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Abstract

Wireless communication is driving a networked society, whe re data is ex-
changed anytime, everywhere, between everyone and everything. The inclu-
sion of smart devices and the explosion of new applications r equiring mobile
connectivity entails ambitious requirements for the next 5 th Generation (5G)
system: data rates up to 10 Gbps, latency as low as 1 millisecond and support
for new use cases such as Device-to-Device (D2D) Communication.

Several solutions may be considered to achieve higher system capacity:
using larger spectrum bands, increasing the number of cells and improving
the spectral ef�ciency. The �rst approach has limited poten tial, since the spec-
trum is scarce and expensive at conventional frequency bands. The strategy
of increasing the number of radio cells and reducing their si ze has proven
to be promising. However, small cells serve a small set of users, creating
sudden traf�c imbalances between uplink and downlink direc tions. Thus,
to optimally accommodate the instantaneous traf�c demands , dynamic Time
Division Duplex (TDD) is the most appropriate transmission mode. Improv-
ing the spectral ef�ciency is usually achieved by adding mor e antennas in a
device. However, this approach may bring constraints in ter ms of space and
cost. On the other hand, Full Duplex (FD) has been positioned as a potential
technology for 5G by allowing a node to transmit and receive s imultaneously
in the same frequency band, thus theoretically improving th e spectral ef�-
ciency and the system capacity.

Nevertheless, these approaches have a common drawback: increased and
unpredictable interference. Denser networks lead to a larg er inter-cell inter-
ference (ICI) and FD doubles the amount of interfering strea ms. Therefore,
mechanisms to deal with the interference are essential for the 5G design.

The focus of this Ph.D study is on Radio Resource Management (RRM) for
5G small cells in unpaired spectrum, targeting dynamic TDD a nd FD nodes.
In the �rst part of the Ph.D. thesis, link adaptation and reco very mechanisms
are studied to overcome the drawbacks caused by dynamic TDD. System level
simulations show that recovery mechanisms, specially at lo wer layers, are
needed to meet the 5G targets. Moreover, results also show that interference
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Resumé

Trådløs kommunikation stimulerer et netværkssamfund, hvo r der konstant
udveksles data alle vegne, imellem alle mennesker og alle ting. Inkluderingen
af smarte apparater, og eksplosionen af nye applikationer, som kræver mobil-
forbindelse, medfører ambitiøse krav til det næste 5. generationssystem: Data
hastigheder på op til 10 Gbps, forsinkelse ned til 1 millisek und, og support i
form af ”Device-2-Device” (D2D) kommunikation til nye brug smønstre.

Man kan overveje forskellige muligheder for at opnå højere k apacitet på
systemet: Brug af større spektrum bånd, forøge antallet af celler, og forbedre
spektre-effektiviteten. Det første tiltag giver et begræn set udbytte, da spek-
trummet er begrænset og dyrt i de konventionelle frekvensbå nd. Det har
vist sig at være mere lovende at vælge en strategi, hvor man forøger antallet
af radioceller, og formindsker deres størrelse. Men små celler betjener en
lille gruppe af brugere, hvilket skaber pludselige tra�kal e ubalancer imellem
uplink og downlink retninger. Så for at imødekomme de øjebli kkelige be-
hov for tra�k bedst muligt, er ”Time Division Duplex” (TDD) d en bedste
måde at overføre på. Muligheden for at forbedre spektre-eff ektiviteten opnås
normalt ved at tilføje �ere antenner på apparatet, men denne tilgang med-
fører begrænsninger i form af volume og pris. På den anden sid e anses "full
duplex" (FD) for at være en mulig teknologi indenfor 5G, ved a t tillade at
et adgangspunkt sender og modtager samtidigt i det samme fre kvensbånd,
således at spektre-effektiviteten og systemkapaciteten i teorien forbedres.

Disse tiltag har ikke desto mindre en ulempe: Forøget og ufor udsigelig
interferens. Tættere netværk fører til en større interfere ns imellem cellerne
(ICI), og FD fordobler antallet af interferens strømninger . Derfor er det vigtigt
for designet af 5G netværket, at �nde mekanismer til at håndt ere interferens.
Fokus i dette PhD studie er lagt på ”Radio Ressource Management” (RRM) til
små 5G celler i ”unpaired” spektrum, for at opnå dynamisk TDD og FD. I den
første del af PhD afhandlingen har man undersøgt tilpasning af forbindelse
og gendannelsesmekanismer, for at imødekomme ulemperne forårsaget af
dynamisk TDD. Simuleringer på systemlag viser, at gendanne lsesmekanis-
mer – specielt på lavere lag – er nødvendige for at imødekomme 5G målene.
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Background and Thesis
Overview

1 Mobile Traf�c Growth

Over the last few years, a remarkable growth of data-enabled devices has
been observed, which has led to an increase of the mobile data traf�c. The
amount of data carried by mobile networks moved from 10 gigab ytes per
month in 2010 to 3.7 exabytes per month in 2015 [1]. This outstanding growth
has been caused by cellular network advances, moving from th e 3th Gen-
eration (3G) to the 4th Generation (4G) of mobile systems; by the massive
increase of smart devices; and by the emergence of new type of applica-
tions, such as social networks, whose number of users grows notably day by
day. Only from 2014 to 2015, mobile data traf�c grew 74%, and e ven though
smart devices with minimum 3G connectivity only represente d 36% of the
total number of mobile devices and connections, they repres ented 89% of the
mobile data traf�c [1].

Such numbers are continuously growing, and the prediction i s that global
mobile data traf�c will increase approximately by eight tim es between 2015
and 2020, as shown in Figure 1.1. Smart devices are forecasted to generate
98% of the mobile data traf�c by 2020 [1], indicating that dev ices using wire-
less data connection are becoming more popular year by year.

To increase the network capacity and accommodate the future traf�c
demands, the strategies that must be considered, shown in Figure 1.2, are:

� Using larger frequency bands

� Enhancing the spectral ef�ciency

� Increasing the cell density
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Fig. 1.1: Exabytes per Month of Mobile Data Traf�c - Source: Cisco VNI 2 016 [1].

Fig. 1.2: Possible strategies to accommodate the future traf�c deman ds.

The frequencies ranging from 3 to 30 GHz, also known as centimeter-
wavefrequencies, have the most attractive propagation characteristics. How-
ever, using this frequency range has limited potential beca use the spectrum
is scarce and expensive, making it insuf�cient to deal with t he future traf�c
growth [2]. On the other hand, higher frequency bands rangin g from 30 up
to 300 GHz, also referred as millimeter-wavefrequencies, have been consid-
ered as an option to increase the network capacity [3, 4]. Research shows that
there is potential for using such bands. However, given the d ifferent propaga-
tion conditions compared to the traditional centimeter-wavefrequencies, large
antenna arrays and beamforming techniques are required to overcome the
pathloss. Orthogonal Frequency Division Multiplexing (OF DM) might not
be the most suitable modulation for millimeter-wave. This modulation is very
appropriate for bandwidth limited systems to multiplex use rs in frequency.
However, since a large amount of spectrum is available in the millimeter-wave
frequencies, users can be multiplexed in time. There are already some pro-
posals on a modulation for these high frequencies [5], as wel l as discussions
on channel modeling and beamforming design [3].

To enhance the spectral ef�ciency, the most common and used approach is
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from both academia and industry, also supports the idea of 5G being a new
disruptive system [12]. Independently of the concept, the t argets of the sys-
tem are the same: peak data rates of 10 Gbps, extremely low latencies of 1
millisecond, coverage everywhere, and support for ultra-h igh reliability and
ultra-low latency applications, such as Vehicle-to-Anyth ing (V2X).

The 5G standardization process has already been started, given the fact
that the system should be ready for deployment by 2020. Figur e 1.3 shows
the anticipated time line from research to standardization and commercial-
ization. According to the de�ned time schedule, there will b e a �rst trial of
the basic 5G functionality by 2017 and a second one by 2018.

Fig. 1.3: 5G time line from research to standards - Source: Nokia 2015.

This dissertation is part of a large project in Nokia Bell Lab s. The position
of Nokia Bell Labs is to design 5G as a new disruptive RAT, sinc e the limits
of 4G technologies are being rapidly approached. The 5G vision of the com-
pany is depicted in Figure 1.4. The �gure shows the use cases that 5G should
support and the corresponding system targets. The �rst use c ase is enhanced
mobile broadband (eMBB). The target is to improve the system capacity to
provide peak data rates of 10 Gbps, whereas getting 100 Mbps must be pos-
sible whenever and wherever. The second use case is the ultra-reliable low
latency communication (URLLC). Very strict requirements a re envisioned,
such as latencies below 1 millisecond and 99.999% reliability [13]. Finally, to
support the third use case, namely massive machine type of communication
(mMTC), the system should be optimized to handle a large amou nt of low
cost devices with rigorous energy consumption requirement s. It is important
to notice that those requirements cannot be ful�lled simult aneously due to
fundamental theoretical limits [14], but 5G aims at a �exibl e design which is
able to cope with these requirements on a link basis.

In terms of spectrum band, there might be frequencies that ar e more
suitable for certain type of applications than others. Acco rding to [15], fre-
quencies below 6 GHz can provide support for the three use cases, eMBB,
URLLC and mMTC. In the range between 3 and 40 GHz, the main focu s is
on eMBB, whereas URLLC could still be considered. Then, in fr equencies
above 40 GHz, only the eMBB use case can be addressed.

For the eMBB use case, where the main objective is to maximizethe sys-
tem capacity, an heterogeneous deployment is envisioned [16]. It refers to
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2. Introduction to 5G

Fig. 1.4: 5G Nokia Vision with the corresponding targets - Source: Nok ia 2015.

a combination of macro sites, outdoor micro cells and indoor small cells, as
shown in Figure 1.5, which also indicates the ratio of cell de nsity increase
among the different radio cells. The target of the macro site s is to provide
basic service coverage, to be able to ensure voice and data services. Outdoor
micro cells play an important role to achieve high data rate e verywhere, e.g.,
10 Mbps with 90% coverage. Indoor small cells have the largest amount of
traf�c share [9], but the signal propagation is more sensiti ve to attenuations
due to the �oor and walls, and the transmit power is lowered du e to health
regulations. Since the indoor coverage may be limited, a lar ge number of
cells should be deployed to ef�ciently accommodate the wire less traf�c.

Fig. 1.5: Heterogeneous network, with deployment ratios according t o [16].
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Fig. 1.6: LTE-TDD con�gurations de�ned by 3GPP in release 12. Source: [17].

without inter-cell coordination. Results show that dynami c TDD outperforms
an approach with a static allocation of the transmission dir ection. The work
presented in [20] addresses the use of interference cancellation to mitigate
the problem introduced by dynamic TDD. Results show that the use of tech-
niques to reduce the interference are required to bene�t fro m dynamic TDD.
In that case, the gains are signi�cant over a non-�exible tra nsmission direc-
tion approach.

It is expected that even if advanced techniques to reduce the interference
are used, interference cannot be avoided completely. To mitigate the im-
pact of such residual interference, several techniques are investigated, e.g.,
power control, recovery mechanisms, rank adaptation or int erference align-
ment. In [21], a hybrid solution which combines a dynamic and a static
TDD approach with power control is presented. The authors sh ow the ben-
e�ts of the proposed solution to improve the system capacity . An inter-cell
alignment based MIMO transmission scheme is presented in [2 2]. The pro-
posed strategy combines interference cancellation and interference alignment
according to the level of interference. Results show the feasibility of the pro-
posed scheme in improving the system throughput. The well-k nown Hybrid
Automatic Repeat Request (HARQ) recovery mechanism is stil l considered as
an important part for the design of the future RAT. In [23], a n ovel signaling
scheme for HARQ is proposed to deal with the feedback misalig nment in the
dynamic LTE-TDD system [17].

Other solutions are based on rank adaptation techniques, to improve the
system performance by reducing the overall network interfe rence. In [24],
a cooperative distributed rank coordination scheme is pres ented. The goal
of the mechanism it to maximize the network utility function instead of the
performance of each individual node. The authors assume tha t cells are coor-
dinated following a master-slave architecture, where node s exchange limited
amount of information. A power control strategy to mitigate the interference
caused by dynamic TDD in LTE is presented in [25]. The propose d scheme
aims at minimizing the AP-to-AP interference to improve the UL throughput
performance. Results show that the proposed scheme can improve the UL
direction at expenses of a minor degradation in the DL.
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4. Scope and Objectives of the Thesis

achieve higher spectral ef�ciency is to use FD technology, g iven its promise of
doubling the throughput of traditional HD systems. Neverth eless, the con-
straints that compromise the gain that FD can provide over dy namic TDD
have to be addressed.

The theoretical potential of FD technology has been studied in terms of
throughput. However, such technology could also bring larg e bene�ts in
terms of latency. For this reason, FD is studied for the URLLC use case, with
focus on D2D communication. D2D allows devices to communica te directly
among them, thus being an attractive solution for of�oading the infrastruc-
ture and accommodating the massive increase of mobile devices and the ex-
plosion of new services. In D2D, before the data exchange procedure, devices
must discover their peers. A critical challenge in this type of communication
is how to accelerate the discovery process in order to meet the strict latency
target of 10 milliseconds de�ned for next generation access technologies [13].

To address the described challenges, this thesis presents detailed perfor-
mance evaluation and Radio Resource Management (RRM) solutions, i.e., all
the strategies to ef�ciently utilize the radio resources, s uch as scheduling, de-
cision of the transmission parameters or resource allocation. More precisely,
these solutions are designed for the proposed 5G small cell system to improve
the capacity and accommodate the exponentially growing mob ile data traf�c,
and for direct D2D communication to reduce the discovery tim e. Figure 1.7
shows the scope of the thesis.

Fig. 1.7: Scope of the thesis. Study cases highlighted in gray.
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5. Research Methodology

achieve the theoretical FD gain are investigated and analyzed, individually
and jointly. Part IV of the dissertation studies how to provi de fast discovery
in the direct D2D communication. The discovery procedure ca n be performed
autonomously by the devices or with the involvement of the in frastructure.
This work focuses on how to provide autonomous fast discover y for ad-hoc
type of networks, where the infrastructure is not involved i n the process.
Further details about the system design will be given in Part IV of the disser-
tation. The potential of FD technology in meeting the latenc y requirements
de�ned in [13] is investigated.

5 Research Methodology

During the studies, a scienti�c methodology was employed to carry out the
studies. Such methodology aims at dividing the research pro cess into several
phases:

1. Identify the research question to answer.

2. Literature review to get acquainted with the research are a and related state
of the art.

3. Design of solutions aiming at solving the identi�ed probl em.

4. Implementation and testing of the feature/mechanism thr ough the simu-
lation tool.

5. Collection of the simulation results and its correspondi ng dissemination
in the form of a scienti�c article.

The target of this work is to provide a meaningful insight int o how 5G
would perform in 2020, assuming realistic conditions and a c omplete system,
taking into account some of the envisioned technology compo nents. Given
the complexity of the work, it becomes unfeasible to perform the studies
from a theoretical point of view. Consequently, the conside red approach to
evaluate the work of the thesis is through Monte Carlo system level simula-
tions [43]. By using this methodology, meaningful results v ia comprehensive
simulation campaigns can be extracted.

To evaluate the performance of the 5G system in ultra-dense small cells,
a C++ event-driven simulator is used. It includes the implem entation of the
Open Systems Interconnection (OSI) protocol stack and the proposed 5G sys-
tem design [41]. Figure 1.8a shows the layers which are implemented in the
simulator. In the application layer, several traf�c models are available, e.g.,
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File Transfer Protocol (FTP) [44] and full buffer; in the tra nsport layer, both
User Datagram Protocol (UDP) and Transmission Control Prot ocol (TCP) are
implemented; at the network level, the Acknowledged Mode (A M) and Un-
acknowledged Mode (UM) modes de�ned for Radio Link Control ( RLC) [45]
are included; in the Medium Access Control (MAC) layer, mech anism such as
HARQ, scheduling and link and rank adaptation are available ; �nally, at the
physical layer, two types of receivers are implemented, the Minimum Mean
Square Error (MMSE)-Maximum Ratio Combining (MRC) receive r and the
MMSE-Interference Rejection Combining (IRC) receiver. The modeling of the
physical layer is out of the scope of this thesis, and both receiver models are
extracted from [46]. SI cancellation is assumed ideal, and its implementation
is not included in the simulator. The work carried out in this studies mainly
focuses on schemes for the MAC layer, considering the interaction with the
already existing transport and network layers. For more det ails regarding the
simulator, please refer to the Appendices of [42].

The evaluation of the D2D study case is done using a Matlab sim ulator
which uses some of the 5G concepts proposed in [41]. The focusof this study
is on designing novel MAC protocols, as shown in Figure 1.8b. The simulator
includes the ideal modeling of two receivers: a basicreceiver that treats inter-
ference as noise, and one that ideally suppress a certain amount of interfering
streams, based on the degrees of freedom in the MIMO antenna domain. Fi-
nally, the implementation of a SI cancellation model is not i mplemented since
it is considered ideal.

(a) Ultra-dense small cells. (b) D2D communication.

Fig. 1.8: Layers from the OSI protocol stack where the study focus on.
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6. Contributions and publications

6 Contributions and publications

The main contributions of this study can be summarized as fol lows:

1. Evaluating the potential of recovery mechanisms and link ad aptation on
the dynamic TDD 5G system.

Dynamic TDD allows to optimally accommodate the traf�c, but also brings
challenges in terms of interference variability, since the interfering source
may change at each time slot. Although the use of interferenc e suppres-
sion receivers has been proven to mitigate the drawback intr oduced by
dynamic TDD, other mechanisms are required to cope with the u nstable
interference. HARQ and OLLA are introduced to the 5G system d esign
to evaluate their potential in dealing with the unpredictab le interference.
Results show that recovery mechanisms at lower layers are bene�cial for
the system. On the other hand, OLLA shows limited gain but it d oes not
come at the expenses of increased overhead or delay.

