. Ces is computed by adding the average users capacity in the small cell area (Cs) to the average
users capacity in the expanded area (Ce). Uniformly distributed users are considered in both macro and small cells.
The default system parameters are listed in Table 4.1. According to 3GPP standards, macro cell radius can be set
from few kilometers up to 35 Km. In this model, we consider a macro cell radius R = 1 Km with a maximum BS
transmission power Pm = 43 dBm (20 W) according to the 3GPP specifications in [118]. In this case, the power
received at the macro cell edge will be around -85 dBm, which is considered as the minimum desired received signal
level at the mobile user. The power received at the cell edge was calculated based on the path-loss expression in
(3.1) or (3.2), leading to a path-loss constant L0 = 1.58 ∗ 10−4. As for the small cell coverage, the radius can be
typically set between 10 and 250 m. In this model, we consider a small cell radius Rs = 200 m with a maximum
transmission power Ps = 24 dBm (0.25 W) according to the 3GPP specifications in [119]. Similarly to the macro cell
case, the power received at the small cell edge will be around -83 dBm. The maximum UE transmission power is
set to 23 dBm (0.22 W) according to [118].
Yet, in order to apply a sort of power control between macro cell users from one side and small cell users from
the other side, we allow a slight difference between UE maximum transmission power in macro cell Pum = 23.4
dBm (0.22 W) and Pus = 23 dBm (0.2 W) in small cells. However, in Section 4.5.2 a dynamic uplink power control
mechanism is considered instead. The latter is based on the open-loop power control strategy with a desired
received signal level at the BS, P0 = 10−7 W (-40 dBm) [109].

4.2.1 TDD Frame Type

In this Chapter, we consider frame structures where all uplink/downlink combinations between the macro and small
cells are taken into account, as shown in Fig. 4.1. In the sections that follow, both UL and DL throughputs will be
evaluated and averaged over the period of the TDD frame defined in this figure.
It is important to note that, relying on the model developed in Chapter 3 and that encloses all possible inter-link
interferences, any other TDD configuration with different length can be easily adopted and investigated.
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Parameter Value
Macro cell radius R 1000 m
Small cell radius Rs 200 m
Small cell offset factor Re 300 m
Number of small cells Ns 1 ≤ Ns ≤ 2

Distance between the reference small cell and
the macro cell d

600 m

Distance between the reference small cell and
the interfering small cell d12

800 m

Path-loss exponent γ 2 ≤ γ ≤ 3

Path-loss constant L0 1.58 ∗ 10−4

Constant fading K 1
Carrier frequency 2.0 GHz
System bandwidth 20 MHz
Thermal noise power spectrum density -174 dBm/Hz
Macro BS transmission power Pm 20 W
Small cell BS transmission power Ps 0.25 W
Macro user transmission power Pum 0.22 W
Small cell user transmission power Pus 0.2 W

Table 4.1: System parameters

ULDLDL

Interfering macro cell

UL

Reference small cell Interfering small cell

DLULDL UL DLULDL UL

Figure 4.1: TDD frame structure in macro and small cells.

4.2.2 Constant Fading

In Fig. 4.2) and Fig. 4.3, we simulate exactly the same scenarios under a constant fading from one side and a
random variable fading from the other side. Accordingly for the random variable fading, a log-normal shadowing and
an exponential distribution with parameter λ = 1 as an approximation of the Rayleigh fading, were considered. We
can conclude from these figures that we have obtained nearly the same throughput values in UL and DL and the
same behavior as in the case of a constant composite fading; the decoupling strategy continues to prevail over the
other association policies.
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Figure 4.2: Uplink spectral efficiency with and without variable fading.

4.3 TDD HetNet Performance - Single Small Scenario

In order to first evaluate the system performance of a HetNet TDD based system in both uplink and downlink
directions, we consider a HetNet with an offset factor Re = 0. Ces, in this case, is equivalent to the average user
capacity in the reference small cell (Cs).
Figure 4.4 captures the decrease in Cs by increasing the small cell radius. This is due to the fact that small cell
users are in average closer to the macro BS and thus the interference from the macro BS and macro users will be
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Figure 4.3: Downlink spectral efficiency with and without variable fading.

more significant. Moreover, we can observe that numerical results are in close agreement with the Monte-Carlo
simulation.
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Figure 4.4: Capacity per unit bandwidth in the reference small cell as a function of small cell radius (Rs) with Ns = 1,
γ = 3 and d = 600 m.

Figure 4.5 captures the increase in Cs when moving away the reference small cell from the macro cell. The
interference, more specifically triggered by the macro BS, reduces when increasing the distance between the small
cell and the macro cell. Figure 4.6 depicts Cs for different values of macro user uplink transmission power. Note
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Figure 4.5: Capacity per unit bandwidth in the reference small cell as a function of the distance between the
reference small cell and the macro cell (d) with Ns = 1, γ = 3 and Pum = 0.22 W.

that the increase of Pum value reduces the average small cell capacity and this is due to the increase of interference
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triggered mainly by the macro users. Figure 4.7 investigates the effect of the path loss exponent in order to evaluate
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um

) [w]
0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3

S
p

e
c
tr

a
l 
e

ff
ic

ie
n

c
y
 [

b
p

s
/H

z
]

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4
Uplink M.C.
Downlink M.C.
Uplink TH.
Downlink TH.

Figure 4.6: Capacity per unit bandwidth in the reference small cell as a function of the macro user transmission
power (Pum) with Ns = 1, γ = 3 and d = 600 m.

the system performance under various propagation conditions and different environments. It can be observed that
the increase in path loss exponent enhances the performance of the reference small cell users in uplink and down-
link by mitigating the effect of the interference signal. From the aforementioned figures, it can be concluded that the
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Figure 4.7: Capacity per unit bandwidth in the reference small cell as a function of the path loss exponent (γ) with
Ns = 1, d = 600 m and Pum = 0.22 W.

derived capacity expression in (3.53) matches nearly perfectly Monte-Carlo simulation results.

4.3.1 Signal of Interest and Interference: Correlation Coefficient

Figures 4.8 and 4.9 show the correlation i.e. the statistical relationship between the signal of interest (S) and
the interference (I) in the Up - Up and Down - Up scenarios respectively. Two scenarios are studied to compare
the correlation coefficient among different scenarios from one side and to further justify our assumption about the
dependency between S and I from the other side. Figure 4.8 shows a correlation of -0.002 and Fig. 4.9 shows a
zero correlation. Therefore, it can be concluded that S and I are not statistically correlated and thus, they can be
considered as two independent variables.
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Figure 4.9: S and I correlation in the Down-Up scenario

4.3.2 Simulation vs Modeling: Execution Time

When evaluating the capacity expression in (3.53) over 4 TDD sub frames (Fig. 4.1), the execution time was found
to be reduced by more than 50% compared to the time required to run 10 000 Monte-Carlo simulations over the
same period. As we have mentioned in our model, we had recourse to the Laguerre polynomial in order to solve
the capacity expression in (3.53). This expression will be then equal to the sum of n finite terms, where n may
vary from 1 till infinity. Our purpose was to find the minimal value of n for which the series converges. Calculations
were first done for n=4 and n=8 where we have retrieved a significant difference in the calculated values. Next, the
calculations were done for n=8, 12, 16, 20, 24, 28, 32, 64, 80 and n= 100 until we found out that, with n=80 and
n=100, the expressions converged nearly to the same value with a higher precision. Hence, we have chosen n=80
as the minimal value of n that gives us the more accurate and precise results.
Under this context, the required time to evaluate the capacity expression is found to be 0.55 sec for n=80. On
the other hand, the computational time for running 10 000 Monte Carlo simulations is given by 1.13 sec. Note
that the time to evaluate the capacity expressions and Monte-Carlo simulations depends on the type of processor,
programming, and mathematical software package used. In this work, all capacity computations are conducted on
a commonly laptop computer equipped with Intel(R) Core(TM)-i5 processor, 8 GB RAM, and using time functions in
a standard mathematical software package, i.e., Matlab.
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4.4 Impact of Decoupling Access Policy on TDD 5G HetNets - Single Small
Cell Scenario

Our objective is to investigate analytically a TDD-based HetNet by applying various link association policies for a
comprehensive performance comparison between DeUD and CoUD modes. Based on the statistical expressions
derived for the interference and the desired signals in the previous chapter, the average UL/DL capacity of users in
the small cell along with users in the expanded area will then computed separately. The main performance metric
that is being measured, in both UL and DL, is the average capacity per unit bandwidth (Ces). It is calculated based
on the average users capacity in the small cell area added to the average users capacity in the expanded area.
Since the CM case represents the current system status before applying any change to the network configuration,
our objective is to enhance the performance of the system in downlink and uplink by adopting three different asso-
ciation policies and comparing their performances in terms of spectral efficiency with the CM case.
Figure 4.10 depicts numerical values of Ces for each association strategy and in both UL/DL. We can conclude from
this graph that the decoupling case shows an improvement in UL spectral efficiency (SE) around 1.65 bps/Hz in
comparison with the CM case where the uplink SE is 1.35 bps/Hz. The same improvement in UL is observed for
the coupled access with small cell case. The normal coverage area of the small cell, in this case (coupled with
small cell), is expanded and the small cell users along with the users in the expanded area are now connected in
UL and DL to the small cell BS. This situation is referred to as cell range expansion (CRE) technique. However and
as expected, the coupled access with small cell case or what is called the CRE technique, leads to a degradation in
downlink SE which is due mainly to the macro BS downlink interference affecting the users in the CRE region. This
harmful downlink interference in the range expansion area is usually solved by applying the Almost Blank Subframe
(ABS) technique [120]. This degradation can be easily observed in Fig. 4.10 where the downlink SE is reduced from
1.94 to 1.74 bps/Hz, whereas the decoupling case is showing a slight DL improvement from 1.94 to 1.96 bps/Hz.

Moving to the reverse decoupling case, we can notice a degradation in SE for both directions, from 1.35 to 1.23
bps/Hz in UL and from 1.94 to 1.78 bps/Hz in DL.
The aforementioned results indicate that the DeUD mode with decoupling access brings greater benefits in the up-
link and maintains the same performance improvement in the downlink.
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Figure 4.10: Capacity per unit bandwidth (Ces) in both UL/DL directions for various link association policies with
Ns = 1, γ = 3 and Re = 300 m.

Figures 4.11 and 4.12 show the uplink and downlink spectral efficiencies, for various association policies while vary-
ing Re, the distance offset factor, between Rs and R − d. As expected, the decoupling case among all other cases,
maintains a higher SE in uplink and downlink for all offset values. We can observe in Fig. 4.11 that the uplink SE, for
the decoupling case, shows a considerable degradation for Re values greater than 280 m, whereas the downlink SE,
for the same case, shows a continuous improvement for all offset values as shown in Fig. 4.12. When increasing
the offset value, the decoupled users attached to the macro cell in the downlink and to the small cell in the uplink,
are now closer to the macro cell and further away from the small cell. Thus, the downlink received power from the
macro BS will be effectively increased and the uplink received power by the small cell BS will be decreased. This
explains the degradation in uplink SE and the improvement in downlink SE. Consequently, it is paramount to find
out the trade-off between the uplink SE and the downlink SE which is in our case a threshold for Re equal to 260
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or 280 m. Last but not least, it can be concluded from Fig. 4.11 and Fig. 4.12, that Monte-Carlo simulation results
match nearly perfectly the derived capacity expressions for various link association policies.
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Figure 4.11: Comparison of the uplink spectral efficiency between CoUD and DeUD modes for various (Re) offset
factor with Ns = 1 and γ = 3.
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Figure 4.12: Comparison of the downlink spectral efficiency between CoUD and DeUD modes for various (Re) offset
factor with Ns = 1 and γ = 3.

