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Abstract
Meeting the seemingly never-ending increase in traffic over wireless networks presents a major challenge for future mobile network design. Given
that much of the traffic is expected to be more time-varying and unpredictable, time division duplexing (TDD) is gaining increasing favorability in
part thanks to its ability to better accommodate network-wide traffic variations. In order to account for traffic variations in individual cells on much
shorter time scales, a more flexible variant called dynamic TDD has resurfaced
as a promising technique to further improve resource utilization and performance. In dynamic TDD the traffic in each cell can be served immediately in
either direction, but generates same-entity interference which is potentially
more harmful. To avoid the much stronger downlink from saturating the uplink, this thesis considers dynamic TDD for dense and ultra-dense networks
where transmission powers in the two directions are of comparable strength.
Still, inter-cell interference remains an issue given the close proximity of some
links. Because of the large number of cells comprising dense and ultra-dense
networks, it is imperative that the interference management be both effective
and scalable, which is the main focus of this thesis.
In the first part we focus on scalable radio resource management (RRM).
We show that non-cooperative dynamic TDD is feasible for indoor ultradense deployment and highlight the benefit of employing beamsteering at
both the base station (BS) and user equipment (UE) to mitigate interference
distributively, especially at high load. Recognizing that beamsteering is better suited for higher frequencies and high data rate applications, we proceed
to investigate the efficacy of receive-side interference management in the form
of successive interference cancellation (SIC). Being that the interference distribution is different in dynamic TDD, we show that it suffices to cancel only
strongest interferer at the UE side and the two strongest interferers at the
BS. The combined benefit of SIC and dynamic TDD in reducing delay for
low-rate traffic is also displayed. Next, we introduce limited inter-cell information exchange in order to leverage the resource allocation in the medium
access control (MAC). To minimize the amount of information exchange and
preserve scalability, a scheduling framework is proposed that relates real-time
traffic to inter-BS interferences measured offline and mapped to the individual
activation probability of each BS. The proposed scheme is shown to perform
well with respect to comparable scalable schedulers when interference is high,
and optimally when interference is low.
In ultra-dense networks it is expected that some BSs might not have a UE
to serve. In the second part, we therefore introduce cooperation to utilize the
otherwise idle BSs to improve network performance. To mitigate both sameand other-entity interference, zero forcing (ZF) precoding is employed where
not only downlink UEs but also uplink BSs are included in the beamforming.
Results show that both uplink and downlink performance improves at low
and medium load, and that it is possible to trade performance in the two
directions at high load.

v
Sammanfattning
Att möta den till synes ständigt ökande trafikmängden i trådlösa nätverk
utgör en stor utmaning för utformningen av framtidens mobila nätverk. Med
tanke på att mycket av trafiken förväntas bli mer tidsvarierande och oförutsägbar har TDD blivit allt mer populärt dels tack vare dess förmåga att
bättre tillgodose trafikvariationer på nätverksnivå. För att bättre tillgodose
trafikvariationer också på cellnivå över mycket kortare tidsskalor har en mer
flexibel variant kallad dynamisk TDD dykt upp som en lovande lösning för att
förbättra resursallokeringen och prestanda. Dynamisk TDD tillåter trafiken i
varje cell att servas omedelbart oavsett riktning, men genererar å andra sidan
störningar också mellan enheter av samma typ som är potentiellt mer skadligt. För att undvika att den mycket starkare nedlänken dränker upplänken,
fokuserar denna avhandling på täta och ultratäta nätverk där sändareffekten
i båda riktningar är av liknande storleksordning. Till följd av det stora antalet
celler som utgör täta och ultratäta nätverk är det dock viktigt att störningshanteringen förblir både effektiv och skalbar, vilket också är vårt huvudfokus
i denna avhandling.
I den första delen fokuserar vi på skalbar radioresursallokering. Vi visar
på att icke-kooperativ dynamisk TDD är möjlig i ultratäta inomhusnätverk
och belyser nyttan av strålstyrning på både sändar- och mottagarsidan för
att hantera störningar på ett distribuerat sätt, framförallt när trafikbelastningen är hög. Med tanke på att strålstyrning är bättre lämpat för högre
frekvenser och för applikationer som kräver en hög datatakt, övergår vi till
att undersöka verkan av störningshantering på mottagarsidan i form av successiv störningseliminering, eller SIC. Med tanke på att störningsfördelningen
är annorlunda för dynamisk TDD visar vi att det är tillräckligt att eliminera
endast den starkaste störaren på mobilsidan, och de två starkaste störarna
på basstationssidan. Vi illustrerar också den samlade effekten av att kombinera SIC med dynamisk TDD för att minska tidsfördröjningen för trafik med
låg datatakt. I nästa steg inför vi ett begränsat informationsutbyte mellan
celler för att bättre utnyttja resursallokeringen i MAC-lagret. För att minimera mängden information och bibehålla skalbarheten föreslås ett ramverk för
schemaläggningen som relaterar realtidstrafik till mellancellsstörningar mellan
basstationerna uppmätt offline och som sedan omvandlas till individuella sändarsannolikheter för varje basstation. Det visar sig att den föreslagna metoden
presterar väl jämfört med andra skalbara schemaläggare när störningsnivån
är hög, och optimalt när störningsnivån är låg.
I ultratäta nätverk föreligger möjligheten att inte alla basstationer har en
aktiv användare. I den andra delen av avhandlingen införs därför aktivt samarbete mellan cellerna för att utnyttja också de annars inaktiva basstationerna
i syfte att förbättra den totala prestandan. För att mildra störningar mellan
enheter av samma och olika typ tillämpas förkodning i nedlänk där inte endast nedlänksanvändare men också basstationer i upplänk ingår. Resultaten
visar på att både upp- och nedlänksprestanda ökar vid låga och mellanhöga
trafikmängder. Det är dessutom möjligt växla prestanda i de två riktningarna
när trafikmängden är hög.
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Chapter 1

Introduction
The rapid development and adoption of wireless connectivity has managed to transform personal communication in a matter of a few decades and is expected to do
the same for machine-type communication in the years to come. Meeting the continued growth in data traffic volume, supporting more devices and connections,
improving reliability, and facilitating diverse applications and services are expected
to be the main drivers for the next generation of wireless communication systems,
see Figure 1.1. Improved coverage of high data rates for seamless connectivity
anywhere and anytime together with lower network and device energy consumption will also be part of the equation. To address these challenges, a plethora of
solutions are being proposed, including wider and higher bandwidths, more aggressive frequency reuse, and higher spectral efficiency through improvements in the
MAC and modulation and coding schemes, where the exact mix will depend on
the deployment scenario, intended use case, and cost. Among these, the concept
of ultra-dense networks (UDN) has gained increasing traction in the wireless community, and is considered a key solution in addressing the traffic demands for 2020
and beyond [1–3].
Densification is considered a promising approach to improve capacity and energy
efficiency in cellular networks. However, a consequence of densification and ultradensification in particular, is fewer served UEs per BS. As a result, UE diversity
might become very low and traffic in each cell be driven only by a few number of
UEs. This, combined with the burstiness of Internet protocols, is poised to generate
more asymmetric and unpredictable traffic. On top of this, the resource allocation
itself may also lead to more non-contiguous traffic—for example, buffering the data
before transmitting it in bursts is often more energy efficient as it allows the small
cells to “sleep” longer. To accommodate the time-varying traffic more efficiently,
dynamic TDD [4] is considered an interesting solution and an important component
in future wireless access system design. Compared to traditional static TDD systems where the time-resource allocation depends on long-term network-wide traffic,
dynamic TDD is based on instantaneous traffic, providing a more flexible alloca3
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Ultra-Reliable Low-Latency
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Figure 1.1: Use cases (eMBB, mMTC, URLLC) and examples of applications [5].

tion of time resources between uplink and downlink. Dynamic TDD can therefore
potentially increase time-resource utilization and limit delay by not having to defer
transmissions. On the downside, it induces new types of interferences between BSs
and UEs. Dynamic TDD might therefore be useful for applications where shorter
transmission time rather than high peak rate is more important. By also considering interference management, dynamic TDD can also be used for capacity-hungry
extreme mobile broadband-types of services. To this end, the feasibility of dynamic TDD in ultra-dense deployments in terms of performance, complexity, and
scalability should be investigated.