2. Introducing a RRM module to provide support for FD technolog y into
the envisioned 5G system.

Given the recent advances in the transceiver design, FD communication
is positioned as a potential technology component for 5G sys tems. There
are three different types of FD communication: when both the BS and the
UE are FD capable (bidirectional FD); when only the BS is able to exploit
such technology for data transmission (BS FD); and when only the BS is
FD capable and uses the technology for relaying user data (relay FD). The
module introduced allows for the evaluation of the �rst two F D types. It is
composed by two submodules. Firstly, the optimal transmiss ion direction
is extracted per each node. Secondly, the decision of which user or pair
of users is going to be scheduled is obtained. By separating functionali-
ties, the number of operations to perform can be reduced and h ence the
processing time and the system complexity.

3. Identifying the constraints that limit the achievable gain of FD in 5G
small cell networks.

The performance of bidirectional FD and BS FD is evaluated in the 5G
ultra-dense small cell system, considering dynamic TDD as t he baseline
system performance. An exhaustive analysis is carried out, identifying the
constraints that affect the gain that FD can provide over dyn amic TDD.
In addition, an evaluation of the interaction of FD with high er protocols,
such as TCP, is provided. The overall analysis is carried out assuming
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ideal self-interference cancellation, thus providing an u pper bound of the
achievable FD gain in indoor small cell networks.

The evaluation of the potential of FD in 5G indoor small cell n etworks
shows that this technology brings limited gains over dynami c TDD. Conse-
quently, identifying other applications where FD could pro vide larger im-
provements is required.

4. Evaluating the potential of FD to accelerate the discovery p rocedure in
D2D communication.

Direct D2D communication is becoming popular given its pote ntial to of-
�oad traf�c from the infrastructure and to allow for a faster communica-
tion among devices. However, prior to the exchange of data, d evices must
discover their peers. This procedure, known as device discovery, should
be completed in 10 milliseconds to meet the requirements imp osed by
3GPP [13]. The potential of FD technology to speed up such process and
to satisfy the latency requirements is evaluated. The analysis shows that
the use of interference cancellation receivers is a requirement to achieve
low latency, and in that case, FD technology is able to furthe r reduce the
discovery time.

5. Designing a protocol supporting FD technology to provide fa st discov-
ery in D2D communication.

Given the potential of FD in accelerating the discovery phas e in D2D com-
munication, a protocol to perform such procedure is propose d. A tech-
nique to estimate the number of neighboring devices alongsi de a signaling
exchange mechanism to reduce the network interference are introduced.
Furthermore, several approaches on how to use the signaled information
are proposed and evaluated. The study compares the performance of HD
transmission mode with FD communication, proving that FD te chnology
achieves lower latency, achieving the 3GPP requirements in most of the
evaluated scenarios.

In addition to these contributions, exhaustive developmen t of the sim-
ulators was performed during the entire period of the studie s. The C++
event-driven simulator used to extract the results for Part II and III of the
dissertation was originally implementing the LTE system, a nd it was modi-
�ed to include the envisioned 5G design [41]. The main contri butions to the
simulator development are listed below:
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Part II. Analyses the bene�ts of using recovery mechanisms a nd link
adaptation schemes to mitigate the drawbacks introduced by
dynamic TDD. This part is composed by papers A and B.

Part III. Studies the potential of FD technology in improvin g the 5G sys-
tem performance, in terms of throughput and delay. For the pu r-
pose of the reader, only paper C is included in this part, sinc e
it provides a complete overview of the four accepted confere nce
papers included in Part VI Appendix.

Part IV. Examines the requirements to provide fast discover y in direct
D2D communication and achieve the strict latency target re-
quirements. Papers D and E compose this part.

Part V. Concludes the Ph.D. dissertation and provides recom menda-
tions for future research work.

Part VI. Includes additional �rst-author papers complemen ting the dis-
sertation.

A number of abbreviations are used on this thesis, spelled ou t in their
�rst appearance. We recommend the reader to use the List of Ab breviations
included after the Table of Contents while reading the thesi s. A reference list
is included at the end of each chapter and paper. Note that the references
which are cited within each chapter are not necessarily repr esented by the
same number in all chapters.
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5G Small Cell System
Overview

This chapter provides a detailed description of the envisio ned 5G small cell
concept, since it is the reference system used in this dissertation to design fea-
tures for the next generation system. Such concept has been under research
study since 2012. Therefore, some aspects of the system described in the fol-
lowing sections may differ from standardization, but they a re still assumed
in this dissertation.

Several articles providing a general description of the env isioned 5G small
cell system are available [1–3]. Nokia Bell Labs' concept includes technology
components such as an optimized frame structure, interfere nce suppression
receivers, MIMO antenna technology and dynamic UL and DL tra nsmission
scheduling.

1 Physical layer overview

The envisioned concept, tailored for indoor small cells, is applied in the
centimeter-wavefrequency band, ranging from 3.4 to 4.9 GHz, and assumes
a system bandwidth of 200 MHz. The preferred waveform is OFDM , for both
UL and DL. The reasons for the modulation choice are its cost-effectiveness
for coping with channel multipath and its straightforward e xtension to MIMO
[4, 5]. OFDM presents some drawbacks, such as a large Peak-to-Average
Power Ratio (PAPR) and out-of-band emissions, sensitivity to hardware im-
pairments, and the overhead generated by the Cyclic Pre�x (C P). The CP
should, ideally, match the channel delay spread, and it shou ld also compen-
sate for propagation delays if timing advance techniques ar e not used. In
the targeted local area small cell scenario, the CP can be very short given the
shorter expected delay spread and propagation delay, thus m itigating one of
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Overview

1 Problem Description and Assumptions

Dynamic TDD refers to the strategy that provides �exibility , on a time slot
basis, in terms of transmission direction. This part of the d issertation focuses
on improving the capacity of the proposed 5G indoor small cel l concept [1],
assuming the use of dynamic TDD. Research work shows that inc reasing the
cell density and providing �exible allocation of the transm ission direction
has the potential of improving the system throughput [2–4]. However, dy-
namic TDD comes at the expense of larger interference variability [4]. The
�rst protection against interference is the use of advanced receivers, such as
IRC receivers, which enhance the system performance by suppressing a part
of the interference [5].

Nevertheless, there may still be remaining interference af fecting the signal
reception. Under unpredictable interference, the link ada ption mechanism
may not be able to match the appropriate MCS, causing unsuccessful decod-
ing. Consequently, there is the need for stabilization mech anisms to cope
with the residual interference and the link failures that in terference variabil-
ity may cause.

In order to improve the link quality and overcome the drawbac k of dy-
namic TDD, the following stabilization mechanisms should b e considered:

� Interference suppression receivers . As explained in Part I of the disser-
tation, two types of receiver are considered, MRC and IRC. Th e latter has
been proved to have potential in stabilizing the network int erference by us-
ing the degrees of freedom in the antenna domain to cancel int erference [5].
Therefore, there is a trade-off between the number of desired streams that
have to be decoded and the interference suppression capabilities.

� Interference management techniques . It can be performed by considering
a distributed or centralized controller, or employing tech niques such as

41











References

References

[1] P. Mogensen et al., “Centimeter-wave concept for 5G ultra-dense small cells, ” in
IEEE 79th Vehicular Technology Conference (VTC Spring), May 2014.

[2] J. G. Andrews, S. Singh, Q. Ye, X. Lin, and H. Dhillon, “An o verview of load bal-
ancing in hetnets: old myths and open problems,” IEEE Wireless Communications,
vol. 21, no. 2, pp. 18–25, April 2014.

[3] A. G. Gotsis, S. Stefanatos, and A. Alexiou, “Ultra dense networks: The new
wireless frontier for enabling 5G access,” CoRR, vol. abs/1510.05938, 2015.
[Online]. Available: http://arxiv.org/abs/1510.05938

[4] D. Catania, “Performance of 5G small cells using �exible TDD,” Ph.D. disserta-
tion, Department of Electronic Systems, Aalborg Universit y, October 2015.

[5] F. Tavares, “Interference-robust air interface for 5G small cells: Managing inter-
cell interference with advanced receivers and rank adaptio n,” Ph.D. dissertation,
Department of Electronic Systems, Aalborg University, Apr il 2015.

[6] 3rd Generation Partnership Project TS 25.321, “Technical speci�cation group
radio access network; medium access control (MAC) protocol speci�cation,”
September 2008.

[7] 3rd Generation Partnership Project TS 36.321, “Technical speci�cation group ra-
dio access network; evolved universal terrestrial radio ac cess (E-UTRA); medium
access control (MAC) protocol speci�cation,” December 200 8.

[8] W. W. I. N. Radio, “WINNER II channel models,” February 20 08.

[9] 3rd Generation Partnership Project TR 36.814 V9.0.0, “Further advancements for
E-UTRA physical layer aspects (Release 9),” March 2010.

[10] C. Rosa, D. L. Villa, C. U. Castellanos, F. D. Calabrese,P. H. Michaelsen, K. I.
Pedersen, and P. Skov, “Performance of fast AMC in E-UTRAN up link,” in IEEE
International Conference on Communications (ICC), May 2008, pp. 4973–4977.

46

http://arxiv.org/abs/1510.05938


Paper A

Improving Link Robustness in 5G Ultra-Dense Small
Cells by Hybrid ARQ

Marta Gatnau Sarret, Davide Catania, Frank Frederiksen,
Andrea F. Cattoni, Gilberto Berardinelli, Preben Mogensen

The paper has been published in the
IEEE 11th International Symposium on Wireless Communications Systems

(ISWCS), 2014.

















4. Performance Evaluation

Fig. A.5: 10x2 grid scenario

created once the corresponding PHY header has been added. Finally, a signal
is transmitted over the wireless medium.

At the receiver side, both desired and interfering streams a rrive to the
antennas. The IRC receiver computes the effective SINR, which is passed to
the decoding module that decides, according to a block error rate target of
10%, whether the packet is decodable. In case of failure, theHARQ manager
takes care of notifying the RRM that a retransmission is requ ired. If the
packet is decodable, it is passed to the higher layers up to the sink, where the
delay and throughput statistics are computed. The throughp ut is calculated
as the total number of received bits divided by the total simu lation time, and
the delay is computed from the time that the DU reaches the tra nsmission
buffer to the instant that it arrives at the sink.

We de�ne an SINR soft combining model used by the receiver to g et
the effective SINR upon retransmissions. Soft combining keeps memory of
previous transmission of the same packet to achieve SINR gain and then
improve the probability of correct detection [6]. The model can be expressed
as follows:

SINRe f f ective=
n

å
i= 1

SINRi � hn� 1 (A.1)

where n is the transmission number, SINRi is the SINR for the ith trans-
mission/retransmission of the same packet, and h is the combining ef�ciency,
used to model the non-ideality of the combining process. It i s set to 1.0 for
simplicity.

The simulated scenario is a 10x2 grid, shown in �gure A.5. One AP and
one UE are randomly deployed per room. Results are collected over 100
simulation drops; at each drop, a UE is always af�liated to th e AP which
is in the same room (closed subscriber group). Each node is equipped with
4 antennas and an IRC receiver, and all of them use a �xed rank ( 1,2,3 or
4) during the whole simulation. Simulation parameters are s ummarized in
Table A.1.
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Paper B.

Fig. B.2: SINR variability ( sSINR) characteristics

also when a rank adaptation algorithm [12] is used. These results have been
extracted from a 10x2 grid scenario [4] [12], i.e., 20 rooms,each of them with
1 AP and 1 UE randomly deployed (see Figure B.3). The traf�c mo del is
full buffer, and in each TTI, the transmission direction is d ecided randomly
(equal probability for DL and UL) 1. Such SINR variability ( sSINR) is de�ned
as the standard deviation of the post-IRC SINR in dB, i.e.

sSINR =
q

Ef (SINR � mSINR)2g

=

vu
u
t 1

N � 1

N

å
i= 1

(SINRi � mSINR)2 (B.1)

mSINR = Ef SINRg =
1
N

N

å
i= 1

SINRi

where Ef�g refers to the expected value, N is a sliding window of size 16 sub-
frames or TTIs and mSINR is the mean of the post-IRC SINR. From Figure B.2
we can see that, even using IRC receivers and HARQ, the mean of the SINR
variability ranges from 1.5 to 2.3 dB. More precisely, Figur e B.2 shows that
reducing the degrees of freedom to suppress interference increases the SINR
variability, making it more challenging for the link adapta tion mechanism to
make a correct decision. To deal with the residual SINR varia bility and fur-
ther improve the system performance, outer loop link adapta tion is studied.
Next section describes the OLLA framework according to the d escribed 5G
system and it introduces the design of a new dynamic OLLA algo rithm.

1Section IV will further describe the simulated scenario

68





Paper B.

Fig. B.4: Measurement delay time line

rithm in literature.
The OLLA algorithm [7] uses three variables: stepUp, stepDownand BLER

target (BLERT). These variables are �xed, meaning that once the BLERT and
the stepUpare prede�ned, the stepDownis extracted as follows:

stepDown=
stepUp

1
BLERT

� 1
(B.2)

The working principle of the OLLA algorithm, shown in the pse udo code
1, is very simple and intuitive. When an ACK is received, the O LLA off-
set, which is initially set to 0 dB, is decreased by stepDown. On the other
hand, if a NACK is received, the offset is increased by stepUp. Once the offset
is calculated, it is subtracted from the current SINR measur ement and the
corresponding MCS index is obtained from a lookup table SINR-MCS_Index.
When stepDownis subtracted from the offset, the SINR is increased and then
a more aggressive selection of the MCS is made. With the same principle,
a more conservative MCS selection is performed in case of reception of a
NACK, since summing stepUpto the OLLA offset leads to a SINR decrease.

This algorithm [7] works when the channel conditions and mea surement
errors are stationary and within a certain limited range. Ne vertheless, a large
SINR variability is expected in 5G small cells, as discussed in Section II. For
this reason, we propose a dynamic OLLA algorithm, d-OLLA, th at takes as
input the mean and the standard deviation of the post-IRC SIN R in order to
characterize the perceived interference conditions, and then extract the opti-
mal BLER target. Such algorithm does not add extra complexit y into the sys-
tem, and it is intended to adapt the OLLA behaviour to the curr ent channel
conditions and improve the outage performance, i.e., to red uce the number of
users getting no throughput. We believe that, depending on t he interference
conditions that a node is perceiving, it should be more conse rvative or more
aggressive on the MCS. The working principle is the same as the one shown
in pseudo code 1, but the de�nition of the stepDownparameter is changed,
as shown in equation B.3, since it includes the mean SINR (mSINR) and the
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Algorithm 1 Outer Loop Link Adaptation Algorithm

f b  ACK/NACK . HARQ feedback
sU  Step Up . Value = 0.5 dB
sD  Step Down
o f f set OLLA Offset . Initial value = 0 dB
{One outer loop per link}
if fb is ACK then

{Positive feedback ! Be aggressive}
o f f set o f f set� sD

else
{Negative feedback ! Be conservative}
o f f set o f f set+ sU

end if
SINROLLA = SINR � o f f set
MCSindex = MCS[SINROLLA ]

SINR standard deviation ( sSINR). The stepUpparameter remains �xed.

stepDown=
stepUp

1
BLERT(mSINR,sSINR) � 1

(B.3)

When an ACK is received, the stepDownis recalculated with the BLER target
extracted according to mSINR and sSINR. In that sense, a BLER function under
different channel conditions needs to be de�ned.

Next section describes the proposed BLER target BLERT(mSINR, sSINR)
function, the simulation set-up and the performance evalua tion of both algo-
rithms.

4 Performance Evaluation

The provided results are extracted from an event-driven bas ed system level
simulator. It implements several layers of the Open Systems Interconnection
(OSI) protocol stack. It features the physical (PHY), mediu m access control
(MAC) and RLC layers according to the presented 5G design. The transmis-
sion control protocol (TCP) and the user datagram protocol ( UDP) layers are
fully modelled, while the internet protocol (IP) is modelle d in terms of over-
head. Moreover, it includes a vertical Radio Resource Management (RRM)
layer in the AP side, that gathers information from the PHY, M AC and RLC
layers to make the most appropriate decision for a link. Such information
includes channel state, SINR conditions, HARQ retransmissions and infor-
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Fig. B.5: Simulator protocol stack

mation provided by the UE to the AP. Figure B.5 shows the proto col stack of
such simulator. The simulated scenario is a 10x2 grid [4] [12], resulting in 20
rooms (i.e., 20 small cells), shown in Figure B.3. Results are collected over
50 simulation drops. Each drop creates a deployment, with on e AP and one
UE randomly deployed per room, and the UE is always af�liated to the AP
which is in the same room (closed subscriber group). The same set of deploy-
ments is used for all the simulations, to provide a fair compa rison between
the schemes.

Each node is equipped with 4 transmit and receive antennas and an IRC
receiver. The used rank is the same for all nodes during the wh ole simula-
tion, except when a taxation-based rank adaptation algorit hm is used [12].
Such algorithm is interference-aware, and it aims at using a lower rank in
high interfered scenarios to guarantee a good outage performance, while
providing the bene�t of higher average throughputs. For all con�gurations,
a single codeword is transmitted independently of the rank, so the AP will
execute an independent OLLA offset per link, i.e., one in DL a nd one in
UL. Moreover, the SINR-MCS_Indextable, de�ned according to a BLER tar-
get of 10%, includes 31 MCSs, from quadrature phase-shift keying (QPSK) to
256-quadrature amplitude modulation (256-QAM), with seve ral coding rates.
Notice that such large number of MCSs offers high granularit y for coping
with the channel conditions.

The SINR combining model used by the receivers in the physica l layer
refers to an ideal Chase Combining (CC) [13], shown in equati on B.4, where
n is the transmission number, SINRi is the post-IRC SINR in the transmission
attempt i and h is the combining ef�ciency, which is set to 1. The maximum
number of allowed HARQ retransmissions is set to 4.

