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Abstract

The appetite for wireless high-data rate services is expected to continue
for many years to come and drive the need for more capacity. To accommo-
date this traffic growth, spectrum reuse by densification has proven to be a
successful concept historically in bringing about more capacity. Driven to its
extreme, ultra-dense networks (UDNs) comprised of a large number of small
cells represent a paradigm shift in wireless communication where each base
station (BS) serves only a few number of user equipments (UEs). By most
accounts, most of the traffic will be generated indoor and to an increasing
extent operate in time-division duplex (TDD). Unfortunately, providing high
outdoor-to-indoor capacity is considered difficult for a number of reasons. In-
door deployments are therefore likely to become much more common in the
future. At the same time, current TDD systems do not enable UEs to be
served immediately if the instantaneous traffic varies too much. To better
utilize the available time resources, we consider dynamic TDD in this thesis
for indoor UDNs. Dynamic TDD has shown to perform well indoor where the
shorter communication range enables similar transmit powers to be used in
both uplink and downlink, but also generates same-entity interference which
is potentially more harmful to some cell-edge UEs. Because of the sheer num-
ber of cells in UDN, it is imperative that the interference management be
both effective and scalable.

In the first part of the thesis, we compare static TDD with non-cooperative
(blind) dynamic TDD and show that flexible time resource allocation indeed
is preferred also for indoor UDNs. On top of this, we employ beamsteering at
the transmitter and receiver side and consider the trade-off between through-
put and antenna directivity. Despite its promise, non-cooperative dynamic
TDD only provides a lower bound on performance and requires additional
coordination to manage the interference. Unfortunately, existing schemes of-
ten consider either too few, too many, or simply the wrong interferers for
the interference management. We introduce a scheduling model that relates
BS-to-BS interferences measured offline to individual BS activation probabil-
ity taking into account traffic and propagation environment. Results show
that the proposed scheme performs well with respect to comparable scalable
schedulers when interference is high, and optimally when interference is low.

In UDN 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 and improve sum-rate performance. To mitigate both same- and other
entity interference, zero forcing (ZF) precoding is employed in the downlink
where not only downlink UEs but also uplink BSs are included in the precod-
ing. Since downlink BSs do not know the information to be sent by uplink
UEs beforehand, dummy symbols with zero power can be transmitted instead.
Termed joint transmission with dummy symbols (JT-DS), it shown that both
uplink and downlink performance improves at low and medium load. Fur-
thermore, it is possible to trade performance in the two directions at high
load.
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Sammanfattning

Begäret för trådlös höghastighetsöverföring väntas fortsätta i många år
framöver och driva behovet av än mer kapacitet i mobilnäten. För att kun-
na tillgodogöra sig denna trafikökning har förtätning med fler basstationer
visat sig vara ett framgångsrikt koncept historiskt för att tillgodose behovet
av kapacitet. Ultratäta nätverk bestående av ett stort antal små celler kan
ses som en extrem variant av förtätning, och representerar ett paradigmskif-
te inom trådlös kommunikation där varje basstation tjänar endast ett fåtal
användare. Enligt de flesta bedömningar väntas en större del av trafiken ge-
nereras inomhus i framiden och i ökande grad gå över TDD. Det anses dock
svårt tillgodose höghastighetstäckning inomhus utifrån på grund av en rad an-
ledningar. Inomhusnätverk förväntas därför bli allt mer vanliga i framtiden.
Samtidigt tillåter inte dagens TDD-nätverk att användare betjänas omedel-
bart om trafiken varierar alltför mycket. En metod för att bättre utnyttja
de oanvända tidsresurserna i ultratäta inomhusnätverk heter dynamisk TDD.
Dynamisk TDD har visat sig prestera bra inomhus där den kortare kommu-
nikationssträckan tillåter liknande sändareffekt i både upp- och nedlänk, men
genererar också störningar mellan samma typ av enheter som är potentiellt
mer skadligt för vissa användare i cellkanterna. På grund av det stora anta-
let celler i ultratäta nätverk så är det viktigt att störningshanteringen förblir
både effektiv och skalbar.

I den första delen av avhandlingen jämför vi statisk TDD med icke-
kooperativ (blind) dynamisk TDD och visar på att flexibel tidsresursalloke-
ring mycket riktigt är att föredra också för ultratäta inomhusnätverk. Ovanpå
detta tillämpar vi också strålstyrning på sändar- och mottagarsidan och be-
traktar avvägningen mellan datatakt och antenndirektivitet. Trots lovande
resultat ger icke-kooperativ dynamisk TDD endast en lägstanivå på prestan-
da och ytterliggare koordinering krävs därför för att hanterna störningar. Be-
fintliga lösningar tenderar dock att inkludera antingen för få, för många, eller
helt enkelt fel störare för störningshanteringen. Vi inför därför en schemalägg-
ningsmodell som förhåller basstationsstörningar uppmätta under låg trafik till
den individuella aktiveringssannolikheten för basstationerna med både trafik-
och utbredningsmiljön i beaktande. Resultaten visar att vårt förslag 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 inför vi därför samarbete
mellan de annars inaktiva basstationerna i syfte att förbättra den totala da-
tatakten. För att mildra störningar mellan enheter av samma och olika typ så
tillämpas ZF-förkodning i nedlänken där inte endast nedlänksanvändare men
också bastationer i upplänk ingår i förkodningen. Eftersom basstationerna i
nedlänk inte vet på förhand vilken information som användare i upplänk äm-
nar skicka, så kan låtsassymboler skickas istället. Resultat 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 transformed per-
sonal communication in the past few decades and is expected to do the same for
machine-type communication in the decades to come. Meeting the continued growth
in data traffic volume, supporting more devices and connections, improving relia-
bility, and facilitating diverse applications and services are expected to be the main
drivers for the next generation of wireless communication systems. Improved cov-
erage 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 multitude of solutions are being proposed, includ-
ing wider and higher bandwidths, higher spectral efficiency, and more aggressive
frequency reuse, where the exact mix will depend on the deployment scenario, in-
tended use case, and cost. Among these, the concept of UDN has gained increasing
traction in the wireless community, and is considered a key solution in addressing
the traffic demands for 2020 and beyond [OBH+13, Zan17, LPDCJ15].

One immediate consequence of ultra-densification 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 data traffic,
is poised to generate more asymmetric and unpredictable traffic. As a remedy,
dynamic TDD [SKEP12] 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 demand to the extent that
the allocation of time resources in either direction is flexible. Dynamic TDD can
therefore increase time-resource utilization, improve instantaneous data rate and
decrease delay by not having to defer transmissions. On the downside, it induces
new types of interferences among 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 to increase capacity for extreme mobile broadband-types of

3



4 CHAPTER 1. INTRODUCTION

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 Background

1.1.1 Definition of ultra-dense

Historically, densification is a proven concept in bringing about more network ca-
pacity, delivering roughly one to two orders of magnitude more than competing
approaches [Web07]. Densification with short-range small cells (also known as fem-
tocells) represents a paradigm shift in wireless communications [ACD+12]. It is
considered a cost-effective approach for providing capacity based on where the ac-
tual traffic demand is, while overlaid wide-area macro cells provide blanket coverage
and redundancy. It can also lead to better energy performance if the user and con-
trol 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. At
the same time, availability of high-capacity fixed backhauling can become an issue,
together with increased line-of-sight (LOS) probability to nearby interferers.