1.1
1.1.1

Background
Dense and Ultra-Dense Networks

Historically, densification is a proven concept in bringing about more network capacity, delivering roughly one to two orders of magnitude more than improvements
to the MAC and modulation and coding [6]. Densification with short-range small
cells known as femtocells represents a paradigm shift in wireless communications [7].
It is considered a cost-effective approach for providing capacity based on where the
actual traffic demand is, while overlaid wide-area macro cells provide blanket cov-

1.1. BACKGROUND
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erage and redundancy. It can also lead to better energy performance if the user
and control planes are separated; the macro cells which are always active provide
system information to the UEs while the small cells can go to sleep mode if there
is no data to send. Furthermore, the fact that small cells typically enjoy smaller
transmit powers means that they can be deployed with little to no restriction in
the existing environment, thereby removing some of the cost related to cell site
acquisition. On the other hand, the randomly deployed small cells may generate
stronger and more unpredictable interference that is more challenging to manage,
especially in closed access systems. There, users forced to connect to more distant
BSs rather than the closest small cell may ultimately generate more interference.
The fact that interferers appear increasingly in line-of-sight (LOS) as we densify
may further exacerbate the interference. Furthermore, extending availability of
high-capacity fixed backhauling to a large number of BSs can be difficult from a
cost perspective. Thus, some of the backhauling must be done over-the-air which
is more prone to delays. As a result, ensuring soft handover in a timely manner in
case of mobility also becomes more complicated in dense and ultra-dense networks.
Taking the concept of densification a step further, UDNs can be considered
a more extreme version of densification. Despite much attention in the past few
years, literature provides little consensus on what constitutes ultra-dense as different works appear to employ different definitions. In [8] ultra-dense is defined
as having at least 10 (one order of magnitude) LOS BSs observed by a typical
UE, as it is the LOS interferers that mainly limit the performance. Other works
such as [9, Section 2.1] instead define ultra-dense in terms of the inter-site distance
between BSs where, based on the UDN TDD frame numerology, UDNs are characterized by cell radii of roughly 10-100 meters. This is for example the case in
hotspots where the number of BSs per unit area needs to be high in order to serve
many connections simultaneously. Meanwhile, in [10] authors anticipate that multiantenna wireless systems operating at millimeter wave (mmWave) frequencies will
2
require 40 − 50 BSs/km to compensate for the limited range from the propagation
degradation and ensure seamless coverage. Building on the notion of density, it is
intuitive to think of UDN in terms of a massive deployment of small cells where the
cell range decreases with increasing BS density to the point where the number of
BSs exceeds the number of active UEs [11], a definition we will frequently employ
throughout this thesis.
To understand this, we may consider a sparse network first where spectral efficiency is fixed (it is known that under full load average spectral efficiency is independent of BS density [12]). Then, for a finite coverage area and fixed number of
UEs, densification leads to smaller cell sizes and fewer associated UEs per BS. By
deploying more and more BSs, bandwidth allocated to each UE increases linearly
with the number of offloaded UEs. Eventually there will be no more UEs to offload,
and the bandwidth reuse gain drops to zero. At this point, network capacity can no
longer be assumed to increase linearly. Clearly, the frequency reuse gain manifested
in the BS density represents a limiting point beyond which the network is said to

6
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Table 1.1: Characteristics of traditional and small-cell deployments [2].
Characteristic

Ultra-dense

Traditional

Architecture
Scenario
System bandwidth
BS types
BS backhaul

Heterogeneous, irregular
Indoor, hotspot
Hundreds of MHz
Pico, femto, relay
Ideal/non-ideal
(wired/wireless)
High
Low
High
Centralized
Cell site acquisition,
equipment, deployment,
spectrum

Single layer, regular
Outdoor wide-area
Tens of MHz
Macro, micro
Ideal (wired)

UE density
UE mobility
Traffic density
Control
Cost limitations

Low
High
Low/medium
Distributed
Backhaul, deployment

be ultra-dense. A consequence of the employed definition is that rural areas could
be considered ultra-dense as well; while the number of BSs in such cases is small,
the number of active UEs is even smaller such that the network, by this definition, becomes ultra-dense. By the same token, most networks can be considered
ultra-dense during low traffic hours. Some key differences between ultra-dense and
traditional cellular networks are listed in Table 1.1.
From literature we note that scaling of network capacity in ultra-dense regime
depends heavily on propagation environment. Assuming a single-slope path loss
model and Rayleigh fading, [11] showed network capacity to increase logarithmically. However, the single-slope assumption is overly simplistic and even unrealistic
for many scenarios. It is also to be expected that interferers will increasingly appear
in LOS or even in the receiver’s near-field in UDN. By considering a more realistic
bounded propagation model that includes shadowing, small-scale fading and BS association, network density has been shown to instead exhibit a maximum, implying
an upper limit to network densification (see [13, 14] and references therein).

1.1.2

TDD

One of the main advantages of TDD is channel reciprocity where, assuming block
fading, once the channel is estimated it can be used for transmission in any direction. This significantly reduces overhead attributed to training and signaling as
the number of spatial streams grows, especially in multi-antenna systems. TDD is
therefore considered the main duplexing technique to be used for mmWave bands.
Currently, the long-term evolution (LTE) standard as specified by the 3rd Generation Partnership Project (3GPP) supports TDD operation on several bands below
6 GHz [15] based on the frame structure and uplink-downlink configurations shown
in Figure 1.2 and Table 1.2, respectively. Channel reprocity also allows for simpler

1.2. DYNAMIC TDD
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Subframe #1
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Figure 1.2: LTE frame structure type 2 [17].

transceiver design as fewer components like oscillators and synthesizers are needed,
and the duplex filter can be replaced by a cheaper, more narrrowband version. If
frequency-division duplex (FDD) spectrum is scarce or expensive, then TDD may
be the only viable choice for an operator. Moreover, TDD utilizes the spectrum
more efficiently in case of asymmetric (biased) traffic. Under the transmission control protocol, [16] showed that for large file sizes TDD starts to outperform FDD.
On the downside, it may not be suitable for large-distance communication where
limits on round-trip time limit coverage. Switching between uplink and downlink
also means it does not provide continuous connectivity like FDD.

1.2

Dynamic TDD

In static TDD systems, cells are allocated dedicated subframes for uplink and downlink, respectively, to avoid overlapping transmissions. The ratio of dedicated subframes in each direction per frame is based on the average traffic measured over
a designated time period. This setup typically works well if the per-cell traffic in
each direction reflects the overall traffic in network; otherwise it can waste valuable
resources in the time domain as transmissions are deferred until a dedicated uplink
or downlink subframe reappears. The asymmetric traffic between cells is more pronounced in networks with low multi-user diversity such as dense and ultra-dense
networks where the per-cell demand is governed by only a few active UEs. It is
expected that asymmetric traffic will become more common in the future with the
proliferation of dense networks.
To make use of this traffic asymmetry, dynamic TDD allocates time resources
based on the instantaneous traffic in each cell. Dynamic TDD also appears in literature and in this thesis by the terms asymmetric, asynchronous, and flexible TDD.
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Table 1.2: Supported uplink-downlink configurations in LTE, with ’D’, ’U’ and ’S’
denoting the downlink, uplink, and special subframe, respectively [17].
Configuration
0
1
2
3
4
5
6

0

1

2

D
D
D
D
D
D
D

S
S
S
S
S
S
S

U
U
U
U
U
U
U

Subframe number
3
4
5
6
7
U
U
D
U
U
D
U

U
D
D
U
D
D
U

D
D
D
D
D
D
D

S
S
S
D
D
D
S

U
U
U
D
D
D
U

8

9

U
U
D
D
D
D
U

U
D
D
D
D
D
D

D:U ratio
2:6
4:4
6:2
6:3
7:2
8:1
3:5

The term switching point is sometimes used to denote the ratio between allocated
subframes to uplink and downlink in each frame, represented by a normalized value
in the range [0,1]. From a system-level perspective, we note that a simple way to
emulate dynamic TDD operation is to allow cells to employ any TDD configuration
from Table 1.2. The dynamic time allocation allows for faster adaption to instantaneous traffic compared to static TDD, but also generates new interferences into
the network due to the overlapping transmissions. In the context of dynamic TDD,
one usually differentiates between two types of interference:
• Other-entity: Refers to the interference found between different types of
equipment (UE-to-BS and BS-to-UE). These interferences are also found in
static TDD and FDD operation.
• Same-entity: Refers to the interference between same type of equipment (UEto-UE and BS-to-BS), and occur when uplink and downlink transmissions
take place in the same time-frequency resource. Also known as cross-link or
crossed-slot interference.
The signal and interference distribution in a four-cell TDD system with evenly
distributed uplink-downlink traffic is illustrated in Figure 1.3. Notice how quickly
the number of interfering links increases for dynamic TDD and the proximity of
some of the same-entity interference. These types of interferences may also appear
in overlaid communication such as heterogeneous and cognitive networks, in deviceto-device communication, inband full-duplex TDD systems, and WiFi based on the
IEEE 802.11 standard. The BS-to-BS interference is often detrimental to uplink
performance in traditional wide-area cellular networks where the elevated BSs have
LOS and transmit with a large output power compared to the much weaker uplink
UEs. By deploying short-range small cells, transmit powers can be reduced to
the same order of magnitude such that the interference experienced in the two
directions becomes much more similar. In such networks, it is instead the UEto-UE interference that is potentially more harmful. So, while dense deployments
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play an important role in the feasibility of dynamic TDD, interference management
remains an essential part of any such system design.