SINReffective =
n

å
i= 1

SINRi � hn� 1 (B.4)
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5 Conclusions and future work

In this paper, the potential of OLLA in improving the link rob ustness to the
SINR variability in our envisioned 5G centimeter-wave conc ept is analysed.
A dynamic algorithm d-OLLA is proposed, which provides gain over a base-
line algorithm without adding any extra complexity to the sy stem. System
level simulations con�rm the capabilities of d-OLLA to impr ove the link qual-
ity in the considered scenarios, leading to a higher �nal thr oughput.

The design of different BLER target functions is left for fut ure work. Also,
the impact of different traf�c models on the OLLA performanc e will be in-
vestigated.
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Overview

1 Problem Description and Assumptions

A strategy to enhance the spectral ef�ciency to increase the system capacity
is the usage of MIMO technology with a large number of antenna s. However,
this strategy brings constraints in terms of space and cost, thus becoming in-
feasible. In this part of the dissertation, we analyse the ro le of FD technology
in improving the system capacity of a 5G indoor small cell sys tem [1]. FD
allows for simultaneous transmission and reception in the s ame frequency
band, which can theoretically double the system throughput over conven-
tional HD systems.

The key limitation in building an operational FD transceive r is the self-
interference (SI), i.e., the interference generated by thetransmitted signal at
the receiver end of the same node. Recent results in the SI cancellation tech-
nology have shown that � 110 dB of attenuation of the SI are already achiev-
able [2], according to certain constraints in bandwidth and transmit power.
Such results indicate that building an operational FD trans ceiver is already
feasible.

FD promises 100% throughput gain over HD transmission mode. How-
ever, there are several limitations that may prohibit FD to a ccomplish that
promise. Figure 4.12 shows the three constraints that impact the FD gain.
The �rst two, namely the SI and the ICI, are depicted in Figure 4.12a, with
focus on the green device. The red lines represent interference, whereas the
black ones correspond to the desired signals. FD technology requires a high
level of attenuation of the transmitted signal to avoid satu rating the receiver
end of the same node. Even though the recent SI cancellation results indicate
that building an operational FD transceiver could be alread y feasible, the
residual SI impacts the performance of a FD node. Furthermor e, the increase
of ICI caused by FD by doubling the number of interfering stre ams compared
to HD, has a negative effect on the FD performance. The third constraint is
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the traf�c pro�le, shown in Figure 4.12b. Exploiting FD is on ly possible when
there is data in both ends. Realistic networks are represented by bursty and
DL heavy traf�c, and such traf�c is usually not symmetric bet ween DL and
UL, being the former much heavier than the latter [3].

(a) Self-interference and inter-cell interference. Comparison between HD and FD in a
two cells scenario.

(b) Traf�c pro�le.

Fig. 4.12: Constraints which limit the gain that FD can provide over HD.

Two FD applications are considered, bidirectional FD and BS FD. The for-
mer refers to the case where both the AP and the UE are FD capable. In the
latter case, only the BS or AP is able to exploit simultaneous transmission
and reception in the same frequency band.

The research community has been actively studying FD technology given
its potential. Most of the works are focused on SI cancellati on techniques,
since as explained earlier, FD requires a high level of attenuation of the trans-
mitted signal to be operational. The evaluation of FD in real istic scenarios
is scarce. Many research works assume full buffer traf�c mod el and isolated
cells, which means that two of the main constraints that limi t the FD gain
are not considered. The main target in these works is the evaluation of the
residual SI impact. Then, the throughput obtained with FD is approximately
doubled compared to the HD throughput. This work takes a diff erent ap-
proach, by assuming ideal SI cancellation and evaluating th e potential of FD
technology in indoor small cell networks considering the oc currence of ICI
and realistic traf�c pro�les. Furthermore, the main KPI is n ot only through-
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2. Main Findings

Fig. 4.13: Flow chart describing how the FD gain behaves in the bidirect ional FD case.

limiting factor. However, under strong ICI, the bene�ts of F D in speeding-up
the TCP protocol are hidden by the increased interference, since it limits the
amount of transmitted data with the selection of a lower MCS a nd transmis-
sion rank.

Bidirectional FD

In an isolated cell only traf�c pro�le affects the FD perform ance, since ICI is
not present. Results show that an increase of the offered load leads to a higher
probability of exploiting FD. Consequently, the FD gain in b oth throughput
and delay also increases with the offered load. However, suc h gain is al-
ways below the theoretical one. In case of asymmetric traf�c , assuming a
traf�c ratio of 6DL:1UL, the UL (lightly loaded link) gets hi gher gains than
the DL (heavily loaded link), both in terms of throughput and delay. This
behavior comes from the fact that with HD, the lightly loaded link gets 1 out
of 7 opportunities to be scheduled, on average, assuming a traf�c ratio of
6DL:1UL. On the other hand, with FD, the lightly loaded link g ets 7 out of 7
opportunities to be scheduled, in average. This means that the transmission
opportunities for the lightly loaded link are 6 times more wi th FD. On the
other hand, the heavily loaded link gets an extra transmissi on opportunity
with FD, on average. This is the reason why the achieved gain i s lower than
the lightly loaded link one.

In a multi-cell scenario, both ICI and traf�c pro�le affect t he FD perfor-
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mance. Paper C �rst analyzes the isolated effect of the ICI. Simulation results
show that the 100% throughput gain is achievable in case of an isolated cell
and full buffer traf�c, but then, as the interference level i ncreases, the FD gain
is reduced fast. For example, for the 5th percentile of the throughput, which
represents the users in outage, the FD gain is approximately 10% when the
interference conditions are nearly the same as in an open space scenario.

Then, when the FD performance is affected by the joint impact of the ICI
and the traf�c pro�le, results show a trade-off between the p ossibility of ex-
ploiting FD, and the gain that such technology can provide ov er dynamic
TDD. If simultaneous transmission and reception can be expl oited in almost
each TTI, dynamic TDD may perform better than FD. Consequent ly, this re-
sults indicate that a smart scheme that combines HD and FD tra nsmission
mode may be the most appropriate solution for improving the c apacity in
indoor small cells.

Base station FD

While in the bidirectional FD case the DL and UL performance i s nearly
the same in case of symmetric traf�c, the intra-cell interfe rence in the BS
FD scenario leads to different performance in the two links, even assuming
symmetric traf�c. Furthermore, the used distributed rank a daptation algo-
rithm [6] extracts the transmission rank according to the in coming interfer-
ence. Consequently, the UL direction behaves more aggressively than the DL,
thus increasing the harm to the DL performance.

In an isolated cell, the gain of BS FD is upper bounded by the bi direc-
tional FD result, as shown in Figure 4.14. If the two schedule d UEs can be
paired with in�nite coupling loss, i.e., at in�nite distanc e between them, the
intra-cell interference would be zero. Therefore, both scenarios would be
equivalent.

Fig. 4.14: Equivalence between bidirectional FD and base station FD.
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2. Self-Interference Cancellation

Fig. C.1: Diagram showing the self-interference cancellation proce dure.

Fig. C.2: Self-interference cancellation test bed from Nokia in Ulm.

lation approach via Hammerstein PA model [23] within the dig ital SIC stage.
This option employs the digital transmit signal as input [24 ]. The second
approach, plotted as the option B in Figure C.1, uses the PA signal as direct
input to the digital SIC stage with the need of an additional r eceiver, named
the permanent measurement receiver, which contains the transmitter RF impair-
ments and is common in a typical commercial RF design for PA li nearization
purposes.
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The design shown in Figure C.1 also requires the usage of an additional
transmit chain. Such additional transmit block has the purp ose to protect the
receiver against saturation, and it has the advantage that scales only with the
number of transmit antennas, which is highly appropriate in MIMO systems.
Furthermore, to avoid extra complexity and provide simpler hardware inte-
gration, all transmitted antenna streams are input to the sa me analogue and
digital SIC modeling block.

A total cancellation of � 100 dB for a 20 dBm 4� LTE20 signal has been
demonstrated, as shown in Figure C.3. The result shows the SI level close to
receiver noise �oor limits (-85 dBm, considering a noise �gu re of 10 dB), thus
demonstrating the potential of the described hardware conc ept. Achieving
a large level of SIC at higher frequencies beyond today's LTE limits, wider
frequency bands of hundreds of MHz, and large number of anten nas is still
an open research topic.
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Fig. C.3: Self-interference cancellation result extracted from the test bed.

3 Full Duplex in 5G Small Cells

Featured 5G system design

Since the goal of this work is to study FD in dense small cell ne tworks consid-
ering system level aspects, in this section we are going to describe the small
cell concept which will be the reference for our evaluation.

The small cells concept presented in [2] was originally desi gned as a
HD TDD system with orthogonal frequency division multiplex ing (OFDM)
as modulation scheme, but it can easily accommodate FD communication.
Nodes are assumed to be synchronized in time and frequency and equipped
with 4x4 MIMO transceivers with interference rejection com bining (IRC) ca-
pability [25]. A novel frame structure of duration 0.25 ms is introduced,
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which is de�ned as the transmission time interval (TTI) and i s shown in Fig-
ure C.4. The �rst two OFDM symbols are dedicated to the DL and U L control,
respectively. The remaining symbols are allocated for the d ata, including the
demodulation reference signal (DMRS) symbol, which is used for channel es-
timation. The IRC receiver requires information about the c hannel responses
of the desired and the interfering signals to provide a good p erformance.
Such channel information can be obtained by relying on ortho gonal reference
sequences transmitted by multiple devices in the DMRS symbo l. Then, ex-
ploiting such information, it suppresses a number of the int erfering streams
according to the available degrees of freedom in the antenna domain [25].
Furthermore, recovery mechanisms such as hybrid automatic repeat and re-
quest (HARQ) and automatic repeat and request (ARQ) are used to deal with
the residual ICI. For further details regarding the system d esign, the reader
should please refer to [2, 26].

Using the same frame structure for both UL and DL allows for a s traight-

Fig. C.4: Envisioned 5G frame structure

forward extension of the envisioned 5G concept to FD transmi ssion. Note
that the control part remains as HD, in order to support diffe rent types of FD
communication. The cell operations are as follows: �rstly, the BS sends the
scheduling grant (SG) in the DL control symbol of TTIn. The SG includes the
scheduled UE and the transmission parameters, i.e., the direction (UL or DL),
the modulation and coding scheme (MCS) and the number of spat ial streams
used for transmission, often referred as transmission rank. The con�guration
speci�ed in the SG is applied in TTIn+ 1 assuming a certain processing time.
Consequently, there is one TTI delay between the scheduling and the corre-
sponding data transmission. The UEs send the scheduling request (SR) in
the UL symbol, including buffer information, HARQ feedback and the MCS
and rank derived from their channel measurements. Notice th at there is a
delay between the instant when the channel is measured and th e TTI when
the transmission occurs, which may affect the link adaptati on procedure. In
addition, since the transmission direction may change at each TTI, creating
sudden changes in the interference pattern, it further comp romises the link
adaptation procedure.

In this study, two FD techniques are investigated, which are depicted in
Figure C.5. In the �gure, full lines represent the intended t ransmissions and
dashed lines refer to interfering streams. Figure C.5a shows the bidirectional
FD case, where both the BS and the UEs are FD capable. In this case, the com-
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munication is performed always between the same pair BS-UE, and therefore
both nodes only perceive their own SI. The second FD mode is the BS FD,
shown in Figure C.5b, where only the BS is FD capable. In this case, the DL
and UL scheduled UEs are different. Therefore, the intra-cell interference,
i.e., the interference from the UL UE to the DL UE, also affect s the system
performance. Notice that in case of a multi-cell scenario, t he ICI would affect
the performance of the system.

When FD is exploited, the number of interfering streams comp ared to

Fig. C.5: Full duplex types. The dashed lines represent interference and the full lines the
desired signal.

HD is doubled. Therefore, the network interference is large r in FD than in
HD, and the performance of the IRC receiver may be jeopardize d since it
may not have enough degrees of freedom in the antenna domain t o deal
with the enlarged interference. On the other hand, FD transm ission will be
only exploited in case there is data available at both BS and UE. Hence, the
theoretical gain that FD can provide over HD may be compromis ed by the
following limitations:

� Residual self-interference. For a FD node to be operational, a high level
of isolation between the transmitting antenna and the recei ving antenna
located in the same device is required. Current levels of achievable SIC
may not suf�cient to bring the SI power below the receiver noi se power
level, thus leaving a residual interference that affects th e SINR.

� Increased interference. The number of interfering streams with FD are
doubled compared to HD, thus leading to an increased network inter-
ference (inter-cell and intra-cell interference). Then, w hen the inter-
ference is stronger, the data rates are lower and consequently a larger
number of TTIs is needed to transmit the same amount of data.

� Simultaneous UL and DL data. The availability of simultaneo us UL
and DL traf�c dictates the probability of exploiting FD. Hen ce, large
asymmetries between UL and DL may jeopardize the FD gain.
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Radio resource management architecture

In order to support FD communication, a design for the radio r esource man-
agement (RRM) module, shown in Figure C.6, is proposed. The RRM module
decides which transmission mode is going to be used at each TTI (HD or FD),
the transmission direction in case of HD, and which is(are) t he node(s) that
is(are) going to be scheduled. The module is divided into two blocks to
reduce the complexity and the computational time. As the �rs t step, the di-
rection decision blockdecides the optimal transmission direction per each UE.
This decision is extracted based on the information received from the physi-
cal (PHY), medium access control (MAC) and radio link contro l (RLC) layers.
Such information includes SINR measurements, HARQ feedback, buffer sta-
tus reports and link quality information provided by each UE to the BS. The
set of decisions for all UEs extracted from the direction decision blockis sent to
the user decision block. Then, as the second step, the transmission mode (HD
or FD) and the UE(s) to be scheduled will be decided by the direction decision
block.

The optimal transmission direction, determined by the direction decision

Fig. C.6: RRM module. The �gure shows the design of the RRM module that s upports both
types of FD communication and HD.

block, can beDL, UL, DL+UL or MUTE, and it is extracted differently depend-
ing on the type of communication:

� HD and BS FD : for these two cases, the procedure to extract the optimal
link direction is the same. In BS FD a UE cannot be scheduled in both
links because it operates in HD transmission mode. The transmission
direction is decided based on the offered load of each link, a nd thus the
amount of dedicated resources is proportional to the offere d load. For
example, let us assume asymmetric traf�c, where the highly l oaded link
(DL) offers k times more load than the lightly loaded link (UL). In this
case, the DL would get, in average, k times more resources than the UL,
and it would have higher priority. Consequently, the UL woul d have
to wait longer to be scheduled. Furthermore, the algorithm a lso takes
into account fairness, by granting a minimum amount of resou rces to
a link, in order to avoid its starvation. For more details abo ut the used
scheme, the reader should refer to [27]. The possible output directions

101





4. Simulation Environment

Fig. C.7: TCP congestion window

pact of the channel. The general simulation parameters are listed in Table C.1
and they will be further discussed in Section IV. From the �gu re we observe
that FD transmits the 2 megabytes �le faster than HD because t he congestion
window in case of FD is able to grow faster. In this example, th e transmission
time is reduced by nearly 45%.

0 5 10 15 20 25 30 35 40 45
0

0.5

1

1.5

2

2.5

C
on

ge
st

io
n 

w
in

do
w

 s
iz

e 
(M

B
)

time (ms)

 

 

HD
FD

Fig. C.8: Simulation example of a congestion window growth

4 Simulation Environment

Simulation Tool

The results presented in this study are extracted from our ow n developed
event-driven based system level simulator. It includes the design of the envi-
sioned 5G PHY and MAC layers presented in Section II. The RLC, the TCP
and the UDP mechanisms are entirely modeled, whereas the Internet proto-
col (IP) is only modeled as overhead. A vertical RRM layer gat hering infor-
mation from the PHY, MAC and RLC layers is implemented. The RR M layer
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includes the module described in Section II and decides the t ransmission pa-
rameters. The link adaptation feature extracts the most accurate MCS from
the log-average of the last 5 SINR samples. The simulator supports 32 MCSs,
the lowest being Quadrature Phase Shift Keying (QPSK) with a coding rate
of 1/5 and the highest being 256-Quadrature Amplitude Modul ation (QAM)
with a coding rate of 9/10. The transmission rank can be eithe r �xed or set
dynamically according to a taxation-based rank adaptation algorithm [28].
Such algorithm runs in all nodes, and decides the rank accord ing to the per-
ceived interference. The goal of the algorithm is to reduce t he overall network
interference level by applying a higher taxation to transmi ssions with higher
ranks. The algorithm is further detailed in [28].

At the receiver side, both desired and interfering streams a rrive at the an-
tennas and the IRC performs interference suppression basedon the available
degrees of freedom in the antenna domain. The SINR extracted from this
procedure is input to the decoding module. Such module decid es, based on
a block error rate (BLER) target of 10%, whether the packet can be decoded
or not. In case of failure, the HARQ mechanism will notify the RRM module
that a retransmission is required. On the other hand, if the p acket is success-
fully decoded, it is sent to the higher layers up to the statis tics module where
the delay and throughput are computed. A SINR soft combining model ex-
tracts the effective SINR upon retransmissions. Soft combining keeps mem-
ory of previous transmissions of the same packet to achieve SINR gain and
improve the probability of correct detection [29]. The mode l can be expressed
as follows:

SINRe f f ective=
n

å
i= 1

SINRi � hn� 1 (C.1)

where n refers to the transmission number, SINRi is the SINR for the ith

transmission/retransmission of the same packet, and h is the combining ef-
�ciency, used to model the non-ideality of the combining pro cess. In this
study, it is set to 1.0 for simplicity.

The simulator includes different traf�c models, such as ful l buffer or File
Transfer Protocol (FTP) [30]. The FTP traf�c model generates payloads ac-
cording to a negative exponential distribution. Such paylo ads, de�ned as
sessions, have an average size of 2 megabytes and arrive every t inter� arrival
seconds. The parametert inter� arrival is also generated according to a negative
exponential distribution. It is composed of the period of ti me when the ap-
plication generates the packets for a particular session (ton) plus the amount
of time when no packets are being generated (to f f). The values of ton and to f f
re�ect the load in the system. So, for a �xed ton, increasing to f f will trans-
late into a lower load in the system, and vice versa. The carri ed system load
dictates the network resource utilization (RU), i.e., the c hannel occupancy,
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de�ned as:

RU =
å SimTTIs

i= 1 TTI i= TX

å SimTTIs
i= 1 TTI i= TX + å SimTTIs

i= 1 TTI i= MUTE
(C.2)

where TTITX refers to a DL HD, UL HD or FD transmission, and TTIMUTE
refers to the case where there is no data to be transmitted in any of the two
link directions. The upper limit in the summation SimTTIs represents the
total number of simulated TTIs. For example, a RU of 50% means that half
of the time the channel is free and a RU of 100% indicates that the channel is
always busy.