Literature provides little consensus on what constitutes ultra-dense as different
works employ different definitions. In [BH15] 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 [Pro14,
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 true in hotspots where the
number of BSs per unit area needs to be high in order to serve many connections
simultaneously. Building on the notion of density, it is intuitive to think of UDN
in terms of a massive deployment of small cells where the the cell range decreases
with increasing BS density [PKZ14], i.e., when the number of BSs far exceeds the
number of active UEs.

To understand this, we may consider a sparse network first where spectral effi-
ciency is fixed (in sparse regime where each BS has at least one serving UE, average
spectral efficiency is independent of BS density [ABG11]). For a given coverage area
and fixed number of UEs, densification leads to smaller cell sizes and fewer associ-
ated UEs per BS. By deploying more and more BSs, bandwidth allocated to each
UE increases linearly with the number of offloaded UEs. Eventually, as there are
no more UEs to offload, the bandwidth reuse gain drops to zero and network ca-
pacity 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 be said to be ultra-dense. In this ultra-dense regime, capacity instead
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increases logaritmically [PKZ14]. Furthermore, the interference environment may
also change in this regime as interferers increasingly appear in LOS.

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 definition, becomes ultra-
dense. By extension, we note that most networks become ultra-dense during low
traffic hours.

1.1.2 TDD
One of the main advantages of TDD is channel reciprocity where, assuming block
fading, the channel can be used for transmission in either direction once it is esti-
mated. This significantly reduces overhead attributed to training and signalling 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.
The channel reprocity also allows for simpler 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) spec-
trum is scarce or expensive, then TDD may be the only viable choice for an oper-
ator. Moreover, TDD utilizes the spectrum more efficiently in case of asymmetric
(biased) traffic. On the downside, it may not be suitable for large-distance commu-
nication where limits on round-trip time limit coverage. Switching between uplink
and downlink also means it does not provide continuous connectivity like FDD.

1.1.2.1 Dynamic TDD

In static TDD systems, cells are allocated dedicated subframes for uplink and down-
link, respectively, to avoid overlapping transmissions. The ratio of dedicated sub-
frames in each direction per frame is based on the average traffic measured over
some appropriate 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 valu-
able resources in the time domain as transmissions are deferred until a dedicated
uplink or downlink subframe reappears. The asymmetric traffic between cells is
more prononunced in networks with low multi-user diversity such as UDNs where
the per-cell demand is governed by only a few active UEs. It is expected that asym-
metric traffic will become more common in the future as dense networks become
more common.

To make use of this traffic asymmetry, dynamic TDD1 allocates time resources
based on the instantaneous traffic in each cell. The term switching point is some-
times used to denote the ratio between allocated subframes to uplink and downlink,
represented by a normalized value in the range [0,1]. The dynamic time allocation
allows for faster adaption to instantaneous traffic compared to static TDD, but also

1Dynamic TDD also appears in literature by the terms asymmetric, asynchronous, and flexible
TDD.
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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 (UE-
to-UE and BS-to-BS), and occur when uplink and downlink transmissions in
different cells take place in the same time-frequency resource. Also known as
cross-link or crossed-slot interference.

The interference distribution for a four-cell TDD system with evenly distributed
traffic is illustrated in Figure 1.1. Notice how quickly the number of interfering links
increases for dynamic TDD and the proximity of some of the same-entity interfer-
ence. This interference also appears in heterogeneous networks, cognitive radio,
device-to-device (D2D) communication, and inband full-duplex TDD systems. 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 UE-to-UE interference that is potentially more
harmful. Interference management is therefore an essential part of dynamic TDD
system design.

1.2 Dynamic TDD for indoor UDNs

Indoor environments are of particular interest for several reasons. It is believed that
most of the traffic in the future will be generated indoor. Despite some attempts
[QGF+13], providing high-capacity outdoor-to-indoor coverage efficiently is still
considered difficult due to the large penetration loss of the building [SHFA14], 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 benefit 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 comparable. Thus, the
uplink is not necessarily the bottleneck anymore.
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Static TDD – Uplink

Static TDD – Downlink

Dynamic TDD

Signal Other-entity interference Same-entity interference

Figure 1.1: Signal and interference distribution for static and dynamic TDD.
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1.3 Traffic modelling

The traffic ratio between downlink and uplink plays an important role as it relates
directly to the amount and distribution of same- and other-entity interference.
Evenly distributed (symmetric) traffic is an intuitive traffic model typically used
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 Internet-
based data traffic which tends to be more bursty. From this standpoint, dynamic
TDD can improve performance by serving the traffic immediately.

It is expected that UE diversity will be lower in UDN such that the traffic
will be driven only by a few number of UEs. In such scenarios, bursty traffic
will cause even fewer uplink-downlink overlaps between cells and the scheduling
can instead be performed opportunistically due to the small likelihood of crossed-
slot interference. The situation becomes more challenging if the data is backlogged,
which is the underlying premise employed in this thesis unless stated otherwise. The
backlogged buffer assumption is applicable in cases of congestion, small buffer sizes,
traffic shaping, or evaluating the achievable gain of the scheme of consideration.

Notwithstanding that much of the traffic will continue to be dominated by
the downlink in the foreseeable future, a common assumption in literature when
investigating the feasibility of dynamic TDD and one applied herein is to assume
an evenly distributed long-term traffic 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. Instantanoues traffic demand
may still vary sharply, though.

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, de-
ployment, channel propagation, traffic load, and quality-of-service (QoS) require-
ments. The term complexity is often used loosely to describe either computational
complexity, or overhead associated with channel measurement, handover, and in-
formation exchange. Many classical approaches can be adapted and reused for the
purpose of dynamic TDD, which presents several challenges for the radio resource
management (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 standardization [3GP12] the interference management for dynamic TDD is
classified into four categories:

• Clustering: The uplink-downlink time-resource allocation in each cluster is
fixed according to a static TDD configuration and set independently based
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on the long-term traffic of respective cluster. This way, same-entity inter-
ference is eliminated inside each cluster, but not between clusters employing
different configurations. Clustering often provides a good compromise be-
tween performance and coordination complexity.

• Inter-cell interference mitigation: Schemes such as inter-cell interference co-
ordination (ICIC) and almost blank subframes (ABS) designed to mitigate
cell-edge and cross-tier interference in heterogeneous networks can be adapted
and reused to deal with both the other-entity and same-entity interference.