1.2.1

Dynamic TDD for Indoor Deployment

Indoor environments are of particular interest for several reasons. For one thing, it
is believed that most of the traffic in the future will be generated indoor. Furthermore, providing high-capacity outdoor-to-indoor coverage efficiently is still considered difficult due to the large penetration loss of the building [18], which leads us to
consider indoor deployments in the first place. Ironically, the very same penetration
loss becomes a blessing for indoor systems as it helps block much of the otherwise
harmful outside interference. Blockages in the form of interior walls can further attenuate the intra-building interference by acting as natural interference mitigators.
Office buildings in particular also tend to provide high availability of high-capacity
fixed backhauling to the benefit of coverage. The shorter communication range also
means that similar transmit powers can be employed in both uplink and downlink,
making the interference in the two directions more similar. Thus, the uplink is not
necessarily the bottleneck anymore.

1.3

Traffic Modeling

The traffic ratio between downlink and uplink is determined by user demand and
plays an important role as it relates directly to the amount and distribution of sameand other-entity interference. Evenly distributed (symmetric) traffic is an intuitive
traffic model in closed-access voice networks as it is built around the notion that
every caller (transmitter) has a responder (receiver). This is in general not the
case for packet-based data traffic which tends to be more time-varying or bursty,
especially in ultra-dense networks where the traffic in each cell is driven by only a
fewer number of active UEs. Because of the low traffic load in the cells in UDN,
we will focus mainly on the full buffer traffic model to study the worst interference
case when the wireless access is the bottleneck. A common assumption in literature
when investigating the feasibility of dynamic TDD and one applied herein is to
assume the traffic to be evenly distributed between uplink and downlink over time
to sufficiently model the effects of same-entity interference. Therefore, it can be
seen as a balance between the long-term performance of a purely downlink or uplink
system. However, instantaneous traffic may still vary sharply.

1.4

Thesis Focus and Research Questions

Classical interference management is well-described in literature and often involves
striking a balance between performance and complexity given traffic demand, deployment, channel propagation, traffic load, and requirements on quality-of-service
(QoS). The term complexity is often used loosely to describe either computational
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Figure 1.3: Signal and interference distribution for static and dynamic TDD.
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complexity, or overhead associated with channel measurement, handover, and intercell information exchange. Many classical approaches can be adapted and reused
for the purpose of dynamic TDD, which presents several challenges for the RRM.
The same-entity interference generated during asymmetric traffic stresses the importance of scheduling and interference control. On the other hand, practical limitations of performing large-scale multi-cell coordination becomes more obvious as
the number of cells grows. Taking this trade-off into account is therefore crucial
from a radio resource allocation perspective. In 3GPP the interference management
for dynamic TDD is classified into the following four categories [19]:
• Clustering: The uplink-downlink time-resource allocation in each cluster is
fixed according to a static TDD configuration and set independently based
on the long-term traffic of respective cluster. This way, same-entity interference is eliminated inside each cluster, but not between clusters employing
different configurations. Clustering often provides a good compromise between performance and coordination complexity.
• Inter-cell interference mitigation: Inter-cell interference coordination (ICIC)
schemes designed to mitigate cell-edge and cross-tier interference in heterogeneous networks in frequency and time can be adapted and reused to deal with
both the other- and same-entity interference. This also includes restricted
radio link monitoring, almost blank subframes, and dual CSI measurement
reports.
• Classical scheduling: Dynamic scheduling based on channel fading, traffic
load, interference, and fairness all belong to this category. Each of these can
be taken either individually or jointly for the scheduler design, depending on
QoS requirements and acceptable complexity.
• Interference suppression: Impact of strong interferers can be suppressed using
enhanced receiver technologies like interference-rejection combining, or joint
transceiver techniques such as interference alignment or interference nulling.
We classify some of these techniques in Figure 1.4 based on the degree of cooperation. In this context, clustering and ICIC-type of schemes can be referred to
as semi-distributed as the cooperative set assumes at least two cells for the interference coordination. Different combinations of these aspects are readily found in
literature (see [20] and references therein), and is to some extent also integrated as
part of this thesis. In addition, beamsteering and interference cancellation in the
form of SIC are explicitly considered.
In dense and ultra-dense networks especially, the resource management problem
is particularly challenging for a few reasons. Firstly, the notion of cell-edge may
be different due to the very short distances between interferer and receiver. This
means that more UEs than only those explicitly in the cell edges may be affected by
the stronger interference. Secondly, since uplink and downlink transmissions can
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Figure 1.4: Classification of interference management techniques.

take place in the same time-frequency resource and transmitting UEs are randomly
located within a cell, even planned networks may take on a random structure. The
asymmetric traffic may therefore cause the interference distribution of dynamic
TDD to resemble the interference typically encountered in random networks, which
tends to increase the need for interference management [21]. Thirdly, the resource
management can become overly complex for a large number of cells. From this
perspective, the resource management may be different in, say, UDN where scalability is an important factor. Moreover, to keep deployment cost down, backhaul
capabilities may be limited both in terms of capacity and reliability if more of
the backhauling takes place over-the-air, so called self-backhauling. Taking these
considerations into account, it is natural to ask the following high-level research
question:
• HQ: What are the key mechanisms and parameters for efficient yet scalable
resource allocation of dynamic TDD in dense and ultra-dense cellular networks?
Typically, since the peak transmit power of the uplink is limited, uplink and
downlink transmissions are separated to avoid uplink users from being saturated
from the stronger downlink. Early work by [22] showed uplink performance to be
the limiting factor for dynamic TDD in case of a large transmit power difference.
The introduction of small cells for short-range communication has allowed this gap
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to shrink considerably. In fact, in the case of two cells, a performance gain is always
obtained with dynamic TDD under a balanced-fair resource allocation as long as
the switching point is flexible and transmit powers are equal [23]. Investigating the
feasibility of dynamic TDD has therefore gained considerable interest in the past few
years, including for heterogeneous networks [24, 25], sector hotspots [26], clustering
[27, 28], and enhanced local area architectures [29]. Indoor environments, especially,
have shown promising gains due to a more favorable propagation environment where
the natural prevalence of walls help attenuate the interference [30]. However, the
dynamic configuration of TDD typically requires real-time inter-cell interference
coordination, which could be difficult to implement in low-cost UDNs. Assuming
the simplest possible resource allocation, we intend to answer the following:
• RQ-1: What is the feasibility of non-cooperative dynamic TDD? Specifically,
what is the impact of distributed interference mitigation techniques such as
beamsteering and SIC on such networks?
The non-cooperative scheme without any interference mitigation provides only a
lower bound on performance. In light of this, we also consider inter-cell coordination
in later works. While more coordination can boost performance, complexity also
grows with the number of cells. In fact, the joint scheduling and power allocation
problem is known to exhibit non-deterministic polynomial-time hardness except for
a few special cases [31–33]. This motivates a more distributed resource allocation
to also ensure scalability. Since scheduling rather than power allocation becomes
more important for close-by links (see Motivating Example in [34]), this greatly
simplifies the resource allocation problem. Scalable scheduling for UDN considered
in [35] showed diminishing gains for proportional-fair scheduling over Round-Robin
thanks to a small multi-user diversity with few ensuing fairness issues, and increased
LOS propagation where the small channel variations disfavor proportional fairness.
The result indicates that simpler and more distributed schedulers can be adopted
in UDN without necessarily sacrificing too much performance. To further improve
scalability, we argue that traffic and propagation environment should also play a
role in the resource allocation—whether an interferer appears in LOS or not should
impact whether the interferer is included in the coordination in the first place. This
begs the question:
• RQ-2: How do we take into account traffic and propagation environment in
the scalable resource allocation?
Still, multi-cell coordination may be considered under limited circumstances
given that the gains motivate the increase in complexity. This is surely true for some
indoor scenarios where network size is smaller and fixed high-capacity backhauling
is widely available. On top of this, UE diversity is low in UDN, meaning that some
BSs may not have a user to serve. Rather than going to sleep mode, the network can
utilize the unused BSs and thereby increase the BS diversity. Adding more spatial
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data streams can help improve the performance of especially worst UEs, but also
requires tight synchronization and globally known channel state information (CSI).
For dynamic TDD specifically, decentralized beamforming for a multi-cell multipleinput multiple-output (MIMO) system was considered in [36, 37]. There, authors
investigated precoder and combiner design for weighted sum-rate maximization,
but assumed a rather sophisticated system model with multiple antennas both at
the BS and UE side. In case of a large transmit power difference, the beamforming
should minimize interference to not only intended receivers (downlink UEs) but
also unintended receivers (uplink BSs). In light of this, we wish to consider the
following:
• RQ-3: How do we incorporate uplink BSs as part of the beamforming? What
is the performance of such beamformer design?