Several key performance indicators (KPIs) can be extractedfrom the sim-
ulator: SINR, statistics on the MCS and transmission rank selection, FD prob-
ability, average session throughput (TP), packet delay, etc. The session TP is
de�ned as the amount of time required to successfully transm it a session.
Then, the average session TP is the mean of all the computed session TPs.
The packet delay is the time between the generation of a packet and its suc-
cessful reception, including the buffering time. Finally, the probability of
exploiting FD is de�ned as:

Probf FDg =
å SimTTIs

i= 1 TTI i= FD

å SimTTIs
i= 1 TTI i= FD + å SimTTIs

i= 1 TTI i= HD
(C.3)

where TTIx refers to the type of communication performed on a TTI. Then,
x can be FD or HD.

Simulation Setup

The performance of FD is evaluated in different scenarios. A single cell net-
work is de�ned as a 10 � 10 m2 room, containing one BS and four UEs ran-
domly deployed. The UEs are always af�liated to the BS in the s ame cell
(closed subscriber group). The multi-cell scenario refers to a 10 � 2 grid of
single cell networks, as shown in Figure C.9. Ideal SIC is considered, given
the current SIC capabilities [6], the short distances among nodes and the low
transmit power, which is set to 10 dBm for all the nodes. The RL C mode
is set to Acknowledged (AM) [31]. In our simulator, the RLC AC K is sent
within the control channel to avoid generating additional o verhead. The TCP
implementation is New Reno [32], and it includes the recover y and conges-
tion control mechanisms, whereas handshake procedures arenot considered
since they are not relevant for our studies. TCP parametriza tion and the re-
maining simulation parameters are listed in Table C.1. Fina lly, the selected
scheme for the user decision blockis time domain round robin, so frequency
multiplexing is not considered.
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Fig. C.9: Multi-cell scenario. It corresponds to a grid of 10 � 2 single cell networks.

Table C.1: Simulation parameters

Parameter Value/State/Type
System parameters BW = 200MHz; fc = 3.5GHz

Frequency reuse 1 (whole band)
Propagation model WINNER II A1 w/fast fading [33]

Antenna con�guration 4x4
Receiver type IRC

Transmission power 10 dBm (BS and UE)
Link adaptation �lter Log average of 5 samples

Transmission rank scheme Fixed or taxation-based
UL/DL decider Metric (HD and BS FD) and traf�c based (Bidirectional FD)

HARQ max retransmissions 4
HARQ combining ef�ciency h 1

Resource utilization � 25%, 50% and 75% if symmetric or asymmetric traf�c
100% if full buffer traf�c

RLC mode Acknowledged
Transport protocol UDP and TCP

Simulation time per drop Up to 20 seconds
Number of simulation drops 50

The performance of FD is compared against that of HD. We consi der
two types of FTP traf�c, symmetric and asymmetric. Symmetri c traf�c refers
to the case where the offered load is the same in DL and UL (1DL:1UL). On
the other hand, asymmetric traf�c case corresponds to the si tuation in which
the offered load in DL is 6 times larger than in UL (6DL:1UL). T hree loads
are simulated: low, medium and high, which refer to a RU of nea rly 25%,
50% and 75% under ideal conditions, respectively. The results are presented
in three formats: as numerical tables; as the cumulative dis tribution function
(CDF) of the average session throughput (TP) and the packet delay; and as
bar plots showing the comparison between the HD and FD perfor mance with
TCP and UDP. The latter protocol acts as a transparent layer, sending all the
received data to the upper layers, without performing error checking or con-
gestion control [34]. Finally, the gain in percentage that F D provides over HD
is calculated as follows:

GainFD[%] =
�

FD average performance
HD average performance

� 1
�

� 100 (C.4)
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5 Performance Evaluation

The results provided in this section are presented in an orde r that aims at an-
alyzing the impact of the increased interference caused by FD and the traf�c
constraints. In the �rst subsection, we focus on the analysi s of the single cell
network to avoid the impact of the inter-cell and intra-cell interference.

The multi-cell scenario will be analyzed in the second and th ird subsec-
tions. In �rst place, only the impact of ICI is quanti�ed. For this reason,
the bidirectional FD performance is analyzed by varying the penetration wall
loss. Then, in the last subsection, the jointly effect of the ICI, the intra-cell
interference (only for BS FD) and traf�c constraints are eva luated.

Analysis of the traf�c constraint limitation

In this analysis we analyze a single cell network with the tra nsmission rank
�xed to one. Bidirectional FD is considered. As a �rst step, t he traf�c genera-
tor is parametrized to generate symmetric traf�c with a prob ability of having
simultaneous traf�c in UL and DL of 100%, i.e., FD can be explo ited with
100% probability, and UDP is set as the transport layer. Figu re C.10 shows
the average cell session TP and average packet delay. From the �gure we can
observe that, under ideal interference conditions, the del ay can be reduced
by 50% and the TP can be increased by 93%, very close to the theoretical FD
TP gain. This small difference in FD TP gain between the simul ation results
and the theoretical maximum is caused by the HD resource allo cation algo-
rithm used as a baseline, since it allocates the data optimally, as discussed in
Section II. The FD gain would be 100% if the HD baseline is set to a �xed
1DL:1UL time slot allocation.

From this �rst result we can conclude that it is possible to ac hieve the
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Fig. C.10: Bidirectional FD performance in a single cell network with 1 00% probability of
exploiting FD.

promised gain from FD, but only under very speci�c condition s. The case
of BS FD shows approximately the same performance (since theIRC receiver
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has suf�cient degrees of freedom for suppressing the intra- stream interfer-
ence given the usage of rank 1), and is not reported here. Let us evaluate
the same scenario but in this case considering the low, medium and high
loads introduced in Section IV. Both the symmetric (1DL:1UL ) and asym-
metric (6DL:1UL) traf�c cases will be addressed. Figure C.1 1 shows the cell
average session TP and the average packet delay for the symmetric traf�c
case. In such case, both link directions show approximately the same perfor-
mance because the offered load is the same in UL and DL and interference is
not present. The results show that FD always outperforms HD, and the gain
that FD provides increases as the load grows. This gain increase is caused by
a higher probability of exploiting FD.

Let us now consider TCP. The TCP protocol shapes the dynamics of the
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Fig. C.11: Bidirectional FD performance in a single cell network with s ymmetric UDP traf�c.

system by limiting the amount of data that can be sent by using a congestion
control mechanism. Figure C.12 shows the system performance (in terms of
average cell session TP and average packet delay) with UDP and TCP, assum-
ing symmetric traf�c. The percentage numbers represent the gain that FD
provides over HD. From the result we can observe that the FD ga in is larger
when TCP is used. The reason is twofold: �rstly, FD allows the TCP con-
gestion window to grow faster, thus being able to transmit a l arger amount
of data than HD, as explained in Section II; secondly, the pro bability of ex-
ploiting FD with TCP (from 85% up to 97%) is larger than with UD P (from
4% up to 37%). The FD probability is larger with TCP because data cannot
be transmitted freely but under the constraints of the TCP co ngestion con-
trol mechanism, thus making the data accumulate in the buffe r. In addition,
since data is transmitted faster due to simultaneous transm ission and recep-
tion, TCP ACKs have less chances of being piggybacked with data and hence
are transmitted individually, like a normal data packet. So for example, in
a single cell scenario, the number of non-piggybacked TCP ACKs with FD
can be up to 2.7 times larger than with HD. Even though the TCP A CKs can
be transmitted without delay with FD, they generate larger o verhead if they
cannot be piggybacked with data. Finally, it is important to notice that even
if FD always outperforms HD in this speci�c scenario, the gai n that FD pro-
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vides is always below the theoretical one.
The asymmetric traf�c case is shown in Figure C.13. Numerica l results
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Fig. C.12: TP gain and delay reduction of bidirectional FD over HD with s ymmetric TCP and
UDP traf�c in a single cell network.

show the average session TP and packet delay in DL and UL separately, and
for both UDP and TCP. First of all, we can observe that, indepe ndently of the
transport layer, the gain in UL and DL is now different. This i s because in
HD, according to the offered load of each link, six out of seve n TTIs will be
allocated to DL and one to UL, in average. In FD, since UL and DL can occur
at the same time, DL can obtain, in average, one extra TTI compared to HD,
while the UL can get six more. The results show the same trends as the sym-
metric traf�c case: an increase of the FD gain for a larger off ered load and
a higher FD gain with TCP than with UDP. It is interesting to no tice that in
UL at high load, FD is able to eliminate the buffering or waiti ng time, being
able to transmit all the data from the buffer. Furthermore, t he DL data can
be transmitted faster since the UL TCP ACK can be transmitted immediately
by exploiting FD communication. On the other hand, it genera tes a larger
overhead due to not being able to piggyback it with data.

Analysis of the inter-cell interference limitation

To analyze how ICI affects the FD performance, we consider th e multi-cell
scenario shown in Figure C.9. The traf�c model is now set to fu ll buffer
since we want to avoid the impact of the traf�c constraints in the FD gain,
the transport layer is UDP and the transmission rank is �xed t o one for sim-
plicity. The results are extracted by varying the penetrati on wall loss, which
dictates the isolation between the cells, from 0 dB to 25 dB. In case the pen-
etration wall loss is set to 0 dB, the simulated scenario woul d correspond to
an open space network, while if it is set to 25 dB it would refer to an almost
isolated cell. The TP gain that FD provides over HD is depicte d in Figure
C.14. In the �gure, the 5 th , 50th and 95th percentiles gain are presented. The
5th percentile represents to the outage performance, i.e., theperformance of
the users perceiving the worst channel conditions. The resu lts show that, as
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Fig. C.13: TP gain and delay reduction of bidirectional FD over HD with a symmetric TCP and
UDP traf�c in a single cell network.

the isolation among cells increases, the gain that FD provid es over HD in-
creases. When the isolation among cells lowers, FD perceives larger ICI than
HD because FD doubles the amount of interfering streams comp ared to HD.
Notice that, even when the penetration wall loss is set to 0 dB , corresponding
to the worst case, FD shows an improvement of 9% over HD for the outage
users. In addition, the 95th percentile, de�ning the users perceiving the best
channel conditions, is improved by 56% with FD.
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Fig. C.14: Throughput gain of FD over HD in the multi-cell scenario with full buffer traf�c.
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performance with HD, while the UL in this case is even closer t han in case of
UDP. Notice that the RRM algorithm that decides the optimal t ransmission
direction is different for bidirectional FD and BS FD. This i s a further reason
for their performance difference, besides the presence of intra-cell interfer-
ence in BS FD.

The CDF of the average packet delay is shown in Figure C.16. We can
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Fig. C.15: Throughput performance of HD, bidirectional FD and BS FD wit h symmetric TCP
and UDP traf�c in the multi-cell scenario.

observe that the delay shows approximately the same trends as the TP re-
sults. Bidirectional FD can reduce the delay when the transp ort protocol is
UDP, while in case TCP is used, the delay increases dramatically. On the
other hand, BS FD shows nearly the same results for UDP and TCP, but in
this case, any of the two link directions can be improved by us ing FD. Finally,
the RU is depicted in Figure C.17. The �gure shows that bidire ctional FD is
able to reduce the channel occupancy in case UDP is used. However, with
TCP, such type of FD requires a larger amount of TTIs to transm it the same
amount of data than HD. In case of BS FD, the channel occupancy is slightly
larger than with HD, due to the performance of the DL directio n.

The numerical results when the traf�c is asymmetric are pres ented in
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Fig. C.16: Delay performance of HD, bidirectional FD and BS FD with symm etric TCP and
UDP traf�c in the multi-cell scenario.

Table C.2. From previous analysis, we would expect that the U L direction
can always be signi�cantly improved by the use of FD, since wi th HD it gets
less transmission opportunities. Starting with the bidire ctional FD case, we
observe that simultaneous transmission and reception can always improve
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multi-cell scenario.

the system TP and delay in case UDP is used, specially the UL direction.
However, when TCP is enabled, the same situation as in the symmetric traf-
�c case is repeated. An SINR difference of 9 dB in average causes the FD
system to perform worse than HD. Not even the UL, which is the l ightly
loaded link that gets the chance of being transmitted immedi ately with FD
can be improved. Even though FD allows the TCP congestion win dow to
grow faster because the TCP ACKs can be transmitted immediately, the in-
crease in the network interference has an important impact o n FD. The in-
crease of the number of HARQ retransmission and the reductio n in MCS and
transmission rank compared to HD compromises the performan ce of FD in
ultra-dense small cell scenarios. Notice that such large numbers are also dic-
tated by the fact that the absolute delay results are very low . Moving to the
BS FD case, we also observe a similar behavior as in the symmetric traf�c
case. The main difference is that with asymmetric traf�c, we can detect an
improvement of the lightly loaded link. However, the gain is rather limited.
This is because the DL direction, affected by the intra-cell interference, in-
creases the HARQ retransmissions and thus enlarges the originally 6DL:1UL
asymmetry. Consequently, the DL is even more over-prioriti zed, thus affect-
ing indirectly the UL performance.

From this intensive analysis of the FD performance in 5G ultr a-dense

Table C.2: TP gain and delay reduction of bidirectional FD and BS FD over HD with
asymmetric TCP and UDP traf�c in the multi-cell scenario.

Communication type Traf�c DL TP UL TP DL delay UL delay

Bidirectional FD
UDP +4% +18% -8% -35%
TCP -64% -44% +548% +155%

BS FD
UDP -2% +14% +11% -18%
TCP -12% +16% +30% -21%
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prove that when the traf�c pro�le allows the system to use ful l duplex com-
munication, the increased interference caused by simultaneous transmission
and reception becomes the main limiting factor in achieving the theoreti-
cal FD throughput gain. In case where only the base station is full duplex
capable, the intra-cell interference has a signi�cant impa ct on the system per-
formance.

This work proves that full duplex communication is able to ac celerate the
dynamics of TCP and mitigate the drawbacks introduced by suc h protocol.
Furthermore, results such technology has a compelling pote ntial for appli-
cations with asymmetric traf�c where the lightly loaded lin k can bene�t in
terms of throughput and delay.

References

[1] Cisco: Cisco Visual Networking Index: Global Mobile Dat a Traf�c Fore-
cast Update, 2015-2020 (2016)

[2] Mogensen, P., et al.: Centimeter-wave concept for 5g ultra-dense small
cells. In: 2014 IEEE 79th Vehicular Technology Conference (VTC Spring),
pp. 1–6 (2014). doi:10.1109/VTCSpring.2014.7023157

[3] Choi, J.I., et al.: Achieving single channel, full duplex wireless communi-
cation. In: Proceedings of the 16th Annual International Co nference on
Mobile Computing and Networking (Mobicom), pp. 1–12. ACM, N ew
York, USA (2010). doi:10.1145/1859995.1859997

[4] Aryafar, E., et al.: MIDU: Enabling MIMO full duplex. In: Proceed-
ings of the 18th Annual International Conference on Mobile C omputing
and Networking (Mobicom), pp. 257–268. ACM, New York, USA (2 012).
doi: 10.1145/2348543.2348576

[5] Hong, S., et al.: Applications of self-interference cancellation in 5G
and beyond. IEEE Communications Magazine 52(2), 114–121 (2014).
doi: 10.1109/MCOM.2014.6736751

[6] Heino, M., et al.: Recent advances in antenna design and interference
cancellation algorithms for in-band full duplex relays. IE EE Communi-
cations Magazine 53(5), 91–101 (2015). doi:10.1109/MCOM.2015.7105647

[7] Thilina, K.M., et al.: Medium access control design for full duplex wire-
less systems: challenges and approaches. IEEE Communications Maga-
zine 53(5), 112–120 (2015). doi:10.1109/MCOM.2015.7105649

115



References

[8] Xie, X., Zhang, X.: Does full-duplex double the capacity of wireless
networks? In: Proceedings of IEEE INFOCOM, pp. 253–261 (2014).
doi: 10.1109/INFOCOM.2014.6847946

[9] Day, B.P., et al.: Full-duplex bidirectional MIMO: Achievable
rates under limited dynamic range. In: Conference on Sig-
nals, Systems and Computers (ASILOMAR), pp. 1386–1390 (2011).
doi: 10.1109/ACSSC.2011.6190243

[10] Cirik, A.C., Wang, R., Hua, Y.: Weighted-sum-rate maxi mization
for bi-directional full-duplex MIMO systems. In: Conferen ce on Sig-
nals, Systems and Computers (ASILOMAR), pp. 1632–1636 (2013).
doi: 10.1109/ACSSC.2013.6810575

[11] Mahmood, N.H., et al.: On the potential of full duplex communication in
5g small cell networks. In: 2015 IEEE 81st Vehicular Technology Confer-
ence (VTC Spring), pp. 1–5 (2015). doi:10.1109/VTCSpring.2015.7145975

[12] Zhou, W., Srinivasan, K.: Sim+: A simulator for full du-
plex communications. In: 2014 International Conference on Sig-
nal Processing and Communications (SPCOM), pp. 1–6 (2014).
doi: 10.1109/SPCOM.2014.6983995

[13] R. Zhang, R., et al.: Investigation on dl and ul power control in full-
duplex systems. In: 2015 IEEE International Conference on Communi-
cations (ICC), pp. 1903–1907 (2015). doi:10.1109/ICC.2015.7248603

[14] Goyal, S.,et al.: Full duplex cellular systems: will doubling interference
prevent doubling capacity? IEEE Communications Magazine 53(5), 121–
127 (2015). doi:10.1109/MCOM.2015.7105650