• Classical scheduling: Dynamic scheduling based on link adaption to varying
channel conditions, traffic load, transmission direction, interference condi-
tions, level of inter-cell coordination, and user fairness are included as part
of this item. 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 by
using enhanced receiver technologies like beamsteering, successive interfer-
ence cancellation (SIC), maximum-ration combining (MRC), and interference-
rejection combining (IRC), or by joint transceiver techniques like beamform-
ing and interference alignment.

We classify some of these techniques in Figure 1.2 based on the degree of coop-
eration. In this context, clustering and ICIC-type 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 litera-
ture (see [SPJFL15] and references therein), and is to some extent also integrated
as part of this thesis.

In UDN, 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 dis-
tances 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 take place in the same time-frequency
resource and transmitting UEs are randomly located within a cell, even planned net-
works 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 [VHMM14]. Thirdly, the resource management can become overly
complex for a large number of cells. From this perspective, the resource manage-
ment may be different in 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:
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Interference 
management

Cooperative Distributed

Clustering

ICIC, ABS, etc.

Beamsteering, SIC, etc.

Multi-cell scheduling, 
beamforming, interference 

alignment, etc.

Figure 1.2: Classification of interference management techniques.

• HQ1: What are the key parameters for efficient resource allocation of dy-
namic TDD in UDN?

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 [Chu92] showed uplink performance to
be the limiting factor for dynamic TDD in case of a large transmit power imbal-
ance. The introduction of small cells for short-range communication has allowed
this gap to shrink considerably. In fact, in the case of two cells, a performance
gain is always obtained with dynamic TDD in a small local area network under
a balanced-fair allocation as long as the switching point is flexible and transmit
powers are equal [JRK12]. Investigating the feasibility of dynamic TDD under dif-
ferent conditions and evaluating its performance has therefore gained considerable
interest. Indoor environments, especially, have shown promising gains due to a
more favorable propagation environment where the natural prevalence of walls help
attenuate the interference. Assuming the simplest possible resource allocation, we
intend to answer the following:

• RQ1: What is the performance, and thereby feasibility, of non-cooperative
dynamic TDD in UDN? What is the impact of distributed interference miti-
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gating techniques like beamsteering on such networks?

The non-cooperative scheme provides a lower bound on performance. In light
of this, we also consider inter-cell coordination in later works. While more coordi-
nation can boost performance, complexity also grows with the number of cells. In
fact, the joint scheduling and power allocation problem is known to be NP-hard
except for a few special cases [LZ08, LD14, CMC09]. This motivates a more dis-
tributed resource allocation to also ensure scalability. Since scheduling rather than
power allocation becomes more important for close-by links [QZ10], this greatly
simplifies the resource allocation problem. Scalable scheduling for UDN considered
in [JLPDZ15] 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 PF. The re-
sult indicates that simpler and more distributed schedulers can be adopted in UDN
without necessarily sacrificing too much performance. To further improve scalabil-
ity, we argue that traffic and propagation environment should also play a role in the
resource allocation—whether an interferer is appears in LOS or not should impact
whether the interferer is included in the coordination in the first place. This begs
the question:

• RQ2: What are the mechanisms for scalable yet efficient resource allocation?

Still, multi-cell coordination may be considered under limited circumstances
given that the gains motivate the increased complexity. This is surely true for some
indoor scenarios where network sizes are small 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
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 multi-cell MIMO was
considered in [JTKL15, JTL15]. There, authors investigated precoder and decoder
design for sum-rate maximization, but assumed a rather sophisticated system model
with multiple UE antennas. Furthermore, they did not include the impact of inter-
cell interference. In light of this, we wish to consider the following:

• RQ3: What is the performance of centralized beamforming in dynamic TDD
taking into account both same- and other-entity interference?

1.5 Contributions

In the following, we list the main contributions of the thesis divided by chapter and
publication.
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Chapter 2

To answer RQ1, we study the relative performance of scalable, non-cooperative
dynamic TDD with that of static TDD. To investigate the effects of distributed
interference management, beamsteering at both the BS and UE is applied. This
problem is also covered in:

• Paper A: H. Celik and K. W. Sung, “On the Feasibility of Blind Dynamic
TDD in Ultra-Dense Wireless Networks”, 2015 IEEE 81st Vehicular Technol-
ogy Conference (VTC Spring), Glasgow, 2015, pp. 1-5.

In answering RQ2, traffic and propagation environment are incorporated as
part of the scheduling. Specifically, a low-order polynomial is proposed to map BS-
to-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 question is also studied in the following paper:

• Paper B: H. Celik and K. W. Sung, “Scalable Resource Allocation for Dy-
namic TDD with Traffic and Propagation Awareness”, submitted to Wireless
Communications and Networking Conference (WCNC), 2018 IEEE.

Chapter 3

To answer RQ3, we employ transmit precoding to eliminate interference from and to
BSs and introduce the notion of dummy symbols. This problem has been examined
in:

• Paper C: H. Celik and K. W. Sung, “Joint Transmission with Dummy Sym-
bols for Dynamic TDD in Ultra-Dense Deployments”, 2017 European Con-
ference on Networks and Communications (EuCNC), Oulu, 2017, pp. 1-5.

Contributions not included in this thesis

• O. Bulakci, et al., “Agile Resource Management for 5G: A METIS-II perspec-
tive,” in Standards for Communications and Networking (CSCN), 2015 IEEE
Conference on, pp. 30–35, Oct 2015.

• E. Pateromichelakis, H. Celik, et al., "Interference management enablers for
5G radio access networks," 2016 IEEE Conference on Standards for Commu-
nications and Networking (CSCN), Berlin, 2016, pp. 1-7.

• O. Bulakci, et al., “An Agile Resource Management Framework for 5G,”
submitted to Standards for Communications and Networking (CSCN), 2017
IEEE Conference on, Sep 2017.
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1.6 Simulation methodology

The scenarios covered in this thesis can be seen as simplified versions of the virtual
indoor office test case described in [Pro13] with respect to environment, traffic,
bandwidth, etc. Numerical results are based on Monte Carlo simulations for col-
lecting the statistics. UEs are generally dropped following a uniform distribution,
but with only a subset of them being active by having traffic demand. In this con-
text, we will often illustrate performance with respect to utilization defined as the
portion of active UEs to the number of BSs. BSs are placed either in a grid pattern
or following a uniformly random distribution depending on use case. We disregard
the effect of wraparound for indoor deployment as it can be assumed that the outer
walls of the building will attenuate most of the outside interference anyway. Equal
transmit power is assumed in both directions unless stated otherwise. The small
cells are assumed to be low-complex for cheap operation and deployment. There-
fore, they are equipped with a single antenna requiring only one radio frequency
chain.





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 infer 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. Thus, it is interesting to examine whether scalable
operation of dynamic TDD is feasible in the first place.