1.5

Research Methodology

To adequately answer the research questions in the previous section, the research
methodology outlined in Figure 1.5 is adopted. First, the research question is identified based on a thorough literature review. Then, proper models and assumptions
on network topology, transmission power, bandwidth, propagation, and traffic are
chosen based on the considered scenario. Next, the problem is formulated mathematically to which a solution method is proposed. At this point, the problem
is solved either analytically or evaluated numerically directly with Monte Carlo
simulations. In this thesis, we consider mainly instantaneous data rate, throughput, and delay as performance metrics as it directly connects to user experience.
Depending on the performance of the proposed scheme, additional improvements
may be needed. Finally, gains and tradeoffs are highlighted either qualitatively or
quantitatively.
Due to the large number of cells in ultra-dense deployments where some BSs
may not even have an active user to serve, we will often illustrate performance
with respect to utilization defined as the portion of active UEs to the number of
deployed BSs. The BSs are placed either in a grid pattern or following a uniformly
random distribution depending on scenario. We disregard the effect of wraparound
for indoor deployments as it can be assumed that the outer walls of the building
will attenuate most of the outside interference anyway. Equal transmission power
is often assumed for the small cell BSs and UEs unless stated otherwise. The
small cells are also assumed to be low-complex in terms of hardware and processing
capability for cheap operation and deployment. Therefore, they are equipped with a
single antenna requiring only a single radio frequency chain. For the beamforming,
we distinguish between analog and digital beamforming. For clarity we will use the
term ’beamsteering’ to refer to beamforming in analog domain, and ’beamforming’
for the digital beamforming. The beamsteering can be realized in practice in a
number of ways [38], including through the use of phase shifters, switches, or lenses
to tune the beam and nulls. At higher frequencies the antenna gain is smaller
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Figure 1.5: Research methodology.

due to the smaller aperture, but can be compensated by instead integrating more
antenna elements into the hardware. For simplicity, the actual beam pattern is often
approximated with a sector antenna, as is the case also in this thesis. Beamforming
on the other hand forms the beam by adjusting the amplitudes and phases in digital
domain such that the signal components transmitted from the multiple antennas
add coherently at the intended receiver and destructively at non-intended receivers.
Mathematically speaking, this corresponds to designing beamforming vectors with
large inner products with intended channels and small inner products with nonintended channels [39].
In the analytical approach we rely on stochastic geometry [12] to study performance in terms of probability of successful transmission, or simply success probability, with respect to the signal-to-interference and noise ratio (SINR). In stochastic
geometry the spatial point distribution of BSs follows a Poisson point process (PPP)
which leads to tractable expressions. It is therefore considered a powerful tool for
performance evaluation and network dimensioning of especially small-cell networks
whose usually random BS locations make up an irregularly shaped structure that
is similar to the PPP.

1.6

Contributions

Due to constraints ranging from cost to form factor, it is to be expected that different scenarios will require different solutions in terms of level of network coordination
that can be facilitated, and amount of complexity of node-level techniques that can
be implemented. This thesis and the contributions herein aim to provide insight
into parts of the solution space spanned by these two parameters, as illustrated
in Figure 1.6. To this end, we focus mainly on scalable RRM, though cooperative RRM is also considered given a small network size. Below, we list the main
contributions divided by chapter and publication.
Scalable RRM for Dynamic TDD (Chapter 2)
To answer RQ-1, we study the feasibility of non-cooperative dynamic TDD in an
ultra-dense cellular network. No information is thus exchanged between cells in
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Figure 1.6: Qualitative overview of thesis contributions (Paper A-E).

order to preserve scalability. Since inter-cell remains an issue, transmit- and receiveside beamsteering is applied. This is covered in:
• Paper A: H. Celik and K. W. Sung, “On the Feasibility of Blind Dynamic
TDD in Ultra-Dense Wireless Networks”, in IEEE 81st Vehicular Technology
Conference (VTC Spring), Glasgow, 2015, pp. 1-5.
Despite its promise, beamsteering is best suited for higher frequencies. In order
to provide a more wholesome answer to RQ-1, we also consider SIC thanks to its
favorable complexity [40] and ability to integrate onto a chip. In the absence of
other MAC or physical layer techniques, the SIC will depend exclusively on the
ordering of the received signals. Such standalone SIC has been studied extensively
in literature in the past, but remains poorly understood in dynamic TDD where the
interference distribution might be different. Thus, it is important to determine the
proper SIC capability in receivers. To this end, we study the success probability
of SIC in cellular dynamic TDD systems and its effect on reducing delay when
combined with a flexible frame structure:
• Paper B: H. Celik and K. W. Sung, “Efficacy of Successive Interference
Cancellation in Dynamic TDD Cellular Networks”, submitted to IEEE International Conference on Communications (ICC), 2019.
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We then proceed to take a more analytical approach and derive an expression for
the exact success probability of SIC using tools from stochastic geometry. To simplify the analysis, a PPP-based random wireless network with unidirectional traffic
is considered, though it is reasonable to believe that the results by slight modification can be extended also to heterogeneous and dynamic TDD networks thanks
to recent results on equivalent representations of PPP-based random networks [41].
This is treated in:
• Paper C: H. Celik and K. W. Sung, “Success Probability of Successive Interference Cancellation in Random Wireless Networks”, submitted to IEEE
Wireless Communications Letters, 2019.
In answering RQ-2, traffic and propagation environment are incorporated as
part of the scheduling. Specifically, a low-order polynomial is proposed to map BSto-BS interferences to individual BS activation probabilities, where the BS-to-BS
interferences can be estimated in one shot for a given traffic load and traffic load
distribution. This is also studied in:
• Paper D: H. Celik and K. W. Sung, “Scalable Resource Allocation for Dynamic TDD with Traffic and Propagation Awareness”, in IEEE Wireless Communications and Networking Conference (WCNC), Barcelona, 2018, pp. 1-6.
Cooperative RRM for Dynamic TDD (Chapter 3)
Assuming that the network is reasonably small and high-capacity low-latency backhauling is available, one may consider improving performance through more cooperative communication such as beamforming. To answer RQ-3, we introduce the
notion of dummy symbols as part of the precoder design to eliminate interference
not just to intended receivers in the form of downlink UEs, but also to unintended
receivers in the form of uplink BSs. This issue has been examined in:
• Paper E: H. Celik and K. W. Sung, “Joint Transmission with Dummy Symbols for Dynamic TDD in Ultra-Dense Deployments”, in European Conference
on Networks and Communications (EuCNC), Oulu, 2017, pp. 1-5.
Contributions not included in this thesis
In this section we list the publications and deliverables published as part of the
author’s participation in the METIS-II project, which to some extent have also
been incorporated as part of this thesis.
• O. Bulakci, et al., “Agile Resource Management for 5G: A METIS-II perspective,” in IEEE Conference on Standards for Communications and Networking
(CSCN), pp. 30-35, Oct 2015.

18

CHAPTER 1. INTRODUCTION
• E. Pateromichelakis, H. Celik, et al., “Interference management enablers for
5G radio access networks,” in IEEE Conference on Standards for Communications and Networking (CSCN), Berlin, 2016, pp. 1-7.
• O. Bulakci, et al., “An Agile Resource Management Framework for 5G,” in
IEEE Conference on Standards for Communications and Networking (CSCN),
Helsinki, 2017, pp. 24-29.
• The METIS-II Project, “Final Considerations on Synchronous Control Functions and Agile Resource Management for 5G,” Deliverable D5.2, March 2017.
[Online].
• The METIS-II Project, “Draft Synchronous Control Functions and Resource
Abstraction Considerations,” Deliverable D5.1, May 2016. [Online].

Chapter 2

Scalable RRM for Dynamic TDD
Often enough the limiting factor in dense networks is inter-cell interference. This
interference can be mitigated in cooperative networks when BSs exchange CSI and
adapt their transmission accordingly. At the same time, the network will impose a
non-negligible overhead for the coordination if the number of cells is large. To limit
this overhead and minimize the strain on the backhaul, it is desirable to minimize
the inter-cell coordination. In this chapter, we focus on RQ-1 and RQ-2 pertaining to scalable RRM. To adequately answer RQ-1, it is interesting to examine
whether scalable operation of dynamic TDD is feasible in the first place. We consider a non-cooperative system assuming little to no inter-cell message exchange,
with beamsteering (Section 2.1) and SIC (Section 2.2) as prospective techniques
to reduce the inter-cell interference. We then turn to scalable scheduler design
where allowing for limited inter-cell information exchange can further improve performance. In answering RQ-2, we propose a way to perform the scheduling based
on offline interference measurements that incorporate both traffic and propagation
environment relying only on limited amount of real-time traffic information.