[15] Malik, H., Ghoraishi, M., Tafazolli, R.: Cross-layer a pproach for asym-
metric traf�c accommodation in full-duplex wireless netwo rk. In: Net-
works and Communications (EuCNC), 2015 European Conference On,
pp. 265–269 (2015). doi:10.1109/EuCNC.2015.7194081

[16] Mahmood, N.H., et al.: Throughput analysis of full duplex communica-
tion with asymmetric traf�c in small cell systems. In: 11th I nternational
Conference on Wireless and Mobile Communications (ICWMC), pp. 57–
60 (2015)

[17] Wang, L., et al.: Exploiting full duplex for device-to-device communica-
tions in heterogeneous networks. IEEE Communications Magazine 53(5),
146–152 (2015). doi:10.1109/MCOM.2015.7105653

[18] John, W., Tafvelin, S.: Heuristics to classify internet backbone traf�c
based on connection patterns. In: 2008 International Conference on In-
formation Networking, pp. 1–5 (2008). doi: 10.1109/ICOIN.2008.4472818

116



References

[19] Postel, J.: Transmission Control Protocol. [Online]. Available:
http://www.ietf.org/rfc/rfc793.txt (1981, updated by RF Cs 1122, 3168,
6093, 6528)

[20] Allman, M., Paxson, V., Stevens, W.: TCP Congestion Con-
trol to TCP's Fast Recovery Algorithm. [Online]. Available :
http://www.ietf.org/rfc/rfc2581.txt (1999, obsoleted b y RFC 5681,
updated by RFC 3390)

[21] m. Duarte, Dick, C., Sabharwal, A.: Experiment-driven char-
acterization of full-duplex wireless systems. IEEE Transac-
tions on Wireless Communications 11(12), 4296–4307 (2012).
doi: 10.1109/TWC.2012.102612.111278

[22] Sahai, A., et al.: On the impact of phase noise on active cancelation in
wireless full-duplex. IEEE Transactions on Vehicular Tech nology 62(9),
4494–4510 (2013). doi:10.1109/TVT.2013.2266359

[23] Korpi, D., et al.: Adaptive nonlinear digital self-interference cancellat ion
for mobile inband full-duplex radio: Algorithms and RF meas urements.
In: IEEE Global Communications Conference (GLOBECOM), pp. 1–7
(2015). doi:10.1109/GLOCOM.2015.7417188

[24] Anttila, L., et al.: Modeling and ef�cient cancellation of non-
linear self-interference in mimo full-duplex transceiver s. In: 2014
IEEE Globecom Workshops (GC Wkshps), pp. 777–783 (2014).
doi: 10.1109/GLOCOMW.2014.7063527

[25] 3rd Generation Partnership Project: Technical Speci� cation Group Ra-
dio Access Network; Enhanced performance requirement for L TE User
Equipment (UE) (2013)

[26] Sarret, M.G., et al.: Improving link robustness in 5g ultra-dense
small cells by hybrid arq. In: 2014 11th International Sympo sium
on Wireless Communications Systems (ISWCS), pp. 491–495 (2014).
doi: 10.1109/ISWCS.2014.6933403

[27] Mahmood, N., Catania, D., Lauridsen, M., Berardinelli , G., Mogensen,
P., Tavares, F., Pajukoski, K.: A Novel Centimeter-Wave Concept for 5G
Small Cells. C R C Press LLC, ??? (2016)

[28] Catania, D., et al.: A distributed taxation based rank adaptation scheme
for 5g small cells. In: 2015 IEEE 81st Vehicular Technology Conference
(VTC Spring), pp. 1–5 (2015). doi:10.1109/VTCSpring.2015.7145600

[29] Abramowitz, M., Stegun, I.A.: LTE for UMTS - OFDMA and SC -FDMA
Based Radio Access. Wiley, ??? (2009)

117



References

[30] 3rd Generation Partnership Project: Further advancements for E-UTRA
physical layer aspects (Release 9) (2010)

[31] 3rd Generation Partnership Project: Technical Speci� cation Group Radio
Access Network; Evolved Universal Terrestrial Radio Acces s (E-UTRA)
Radio Link Control (RLC) protocol speci�cation (2007)

[32] Floyd, S., Henderson, T., Gurtov, A.: The New Reno Mod-
i�cation to TCP's Fast Recovery Algorithm. [Online]. Avail able:
http://www.ietf.org/rfc/rfc3782.txt (2004, obsoleted b y RFC 6582)

[33] Radio, W.W.I.N.: WINNER II channel models (2008)

[34] Postel, J.: User Datagram Protocol. [Online]. Available:
https://tools.ietf.org/html/rfc768 (1980)

118







Overview

1 Problem Description and Assumptions

Part III of the thesis concluded that FD technology may not be the most suit-
able strategy for increasing the capacity of indoor small ce ll networks. This
last part of the dissemination explores scenarios where FD can result in sig-
ni�cant gains by studying its potential in providing fast di scovery for D2D
communication. D2D has been positioned as a strong candidate for future
5G systems, given its potential to of�oad the infrastructur e and to provide
support for the URLLC use case.

To initiate a D2D communication, it is previously required t hat devices
discover their peers. This procedure is known as discovery p hase, and it can
be performed with the involvement of the infrastructure or a utonomously by
the devices. With the former option, the latency and the cont rol overhead
are increased, since devices need to exchange information with the base sta-
tion in order to set up the communication. However, having th e base station
controlling the network discovery procedure may bring bene �ts in terms of
interference management. When devices work autonomously, the exchange
of messages is performed directly among them, thus reducing the overhead
and the latency. According to the requirements for next gene ration access
technologies, the control latency should not exceed 10 mill iseconds [1]. For
this reason, this work focuses on the second strategy, sincethe most effective
solution to provide fast discovery is to avoid the involveme nt of the infras-
tructure.

To be able to set up the communication, a device should be aware whether
it has been discovered by its peers. Consequently, a feedback mechanism
should be introduced. Ideally, the considered procedure sh ould not increase
the control overhead, to avoid impacting the discovery time . This last part
of the thesis introduces a piggybacking mechanism for the fe edback. The
acknowledgment is embedded in the discovery signal and ther efore it does
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2. Main Findings

The opposite case is a multi-cluster network. An example is s hown in
Figure 5.18.

(a) Example of a single cluster network. (b) Example of a multi-cluster network.

Fig. 5.18: Types of scenario analyzed in this part of the dissertation.

� 4� 4 MIMO technology with interference cancellation receiver s.
Ideal interference cancellation and transmission rank one are used in this
work. The interfering streams that are not cancelled are tre ated as noise.
For the sake of comparison, a receiver which treats all inter fering streams
as noise is also considered.

� Ideal SI cancellation.
All devices are assumed to be FD capable with ideal SI cancellation. This
assumption is in line with the previous part of the thesis.

� The time slot duration is 0.25 milliseconds.
In line with the 5G concept presented in [2], since D2D commun ication is
foreseen to be part of it.

� The discovery message and piggybacked feedback is containe d in a sin-
gle time-frequency resource.
The quanti�cation of the overhead and the design of the disco very message
is left for future work. The assumption is that the informati on needed for
the discovery phase, e.g. the device identi�er, and the ackn owledgments to
one or more neighbors can be mapped in a single time-frequency resource
block. The discovery message is assumed to be transmitted with a �xed
MCS and transmission rank one.

2 Main Findings

The proposed system design is evaluated in the single and the multi-cluster
scenarios. A basic receiver that treats interference as noise and one which
is able to ideally cancel the three strongest interfering st reams, according to
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Fig. D.1: Proposed discovery message format

The transmission probability can be different for each devi ce. Assuming di
is the �rst node to transmit, it broadcasts the discovery mes sage with the
feedback �eld empty, since it has not received any discovery message yet.
Then, n1 broadcasts the discovery message, including in the feedback �eld
the identi�er of di , so when di receives the message, it will be aware that it
has been discovered by n1. The next device to transmit is di , which piggy-
backs the identi�er of n1 in the discovery message so when n1 receives the
message it will know that it has been discovered by di . The same principle
applies to the remaining steps of the �gure. Note that the fee dback �eld can
contain more than one identi�er, as in the last step of Figure D.2, where di
piggybacks the identi�er of n2 and n3.

Finally, the discovery time is de�ned as the time needed for a node to
be discovered by all its neighbors, based on the feedback reception time. It
is extracted as the maximum time among all the neighbor feedb ack recep-
tion times and it depends on the transmission probability r . A collision will
occur if the signal-to-interference-plus-noise ratio (SI NR) is below a certain
decoding threshold, as described in Section III. If a too hig h r is used, a large
number of collisions will occur and the discovery process wi ll take longer.
On the other hand, if r is too small, the inactivity of nodes will generate idle
slots, thus increasing the time it takes to �nish the discove ry phase. In addi-
tion, there is another trade-off in the choice of r for HD transmission mode.
The necessity of transmitting the discovery message with a certain probability
leads inevitably to a reduction of the opportunities for lis tening and therefore
to an increase of the discovery time. For this reason, we believe that FD tech-
nology is a potential candidate to satisfy the strict latenc y requirements given
the possibility of simultaneously transmit and receive, wh ich may reduce the
processing time. An example of a three devices scenario comparing HD and
FD is depicted in Figure D.3, where four orthogonal frequenc y resources and
ideal decoding are assumed. Following the same principle as Figure D.2, HD
is able to complete the discovery time in six time slots, whil e FD can �nish it
in four time slots because of the continuous listening state .
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3. System model and simulation setup

Fig. D.2: Proposed discovery protocol for D2D communication

Fig. D.3: Example of the discovery procedure with 3 nodes and assuming 4 frequency resources

3 System model and simulation setup

The proposed system has been simulated with our own develope d Matlab
simulator. Some of the concepts used in this work are extracted from our
envisioned 5G system [10], since D2D communication is expected to be part
of it.

Orthogonal frequency division multiplexing (OFDM) is used as modula-
tion scheme. The format of a resource block is shown in Figure D.4, com-
posed of 14 OFDM symbols and occupying 10 MHz in frequency and 0.25
milliseconds in time. The �rst two OFDM symbols are used for s ynchroniza-
tion with the base station. The remaining, including the dem odulation ref-
erence signal (DMRS) symbol used for channel estimation, are dedicated for
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broadcasting the discovery message. Transceivers with 4� 4 multiple-input
multiple-output (MIMO) are considered.

We assume a simple path loss model g = d� a and no fading. In the sim-
ulation results presented in the next section, a is set to 4. The transmission
rank is set to one and the MCS corresponds to Quadrature PhaseShift Key-
ing (QPSK) with a code rate of 1/3. Then, assuming a subcarrie r spacing of
60 kHz and 11 OFDM symbols in time, 1210 useful bits can be embedded in
the discovery message. The decoding is based on a SINR threshold of 0 dB,
which corresponds to a block error rate (BLER) target of 0.01% according to
the used MCS. A maximum of 4 frequency resources are used and the noise
power in each resource is -95 dBm. Finally, ideal SI cancellation in FD nodes
is assumed [6].

Two different receivers are considered in this study:

� Interference as noise (IAN) receiver: this type of receiver considers the inter-
fering streams as noise. Since a device may receive more thanone desired
signal, a computation of the SINR per each received signal is performed,
assuming one stream as the desired one and the rest of them as noise. The
computation of the SINR is shown in Equation (D.1):

SINRIAN =
gd � PT

å
rxSignals
i= 1 I i + N

(D.1)

where gd is the path loss between the desired transmitter and the receiver,
PT is the transmit power, rxSignals are the number of received signal
streams, I i = g i � PT is the power of the interfering stream i and N is the
noise power.

� Interference cancellation (IC) receiver: this receiver is able to cancel the N � K
strongest interfering streams, where N is the number of MIMO receive
antennas and K is the transmission rank. Then, for the remaining inter-
fering streams, the working principle of the IAN receiver is applied. For
example, according to our simulation setup, the three stron gest interfering
streams will be canceled since the transmission rank is one and each node
is equipped with 4 receiving antennas. Equation (D.2) descr ibes how the
SINR is calculated with the IC receiver:

SINRIC =
gd � PT

å
rxSignals
i= k I i + N

(D.2)

where k = N � K + 1 and the interfering streams I i are sorted based on the
signal strength from the strongest to the weakest one.

The devices are randomly deployed, forming clusters. A cluster is de�ned
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Fig. D.4: Resource block format

as the set of neighbors that a device can reach based on the transmit power,
the path loss and the noise power, plus the own device. Theref ore, a clus-
ter size is extracted for each individual node. Two scenario s are analyzed, a
single and a multi-cluster scenario. The former refers to th e case in which
every node can reach all the other nodes in the network, and su ffers from
intra-cluster interference. The latter is affected by intr a and inter-cluster in-
terference, since clusters may be partially overlapped or t otally isolated. The
discovery message is randomly mapped in frequency at every t ransmission
opportunity.

Results are presented in terms of the average discovery time among all
the deployed nodes in the scenario. As explained in Section II, the device
discovery time is extracted as the maximum time needed to dis cover all the
device neighbors. The variable r refers to the transmission probability and
q is used as an indication of the system congestion, calculated as shown in
Equation (D.3):

q =
number of network devices

number of frequency resources
(D.3)

4 Performance Evaluation

This section presents numerical results evaluating the discovery latency. The
deployed area and the transmit power are set accordingly to t he simulated
scenario. To ensure statistical reliability, 1000 redeployments are considered.

4.1 Single cluster scenario

In this section we study the case where all the devices perceive the same clus-
ter, i.e., all of them have to discover each other. The number of devices ranges
from 10 to 50 in steps of 10, and they are randomly dropped with an uniform
distribution over a 100 � 100 m2 area, transmitting with 23 dBm power. As
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Fig. D.5: Single cluster mean discovery time with HD and FD, assuming t he IAN receiver and 4
frequency resources

explained in Section II, there is a trade-off in selecting th e transmission prob-
ability r . A high r increases the number of collisions and thus the discovery
time. On the other hand, a low r generates many idle slots and also leads to
a higher discovery time. In addition, HD has the limitation o f not being able
to receive messages from neighboring devices when a device is transmitting.
This HD limitation can be overcome with FD, since it allows si multaneous
transmission and reception. However, the r choice effect on the number of
collisions and idle slots still needs to be taken into consid eration.

As a �rst step, we have analyzed the discovery time varying r from 1%
to 90% in case of HD, and from 1% to 100% for FD. This exercise has been
repeated varying the number of available frequency resourc es (1, 2 and 4)
and using the IAN and the IC receiver. Figure D.5 shows the HD ( left) and
FD (right) discovery time assuming 4 frequency resources and the IAN re-
ceiver. From the �gure we can observe that the discovery time describes a
'U' shape curve, independently of the transmission mode and the number of
devices. The minimum of this curve provides the optimal r that leads to the
minimum discovery time. As the number of devices increases, the 'U' shape
curve is shifted to the left to avoid increasing the link fail ures, and thus the
optimal r decreases. We observe that for the 10 and 20 devices cases, FDr is
higher than HD r . Except at very low r where the performance for FD and
HD is the same, FD provides lower discovery time than HD. For e xample,
assuming 20 devices andr = 50%, FD shows a gain of 49% over HD.

Such 'U' shape curve is observed independently of the number of fre-
quency resources or the receiver type. The impact of varying the amount of
frequency resources is equivalent to varying the system capacity. If the fre-
quency resources are less than 4, the 'U' shape curve from Figure D.5 shifts
to the left because r has to be decreased to avoid generating too many colli-
sions and therefore link failures. Using the IC receiver wou ld allow a device
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Fig. D.6: Optimal r for HD and FD assuming the IAN and the IC receiver

to use a higher r compared with using the IAN receiver because canceling
interference improves the SINR and therefore larger number of messages can
be received without increasing the number of link failures.

From the �rst result we can already identify that the optimal transmis-
sion probability changes depending on the cluster conditio ns. Therefore,
the second step is to obtain the curve that describes the optimal r . Figure
D.6 presents such a curve, depending on the system congestion (see Equa-
tion (D.3)), for 4 cases: HD and FD with the IAN receiver, and H D and FD
with the IC receiver. For all the cases, the optimal r decreases as the system
congestion increases. This is due to the trade-off between collisions and dis-
covery time. We can observe that the transmission probabili ty is higher when
receivers with interference suppression capabilities are used. This is the case
when the largest difference between HD and FD r is seen. On the other hand,
when using IAN receivers, the HD and FD r is rather close or the same.

As pointed out previously, the optimal r leads to the minimum discov-
ery time, which is shown in Figure D.7. The green line indicat es the latency
target, which is 10 milliseconds [2]. The �gure shows that, i n order to meet
the latency requirement, advanced receivers with interfer ence cancellation
capabilities are required. Using IAN receivers, the latenc y target can be only
reached if few devices are deployed. In any case, in the region where the dis-
covery time does not exceed 10 milliseconds, we can observe that FD allows
for a higher system congestion q than HD. Figure D.8 shows the gain in dis-
covery time of FD over HD for the considered receivers, as a fu nction of the
system congestion. We can observe that the gain with the IC receiver ranges
from 20% to 80% in the region of q where the latency target can be met. On
the other hand, using the IAN receiver and restricting the ga in where the
latency requirements according to q are achieved, FD gain goes from 25% to
42%.
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Fig. D.8: FD gain over HD with the IAN and the IC receiver

4.2 Multi-cluster scenario

To analyze the multi-cluster scenario, 50 devices transmitting with 0 dBm
power are deployed in an area of 1000� 1000 m2, resulting in a discovery
range of 237 meters and a cluster size that ranges from 3 to 16,being 8.28
on average. Such distribution is highly related to the consi dered simulation
parameters.

Figure D.9 shows an example of this scenario, where each color represents
a different cluster size and the number after each device is i ts own cluster
size. Let us focus the analysis on the three devices inside the red square: the
green device that has a cluster of size 3 (i.e., 2 neighbors),the yellow device
having 8 neighbors and the white device with 13 neighbors. In principle, the
green device should be able transmit with higher r because it has only two
neighbors, thus completing the discovery procedure very fa st. However, if
the green device increases its own r , it will generate high interference to the
yellow and white device because these two devices have a larger cluster size,
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Fig. D.9: Example of a multi-cluster deployment

thus increasing the number of collisions occurring in these two devices. This
observation raises a question regarding the mechanisms that are required to
manage interference among neighboring devices. Addressing this challenge
is left for future work, as we intend to investigate a dynamic algorithm to
distributively determine the best r for each node.