2.1 Blind dynamic TDD with beamsteering

2.1.1 Network model
Let K = Kdl ∪ Kul be the set of active UEs where the subscript indicates their
transmission direction. Similarly, let N = Ndl ∪Nul denote the corresponding BSs.
For the distributed schemes considered herein, it is assumed that UEs associate
to their strongest BS. To mitigate the inter-cell interference without resorting to
potentially cumbersome inter-cell information exchange, beamsteering is applied.
Beamsteering (or analog beamforming) aims to form the beam in analog domain
and can be realized in practice in a number of ways [HGPR+16]. Compared to
digital beamforming, beamsteering does not require multiple RF chains or scales
the output signal power.

Indicator functions for the interference regions are defined as

I·,·|·,· =


Ik′,·|k,·,

Ik′,·|·,n,

I·,n′|k,·,

I·,n′|·,n,

where Ik′,·|k,· equals one if receiver UE k′ lies in the interference region of transmitter
UE k, and zero otherwise. Similar explanation follows for the other cases. The

15
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resulting signal-to-interference and noise ratio (SINR) is

γi =
|hi,b(i)|

2
Ii,·|·,b(i)

σ2/P +
∑
k∈Ndl\b(i) |hi,b(k)|

2
Ii,·|·,b(k) + α

∑
l∈Kul

|gi,l|
2
Ii,·|l,·

, i ∈ Kdl (2.1)

γj =
|hj,b(j)|

2
I·,b(j)|j,·

σ2/P +
∑
k∈Kul\j |hk,b(j)|

2
I·,b(j)|k,· + α

∑
l∈Ndl

|fb(j),l|
2
I·,b(j)|·,b(l)

, j ∈ Kul

(2.2)

where |hk,b(l)|
2
is the other-entity path gain of the channel hk,b(l) between UE k

and BS b(l) serving UE l, |gk,l|
2
is the same-entity path gain between UE k and UE

l, |fk,l|
2
is the same-entity path gain between BS k and BS l, and α an indicator

variable such that

α =
{

1, dynamic TDD
0, static TDD

It is assumed that the coherence time interval is at least long as one TDD frame.
Then, assuming a switching point that reflects the evenly distributed traffic, the
performance metric is taken to be the sum-rate∑

k∈K

(
1 + α

2

)
B log2(1 + γk) (2.3)

where B denotes the bandwidth. Eqs. (2.1), (2.2), and (2.3) reveal that while the
achievable user rate is higher in static TDD due to less interference, less cells will
be active in static TDD mode because of the duplexing constraint.

2.1.2 Numerical results
We assume an office building with a square shape measuring 50-by-50 meters
and BSs placed according to a planned and equally spaced lattice topology. No
wraparound is applied to account for border effects for the outermost cells. For
indoor scenarios this is rather intuitive as the walls of the building will attenuate
much of the outside interference anyway. User locations and the duplex mode of
cells are both outcomes of uniform distributions. Monte-Carlo simulation over 1000
realizations is performed according to parameters in Table 3.1. Full-buffer load is
also assumed. Due to LOS between users and BSs, power loss follows the inverse
square law which implies that each UE is associated with its closest BS. In order to
compare the relative gains of an increasingly noise-limited environment, antennas
with varying degree of directivity are applied to mitigate other-cell interference.
The antennas are assumed to be ideal without the presence of side lobes. Other-
cell interference originates either from the same source (UE↔UE and BS↔BS) or
some other entity (UE↔BS and BS↔UE). In static TDD, same-entity interference
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Figure 2.1: Performance comparison between static TDD (S-TDD) and blind dy-
namic TDD (D-TDD).

Table 2.1: Simulation parameters

Parameter Value

Number of BSs 25
Number of UEs 1 to 25
Bandwidth 20 MHz
Frequency 10 GHz
Cell radius 5 m
Transmit power 0 dBm
Frequency reuse factor 1
Antenna gain 0 dBi
BS beamwidth 360◦ to 0◦
UE beamwidth 360◦ to 120◦
Noise figure 9 dB
Noise spectral density -174 dBm/Hz

is avoided by synchronizing the radio frames of the different user groups by applying
the same rate of (a)symmetry between downlink and uplink.

UEs operating under blind dynamic TDD will be allocated all the subframes for
their transmission, or twice as many compared to static TDD based on the sym-
metric traffic assumption. The sum throughput of blind dynamic TDD is therefore
doubled when there is a single UE in the system, which is to be expected in the
absence of interference. This is demonstrated in Figure 2.1a, which depicts the
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(b) Throughput and BS beamwidth at high load.
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(c) Throughput and UE beamwidth at low load.
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(d) Throughput and UE beamwidth at high load.

Figure 2.2: System performance for varying transmitter- and receiver-side
beamwidth.

average and 1st percentile UE throughput as a function of system utilization. We
define utilization in terms of traffic load as the portion of active UEs, |K|/|N |. It is
shown 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 utiliza-
tion and, hence, interference in the network increases. Omni-directional antennas
were used for both BSs and UEs. The impact of path loss on average user data rate
in high load regime is depicted in Figure 2.1b. Not surprisingly, both blind and
static dynamic TDD experience increasing gains as interference is reduced due to
the increase in path loss. The gain is however more pronounced for blind dynamic
TDD since it induces more interference into the network than static TDD, both
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in terms of more other-entity interference as well as same-entity interference which
does not exist in static TDD mode.

Beamsteering antennas are applied to mitigate co-channel interference and in-
crease the overall data rate. Here, 360◦ and 0◦ represents omni-directivity and
pencil-sharp beams, respectively. Compared to BSs, UE antennas will have limited
beamforming capability due to their lower cost and smaller factor. In subsequent
figures, area throughput as a function of antenna beamwidth is depicted under
various traffic load. Low load regime is defined as around 10% utilization in the
network, whereas high load considers 80% utilization. In Figure 2.2a, blind dy-
namic TDD is shown to outperform static TDD with increasing gains as the beam
of the BS antenna narrows around its intended user. This trend is reinforced with
120◦ antenna beamwidth at the UE side. The gains for the blind scheme become
however less obvious in Figure 2.2b which depicts the exact same setup but in high
load regime. As the beamforming improves at the BS side, static TDD becomes in-
creasingly noise-limited in the downlink and comparably better than blind dynamic
TDD for a certain BS beamwidth. Introducing 120◦ beamwidth at the UE side will
again put the blind scheme over the top. In Figure 2.2c and 2.2d, we instead control
the beamwidth of the transmitting UE antennas for different load, steer it towards
its intended target, and observe the difference. In both aforementioned figures,
blind dynamic TDD consistently outperforms static TDD, and improving antennas
only at the UE side is not enough to put static TDD over the top.

2.2 Traffic and propagation-aware scheduling

Part of the the difficulty of interference management in real-world wireless networks
lies in accounting for the appropriate interferers while limiting number of informa-
tion exchanges. With information we refer to the signalling related to the channel
estimation process and traffic information exchange. In reality, most schemes are
either too optimistic or too pessimistic—they either consider too few or even the
wrong interferers to the detriment of performance, or too many interferers and too
much interference coordination on the back of scalability. An important factor is
the effect of traffic load and propagation environment on interference. The impli-
cation is that nearby non-LOS (NLOS) interferers with a large degree of shielding
will contribute less to interference compared to more distant interferers in LOS.
At the same time, limiting the cooperation to the strongest tier for the purpose
of scalability may be too restrictive in LOS if traffic load is high. Thus, it can
be argued that traffic load and propagation environment should play a role in the
resource allocation.