4.5 Performance Evaluation of TDD and Decoupling - Multiple Small Cells
Scenario

A new design parameter emerges when tackling a multiple small cells scenario. This parameter is the distance
between small cells denoted by d12. Deploying a new network configuration with randomly positioned interfering
small cell implies 1000 iterations of Monte-Carlo simulations to obtain consistent and stable results. For each
Monte-Carlo iteration, i.e. for each d12, we generate uniformly distributed users in different cells for a large number
of Monte-Carlo simulations (around 1000 iterations), to reach a total of 1 000 000 iterations.
In Fig. 4.13, we evaluate the average user capacity Ces in a multiple small cells environment for different association
policies. As expected, we notice a decrease in UL and DL throughput values in comparison with the single small cell
case (Fig. 4.10). With the increase in the number of interfering small cells, the interference level increases and thus,
the average user throughput decreases for various association policies. Consequently and since the decoupling
strategy prevails over the other policies, it will be more interesting to study the impact of the small cells distribution
on the decoupling gain in a multiple small cells environment.
Figure 4.14 depicts the uplink decoupling gain as a function of the distance between the reference small cell and
the interfering small cell (d12). We introduce Monte-Carlo simulations to demonstrate the accuracy of the analytical
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Figure 4.13: Capacity per unit bandwidth (Ces) in both UL/DL directions for various link association policies with
multiple small cells deployment: Ns = 2, γ = 3, Re = 300 m and d12 = 800 m.

expressions derived for the decoupling gain in the previous chapter. We can observe that keeping the interfering
small cell far from the reference small cell for a given distance, increases the uplink decoupling gain. Exceeding this
threshold, we can notice that the uplink gain maintains a constant value regardless the distance between small cells,
i.e. no more gain in UL is realized throughput when moving away the interfering small cell for more than 1100 m from
the reference small cell. To better understand this behavior, we benefit from the expressions derived in the previous
section for different uplink scenarios (Down - Up and Up - Up), to plot the graph in Fig. 4.15. Since increasing the
distance (d12) has a minimal impact on the uplink gain in the Down - Up scenario, it is clearly shown that the behavior
observed in Fig. 4.14 is provoked mainly by the Up - Up scenario. In the Up - Up scenario and when increasing
the distance between small cells to more than 1100 m, the impact of the interfering small user Ii becomes almost
negligible and thus, the major impact on the uplink throughput appears to be the interference experienced from the
macro user Im. This interference has a negative impact on the decoupling case in comparison with the CM case,
because of the presence of a decoupled zone in the interfering small cell. The latter allows a closer area for the
macro users toward the reference small cell and thus, a considerable interference with the uplink desired signal in
that small cell. This will explain the steadiness of the uplink gain beyond a given distance (d12).
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Figure 4.14: Uplink decoupling gain (ηUL) as a function of the distance between small cells (d12) with Ns = 2, γ = 3
and Re = 300 m.

Figure 4.16 depicts the downlink decoupling gain as a function of the distance between the reference small cell
and the interfering small cell (d12). It can be noticed that the downlink decoupling gain shows a slight downward
trend when the distance d12 increases. Analyzing the two main downlink scenarios in Fig. 4.17, we found out that
the main reason behind the downlink gain decrease is the interference experienced from the macro user at the
small cell user in the Up - Down scenario. Similar to the uplink case, this interference has a negative impact on the
decoupling case because of the presence of a decoupled zone in the interfering small cell. The latter allows a closer
area for the macro users to interfere with the downlink desired signal at the small cell user. However, the fact that
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Figure 4.15: Uplink decoupling gain breakdown analysis: Down - Up and Up - Up scenarios with Ns = 2, γ = 3 and
Re = 300 m.

the decoupling case improves the uplink scenarios in the expanded area at the expense of the downlink scenarios,
explains the steadiness of the uplink decoupling gain and the degradation of the downlink gain after a given value of
d12. This will explain as well the zero value of the downlink gain obtained in the Down - Down scenario (ηDL = 0).

Distance between small cells (d
12

) [m]
800 900 1000 1100 1200

D
o

w
n

li
n

k
 d

ec
o

u
p

li
n

g
 g

ai
n

 [
%

]

0.5

1

1.5

2

2.5
M.C.
TH.

Figure 4.16: Downlink decoupling gain (ηDL) as a function of the distance between small cells (d12) with Ns = 2,
γ = 3 and Re = 300 m.
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Figure 4.17: Downlink decoupling gain breakdown analysis: Up - Down and Down - Down scenarios with Ns = 2,
γ = 3 and Re = 300 m.
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Furthermore, it would be interesting to address a joint optimization problem, i.e. to evaluate the uplink decoupling
gain as a function of two variables: the small cell offset factor and the distance between small cells. While accounting
for two small cell offset values (Re = 250 m and Re = 300 m), Fig. 4.18 highlights the gain obtained for d12 below
1100 m, the range where the uplink gain is achieving a significant improvement (Fig. 4.14). We can notice that the
highest uplink decoupling gain (36.2 %) is achieved with d12 = 1000 m and Re = 250 m. On the other hand, when
increasing the offset value to e.g. Re = 300 m, the decoupled zone in the interfering small cell becomes larger and
macro users closer to the reference small cell and thus, the interference increases. Moreover, the uplink desired
signal decreases because of the small cell users that are now transmitting to a farther cell. Consequently, the uplink
gain decreases to 32.5 %.
To further elaborate on the joint optimization subject, Fig. 4.19 captures the system performance under all possible
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Figure 4.18: Uplink decoupling gain (ηUL) as a function of both the offset factor (Re) and the distance between small
cells (d12) with Ns = 2 and γ = 3.

combinations between the small cell coverage (Re) and small cell placement (d12). Consequently, it is paramount to
find the optimal solution which is in our case, a combination of a decoupling region with a radius Re equal to 210 m
and a small cell placement with a distance d12 equal to 1000 m.
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Figure 4.19: Uplink decoupling gain (ηUL) as a function of all possible (Re, d12) combinations with Ns = 2 and γ = 3.

4.5.1 Simulation vs Modeling: Execution Time in Multiple Small Cells Environment

The required time to analytically evaluate the decoupling gain expression in (3.93) is found to be 10 to 15 seconds,
giving fairly accurate results with a higher precision (n = 80) adopted in the computation of Laguerre polynomial in
(3.86). On the other hand, the computational time for running 1 000 000 Monte-Carlo simulations is given by 4 570
seconds which is significantly larger, when compared to the analytical expression evaluation time. Hence, there is
a strong need for an analytical model as a replacement for the time consuming Monte-Carlo simulations, especially
in multiple small cells environments.
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4.5.2 Power Control and Reduction in Power Consumption

In order to investigate the impact of considering the power control in our model, we have introduced a power control
mechanism with P0 = 10−7 W (-40 dBm) and Pmax equal to 0.2 W for both macro and small cell users. Comparing
Fig. 4.20 (with power control) to Fig. 4.13 (without power control), we can deduce that, considering power control
(PC) will reduce uplink throughputs and increase downlink throughputs for various association policies. In uplink,
considering the PC will reduce the uplink transmitted signal with a slight change in the interference signal; this
will explain the decrease in throughput value. However, in downlink, the decrease in uplink transmitted signal
will reduce the uplink to downlink interference and keep the same downlink signal; this will justify the increase
in downlink throughput. Moreover, it can be concluded that the impact of decoupling remains the same when
considering the power control mechanism; the decoupling technique continues to prove that it prevails over the
other association policies. Figure 4.21 shows the reduction in uplink power consumption when implementing the
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Figure 4.20: Spectral efficiency (Ces) in both UL/DL directions considering power control (PC) with P0 = 10−7 W
(-40 dBm), Ns = 2, γ = 3, Re = 300 m and d12 = 800 m.

power control mechanism with various association policies. It can be noticed that the coupled with macro cell policy
captures the highest reduction in power consumption (PR = 61.7 %), from 0.26 W (without PC) to 0.16 W (with
PC). With PC, the macro users that are close to their BS refrain from transmitting with Pmax, instead they will be
compensating the path loss with a transmitted power less than Pmax. This is behind the remarkable uplink power
reduction noticed in the coupled with macro case.
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4.5.3 Unsynchronized TDD configuration

To investigate an unsynchronized case, we consider frame structures that cover all possible uplink/downlink com-
binations between the macro and the small cells, as shown in Fig. 4.22. In Fig. 4.23, a slight decrease in uplink

ULDLDL

Interfering macro cell

UL

Reference small cell Interfering small cell

DLULDL UL ULDLDL ULUL ULDLDL ULDLDL ULDLULDL UL

Figure 4.22: Unsynchronized TDD frame structure across small cells.

throughput can be noticed for different association policies when considering the unsynchronized TDD case. This is
due mainly to the interference experienced from the interfering small cell downlink signal at the reference small cell
uplink desired signal. This type of interference, referred to as Down - Up interference, exists and has a considerable
effect in the case of an unsynchronized TDD configuration, more specifically in the case where the interfering small
cell is operating in uplink and the reference small cell is operating in downlink. Moreover, it is interesting to note that,
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Figure 4.23: Comparison of the uplink spectral efficiency (Ces) between a synchronized and an unsynchronized
TDD mode with Ns = 2, γ = 3, Re = 300 m and d12 = 800 m.

due to the fact that the users in different small cells are not synchronized in downlink/uplink transmissions, users in
the expanded areas of the interfering small cell and the reference small cell cannot be decoupled at the same time.
Therefore, the decoupling zone at the interfering small cell is no more a second or an additional source of inter-
ference. This will explain the improvement brought to the uplink decoupling gain in the case of an unsynchronized
TDD configuration as shown in Fig. 4.24.
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4.6 Conclusion

Our proposed model provides a valuable tool to evaluate the system performance in terms of downlink/uplink aver-
age capacity, decoupling gains and other performance metrics. The provided numerical results will help in optimizing
networks parameters and designing cellular network under various conditions.
In this chapter, we have first evaluated the system performance of a HetNet TDD based system in both uplink and
downlink directions, taking into account all possible UL/DL TDD combinations between the macro cell and the small
cell. The network consists of one macro cell and one small cell. For example, the system performance was evalu-
ated when controlling the user transmit power using power control mechanism. Further, the effect of large path loss
exponents proved to enhance the performances of small cell users.
Second, we have conducted both downlink and uplink performance comparison study for four various cell associa-
tion rules in TDD HetNet, based on a geometric probability approach. The network also consists of one macro cell
and one small cell. Two cases were considered with UL/DL coupled access and two others with decoupled access.
We have observed that the decoupling case (part of DeUD mode) brings a higher downlink and uplink throughputs
for various offset values and thus, improves the overall system performance when being combined with a dynamic
TDD technology. However and as expected, the coupled access with small cell case, i.e. the CRE technique, leads
to a degradation in downlink spectral efficiency due mainly to the macro BS downlink interference affecting the users
in the CRE region. Also, we have found out that our modeled network can be further optimized when choosing a
specific small cell offset as a trade-off between UL and DL spectral efficiencies.
Last but not least, we have analyzed, in a multiple small cells environment, the uplink and downlink decoupling
gains as a function of both the small cell offset factor and the distance between small cells. We have realized that
our modeled network can be further optimized by adopting the optimal combination of both the small cell offset
factor and the distance between small cells. Identifying the location of the interfering small cell and the small cell
offset factor will help in improving the gain that the decoupling mode can bring to a multiple small cells TDD HetNet.
Considering a power control mechanism has reduced uplink throughputs and increased downlink throughputs for
various association policies. Moreover, implementing the power control mechanism with various association poli-
cies has caused a reduction in mobile users’ uplink power consumption, especially in the coupled with macro cell
case. A slight decrease in uplink throughput has been noticed for different association policies when considering
the unsynchronized TDD case. Also, an improvement in the uplink decoupling gain has been detected in the case
of an unsynchronized TDD configuration.
However and in order to analytically model an environment relative to a real case scenario, the derived expressions
in Chapter 3 must be updated to include the following: high number of small cells, multiple users, scheduling strate-
gies, dynamic resource allocation algorithm, various channel models and load traffic disparity. Such an enhanced
analytical model will incur huge computational complexity and any assumption made at this stage in the design
parameters, aiming to reduce complexity will lead to non-realistic results. In this context and in order to overcome
this limitation, we implement in the next chapter the decoupling and dynamic TDD techniques in a system level
simulator, and we consider these techniques in the design of a joint optimization algorithm. This will allow as well to
figure out the gain from an adaptive TDD and decoupling in a HetNet based system, according to time-variant traffic
loads.
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Chapter 5

Adaptive TDD and Decoupling in 5G
HetNets: Simulation-Based Evaluation

5.1 Introduction

It is worth mentioning that the statistical models developed in chapters 3 and 4 play an imperative role in evaluating
the system performance metrics such as spectral efficiency, decoupling gain and average power consumption. How-
ever, this model evaluates the average capacity of only one user and without addressing the traffic adaptation and
dynamic resource allocation challenges. Moreover, it doesn’t consider a variable fading in the propagation model.
For this reason, we propose a 5G HetNet system level simulator where we can present the motivation and accurately
assess the role of both decoupling and dynamic TDD techniques in the UL/DL optimization problem. In this chapter,
we create appropriate simulation environment that is relative to real scenarios i.e. simulations where multiple small
cells are deployed in a heavy loaded HetNet system and under various traffic loads. These simulation scenarios
consider random users distribution with scheduling decisions in both the uplink and the downlink directions. Our
objective is to prove that there is an optimal combination between the TDD scheme and the user association policy
with respect to any change in the system, especially in the UL/DL traffic ratio. In this context, we consider one
conventional UL/DL coupled user association policy and two types of decoupled UL/DL link association policies.

