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SUMMARY iii

Summary

This thesis shows tliat collaboration hetw^een base stations in small cell scenarios can 
lead to enhanced ninltiple-antenna gains. We demonstrate this for the case of Multi- 
User MIMO-hased reassignrnents l)etween adjacent small cells, from the j^erspectives 

of spectral efficiency, energy efficiency and number of spatial layers effectively utilised.

Downlink Multi-User MIMO (MU-MIMO) is a s])atial multi])lexing technicpie in 
which niultii)le transm it antennas at an evolved Node Base station (cNB) arc used 
to simultaneously serve multijjle User Equipments (UEs). each on a different spatial 
layer, in such a way that the interference between the beams directed at 
co-scheduled UEs is kej)t as low as possible. Due to MU-MIMO’s ability to provide 
large spatial multi])lexing gains w'ithout recjuiring additional antennas on the UE, 
and its ability to overcome rank deficiency ]iroblenis (which often limit single 
l)oint-to-i)oint s])atial multii)lexing), MU-MIMO cai)abilities have been highly 
emphasised in recent standardisation.

In this thesis we focus on the use of MU-MIMO in coordinated LTE small cell 
networks. Small cells are an appealing technology to operators due to their low costs 
of dei)loyment and oi)eration, and their ability to dramatically increase the sjjatial 
reusability of Hmited spectrum.

MU-MIMO i)erfornis best when the antennas at the eNB experience highly 
correlated channel characteristics, which is often the case in small cell scenarios. 
However, for effective operation, MU-MIMO requires the channels between the base 

station anfl different simultaneously-served UEs to be sufficiently uncoirelated 
(close to orthogonal) to ensure th a t excessive cross-layer interference is not 
exi)erienced. While this cross-layer (or multi-user) interference can be sui)])ressed at 

the transm itter using technicjues such as Zero-Forcing Beam Forming, there is an 
associated cost in terms of signal i)ower, meaning that the combined throughiMit of 
the sj)atial layers of multij)le non-orthogonal UEs may he less than the
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iv SUMMARY

uiisui)i)iossc(l tliroughi^ut of a single UE trausn iitted  to  on single layer alone. In 

niacrocell networks th is problem  is overcome by taking advantage of multi-user 

diversity through MU-MIMO scheduling. On the other hand, in small cell scenarios 

where the  num ber of UEs j)er cell i.s low, sets of UEs w ith m utually  orthogonal 

channels do not always exist in a given cell and the  sj)atial m ultiplexing gains of 

MU-MIMO cannot always be realised. However, due to  the high density of 

deployment in small cell netw'orks, UEs are often in range of m ultiple small cells at 

once.

For th is reason, we j)ropose M U-M IM O-based reassignm ents of UEs between 

adjacent small cells, th rough which th e  channel orthogonahty  between UEs can be 

increased along w ith the num ber of spatia l layers which can be effectively utilised. 

We propose a num ber of network-wide-m echanism s which ta rge t different 

perform ance objectives, such as spectra l efficiency and energy efficiency, through 

the  use of centralised coordination between neighbouring small cells. We collectively 

call these m echanism s Multi-User M IM O  across Small Cells.

This d issertation  firstly reviews the  background and relevant literatu re  in the 

areas of M IMO, small cells, multi-cell coordination, and cross-overs between these. 

We then  outline our sinnilation m ethodology and lessons learnt, including Extrem ely 

Dense Network baseline sim ulator com i)arison and selection giiidclines, and sinm lator 

extensions im plem ented as p a rt of th is work. Finally, we specify, and as.se.ss the 

l)erforniance of, oiu’ two M U-M IM O-based reassignm ent mechanisms. Perform ance 

is assessed relative to  the  current practice of assigning UEs to the small cell of highest 

received i)ower (not tak ing  into account MU-M IM O considerations).

We find th a t from the  reassignm ent of a single UE, the  set of UEs for which 

M U-M IM O is enabled achieves spectra l efficiency average gains of 0.6 (from 2.1G 

to  2.78) and 0.7 (from 1.43 to  2.20) b])s/Hz for indoor and outdoor deployments, 

corresj^onding to  the  enal)ling of MU-M IM O for the  reassigned UE on 96% and 94% 

of scheduled subbands, resjiectively. This affected UE set for which MU-MIMO is 

enabled consists of the  reassigned UE and th e  UE w ith which they get paired in the 

ta rge t cell. W e  also fomid th a t,  th rough  M U-M IM O-based reassignm ents, we can 

reduce the  recjuired num ber of active small cells by more th an  25% (indoor) and 35% 

(outdoor), while still achieving increases in spectral efficiency of the  affected UE .set.
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1. INTRODUCTION 1

1 Introduction

Tliis tliesis shows th a t sini])le collaboration between base stations in small cell 
scenarios can lead to enhanced nniltiple-antenna gains. We dem onstrate this for the 

case of Multi-User MIMO-hased reassignments between adjacent small cells, from 

the perspectives of spectral efficiency, energy efficiency and number of spatial layers 
effectively utilised.

1.1 Overview

The use of multii^le antennas in cellular systems (also known as Multi[)le Input 
Multiple Outj)ut (MIMO)) has recently led to significant gains in capacity and is 
commonly considered the key technological advance to which the transition from 
3G to 4G was attributed. These gains come in three main forms: diversity,
beamforniing, and sj)atial nuiltiplexing. Diversity gains imi)rove the robustness of a 

link by transm itting and/or receiving different versions of the same signal over 
multiple antennas. Bc'amforniing gains are obtained by a])i)lying complex weights to 

closely-spaced antennas in order to j^roduce constructive and destructive 
interference in desired directions, hence boosting the Signal to Interference and 
Noise Ratio (SINR). Spatial multiplexing takes advantage of m ultipath fading 

effects between multiple Transmit (Tx) and Receive (Rx) antennas to 
sinmltaneously transm it multiple spatial streams which can be successfully 
se])arated at the receive side; in this way the throughi)ut can be greatly elevated 
through the usage of an increased number of indei)endent data  streams. Of these, 

s])atial multiplexing has attracted  the most interest due to its ability to boost 
capacity so that it scales with the minimum of the nunil)er of Tx antennas iif and

5 th  M ay 2015 F h .U . T hesis



2 1. INTRODUCTION

Rx antemia.s

This spatial imiltii^lexiiig ()i)cratioii is not ideal, though, as conelations l)ctween 
the paths of different Tx-Rx pairs can lead to what are known as rank deficiencies, 
in which it is not possible to distinguish between transmissions on different spatial 
layers, leading to a reduction in throughput. Further, while it is often i)ossible to 
scale up the number of transmit antennas at the base station side, due to the small 
form factor of the average mobile device, the housing of many antennas at the User 
Eciuipment (UE) side is more difficult. This can, in turn, limit the nmnber of spatial 
layers a\'ailable.

For these reasons there has been a recent shift in emi^hasis from sj^atial 
multiplexing on a single link between a base station and a UE, to what is known as 
Multi-User MIMO (MU-MIMO) [1], this was also forecasted in [2]. In MU-MIMO, 
instead of serving a single UE on nniltii)le s])atial layers, multi])le UEs are each 
served on a single si)atial layer, which is significantly less suscejitible to rank 
deficiencies and allow's the caj)acity to instead increase to the order of
min(?),, where k 6 {1....... A'} are the simultaneously sei-\’ed UEs within
the cell. Essentially this consists of performing beaniforming toward multiple 
sjiatially distinct UEs at once in such a way that the interference between the 
])eanis directed at co-scheduled UEs is kept as low as j)ossible.

In this thesis we focus on the use of MU-MIMO in coordinated Long Term 
Evolution (LTE) small cell networks. Small cell infrastructure has recently seen 
massive growth in (lei)lovment with the numl)er worldwide cmrently exceeding 8.4 
million [3] (conipar('d to roughly G million niacrocells [4]). This is a very apjiealing 
technology to oi)erators due to its low cost of deployment and operation compared 
to macrocell l)ase stations, and its ability to dramatically increase the spatial 
reusability of limited spectrum.

MU-MIMO works best when the antennas at the base station exj^erience highly 
correlated channel characteristics [2, Fig.4]; as high antenna correlation is often 
observed in cases w'here antennas are closely spacc'd this suits the small form factor 
of small cell devices. Further, due to strong lin('-of-sight components and reduced 
scattering in small cell scenarios com])ared to macrocell cases [5], spatial 
multi])lexing on a single base sation-to-UE link would be subject to regular rank 
deficiencies. MU-MIMO does however, for effective oj:)eration, require that the 
channels between the base station and different simultaneously-served UEs I)e

Ph.D . Thesis .'■jth May 2015



1.1 O V E R V I E W 3

sufficiently uncorrelated (close to  orthogonal) to  ensure th a t excessive cross-layer 

interference is not experienced. W hile th is cross-layer or m ulti-user interference can 

be suppressed at the  tran sm itte r using techniques such as Zero-Forcing Beam 

Forming (ZFBF), there is an associated cost in term s of signal power, m eaning th a t 

the combined th roughput of the  spatial layers of nuiltij^le non-orthogonal UEs may 

l)e less th an  the  unsu])])ressed th roughput of a  single UE transm itted  to  on single 

layer alone. In macrocell networks th is jiroblem is overcome l)y taking advantage of 

inulti-user diver.sity through MU-M IM O scheduling. In o ther words, as macrocells 

contain m any UEs, user selection can ensure th a t sets of UEs w ith m utually 

orthogonal channels are always scheduled together. On th e  other hand, in small cell 

scenarios where the num ber of UEs per cell is low, sets of UEs w ith m utually 

orthogonal charmels do not always exist in a given cell and the  additional spatial 

nniltij)lexing gains obtained for MU-MIMO cannot always l)e realised. At the  Scune 

time, due the high density of deploym ent in small cell networks, UEs are often in 

range of m ultiple small cells at once.