2.1

Non-Cooperative Dynamic TDD with Beamsteering

In this section, we focus on RQ-1 by studying the feasibility of blind dynamic
TDD outlined in Paper A. This can be viewed as the simplest possible scheme
where the transmitter in each cell is “blind” to transmissions in other cells. Thus,
we study best-effort performance of static and dynamic duplexing assuming no
information exchange. To reduce inter-cell interference, effectiveness of interference
mitigation in the form of transmit and receive beamsteering is also investigated.
As performance metric we consider average area (network) and user throughput
defined as:


d,a
|IX
|
|I u,a |
X
W 

T Parea =
log2 (1 + γid,a ) +
log2 (1 + γju,a ) ,

1+α
i=1
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Figure 2.1: Performance comparison between static TDD (S-TDD) and blind dynamic TDD (D-TDD) with omni-directional antennas.

and
T Puser =

T Parea
,
|I d,a | + |I u,a |

respectively, where I d,a and |I u,a | denotes the number of downlink and uplink
cells with an active user, respectively. In addition, worst user performance in terms
of lowest one percentile of all individual rates is also considered. The corresponding
downlink and uplink SINR is
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(2.1)
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with W denoting the bandwidth, σ 2 the noise power, P the transmit power, and
gtr the path gain between transmitter in cell t and receiver in cell r. The variable
δθtr is a binary indicator for the beamsteering equal to one if receiver r lies in the
interference region of transmitter t, and zero otherwise. Similarly, the variable α is
used to indicate the duplexing type, where it is equal to one for dynamic TDD and
zero for static TDD.

2.1.1

Numerical Results

We consider an indoor office building with BSs placed according to a lattice topology
with an inter-site distance of 10 m. To model the propagation loss, free space is
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assumed due to the short distances to not just the serving BS but also to nearest
and most dominant interferers. In Figure 2.1a, average and worst user throughput
is shown for omni-directional antennas. The results indicate that blind dynamic
TDD consistently outperforms static TDD, both in an average sense as well as in the
worst case, but with diminishing gains as the traffic load and, hence, interference
in the network increases. Meanwhile, impact of propagation loss under high traffic
load is depicted in Figure 2.1b. Not surprisingly, both blind and static dynamic
TDD experience increasing gains as more and more of the interference is attenuated
thanks to the higher propagation loss as determined by the path loss exponent. The
high propagation loss can be viewed as an abstraction of a more blockage-prone
indoor environment. In such cases, the gain becomes more pronounced for blind
dynamic TDD since it induces more interference into the network than static TDD.
For high enough propagation loss, performance will start to diminish as the limiting
factor is no longer interference but received signal power, i.e., coverage.
In Figure 2.2 and Figure 2.3, system performance in terms of area throughput is
depicted under low and high traffic load for varying antenna beamwidth, where 0◦
beamwidth is used to refer to a pencil sharp beam. When applied for beamsteering
at the transmitter side, the 0◦ beamwidth does not induce any interference to
other receivers almost surely. From the results we infer that the beamsteering
for the most part favors dynamic TDD operation. The exception is when the
beams become increasingly pencil sharp under high traffic load, in which case the
direction in which the beamsteering is performed becomes increasingly noise-limited
for static TDD, whereas blind dynamic TDD is still limited by the same-entity
interference. Based on these results, the beamsteering should be employed at both
sides in order to obtain meaningful performance gain at high load. However, being
that no directivity gain was assumed, we note that the results may underestimate
average performance while overestimating worst performance for those receivers
that are hit by the sharp and strongly interfering beams.

2.2

Non-Cooperative Dynamic TDD with SIC

Despite the benefits of beamsteering in mitigating interference, constraints on form
factor and antenna size implies that it is more suitable for higher frequency bands.
In order to provide a more wholesome answer to RQ-1, we consider SIC for interference suppression thanks to its favorable decoding complexity [40] and ability to
integrate onto a chip. Recognized for its ability to eliminate interference in cellular
and wireless ad-hoc networks, SIC has been shown to approach the Shannon capacity bound for several classes of channels (see [42] and references therein). In the
last few years, it has also gained attention for its role in realizing the potential of
non-orthogonal multiple access, or NOMA [43]. Assuming knowledge and accurate
estimation of the channels of the incoming signals, in SIC the strongest signal is
successively decoded, re-encoded and subtracted from the composite received signal
until the signal of interest (SoI) is finally detected. In the absence of other MAC or
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physical layer schemes, the effectiveness of standalone SIC will depend solely on the
ordering of the power of the received signals, which in turn depends on “passive”
network parameters such as propagation environment and transmitter-receiver locations. It is thus important to understand the effectiveness of standalone SIC in
order to properly dimension only the needed SIC capability in receivers.
To this end, we study the probability of successful transmission (or simply success probability) of standalone SIC in dynamic TDD cellular networks with respect
to SINR (γ), relative traffic load (ρ , λλub ), and propagation loss in terms of the
path loss exponent (α). While performance of standalone SIC has been studied
extensively in literature in the past, its effectiveness remains poorly understood in
dynamic TDD where the interference distribution and, thus, sufficient SIC capability may be different. Being that the transmit power difference between uplink and
downlink plays a key role in the performance of dynamic TDD systems, we study
its effects by considering micro- and femtocell deployment representing large and
small power difference, respectively. We will loosely refer to these two deployments
as sparse and dense. Albeit not considered scalable, for the purpose of performance
comparison we also evaluate cancelling all BS-BS interferences via the backhaul
which has been employed with dynamic TDD in [6]. Lastly, we compare the combined benefit of SIC and dynamic TDD in reducing delay compared to synchronized
TDD.
Assuming an SIC capability of n, the success probability is defined as:
!
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is the event that the n − 1 strongest interferers need to be successively cancelled
(d)
(d)
before the SoI can be decoded. Here, SINRSk and SINRZk denotes the SINR of the
SoI and k:th strongest interferer after k − 1 interference cancellations, respectively.

2.2.1

Numerical Results

For the performance evaluation we consider a large outdoor network in a rich scattering environment with exponentially fading power corresponding to Rayleigh fading amplitude. To represent the small and large transmit power difference encountered in sparse and dense network deployment, transmission powers of micro- and
femtocells are set to 23 dBm and 38 dBm, respectively, and 23 dBm for UEs. Success
probability of standalone SIC for varying SINR requirement is shown in Figure 2.4.
As baseline we consider a system with no SIC capability. We observe that the
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effectiveness diminishes with higher SINR irrespective of traffic direction and network regime. Standalone SIC performs therefore best for lower SINR requirements
corresponding to more robust and reliable communication. Not surprisingly, the
results also show that uplink is the bottleneck when transmit power difference is
large as it is heavily interference-limited by the much stronger downlink BSs. In
such cases it is seen that cancelling the two strongest interferers at the BS will
reap much of the SIC gains. In contrast, when the network is dense and transmit power difference small, it suffices to cancel only strongest interferer in either
direction. In dimensioning sufficient SIC capability we rely on the capability that
delivers the bulk of the SIC gain. In the following we therefore consider cancelling
only strongest interferer for downlink UEs, and two strongest interferers for uplink
BSs. Furthermore, having identified the feasible SINR region for standalone SIC,
we consider only γ = −5 dB corresponding to low data rate applications from now
on.
In Figure 2.5 we vary the relative traffic load and conclude based on the marginal
gain that we should dimension SIC capability based on full load traffic scenarios.
Therefore, our conclusions based on Figure 2.4 which considered full load apply
readily. Next, the effect of propagation loss is considered. The results shown in
Figure 2.6 imply that dynamic TDD with standalone SIC is most effective in situations with high propagation loss, such as blockage-prone indoor environments or
shadowed urban outdoor environments. Based on the results in Figures. 2.4–2.6, we
also conclude that standalone SIC may be preferred over the much more demanding inter-BS IC scheme for low-rate applications in dense deployments where the
transmit power difference is small. Lastly, in Figure 2.7 we illustrate the combined
effect of dynamic TDD and standalone SIC on delay for a scenario identified to be
beneficial to standalone SIC. Unlike success probability, the delay metric relates directly to user experience. We focus on sparse regime as it represents worst case for
dynamic TDD in uplink due to the larger transmit power difference. The results
indicate that SIC helps significantly reduce delay in uplink and is crucial to the
efficacy of dynamic TDD. The flexible frame structure of dynamic TDD combined
with SIC can therefore improve delay performance despite requiring more retransmissions than synchronized TDD, hence making it attractive in reducing latency
for low-rate applications.