5.2 Network Model

We consider a two-tier heterogeneous cellular network consisting of one macro cell and multiple small cells as
shown in Fig 5.1. We denote by Ns the number of small cells. In the coming sections, the radius of the macro cell
and the small cell will be denoted by R and Rs, respectively. All users are uniformly distributed between the macro
cell and the small cells. They are using a full buffer traffic model in UL as well as in DL. We define η, as the UL
to DL traffic ratio between the users operating in UL and those operating in DL. The total number of active users
equipment (UEs) is denoted by Nu.
As simulation setup, we consider the LTE-sim simulator [121] to which we have added customized features in order
to be aligned with our system model. The added modules include, but not limited to, decoupling and dynamic TDD
techniques. More details about the customization are available under Section 5.3.

5.2.1 UL/DL User Association Policies

Three different association policies have been implemented in this chapter; they can be dynamically selected as
input parameters for the simulations that follow. In these simulations, we compare the conventional UL/DL coupled
user association policy with two types of decoupled UL/DL link association policies as follows:
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Figure 5.1: Illustration of the proposed system model.

• Cell association criteria in DL and UL is based on DL Reference Signal Received Power (RSRP) which is the
conventional LTE user association policy. This case is referred to as CoUD.

• Cell association criteria in DL is based on DL Reference Signal Received Power (RSRP) whereas the criteria
in UL is based on the uplink received power with cell selection offset in case of a small cell. A cell selection
offset is added to the received power at the small cells to increase their coverage in UL and thus, to offload
UL traffic from the macro cell. In this work, we consider an offset equal to 13 dB. This value was selected
from the recent literature on decoupling ( [96], [104] and [105]) having power based association criteria in UL
with selected bias values. We have analyzed the derived expressions in the aforementioned articles in order
to retrieve a common offset value which is 13 dB.
This case is referred to as DeUD_PO.

• Cell association criteria in DL is based on DL Reference Signal Received Power (RSRP) whereas the criteria
in UL is based on the path loss. This case is referred to as DeUD_PL.

5.2.2 Dynamic TDD Approach

In the 3GPP standard, dynamic TDD is supported by seven configurations with respect to different uplink and
downlink traffic ratios [62]. As shown in Fig. 5.2, each radio frame consists of 10 subframes, and the UL/DL ratio
is different for each TDD frame configuration. This enables either the macro cell or the small cells base stations to
select different configurations according to the traffic variation. In this context, we define the following notations:

• m denotes the UL/DL TDD configuration in the macro cell.

• s denotes the UL/DL TDD configuration in all small cells.

• T = (m, s) denotes the joint UL/DL TDD configuration in the system.

For example, we denote by (0,5) a joint TDD configuration between macro and small cells where 0 and 5 are the
UL/DL TDD configurations adopted in the macro cell and the small cells respectively (see Fig. 5.2).
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Figure 5.2: Supported TDD configurations in 3GPP [62].

5.3 System Level Simulator for Next Generations HetNets

We propose a 5G HetNet system level simulator that supplements the existing LTE-Sim simulator [121]. The latter is
an open source framework to simulate LTE networks including downlink and uplink scenarios at system level. More
details about LTE-Sim are included in Appendix A. This combination allows for detailed simulation of both dynamic
TDD and decoupling techniques and to study their impact in real case scenarios. All the add-ons and customization
made on top of LTE-Sim simulator to answer our proposal requirements, are described in details under this section.

5.3.1 Selection of LTE-Sim Simulator

The most common simulators for mobile networks are Vienna [125], NS3 [126], SimuLTE [127], NetSim [123],
OPNET [124] and LTE-Sim [121]. After a thorough research, a decision has been made to adopt the LTE-Sim
simulator because it has the required tools to build a simulation platform for next generation 5G HetNets. The
survey we have done on available system level simulators (Table 5.1) further justifies the selection of LTE-Sim:

1. LTE-Sim has been written in C++, using the object-oriented paradigm, as an event-driven simulator in order to
ensure modularity, polymorphism, flexibility, and high performance.

2. LTE-Sim is an open source framework so it is easy to apply changes at the core or simulation level.

3. It is a system level simulator where we can manage HetNets which is essential in this thesis.

4. It includes basic downlink and uplink scenarios which is also the target of a thesis addressing a joint UL/DL
optimization problem in HeNets.

5. It supports basic conventional TDD configurations. This part can be enhanced by allowing base stations to
dynamically select different TDD configurations according to instant traffic loads.

Simulator Duplex Mode HetNets Open Source
Vienna FDD (DL direction) XXX Commercial
NS3 FDD XXX Open Source
SimuLTE, OMNeT++
& INET

FDD XXX Open Source

NetSim FDD XXX Commercial
OPNET TDD XXX (Customized) Commercial
LTE-Sim TDD XXX Open Source

Table 5.1: A survey of system level simulators.

5.3.2 System Level Simulator Framework

LTE-Sim is an event-driven simulator. Its main classes handle: (i) network devices, (ii) protocol stack entities, (iii)
PHY layer, (iv) channel behavior, and (v) network topology. In order to implement all aspects related to our proposal,
LTE-Sim has been upgraded by means of new classes and functionalities listed in the sections that follow.
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5.3.3 LTE-Sim Customization and Add-Ons

In this section, we present a novel module developed for the simulation of both TDD and decoupling techniques with
the LTE-Sim simulator. The main focus of this module is the implementation of customizable TDD configurations
and various association policies. Figure 5.3 illustrates all changes applied on top of LTE-Sim Release 5 in a way to
fit our proposal requirements.

Figure 5.3: LTE-Sim add-ons

• Instead of using the CQI indicator for downlink and uplink scheduling, a new metric named uplink channel
quality is implemented in the uplink scheduling.

• Updating the conventional TDD framework to include the dynamic TDD feature.

• Calculating the cross-link interference (UL to DL and DL to UL). This interference results from applying the
dynamic TDD approach.

• Developing two types of decoupled UL/DL link association policies: one based on UL path loss and the other
based on UL received power assisted with cell selection offset.

• Creating and configuring multiple instances of small cells in a HetNet dynamic TDD based system.

Fig. 5.4 gives the UML diagram of the classes we modified to ensure required customization. This diagram
shows the modified functions /variables along with the added new functions/variables. The latter are highlighted in
blue.
More details about the various classes and their interoperation are provided in the next sections and under Appendix
A.3.
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- *m_userUplinkEquipmentContainer

- *m_userDownlinkEquipmentContainer

NETWORK MANAGER

+ GetUserDownlinkEquipmentContainer ()

+ GetUserUplinkEquipmentContainer ()
- m_TDDMicroFrameConfiguration

FRAME MANAGER

+ SetMicroTDDFrameConfiguration()

+ GetMicroTDDFrameConfiguration()

+ ResetNbSubframes()

HOMANAGER

+ CheckHandoverNeedUplink()

+ CheckHandoverNeedUplinkOffset()

HANDOVERENTITY

+ CheckHandoverNeedUplink()

+ CheckHandoverNeedUplinkOffset()

USERSDISTRIBTION
+ GetUniformMicroCellsDistribution()

ENB_LTE_PHY

+ StartRx()

+ ReceiveIdealControlMessage()

UE_LTE_PHY

+ UeLtePhy()

+ DoSetBandwidthManager()

+ StartRx()

+ ReceiveIdealControlMessage()

UPLINKPACKETSCHEDULER

+ SelectUsersToSchedule()

+ DoSchedule()

+ RBsAllocation()

DOWNLINKPACKETSCHEDULER

+ SelectUsersToSchedule()

+ DoSchedule()

+ RBsAllocation()

COMPUTE_PATH_LOSS
+ ComputePathLossForInterference()

INTERFERENCE

+ ComputeENodebInterference()

+ ComputeInterference()

CHANNEL_REALIZATION_HELPER
+ CreateChannelRealization()

- m_cqFeedback

- m_cq

ENODEB

+ GetCQ()

+ UserEquipmentRecord()

+ SetCQ()

- m_channelsForTx

USEREQUIPMENT

+ IsRBinChannelTx()

+ ReSetChannelsForTx()

+ SetChannelsForTx()

Figure 5.4: LTE-Sim: Updated class diagram

Uplink Channel Quality

The uplink scheduler in the current version of LTE-sim is very basic and still relying on downlink CQI feedback.
This scheduler is not aligned with the real and correct uplink behavior in LTE environment. Under this context, we
propose to consider an uplink scheduler based on the uplink channel quality and to include the uplink interference
at each resource block.
The most crucial part in the uplink interference calculation at a resource block level is to get the number of allocated
RBs per user from the scheduler, use this value to calculate during the transmission period the transmitted power
and then calculate the interference per RB. In uplink, the interference occurs at the BS level and it is caused
by mobiles that might be having different powers, transmitting from different locations, and having a transmission
period based on the selected scheduling algorithm. In downlink, it is much easier to calculate the transmitted power
per RB where the eNodeB is constantly transmitting on all RBs.
Taking an example where the allocated RBs for a micro user are highlighted in purple and the allocated RBs for
a macro user are highlighted in green (figure 5.5). Calculating the uplink interference on RB2 for the micro user
will take into account the transmitted power of the macro user that is transmitting on the same RB2. However,
calculating the interference on RB1 for the macro user will not consider the transmitted power of the micro user that
is not transmitting on the same RB1.

We describe in Appendix A.3 the changes applied at the source code level to optimize the uplink process.
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Figure 5.5: Uplink scheduling [resource block level]

Dynamic TDD

One important step toward the implementation of the dynamic TDD approach is to create a new TDD configuration
variable for small cells (TDD_Smallcells), that is different from the macro cell configuration (TDD_Macrocell) as
shown in Fig. 5.6. Also, this will require adding the function FrameManager::GetMicroSubFrameType (see Fig. 5.4)

D D DU U U

Macro cell

Small cell

TDD_Smallcells TDD_Macrocell

U D DD S U DU D SS U UD

Figure 5.6: TDD configuration between macro and small cells.

and updating FrameManager::ResourceAllocation within the existing source code.

Cross-link Interference

Dynamic TDD enables flexible adjustments of uplink and downlink resources according to the instantaneous traffic
load. However, it also brings new challenges in heterogeneous cellular networks because of the introduction of
cross-link interference i.e., uplink to downlink interference and downlink to uplink interference. For example, a small
cell can be operating in a specific direction while a macro cell might be operating in the opposite direction. This will
induce an UL to DL or a DL to UL interference or what is called cross-link interference. Therefore, we first introduce
the calculation of the UL to DL interference at the mobile user level with the Interference::ComputeInterference
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function. Second, we introduce the calculation of the DL to UL interference at the base station level with the
Interference::ComputeENodebInterference function (see Fig. 5.4).

Decoupling

In the initial version of LTE-Sim simulator, the user association criteria in DL and UL is based on DL Reference
Signal Received Power (RSRP) which is the conventional LTE user association policy. However, since our proposal
requires the implementation of the UL/DL decoupled access policy, we have added two different decoupling policies
to the existing simulator, DeUD_PO and DeUD_PL:

A. DeUD_PO
A cell selection offset is added to the received power at the small cells to increase their coverage in UL and thus,

to offload UL traffic from the macro cell. Under the scope of this work, we consider a new variable designating the
offset or the bias value. This variable is set to 13 dB by default.
To implement this policy under the system level simulator, we create three new functions:
NetworkManager::SelectTargetNodeUplinkOffset, HandoverEntity::CheckHandoverUplinkNeedOffset, and Power-
BasedHoManager::CheckHandoverNeedUplinkOffset (see Fig. 5.4).

A. DeUD_PL
To implement this policy under the system level simulator, we create as well three new functions:

NetworkManager::SelectTargetNodeUplink, HandoverEntity::CheckHandoverUplinkNeed, and PowerBasedHoMan-
ager::CheckHandoverNeedUplink (see Fig. 5.4).