For this reason we investigate the  reassignm ent of UEs between adjacent small 

cells to  increase l)oth the  channel orthogonality between the  UEs of each c('ll in the 

small cell network and the  nmnl)er of si)atial layers which can l)e effecti\’ely utilised. 

W’e propose a num ber of network-wide-m echanism s which target different 

])erforniance objectives through the  use of centralised coordination between 

neighbouring small cells. These objectives include increa.ses in spectral efficiency 

and reductions in small cell network energy consum])tion through combined use of 

M U-M IM O-based reassignm ents and small cell sleej) states. We collectively call 

these m echanism s Multi-User' M IM O  across Small Cells.

In investigating our i)ro])osed Multi-User M IM O  across Small Cells m echanisms 

we com pare to  a prim ary baseline of Reference Signal Received Power (R SR P)-based 

cell association. This rej)resents the default association j)olicy LTE system s [C, Section 

5.2.3] and, in cases where all evolved Node Base stations (eNBs) oi)erate w ithin the 

same frequency and have the  sam e m ulti-an tenna cajiabilities, this is the association 

scheme which maximises the U E 's average SINR [7].
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Figure 1.1: M U-M IM O-based rea.sHigiinieiit oxainplo. UE colours iiulicate the small ( ‘ C ' l l  ba-se 
sta tion  to which each HE is initially attaclu 'd .

In devising new methods to enhance downlink multi-antenna transmission capabilities 
through small cell collaboration the following inim arv contributions are made:

1.2.1 MU-MIMO-based Reassignment Mechanism aimed toward 

Spectral Efficiency Gains

This contribution centres on the proi^osal and assessment of the Multi-User MIMO  

acToss Small Cells concept, from the perspective of sj:)ectral efficiency gains. As 
already stated, MU-MIMO is the sjiatial niultii)lexing of data streams to multi])le 

UEs, each on different sj^atial layers, which can considerably increase UE spectral 
efficiencies. In small cell networks, where the numl)er of UEs ])er cell is low. finding 
suitable sets of UEs to be co-scheduled for MU-MIMO is not always possible. In 
these cases we i)roi)ose MU-MIMO-based cell rea.ssignments of UEs into adjacent 
cells to engineer a scenario in which the numl)er of sets of UEs with n'lative channels 
suitable for MU-MIMO operation is hicreased. This work investigates the gains of

F h .U . T liesis .'jtli M ay 201,")

1.2 Key Contributions



1.2 KEY CONTRIBUTIONS

this now concept for realistic indoor and outdoor small cell scenarios, taking into 
account user scheduling before and after the rea.ssignment occurs. From system level 

sinmlations we show that the j)roposed mechanism results in considerable increases 

in sj^ectral efficiency and MU-MIMO usage by both the reassigned UE and the UE in 
the target cell with which it gets i)aired. W'e also show that, in the outdoor small cell 

scenario, the percentage of UEs tha t meet the reassignment criteria and can benefit 
from neighbour-cell MU-MIMO is almost double that of the indoor scenario.

In this contribution the emphasis is purely on increased spectral efficiency. Let 
us consider the simj)le scenario show'n in Figure 1.1 where UE colours indicate the 

small cell eNBs to which the UEs are initially attached and the marked Precoding 
M atrix Indicator (PMI) of each UE indicates a fed-back quantised form of the 
channel directionality of each eN B -toU E link. To simplify explanation, this figm’e 
assumes that the PMI of each UE stays the same regardless of which eNB it is 
served by; in reality, the channels from different eNBs are likely to instead 
correspond to different PMIs. As will be illustrated later in Figure 2.8 the channel 
codeword corresi)onding to PM I=9 is orthogonal to those of both PM I=1 and 
PMI=1(), while other PMI codeword combinations are not orthogonal. Assuming 
that only UEs with orthogonal (luantised channels can be co-schedul('d for 
MU-MIMC), MU-MIMO cannot be performed in any small cell in this contig\uation. 
However, by reassigning either UEl to eNB 1 or UE 2 to eNB 2, assuming that UE 
SINRs after reassignment are sufhciently high in both cases, previously unrealisable 
MU-MIMO s])atial multii)lexing gains can be obtained.

1.2.2 Refined MU-MIMO-based Reassignment Mechanism  

aimed toward Energy and Spectral Efficiency Gains

In this contribution we investigate the reassignment of UEs l)etween adjacent small 

cells to concurrently enable sj)atial multiplexing gains through MU-MIMO and 
n'ductions in energy consumi^tion though switching emi)tied small cells to a sleep 
state. As before, UEs can be reassigned betweo'n adjacent small cells j^rovided that 
the resulting UE-to-base station assignment corresponds to increased mutual 

orthogonality between the UEs served within each cell and a minimum ex])ccted 
increase in the spectral efficiency of the reassigned UE over the earlier
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F ig u re  1.2; Example outcoino of roii-ssigiiiiioiit resulting in small cell sleejj state usage.

coiifigmaticjii. W’e forniulate the selection decision of which UEs to reassign as a set 
covering i)rol)leni with the ol)iective of maximising the number of small cell base 
stations to switch to a sleej) state. Our results show that, for both indoor and 
outdoor LTE small cell scenarios, the proposed MU-MIMO-based reassignments can 
achieve significant reductions in the required number of active small cell base 
stations, whilst simultaneously achieving increases in sj:)ectral efhciency of the 
affected UE set for wdiich MU-MIMO is enal)led (i.e. the set of the reassigned UE 
and the target UE with which they get paired in the target cell).

Returning to the example in Figure 1.1, tw’o possible reassignnients exist, both 
of which result in a configuration better suited to MU-MIMO spatial multii)lexing 
gains. These are the reassignment of U El to eNBl and the reassignment of UE2 to 
eNB2. It is also the case that performing both reassignnients does not make sense as 

if UE2 is reassigned to eNB2 then it cannot perform MU-MIMO with U El in eN Bl, 
as each UE can only be attached to a single eNB. In the ])revious mechanism the 
decision of which of these two reassignnients to i)erforni was based ])urely on which of 

the two reassignnients results in the greatest exj)ected spectral efficiency increase for 
the reassigned UE. In the refined reassignment mechanism, however, priority is given
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to the reassignment of UE2 to eNB2 as this results in the emptying of eN Bl. If there 
are no longer any UEs attached to eNBl it can be switched to a sleep state and in 

doing so l)oth conserve energy and reduce interference to the UEs in the ncighl)Ouring 

cells. This is ilhistrated in Figure 1.2.

1.2.3 Extensions to  Simulation Environments for Small Cell LTE 

Networks

In the course of implementing the two above investigations for system-level simulation 
a numl)er of contributions from the point of view of simulation methodology were 

made. In order to assist others in the sinuilation of Extremely Dense Networks 
(EDNs) we identify and conii)are a representative cross-secti(nial set of potential 
EDN simulators and ])ut forward guidehnes to steer readers toward the selection of 
the appropriate simulator for tlieir desired investigation. Further, in the context of 
the Vienna System Level (SL) simulator [8], which we have selected a.s the baseline 
sinuilator for our investigations, a number of extensions are re(}uired in order tcj 
assess our desired scenarios. These extensions include. Ijut are not limited to, the 
implementation t)f MU-MIMO at system level. MU-MIMO scheduling and channc'l 
cjualitv estimation, and the inclusion of indoor and outdoor small cell scenarios. We 
provide discussion of the extensions performed and how they are carried out, and we 
will mak(' some of these extensions availal)le to the wider eonnnunity so tha t they 
may be built ui)on by others.

1.3 Chapter outline

The remainder of the thesis is organised as follows:

As our work considers tlie reassignment of UEs between adjacent small cells to 
achiev(' increased m ulti-antenna gains, Chapter focuses on j)roviding background on 
the state  of the art in the fields of advanced nm lti-antenna techniciues and small cell 

deployments, including a discussion of multi-cell coordination within l)oth contexts, 
how the two fields cross over, and, in the case of small cells, how they can be advanc('d 
toward more energy efficient oj)eration.
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To assess the potential gains of our proi:>osed rea.ssignnient uieehanisnis it is 
essential to l)c al)le to simulate their performance in the context of realistic 
scenarios. How we go about this is the sul)ject m atter of Chapter 3. W’e provide a 

comparative analysis of simulation tools suitable for densely deployed small cell 
network investigations and comj)ile guidelines for others wanting to select an 
ap])ro])riate sinudation environment. Based on this comparison, for our 

investigations we take as a baseline the Vienna LTE SL Simulator. Wo then 
identify", imj^lement, and detail the required extensions to this simulation 
environment for our investigated case.