2.3

Analytic Expression of Success Probability for SIC

The performance evaluation in Section 2.2 showed that standalone SIC is most
effective for traffic types with low SINR requirements, implying that it may be
better suited for reliability than data rate. In this section, we aim to take an
analytical approach in order to derive an expression for the exact success probability.
To facilitate the analysis, we for simplicity consider a random wireless network of
unit power transmitters distributed according to a stationary and infinitely large
PPP with transmitter density λ, which is particularly amenable to analysis and
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Figure 2.7: Average delay vs. transmission time requirement for dynamic and
synchronized TDD.

often used to model wireless ad-hoc networks. While only unidirectional traffic
is considered for the analysis, we believe the results with slight modification can
be extended also to heterogeneous and dynamic TDD networks thanks to recent
results on equivalent representations of PPP-based random networks [41].
Due to the difficult nature of deriving an exact expression for the success probability of SIC, much of the literature relies on various approximations in the analysis
for the sake of tractability and providing design insight. In [42] the analysis was
simplified by defining a cancellation radius beyond which no interferers can be cancelled before providing bounds with respect to outage probability and transmission
capacity. Thus, it assumed that the performance of SIC is dominated by the closest
interferers. Later, in [44], authors derived bounds for the low- and high rate region
with varying tightness based on SIC of the strongest interferer without assuming
any cancellation radius. Motivated by the fact that over time the order statistics of
the received powers are dominated by distance, [45] considered success probability
of SIC with respect to closest interferer, but assumed the different stages of the
SIC to be mutually independent. Therefore, we focus on generalizing parts of [45]
by taking into account that the different stages of the SIC are correlated and proceed to characterize the exact probability of successively cancelling the n closest
interferers.
Theorem 1. The exact probability of successfully cancelling the n closest interferers for a receiver is
Z

Z
···
D

LIn (θn )

n
Y
k=1

rkα
rkα + γ

Pk−1
i=1

(1 + γ)k−1−i riα

× exp(−λπrn2 )(2πλ)n r1 · · · rn dr1 · · · drn , (2.3)
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Pn
with domain D = {(r1 , . . . , rn ) : 0 < r1 < · · · < rn }, θn = γ k=1 (1 + γ)n−k rkα ,
and



Z ∞
1
1−
vdv
.
LIn (s) = exp −2πλ
1 + sv −α
rn
Proof. See Main Result in Paper C.
Simulation results in Figure 2.8 suggest that the independence assumption provides a lower bound to the exact probability. However, the formulation in Eq. (2.3)
does not lend itself to a direct comparison with the expression assuming mutual
independence [45]:
− n (n+1)
(1 + ρ(γ, α)) 2
,
(2.4)
R
∞
where ρ(γ, α) = γ 2/α γ −2/α 1+x1α/2 dx. Nevertheless, we can still show that the
observation holds by assuming that in order to cancel an interferer one must have
successfully cancelled all preceding interferers in the ordering. We formalize the
mentioned in the following proposition.
Proposition 1. The independence assumption provides a lower bound to the exact
probability.
Proof. See Proposition 1 in Paper C.
For cancelling only the closest interferer (n = 1), we point out that the exact
analysis and the approximation by the independence assumption overlap as the
expression in Eq. (2.3) is reduced to Eq. (2.4). In line with results in Section 2.2,
the diminishing gains imply that the biggest gains of higher SIC capability are
reaped by traffic types with a low target SIR, whereas ability to cancel only one
interferer may suffice for higher coding rates under unidirectional traffic.

2.4

Traffic and Propagation-Aware Scheduling

In the previous sections we considered non-cooperative dynamic TDD operation
with no inter-cell coordination. Instead, the interference suppression was performed
at the physical layer. In this section and as part of Paper D, we relax the system
assumptions by allowing inter-cell information exchange in order to leverage the
resource allocation in the MAC. However, to preserve scalability, the quantity and
frequency of inter-cell information exchanges should be limited while at the same
time capturing the impact of strongest interferers. While the topic of scalable
resource allocation for dynamic TDD is not new in literature, it does contain several drawbacks. In [46] authors focused on finding the best switching point in the
frame in order to minimize the flow delay. They formulate the problem as a noncooperative game and utilize reinforcement learning in order to learn each BS’s
long-term switching point based on past observations, but require some convergence time to arrive at the solution. In contrast, [28] proposes pairing cells with
their dominant interferer and performing the scheduling intra-pair based on what
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Figure 2.8: Success probability of cancelling n closest interferers with parameters
λ = 100 and α = 4.

maximizes the utility the most. While this significantly simplifies the scheduling,
it is prevalent on knowing the instantaneous CSI. In [47], a low-rate interference
“pricing” information is exchanged rather than CSI, but only between neighboring cells. While all of these schemes aim to limit the amount of measurements
or information exchanges for the resource allocation, they still require some degree of regular exchange either locally or centrally. Furthermore, including only,
say, neighboring cells for the interference coordination may be too simplistic and
underestimate the true interference depending on traffic and propagation environment. As part of Paper D, we aim to take traffic and propagation environment
into account and instead premier scalability by reducing amount of real-time traffic
information exchange and overhead in the channel estimation. Thus, we rely only
on offline interference measurements for the resource allocation. We elaborate on
the concept in the following section.

2.4.1

Proposed Scheme

In our attempt to answer RQ-2, we begin by identifying scheduling as the main
mechanism for the resource allocation as it is believed that scheduling rather than
power control becomes more important in controlling interference in very dense
networks (see Motivating Example in [34]). In addition, it is known that the sum
rate maximization problem subject only to a transmit power constraint reduces
to a binary power control problem, i.e., scheduling [48]. To minimize inter-cell
information exchange, the scheduling is performed in a distributed manner based
on the individual activation probability of each BS. Then, what remains is to obtain
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these activation probabilities. Rather than relying on the true SINR measured at
the receivers and then fed back to the BS for decision, we instead rely on the interBS interference measured offline and stored by each BS for different traffic. Then,
by knowing the real-time traffic load, an approximation of the true interference can
be obtained by each BS. To compute the activation probability, the BSs rely on a
function that maps inter-BS interference to activation probability obtained also by
offline measurements. This way signaling for the channel estimation and feedback
can be significantly reduced. Once the activation probabilities are obtained, each
BS will transmit independently until there is a change either in the propagation
environment or real-time traffic.
In other words, in Paper D we identify the functions f : R → R and gn : RN → R
offline such that
pn = f (gn (T )) = f (In ),

(2.5)

where In = gn (T ) denotes the inter-BS interference at BS n given traffic knowledge
T , and N denotes the number of traffic-exchanging BSs. We refer the reader to
Algorithm 1 in Paper D for a more detailed description on the estimation of f (·) and
gn (·). Then, once the activation probabilities are known, the scheduling decision for
each BS can be modelled as an outcome of a Bernoulli-distributed random variable
with parameter pn .
We note that measuring the BS-to-BS interference is in many ways the simplest
form of interference estimation in the sense that: (a) no UEs need to take part
in the channel estimation, (b) it requires no channel feedback from participating
BSs, and (c) propagation channels between BSs stay for the most part the same
and can therefore be measured offline during low traffic hours. Furthermore, a BS’s
ability to intercept (listen) the BS-to-BS interference while other BSs transmit
(talk) is only feasible in dynamic TDD for half-duplex systems. In addition, as
the network becomes denser and cell ranges decrease, BS-to-BS interference will
provide an increasingly better estimation of the real interference, assuming transmit
powers of the UEs and BSs are similar. Thus, for a given BS deployment and
propagation environment, offline interference measurements can provide a good
enough approximation of the instantaneous interference with very little signaling.
If or when the nature of the interference changes due to changing BS deployment
or propagation environment between BSs, for example due to temporary (nomadic)
nodes, a new offline interference estimation will need to be performed.
To improve scalability, it cannot be assumed that all the BSs are connected to
the same controller and therefore have global traffic information. Instead, localized control needs to be employed to track the traffic. More specifically, during
the offline interference estimation, each BS only considers interfering BSs above a
certain received power threshold. This way, each BS will interact only with BSs of
“meaningful” BS-to-BS interference, while further minimizing the signaling associated with the traffic information exchange. For simplicity, we will assume the same
receiver threshold γ for all BSs.