Multiple Small Cells

The deployment of multiple small cells requires the development of a new method that will randomly distribute the
small cells inside the macro cell region. The detailed method of creation of these small cells, along with their
respective eNBs is available under Appendix A.3.

5.3.4 System Level Simulator Setup

For our simulation-based evaluation, we use the LTE-Sim [121] system level simulator to which we have added the
enhancements previously described in Section 5.3.3.
For the selected scheduling algorithms, there are various scheduling methods that have been developed over time
to enhance the process of data distribution. In this work, we shall be concentrating on two algorithms in particular:
Round Robin as uplink scheduler and Proportional Fair as downlink scheduler. As for the selected propagation loss
model, the large scale shadowing fading has been modeled through a log-normal distribution with 0 mean and a
standard deviation of 8 dB. The penetration loss is set to default value of 10 dB. The fast fading is conceived for
all the implemented propagation loss models by the Jakes model [122] for the Rayleigh fading, taking into account
the user speed, the sub-carrier frequency, and a number of multiple paths uniformly chosen in the set [6, 8, 10, 12].
In our simulator, we consider the users in a constant position with zero speed. Figure 5.7 shows an example of
multipath realizations when users speeds are equal to 0, 3, 30, and 120 km/h. As for the pathloss, the implemented
models can be grouped under one expression that can be written as follows:

PL(dB) = A+ 37.6log10r @ 2GHz, (5.1)

where r is the distance between the transmitter and the receiver in kilometers and A is a constant that is set to
140.7 in urban areas, to 128.1 in suburban areas and to 100.54 in rural areas. In our simulation, small cells and
macro cell are mapped to urban and suburban areas respectively.
The thermal noise per sub-channel is derived as follows:

Thermal noise per sub-channel(dB) = Thermal noise density(dB/Hz)+

10log10(Sub-channel bandwidth in Hz) +Noise �gure(dB). (5.2)

The simulation parameters in Table 5.2 have been considered so as to create the most appropriate simulation
environment that is relative to real scenarios.
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Figure 5.7: Fast fading realization

Parameter Value
Macro cell radius (R) 1 Km
Small cell radius (Rs) 250 m
Min. distance between small cell and macro
cell

50 m

Carrier frequency 2.0 GHz
Duplex mode Dynamic TDD
TDD frame length 10 subframes
Sub-frame duration 1 ms
System bandwidth 20 MHz
Resource blocks or sub-channels 100
Max. macro BS transmit power 46 dBm
Max. small cell BS transmit power 30 dBm
Max. UE transmit power 23 dBm
Thermal noise power spectrum density -174 dBm/Hz
Sub-channel bandwidth 180 KHz
Thermal noise per sub-channel -148.95 dB
Noise figure 2.5 dB

User mobility model
Constant posi-
tion, speed =0

Table 5.2: Simulation parameters

To note that on both downlink and uplink scenarios, only one flow per user was initiated, transmitting an infinite
buffer application on top of UDP transport protocol. Resource allocation in each simulation is carried out over a
period of 1 second (i.e. 100 LTE frames). In order to obtain accurate and stable results, simulation output values
are averaged over 100 iterations. In the conducted simulations, we follow the procedure elaborated in Algorithm 1 to
jointly implement a dynamic TDD based system with coupled/decoupled user association policies and to analyze the
outcome resulting from this joint implementation. The algorithm starts by initializing the design parameters to their
conventional values. The joint TDD configuration between macro and small cells is set to (0,0) and the association
policy is set to CoUD. V captures any change in the system variables, e.g. traffic load. This change triggers a while
loop till finding the optimal UL/DL average throughput (Copt). At each step, the iteration changes at least one of the
design parameter: m, s or the association policy. The calculated UL/DL total throughput resulting from this iteration
is compared to the previous values of Copt. The algorithm terminates by finding the optimal combination of TDD
configuration and association policy that offers the highest (Copt) throughput.
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Algorithm 1 Adaptive TDD and coupled/decoupled user association policies

1: procedure SIMULATION PROCEDURE
2: T=(m,s)← Joint TDD configuration
3: ua← User association policy
4: V ← System input variables
5: Copt ← UL and DL optimal average throughput
6: Tempopt ← UL and DL temporary optimal average throughput
7: Copt ← Calculate(ua,(m, s), V )
8: while V changes do
9: for m← 0 to 6 do

10: for s← 0 to 6 do
11: ua← CoUD
12: Tempopt ← Calculate(ua,(m, s), V )
13: if Tempopt > Copt then
14: Copt ← Tempopt.
15: ua← DeUD
16: Tempopt ← Calculate(ua,(m, s), V )
17: if Tempopt > Copt then
18: Copt ← Tempopt.

5.3.5 Network Performance Metrics

In this chapter, several performance metrics are identified to be used as a means to evaluate and compare all
simulation results. We present hereafter the definition and the motivation of each of these metrics.

A. Throughput

Throughput measures the network actual data transmission rate, which can vary wildly through different areas of
a HetNet based system. While the network bandwidth measures the theoretical limit of data transfer, throughput
tells how much data is actually being sent. Specifically, throughput measures the amount of data that is successfully
being sent over a specific period or simulation time. In our simulator, we capture the total average system throughput
in Mbps, including the macro cell and the small cells throughputs in both UL and DL directions.

B. Outage / Coverage Probability

A crucial aspect in the evaluation and planning of a wireless network is the effect of interference imposed on
radio links. The probabilities that the throughput drops below and rises above a certain threshold are defined as
outage probability and coverage probability, respectively. The outage/coverage probability is crucial in terms of
benchmarking the average throughput of a randomly chosen user in the network, and serves as a fundamental met-
ric for network performance analysis and optimization. In our simulator, we capture the average outage probability
of the users associated to the macro cell from one side and those attached to the small cells from the other side.

C. Throughput Percentile

In 3GPP, the cell edge user throughput is defined as the 5th percentile point of the CDF of users’ average through-
put per transmission, assuming that 95% of the users are expected to achieve a certain throughput per transmission
regardless of their geographical location in the cell. If the optimization goal is to maximize the coverage, the 5th per-
centile cell edge users should acquire an acceptable throughput. Similarly, the 50th and 90th percentile are defined
as the 50th and 90th point of the CDF of the UE throughput respectively. They are measured to evaluate the users
throughput inside a specific cell. In our simulator, we investigate the 5th, 50th and 90th percentile uplink throughput
for different association policies in comparison.

In order to evaluate the presented performance metrics and since the current version of the simulator provides
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a sophisticated tracing functionality, we develop a new windows based application to analyze the LTE-Sim traces
(Fig. 5.8), parse them and represent the calculated metrics under a graphical user interface.

Figure 5.8: LTE-Sim traces example

5.4 Simulation Results

In this section, we evaluate first the performance of a HetNet system adopting the conventional TDD configuration
(i.e. an UL/DL fixed configuration) with coupled/decoupled association policies. Then, we will follow the procedure in
Algorithm 1 and assess the improvement brought by the joint implementation of dynamic TDD and UL/DL decoupled
access to the system, in terms of UL and DL throughputs.

5.4.1 Coupled/Decoupled Association Policies in a Conventional TDD System

Figure 5.9 shows the evolution of UE average uplink throughput as a function of the number of small cells for various
association criteria with T = (0,0). We notice that the decoupling case with path loss option (DeUD_PL) outperforms
CoUD and DeUD_PO cases regardless of the number of deployed small cells. This is due to the fact that users are
dispersed and not centralized in one area (cell edge area or cell center area). Moreover, it came to our attention
that CoUD case tends to progress similarly to DeUD when the number of small cells significantly increases. This
can be explained by the fact that, when increasing the number of small cells, the users in coupled mode are now in
the range of small cells in terms of DL signal received power, without the need to refer to the UL path loss option.
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Figure 5.9: Comparison of the UE average uplink throughput between CoUD, DeUD_PO and DeUD_PL cases vs
the number of small cells with Nu = 100, η = 0 dB and T = (0,0) (conventional TDD).
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Figure 5.10 depicts the 5th percentile uplink throughput in a conventional TDD HetNet under various small cells
density. It can be observed that the DeUD_PL case prevails over the DeUD_PO case when deploying two to four
small cells, however and after adding increasingly more small cells, we notice a drastic change in the behavior of
both cases. The DeUD_PO case outperforms the DeUD_PL for dense small cells networks i.e. when number of de-
ployed small cells is greater than four. This is due to the fact that, when adding more small cells, the cell edge users
will be more subject to harmful interference from close macro users. Consequently, and in order to mitigate the UL
interference caused by the macro users, the path loss association policy is no more able to do the job. Instead,
applying the association policy that extends the small cell coverage by adding a specific bias i.e. the DeUD_PO
policy will reduce the UL interference and thus, improve the 5th percentile uplink throughput.
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Figure 5.10: 5th percentile uplink throughput comparison between DeUD_PO and DeUD_PL cases vs the number
of small cells with Nu = 100, η = 0 dB and T = (0,0) (conventional TDD).

Figure 5.11 shows the 5th, 50th and 90th percentile uplink throughput for the three association policies in a
HetNet system with 12 small cells. We can observe that the 5th percentile uplink throughput in the DeUD_PO case
is increased by 37.5 % compared to the CoUD case and by more than 400 % compared to the DeUD_PL. The
small cell expansion caused by the DeUD_PO plays an imperative role in decreasing the level of UL interference by
attaching the macro users to the nearest small cell. This explains the improvement in 5th percentile uplink throughput
brought by the DeUD_PO case to the cell edge users. As for the 50th percentile uplink throughput, we notice that
the DeUD_PO case outperforms both the CoUD and DeUD_PL cases by 120 % and 41 % respectively. Note that
the gains in the 5th and 50th percentile are resulting from the higher coverage of the small cells in the DeUD_PO
case with an offset equal to 13 dB. Looking at the 90th percentile UL throughput, we can see that the DeUD_PL
case achieves the highest throughput which can be explained by the fact that small cells serve less users than the
DeUD_PO case so these users get a higher throughput but at the expense of the 5th and 50th percentile users.

Figure 5.12 captures the average outage probability of the users associated to the macro cell from one side and
those attached to the small cells from the other side. In this work, we define the outage probability in one cell as
the percentage of users that fail to reach the minimum throughput demand (considered as equal to 250 Kbps) out
of the total number of users attached to that cell. As expected, it can be noticed that the macro cell has a very high
outage rate (more than 80 %) in the coupled CoUD case. This is basically due to the fact that the macro cell is
very congested in the UL because of the adopted association policy that is based on the downlink received power.
Hence, macro cell BS won’t have enough resources to serve all of its associated users with a high throughput level.
However, in the decoupled case, users are distributed more evenly between the macro and the small cells. This is
reflected more obviously in the DeUD_PO case where the macro cell reaches an outage probability of 37 % and
the small cells achieve an average outage rate of 40 %. In this case, macro users who used to suffer from low
throughput are moved to the edge of the small cells, causing a state of evenness in terms of outage probability
between macro cell and small cells.

Table 5.3 shows the average number of users per cell where we calculate the average for the macro cell and the
small cells separately for a total number of 200 users for all cases. Note that we consider in this scenario a total of
four randomly distributed small cells. This table shows how most of the users are connected to the macro cell and
how the small cells are under-utilized in the conventional CoUD case. On the other hand, the users in the DeUD_PL
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Figure 5.11: 5th, 50th and 90th percentile uplink throughput comparison of CoUD, DeUD_PO and DeUD_PL cases
with Nu = 100, Ns = 12, η = 0 dB and T = (0,0) (conventional TDD).
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Figure 5.12: Outage probability in macro and small cells between CoUD, DeUD_PO and DeUD_PL cases with
Nu = 100, Ns = 4, η = 0 dB and T = (0,0) (conventional TDD).

case are distributed in a more homogeneous way among the macro cell and the small cells, which ensures much
more efficient resource utilization.

Macro cell Small cell
DeUD_PL 126 25
CoUD 146 5

Table 5.3: Average number of users per node (macro and small cells) for the CoUD and DeUD_PL cases.