Chapter 4 focuses on our contributions obtained from the MU-MIMO Across Small 
Cells reassignment mechanism, primarily from the perspectives of sjjectral efficiency 
and MU-MIMO spatial multiplexing gains. The performance of our MU-MIMO-based 

reassignment mechanism is assessed in both realistic indoor and outdoor environments 
and with varying de])loyment densities.

Chapter 5 extends the work of Chapter 4 by also considering the ai)plication of 
small cell sleej) states to reduce the amount of energy’ consumed by the small cell 
network. In order to maximise the number of small cells switched to a sleep state 
while ensuring tha t reassignments result in an increase in the reassigned UE's sj)ectral 
efficiency, we reformulate the reassignment selection ])rocess into the form of a set 
covering problem. We then j)resent the increases in both energy and (reassigned and 
target UE) s])ectral efficiency that are achieved from our proi)osed approach.

Chapter 6 concludes the work l)y summarising our hndings and identifying a 
nmnber of directions for future work.

1.4 Notation

Throughout this thesis we apj^ly the following conventions:

• Italic letters (e.g., h) reiiresent scalars.

• Low'er case boldface letters (e.g., h) rej)resent vectors.

• Ui^per case l)oldface letters (e.g., H) represent matrices.

•  Calligrai)hic letters (e.g., U) re])resent sets.

P h .D . Tlio.sis 5 th  M ay 201.'')
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Additionally, the following list(xl variables are used regularly:

•  H . h  or / denote (m atrices or vectors of) channel coefficients.

•  X or X denote transm itted  signals, l>efore transm it j)recoding.

•  y  or y denote received signals, before receive filtering.

•  z or denote received signals, after receive filtering.

•  U  or u  denote codel)ook-defined fed back un itary  j)recoders.

•  W  or denote transm itted  un itary  precoders.

•  G  or g denote receive filters.

•  h,.ff denotes effective channels (product of the  channel m atrix  H  and j^recoding 
vector w ).

•  C  denotes covariances.

•  n  denotes noise.

•  k and j  denote user indices (general and interfering, respectively).

•  c, /. O  and T  denote base station  indices (general, interfering, serving/original 
and target base stations, res])ectively).

•  I) denotes the index of a Resource Block (R B )(subband).

•  /?A/(; denotes the  num ber of users sinniltaneously served by a MU-IMIIMQ 
transm ission, w ith a nuixinnun value of Ni^n!.

•  r denotes the  ])redicted instantaneous rate.

•  /? denotes the  long-term  average rate.

•  <i indicates w hether a small cell base sta tion  is operating in an active state.

||. ||,  ( .)“ *, (.)^^ (.)^  and (.)^ denote th e  norm , inverse, conjugate (H erniitian) 

transj)ose, regular trans])ose and M oore-Penrose jiseudo-inverse of a m atrix, 

resiK'ctively. |.| denotes the absolute value of scalar. 0 rei)resents the  null/em j)ty  

set. Finally, all uses of the  term  average refer to  the mean value.
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2. BACKGROUND AND RELATED WORK 13

2 Background and Related Work

In th is chapter we provide background and related work on two main concepts 

whicli are central to  th is thesis; advanced m ulti-an tenna technicjues and small cell 

deployments.

W’e s ta rt this by j^roviding some background on single-cell downlink nnilti-antenna 

concejits: what they are, how they work and what general directioris the research is 

going in, before moving on to  coordinated multi-cell concejits and discussing how oiu’ 

work ties in w ith these.

Next we consider small cell de])loyments, where we define small cell following the 

definition of the  Small Cell Forum  [9]: ’’ Small cells' is an um brella term  for oi)erator- 

controlled, low-powered radio access nodes, including those th a t oi)erate in licensc'd 

spectrum  and unlicensed carrier-grade \M -Fi. Small cells typically have a range from 

10 m eters to  several hundn 'd  meters. Types of small cells include fenitocells, picocells 

and microcells - broadly increasing in size from fenitocells (the sm allest) to  microcells 

(the largest). Any or all of these small cells can t)e based on ’fenitocell technology’ 

- i.e. the collection of standards, software, open interfaces, chips and know-how 

th a t have iK)wer('d the  growth of femtocells.” ; however, we include Rem ote Radio 

Heads (RRHs) as a ty])e of small cell also. In th is chai)ter, we consider how the small 

cell m arket is progressing, w hat m ulti-antenna teclmiciues have been investigated for 

these scenarios, what architectures are best for allowing coordination between small 

cells, and finally, how further energy savings can be m ade in small cell green wireless 

networks.
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SU-MIMO

><■

M U-M IM O CoMP

F ig l i r o  2.1: D o w n lin k  M u lti-a n te n n a  transm ission tt'clniiciuos.

2.1 Advanced Multi-Antenna Capabilities

M iilt i] ) le  M u lt ip le  O u t])u t (M IM O ) uses m u ltip le  transm it and receive

antennas to  in i])rove channel perform ance. In  th is  thesis we centre our focus on 

dow n link  m u lti-an tenna transm issions, which, as shown in  F igure 2.1, can be 

b road ly  broken down in to  three m ain categories; Singk'-U.ser M IM O  (S U -M IM O ), 

M u lti-U se r M IM O  (M U -M IM O ) and C oordinated M u h i-P o in t (C oM P ) 

transm issions. These correspond, resi^ectively. to  transm issions from  a single 

m u lti-an tenna  tra n s m itte r to  a single nn ilti-an tenna  receiver, transm issions from  a 

single m u lti-an tenna tra n s m itte r to  a m u ltip le  (e ither single- or m u lti-  antenna) 

receivers (each on se])arate spa tia l layers), and coordinated transm issions from  

m u ltip le  transm itte rs  to  a single (or m u ltij) le ) receiver(s). W ith in  these categories a 

num ber o f sub-categorisations also exist.

In  th is  thesis we w il l focus m a in ly  on 3 " ’ Generation Partnersh ij) 

P rogram  (3G PP) Long Term  E vo lu tio n  (L T E )/L T E -A d va n ce d  (L T E -A ) systems; 

however, the mechanism we proj^ose coukl equa lly be a])]:)lie(l to  o ther ra flio  access 

technologies.

R igh t from  its  in it ia l release in  2008, L T E  standardisatk)u  has relied on the  use 

o f n n ilt ip le  antenna transm issions to  boost system performance, suiJ])orting up to  

fom- antennas at bo th  the T ransm it (T x )  and Receive (Rx) side and transm issions 

on up to  fom’ spatia l-layers. T h is  in it ia l release focused on S U -M IM O  transm issions 

and offered on ly  basic support fo r M U -M IM O . Since then, increased emjjhasis was 

placed on M U -M IM O  capab ilities  w ith  the  in troduc tions  in  L T E -A  R el.lO  of
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2.1 ADVANCED MULTI-ANTENNA CAPABILITIES 15

traiisinission mode 9 and the Demo(hilation Reference Signal (DM-RS). As well as 

enabling SU-M IM O  transmissions on up to 8 s])atial layers, these allowed for 

flexible switching between SU-M IM O  and M U -M IM O , non-codebook-ba.sed 

jnecoding and M U -M IM O  spatial m ulti])lexing o f up to  4 User Equi])ments (UEs) 

each on a single spatial layer or 2 UEs each on 2 spatial layers. Since then 

M U -M IM O  advances focusing on im proving Channel State Inform ation (CSI), 3D 

l)eamforniing (M U -M IM O  serving m u ltijile  UEs on the elevation plane) and massive 

M IM O  (M U -M IM O  w ith  very large numbers of co-scheduled UEs) have been 

discussed for the Release 12 [1],

CoMP functionalities were first discussed for LTE  Rel.9 although it  w'asn’t un til 

R e l. ll that basic CoMP supjjort ŵ as provided. C^ontinuing specification efforts in 

th is area are p rim arily  focused on im proving m u lti-po in t CSI feedback s])ecification, 

control channel enhancements and CoMP solutions which make use of relaxed 

backhaul recjuirenients [1],

Needless to say, the current eni])hasis toward m ulti-antetma techniciues which 

ex])loit network/system configmations (w'hethei' nm ltip le  UEs or nu iltip le  evolved 

Node Base stations (cNBs)) ties in well w ith  our own emphases w ith in  this thesis.