Centralized interference coordination becomes more difficult as the network size
grows. Instead, a distributed mechanism that takes into account inter-cell interfer-
ence is needed. In some deployment scenarios, BSs would be able to enjoy ultra-fast
backhaul enabling various joint processing techniques. However, it is not practical
to expect such favorable conditions in all cases. Thus, it is preferred to reduce
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the quantity and frequency of inter-cell information exchange. Another desirable
property of a scalable interference management scheme is that computational load
at each BS is minimized to keep the cost of BSs low. Besides the scalability require-
ments, adaptability to changes in the propagation environment is also an attractive
feature of an interference management scheme in future wireless networks. It is en-
visaged that the radio network deployment becomes flexible with nomadic cells to
cope with fluctuating traffic demands. In some places as exhibition halls and shop-
ping malls, in-building layout changes frequently, which also results in changes in
the interference characteristics. Thus, the interference management should quickly
adapt to different circumstances.

Several works considering scalable interference management for dynamic TDD
are covered in literature but contain several drawbacks. In [EBSL14] authors take
a game-theoretic approach utilizing reinforcement learning, but require a training
sequence to estimate the distribution functions of the actions of particular BSs.
In contrast, [ARJ11] proposes pairing cells with their dominant interferer and per-
forming the scheduling intra-pair based on what maximizes the utility the most.
While this significantly simplifies the scheduling, it is prevalent on knowing the
instantaneous CSI. In [DTK+13], 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, it is noted that [ARJ11, DTK+13] do not take
into account the radio propagation environment in the resource allocation which
will have an impact on the amount of interference coordination required [KSZ12].
For example, considering only a subset of LOS interferers may severely underesti-
mate the interference and coordination needed for the resource allocation if traffic
is high, whereas interferers in non-LOS with a large degree of shielding should be
exempt from the coordination entirely.

2.2.1 Proposed scheme

To minimize the signaling, a scheduling mechanism utilizing the activation proba-
bility of individual BSs is proposed. It is believed that scheduling rather than power
control becomes more important in controlling interference in very dense networks
for close-by links [QZ10]. The proposed scheme works as follows. First, to minimize
signalling for the channel estimation and feedback, offline BS-to-BS measurements
to approximate the interference are performed for different traffic conditions. Thus,
each BS only needs to know the traffic of interfering BSs to calculate its received
interference. To also minimize signalling for the traffic information exchange, it is
possible consider BSs of only meaningful interference above some received power
threshold. The advantange is that interference based on offline measurement of
BS-to-BS radio propagation and local exchange of traffic information is much less
frequent and delay-sensitive than CSI. As a second step, the interference is mapped
to the decision of individual BS, where the mapping is established through exten-
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sive pre-calculation of the optimal behavior. Thus, for a given traffic, each BS can
perform its scheduling independently.

In other words, we wish to find the functions f : R→ R and gn : RN → R such
that

pn = f(gn(T )) = f(In), n ∈ N (2.4)

where In = gn(T ) denotes the total BS-to-BS interference at BS n given traffic
knowledge in terms of a traffic vector T , and N ≤ |N | with equality if the traffic
information of all BSs is used. We elaborate further on the meaning of f, g, and T
in the sequel.

2.2.2 Offline propagation awareness

Measuring the BS-to-BS interference is in many ways the simplest form of inter-
ference 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) prop-
agation 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 instan-
taneous interference with very little real-time signalling. If or when the nature of
the interference changes due to changing BS deployment or propagation environ-
ment between BSs, for example due to temporary (nomadic) nodes, a new offline
interference estimation will need to be performed.

The offline interference estimation is conducted by letting all but one BS broad-
cast a reference signal (RS) orthogonally on different resource elements, upon which
the listening BS estimates the interference in terms of RSs sent from the other BSs.
The listening BS is then able to calculate and tabulate the total BS-to-BS inter-
ference it might expect to receive for all combinations of traffic from the other
BSs. Thus, gn(T ) in Eq. (2.4) becomes merely a look-up table. The procedure is
repeated for all remaining BSs. Based on this knowledge, each BS will be able to
estimate its received interference as long as it knows the traffic of the other BSs.
Since the traffic state is binary (each BS is either active if it has traffic and inactive
otherwise), only an indicator value needs to be exchanged in order to convey the
traffic information. Consequently, the vector T in Eq. (2.4) will be an indicator
vector consisting of zeros and and ones, depending on which BSs are active. No CSI
is therefore required once the network is online. We will elaborate on the scalability
of traffic information exchange in Section 2.2.4.
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2.2.3 Mapping interference to activation probability

Having obtained gn for all n ∈ N , we now proceed to identifying f also through
offline simulations. The idea is that, for a given traffic (load, location) and propaga-
tion environment (fading, wall loss), optimal activation probabilities based on the
real interference can be found using exhaustive search offline. Once found, these
optimal activation probabilities are mapped to the interference each BS would re-
ceive from other active BSs in the network (we recall from Section 2.2.2 that the
BS-to-BS interference can easily be obtained online by each BS once the traffic is
known). By repeating this procedure for varying traffic and propagation environ-
ment, we are able to construct a function that minimizes the error between the two
measurement sets made up by activation probabilities and BS-to-BS interference in
a least-squares sense. While suboptimal, this way of fitting the two data sets allows
us to derive an a prioiri known relationship between interference and activation
probability. Once identified, f is made known to all BSs, thus allowing each BS to
calculate and perform its scheduling independently for a given traffic T .

Through simulations we obtain

f =
[
a0 + a1In + a2I

2
n + a3I

3
n

]+
, (2.5)

where In =
∑
n′∈N\n f̄

BS
n,n′ denotes the total BS-to-BS interference received by BS

with f̄BS
n,n′ being the average channel gain normalized with 10−9. Furthermore,

the polynomial coefficients are identified as a0 = 1, a1 = −0.5406, a2 = 0.1293,
a3 = −0.0092, and [y]+ = max{pmin, y} where pmin > 0 is the minimum allowed
activation probability. It is verified from inspection that the probability in Eq. (2.5)
indeed equals one when interference is zero, and tends to pmin for sufficiently large
interference power.

We found that including a higher-order polynomial does not give any meaning-
ful performance improvement. However, it is fair to presume that more accurate
mappings than Eq. (2.5) exist that can provide even better performance. Finding
such mappings is a separate problem and is not elaborated any further. Therefore,
for simplicity, we hereafter employ Eq. (2.5).