Following the same analysis like in the single cluster scenario, the �rst
step is to evaluate the mean discovery time depending on the t ransmission
probability r . However, in this scenario the cluster size is variable, mean-
ing that the mean discovery time is not a valid key performanc e indicator
anymore. Instead, we should focus our analysis on the 5 th , 50th and 95th

percentiles of the discovery time. Figure D.10 shows such result, assuming 4
frequency resources and the IC receiver. The most relevant result is the 95th

percentile because it corresponds to the users perceiving worse interference
conditions, i.e., the outage users. From the �gure we can observe that the
same 'U' shape curve can be extracted, meaning that there is an optimal r
that leads to the minimum discovery time. In addition, this r esults also leads
to the conclusion that advanced receivers are required to meet the latency
target of 10 milliseconds. From the �gure we can see that the o ptimal r for
HD is 40% and for FD is 60%, providing a FD gain of 42%. It is impo rtant
to notice that in the multi-cluster scenario, in contrast wi th the single cluster
scenario, not using advanced receivers does not allow to meet the latency
target for the 95th percentile users.
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5 Conclusion and future work

In this paper we have investigated the role of full duplex tec hnology and ideal
interference cancellation receivers in aiding fast discovery for D2D communi-
cation. We have shown that there is a compromise in selecting the transmis-
sion probability, that dictates the amount of collisions an d the generation of
idle slots. Furthermore, half duplex shows another trade-o ff on such selection
because spending too much time transmitting does not allow a node to re-
ceive messages from the neighboring nodes. To overcome thislimitation, full
duplex is considered since it allows for continuous recepti on. Results show
that devices are discovered faster with full duplex nodes, a nd that there is a
optimal transmission probability that leads to the minimum discovery time.
However, in order to meet the strict latency requirements, t he use of advanced
receivers with interference cancellation capabilities is required. In that case,
further bene�ts can be obtained from full duplex.

Future work will be focused on developing an algorithm that d ynamically
adjusts the transmission probability to achieve the minimu m discovery time,
and on addressing the challenges identi�ed in the multi-clu ster scenario.
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2. D2D Fast Discovery

Fig. E.1: Example of a multi-cluster network with 2 highlighted clust ers

Algorithm 2 Algorithm for estimating the number of neighbors

r  Current transmission probability. Initial value r = 0.5
M̃  Estimated number of neighbors. Initial value M̃ = 0
repeat At each time slot

Extract r according to the selected information exchange
approach (Table E.1)
if Transmission time, based on r , then

Transmit the discovery message
else

Receive discovery messages from neighbors, and
estimate M̃ as:

M̃ =
#decoded signals

r
(E.1)

end if
until The device turns off

Estimating the number of neighbors

The estimation of the number of neighbors is done based on the available
information at each device: the own r and the number of signals success-
fully decoded in each receiving time slot. The estimation of the number of
neighbors with HD is done as described in Pseudo-code 2. In case of FD,
the if statement encapsulates only the transmission part, since a FD device
is continuously receiving. In Equation E.1, the #decoded signalsrefers to the
number of instantaneous messages that a device on receptioncan successfully
decode. Then, the equation is equivalent to the number of active neighbor
devices that a node can detect.
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Table E.1: Information exchange approaches

Approach Signaling Principle

Sel�sh None Use r extracted from the estimated number of devices
without considering information from the neighbors.

(r s f) Section III.A describes the function that, depending
on the estimated number of devices, provides the
most appropriate r .

Cooperative r u Set r as the minimum between:
minimum a. the r extracted from the estimated number of

neighbors (r s f)
b. the minimum r received from the neighbors

Cooperative r u and Set r taking into account:
maximum r s f a. the r extracted from the estimated number of

neighbors (r s f)
b. the used r received from the neighbors ( r u,nb)
c. the estimated r received from neighbors ( r s f,nb)
The decision is taken as follows:
1. Extract the minimum of r u,nb and r s f,nb of all the
received messages from my neighbors
2. If r u,nb = r s f,nb = r nb: select the minimum be-
tween r s f and r nb
3. If r u,nb < r s f,nb: select the minimum between r s f,nb
and r s f

Keying (QPSK) with a coding rate of 1/3 and a block error rate o f 0.01%.
The representation of r is ideal in this study, i.e., it is represented with max-
imum resolution. Finally, ideal self-interference cancel lation in FD devices is
assumed [3].

According to the �ndings in [2], one of the requirements to me et the
strict 5G control plane latency target is to use interferenc e cancellation (IC)
receivers. These receivers are able to suppress theN � K strongest interfer-
ing streams, where N is the number of MIMO receive antennas and K is the
transmission rank. For example, according to our simulatio n setup (trans-
mission rank one and devices equipped with 4 receiving anten nas), the three
strongest interfering streams can be suppressed. We assumeideal IC in this
work. The SINR reads then:

SINRIC =
gd � PT

å
rxSignals
i= k I i + N0

(E.2)

where gd is the pathloss between the receiver and the desired transmitter, PT
is the transmit power, N0 is the noise power, k = N � K + 1 and the inter-
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fering streams I i are sorted based on the signal strength from the strongest
to the weakest one. In this work, the transmit power is 0 dBm an d a noise
power in each time/frequency resource is -95 dBm.

The devices are randomly deployed in a certain area. Two scenarios are
analyzed, a single and a multi-cluster scenario. The former suffers only from
intra-cluster interference, while the latter is affected b y intra and inter-cluster
interference, since clusters may be partially overlapped o r totally isolated.
The single cluster scenario refers to a 100� 100 m2 area with the number of
deployed devices ranging from 10 to 50. An area of 1000� 1000 m2 is con-
sidered for the multi-cluster scenario, where the number of deployed devices
goes from 10 to 300. In particular, the average cluster size ranges from 3 to
44.

We assume that a discovery message opportunity occurs every 0.25 mil-
liseconds. This is consistent, for example, with the assumption in terms of
frame duration of our 5G small cell concept presented in [6]. The discovery
time is de�ned as the time needed for a device to be discovered by all its
neighbors, based on the feedback reception time. It is extracted, individually
for each node, as the maximum time among all the neighbor feed back re-
ception times. For the single cluster scenario, results are presented in terms
of average discovery time, since the interference conditions for all the de-
vices are, in average, the same. In case of the multi-clusterscenario, results
are presented in terms of the 95th percentile of the discovery time. For both
scenarios, the performance of FD is compared against the HD performance.
Finally, the variable q provides an indication of the system congestion, and it
is de�ned as:

q =
number of network devices

number of frequency resources
(E.3)

3.1 Dynamic transmission probability

Let us consider the single cluster scenario with its corresp onding parametriza-
tion, and setting the size of the frequency resource pool to 1 , 2 and 4, to have
different system level congestion representations. In our previous work we
proved that the optimal r which minimizes the discovery time is scenario-
dependent. Figure E.2 shows such optimal r as a function of q, for the ideal
case where the devices know the exact number of neighbors. From the �gure
we can observe that, as the system congestion increases, theoptimal r dimin-
ishes due to the constraint on the number of collisions. We can also see that
FD allows for a higher r in some cases, specially at low system congestion.
This is because, as explained in Section II, FD solves the constraint that HD
poses on the r selection. Therefore, since FD operates in a larger range ofr ,
we expect to have larger gains from using a dynamic approach w ith FD com-
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Fig. E.2: Optimal r as a function of the system congestion q

pared to HD. This two curves can be easily approximated by a si mple multi-
plicative inverse function r = f ( M̃ , frequency resources pool size

�
= f (q) � a

qb ,
where a and b are �tting parameters. Such approximations allow us as to
have a representation of the optimal r based on the system congestion.

3.2 Single cluster performance

As the next step, we evaluate the proposed RRM framework in th e single
cluster scenario, assuming a frequency resource pool of size 4. In this case,
the considered approach is the sel�sh one, since the interference conditions
of all the devices are, in average, the same. Consequently, the three ap-
proaches described in Table E.1 show the same performance. The evalua-
tion is done by comparing: the optimal discovery time, extra cted under the
assumption of ideal information at the devices; the perform ance of the pro-
posed RRM framework, extracting r SF from the inverse approximation of
the curves shown in Figure E.2; and a �xed r of 40%, since it provides a
good trade-off on the HD performance given its limitation of not being able
to receive messages while transmitting. Figure E.3 shows the performance
comparison between the mentioned cases. We can observe thatthe HD per-
formance is barely affected from the usage of a dynamic r , except when the
number of network devices is large. This is caused by the smal l operational
range of r , given the HD constraint. However, in case of FD, we can observe
that a dynamic r selection allows to get very close to the optimal system per-
formance. The maximum difference between the optimal and th e algorithm
performance is 0.83 milliseconds, at high congestion. At low congestion, the
maximum difference is 0.13 milliseconds.

We want to emphasize that the robustness of the approximated r curves
have also been evaluated, by varying the path loss model or th e deployed

153



Paper E.

10 15 20 25 30 35 40 45 50

10
0

10
1

Number of network devices

M
ea

n 
di

sc
ov

er
y 

tim
e 

(m
s)

 

 

    HD optimal
    FD optimal
    HD algorithm
    FD algorithm
    HD fixed r  = 40%

    FD fixed r  = 40%

Fig. E.3: Single cluster. Performance comparison between the proposed algorithm, the optimal
performance and a �xed r

0 50 100 150 200 250 300

10
0

10
1

Number network devices

9
5

th
 p

e
rc

e
n

ti
le

 d
is

c
o

v
e

ry
 t

im
e

 (
m

s
)

 

 

   r  = 40% HD
   r  = 40% FD
   Selfish HD
   Selfish FD
   Coop min FD
   Coop max FD

Fig. E.4: Multi-cluster. Performance comparison between the propos ed algorithm, the optimal
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area. Results show that the maximum difference between the ideal discov-
ery time and the one extracted by using our proposed framewor k and the
approximations is � 0.5 milliseconds.

3.3 Multi-cluster performance

We focus here on the multi-cluster scenario, assuming a frequency resource
pool of size 4, and we will analyze the performance of the thre e approaches
presented in Table E.1 and the �xed 40% transmission probabi lity. For HD,
only two performance curves are presented, the sel�sh and th e �xed 40%
one, since the performance with the other two proposed algor ithms is nearly
the same as the sel�sh one. The reason for that, as explained before, is the
smaller range of r with HD since a device cannot listen while transmitting,
leading to an increase of the discovery time if a too high r is used. Figure
E.4 shows the 95th percentile of the discovery time. The results show that,
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with HD, the latency requirement of 10 milliseconds can be ac hieved with
up to 200 network devices, but the discovery time is always la rger than the
one achieved with FD. Focusing on the FD performance, we can observe that
providing a dynamic solution for the r selection brings bene�ts in terms of
reduction of the discovery time, independently of the netwo rk density. In
case of few devices in the network, the sel�sh approach shows the best per-
formance in terms of discovery time, since it is the most aggr essive scheme
and using interference cancellation receivers allows the system to use a high
r . The cooperative minimum approach is too conservative at lo w network
density, since the r used by the device in the worst interference conditions
spreads across the network. Note that the drawback of such approach can
be solved by using the cooperative maximum approach, since i t allows to
increase the transmission probability in case the neighbor ing nodes are not
affected by this r increase. As the network density increases, we observe
that the cooperative minimum and maximum approaches reach t he optimal
system performance. In this case, both approaches perform equally since the
optimal r is already small, to avoid generating a large interference and hence
a large number of collisions. Notice that with the proposed c ooperative al-
gorithms, the system can support higher network density whi le still meeting
the 10 milliseconds latency requirement.

Finally, Figure E.5 shows the cumulative distribution func tion (CDF) of
the discovery time with HD and FD for the cooperative maximum approach,
for the cases of 70 and 150 number of network devices. The curves show that,
beyond the mean gain of FD over HD, HD suffers from larger time variances,
with some devices perceiving large discovery time and other s �nishing their
process much faster.
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4 Conclusion and future work

In this paper we have proposed a RRM framework supporting FD t echnology
to provide fast discovery in autonomous D2D communication. The frame-
work provides a mechanism to estimate the number of neighbor devices and
a scheme to dynamically adjust the transmission probabilit y, in order to re-
duce the number of collisions and idle slots and decrease the latency for
discovery. The proposed signaling exchange mechanism allows to reduce
the network interference and improve the system performanc e. System level
results show that our proposed dynamic solution allows to re duce the dis-
covery time compared to traditional static approaches, esp ecially in case full
duplex technology is used. Future work will focus on the cont rol message
design and on applying the framework in scenarios with high m obility such
as vehicle-to-anything (V2X) applications.
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Conclusion

The 5G umbrella is very broad and includes several use cases to accommo-
date the future traf�c demands and the new arising applicati ons. The focus of
this dissertation is on the enhanced mobile broadband and th e ultra-reliable
low latency communication uses cases. In particular, on imp roving the ca-
pacity of the proposed 5G indoor small cell concept [1] by mea ns of dynamic
TDD and full duplex technology, and on providing fast discov ery for D2D
communication.

This chapter summarizes the main �ndings of the work and desc ribes
future research paths based on the presented conclusions.

1 Main Findings

Providing total �exibility in terms of time slot direction a ssignment would al-
low to optimally accommodate the traf�c in a small cell. This strategy, known
as dynamic TDD, suffers from an increased interference vari ability [2]. Even
though advanced receivers such as IRC mitigate the impact of the interfer-
ence [3], it is not suf�cient to reduce the interference to th e desired level.
To mitigate the impact of such residual interference and imp rove the system
capacity, two strategies are studied via system level simul ations. Firstly, an
analysis of the HARQ fast recovery mechanism is carried out. The preferred
operational mode for HARQ is set as asynchronous and adaptiv e, to pro-
vide �exibility in time and frequency, respectively. The op tion of sending the
feedback at the desired time slot and frequency resources ismore appropriate
given the challenging 5G targets. Results show that HARQ has the potential
to increase the average system throughput, while improving the outage per-
formance. In addition, HARQ can help at reducing the latency since it is the
fastest recovery mechanism. Secondly, the performance of outer-loop link
adaptation technique is studied. OLLA adjusts dynamically the MCS used
for transmission based on the HARQ feedback. It was original ly intended to
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2. Full Duplex in 5G Small Cells

Fig. F.1: Envisioned 5G frame structure

shown in Figure I.1, is introduced, with a duration of 0.25ms , de�ned as the
Transmission Time Interval (TTI). It consists of the downli nk (DL) and uplink
(UL) control symbols, followed by the data part. The �rst sym bol of the data
part is dedicated to the transmission of the demodulation re ference signals
(DMRS), used to enable channel estimation at the receiver. Although it was
designed for TDD, the 5G frame also adapts perfectly to FD com munication.
Having separate symbols for the UL and DL control channels al lows the sys-
tem to support networks where all the nodes, access points (A Ps) and user
equipments (UEs), are FD capable (bidirectional FD) or networks where only
the AP is FD capable (relay FD). The data part would carry UL an d DL traf�c
simultaneously in both cases, and the actual transmission(s) would be one
TTI delayed from the corresponding scheduling grant.

Interference rejection combining (IRC) receivers, which can potentially
suppress a number of interfering streams at the expense of reducing the num-
ber of desired transmission streams [10], and retransmission mechanisms
such as hybrid automatic repeat and request (HARQ) and autom atic repeat
and request (ARQ), are used to deal with the inter-cell inter ference. When FD
transmissions occur, the inter-cell interference may become a major problem,
due to the higher number of simultaneously active nodes (APs or UEs). In
this case, the IRC receivers may not have suf�cient degrees of freedom for
suppressing the increased number of interfering streams, since they may be
doubled compared to the traditional HD system.

This may jeopardize the achievement of the double throughpu t with re-
spect of HD systems. In order to quantify the gain of FD commun ication,
three factors need then to be taken into account:

� Self-interference cancellation. A high level of isolation between trans-
mitting and receiving ports in the same device is required.

� SINR conditions. As the inter-cell interference increases, the SINR that a
node perceives decreases, thus leading to a reduction of thesustainable
rates, since a higher number of TTIs is required to transmit t he same
amount of data.

� Simultaneous UL and DL data. The lower the load offered by eac h link,
the smaller is the probability that simultaneous UL and a DL t ransmis-
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10m AP UE
10

m

Fig. F.2: Simulated scenario

sion can happen at the same time, thereby exploiting FD capabilities.

Next sections will present the simulation setup that has bee n used for this
study, providing a performance analysis of FD and HD systems in different
type of scenarios.

3 Simulation setup

To study the impact of the factors described in Section II in i solation, the pre-
sented 5G system has been analysed with HD and with bidirecti onal FD. The
results are extracted from our event driven based system level simulator, de-
scribed with more detail in [11], which implements the envis ioned 5G small
cells system design [2].

The scenario, shown in Figure I.5, consists of 20 square cells of 10m x
10m arranged in a 10 by 2 grid. The cell densi�cation, also ref erred as the
deployment ratio (DR), is de�ned in each simulation drop. Th en, if a cell
is active, one AP and one UE are randomly deployed, with the UE always
being af�liated to the AP in the same cell (closed subscriber group). This
means that, for example, a DR of 0.6 implies having, in average, a pair of AP
and UE deployed in 12 cells out of 20.

Each node is FD capable and is equipped with a 4x4 MIMO transceiver
and an IRC receiver. For simplicity, in this work we consider ideal SI cancel-
lation. The number of used spatial streams, often referred as the transmission
rank, is decided according to the rank adaptation algorithm pres ented in [12],
which chooses the most suitable rank depending on the perceived SINR and
a set of weights. These weights apply a higher taxation to the high ranks, dis-
couraging their selection, in order to reduce the overall in ter-cell interference
in the network. Finally, all nodes use the entire bandwidth t o transmit (200
MHz), and the transmission power is �xed and it is the same for the AP and
the UE.