In an SU-M IM O  general system w ith  Nf T x  antennas and N,-,k- R>̂  antennas, 

l)erforni('d over N i  spatial layers, the AV./,- x 1 received signal of UE h\ can be 

represented as follows

where H/,.,, is the AV.a- x N t  channel m a trix  from eNB e to UE k , where e can be 

either O for the orig inal/serving cell or I for in terfering cells, and d .̂ and d; represent 

the Nt X  N i desired and interfering transm itted signals, resi)ectively. H w .a -  rei)resent 

coni])lex Additive  W hite  Gaussian Noise (A \\'G N ), the elements of which have zero 

mean and variance a~. a\ is a boolean indicator, showing whether interfering cell / is 

actively transm itting . This is illustrated in Figure 2.2 for a downlink 2 x 2  system

2.1.1 Single-User MIMO (SU-MIMO)

D esired S ignal Noise

(2.1)

l i i te r -C e ll in te rfe rence
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►

►

Base Station UE
Figure 2.2; Single-User IMIMC) transm ission.

not subject to inter-cell interference, where htx.n ai? the channel coefficients from Tx 
antenna tx to Rx antenna rx which make uji the channel matrix

Commonly in SU-MIMO transmissions, three main methods are discussed: 
transmit diversity, spatial multiplexing and beamforming, which are distinguished 
by their different performance objectives. T ran sm it d iversity  oi)erates by 
transmitting the same signal over multiple antenna.s each coded differently using 
either sj)ace-time block codes (also known as Alamouti codes [10]) or their adai)ted 
form space-frequency block codes. This has the effect of increa.sing the robustness of 
the channel to error. S patia l m u ltip lex ing  is the transmission of multi])le data 
streams over different spatial layers in such a way that they can be sej^arated at the 
receiver. This has the effect of increasing the capacity of the channel l)y the order of 
the uuml)er of spatial layers used, w’hich ha.s a nuucimum of niin(A",, jV,. Finally, 
b eam fo rm in g  applies complex weights to transmissions on different antennas in 
such a way a« to combine constructively in the desired direction and destructively 
in directions which would cause interference to other users. This has the effect of 
increa.sing the desired signal gain, while at the same time decreasing the level of 
interference created. For each of these 0])en- and closed- loop flavours exist, 
corres])onding to those in which channel knowledge at the transmitter (other than 
for Modulation and Coding Scheme (1\ICS) selection) is not, and is, required, 
respectively. Detailed exj)lanations of how these methods work can be found in [11,
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Ch 5],

O f the S U -M IM O  m ethods there is no one-size-fits-a ll l)est soh ition  for a ll 

wireless scenarios, hence in  the standards a range o f d ifferent n in lti-an teuna  

transmission modes are o ften  defined. Famously, in  try in g  to  identify ' the o j^tim a l 

way to  use o f n u ilt ip le  antennas, Zheng and Tse [12] ciuantified the tradeoff region 

t)etween lin k  robustness provided by d ive rs ity  and a dd itiona l th rough j^u t provided 

l)y spatia l n n iltip le x in g . However, in  general the  choice o f transm ission mode 

depends on a num ber o f factors inc lud ing : S ignal to  Interference and Noise

R atio  (S IN R ), U E  speed, channel co rre la tion  and tra ffic  type.

B road ly  sj^eaking, in  S U -M IM O , open-looj) techniques should be used in  h igh 

ve loc ity  scenarios in  w h ich  channel feedback is less re liable; d ive rs ity  techniques 

should be used in  scenarios where high channel re lia b ility  is required, such as 

contro l channels; spa tia l m u ltip le x in g  should be used in cases where there is high 

SINR and low co rre la tion  between the channels o f d ifferent antennas; and 

beam form ing should l)e used in  cases where the  channels are h ig lily  correlated, 

where increased S IN R  is required (e.g. on the  cell edge) or where con tro l is needed 

over the em itted  interference.

To dem onstra te  these po in ts. Figures 2.3 and 2.4 comj^are the th rough])u ts  of 

foiu' LT E  Transm ission Modes (T M s) in low and high s])ee(l scenarios, respectively, 

w ith  vary ing  S ignal to  Noise R a tio  (SN R ). These T M s  are single antenna 

transm issions {SISO),  T ransm it D ive rs ity  (TxD),  O pen-Loop Spatia l M u ltii) le x in g  

[OLSKf] ,  and C losed-Looi) S i)a tia l M u lti]) le x in g  {CLSAf).  These graphs were 

generated using the  V ienna  L in k  Level (L L ) dow n link  s im u la to r [8] for a single eNB 

and single UE w ith  2 H y b rid  A u to m a tic  Rej)eat reQuest (H -A R Q ) retransm issions, 

a channel feedback delay o f 5nis.  and using the  T yp ica l U rban (T U ) channel model 

[13] w ith  low co rre la tion  between tra n sm it antennas. As can be seen, the 

m u lti-an tenna techni(iues show superior perform ance to  SISO transm issions in  a ll 

cases exce])t for the  T x D  h igh SNR case, for w h ich  the losses in th rough])u t from  

feedback overhead exceed the gains from  channel re lia b ility . We see th a t at low 

speed (F ig. 2.3) the  C losed-Looj) transm issions jno v ide  higher th rough])u t than  the 

o ther T M s for a ll SNRs, w h ile  at h igh sjieeds (F ig. 2.4) the 0 ])en-Loo]) 

transm issions ])e rform  best w ith  T x D  show ing best perform ance at low SNR and 

O LSM  at h igh SNR. The  humi)s in  th is  graph result from  the use o f H -A R Q . 

which, in cases o f retransm issions, e ffective ly reduces the channel coding rate w hile

r)tli May ■201.'') Ph.D. T lutiis
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Figure 2.3: Coiii])aiisoii of SU-MIMO trausniissious iiiodos at UE .sprccl of 'Ski i iph.

keeping the same m odulation scheme. Hence, for increa.sing SNR, tlie liunips 

corresi)ond to  4QAM, IGQAM and 64QAM, resi)ectively.

In th is thesis we focus on low m obility scenarios in which the correlation 

between antenna.s is high (corresponding to  close antenna s])acings, low levels of 

scattering , a n d /o r  strong Line-Of-Sight (LOS) com i)onents). For this reason, going 

forward, use of the  term  SU-MIMO will mainly refer to l)eamforming operation, 

also known as Closed-Loop Spatial Multiplexing (CLSM ) on a single spatial layer in 

LTE terminology, owing to the  fact th a t in LTE this transm ission mode operates in 

the sam e way as CLSM, witli tlie exception th a t only a single sjjatial layer is used.

In LTE CLSM on a single sj)atial layer the  signal model can be ex])ressed as 

follows

Y a- =  + n \ ^  ( 2 . 2 )

Dt'sirod Signal v  ̂  ̂ ^  > Noise
Inter-C ell interference

Ph.D . Thesis 5 th  May 2015
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Figure 2.4: C ()iiii)a ri.so ii o f  SU-MIMO tra iis in is s io n s  m odes at UE speed o f

where the tra nsm itte d  signal (d/,. in  Eqn. (2.1)) consists o f the tra nsm itte d  symbol 

Xf_. w ith  u n ita ry  i)reeoding w^. ai)i)lied. The u n ita ry  lirecoding is selected from a 

predefined codebook specific to  the num ber o f T x  antennas used. F igure 2.5 show's 

the corresponding beam i)a tte rns fo r each o f the  entries in  the L T E  R('1.8 jirecoding 

codebook [14. Tal)le G.3.4.2.3-2] when applied to  a U n ifo rm  L inear A rra y  (U L A ) o f 

d ipole antennas w ith  a half-wavelength in ter-antenna sj)acing. As can be seen these 

beam i)a tterus generally have m u ltip le  strong lobes and m u lti]) le  zeros in  order to  

a llow interference res tric tion  in m u ltip le  d irections at once. The j)recoders in each 

subfigure are a ll n n itu a lly  orthogonal.

SU-MIMO Channel Feedback

The LT E  standards specify three types o f Channel State In fo rm a tio n  (CSI) feedback 

ft)r use in the scheduling o f UEs and adaptive  m odu la tion  and coding. These are 

the Channel Q u a lity  In d ica to r (C Q I). P recoding M a tr ix  Ind ica to r (P M I) and Rank

M a y 2015 I ’ li.D . T h re is
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F igure 2 .5 : L T E  Rdeiuso 8 siiigk'-layer coeiebook bcaiiis for 4 T x  a iitc iiiia  uniform  linear array.

In d ica to r (R I) [15]. The C Q I is a form  o f S INR, ciuantisod in to  one o f 1C values, the 

P M I recommends a linear i)recoding m a tr ix  from  a predefined codebook, and the  R I 

ind icates the rank (num ber o f para lle l transmi.ssion streams) to  use. W ith  regard to  

the R I, going forw ard  in  th is  work, fo r bo th  S U -M IM O  and M U -M IM O  o])eratiou, 

on ly  Rank-1 transm issions for each U E w ill be considered.

The C’Q I quantisa tion  ])rocess j)roceeds as follows: for each o f the IG possiljle C Q I 

values there is a corresponding MC’S; the C Q I is selected as the highest order MCS 

which is expected to  achieve a BLock E rro r Rate (B LE R ) no greater than  10% at the 

U E ’s S INR [16].

In  L T E  Rel.8 systems, recouunended precoders are selected from  a ])redefined

codebook C =  { U q  , U 2A',_]} o f Nf x  N i  un it-uo rm  matrices, and the index o f

the selected codeword in  the codebook is called the P M I. Essentia lly th is  

corres])onds to  a quantisa tion  o f the channel m a tr ix , c‘on ta in ing  in fo rm a tion

P li.D . Thesis 5th M ay 2015



2.1 ADVANCED MULTI-ANTENNA CAPABILITIES 21

regai'ding d irectionality of the strongest channel components (or the strongest 

channel component for single-layer). The codebooks are defined in [14, Section 

C.3.4]. PM I selection is l:>a.sed on the UE channel m atrix  although the m etric used in 

the selection varies between ini])lenientations. For example, the m etric may target 

the nuixim isation of the effective channel gain /;,(U ,) =  d e t(U if  

(or equivalently /;,(U ,) =  |H/,.,o,bUi;^.p for single-layer [17]), w'here /;,(U.,) is the 

m etric computed for Resource Block (R B)(/subband) b E { 1 , . . . , B }  and B  is the 

number of RBs in the system bandwidth.