Figure 5.13 shows the comparison between both CoUD and DeUD_PL cases under various small cell downlink
transmitted powers. It can be observed that the DeUD_PL outperforms the CoUD case, in terms of total average
UL throughput irrespective of the small cell downlink power. This is due mainly to the fact that the decoupling policy
improves the average UL throughput of both macro and small cell users, whereas the coupled policy improves the
UL throughput of small cell edge users. Increasing the DL signal received power will extend the small cell uplink
coverage in the CoUD case where the UL association citeria is based on DL received power. This will offload the
macro cell, mitigate the uplink interference experienced from the macro users at the small cell BS and thus, improve
the small cell users uplink throughput. However, in the DeUD_PL case, the UL association criteria is based on the
uplink path loss and thus, not affected by the change in the small cell transmit power. This will justify the steady
value of the UL throughput shown in Fig. 5.13.
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Figure 5.13: Comparison of the UE average uplink throughput between CoUD and DeUD_PL cases vs the small
cell downlink transmit power with Nu = 100, Ns = 10, η = 0 dB and T = (0,0) (conventional TDD).

Figures 5.14 and 5.15 prove that a TDD configuration can perform better with the coupled access policy contrary
to another TDD configuration that can be more effective with a decoupled policy. For example, T = (1,0) with
CoUD in Fig. 5.14 and T = (1,5) with DeUD_PO in Fig.5.15. Hence, we conclude that there is a need for a joint
optimization of decoupling and dynamic TDD techniques to further improve the system performance in terms of UL
and DL spectral efficiencies. This optimization problem will be tackled in the simulation scenarios that follow.
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Figure 5.14: Comparison of the UE average downlink throughput between CoUD, DeUD_PO and DeUD_PL cases
vs the number of small cells with Nu = 100, η = 0 dB and T = (1,0).
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Figure 5.15: Comparison of the UE average downlink throughput between CoUD, DeUD_PO and DeUD_PL cases
vs the number of small cells with Nu = 100, η = 0 dB and T = (1,5).
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5.4.2 Joint Optimization of TDD and Coupled/Decoupled Association Policies

In Fig. 5.16, we show the performance of different schemes in different traffic load conditions. This figure investigates
a joint UL and DL system throughput optimization between the following four schemes: 1) Conventional TDD, in
which we consider the same synchronized TDD configuration between the macro cell and small cells (T = (0,0)
in this case), along with the conventional CoUD association policy. 2) Conventional TDD with DeUD. We consider
the DeUD_PL case as the association policy adopted in the next simulations to represent the decoupled access
technique (DeUD). 3) Dynamic TDD, in which we consider unsynchronized and dynamic TDD configuration between
the macro cell and the small cells that will vary according to UL/DL traffic demands. A conventional CoUD policy is
considered in this case. 4) Dynamic TDD with DeUD, in which we consider a joint implementation of dynamic TDD
with decoupled UL/DL user association. The purpose is to find the optimal scenario that will jointly improve the UL
and DL throughputs in a HetNet TDD based system.
Figure 5.16 shows the performance for the case of four small cells. The number of users operating in UL and DL
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Figure 5.16: Uplink and downlink UE average throughput in different traffic load conditions with conventional TDD
or dynamic TDD, with decoupling or without decoupling considering Ns = 4.

is varied by changing the UL to DL traffic ratio (η), expressed in dB. As an example, η < 0 means that the downlink
traffic is greater than the uplink traffic, whereas η > 0 means the opposite. It can be noticed that increasing either
the UL or DL traffic load degrades the performance of the different schemes. Comparing the first two schemes,
we can observe that the conventional TDD with decoupling outperforms the conventional TDD with CoUD case.
However, it is worth noting that the average gain achieved for η > 0 (around 16 %) is higher than the one reached
for η < 0 (around 4 %). This is due mainly to the higher UL interference levels experienced when η > 0 and
knowing that the main role of DeUD is to reduce that type of interference. It is obvious as well that the dynamic
TDD scheme outperforms both conventional TDD schemes since as expected, adjusting the TDD configuration
dynamically according to the instantaneous traffic load will improve the overall system performance. For example,
when η = 6 dB i.e. the UL traffic is around four times the DL traffic, the system adjusts the TDD configuration to T =
(3,3) by following the procedure in Algorithm 1 in a way to improve the system performance in terms of both UL and
DL throughputs. However, for η = −6 dB i.e. the DL traffic is around four times the UL traffic, T is adjusted to (5,5).
Moving to the fourth scheme, we can observe that implementing jointly both dynamic TDD and DeUD techniques
will further improve the system performance, mainly in high load conditions for η > 4.8 dB and η < −3 dB. This
can be explained by the fact that the DeUD is more effective while dealing with higher interference levels mostly
experienced in high load conditions. Also, it can be concluded from this figure that during low traffic conditions, the
dynamic TDD feature by dynamically adjusting the DL/UL resources can improve the overall system performance
without having recourse to the decoupling policy.

Next, we investigate in Fig. 5.17 and Fig. 5.18 the benefits that the four schemes can bring to a dense HetNet
with high number of deployed small cells. We can clearly see that, even in lightly loaded systems where η = 0 dB,
the proposed algorithm i.e. the fourth scheme, also achieves high throughput gain in terms of UL and DL throughput.
This gain significantly improves as the number of small cells increases.
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Figure 5.17: Uplink and downlink UE average throughput with conventional TDD or dynamic TDD, with decoupling
or without decoupling vs number of small cells with Nu = 100 and η = 0 dB.
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Figure 5.18: Uplink UE average throughput with conventional TDD or dynamic TDD, with decoupling or without
decoupling vs number of small cells with Nu = 100 and η = 0 dB.

5.5 Conclusion

The focus in this chapter was to study and assess the gains that different association policies can bring to a dynamic
TDD HetNet system in response to various traffic loads. We have presented simulation results based on a system
level simulator under which additional modules have been developed to motivate our system model. We have cre-
ated appropriate simulation environment that is relative to real scenarios, i.e. simulations where multiple small cells
are deployed in a heavy loaded HetNet system and under various traffic loads. These simulations consider random
users distribution with scheduling decisions in both the uplink and the downlink directions. We benefit from the
system level simulator developed in this chapter to analyze the outcome of an adaptive TDD and decoupling policy
compared to conventional HetNets. Relying on the proposed algorithm, we have shown the performance results
of a joint dynamic TDD with coupled/decoupled user association policies in a dense HetNet deployment. The find-
ings confirm that the DeUD_PO policy can achieve high gains in the 5th and 50th percentile throughput. However,
DeUD_PL policy outperforms both CoUD and DeUD PO cases when comparing the average throughput per user,
regardless of the number of deployed small cells.
Also, we have observed that the DeUD_PO policy causes a balance in the users’ outage probability between macro
cell and small cells, contrary to CoUD and DeUD_PL association policies. Additionally, we have realized that the
DeUD_PL policy outperforms the CoUD case, in terms of total average UL throughput irrespective of the small cell
downlink power. This is due mainly to the fact that the decoupling policy improves the average UL throughput of
both macro and small cell users, whereas the coupled policy improves the UL throughput of small cell edge users.
Moreover, it is further observed that the proposed algorithm (Dynamic TDD with DeUD) yields significant perfor-
mance improvements in UL and DL throughput compared to a number of conventional schemes, especially in
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dense HetNet deployment and in highly loaded systems. Also, we have noticed that during low traffic conditions, the
dynamic TDD feature, by dynamically adjusting the DL/UL resources, can improve the overall system performance
without having recourse to the decoupling policy.
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Chapter 6

Conclusion

In this chapter, we summarize the conclusions that we have drawn from this research, and we provide directions for
future work.

6.1 Summary of Conclusions

This thesis addresses the challenge of integrating both TDD and uplink / downlink decoupling techniques into the
same model as a first step and to integrate them into the same simulator as a second step.
Developing a statistical model for a given cellular system plays an imperative role in the design and analysis of
that wireless cellular system. In our case, it offers a simple analysis tool to assess a given TDD/Decoupling-based
HetNet deployment. The analytical formulas provide relevant insights about network performance without the need
for time consuming Monte-Carlo Simulations. Our proposed tool is also useful for network designers who can use it
to determine the range of deployment parameters given a target QoS.
Therefore, and in order to meet the first thesis objective and evaluate the system performance when implementing
a dynamic TDD mechanism associated with uplink / downlink decoupling, we have developed a statistical and
analytical framework that was segregated into three main sections:

• TDD Statistical Model in a Single Small Cell Environment: We have proposed an uplink and a downlink
inter-cell interference model for a dynamic TDD HetNet system considering various distance distributions. We
have considered a network consisting of one macro cell and one small cell. We have first derived an analytical
expression for the distribution of the interfering distance considering all possible interference scenarios that
could occur in TDD-based networks while taking into account the harmful impact of interference. Secondly,
based on the latter result, we have derived the distribution and moment generating function (MGF) of the
uplink and downlink inter-cell interference. Same has been applied to the location of the reference small cell
user and thus, to the distribution of the desired signal. Finally, we have built on the derived expressions for
interference and desired signal to analyze the average capacity of the reference cell in both uplink and down-
link transmissions. The proposed model provides a valuable tool to evaluate the system performance in terms
of downlink/uplink average capacity. The provided numerical results help in optimizing the design parameters
under various conditions. For example, the system performance was evaluated when controlling the macro
user transmission power. Further, the effect of large path loss exponents proved to enhance the performances
of small cell users.
Monte-Carlo simulation results have been provided to demonstrate the accuracy of the derived analytical ex-
pressions, including 95% confidence intervals of disparity measures. When evaluating the capacity expression
over 4 TDD sub frames, the execution time was found to be reduced by more than 50% compared to the time
required to run 10 000 Monte-Carlo simulations over the same period.

• Modeling of Various Association Policies in a Single Small Cell Environment: We have conducted both
downlink and uplink performance comparison study for four various cell association rules in TDD HetNet,
based on a geometric probability approach. The network was consisting of one macro cell and one small cell.
Two cases were considered with UL/DL coupled access and two others with decoupled access. This section
complements the previous one by modeling the decoupling technique on top of the TDD HetNet model. Taking
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all possible TDD subframes combinations between the macro and small cells, four coupled and decoupled cell
associations strategies have been investigated in details. This study provides more complete insights into
the benefits of decoupling mode in different network deployments with multiple input requirements. We have
observed that the decoupling case brings greater benefits in the uplink and maintains the same improvement
in the downlink for various offset values and thus, improves the overall system performance when being com-
bined with a dynamic TDD technology. The same improvement in UL has been observed for the coupled
access with small cell case. However and as expected, we have noticed that the coupled access with small
cell case, i.e. the CRE technique, leads to a degradation in downlink spectral efficiency due mainly to the
macro BS downlink interference affecting the users in the CRE region. As for the reverse decoupling case, we
have captured a degradation in spectral efficiency for both UL and DL directions. On another note, we have
found out that our modeled network can be further optimized when choosing a specific small cell offset as a
trade-off between UL and DL spectral efficiencies.

• Joint Modeling of TDD and Decoupling in Multiple Small Cells Environment: We have developed a joint
TDD and DeUD statistical model with multiple small cells deployment. This study was based on a geometric
probability approach and considered the modeling of both cross-tier and co-tier interferences, in addition to
the average user spectral efficiency. The cross-tier interference is the interference incurred at one tier (ref-
erence small cell) arising from the other tier (macro cell), whereas the co-tier interference is the interference
incurred at the reference small cell arising from other small cells. We have analyzed, in a multiple small cells
environment, the uplink and downlink decoupling gains as a function of both the small cell offset factor and
the distance between small cells. Uplink power control have been added as well to the developed model.
This mechanism was based on the open-loop power control strategy standardized in 3GPP LTE. Moreover,
the developed statistical model has been adapted to consider an unsynchronized TDD configuration across
small cells, in addition to the initial synchronized TDD configuration. Monte-Carlo simulations results have
been presented to validate the accuracy of this model. Confidence intervals are derived for a sample mean,
using the sample data values themselves. In this case, the computational time for running 1 000 000 Monte-
Carlo simulations was given by 4 570 seconds which is significantly larger, when compared to the analytical
expression evaluation time. This explained the strong need for an analytical model as a replacement for the
time consuming Monte-Carlo simulations, especially in multiple small cells environments.
Regarding our findings, we have observed that the decoupling case brings higher uplink and downlink through-
puts for various offset values. Furthermore, we have realized that our modeled network can be further opti-
mized by adopting the optimal combination of both the small cell offset factor and the distance between small
cells. Identifying the location of the small cell interferer and the small cell offset factor will help in improving
the gain that the decoupling mode can bring to a multiple small cells TDD HetNet. Considering a power con-
trol mechanism has reduced uplink throughputs and increased downlink throughputs for various association
policies. Moreover, implementing the power control mechanism with various association policies has caused
a reduction in mobile users’ uplink power consumption, especially in the coupled with macro cell case. A
slight decrease in uplink throughput has been noticed for different association policies when considering the
unsynchronized TDD case. Also, an improvement in the uplink decoupling gain has been detected in the case
of an unsynchronized TDD configuration.