A vertical radio resource management (RRM) layer, which gat hers infor-
mation from the physical (PHY), medium access control (MAC) and radio
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link control (RLC) layers, provides the scheduling decisio ns and the trans-
mission parameters. The transmission direction in case of HD is obtained
using a Head-of-Line (HOL) delay based UL/DL decider [2], wh ich consid-
ers the volume of data in the transmission buffers and the amo unt of time that
the �rst packet in the buffer has been waiting to be transmitt ed. For the bidi-
rectional FD case, the decision is being done from a traf�c pe rspective. This
means that whenever there is data in both UL and DL buffers, bo th links are
going to be scheduled for the next TTI. On the contrary, if the re is only data
in one buffer, such link is going to be scheduled, i.e. the system will behave
as a HD system, without exploiting the FD capabilities. The f rame structure
and scheduling delays described in Section II are modelled i n the simulator.
Therefore, a causal non-ideal link adaptation which takes a decision regard-
ing the modulation and coding scheme (MCS) and the transmiss ion rank,
based on previous measurements, is used. On the receiver side, if the packet
is not successfully decoded, an HARQ retransmission will be triggered, al-
lowing up to four retransmissions. If after four HARQ retran smissions the
packet is not still received correctly, an ARQ RLC retransmi ssion will then be
triggered.

The traf�c in UL and DL is symmetric, meaning that the offered load in
both directions is the same. For this study, a �nite buffer tr af�c model has
been used; this model generates payloads according to a negative exponential
distribution, with an average size of 2 megabytes (de�ned as sessions), arriv-
ing every t inter� arrival seconds [13]. t inter� arrival is also generated according to
a negative exponential distribution, and it is composed of t he period of time
when the application generates the packets for a particular session (ton) plus
the amount of time when no packets are being generated (to f f). The values
of ton and to f f re�ect the load in the system. So, for a �xed ton, increasing
to f f will translate into a lower load in the system, and vice versa . The carried
load in the system is characterized by the resource utilizat ion (RU) of the
network, which indicates the amount of TTIs that have been us ed for data
transmission, i.e.

RU = å TTIDL + å TTIUL

å TTIDL + å TTIUL + å TTIMUTE
(F.1)

where TTIx refers to the type of data carried on a TTI, and x can be UL, DL
or MUTE (in case there is no data in any of the two link directio ns). For
example, a RU of 50% means that half of the time the channel is free, and a
RU of 100% refers to a full buffer traf�c model, where the chan nel is always
occupied. The RU shown in the results is extracted from the HD case, since it
is our baseline to extract the FD gain. The remaining simulat ion parameters
are described in Table I.1.
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Fig. F.3: Probability of simultaneous UL and DL traf�c

Fig. F.4: Session throughput gain of FD over HD

RU in the network.
The probability of simultaneous UL and DL traf�c, depicted i n Figure

F.3, shows that considering the realistic traf�c model spec i�ed in [13] has a
negative impact on the FD gain, since the probability of expl oiting FD com-
munication is up to 45% for a RU of 79%. Notice that the RU in case of FD is
smaller than the HD RU (59% instead of 79%), since the nodes can get rid of
the data faster, thus occupying less time the channel. The session throughput
gain of FD over HD as a function of the RU is shown in Figure F.4. As the
RU increases, the gain from FD is higher because the probability of having
simultaneous UL and DL traf�c is also higher, reaching 95% th roughput gain
for a RU of 79%. Notice that, even if the channel is not always occupied, the
throughput gain approaches 100% because of the buffering effect, which has
a lower impact for FD because data can be transmitted faster. Furthermore,
note that the HD case, which is used as a reference to extract the FD gain,
adopts a scheduler (the HOL decider mentioned above) which e xploits traf�c
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Fig. F.5: Throughput gain of FD over HD

information for optimizing the HD performance. It is import ant to remark
that such gains are obtained from an isolated cell, i.e., inter-cell interference
does not appear. Furthermore, even if not addressed in this p aper, having
asymmetric traf�c is expected to have a further negative imp act on the FD
performance.

4.2 Impact of Inter-Cell Interference

In this second study, the increase of inter-cell interferen ce given by FD com-
munication is addressed. To isolate the impact of the inter- cell interference,
the multi-cell scenario with DR equal to 1 and a full buffer tr af�c model is
considered. In this way, all nodes perform simultaneous tra nsmission and
reception in each TTI. In addition, like in the previous stud y, �xed rank 1
transmissions are considered. The analysis is done by varying the wall loss,
i.e., the level of isolation among cells.

Figure F.5 shows the throughput gain, in average and in the 5 th , 50th and
5th percentiles, of FD over HD as a function of the wall loss. The f ormer
throughput is de�ned as the average of the individual throug hputs of all
nodes, extracted as the total amount of received bits over the whole simula-
tion time. We can see that, as the wall loss increases, each cell starts behaving
as an isolated cell (no inter-cell interference). When the wall loss is 20 dB,
the average throughput gain is 96%, and in case of full isolat ion (50dB wall
loss), FD achieved the theoretical double throughput compa red to HD, since
SINR conditions are the same for both types of communication . On the other
hand, the throughput gain in an open space scenario (0 dB wall loss) is 12%
in average, way far from the expected factor of � x2. Analysing the detailed
percentile throughputs, the �gure shows that the nodes perc eiving the poor-
est SINR conditions (5th percentile) will worsen their performance compared
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Fig. F.6: Post-IRC SINR for a DR of 0.6

Fig. F.7: Session throughput for a DR of 0.6

to HD unless the isolation between cells is at least 20 dB. On the other hand,
the users perceiving good SINR conditions (95th percentile) will be always
getting the theoretical 100% gain, except in case of an open space scenario,
where the gain is limited to 76%. For a wall loss of 5 dB (as de�n ed in [14]),
we observe that the users in outage get 41% less throughput when operation
with FD, while the users in the 50 th percentile get a limited gain of 18% and
the 95th percentile users achieve the expected double throughput gain.

From this analysis we can conclude that, without traf�c cons traints, the
limiting factor in achieving the expected double throughpu t gain of FD in
dense scenarios is the inter-cell interference. The presented results show
that in case of no inter-cell interference (ideal scenario), FD communications
achieves, in fact, the theoretical � x2 throughput.
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Future work will focus on the study of FD with asymmetric traf �c and
multi-user cells. In particular, the latter allows us to inv estigate situations
where only access points may be full duplex capable, while us er equipments
adopt traditional half duplex transmission. In addition, p ower control in both
uplink and downlink is currently under investigation.
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2. Full Duplex in 5G Small Cells

Fig. G.1: Envisioned 5G frame structure

(a) Bidirectional FD (b) Base station FD

Fig. G.2: Full duplex types

Fig. G.3: FD module structure

2 Full Duplex in 5G Small Cells

Our envisioned 5G system, described in detail in [2], uses TD D as oper-
ational mode and orthogonal frequency division multiplexi ng (OFDM) as
modulation scheme. Nodes are synchronized in time and frequ ency and are
equipped with 4x4 MIMO transceivers and interference rejec tion combining
(IRC) receivers [10]. A novel frame structure of duration 0. 25 ms, shown in
Figure I.1, is de�ned as the transmission time interval (TTI ). The �rst two
OFDM symbols are dedicated to the DL and UL control, respecti vely. The
remaining symbols are dedicated to the data, including the d emodulation
reference signal (DMRS) symbol, used for channel estimation. Notice that
only time domain scheduling is considered.

The cell operations are here described. In the �rst place, th e base station
sends the scheduling grant (SG) in the DL control symbol of TTIn, including
the intended UE, the link direction and the transmission par ameters, i.e., the
modulation and coding scheme (MCS) and the number of spatial streams,
often referred as transmission rank. Such decision is applied in TTIn+ 1 due
to the processing time, thus leaving one TTI delay between th e scheduling
and the corresponding transmission. Then, in the UL symbol, UEs send the
scheduling request (SR). The SR includes buffer information, hybrid auto-
matic repeat and request (HARQ) feedback and the MCS and rank derived
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Fig. G.4: Simulated scenario

the offered load of each link, and thus the amount of dedicate d resources
is proportional to the offered load. For example, let us assu me asym-
metric traf�c, where the highly loaded link (DL) offers 6 tim es more load
than the lightly loaded link (UL). In this case, the DL would g et approx-
imately six times more resources than the UL, and it would hav e higher
priority. Consequently, the UL would have to wait longer to b e scheduled.
Furthermore, the algorithm also takes into account fairnes s, by granting a
minimum amount of resources to a link, in order to avoid its st arvation.
The possible output directions in this case are DL, UL or MUTE. The latter
corresponds to the case where both UL and DL buffers are empty.

� Bidirectional FD : the transmission direction is based on the buffer state.
For each user, thedirection decision blockchecks if there is data in both the
DL and UL buffers. In case of bidirectional FD, simultaneous transmission
and reception will only be exploited in case a UE can be scheduled in both
links, i.e., when both UL and DL buffers are �lled with data. T hen, if this
is the case, the transmission direction for that user is DL+UL . Otherwise, it
is DL(UL) if the UL(DL) buffer is empty and the DL(UL) is not, or MUTE
if the UL and DL buffers are both empty.

The output value of the user decision blockis taken according to the input pro-
vided by the direction decision block. It is a set containing the UE identi�er(s)
and its corresponding link direction(s) for HD(FD). In case of BS FD, a FD
transmission is performed if two different UEs with opposit e link directions
can be scheduled; otherwise, the TTI is going to be HD. In case of bidirec-
tional FD, it will be possible to exploit FD if at least one use r has associated
the DL+UL state. Note that in both cases, scheduling a FD transmission is
always given priority over scheduling a HD one.

3 Simulation Environment

The results generated in this study are extracted from our ev ent-driven based
system level simulator. It includes the implementation of t he PHY and MAC
layers according to the 5G envisioned design presented in Section 2. The In-
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Fig. G.5: Session TP with symmetric traf�c (bid. FD)

Fig. G.6: Packet delay with symmetric traf�c (bid. FD)

Hence, we can conclude that a trade-off between MIMO spatial multiplexing
and FD dictates the optimal system performance, which is ful ly related to the
interference conditions.

4.2 Asymmetric traf�c

The traf�c asymmetry between DL and UL is 6:1, i.e., the offer ed load is 6
times bigger in DL compared to UL. Consequently, the expecte d gain from
FD is different in each link. In HD, the DL gets more resources than the UL
since it is the highly loaded link, thus delaying the UL trans missions and
reducing its throughput. In FD, the UL direction does not nee d to wait, since
it may be transmitted at the same time the DL occurs, thus impr oving the
delay and throughput. The DL improvement is expected not to b e signi�cant
since such link is already getting high channel occupancy.

The described behavior is observed for bidirectional FD in T able G.3(a),
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Fig. G.7: UL session TP with asymmetric traf�c (BS FD)

Fig. G.8: UL packet delay with asymmetric traf�c (BS FD)

lution for applications with asymmetric traf�c, where the l ightly loaded link
requires a boost in performance and the highly loaded link is not the target.
Furthermore, in case the system is close to congestion, FD isan attractive
solution to deal with the buffering, since simultaneous tra nsmission and re-
ception mitigates this effect.

After the analysis of both types of FD under traf�c constrain ts, it is notice-
able that bidirectional FD provides better results than BS F D. This is because
ultra-dense small cell networks are already interference l imited scenarios and
BS FD has to deal with intra-cell interference on top of the IC I. Furthermore,
having BS FD is more practical from a cost perspective since having FD ca-
pable UEs is still a challenge.
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Table G.3: FD vs HD performance with asymmetric traf�c

Load DL TP UL TP DL delay UL delay

Low 0 2% 2% 12%
Med 4% 18% 8% 29%
High 16% 116% 28% 77%

(a) TP gain and delay reduction (bid. FD)

Load DL TP UL TP DL delay UL delay

Low -1% 3% +3% 6%
Med -2% 16% +4% 19%
High -13% 46% +20% 29%

(b) TP gain and delay reduction (BS FD)

5 Conclusions and future work

In this paper we have investigated the potential of bidirect ional FD and base
station FD in ultra-dense small cell networks, under differ ent type of traf�c
constraints. System level results prove that, in interfere nce limited scenar-
ios, there is a trade-off between the use of MIMO spatial mult iplexing and
simultaneous transmission and reception to obtain the opti mal performance,
since the latter may double the interference level. Our resu lts show that in
the targeted scenario, base station FD provides limited gain since it has to
deal with intra-cell interference. Bidirectional FD shows better performance.
In this case, the system is always improved in terms of throug hput and delay,
regardless of the offered load. Furthermore, in case of asymmetric traf�c,
both types of FD communication show an interesting potentia l for applica-
tions where the lightly loaded link requires a boost in perfo rmance. Finally,
future work will focus on the impact of recovery mechanisms, such as RLC
acknowledged mode and TCP.
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2. Full Duplex in 5G Small Cells

Fig. H.1: Envisioned 5G frame structure

Fig. H.2: Module that decides the link direction, the transmission mo de and the scheduled
node(s)

2 Full Duplex in 5G Small Cells

In [3], we presented the design of our envisioned 5G system. I t was origi-
nally designed as a HD TDD system, targeting a massive and uncoordinated
deployment of small cells. Nodes are assumed to be synchronized in time
and frequency. The system uses a novel frame structure of duration 0.25 ms,
de�ned as the Transmission Time Interval (TTI) and shown in F igure I.1. A
scheduling grant containing transmission parameters such as the link direc-
tion, the modulation and coding scheme (MCS) or the number of transmis-
sion streams (i.e., transmissionrank) is sent within the DL control symbol. UE
speci�c information is sent within the UL control symbol, in cluding channel
and buffer state information and Hybrid Automatic Repeat Re quest (HARQ)
feedback. The data part carries UL or DL data in case of HD, and both UL
and DL data in FD. Note that the transmission direction may ch ange every
0.25ms. Thus, a TTI may be DL HD, UL HD or FD, independently of t he
decisions from previous TTIs. All nodes are equipped with 4 � 4 MIMO an-
tenna con�guration and advanced receivers, such as Interfe rence Rejection
Combining (IRC) [11]. These receivers use the degrees of freedom from the
antenna domain to suppress incoming interference.

This work focuses on the performance of bidirectional FD, wh ich refers to
the case where both APs and UEs can simultaneously transmit and receive.
In this case, a node may perceive SI and ICI, since FD is alwaysexploited
between the same pair AP-UE, thus avoiding intra-cell inter ference. Figure
H.2 shows the structure of the module that decides the link di rection, the
transmission mode (HD or FD) and the scheduled node(s). This module is
located in the Radio Resource Management (RRM) layer and it is divided
into two blocks, direction decision blockand user decision block, in order to sepa-
rate functionalities and thus reduce complexity. In the �rs t step, the optimal
transmission direction per node is extracted, based on info rmation from the
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Fig. H.3: TCP congestion window

physical (PHY), medium access control (MAC) and radio link c ontrol (RLC)
layers. The output from the direction decision block, which corresponds to
the union of pairs { optimal transmission direction, node identi�er}, is transferred
to the user decision block, where the transmission mode and the scheduled
node(s) are then decided. A FD transmission has always prior ity over a HD
one. In case there are more than one pair of nodes that are ableto use FD,
different time scheduling algorithms may be applied to deci de which node
to schedule. The output of the FD module is then the pair { scheduled node,
direction}.

The procedure to extract the optimal transmission directio n is different
for HD and FD:

� HD : the optimal transmission direction is decided based on the amount of
data which is currently in the buffers (UL and DL), and previo us decisions.
For example, in case of asymmetric traf�c, where the DL traf� c load is six
times higher than in UL, a node will decide DL six times more than UL
in average. The information regarding previous slot alloca tions is used to
avoid the starvation of the lightly loaded link, i.e., at lea st one slot should
be allocated to such link with a certain periodicity. The opt imal direction
can be DL or UL if there is data in at least one of the buffers, or MUTE if
there is not data in either of them.

� FD: since we want to exploit FD as much as possible, the link deci sion is
based only on the buffer size. This means that the optimal tra nsmission
direction will be DL+UL if there is data in both buffers, DL (UL) if the UL
(DL) buffer is empty, or MUTE if both buffers are empty.
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Fig. H.4: Congestion window growth

3 Interaction between Full Duplex and TCP

TCP [8] is a protocol that provides reliability by using a con gestion control
mechanism [9]. TCP limits the amount of data that can be sent t hrough the
channel based on the reception of positive ACKs. The congestion window,
shown in Figure H.3, controls such limitation. During the Slow Start stage,
the congestion window grows exponentially according to the received TCP
ACKs. When the Congestion Avoidancephase is reached, the growth of the
congestion window is linear, following the same principle o n the TCP ACKs
as theSlow Startphase. Nevertheless, TCP has an inherent impact on the sys-
tem throughput and delay, since the amount of transmitted da ta is limited
by the reception of positive feedback and consequently it wi ll increase only
if the channel conditions are favorable.

We believe that FD may help at mitigating the TCP drawbacks si nce si-
multaneous transmission and reception might increase the congestion win-
dow faster and help at reaching the Congestion Avoidancephase sooner, where
a larger amount of data is transmitted within a single TTI. Fo r clari�cation,
a simple example is shown in Figure H.4. This �gure shows the g rowth of
the congestion window for HD and FD in a single cell scenario w ith one AP
and one UE, where both nodes have a 2 megabytes �le to transmit and the
probability of exploiting FD is 100%. Shadowing and fast fad ing have been
disabled to provide a fair comparison between both cases, and the general
simulation parameters are listed in Table I.1 and they will b e further dis-
cussed in the next section. We can observe that FD is able to transmit the
�le faster than HD since its congestion window grows faster. The transmis-
sion time is reduced by approximately 45% in this case. It is i mportant to
remark that in dense networks, ICI may slow down the growth of the con-
gestion window. The performance of FD with TCP traf�c in such networks

207



Paper H.