Both CQI and P M I feedV)ack can be specified as either wideband or subband, while 

for the RI only wideband feedback is allow'ed. Put simply, wideband CSI corresj)onds 

to  the best CSI, on average, i f  applied to  the entire considered bandwidth, while 

subband CSI is separately sj)ecified for each subbaiul RB.

Wideband CQI is computed by the UE by averaging the SINRs over all RBs using 

M utua l Inform ation Effective SINR M apping (M IESM ) (or a sim ilar Effective SINR 

M apping (ESM) techniciue, as w ill be discussed in Section 3.1.2) before quantising 

the resulting effective SINR in to one o f the IG possible values.

The wideband PM I is selected a.s the PM I, which, when api)lied to the entire 

considered bandwidth, achi('ves the highest sum metric. In other words [18]

In LTE-A  Rel.lO systems for 4 T x  antennas or less this is performed exac‘t ly  the 

same as LTE Rel.8, using the exact same codebook. For more than 4 T x  antenna.s a 

new dual codebook is defined in which both wideband and subband PM Is are selected 

and fed back. In our investigations later in th is work 4 T x  antennas w ill be used, 

meaning tha t the LTE Rel.8 codebook is utilised.

The feedback sj^ecification methods discussed in th is subsubsection api)ly to  both 

SU-M IM O  and M U -M IM O  transmissions.

2.1.2 Multi-User MIMO (MU-MIMO)

M U -M IM O  is a spatial nn iltijilex ing  technique in  which m ultip le  transm it antennas at 

the eNB are used to simultaneously serve m ulti])le UEs w ith in  a single tim e frecjuency

r) t li M a y  2015 P li.U . TliPsLs
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J
J

Base Station

Figure 2 .6 : Multi-Usw M IM O  tra iis iii is s io ii.

resource as shown in figure 2 .6 : this is achieved by transmitting to each UE on a 
(hfferent spatial layer. Essentially this consists of apjilying precoding weights to direct 
orthogonal beams at each served UE; in other words, j)erforming l)eamforming with 
nniltiple UEs at once in such a way that the interference betw('en co-scheduled UEs 
is minimised. Due to MU-MIMO's ability to provide large sj^atial nniltiplexing gains 
without requiring additional antenna.s on the UE, and its at)ility to overcome rank 
deficiency problems (which often lim it single point-to-point s])atial nnilti])lexing), 
MU-MIMO cai)al)ilities have been highly emphasised in recent 3GPP standardisation 
and in research ])rojects such as FP7 Spectrum Aggregation and MU-MIMO: R('A1- 
world Im])act (SAMURAI) [19].

In a downlink scenario where a base station with Nt transmit antennas transmits 
to K  UEs, each with AV.a- receive antennas, the cai)acity of the channel scales with 
m in(A ",,^^^ j Ar.A-)- There are, however, some additional losses in the SINR, firstly, 
due to the si;>litting of the transmit ])ower across the co-scheduled UEs’ transmissions, 
secondly due to any orthogonalisation operations (e.g. Zero-Forcing Beam Forming 
(ZFBF)) in the precoding of transmissions to UEs with non-orthogonal (luantised 
channels, and thirdly, due to any residual Multi-User Interference (MUI) l)etween 
the UEs.

In order to minimise MUI and ZFBF losses, only UEs which have fed back close

UE 1

UE2

P h .D . T hesis r>tli M ay 2015
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F igure 2. i  : Porcoiitago tliroughput gain from using M ll-M IM O  over SU-MIMO.

to orthogonal (sen ii-orthogonal) (luantised channol vectors (as s])ecifie(l by the P M I) 

should be co-scheduled for M U -M IM O  transm issions. A ny residual M U I, which 

p r im a rily  results from  channel (juantisa tion  errors, should then l)e suppressed l)y the 

receiver.

As an illu s tra tio n  o f w hat M U -M IM O  gains are i)ossible, in  F igure 2.7 we jjlo t 

the percentage th rough i)u t increases o f M U -M IM O , w ith  two co-scheduled UEs, 

over Single-User M IM O  bean iform ing on a single s j)a tia l stream  (S U -M IM O ), for 

d iffe rent levels o f residual M U I a fte r suppression, represented by the factor 

In  th is  figure bo th  UEs served sim ultaneously using M U -M IM O  have equal SINRs 

and interference suj)i)ression capabilities, and th e ir (juantised channels are 

orthogonal. A a/( // ranges from  0 to  1, w ith  h igher A ; / f / /  re jjresenting h igher 

residual M U I (poor M U I suppression) and =  0 re jiresenting no residual M U I

(fu ll M U I suppression). I t  unist also be stated tha t due to  C Q I feedback 

(luantisa tion  errors the achieved gains w ill be s lig h tly  less than  those shown, w h ile

P li.D . Thesis
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Figure 2.8: C orrelations Ix'tweeu LTE Rol.8 codehook 4 Tx siiigle-layer precodiiig vectors.

gains at very low SINR are lost. As a result, a UE can l)cnofit from MU-MIMO 
transmissions if, firstly, its SINR is sufficiently high (greater than roughly I.5(1B), 
and secondly, there is another UE with a precoding m atrix semi-orthogonal to its, 
with which to ])air.

Figure 2.7 was generated by computing 2-layer MU-MIMO SINRs for the given 
range of single-layer SU-MIMO SINRs using Eqn.(3.6), which is obtained from [20]. 
Shannon rates are computed for these SINRs and, in the case of MU-MIMO, sunnned 
over the two co-scheduled UEs.

As mentioned, in LTE and LTE-A systems, the orthogonality of co-scheduled 
UEs is assessed based on their fed back PMI which indicates the directionahty of the 
channel between the base station and the UE in cjuantised form. To illustrate the 
orthogonality between different LTE Rel.8 codel)ook precoders, Figure 2.8 displays 
the correlation of each ])ossible 2 UE i^recoder combination in the 4 Tx antenna 
case. If the correlation is zero (shown in dark blue) the codewords are orthogonal, 
increased correlation corres])onds to decreased orthogonality. \ \ ’e observe that, in this

Ph.D . T hesis 5th May 2015
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case, each codeword is orthogonal to  at least 3 o ther codewords and th a t n n itu a lly  

orthogonal codewords tend to  he indexed in  blocks o f 4.

MU-MIMO Signal Model

For M U -M IM O  w ith  v m u  UEs c o - scheduled, each tra nsm itte d  to  on a single spatia l 

layer (rank-1), the  received signal o f UE k\  co-scheduled fo r M U -M IM O  w ith  UEs 

j  G { 1 , . . . ,  71 MU -  1} , is given by

Yk =  Ha-.qWa-J^A; +  +  a,HA../W ,x,+n\v,A- (2.4)

D e s ire d  S ig n a l ^ ^  /

M ulti-U ser Iiiterfere*nce Inter-Cel] interference

where rei)resents the AV x 1 received signal vector, represents the AV x  iXf

channel m a tr ix  w ith in  the o rig ina l serving cell, w/,. rej^resents the Â / x  1 applied

u n ita ry  precoding and j'/,- represents the tra n sm itte d  sym bol, o f UE A'.

re])resents the interference from  co-scheduled U E  J,  w h ile  H ^ jW /X /  re])resents the

interference from  neighbouring cell / and fin a lly  iiw./c represent complex AW 'GN the

elements o f which have zero mean and variance rr^. I t  should be noted th a t t lu ' value

Ha X) in th is  ecjuation includes the tra nsm it power to  each o f the co-scheduled UEs.

which is — of the power it w ould have i f  thev were scheduled fo r S U -M IM O  alone. "A/r *
As ind icated l)y a/, i f  a ne igh l)ouring eNB is not active it  does not produce in te r-ce ll 

interference. I t  is a.ssuni('d th a t a ll serving cells are active, hence we om it the  oo  

which would otherw'ise precede Ha-,o-

A fte r a 1 x  A',, receive f ilte r  g^. is apj^lied we get the received sym bol o f user k

( is

2a- =  gkYk- (2.5)

The post-rece])tion S IN K  o f U E  A- on a given subcarrier can l)e rei^resented as

Oa- =
______________________IgA-HA-.QWA-l^____________________

IgA- H a-.o w , | 2 +  IgA. E , = r " “ '  ^ ' / H a. . , W , | 2 +  a ^ I l l g A .
[2.0
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M U -M IM O  Transmission Strategies

M U -M IM O  tra iiin iss ions can be perform ed in  a num ber o f d ifferent ways. D ir ty  

Paper- Coding (D P C ) [21] is a non-linear scheme which i)rovides an up])or l)ound on 

M U -M IM O  i)crform ance i)u t is h ig h ly  com plex and requires fu ll knowledge o f the 

interference signal when decoding, m aking it  not p rac tica l in  reality. Instead th is  is 

often used as a capacity upper l)ound for M U -M IM O  channels. Zero-Forcing Beam 

Form ing  (Z F B F )  [22] is a linear precoding technique in  which UEs are each served 

on a single spatia l layer and orthogona l precoders are selected fo r each UE in  an 

a tte m p t to  nu lh fy  M U I. Block D iagona lisa fion  (B D )  [23] is another linear precoding 

technicpie, th is  tim e  w ith  UEs each served on m u ltip le  s])a tia l layers. Th is  m ethod 

operates l)y n u llify in g  interference between d ifferent UEs, a lthough not n u llify in g  

the interference between layers sent to  the  same UE. In  th is  way a reduction in  the 

power losses reciuired to  enforce o rtho g on a lity  can ))c achieved as interference 

between layers sent to  a single UE can be successfully removed at the U E receiver. 