It is worth mentioning that the proposed model plays an imperative role in evaluating the system performance
metrics such as spectral efficiency, decoupling gain and average power consumption. However, this model eval-
uates the average capacity of only one user and without addressing the traffic adaptation and dynamic resource
allocation challenges. Also, it doesn’t consider a variable slow and fast fading. Including these enhancements in
our model will incur huge computational complexity and any assumption made at this stage in the design parame-
ters, aiming to reduce model complexity will lead to non-realistic results. For this reason, we have implemented a
5G HetNet system level simulator that supplements an existing LTE simulator. By this implementation, we will be
answering the second thesis objective and discovering the benefits of an adaptive TDD and decoupling compared
to conventional HetNets. We have created appropriate simulation environment that is relative to real scenarios i.e.
simulations where multiple small cells are deployed in a heavy loaded HetNet system and under various traffic loads.
These simulation scenarios consider random users distribution with scheduling decisions in both the uplink and the
downlink directions. Our objective was to prove that there is an optimal combination between both the macro cell
and the small cells TDD configurations from one side and the decoupling association with its various parameters
from the other side, and this with respect to any change in the system, especially in the UL/DL traffic ratio:
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• Adaptive TDD and Decoupling in 5G HetNets: Simulation-Based Evaluation: We have presented sim-
ulation results based on a system level simulator under which additional modules have been developed to
motivate our system model. Relying on the proposed algorithm, we have shown the performance results of
a joint dynamic TDD with coupled/decoupled user association policies in a dense HetNet deployment. The
implemented association policies are as follows:

– Cell association criteria in DL and UL is based on DL Reference Signal Received Power (RSRP) which
is the conventional LTE user association policy. This case is referred to as CoUD.

– Cell association criteria in DL is based on DL Reference Signal Received Power (RSRP) whereas the
criteria in UL is based on the uplink received power with cell selection offset in case of a small cell. This
case is referred to as DeUD_PO.

– Cell association criteria in DL is based on DL Reference Signal Received Power (RSRP) whereas the
criteria in UL is based on the path loss. This case is referred to as DeUD_PL.

The findings confirm that the DeUD_PO policy can achieve high gains in the 5th and 50th percentile through-
put. However, DeUD_PL policy outperforms both CoUD and DeUD PO cases when comparing the average
throughput per user, regardless of the number of deployed small cells. Also, we have observed that the
DeUD_PO policy causes a balance in the users’ outage probability between macro cell and small cells, con-
trary to CoUD and DeUD_PL association policies. Additionally, we have realized that the DeUD_PL policy
outperforms the CoUD case, in terms of total average UL throughput irrespective of the small cell downlink
power. This is due mainly to the fact that the decoupling policy improves the average UL throughput of both
macro and small cell users, whereas the coupled policy improves the UL throughput of small cell edge users.
Findings confirm as well, that in the conventional CoUD case, most of the users are connected to the macro
cell and the small cells are under-utilized. On the other hand, the users in the DeUD_PL case appear to be
distributed in a more homogeneous way among the macro cell and the small cells, which ensures much more
efficient resource utilization.

Moreover, it has been further observed that the proposed algorithm (Dynamic TDD with DeUD_PL) yields sig-
nificant performance improvements in UL and DL throughput compared to a number of conventional schemes,
especially in dense HetNet deployment and in highly loaded systems. This can be explained by the fact that
the DeUD is more effective while dealing with higher interference levels mostly experienced in high load con-
ditions. Also, we have noticed that during low traffic conditions, the dynamic TDD feature by dynamically
adjusting the DL/UL resources can improve the overall system performance without adopting the decoupling
policy.

6.2 Future Directions

We expose hereafter the future perspectives of the work in subsections 6.2.1, and 6.2.2, exposing short and long
term perspectives respectively.

6.2.1 Short Term Perspectives

For short term perspectives, we propose to consider non-uniform users distribution including the case where the
users can be present in the same place at the exact same time. Another possible extension is to consider various
composite fading channel models in both macro and small cells and thus, incorporate new design parameters
in the developed model. The derived expressions can be also considered to evaluate other important network
performance metrics such as network outage and average user fairness, numerically. Moreover, a future work can
focus on studying the network architectural and design changes that would enable the decoupling of UL and DL
and which includes signaling and radio access protocols. This future work should outline the architectural changes
required to facilitate the decoupled UL/DL. Based on a 3GPP architecture, several different degrees of decoupling
were proposed which mainly differ in the rigor of decoupling and the chosen anchor points in the RAN/core. A
solution can be with the centralized C-RAN technology that could be considered to gather all signaling information
in UL and DL from different base stations, in a centralized cloud ready to be shared with users associated with
different base stations.
Further, combining the decoupling approach with other emerging paradigms, such as COMP, mmWave, D2D and
Massive MU-MIMO, would be interesting items for future work. For example, massive MIMO technique introduces
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either diversity or spatial multiplexing gain, improving energy and spectral efficiencies, and deriving more power
savings. As for the COMP technique, it is the key technique to improve the cell-edge throughput and/or system
throughput in a HetNet based system.

6.2.2 Long Term Perspectives

As for long term perspectives, it is paramount to investigate the performance of the decoupling mode in 5G TDD
systems with hybrid HetNet deployment, where mmWave small cells (for example) are supposed to be deployed as
an overlay to traditional sub-6GHz macro cells. This inter-band connectivity in 5G networks between two different
radio technologies (RAT) has been clearly described in 3GPP Release 16. As an example, a mobile user hosting a
video streaming session which generally requires a high downlink throughput, will be associated in DL to a mmwave
BS that offers a large bandwidth and thus a high throughput. However in UL, the mobile user suffering from a trans-
mitted signal power limitation will be associated to a low frequency LTE BS to compensate and increase its uplink
coverage.
Additionally, resorting to learning techniques to dynamically decide the best combination between the TDD scheme
and the user association policy and this adapting to dynamic traffic load variations, would also be an interesting fol-
low up work. Also, these learning algorithms should as well dynamically decide which procedure to adopt regarding
the rate of deployment or change of each technique. For example, the association process for both UL and DL can
be performed in a slower rate compared to the change in TDD reconfiguration rate.
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Appendix A

A.1 About LTE-Sim

LTE-Sim is an open source framework to simulate LTE networks mainly developed by G. Piro and F.Capozzi [121] .
It encompasses several aspects of LTE networks, including both the Evolved Universal Terrestrial Radio Access (E-
UTRAN) and the Evolved Packet System (EPS). It supports single and multi-cell environments, QoS management,
multi users environment, user mobility, handover procedures, and frequency reuse techniques. Three kinds of
network nodes are modeled: user equipment (UE), evolved Node B (eNB) and Mobility Management Entity/Gateway
(MME/GW). Four different traffic generators at the application layer have been implemented and the management
of data radio bearer is supported. Finally, well-known scheduling strategies (such as Proportional Fair, Modified
Largest Weighted Delay First, and Exponential Proportional Fair), AMC scheme, Channel Quality Indicator feedback,
frequency reuse techniques, and models for physical layer have been developed.

A.2 Running LTE-Sim Simulator

Running LTE-Sim under windows was done following the below steps:

1. Install the Java JRE (1.7 or higher) from Oracle.

2. Install MinGW (0.5-beta - 20120426 - 1 or later). During the Select Components step, select "C++ Compiler"
and "MSYS Basic System" for installation.

3. Download/Install Eclipse IDE for C++ Developers.

4. Create a new C++ Project.

5. Add "-static-libgcc -static-libstdc++" as Linker flags for the new project (Under the Project Properties, expand
the C/C++ Build menu and click on Settings. Under the Tool Settings tab, expand the MinGW C++ Linker
menu and click on Miscellaneous. Add the text to the Linker flags field.)

6. Download the LTE-Sim C++ open source project.

7. Copy/paste all files of LTE-Sim/src into the src folder of the newly created C++ project under Eclipse.

8. Run the project.

A.3 LTE-Sim Upgrade

In order to implement all aspects related to our proposal, we have upgraded LTE-Sim by means of new classes and
functionalities listed below:
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A.3.1 Uplink Channel Quality

The uplink process in LTE-Sim has been optimized by considering the below updates to the source code:

Add the uplink interference object to EnbLtePhy::EnbLtePhy() function:

Interference *interference = new Interference ();

SetInterference (interference);

Initialize a new variable under the structure EnodeB:UserEquipmentRecord called std::vector int mcqFeedback
to store the uplink channel quality:

std::vector<int> m_cqFeedback;

void SetCQ (std::vector<int> cq);

std::vector<int> GetCQ (void) const;

Add NetworkNode* src parameter to EnbLtePhy::StartRx function. In this case, src parameter will be the UE (user
equipment). Under this function, we will include the uplink interference and calculate the uplink channel quality per
RB for each pair of (enb,Ue) as follows:

if (GetInterference() != NULL) {

interference = GetInterference() - >

ComputeENodebInterference((ENodeB * ) GetDevice(), chId);

} else {

interference = 0;

}

noise_interference = 10. * log10(pow(10., NOISE / 10) + interference);

// dB

measuredSinr.push_back(power - noise_interference);

chId++;

}

AMCModule * amc = src - > GetProtocolStack() - > GetMacEntity() - > GetAmcModule();

std::vector < int > cqi = amc - > CreateCqiFeedbacks(measuredSinr);

UserEquipment * ue = (UserEquipment * ) src;

ENodeB * enb = (ENodeB * ) GetDevice();

ENodeB::UserEquipmentRecord * record = enb - >

GetUserEquipmentRecord(ue - > GetIDNetworkNode());

if (record != NULL) {

record - > SetCQ(cqi);

}

We create a new function named Interference:ComputeENodebInterference to include the uplink interference:

double Interference::ComputeENodebInterference(ENodeB * enb, int rb) {

UserEquipment * ue;

double interference = 0;

std::vector < UserEquipment * > * ues = NetworkManager::Init() -

> GetUserEquipmentContainer();

std::vector < UserEquipment * > ::iterator it;

for (it = ues - > begin(); it != ues - > end(); it++) {

ue = ( * it);
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if (enb - > GetIDNetworkNode() != ue - > GetTargetNode() - > GetIDNetworkNode() &&

enb - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw() ==

ue - > GetTargetNode() - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw())

if (ue - > GetChannelsForTx().size() > 0 && ue - > IsRBinChannelTx(rb))

{

double powerTXForSubBandwidth = 10 * log10(

pow(10., (ue - > GetPhy() - > GetTxPower() - 30) / 10) /

ue - > GetChannelsForTx().size());

double nodeInterference_db = powerTXForSubBandwidth - 10 -

ComputePathLossForInterference(enb, ue); // in dB

double nodeInterference = pow(10, nodeInterference_db / 10);

interference += nodeInterference;

}

}

return interference;

}

Getting the channel quality value within the UplinkPacketScheduler:: SelectUsersToSchedule function:

user->m_transmittedData = 0;

user->m_channelContition = record->GetCQ ();

Add the following variable std::vector int mchannelsForTx under UserEquipment class to store the allocated
RBs for each user, calculated already by the uplink scheduler.