2.2.4 Scalability

A key point of the proposed scheme is that, given the traffic T , Eq. (2.4) can be
computed easily. As the traffic changes and T → T ′, BSs send a binary indica-
tor value to a central unit to signal whether they still have a UE to serve before
the newly computed activation probabilities are returned. However, to achieve
true scalability for large-scale networks, it cannot be assumed that all the BSs are
connected to the same controller anymore. Instead, localized control needs to be
employed to track the traffic.

More specifically, during the offline interference estimation, each BS only con-
siders RSs from interfering BSs above its receiver threshold. For simplicity, we will
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Figure 2.3: (a) Training scenario with grid BS deployment (left). (b) Snapshot of
the performance evaluation scenario with randomly deployed BSs (right).

assume the same receiver threshold γ for all BSs. Because the RSs are broadcasted
on orthogonal resource elements, the listening BS is able to identify from which BSs
the dominating interference is coming from. Then, the listening BS can exchange
traffic information with its interfering BSs via the X2 interface each time there is a
change in their traffic. This way, each BS will interact only with BSs of meaningful
BS-to-BS interference, while further minimizing the signalling associated with the
traffic information exchange. More formally, the interference based on the traffic
from the meaningful interferers can be calculated as In = gn(Tn), n ∈ N , where Tn
denotes the reduced-order binary traffic information with dim(Tn) ≤ dim(T ).

2.2.5 Numerical results

The training scenario for obtaining Eq. (2.5) is shown in Fig. 2.3a. We note
that other scenarios may also be valid for the training assuming the data sets are
sufficiently rich. Since the training scenario is somehow reflected in the identified
function f , we can be sure that the proposed scheme will work for that particular
scenario. Therefore, to truly validate the effectiveness of f and the propsed scheme
as a whole, we need to consider a different scenario for the performance evaluation.
A snapshot of this scenario is illustrated in Fig. 2.3b, this time with BSs randomly
deployed within each room. The actual scenario can be of any shape as long as it
can be represented with a similar channel model as the training scenario.

For the performance evaluation, Monte Carlo simulations based on 2500 snap-
shots are carried out for the statistics collection. The UEs are dropped uniformly
in each room for both the training and performance evaluation. The system as a
whole operates at 2 GHz with a 10 MHz wideband carrier. To calculate the path
loss, we consider a general power decay model (in dB) taking into account walls
and shadowing as

38.4624 + 10α log10 (dr,t) + nr,tLw +Xσ,
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(a) Average sum throughput: (α,Lw) = (2, 0 dB).
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(b) 5%-ile UE throughput: (α,Lw) = (2, 0 dB).
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(c) Average system throughput: (α,Lw) =
(4, 30 dB).
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(d) 5%-ile UE throughput: (α,Lw) = (4, 30 dB).

Figure 2.4: System and worst individual performance for high and low interference
case.

where α is the path loss exponent, dr,t and nr,t represent the distance and number
of walls between receiver r and transmitter t, respectively, Lw corresponds to the
wall loss, and Xσ ∼ N (0, σ) is the shadowing component with standard deviation
σ = 3 dB in LOS and σ = 4 dB in non-LOS. For the traffic model, a backlogged
buffer for each UE is assumed once its file request is granted1. Each time slot is 1 ms
long during which the fading is assumed to be flat. Transmit power is P = 100 mW,
and noise power spectral density −174 dBm/Hz. In order to adequately model the
same-entity interference representative of dynamic TDD, average traffic demand is

1An FTP traffic model was also considered, but was found to generate hardly any inter-cell
interference due to the exceedingly low UE diversity.
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assumed to be evenly distributed between uplink and downlink. Minimum allowed
activation probability is set to pmin = 0.1.

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 = 1.0,∀k, corresponds
to blind transmission in [CS15] 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, 1.0]. For cell pairing we consider a simpler and more scalable version
of the iterative cell pairing proposed in [ARJ11]; here, cells are instead paired based
on the strongest BS-to-BS links and therefore known beforehand. For comparative
reasons, optimal performance in terms of exhaustive search for the scheduling is
also included. To reduce runtime for the exhaustive search, the file size comprising
the backlogged data is limited to 1 kB.

Average sum-throughput as a function of utilization is depicted in Figs. 2.4a and
2.4c for two different propagation environments: (α,Lw) = (2, 0 dB) representing
high interference, and (α,Lw) = (4, 30 dB) representing low interference. The low-
est utilization represents a single active UE in the network (|K| = 1), and therefore
the performance might initially go down when interference is introduced (|K| > 1).
From Fig. 2.4a 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 Fig. 2.4c,
the optimal system becomes distributed as both the proposed scheme and exhaus-
tive 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 at
the cell edge, as shown in Figs. 2.4b and 2.4d depicting the 5th percentile UE
throughput. In the case of Fig. 2.4b, the scalable schedulers all become very sensi-
tive to LOS interferers as they are either not part of the same coordination set, or
they underestimate their proximity as in the case of 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 Fig. 2.4d. 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.

In Fig. 2.5 we fix the utilization at |K| = 3 and investigate relative performance
as a function of wall loss. As reference, we relate the performance of the different
approaches to that of exhaustive search. As expected, all the allocation schemes
(with the exception of equal transmit probability) perform increasingly better as
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Figure 2.5: Relative system throughput for fixed utilization (|K| = 3) and α = 2.

the higher wall loss attenuates more and more of the interference. Fig. 2.5 also
tells us that an unrealistic high wall loss would be required to achieve optimal
interference, implying that interference management is needed indoor even in the
presence of interference mitigators like walls. Similar trend was also observed for
higher |K|.

In Fig. 2.6 the system throughput is plotted on the left vertical axis as a function
of the received power threshold γ. On the right vertical axis, we instead consider
the average number of BSs that exchange traffic information with each other2. 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. Note that we in Fig. 2.6 consider a larger net-
work size than before (6-by-6 instead of 3-by-3), and therefore exclude exhaustive
search due to its prohibitively large complexity. This would imply that exhaustive
search is not practical for obtaining optimal activation probabilities when identi-
fying the mapping f . In such cases, more local mappings may suffice. Therefore,
in the subsequent results, we will for simplicity employ the mapping in Eq. (2.5)
identified for the 3-by-3 network to our 6-by-6 network. In Fig. 2.6, low and high
traffic load is investigated. In theory, as γ increases, fewer and fewer BSs will ex-
change traffic information with each other and we expect performance as a result
to decrease. The maximum number of BSs that can exchange traffic information is

2Because the BS locations are randomized in the performance evaluation, the number of traffic
exchanging BSs may vary for each realization even for the same γ. Therefore, we consider the
average number.
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Figure 2.6: System throughput for varying γ for the high interference case (α,Lw) =
(2, 0 dB).

|N | − 1 = 35. Results show that we can limit the number of information exchang-
ing BSs considerably by increasing the received power threshold with little effect
to system throughput. In fact, the results show that on average it may be enough
to share traffic information with only the four strongest interferers. Finally, when
the number of information exchanging BSs is zero, the scheme will resort to blind
transmission.