Zero-Forcing (Z F ) D P C  [22] combines Z e roF ore ing  Beam Form ing (Z F B F ) and 

D ir ty  Pa]:)er C orling (D P C ) to  achieve near op tim a l ])erformance w ith  much reduced 

c t)n ii)lex ity  (con ijja red to  D P C ). T h is  m ethod however requires non-causal channel 

knowledge and so cannot l)e used in real systems. Successive Z F  D P C  [24] is s im ila r 

to  B D  a lthough for the ZF  D P C  case.

In  L T E  Rel.8 a UE can on ly  be tra n sm itte d  to  on a single spatia l layer and 

on ly  transm ission to  orthogona l U E  pairs can be perform ed, meaning th a t none o f 

the.se techni(iues could yet l>e used. \M th  the in tro (h ic tion  o f non-codebook based 

precoding (enal)led by the D M -R S ) in  L T E -A  Rel.lO , however, supj)ort for ZF and 

B D  was enabled. However, due to  the  jiresence o f quan tisation  errors in  the CSI 

feedback, use o f M U -M IM O  often requires interference suppression at the receive 

side, w h ich  requires n m ltii) le  R x antennas [25]. W lien  B D  is used the com l)ina tion  o f 

U E  antenna requirem ents for m u ltip le  spa tia l streams and interference sui)pression 

results in  the num ber o f U E  R x antennas needed being qu ite  high. For th is  reason 

we focus on Zero-Forcing Beam Form ing  for M U -M IM O  opera tion  in  th is  thesis, 

im p lem en ta tion  o f which is discussed la te r in  Section 3.2.3, also the eciuations in  the 

j)revious sul)section are based on Z F B F  transnii.ssions.

Ph.D. I'lies is .'ith .May 2015
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Figiiie 2.9; ZFBF 2 x 1 c()iiii)utatioiial roiniilexity c()ini)arisoii of MU-MIMO sclu'dulors.

M U-M IM O  Scheduling

User scheduling is tlie most connnon nietliod used to take advantage of nnilti-iiser 
diversity. However, in MU-MIMO systems, user sclu'duling liecomes a lot more 
comj^lex than in SU-MIMO systems. This is because the system performance is not 
just a function of which UE is selected, but also of which UEs it is paired with; for 
exanii)le, while in SU-MIMO taking a l)rute force ai)iiroach would require 
computing the objective function K  times (where K  is the number of UEs in the 
cell), trying all possible MU-MIMO UE combinations to find the optimal set of jimi’ 
UEs reciuires irnu ) function computations, where
number of UEs co-sclieduled for MU-MIMO with a maximum of N mi;. As a result 
greedy heuristics are conunonly used.

In figures 2.9 and 2.10 we comjiare the complexity and j)erforniance of a number 
of different scheduling algorithms for 2 x 1  ZFBF MU-MIMO. The algorithms 
considered are; the Greedy User Selection (GUS) algorithm i)ro])osed in [26] which

5tli M ay 2015 P h .D . T lu-sis
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Figure 2.10: ZFBF 2 x 1  spectral efficiency comparison of Ml^-MIMO scheduling algorithms. From 
bottom  to top the three hands of curves correspond to SNRs of OdB. KklB and 2()dB. respectively

successively selects UEs based on their ex])ected rates [Gree.dy)\  the 
S('mi-orthogonal User Selection (SUS) algorithm in [27] which successively selects 
UEs based on their channel gain, provided that their fed back i)recoding vector is 
seuii-orthogonal to those of the already scheduled UEs {SUS)\ the heuristic genetic 
algorithm ])roposed in [28] (Genetic): and the brute force approach. For coni])arison 

Figine 2.10 also includes the DPC performance u])j)er bound.

These figures were generated using Matlab-based code made available online at 
[29] a.s part of the publication [30] to which we added the investigated scheduling 
algorithms. Floj) coimting for conii)lexity comjiarison wa.s comi)uted using the 
Lightspeed Mat lab toolbox [31]. We performed these simulations at link level 
assuming perfect channel knowledge at the transm itter, with the maxinnnn munber 
of co-scheduled UEs NMu—Nt=2, and for a range of SNR values a,s show^n in Figiu’e 
2.10 [32].

As can l)e seen, the rapid growth in the ))rute force coni])lexity means th a t it

P h .D . T h esis .'ith M ay 2015
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w ould V)c iin i^ rac tica l in  real systems. On the o ther hand, the SUS a lgo rithm , w h ic li 

we use p r im a rily  in  the fo llow ing  chapters, i)rovides an extrem ely low com plexity  

so lu tion  w h ich  also achieves close to  o j^tim a l perform ance fo r h igh numbers o f UEs, 

and w hile  the spectra l efficiency is reduced when the num ber o f UEs j)er cell is low, 

overall th is  a lg o rith m  achieves a good tradeoff between com p lex ity  and perform ance^

2.1.3 Coordinated Multi-Point (CoM P)

In  th is  thesis om' m ain focus is on the gains o f dow n link  m u lti-an tenna  techniciues 

specifically focussing on sm all cell network scenarios w ith  coordina tion . T h is  focus 

is shared w ith  the  more generalised group o f techniques known as C oord ina ted 

M u lti-P o in t (C oM P ). From  a theore tica l perspective the ])o ten tia l gains o f C oM P 

have been know n for a considerable am ount o f tim e  [33]; however, the costs involved 

in im p lem enting  the required coord ina tion  have, u n til recently, outweighed the 

benefits. The  recent uptake o f new netw ork architectures which centralise the 

])rocessing o f m u ltij) le  eNBs such as C loud Radio Access N etw ork (C -R A N ) [34] and 

li(|u id  rad io /baseband i)oo ling  [35] have led to  cost effective solutions which g reatly  

s im p lify  and accelerate coord ina tion  l)etwcen ne ighbouring sm all cells. A m p lify in g  

th is , the empha.sis o f the SC ÎPP on su j^porting C oM P  f\u \c tiona lities  in  L T E -A  

systems (firs t discussed for Release 9 [36] w ith  sign ificant steps made in Release 11 

[37]) has meant th a t th is  is a hot to j)ic  at the moment which is generating a lo t of 

interest from  the  research connnun ity  [38]. F u rthe r enii)ha.sis on th is  sort of 

investiga tion  has been encomaged by discussions such as [39], which asks (juestions 

such as 'Ts the  P H Y  Layer Dead?'’ ])rovoking a sh ift in  te leconnnunications research 

from  a backdro j) o f increm ental lin k  level im ])rovem ents tow ard new network 

approaches w ith  i)o te n tia lly  h igh undiscovered gains.

The idea beh ind d ow n link  C oM P  is th a t UEs on the cell edge can often receive 

transm issions from  m u ltiij le  base stations at once; i f  these transm issions are 

coordinated then the perform ance o f these UEs can be considerably increased. Very 

good resources on the C oM P  background and lite ra tu re  can l>e found in  [38, 40, 41], 

as well as the  3CtPP  docm nent on C oM P itse lf [37].

C oM P operates in  three m ain ways: C oord ina ted S cheduling /C oord ina ted

B ('an iforn iing . D ynam ic C e ll( /P o in t)  Selection, and Jo in t Transmission. These 

*E v('ii at A ’= 4  t l i( ' b n ito  force a lg o r ith ii i ix'fiuiro.s 14.G tiiiie.s as m any com puta tions a.s SUS.
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C o o rd in a te d  S c h e d u lin g / 
C o o rd in a te d  B eam fo rm in g

a

i

J o in t T ra n sm iss io n

D ynam ic Cell S e le c tio n

(b)

( f )

Figure 2.11: CoM P traiismissioii Ty])os. (a) C oordinated Scheduliiig/Coordiiiatcd Bcaiiifoniiiiig, 
(1)) Dynamic Coll Solection. (c) Joint Transmission.

transmission types are (lej)ictofl in Figure 2.11. In this subsection we focus on 
l^roviding background on these three C’oMP tyjjes, while the relationshij) between 
these and otu' work will be discussed more precisely in C’haj)ters 4 and 5.