Fig. H.5: Simulated scenario

Table H.1: Used parameters to run the simulations

Parameter Value/State/Type

System parameters BW = 200MHz; fc = 3.5GHz
Frequency reuse 1 (whole band)

Propagation model WINNER II A1 w/fast fading [12]
Antenna con�guration 4x4

Receiver type IRC
Transmission power 10 dBm (BS and UE)

Self-interference cancellation Ideal
Link adaptation �lter Log average of 5 samples

Rank adaptation Taxation-based [13]
HARQ max retransmissions 4

RLC mode Acknowledged
Transport protocol UDP and TCP
TCP timer for ACK 100 ms

TCP initial retransmission timeout 1 ms
Segment size threshold 10 MB

Traf�c type Symmetric and
asymmetric (6:1) �nite buffer

Simulation time per drop 15-40 seconds
Number of drops 50

is discussed in section V.

4 Simulation Environment

Results are extracted from an event-based system level simulator. It imple-
ments the 5G MAC and PHY design described in Section II. Furth ermore,
it includes a detailed modeling of the RLC and TCP layers, and a vertical
RRM layer that collects information from the PHY, MAC and RLC layers to
provide the scheduling parameters. Finally, the applicati on layer generates
File Transfer Protocol (FTP) traf�c [14] and the Internet Pr otocol (IP) layer is
modeled as overhead.

208





Paper H.

Fig. H.6: Single cell throughput with symmetric traf�c

Fig. H.7: Single cell delay with symmetric traf�c

ful reception, including the buffering time. Finally, perc entages indicate the
gain of FD over HD. In throughput gain, a plus (+) indicates th at FD outper-
forms HD, and a minus (-) the opposite case. In delay reductio n, (-) denotes
better performance of FD and vice versa for (+).

5 Performance Evaluation

Results are divided according to the deployment, in order to isolate the ICI
impact, since it may be the limiting factor in the achievable FD gain [1].
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Table H.3: TP gain and delay reduction of FD over HD with symmetric traf� c in multi-cell
scenario

Load Traf�c Cell TP Average delay

Low
UDP +2% -8%
TCP +1% +22%

Medium
UDP +16% -27%
TCP -50% +284%

High
UDP +41% -26%
TCP -32% +52%

Fig. H.8: Multi-cell UL throughput with asymmetric traf�c

faster growing of the TCP congestion window and the immediat e transmis-
sion of the TCP ACK with FD. Moreover, without ICI, FD can alwa ys outper-
form HD, specially the lightly loaded link in case of asymmet ric traf�c.

5.2 Multi-cell scenario: impact of inter-cell interferenc e

In the multi-cell scenario (Figure I.5), a node may perceive signi�cant inter-
ference from its neighbors, meaning that FD will be affected by increased
ICI compared to HD. Table H.3 shows the FD gain with symmetric traf�c.
We can observe that, with UDP, FD always outperforms HD, both in terms of
throughput and delay, and the FD gain increases with the load . Nevertheless,
with TCP, the situation is the opposite and FD leads to worse t hroughput and
delay performance than HD in all cases. Such performance is caused by the
interference conditions as a consequence of the FD probability. Such prob-
ability ranges from 11% to 34% with UDP and from 67% to 89% with TCP.
This indicates that, the higher is the FD probability, the la rger is the ICI, since
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Fig. H.9: Multi-cell UL delay with asymmetric traf�c

FD doubles the number of interfering streams. Notice that, a ccording to the
LA and RA algorithms, HD would then use higher rank and MCS tha n FD.
Consequently, HD is able to transmit a larger amount of data, increase faster
the TCP congestion window and get rid of the data sooner than F D. Then,
HD occupies the medium for less time and reduces the interfer ence gener-
ated to neighboring cells. Results shows that the worst case is at medium
load, where the RU is 67% for HD and 92% for FD.

Figures H.8 and H.9 show the UL throughput and delay, respect ively, cor-
responding to the performance of the lightly loaded link in t he asymmetric
traf�c case. Results show the same trends as the symmetric traf�c case. With
UDP, FD shows the best performance, specially at high load (123% through-
put gain an 77% delay reduction) because FD mitigates the buffering effect,
since UL get more transmission opportunities than in HD. Tab le H.4 shows
that also the DL is always improved with FD. However, with TCP , not even
the lightly loaded link, which may perceive six times more re sources in FD
than in HD, can be improved. The reasoning is the same as for the symmetric
traf�c case. The FD probability, which has an effect on the IC I and hence on
the transmission rank and MCS, goes from 4% to 11% with UDP and from
85% to 91% with TCP. Figure H.10 shows the UL transmission rank, where
R1 refers to rank one, R2 to rank two, etc. From the �gure, we observe that
FD is already limited to rank one at medium and high load, whil e HD ex-
ploits MIMO spatial multiplexing at all loads (with very low probability at
high load). Choosing a higher transmission rank allows the T CP congestion
window to grow faster and reduce the ICI since the medium is fr eed before.

According to the presented results, we conclude that TCP leads to a higher
FD probability, thus increasing the ICI and provoking a slow er growth of the
TCP congestion window. We showed that there is a trade-off be tween the
MIMO antennas used for data transmission and the ones used fo r interfer-
ence suppression to achieve the optimal system performance.
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Fig. H.10: Multi-cell UL rank with TCP asymmetric traf�c

Table H.4: TP gain and delay reduction of FD over HD with asymmetric traf �c in multi-cell
scenario

Load Traf�c DL TP UL TP DL delay UL delay

Low
UDP +1% +4% -2% -14%
TCP -9% +8% +45% +18%

Medium
UDP +3% +17% -5% -33%
TCP -60% -43% +429% +224%

High
UDP +17% +123% -22% -77%
TCP -51% -6% +123% +69%

6 Conclusions and future work

In this paper we have investigated the performance of bidire ctional FD in
5G ultra-dense small cell networks considering the impact o f strong inter-
cell interference, traf�c constraints and TCP congestion c ontrol and recovery
mechanisms. System level results show that, under ideal int erference condi-
tions, FD outperforms HD in terms of throughput and delay, an d helps at
reducing the increased latency inherent in the TCP mechanism. However, in
case of signi�cant inter-cell interference, HD may provide better system per-
formance than FD due to the slower behavior of the TCP congestion control
mechanism in FD. Therefore, we conclude that there is a trade-off between
the MIMO degrees of freedom used for data transmission and th e ones used
for interference suppression to obtain the optimal system p erformance. Such
trade-off is strongly linked to the probability of exploiti ng FD and hence to
the level of inter-cell interference. Future work will focu s on studying FD in
device-to-device proximity discovery.
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Fig. I.1: Envisioned 5G frame structure

case when user equipments (UEs) and access points (APs) are both FD capa-
ble. The authors have concluded that the gain that FD may prov ide over HD
is below the theoretical 100% in the majority of cases. In [6], the FD perfor-
mance in Long Term Evolution (LTE) time division duplex (TDD ) with full
buffer traf�c and File Transfer Protocol (FTP) traf�c is ana lyzed. The authors
have evaluated the case where only the AP is FD capable, showing that FD
always outperforms HD. Nevertheless, such results may be bi ased because
the assumed isolation among cells may mitigate the ICI effec t. In [7], the im-
pact of symmetric and asymmetric traf�c in a multi-cell scen ario is presented.
The authors show that the FD throughput gain reduces with the perceived
ICI and the traf�c asymmetry. Nevertheless, it is important to notice that the
mentioned work does not consider a complete system with all l ayers active.
Furthermore, features such as link adaptation and recovery mechanisms are
not used.

The goal of the paper is twofold. First, an experimental stud y is carried
out using a test bed to show current levels of achievable SIC. Second, an
overview of the bidirectional FD performance in our envisio ned 5G ultra-
dense small cell network is presented. In [8], we have described such system,
optimized for dense local area deployments. TDD has been chosen as the
operational mode, with all the nodes in the network synchron ized in time
and frequency and equipped with multiple-input multiple-o utput (MIMO)
antennas and interference suppression receivers. The results presented in
this paper are extracted from a system level simulator, whic h includes all
the system layers active and features such as link adaptation and recovery
mechanisms. The gain that FD may provide over HD in different scenarios is
studied, in order to evaluate the impact of the ICI and the tra f�c asymmetry.

The paper is structured as follows. Section II presents the envisioned 5G
system and the limitations that FD brings in achieving the pr omised double
throughput gain. Section III describes the test bed experim ent and the SIC
results. Section IV introduces the simulation environment and the system
level results are shown in Section V. Finally, Section VI concludes the paper
and states the future work.
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Fig. I.2: Auxiliary transmitter concept for receiver protection wit h two options for RF
impairments modeling

Fig. I.3: SIC hardware platform

3 Self-interference cancellation

The self-interference signal power in a FD scenario could easily exceed the
receive signal power level by 100 dB or more [2]. Therefore, managing SIC
is a fundamental requirement for the success of FD. The use of higher fre-
quencies beyond today's LTE limits and intended broadband L TE channels
of 80 to 100 MHz, together with massive MIMO, add additional o bstacles
in achieving a high degree of SIC. A test system was developed at Nokia
Ulm, for demonstration purposes, to identify the potential limits of SIC. The
concept of a pre-mixer approach with an additional transmit chain for ana-
logue compensation and a �nal digital cancellation stage ha s been built and
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Fig. I.4: SIC for a 20 dBm 4� 20 MHz LTE signal

studied. Such concept was proposed in [10] and is depicted in Figure I.2.
The system can handle up to 100 MHz contiguous bandwidth and i s typi-
cally operating in the 2.4 GHz band. The practical antenna is olation from the
transmitter (TX) to the receiver (RX) is � 50 dB. Such isolation is based on
physical antenna separation, as shown in Figure I.3, and appropriate passive
means. Furthermore, a common clocking domain, same mixer stage for up
and down conversion and radio frequency (RF) delay compensa tion is essen-
tial to push the phase noise limits [11].

The hardware in use is upper bounded by � 70 dB active cancellation gain
for a 20 MHz LTE signal (LTE20) with respect to phase noise. The practical
active cancellation limit is given by the power ampli�er (PA ) non-linearity
and auxiliary transmitter dynamic. An active cancellation gain of 63 dB for
LTE20 could be demonstrated, which is split between the anal ogue cancel-
lation stage and the time domain digital cancellation. This gain demands
the use of nonlinear intermodulation modeling via Hammerst ein PA model
by using the digital signal as input to the digital SIC stage [ 12] (option A in
Figure I.2) or the PA signal as direct input with the need of an additional
receiver (option B in Figure I.2). In the latter approach, th e measurement
receiver contains the transmitter RF impairments and is com mon in a typical
commercial RF design for PA linearization purposes.

The approach of using an additional transmit chain is intend ed to protect
the receiver against saturation. This approach has the advantage that it scales
only with the number of transmit antennas, which is appropri ate in a MIMO
context. In addition, all transmitted antenna streams are i nput to the same
analogue and digital SIC modeling block, thus avoiding extr a complexity and
providing simpler hardware integration.

Figure I.4 depicts a total cancellation of � 100 dB for a 20 dBm 4� LTE20
signal, showing the SI level close to receiver noise �oor lim its and hence
demonstrating the potential of this hardware concept. It ju sti�es the ap-
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Fig. I.5: Simulated multi-cell scenario

Table I.1: Used parameters to run the simulations

Parameter Value/State/Type

System parameters BW = 200MHz; fc = 3.5GHz
Frequency reuse 1 (whole band)

Propagation model WINNER II A1 w/fast fading [13]
Antenna con�guration 4x4

Receiver type IRC
Transmission power 10 dBm (AP and UE)

Self-interference cancellation Ideal
Link adaptation �lter Log average of 5 samples

Rank adaptation Taxation-based [14]
HARQ max retransmissions 4

RLC mode Acknowledged [15]
Transport protocol UDP

Traf�c type Symmetric and
asymmetric (6:1) �nite buffer

Simulation time per drop 1-12 seconds
Number of drops 50

proach to treat SIC as ideal in FD networks, as long as the transmit output
power does not exceed home or local area AP limits (up to 24 dBm ).

4 Simulation Environment

The simulated results are extracted from our event-driven s ystem level simu-
lator. It includes the envisioned 5G physical (PHY) and medi um access con-
trol (MAC) design described in Section II. Moreover, it incl udes a detailed
implementation of the radio link control (RLC), the user dat agram protocol
(UDP) and the transport control protocol (TCP) layers, and a vertical radio
resource management (RRM) layer. The role of the RRM is to collect infor-
mation from the PHY, MAC and RLC layers to extract the most app ropriate
scheduling decision in each TTI, such as node identi�er, lin k direction, MCS
and rank. The Internet protocol (IP) layer is modeled as over head and the

224





Paper I.

1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

C
D

F

Average Session TP (Gbps)
 

 

HD
FD

93%

Fig. I.6: Single cell TP with 100% FD probability

is characterized by the packet size and the tarrival parameters, which are neg-
atively exponential distributed [17]. The average packet s ize is 2 megabytes,
and the average tarrival is set to obtain the loads described above. The packet
delay is the time between the generation of a packet and its successful recep-
tion, including the buffering time.

5 Performance Evaluation

The results presented in this section show the impact of traf �c and ICI. In
the �rst three subsections, the impact of these limitations are studied in an
isolated manner. Then, in the last subsection, the performance of HD and FD
is evaluated considering both effects.

5.1 Single cell with 100% FD probability

In this �rst case we focus on the performance of FD and HD in a si ngle cell
scenario, to avoid ICI. The traf�c generator is con�gured wi th �xed packet
size and tarrival time, the same in both UL and DL, so the probability of having
simultaneous traf�c in both directions is 100%. Figure I.6 a nd Figure I.7 show
the cell TP and average delay, respectively. We observe that, if neither ICI nor
SI are present and the FD probability is 100%, the delay can be reduced by
50% with FD, while the theoretical FD TP gain can be almost achieved (93%),
due to the fact that the HD baseline is optimized, as explaine d in Section IV.
If the HD baseline is a �xed 1DL:1UL time slot allocation, the n the achieved
FD gain is 100%. Therefore, it is important to notice that the theoretical FD
gain is possible to be achieved, but only under speci�c condi tions.
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Table I.2: Gain of FD over HD in a single cell scenario

Symmetric Asymmetric

Load TP Delay DL TP UL TP DL delay UL delay

Low 6% 11% 2% 13% 6% 23%
Med 13% 19% 4% 28% 9% 35%
High 38% 41% 9% 62% 13% 57%

5.2 Single cell with less than 100% FD probability

This subsection moves a step forward from the previous one by considering
the negatively exponential distributed traf�c model descr ibed in Section IV.
Note that from an interference perspective, ICI and SI are st ill not present.
Table I.2 shows the TP and delay gains of FD over HD in percentage, for both
symmetric and asymmetric traf�c. Numerical results show th at FD always
outperforms HD under ideal interference conditions, and su ch gain increases
with the offered load of the system. This is because the probability of hav-
ing simultaneous UL and DL is higher when the offered load inc reases, and
therefore FD can be exploited more often. In the asymmetric t raf�c case, we
observe that the FD gain in UL is higher than in DL. With FD, the lightly
loaded link gets, on average, six times more resources than with HD. On the
contrary, the highly loaded link gets only, on average, one e xtra resource with
FD.

From this analysis we conclude that the FD gain is negatively impacted
by the traf�c pro�le, being limited to 38% in case of symmetri c traf�c. This
is because the probability of having simultaneous UL and DL d ata is below
100% and hence the chances to exploit FD decrease.
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Fig. I.8: Multi-cell TP with full buffer traf�c

5.3 Multi-cell with 100% FD probability

The next step after studying the impact of traf�c is to analyz e how ICI affects
the FD performance, by considering the multi-cell scenario . To avoid the
traf�c impact, the full buffer model is considered and the tr ansmission rank
is �xed to one. The analysis is done by varying the penetratio n wall loss,
which de�nes the isolation between the cells. Such wall loss ranges from
0 dB, which would correspond to an open space scenario, to 25 dB, which
refers to an almost isolated cell. Figure I.8 shows the gain of FD over HD
according to the wall penetration loss. The �gure shows the g ain in the 5 th ,
50th and 95th percentiles, where the former refers to the outage performa nce,
i.e., the performance of the users perceiving worse channel conditions. As
expected, we observe that, as the isolation among cells is higher, the gain
that FD can provide over HD increases. This is because FD doubles the
amount of interfering streams, thus showing a higher ICI tha n HD. Finally,
it is interesting to notice that, even in the worst case (open space scenario),
the outage users can improve their performance with FD by 9%, while the
users perceiving the best channel conditions can improve th eir performance
by 56% by using FD.

5.4 Multi-cell without 100% FD probability

The last step is to consider both traf�c constraints and ICI. Hence, the nega-
tively exponential distributed traf�c model and the multi- cell scenario with
a penetration wall loss of 5 dB [13] are used. Numerical resul ts are shown in
Table I.3. As in the previous analysis, we observe that the FD gain increases
with the offered load. However, in case of symmetric traf�c, the maximum
TP gain is 34%, thus below the theoretical FD gain, and the maximum delay
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link shall be improved.

6 Conclusions and future work

In this paper, we �rst investigated self-interference canc ellation capabilities
by using our own developed test bed. The carried experiment s hows that
up to � 100 dB of isolation are currently achievable, thus validati ng the as-
sumption of ideal self-interference cancellation in a dens e small cell scenario.
Secondly, we investigated the potential of full duplex in 5G ultra-dense small
cell networks. We show that the theoretical 100% FD gain is achievable only
under speci�c assumptions, namely ideal SIC, isolated cell s and full buffer
traf�c model. Under realistic assumptions, the promised ga ins of FD are re-
duced by the traf�c constraints and the inter-cell interfer ence. System level
results show that FD can always outperform HD in the consider ed scenar-
ios, though the gains are limited. In case of symmetric traf� c, such gains go
up to 38% and 41% in throughput and delay, respectively. Furt hermore, in
case of asymmetric traf�c, FD has the potential of boosting t he lightly loaded
link, specially in terms of delay, since it mitigates the buf fering effect. Future
work will focus on the usage of full duplex in providing fast d iscovery in
device-to-device type of communication.
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