Chapter 3

Cooperative RRM for Dynamic
TDD

One implication of UDNs 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). This implies that the same data is
transmitted by multiple BSs as long as they are part of the same cooperative set.
JT is therefore likely to increase BS utilization and improve the SINR for some
UEs. This type of cooperation is prudent as long as network size is limited and the
benefits outweigh the increase in complexity. Yet, somewhat surprisingly, coher-
ent transmission techniques remain poorly covered in literature in the context of
dynamic TDD. Linear precoder and combiner design based on mean-square error
minimization for a multi-cell MIMO system was treated in [JTKL15, JTL15], and
appear to be one of the few works considering JT (and joint reception). The exis-
tence of multiple transmit and receive antennas meant that precoders and decoders
could be designed in a distributed per-cell fashion for both uplink and downlink,
but may yield limited gains when BSs and UEs are equipped with a single antenna.
It did also not address the aspect of inter-cell interference. Furthermore, because
the system is distributed, it may not be able to fully utilize the BS diversity when
UE diversity is low and some BSs do not have a UE to serve. In [SMD15] au-
thors considered ZF precoding for cross-tier interference cancellation based on the
orthgonal complement, but in the context of massive MIMO. There, an asymptoti-
cally optimal precoder based on sum-power minimization was proposed for nulling
downlink macro-tier interference to small-cell uplink BSs. In this chapter, we in-
stead propose a precoder for dynamic TDD based on a posteriori cancellation of
the same-entity interference using so called dummy symbols [CS17].

29
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Figure 3.1: Multi-cell dynamic TDD with JT-DS.

3.1 Joint transmission with dummy symbols

We consider network-wide JT where BSs cooperate to create a geographically dis-
tributed antenna array in the downlink. JT is facilitated using ZF which effectively
nulls BS-to-UE interference and is preferred at high signal-to-noise ratios (SNRs),
but is limited by the number of cooperating antennas. To also deal with BS-to-BS
interference, uplink BSs can be included as part of the precoding to mitigate some or
all of the BS-to-BS interference. The precoder may therefore be 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 larger downlink power and chances of LOS tends to saturate uplink perfor-
mance. Since downlink BSs are not aware of the information to be transmitted by
uplink UEs beforehand, any symbols with zero power can be transmitted to uplink
BSs virtually. Illustrated in Figure 3.1, we denote this scheme as joint transmission
with dummy symbols (JT-DS). Furthermore, we consider downlink-only power al-
location 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. Since the emphasis is on the use of dummy symbols, we do not consider
ZF decoding at the uplink BSs in the exposition that follows.
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3.2 Network model

Without loss of generality, define the index sets Kdl = {1, . . . ,Kdl} and Kul =
{Kdl + 1, . . . ,K}. Since we neglect BS decoding, uplink UEs will only associate
to a single BS. All BSs not serving uplink UEs are assumed to participate in the
downlink transmission to maximize BS diversity, in which caseNdl = N\Nul. Then,
it follows that |Ndl| + |Nul| = Ndl + Nul ≤ N , where the inequality is in case we
have only uplink traffic. The ZF constraint implies that the number of downlink
UEs that can be included in the precoding is limited by Kdl ≤ Ndl. As a result,
the maximum number of uplink BSs that can participate cannot exceed Ndl−Kdl,
or more formally,

V max
ul = min {Nul, Ndl −Kdl} .

The first argument follows from the fact that one cannot include more uplink BSs
than available. As we shall see, this number will inflict a trade-off between downlink
and uplink performance as it affects the precoder design. Hence, the number of
participating uplink BSs can be thought of as a system design parameter defined
as:

Vul(δ) = max {0, V max
ul − δ} , Vul.

Downlink and dummy symbols are mapped as

x = W diag
(√
p1, . . . ,

√
pKdl ,

√
pKdl+1, . . . ,

√
pKdl+Vul

)
sd,

where sd = [s1, . . . , sKdl , s
d
1, . . . , s

d
Vul

]T with dummy symbols sdk, and pk = 0,∀k ∈
Vul = {Kdl + 1, . . . ,Kdl +Vul} representing zero power for dummy symbols. Mean-
while,

W = MH(MMH)−1, (3.1)

where W = [w1, . . . ,wKdl+Vul ] with ‖wk‖2
2 = 1 for scaling purposes in order to

obtain feasible solutions, and

MH =
{

[hH1 , . . . ,hHKdl
], Vul = 0

[hH1 , . . . ,hHKdl
, fHb(Kdl+1), . . . , fHb(Kdl+Vul)], Vul ≥ 1

Here, hHi ∈ CKdl×1 is the complex-valued channel vector between all downlink BSs
and downlink UE i, and fHb(j) ∈ CVul×1 the channel between all downlink BSs and
uplink BS b(j). In general, Eq. (3.1) only holds when Kdl + Vul ≤ Ndl which can
be seen as the modified ZF constraint.

The output power constraint is expressed as

E
[
|xn|2

]
=
Kdl+Vul∑
k=1

|wnk|2pk ≤ P,∀n ∈ Ndl

where P is the maximum transmit power allowed. From [WES08] we gather that
the precoder in the form of the pseudo-inverse may be suboptimal for a per-antenna
power constraint.
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It follows that the SINR for the received signal is

γi = pi|hHi wi|2

σ2 +
∑Kdl+Vul
k=1,k 6=i pk|hHi wk|2 +

∑K
l=Kdl+1 P |gi,l|

2 , i ∈ Kdl

γj =
P |hj,b(j)|

2

σ2 +
∑K
l=Kdl+1,l 6=j P |hl,b(j)|

2 +
∑Kdl+Vul
k=1 pk|fHb(j)wk|2

, j ∈ Kul

3.3 Applicability of JT-DS

Firstly, 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. Precoding can therefore be performed only when there
is downlink traffic in the network (Kdl ≥ 1). All BSs not serving uplink traffic will
take part in the downlink JT. In the absence of downlink traffic and same-entity
interference, the network will operate distributedly 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. Secondly, to mitigate
BS-to-BS interference, JT-DS requires a minimum of uplink traffic (Kul ≥ 1). If
only downlink traffic is present, JT-DS becomes identical to JT. This is also the
case if traffic is too high (K = N) as it implies that Vul = 0. Thus, JT-DS requires
a mix of both downlink and uplink traffic in less than fully loaded networks to be
even considered.

Which uplink BSs to include in the precoding will depend on what maximizes
the sum-rate the most. Intuitively, by mitigating interference to worst performing
UEs one can expect uplink performance to improve. Without loss of generality, let
γbKdl+1 ≤ · · · ≤ γbK be the uplink SINRs for the baseline scheme [CS15] where not
only uplink UEs but also downlink BSs transmit independently. To increase sum-
rate, BSs with index b(Kdl + 1), . . . , b(Kdl + Vul) corresponding to the Vul lowest
uplink rates are included in the precoder design. It is noted that this selection pro-
cess 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.