Coordinated Scheduling/C oordinated Beam form ing

In Coordinated Scheduling/Coordinated Beamforming (CS/CB) transmissions to 
each UE originate from a single serving base station(/transm ission j)oint) and the 
scheduling processes of the set/cluster of cooperating oNBs (CoMP set) are 
coordinated. As shown in Figm e 2.11a, CS/CB o])erates by scheduhng UEs such 
that the intercell interference (marked in dashed lines) from the beams of the 
scheduled UEs toward UEs oi)erating within the same time/frequency resource in 
adjacent cells is minimised. This is mainly done in two ways, which are referred to 
in [40] as Coordinated Beam-Switching (CBS-CoMP) and Coordinated 
Scheduling (CS-CoMP).

In CBS-CoMP  base stations sj)ecify certain resources in which different beams 
can be used (l)eani-toresource assignment). This can b(' done in a tinie-doniain 

manner in which beams are cycled between according to a i)attern s])ecified through 
coordination [42, 43], or in the freciuency domain in which groups of subbands are 
assigned to each beam [44, 45], then, within each subband grouj), only UEs using the
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corresj^oiKliiig beam can be scheduled. CBS-CoMP provides effective interference 

re(hictions at a low coordination signalling cost; however, these d istribu ted solutions 

are only suitable in ca.ses where the number of UEs per ceil is large, unlike the 

scenarios we consider.

In CS-CoMP methods a different approach is api)lied in which cell-edge UEs 

inform  the ir serving cNB of the set of either the ir worst-interfering (or 

least-interfering) beams from neighbouring cells. This inform ation is then fed to the 

neighbouring cells which either avoid (or steer tow'ard) usage of those beams in the 

scheduling decisions [46], [38, Sec 5.3 and references therein], The.se methods are 

largely d istributed and require inter-cell feedback exchange in the form of beam 

indexes (e.g. PM Is for the LTE Rel.8 j)redefined codebook o f beams) and the 

corresponding channel c{uality im i)rovenient (CQ I improvement for LTE).

As sjiecified in [37, Sec 5.1.3] C S /C B can also be i)erfornied in tandem w ith  

Semi-Static Point Selection (SSPS) in which transmissions to a UE originate from 

a single transmission i)o in t(/eN B ) which can change semi-.statically (on the order of 

seconds). SSPS as a term  a])i)ears to be as-of-yet relatively unused in the research 

lite ratm e, although is very closely related to its more dynamic counterj)art, DCS, 

discussed in the following.

Dynamic Cell Selection

Dynamic C e ll(/P o in t) Selection (DCS) is a form of CoMP Joint Processing (JP), 

meaning that transm it data nmst be j)resent at all eNBs w ith in  the cooj^erating 

CoMP set. Desi)ite this, transmissions to the served UE originate from a single 

transmission point, a.s showai in Figure 2.11b; although the transmission point can be 

dynam ically switched from one subframe [ I ms ]  to  the next. DC’S is often i)erformed 

in along w ith  muting  [47] in which the transmissions of cooperating eNBs, when 

not transm itting  to the dynam ically switching cell-edge UE on a given subband, are 

halted tem porarily (replaced w ith  Almost Blank Subframes (ABSs)), meaning that 

the ir interference to the cell-edge UE is removed.
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Joint Transmission

Joint Transmission (JT) is the simultaneous transmission of data from multiple 
transmission points to either a single UE, or multiple UEs a.s shown in Figure 2.11c. 

As JT  requires the transm it data to be ])resent at all eNBs within the CoMP set, 
this is the second CoMP downlink JP  technique.

Essentially JT  CoMP combines the channel matrices of multiple cells into a single 
channel m atrix to which MIMO transmission techniques are applied. This can be 
done coherently or non-coherently, which are analogous to closed-loop and open-loop 
operation in single-cell MIMO, as were discussed in Section 2.1.1. As an example of 
non-coherent CoMP JT , [48] considers the use of (open-loop) Space-Freciuency Block 
Coding to achieve Transmit Diversity (TxD) gains for cell-edge UEs, which requires 
a lower feedback overhead than coherent CoMP solutions.

While coherent CoMP JT  systems require significantly more feedl)ack overhead 
than other CoMP schemes, it is these techniciues that hold the highest potential gains. 
These techniciues operate by performing (often multi-si)atial-layer) jn'ecoding across 
multiple cells at once, essentially turning the CoMP set into a single distributed 
antenna array. This can focus on serving either a single cell-edge UE, for which 
the signal quality will be dramatically increased, or niulti])le UEs sinniltaneously in 
a similar way to MU-MIMO [38, Sec 6.3, 6.4], for which, under full ])erfect channel 
knowledge with Dirty Paj)er Coding (DPC), the performance is lower Ijounded by that 
of a single isolated cell [49] (corresi)onding to the removal (jf all adverse interference 
effects). This nnilti-user CoMP m ethod is also connnonly known as Network MIMO  
or VhiMoIised MIMO  and has met with a  lot of interest in the research connnunity 
over the years [50]. It is also the main focus of downlink C-RAN architectm-es which 
aim to provide a feasible means of im])lementing these systems in reality. As a result, 

a number of C-RAN-centric works also jjrovide com])rehensive CoMP JT  solutions 
[51]. This and other architectures for coordination between small cell nodes will l)e 
discussed in more detail in Section 2.2.2.

CoMP Channel Feedback

In CoM P feedl)ack two im])ortant considerations exist: what to feed back, and how 
to ol)tain th a t information. A discussion of these considerations focusing on CoMP
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F igU i’O 2 .12 : LTE-A Downlink Rc'fc 'rence Signal S tn icture for 2 T x antenna configuration.

.IT can be found in [38. Sec 9.1].

In t)f LTE-A two general types of CoM P channel s ta te  feedback for

P>('(jnency Division Duplexing (FDD) scenarios are chscussed [37, Section 5.2.2]: 

expl i c i t  and im p l i c i f  channel s ta te /s ta tis tic a l inform ation feedback. Explicit 

feedback consists of (juanti.sed channel, noise and interference m atrices for each 

coo])erating eNB (j)oint), which can am ount to  quite a high feedback overhead and 

a.s such should t)nly l)e considered for J T  scenarios. The reduced overhead 

alternative is implicit feedl)ack, which uses sim ilar feedl)ack to  single-cell LTE 

scenarios (Channel Q uality  Indicator (CQI), Precoding M atrix  Indicator (PM I), 

Rank Indicator (RI)) although th is is ])otentially fed l^ack for each cooperating 

point, and subject to a num ber of hypotheses regarding T x /R x  processing. These 

hyj)otlieses can range from SU-MIMO or M U-M IM O usage, to  w hether single or 

m ulti-jioint transm issions are to  be used, to assum j)tions on tlie interference 

l)eamforming used in different sulvbands or tinie-slot in cases where CBS-CoM P is 

used.

To avoid th e  need to  in troduce new reference signalling tyjies. CoM P CSI is 

obtain('d from the  same reference signalling as single-cell CSI. In LTE-A system s
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t l i is  consists o f throe tyi)es: Cell Specific Reference Signal (CS-RS) (a.k.a. Connnon 

Referenrr Signal (C R S)), CSI Reference Signal (CSI-RS). and D em odula tion  

Reference Signal (D M -R S ) (a.k.a. U E -s jiec ific  Reference Signal (U R S)). F igure 2.12 

shows an example reference signal s truc tu re  fo r L T E -A  for a single Resource 

B lock (R B) w ith  2 T x  antennas(/antenna ports).

In  LTE  Rel. 8 systems the CS-RS was the on ly  reference signal present and was 

u.s('d for bo th  CSI estim a tion  and dem odu la tion . CS-RSs consists o f non-precoded 

reference signals for each antenna p o rt, fo r which m any are needed.

In  L T E -A  systems, w h ich  must sup j)o rt transm issions from  uj) to  8 antenna j)o rts 

at once, i t  was no longer feasil)le to  o n ly  tise the liu lk y  CS-RS and instead the 

operaticjns o f CSI estim a tion  and dem odu la tion  were se])arated to  l)e perform ed using 

the CSI-RS and D M -R S, respectively, instead [52][53, Sec 6.4]. As CSI estim ation  

doesn’t recjuire as much reference s igna lling  as dem odu la tion  the CSI-RS can be 

qu ite  sparse, reciuiring on ly  one Resource E lem ent (R E ) per antenna j)o rt as shown 

in  F igure 2.12. U n like  the CS-RS and CSI-RS, the D M -R S  is precoded in  each 

RB in  the same way as the REs used fo r da ta  transm issions, which s im plifies the 

dem odulation  i)rocess considerably. As the  jH'ecoding used on the data  channel o f 

a given R B is specified based on the U E th a t is scheduled w ith in  it .  th is  is a UE- 

s])ecitic reference signal and as such the  required nun il)er of DM -RSs can scale w ith  

the num ber o f spa tia l layers used by the scheduled U E. ra the r than  being fixed at the 

m axinnun possible (the num ber o f antenna ports ) as was the case fo r the CS-RS. Th is 

corresj^onds to  a much reduced reference s igna lling  overhead iu  cases where there are 

many T x  antennas and a sm all num l)er o f spatia l layers used.