Add the below appropriate functions as members of the same class:

bool UserEquipment::IsRBinChannelTx(int rb) {

for (std::vector < int > ::iterator it = m_channelsForTx.begin();

it != m_channelsForTx.end(); it++) {

int channel = ( * it);

if (channel == rb) return true;

}

return false;

}

void UserEquipment::SetChannelsForTx(std::vector < int > channelsForTx) {

m_channelsForTx.clear();

m_channelsForTx = channelsForTx;

}

std::vector < int > UserEquipment::GetChannelsForTx(void) {

return m_channelsForTx;

}

Modify UeLtePhy::ReceiveIdealControlMessage to set the allocated sub channels for each user:

NetworkManager::Init() - > GetUserEquipmentByID(node) -

> SetChannelsForTx(m_channelsForTx);

Add a new function called ResetChannelsForTx to reset user RBs allocation on each subframe:
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void UserEquipment::ReSetChannelsForTx() {

m_channelsForTx.clear();

}

A.3.2 Dynamic TDD

This will require adding the function FrameManager::GetMicroSubFrameType and updating
FrameManager::ResourceAllocation function, as per the below :

int FrameManager::GetMicroSubFrameType (int nbSubFrame)

{

return TDDConfigurationMicro [GetMicroTDDFrameConfiguration ()][nbSubFrame-1];

}

void FrameManager::ResourceAllocation(void)

{ .....

if (((record - > GetNodeType() == NetworkNode::TYPE_ENODEB) &&

GetSubFrameType(GetNbSubframes()) == 0) ||

((record - > GetNodeType() == NetworkNode::TYPE_MICROENODEB) &&

GetMicroSubFrameType(GetNbSubframes()) == 0)) {

#

ifdef FRAME_MANAGER_DEBUG

std::cout << " FRAME_MANAGER_DEBUG: SubFrameType = "

" SUBFRAME_FOR_DOWNLINK " << std::endl;#

endif

//record->DownlinkResourceBlokAllocation();

Simulator::Init() - > Schedule(0.0, & ENodeB::DownlinkResourceBlokAllocation, record);

} else if (((record - > GetNodeType() == NetworkNode::TYPE_ENODEB) &&

GetSubFrameType(GetNbSubframes()) == 1) ||

((record - > GetNodeType() == NetworkNode::TYPE_MICROENODEB) &&

GetMicroSubFrameType(GetNbSubframes()) == 1)) {

#

ifdef FRAME_MANAGER_DEBUG

std::cout << " FRAME_MANAGER_DEBUG: SubFrameType = "

" SUBFRAME_FOR_UPLINK " << std::endl;#

endif

//record->UplinkResourceBlockAllocation();

Simulator::Init() - > Schedule(0.0, & ENodeB::UplinkResourceBlockAllocation, record);

}

A.3.3 Cross-link Interference

We first introduce the calculation of the UL to DL interference at the mobile user level with the
Interference::ComputeInterference function as follows:

double Interference::ComputeInterference(UserEquipment * ue, int rb) {

ENodeB * node;

UserEquipment * ue1;

ENodeB::UserEquipmentRecord * record;

vector < ENodeB::UserEquipmentRecord * > ::iterator iter;

double interference = 0;

std::vector < ENodeB * > * eNBs = NetworkManager::Init() - > GetENodeBContainer();

std::vector < ENodeB * > ::iterator it;
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for (it = eNBs - > begin(); it != eNBs - > end(); it++) {

node = ( * it);

if (((node - > GetNodeType() == NetworkNode::TYPE_MICROENODEB) &&

FrameManager::Init() - > GetMicroSubFrameType(FrameManager::Init() - > GetNbSubframes()) ==

1) || ((node - > GetNodeType() == NetworkNode::TYPE_ENODEB) &&

FrameManager::Init() - > GetSubFrameType(FrameManager::Init() - > GetNbSubframes()) ==

1))

// UL- DL interference

{

if (node - > GetIDNetworkNode() != ue - > GetTargetNode() - > GetIDNetworkNode() &&

node - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw() ==

ue - > GetTargetNode() - > GetPhy() - > GetBandwidthManager() - > GetDlOffsetBw()) {

for (iter = node - > GetUserEquipmentRecords() - > begin();

iter != node - > GetUserEquipmentRecords() - > end(); iter++) {

record = ( * iter);

ue1 = record - > GetUE();

if (ue1 - > GetChannelsForTx().size() > 0 && ue1 - > IsRBinChannelTx(rb))

{

double distance = ue1 - > GetMobilityModel() - > GetAbsolutePosition() - > GetDistance(

ue - > GetMobilityModel() - > GetAbsolutePosition());

if (distance != 0) {

double powerTXForSubBandwidth = 10 * log10(

pow(10., (ue1 - > GetPhy() - > GetTxPower() - 30) / 10) /

ue1 - > GetChannelsForTx().size());

double nodeInterference_db = powerTXForSubBandwidth - 10 -

ComputePathLossForInterference(ue1, ue); // in dB

double nodeInterference = pow(10, nodeInterference_db / 10);

interference += nodeInterference;

}

}

}

}

} else

// DL- DL interference

if (node - > GetIDNetworkNode() != ue - > GetTargetNode() - > GetIDNetworkNode() &&

node - > GetPhy() - > GetBandwidthManager() - > GetDlOffsetBw() ==

ue - > GetTargetNode() - > GetPhy() - > GetBandwidthManager() - > GetDlOffsetBw()) {

double powerTXForSubBandwidth = 10 * log10(

pow(10., (node - > GetPhy() - > GetTxPower() - 30) / 10) /

node - > GetPhy() - > GetBandwidthManager() - > GetDlSubChannels().size());

double nodeInterference_db = powerTXForSubBandwidth - 10 -

ComputePathLossForInterference(node, ue); // in dB
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double nodeInterference = pow(10, nodeInterference_db / 10);

interference += nodeInterference;

}

}

return interference;

}

Second, we introduce the calculation of the DL to UL interference at the base station level with the
Interference::ComputeENodebInterference function as follows:

double Interference::ComputeENodebInterference(ENodeB * enb, int rb) {

ENodeB * node;

UserEquipment * ue1;

ENodeB::UserEquipmentRecord * record;

vector < ENodeB::UserEquipmentRecord * > ::iterator iter;

double interference = 0;

std::vector < ENodeB * > * eNBs = NetworkManager::Init() - > GetENodeBContainer();

std::vector < ENodeB * > ::iterator it;

for (it = eNBs - > begin(); it != eNBs - > end(); it++) {

node = ( * it);

if (((node - > GetNodeType() == NetworkNode::TYPE_MICROENODEB) &&

FrameManager::Init() - > GetMicroSubFrameType(FrameManager::Init() - > GetNbSubframes()) ==

1) || ((node - > GetNodeType() == NetworkNode::TYPE_ENODEB) &&

FrameManager::Init() - > GetSubFrameType(FrameManager::Init() - > GetNbSubframes()) ==

1))

// UL-UL interference

{

if (node - > GetIDNetworkNode() != enb - > GetIDNetworkNode() &&

node - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw() ==

enb - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw()) {

for (iter = node - > GetUserEquipmentRecords() - > begin();

iter != node - > GetUserEquipmentRecords() - > end(); iter++) {

record = ( * iter);

ue1 = record - > GetUE();

if (ue1 - > GetChannelsForTx().size() > 0 && ue1 - > IsRBinChannelTx(rb))

{

double powerTXForSubBandwidth = 10 * log10(

pow(10., (ue1 - > GetPhy() - > GetTxPower() - 30) / 10) /

ue1 - > GetChannelsForTx().size());

double nodeInterference_db = powerTXForSubBandwidth - 10 -

ComputePathLossForInterference(ue1, enb); // in dB

double nodeInterference = pow(10, nodeInterference_db / 10);

interference += nodeInterference;
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}

}

}

} else

// DL-UL interference

if (node - > GetIDNetworkNode() != enb - > GetIDNetworkNode() &&

node - > GetPhy() - > GetBandwidthManager() - > GetDlOffsetBw() ==

enb - > GetPhy() - > GetBandwidthManager() - > GetUlOffsetBw()) {

double powerTXForSubBandwidth = 10 * log10(

pow(10., (node - > GetPhy() - > GetTxPower() - 30) / 10) /

node - > GetPhy() - > GetBandwidthManager() - > GetDlSubChannels().size());

double nodeInterference_db = powerTXForSubBandwidth - 10 -

ComputePathLossForInterference(node, enb); // in dB

double nodeInterference = pow(10, nodeInterference_db / 10);

interference += nodeInterference;

}

}

A.3.4 Decoupling

To implement the DeUD_PO policy under the system level simulator, we create three new functions
NetworkManager::SelectTargetNodeUplinkOffset, HandoverEntity::CheckHandoverUplinkNeedOffset, and Power-
BasedHoManager::CheckHandoverNeedUplinkOffset as follows:

void NetworkManager::SelectTargetNodeUplinkOffset(UserEquipment * ue, double bias) {

NetworkNode * targetNode = ue - > GetTargetNode();

if (targetNode - > GetProtocolStack() - > GetRrcEntity() - >

GetHandoverEntity() - > CheckHandoverUplinkNeedOffset(ue, bias)) {

NetworkNode * newTagertNode =

targetNode - > GetProtocolStack() - > GetRrcEntity() - >

GetHandoverEntity() - > GetHoManager() - > m_target;

ue - > SetTargetNode(newTagertNode);

}

}

bool HandoverEntity::CheckHandoverUplinkNeedOffset(UserEquipment * ue, double bios) {

return GetHoManager() - > CheckHandoverNeedUplinkOffset(ue, bios);

}

bool PowerBasedHoManager::CheckHandoverNeedUplinkOffset(UserEquipment * ue, double bias)

{

NetworkNode * targetNode = ue - > GetTargetNode();

double TXpower = 10 * log10(

pow(10., (ue - > GetPhy() - > GetTxPower() - 30) / 10) /

ue - > GetPhy() - > GetBandwidthManager() - > GetUlSubChannels().size());

double pathLoss = ComputePathLossForInterference(ue, targetNode);
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double targetRXpower = TXpower - pathLoss;

double RXpower;

std::vector < ENodeB * > * listOfNodes = NetworkManager::Init() - > GetENodeBContainer();

std::vector < ENodeB * > ::iterator it;

for (it = listOfNodes - > begin(); it != listOfNodes - > end(); it++) {

if (( * it) - > GetIDNetworkNode() != targetNode - > GetIDNetworkNode()) {

NetworkNode * probableNewTargetNode = ( * it);

TXpower = 10 * log10(

pow(10., (ue - > GetPhy() - > GetTxPower() - 30) / 10) /

ue - > GetPhy() - > GetBandwidthManager() - > GetUlSubChannels().size());

pathLoss = ComputePathLossForInterference(ue, probableNewTargetNode);

RXpower = TXpower - pathLoss;

if (( * it) - > GetNodeType() == NetworkNode::TYPE_MICROENODEB) RXpower += bias;

if (RXpower > targetRXpower) {

if (NetworkManager::Init() - > CheckHandoverPermissions(probableNewTargetNode, ue)) {

targetRXpower = RXpower;

targetNode = probableNewTargetNode;

}

}

}

}

if (ue - > GetTargetNode() - > GetIDNetworkNode() != targetNode - > GetIDNetworkNode()) {

m_target = targetNode;

return true;

} else {

return false;

}

}

To implement the DeUD_PL policy under the system level simulator, we create as well three new functions
NetworkManager::SelectTargetNodeUplink, HandoverEntity::CheckHandoverUplinkNeed, and PowerBased-
HoManager::CheckHandoverNeedUplink as follows:

void NetworkManager::SelectTargetNodeUplink(UserEquipment * ue) {

NetworkNode * targetNode = ue - > GetTargetNode();

if (targetNode - > GetProtocolStack() - > GetRrcEntity() - >

GetHandoverEntity() - > CheckHandoverUplinkNeed(ue)) {

NetworkNode * newTagertNode =

targetNode - > GetProtocolStack() - > GetRrcEntity() - >

GetHandoverEntity() - > GetHoManager() - > m_target;

ue - > SetTargetNode(newTagertNode);

}

}

bool HandoverEntity::CheckHandoverUplinkNeed(UserEquipment * ue) {
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return GetHoManager() - > CheckHandoverNeedUplink(ue);

}

bool PowerBasedHoManager::CheckHandoverNeedUplink(UserEquipment * ue) {

NetworkNode * targetNode = ue - > GetTargetNode();

double targetpathloss = ComputePathLossForInterference(ue, targetNode);

double pathloss;

std::vector < ENodeB * > * listOfNodes = NetworkManager::Init() - > GetENodeBContainer();

std::vector < ENodeB * > ::iterator it;

for (it = listOfNodes - > begin(); it != listOfNodes - > end(); it++) {

if (( * it) - > GetIDNetworkNode() != targetNode - > GetIDNetworkNode()) {

NetworkNode * probableNewTargetNode = ( * it);

pathloss = ComputePathLossForInterference(ue, probableNewTargetNode);

if (pathloss < targetpathloss) {

if (NetworkManager::Init() - > CheckHandoverPermissions(probableNewTargetNode, ue)) {

targetpathloss = pathloss;

targetNode = probableNewTargetNode;

}

}

}

}

if (ue - > GetTargetNode() - > GetIDNetworkNode() != targetNode - > GetIDNetworkNode()) {

m_target = targetNode;

return true;

} else {

return false;