3.4 Downlink power allocation

We also consider power allocation in the downlink for JT and JT-DS as much more
complexity can be handled by the BS. Transmit powers are based on maximizing
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downlink sum-rate and obtained by solving

maximize
p1,...,pKdl+Vul

Kdl+Vul∑
k=1

log(1 + γk)

subject to
Kdl+Vul∑
k=1

|wnk|2pk ≤ P, ∀n ∈ Ndl

pk ≥ 0, ∀k ∈ Kdl

pk = 0, ∀k ∈ Vul

(P1)

Because uplink transmissions take place independently with no coordination, we re-
lax the objective function in (P1) so that it excludes UE-to-BS interference. More-
over, since transmit powers for the dummy symbols are zero, optimizing over only
the first Kdl variables does not affect the total BS power budget. The zero powers
imply that Rk = 0 for all k ∈ Vul. Assuming the BS-to-UE interference is perfectly
nulled, (P1) equivalates to

maximize
p1,...,pKdl

Kdl∑
k=1

log2(1 + pk)

subject to
Kdl∑
k=1
|wnk|2pk ≤ P, ∀n ∈ Ndl

pk ≥ 0, ∀k ∈ Kdl

(P2)

This problem is convex since the objective function is concave and the constraints
are linear in p1 . . . , pKdl . To improve runtime, the objective function in (P2) can
be replaced with

∑Kdl
k=1 pk and solved as a linear program. It is noted that (P2)

is identical to the downlink power allocation problem for JT, though the precoder
and resulting SINR is in general different.

3.5 Numerical results

Monte Carlo simulations are performed for the statistics collection based on the
parameters in Table 3.1. BSs are placed according to a grid deployment in an indoor
open area spanning 40x40 meters. Local scattering in terms of fast (Rayleigh) fading
is also included in the propagation model.

As a baseline we consider [CS15] where not only uplink UEs but also downlink
BSs transmit independently. While the lack of coordination of [CS15] means it
provides near lower bound performance, it has shown to perform well in UDN to
TDD systems with a static switching point, see Section 2.1. Average sum-rate
for JT and JT-DS is illustrated in Figure 3.2a together with the baseline scheme.
Corresponding uplink and downlink sum-rate is shown in Figure 3.2b and 3.2c,
respectively. In order to adequately evaluate JT-DS, we only consider the case
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Table 3.1: Simulation parameters.

Number of BSs 16
Number of UEs per BS ≤ 1
Channel model Average path loss of WINNER

II A1 [Pro07] with fast fading
Bandwidth 10 MHz
Frequency 2 GHz
UL:DL traffic demand 50:50
BS and UE transmit power ≤ 100 mW
Frequency reuse Universal
Noise figure 9 dB
Traffic model Infinitely backlogged
UE distribution Uniform
Total number of snapshots 10 000

when there is both uplink and downlink traffic in the network. The lowest utilization
point which reflects an interference-free environment and a single UE is therefore
omitted. 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 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, JT-DS 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. 5th percentile UE
performance is depicted in Figure 3.2d.

As more and more UEs are activated and utilization increases, so does unmit-
igated UE-to-BS and UE-to-UE interference. In the uplink, increasing utilization
implies more uplink (and downlink) traffic and, in turn, initially increasing Vul.
More uplink BSs are thus able to participate in the precoding. Consequently, up-
link sum-rate increases in part thanks to higher uplink demand, and in part thanks
to the fact that more of the BS-to-BS interference is mitigated. At some utilization
point however, Vul will instead begin do decrease, meaning fewer participating up-
link BSs. Despite this, an uplink performance gain is still achievable by including
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 of the precoder matrix. As a result, elements {|wij |2} may become
overly large, and transmit powers are lowered to compensate for the difference in or-
der to not violate the BS power constraint. This is observed for both JT and JT-DS
in Figure 3.2c, though the difference is more accentuated for JT-DS as the partic-
ipating uplink BSs do not contribute in increasing downlink sum-rate, in addition
to the more severe ill-conditioning. Downlink performance can therefore become a
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(b) Average uplink sum-rate.
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(c) Average downlink sum-rate.
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Figure 3.2: System and worst individual performance.

bottleneck for JT-DS at higher traffic loads. On the other hand, the lower downlink
powers help reduce BS-to-BS interference and improve uplink performance. At full
utilization, JT-DS becomes identical to JT since Vul = 0.

Because of the ill-conditioning, we expect a trade-off between downlink and
uplink performance for JT-DS when varying the size of the precoder through δ.
When utilization is low, the effects of increasing δ are especially noticeable in the
uplink where the number of uplink BSs is already small due to an exceedingly
low UE diversity. This implies that Vul will be close or equal to zero even for
small values of δ. As a result, few if any uplink BSs will be able to participate in
the precoding. In downlink, however, the size of the precoder is still fairly small
and the effects of ill-conditioning less severe compared to high utilization regime.
In contrast, at high utilization even small changes in the number of participating
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uplink BSs can make a large difference to downlink performance. At the same time,
it is evident that including fewer uplink BSs in the JT-DS will effectively increase
BS-to-BS interference to uplink BSs excluded from the precoding and lower overall
uplink sum-rate.



Chapter 4

Conclusions

4.1 Summary and concluding remarks

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 favorable propagation con-
ditions of indoor deployments. In this thesis, we addressed resource allocation and
interference management for dynamic TDD and investigated scalable scheduling
for such settings. Specifically, we looked at non-cooperative dynamic TDD with
and without beamsteering and showed it to outperform its static equivalent. To
further improve performance while preserving scalability, a low-order polynomial
function that maps BS-to-BS interferences to individual BS activation probabil-
ties was introduced, taking into account both traffic and propagation environment.
The approach limits the number of information exhanges as the interferences are
calcucable in one shot and rely on side information rather than CSI. Results show
that the proposed scheme performs well to comparable schedulers when interfer-
ence is high, and optimally when interference is low. We also consider cooperative
dynamic TDD for moderate network sizes by utilizing the BS diversity afforded in
UDN. The cooperation is facilitated with ZF and takes into account both downlink
UEs and uplink BSs in the precoder design. In doing so, both uplink and downlink
sum-rate is improved at low and medium traffic load. At high load, it is possible
trade diminishing downlink performance with uplink performance.

4.2 Future work

In the current implementation, the emphasis was on sub-10GHz operation and
single antennas for the hardware equipments. It is desirable to consider UDNs in the
mmWave and high cmWave bands which, if densely deployed, can overcome some
of the sensitivity to blockages at higher frequencies. Furthermore, it is conceivable
to think that reliability can also be improved in UDN thanks to the redundancy in

37
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terms of BS diversity it provides. The question of fairness, or lack thereof, is another
topic of interest in UDN due to the low multi-user diversity. Because of this, it is
to be expected that the scheduling can be further simplified [JLPDZ15]. Current
notions regarding channel estimation, feedback, beam tracking and handover may
also be reconsidered in UDN where the aspect of complexity becomes even more
notable.
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