30

2.4.2

CHAPTER 2. SCALABLE RRM FOR DYNAMIC TDD

Numerical Results

For the performance evaluation, we consider an indoor deployment of rooms placed
in a 3-by-3 grid together with a distance-dependent power decay model taking into
account both walls and shadowing. For the traffic, a backlogged buffer corresponding to a finite file size is assumed for each UE once its file request is granted. The
proposed allocation model is evaluated and compared with other scalable schedulers employing either a fixed activation probability or cell pairing. We make note
of the fact that fixed activation probability with pk = 1, ∀k, corresponds to blind
transmission in [49] which is completely distributed and scalable. We also consider equal transmit probability pk = 0.5, ∀k, which in our simulations was found
to perform close to the maximum of all fixed activation probabilities in the range
[pmin , 1] where pmin = 0.1 is set as the minimum allowed activation probability.
The minimum probability can be seen as a balance in the event that the mapping
f (·) becomes overly restrictive. For cell pairing we consider a simpler and more
scalable version of the iterative cell pairing proposed in [28]; here, cells are instead
paired based on the strongest BS-to-BS links and therefore known beforehand. For
benchmarking, optimal performance in terms of exhaustive search for the scheduling
is also included.
Network throughput as a function of utilization is depicted in Figures 2.9a and
2.10a for two different propagation environments: (α, Lw ) = (2, 0 dB) representing
high interference, and (α, Lw ) = (4, 30 dB) representing low interference, where α
denotes the path loss exponent and Lw the wall loss measured in dB. From Figure 2.9a it is clear that when propagation loss is low, blind transmission which
generates maximum interference does not provide any real gains compared to exhaustive search. Instead, interference coordination in terms of either cell pairing
or a lower activation probability is needed to improve performance. By comparison, when propagation loss is high and impact of interference low as shown in
Figure 2.10a, the optimal system becomes distributed as both the proposed scheme
and exhaustive search now overlap with blind transmission. Equal transmit probability on the other hand is limited by the fact that, on average, only half of all
BSs are active and therefore gives roughly half the performance. Evidently, the
proposed scheme is able to adapt to changes in traffic and propagation environment and adjust its activation probabilities accordingly. These observations by and
large also hold for worst UE performance, as shown in Figures 2.9b. In the case
of Figure 2.9b, the scalable schedulers all become very sensitive to LOS interferers
as they are either not part of the same coordination set, or they underestimate
their proximity, as is also the case for the proposed scheme (we recall that the
activation probabilities are based solely on BS-to-BS interference). This difference,
however, becomes negligible when the propagation loss becomes high enough, as
shown in Figure 2.10b. We conclude that the proposed scheme appears to be the
only scheme among those investigated that performs reasonably well for high interference environments and optimally when interference is low, while still being
scalable.
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Figure 2.9: System and worst UE performance for low interference case with
(α, Lw ) = (2, 0 dB).
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Figure 2.10: System and worst UE performance for high interference case with
(α, Lw ) = (4, 30 dB).
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In Figure 2.11 we instead investigate relative performance with respect to exhaustive search as a function of wall loss at low traffic load. As expected, all
the allocation schemes (with the exception of equal transmit probability) perform
increasingly better as the higher wall loss attenuates more and more of the interference. Figure 2.11 also tells us that a potentially unrealistic high wall loss would
be required to achieve optimal performance, implying that some level of interference management is needed indoor even in the presence of interference mitigators
like walls. Similar trend was also observed for higher traffic load. Meanwhile, in
Figure 2.12 system throughput is plotted on the left vertical axis as a function of
the received power threshold γ and average number of traffic exchanging BSs on
the right vertical axis for low and high traffic load. Only the high interference
case is of interest here because, if interference is low, based on earlier observations
we know that blind transmission becomes optimal and there is no need for traffic
management. Since a 6-by-6 network rather than a 3-by-3 is considered this time,
exhaustive search is excluded from Figure 2.12 for computational speed in the performance evaluation. Results show that we can limit the number of information
exchanging BSs considerably by increasing the received power threshold with little
effect on system throughput. When the number of information exchanging BSs is
zero, the scheme will resort to blind transmission.
We note that the results presented herein and in Paper D may undersestimate
the actual performance gain of the proposed scheme. By employing offline interference estimation it is implied that resource elements for some cell-specific reference
signals intended for channel estimation and equalization could instead be used for
data transmission, a factor that has not been accounted for. We note that in LTE
the cell-specific reference signals are transmitted in every subframe and across the
bandwidth, and therefore over time may use up a lot of resources. At the same
time, the fact that we employ these reference signals to estimate the interference
offline motivates a mechanism that allows these resources to be utilized for channel
estimation offline and data transmission when the system goes online.

Chapter 3

Cooperative RRM for Dynamic
TDD
The implication of densification and the resulting low UE-to-BS density is that
some BSs will not have an active UE to serve. Rather than going to sleep, the
otherwise idle BSs can be used to improve the performance of active UEs in nearby
cells cooperatively through joint transmission (JT). With JT the data is usually
transmitted by multiple antennas in one of two ways: either without any phase
adjustment such that the received signals are non-coherently combined at the receiver, or coherently in which joint precoder design is employed to combine signal
components constructively at intended receivers and destructively at unintended
receivers. Thus, the same data can be transmitted by multiple BSs as long as they
are part of the same cooperative set to facilitate spatial diversity and multiplexing. JT is therefore likely to increase BS utilization. This type of cooperation is
prudent as long as network size is limited so that control and data passing via the
backhaul remains manageable. Yet, coherent transmission techniques in particular
remain poorly covered in literature in the context of dynamic TDD. Precoder and
combiner design based on weighted sum-rate maximization for a multi-cell MIMO
system was treated in [36, 37]1 , and appear to be one of the few works considering
JT (and joint reception). However, the assumption of multiple antennas at both
the BS and UE side may and not be realistic at all times. Moreover, in scenarios
with a large transmit power difference between downlink and uplink, it is desirable to design precoders and combiners in a way that eliminates strong BS-to-BS
interference altogether, which we aim to address as part of RQ-3.

1 We note that the beamforming design in [36, 37] also take into account inter-cell interference,
an assumption misstated in Paper E.
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Figure 3.1: Multi-cell dynamic TDD with JT-DS.

3.1

Joint Transmission with Dummy Symbols

In this section, we describe the main idea behind the proposed concept. In our scenario, we consider network-wide JT where BSs cooperate to create a geographically
distributed antenna array in the downlink. For simplicity the focus is on downlink,
though the concept can by slight modification also be applied for combiner design
at the receive-side by cooperating uplink BSs. JT is facilitated using ZF which
effectively nulls BS-to-UE interference by designing beamforming vectors that are
orthogonal to the (sub)space spanned by co-receiver channels in the form of downlink UEs. We note that optimal linear MMSE beamforming reduces to ZF when
signal-to-noise ratio is high [39], and the number of users it can serve is limited by
the number of cooperating antennas. To deal with BS-to-BS interference, uplink
BSs can be included as part of the precoding to also null the BS-to-BS interference.
The precoder is therefore different compared to JT which only considers downlink
UEs. BS-to-BS interference is considered one of the main limiting aspects of dynamic TDD in traditional deployments as the much stronger downlink power and
chances of LOS tends to saturate uplink performance. However, since downlink
BSs are not aware of the information to be transmitted by uplink UEs to their
serving BS beforehand, we can assume the transmission of any (dummy) symbols
from downlink BSs to uplink BSs. Thus, in JT-DS the beamforming vectors are
orthogonal to the subspace spanned by the co-receiver channels in the form of both
downlink UEs and uplink BSs, which eliminates BS-to-UE interference and BS-
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to-BS interference with the exception of the dummy symbols which are received
and treated as interference by the uplink BSs. Therefore, to also eliminate BS-toBS interference originating from the dummy information, corresponding transmit
powers for the dummy symbols are simply set to zero. To further improve performance, we consider downlink-only power control which can be formulated as a
convex optimization problem. In contrast, uplink UEs transmit with maximum
power independently. This way, most of the complexity and coordination for the
interference mitigation is introduced on the BS side.
More formally, the SINR for the downlink and uplink UE is
2

γi =
γj =

pi |hiH wi |
σ2 +

PKdl +Vul

σ2

PK

k=1,k6=i

2

pk |hiH wk | +

PK

2

l=Kdl +1
2

P |gi,l |

,

i ∈ Kdl

P |hj,b(j) |
+

2

l=Kdl +1,l6=j

P |hl,b(j) | +

PKdl +Vul
k=1

H w |
pk |fb(j)
k

2

,

j ∈ Kul

where W = [w1 , . . . , wKdl +Vul ] = MH (MMH )−1 are the beamforming vectors with
Kdl and Vul denoting the number of downlink UEs and uplink BSs included in the
precoding, and
(
H
[h1H , . . . , hK
],
Vul = 0
H
dl
M =
H
H
H
H
[h1 , . . . , hKdl , fb(Kdl +1) , . . . , fb(Kdl +Vul ) ], Vul ≥ 1
with channel vectors {hi } and {fi }.
Then, a relaxed version of the original power control problem for the downlink
UEs which is convex (cf. (P1) and (P2) in Paper E) is solved as
maximize
p1 ,...,pKdl

subject to

Kdl
X

log2 (1 + pk )

k=1
Kdl
X

2

|wnk | pk ≤ P, ∀n ∈ Ndl

k=1

pk ≥ 0, ∀k ∈ Kdl
while keeping transmit powers for the dummy symbols zero in order to eliminate
the BS-to-BS interference.