}

}

A.3.5 Multiple Small Cells

To allow multiple small cells deployment, we create a new function that will randomly distribute the small cells inside
the macro cell region. This function called GetUniformMicroCellsDistribution is created under
/src/utility/UsersDistribution.h:

static vector < CartesianCoordinates * > *

GetUniformMicroCellsDistribution(int idCell, int nbMicroCell, double microRadius) {

NetworkManager * networkManager = NetworkManager::Init();

vector < CartesianCoordinates * > * vectorOfCoordinates = new vector < CartesianCoordinates * > ;

Cell * cell = networkManager - > GetCellByID(idCell);

double radius = (cell - > GetRadius() * 1000) * 0.8;

double maxRadius = radius - (microRadius * 1000);

CartesianCoordinates * cellCoordinates = cell - > GetCellCenterPosition();
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double r;

double angle;

for (int i = 0; i < nbMicroCell; i++) {

r = (double)(rand() % (int) maxRadius);

angle = (double)(rand() % 360) * ((2 * 3.14) / 360);

CartesianCoordinates * newCoordinates = GetCartesianCoordinatesFromPolar(r, angle);

//Compute absoluteCoordinates

newCoordinates - > SetCoordinateX(cellCoordinates - > GetCoordinateX() +

newCoordinates - > GetCoordinateX());

newCoordinates - > SetCoordinateY(cellCoordinates - > GetCoordinateY() +

newCoordinates - > GetCoordinateY());

vectorOfCoordinates - > push_back(newCoordinates);

}

return vectorOfCoordinates;

}

The creation of these small cells and their respective eNBs will be as follows:

// Creation of small cells

for (idCell = 1; idCell <= nbMicroCells; idCell++) {

vector < CartesianCoordinates * > * positions = GetUniformMicroCellsDistribution(0,

nbMicroCells, microRadius);

Cell * microCell = networkManager - > CreateCell(idCell, microRadius, 0.01,

positions - > at(idCell - 1) - > GetCoordinateX(),

positions - > at(idCell - 1) - > GetCoordinateY());

cells - > push_back(microCell);

std::cout << "Created MicroCell ID " << microCell - > GetIdCell() <<

" position " << microCell - > GetCellCenterPosition() - > GetCoordinateX() <<

" " << microCell - > GetCellCenterPosition() - > GetCoordinateY() << std::endl;

}

// Creation of small cells eNBs

for (int i = 0; i < nbMicroCells; i++) {

ENodeB * MicroEnb = networkManager - > CreateEnodeb(idEnb + 1 + i,

cells - > at(idEnb + 1 + i),

cells - > at(idEnb + 1 + i) - > GetCellCenterPosition() - > GetCoordinateX(),

cells - > at(idEnb + 1 + i) - > GetCellCenterPosition() - > GetCoordinateY(),

dlChannels - > at(i + 1), ulChannels - > at(i + 1), spectrum);

MicroEnb - > GetPhy() - > SetTxPower(30);

MicroEnb - > SetNodeType(NetworkNode::TYPE_MICROENODEB);

MicroEnb - > SetDLScheduler(ENodeB::DLScheduler_TYPE_PROPORTIONAL_FAIR);
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MicroEnb - > SetULScheduler(ENodeB::ULScheduler_TYPE_ROUNDROBIN);

std::cout << "Created MicroEnb" << " ID " << MicroEnb - > GetIDNetworkNode() <<

" cell " << MicroEnb - > GetCell() - > GetIdCell() <<

" Power " << MicroEnb - > GetPhy() - > GetTxPower() <<

" position " << MicroEnb - > GetMobilityModel() - > GetAbsolutePosition() - > GetCoordinateX() <<

" " << MicroEnb - > GetMobilityModel() - > GetAbsolutePosition() - > GetCoordinateY() <<

" channels " << MicroEnb - > GetPhy() - > GetDlChannel() - > GetChannelId() <<

MicroEnb - > GetPhy() - > GetUlChannel() - > GetChannelId() << std::endl;

}
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Résumé: La croissance rapide du trafic de don-
nées sans fil et des services intensifs en bande pas-
sante (voix sur IP, streaming vidéo, live streaming,
etc.) nécessite de trouver des solutions viables pour
améliorer la qualité de service et maximiser les per-
formances du réseau. Pour s’adapter à ces appli-
cations intensives en bande passante, les réseaux
cellulaires hétérogènes (HetNets) ont été introduits
dans le 3GPP comme l’une des principales carac-
téristiques pour répondre à ces exigences avancées.
Les opérateurs ont adopté des solutions HetNet pour
décharger le trafic d’une station de base macro (BS)
vers une petite cellule BS. Maintenant, en raison de
la différence de charges de trafic de liaison montante
(UL) et de liaison descendante (DL) attendues dans
les prochaines générations HetNets, il devient essen-
tiel d’ajuster dynamiquement les ressources UL/DL.
Pour soutenir cette nouvelle approche, le duplexage
temporel (TDD) dynamique a été proposé. Néan-
moins, l’importance d’UL se pose avec l’évolution des
réseaux sociaux et des solutions cloud. Par con-
séquent, il est très intéressant d’introduire de nou-
velles techniques qui atténuent les interférences de
l’UL, améliorent les débits UL et DL et permettent
également une meilleure utilisation des ressources ra-
dio en fournissant un équilibrage de charge adéquat
entre UL et DL. Une telle caractéristique supplémen-
taire est le découplage accès UL/DL. Afin d’aborder
les défis susmentionnés, un changement impératif
des HetNets classiques aux HetNets de nouvelle
génération (5G) émerge dans le but d’améliorer glob-
alement la performance du système.
Dans notre travail, nous développons d’abord un mod-
èle TDD dans HetNets. Dans ce modèle, nous
dérivons des expressions analytiques pour la distribu-
tion de l’emplacement du brouilleur considérant tous
les scénarios d’interférences possibles qui pourraient
se produire dans les réseaux basés sur TDD, tout en
tenant compte de l’impact nocif de cette interférence.
Basé sur ce dernier résultat, nous dérivons la fonc-
tion de distribution et de génération de moment (MGF)
de l’interférence intercellulaire montante et descen-
dante considérant un réseau composé d’une macro-
cellule et d’une petite cellule. Nous nous appuyons
sur les expressions dérivées pour analyser la capacité
moyenne de la cellule de référence dans les transmis-
sions en liaison montante et en liaison descendante.
Deuxièmement, nous développons un modèle statis-
tique conjoint TDD/découplage pour mettre en évi-
dence les avantages que le mode d’accès de décou-
plage peut apporter à un système basé sur HetNet

TDD, en termes d’efficacité spectrale UL et DL. Cette
étude était basée sur une approche de probabilité
géométrique. L’introduction du mode de découplage
nécessite une analyse approfondie de l’étude de com-
paraison avec le mode d’accès couplé UL/DL con-
ventionnel. Par conséquent, nous dérivons les statis-
tiques du signal d’interférence et du signal d’intérêt
des deux modes, puis analysons leur impact sur le
performance du système.
Ce travail a été étendu pour inclure le déploiement de
plusieurs petites cellules, où des aperçus supplémen-
taires sur les avantages du mode de découplage sont
fournies en termes de gains de découplage UL et DL.
Nous nous appuyons sur les expressions de capacité
dérivées dans le mode couplé et le mode découplé
pour calculer le gain de découplage et ainsi identifier
l’emplacement de la petite cellule interférente, où le
mode découplé maintient un gain plus élevé à la fois
en DL et en UL. Suite à la mise en œuvre du mod-
èle développé, il est démontré que le cas de décou-
plage apporte de plus grands avantages dans la liai-
son montante et maintient la même amélioration dans
la liaison descendante pour diverses valeurs de dé-
calage et, ainsi, améliore les performances globales
du système lorsqu’il est associé avec une technologie
TDD dynamique.
D’un autre côté, l’évaluation des avantages d’un TDD
adaptatif et du découplage dans un système basé
sur HetNet en fonction des charges de trafic vari-
ant dans le temps, nécessite de trouver un simula-
teur de niveau système où nous pouvons présenter
le motif derrière l’ adoption de découplage et de TDD
dynamique et évaluer avec précision le rôle de ces
techniques dans le problème d’optimisation UL / DL.
Nous créons un environnement de simulation appro-
prié qui est relatif à des scénarios réels, c’est-à-dire
des simulations où plusieurs petites cellules sont dé-
ployées dans un système HetNet lourdement chargé
et sous diverses charges de trafic. Ces scénarios
de simulation prennent en compte la distribution aléa-
toire des utilisateurs avec des décisions d’allocation
de ressources dans les directions montante et de-
scendante. À partir des scénarios de simulation mise
en œuvre, il est observé que l’algorithme adaptatif
proposé (TDD dynamique avec stratégies de décou-
plage) apporte des améliorations de performances
significatives dans le débit UL et DL par rapport à
un certain nombre de schémas conventionnels, prin-
cipalement dans le déploiement HetNet dense et dans
les systèmes fortement chargés.
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Abstract: The rapid growth in wireless data traffic
and bandwidth intensive services (voice over IP, video
streaming, live streaming, etc.) necessitates find-
ing viable solutions to improve service quality and
maximize the network performance. To accommo-
date these bandwidth intensive applications, hetero-
geneous cellular networks (HetNets) were introduced
in 3GPP as one of the main features to meet these ad-
vanced requirements. Operators have adopted Het-
Net solutions to offload traffic from a macro base sta-
tion (BS) to a small cell BS. Yet, because of the dif-
ference in uplink (UL) and downlink (DL) traffic loads
expected in the next HetNets generation, it becomes
essential to dynamically adjust UL/DL resources. To
support this new approach, dynamic time-division du-
plexing (TDD) has been proposed. Nevertheless, the
importance of UL arises along with the evolution of
social networking and cloud solutions. Therefore,
it is of great interest to introduce novel techniques
that mitigate UL interferences, improve UL and DL
throughputs and allow as well, a better use of radio re-
sources by providing adequate load balancing among
UL and DL. Such an additional feature is the decou-
pled UL/DL access. In order to address the aforemen-
tioned challenges, an important shift from classical
HetNets to next-generation HetNets (5G) is emerging
in the aim of improving overall system performance.
In our work, we first develop a TDD model in HetNets.
Under this model,we derive analytical expressions for
the distribution of the interferer location considering
all possible interference scenarios that could occur in
TDD-based networks, while taking into account the
harmful impact of interference. Based on the latter
result, we derive the distribution and moment gener-
ating function (MGF) of the uplink and downlink inter-
cell interference considering a network consisting of
one macro cell and one small cell. We build on the
derived expressions to analyze the average capacity
of the reference cell in both uplink and downlink trans-
missions.
Second, we develop a joint TDD/decoupling statisti-
cal model to highlight the benefits that the decoupling
access mode can bring to a HetNet TDD based sys-

tem, in terms of UL and DL spectral efficiencies and
throughputs. This study was based on a geomet-
ric probability approach. Introducing the decoupling
mode necessitates a thorough comparison study with
the conventional coupled UL/DL access mode. There-
fore, we derive the statistics of the interference signal
and the signal of interest of both modes and then an-
alyze their impact on the system performance.
This work was extended to include multiple small cells
deployment, where more insight into the benefits of
decoupling mode is provided in terms of UL and DL
decoupling gains. We build on the derived capacity
expressions in the coupled and decoupled modes to
calculate the decoupling gain and thus, identify the
location of the interferer small cell where the decou-
pled mode maintains a higher gain in both DL and
UL. Further to the implementation of the developed
model, it is shown that the decoupling case brings
greater benefits in the uplink and maintains the same
improvement in the downlink for various offset values
and thus, improves the overall system performance
when being combined with a dynamic TDD technol-
ogy.
On the other hand, evaluating the benefits of an adap-
tive TDD and decoupling in a HetNet based sys-
tem according to time-variant traffic loads, necessi-
tates finding a system level simulator where we can
present the motivation and accurately assess the role
of both decoupling and dynamic TDD techniques in
the UL/DL optimization problem. We create appro-
priate simulation environment that is relative to real
scenarios i.e. simulations where multiple small cells
are deployed in a heavy loaded HetNet system and
under various traffic loads. These simulation scenar-
ios consider random users distribution with scheduling
decisions in both the uplink and the downlink direc-
tions. From the applied simulation scenarios, it is ob-
served that the proposed adaptive algorithm (dynamic
TDD with decoupling policies) yields significant perfor-
mance improvements in UL and DL throughput com-
pared to a number of conventional schemes, mainly
in dense HetNet deployment and in highly loaded sys-
tems.
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