3.1.1

Applicability of JT-DS

Since UEs are equipped with a single antenna and not in a position to cooperate and
share their information with each other, the ability to transmit jointly is confined to
downlink BSs. While joint reception remains a possibility, it is outside the scope of
Paper E. Precoding can therefore be performed only when there is downlink traffic
in the network. BSs not serving uplink traffic will participate in the downlink
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JT. In the absence of downlink traffic, the network will operate distributively in
uplink mode. While downlink UEs can receive data from multiple downlink BSs,
uplink UEs transmit only to their strongest BS without regard to other ongoing
communication. We note that JT-DS also requires at least one serving uplink UE if
uplink BSs are to be incorporated in the precoding. In Paper E, the selected uplink
BSs correspond to the lowest UE rates operating under the baseline scheme in [49].
It is noted that this selection process is suboptimal as picking poorly performing
UEs subject to a bad propagation environment rather than interference should give
no uplink gain with JT-DS versus JT. Lastly, if only downlink traffic is present,
JT-DS becomes identical to JT.

3.1.2

Numerical Results

We consider a small-sized indoor network with a propagation environment rich
with scattering and BSs placed according to a grid for the performance evaluation.
Average sum-rate for JT and JT-DS is illustrated in Figure 3.2a together with the
baseline scheme. As a baseline we consider Paper A [49] in which not only uplink
UEs but also downlink BSs transmit independently. While the lack of coordination
of [49] means it provides near lower bound performance, we recall from Section
2.1 its promising performance compared to static TDD. Because the interference is
lower at low utilization, the sum-rate may drop initially until traffic demand in the
network is high enough to counter the decrease in link spectral efficiency. At low
traffic load and utilization, it is shown that JT and JT-DS provides a substantial
performance gain in the downlink thanks to the nulling of BS-to-UE interference,
though uncontrolled UE-to-UE interference limits further gains. In the uplink, JTDS significantly improves sum-rate by including uplink BSs in the precoding which
reduces BS-to-BS interference, but similar to the downlink case it is constrained by
uncontrolled UE-to-BS interference. Then, as traffic load increases fewer and fewer
uplink BSs will be able to participate in the precoding due to the ZF constraint.
Despite this, an uplink performance gain is still achievable as we are including the
uplink BSs corresponding to worst performing uplink UEs. In downlink, however,
performance of JT-DS starts to diminish as adding more receivers also increases
ill-conditioning. Because of this, we expect a trade-off between downlink and uplink
performance for JT-DS when varying the size of the precoder, denoted in Paper E
with δ and which can be seen as a system design parameter. Thus, by varying δ, it
is possible to trade performance in the two directions.
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Conclusions
Densification with small cells is a proven concept and considered a key enabler for
providing high data rates in future wireless access provisioning. In this context,
dynamic TDD has attracted special attention thanks to its ability to accommodate
more time-varying traffic which is more common in dense and ultra-dense networks,
especially indoor where propagation conditions are often particularly favorable. In
this thesis, we focused on scalable resource allocation and interference management
for dynamic TDD in dense and ultra-dense deployments, as well as cooperative
RRM for small-sized networks. To conclude our findings, we return to the research
questions set out at the beginning of this thesis.
Answer to RQ-1
• RQ-1: What is the feasibility of non-cooperative dynamic TDD? Specifically,
what is the impact of distributed interference mitigation techniques such as
beamsteering and SIC on such networks?
Cost-efficient deployment and operation is considered key for dense and ultradense networks. As part of RQ-1, we demonstrated the feasibility of non-cooperative
blind dynamic TDD in ultra-dense deployment, and highlighted the combined benefit of employing beamsteering at both the BS and UE, especially in high load.
Building on the notion of interference suppression at the physical layer, effectiveness of SIC for dynamic TDD was also investigated. Noting that SIC has mostly
been considered together with MAC-layer based schemes for improving the data
rate in dynamic TDD, we instead focus on standalone SIC. In particular, we showed
the combined benefit of SIC and a flexible frame structure in reducing delay for
low-rate applications despite a higher retransmission rate than static TDD, which
has not been emphasized in literature in the past. Thus, the standalone SIC can
be seen as complementary to beamsteering which is more suitable for high data
rate applications [50]. Furthermore, we provided insight into proper dimensioning
of SIC capability, showing that the SIC should be capable of canceling at least two
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interferers in the uplink and one in the downlink. Analytical expressions for the
exact success probability were also provided.
Answer to RQ-2
• RQ-2: How do we take into account traffic and propagation environment in
the scalable resource allocation?
In RQ-2 we touched on the often conflicting objectives of achieving high performance with limited cooperation. Furthermore, we recognized the fallacy of relying only on, say, nearest neighbors for the scalable resource allocation which may
severely underestimate the interference. To limit the quantity and frequency of signaling and inter-cell information exchange, we proposed a framework for distributed
scheduling based on limited real-time traffic information and approximating true
interference with offline inter-BS interference measurements. By relying on offline
measurements, some of the overhead related to real-time interference estimation can
be eliminated. To facilitate the proposed scheme, a function that maps inter-BS
interference to the individual activation probability of each BS was estimated based
on a rich set of measurements that can be collected offline during low traffic hours.
Then, to enable the limited real-time traffic information exchange, we considered
only “meaningful” interferers above a specified interference power threshold.
Answer to RQ-3
• RQ-3: How do we incorporate uplink BSs as part of the precoder design?
What is the performance of such a precoder?
To answer RQ-3, we focused on small-sized networks with high-capacity lowlatency backhauling to facilitate the joint processing. We developed a ZF-based precoder in which the beamforming vectors are orthogonal to the subspace spanned by
the co-user channels, which includes both intended downlink UEs and unintended
uplink BSs. By doing so, the inter-user interference is eliminated. Then, to cancel
the interference also to the unintended uplink BSs, transmit powers corresponding
to the dummy symbols were set to zero. To further improve performance, downlink
power control was also implemented.

4.1

Future Work

The majority of the results in this thesis are based solely on numerical performance
evaluation. Thus, it is desirable to complement the works with analysis to enable
further insight into the performance scaling with respect to specific parameters such
as utilization or BS density. In Paper D, quantifying the performance difference
of computing the individual activation probabilities based on inter-BS interference
rather than true SINR can be further explored. Thus, the spatial correlation between the locations of the BS and the UE should be formulated. In Paper C it is
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desirable to also characterize the exact success probability of SIC with respect to
strongest rather than closest transmitters. Special attention may be given to Paper
E and the similarities it exhibits with beamforming design for secure communication, where the unintended receivers (uplink BSs) can be likened to eavesdroppers
in the wiretap channel. Thus, assuming knowledge of CSI, security-based beamforming design already treated in literature may be applied also to dynamic TDD.
In the current implementation of Paper E, a straightforward ZF-based combiner
could also be employed to further boost uplink performance and provide additional
flexibility. More broadly, a complexity analysis is welcomed to allow for a better
evaluation of the scalability of the proposed schemes.
In addition to possible extensions of existing works, below we provide suggestions for future research directions and list some of the opportunities and challenges
for respective topic.
Dynamic TDD for Optimal Service Provisioning
In this thesis we made reference to the fact that dynamic TDD outperforms static
switching under so called balanced-fair resource allocation in the case of two cells
and equal transmit powers [23]. Furthermore, [51] showed that given the queue
length distribution, dynamic TDD is preferred over synchronous transmission to
minimize service time and maximize network energy efficiency. In light of this, we
believe further exploration on the optimality of dynamic TDD vis-à-vis static TDD
for different traffic and deployment scenarios is motivated.
Learning-Based Resource Allocation
The fact that a globally optimal solution remains elusive to many resource allocation
problems infers that a suboptimal, heuristic solution is often employed. In dense
and ultra-dense networks, it is conceivable that more of the resource allocation will
be performed autonomously through learning-based techniques, especially in highly
dynamical systems where the window for decision making is limited by the varying
channel. Such approaches have recently found applications also for dynamic TDD
[46]. Improving the complexity and convergence properties of these learning-based
methods for coupled multi-variable problems such as dynamic TDD is expected to
remain a hot topic for the foreseeable future.
Dynamic TDD for Inband Wireless Backhauling
So far we have considered dynamic TDD exclusively for wireless access in homogeneous networks. However, we expect inband wireless backhauling by small cell BSs
to become more common for service provisioning in future heterogeneous networks.
Keeping in mind that unbalanced uplink-downlink traffic exists both in the access
and backhaul, it is reasonable to believe that some kind of dynamic TDD switching
will be employed. Then, a cross-layer approach for the resource allocation is needed
which may impact radio access performance.
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