Nonetheless, fo r l)ackward c o m ija t ib ility  reasons and for a num ber o f o ther 

func tiona lities  such as cell association and handover, the CS-RS is s t i l l  recpiired in 

L T E -A  systems. T h is  is fo rtuna te , as fo r C oM P scenarios, the CS-RS offers the 

])rim ary  means o f ne ighbouring cell CSI estim ation . Th is  is l)ecause the  locations o f 

the CS-RSs in  ne ighbouring cells are sh ifted  in the  frecjuency dom ahi l)ased on a 

mod (C) o f th e ir cell ID . T h is  corresponds to  c ircu la rly  sh ifting  a ll o f the  CS-RS 

loc‘ations ui)wards in  F igure  2.12. T h is  was o rig in a lly  intended to  provide 

freciuency-domain o rthogona lity  between the  reference signals o f neigh l)ouring  cells 

in  a m acrocell hexagonal g rid  s truc tu re , a lthough the  CS-RSs are also coded w ith  

cell-specific Zadoff-Chu sequences to  p rovide  o rtho g on a lity  is most o ther cases.

In  the case o f the CSI-RS, the a l)ilities  to  specify d ifferent CSI-RS RE locations
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2.2 ADVANCES IN SMALL CELLS 35

ill adjacent cell and for base stations to mute transmissions in a given CSI-RS RE 
location to allow for neighbouring cell readings (known as zero-i)ower CSI-RS 
transmission), coinlnned with the use of ccll-spccific Hadamard seciueiices, eiisure 

tha t neiglibouriiig cell CSI estimations using the CSI-RS are siii)ported.

In order to support the transj)ort of this increased amount of feedback from the 
UE to the serving base station a new control channel in LTE-A of adjustable size 

called the Enhanced-PDCCH has been defined [54]. Sharing of information between 
neighbouring base stations is performed over what is called an X2 connection, and 

the s])eed of this connection depends on the connection type (e.g. high speed fibre) 
and the network architecture; for exanii)le, information exchange between centrally 

processed base stations can be assumed to be instantaneous.

In our work, UEs will be required to compute implicit PMI anfl C’QI feedback for 
neighbouring small cells. The hyi)otheses associated with this feedback will change 
for each of the two investigated coordinated reassigmneiit scenarios in Cha])ters 4 
and 5.

2.2 Advances in Small cells

To co])e with ever increasing traffic demands. Mol)ile Network Operators (MXOs) 
are constantly looking for solutions to enhance the cai)acity of their network while 
keeping dei)loynient and operational costs to a minimum. By significantly improving 
the spatial reusability of spectrum  resources, small cells have shown huge ])otential 
to address the capacity deficit tha t mol)ile o])erators are expected to face in th(> near 
future. Additionally, the low cost of small cell de])lovment and operation, conii)ared 
to macrocell base stations makes them  a very api)('aling technology [55]. As a result 
the number of small cell deployments worldwide is now over 8.4 million [3], deployed 
by more than 64 operators. The vast m ajority of these are currently residential 
femtocells (8.1 million) which were the first to be widely deployed; however, other 
deployment types are gaining j^ace fast as standardisation for each field is introduced 
[56]. These include: enterjirise small cells, indoor urban small cells and outdoor urban 
small cells, and rural small cells.

In this section we focus on three asj)ects of small cells which are of ini])ortance in 
this work; iiiulti-antenna usage, coordination, and energy savings.
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2.2.1 The Use of Multiple Antennas in Small Cells

W hile  a large p ro i)o rtio ii o f sm all cell research focuses on single antenna transm issions, 

given the clear benefits o f m u lti-an tenna  dow n link  transm issions in  m acro-cellu lar 

networks i t  makes sense to  consider m u lti-an tenna  technicjues in sm all cell networks 

too  [57, Ch 5].

G iven the interference lim ite d  natm 'e o f sm all cell scenarios, nn ilti-an tenna  

transm issions in  th is  area tend to  focus on bean ifo rn iing  solutions as they increase 

served UEs’ SINRs w h ile  l im it in g  interference to  UEs in neighV)ouring 

(m acro /sm a ll) cells. F in the r, given the sm all fo rm  facto r o f sm all cell ba.se stations 

(hence antennas needing to  l>e closely sj^aced) and the high like lihood  o f strong 

channel corre lations in  sm all cell environm ents (resu lting  from  strong LOS 

components and reduced scatte ring  com])ared to  m acrocell cases [5]), these 

scenarios are jia r t ic u la r ly  suited to  beam form ing transm issions. These are m a in ly  

perform ed in  tw o ways: using sw itched M u lti-E le m e n t Antenna (M E A ) systems 

[5, 58, 59], and by a])i)ly ing  linear precoding to  active antenna arrays [60 63].

The use o f sw itched M E A  systems is a beam-steering so lu tion  designed l)y Bell 

Laboratories, A lca te l-Lucent fo r low-cost small cell d('ployments. In  th is, m u ltip le  

antennas, each o f d iffe rent antenna gain patte rns (e.g. j^atch antenna.s -  which 

essentia lly form  a beam in a single 90° sector). j)o in t in  d ifferent d irections. In  [58] 

these M E A s are used to  confine Closed Subscriber G rouj) (C SC ) sm all cell coverage 

to  the in te r io r o f a home so as to  focus transm issions on indoor coverage areas and 

lim it  leakage to  externa l m acrocell UEs. Use o f M E A s is also investigated in  [5] for 

m obile network o i)erator-deployed picocells in an urban environm ent (M un ich  c ity  

centre, see Sec 3.3.2) to  in i])rove U E  SINRs and reduce the  sm all cell density 

required to  meet demand in  the investigated urban aro^a.

The a b ility  to  adap tive ly  refine the  coverage area o f m ulti-antenna-eciu ipped small 

cells is i)a rtic u la r ly  useful in  urban sm all cell deploym ents as it  is not always possible 

(due to  site acqu is ition  lim ita tio n s , etc.) to  jilace a sm all cell in its  o ])tim a l location. 

In  these cases the coverage area can be ada])ted to  serve the desired area and can 

also be reconfigiu'ed based on changing tra ffic  d>-namics (for example between day 

and n igh t).

O f the scenarios investiga ting  the a i)i) lica tion  o f linear j:)recoding to  active antenna

P h .D . T liesis 5 th  M ay 201.'')
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arrays in small cell scenarios, [61] and [G2] are of ])articular interest to  us due to  their 

investigation of M U-M IM O transniissions.

In [61] the  au thors investigate the  coverage and spatial reuse gains th a t can be 

achieved from SU-MIMO and MU-MIMO w ith ZFBF and no user scheduhng, in 

tw o tie red  networks subject to  a niinim uni SINR constraint for successfiil 

transm ission and assum ing perfect channel knowledge. In small cell networks, 

increased s])atial reuse can be achieved in two ways: through increasing the  small 

cell density or though use of MU-MIM O. W hen ZFBF MU-MIMO is used there  is a 

reduction in SINR as some of th e  i)ower th a t would be used to  boost signal streng th  

in single-layer transniissions is instead used to  reduce m ulti-user interference 

through zero-forcing. This means th a t, for a given minim um  SINR threshold, small 

cells utilizing MU-MIMO transniissions cannot be dej^loyed a.s densely as those 

l)erforniing SU-MIMO. As a result the  authors find th a t the  sj)atial reuse gains 

from using a more dense SU-M IMO deployment exceed those from MU-M IMO 

usage. However, th is work neglects to  consider user scheduling or the  use of a 

sem i-orthogonality constrain t, l)oth of which lead t(j higher orthogonality  between 

co-scheduled MU-MIMO UEs and in doing so decrease significantly tlie reductions 

in SINR which result from the  ZFBF operation.

In [62] the  work of [61] is extended to  also consider u.ser selection (scheduling). 

The authors show th a t, in this case, MU-M IMO perform ance exceeds SU-MIM O 

l)erform ance in small cell networks, although the  num ber of UEs to  serve 

simultaneously, U m u , dei)ends on a  num ber of factors such as the  (lei)loyment 

density, the numl)er of UEs present in each small cell ( K ) ,  the  j^athloss exponent, 

and the iiiiiiimum SINR threshold. For th is reason an adaj)tive techiiiciue is 

I^roposed which switches i i m u  fo achieve the best i)erformance in term s of th e  sum 

of the  exi)ected rates of the  UEs servcxl w ithin the small cell taking into account the 

ZFBF oi)eration. To sum m arise the  conclusions, it is found th a t the  optim al i i m u  

increases as the dei)loynient density decreases aiifl as the  num ber of UEs ])er cell 

increases (for which a range of A '=4 to  A '=16 is considered). The /?)\/;/-adapting 

user selection scheme aj^plies a b ru te  force ajiproach in which all possible UE 

com binations for all values of /?,\/(/ are considered. As a result, even though no 

sem i-orthogonality constrain t is ai)])lied, the  best UE groupings, which in cases of 

many UEs per cell will be of high SINR and high m utual channel orthogonality, will 

be selected.
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In this thesis, we specifically investigate cases where we are constrained by low 
numbers of UEs per small cell. In these, we consider the reassignment of UEs between 
neighbouring small cells to reach a configuration in which the channel orthogonality 

between UEs within a given small cell is increased. In doing so we reduce the losses in 
SINR from ZFBF and increase the number of UEs for which MU-MIMO performance 

exceeds SU-MIMO in the given small cell scenario.

2.2.2 Collaboration and Supporting Network Structures

Although it ventiu’es slightly outside of the scojie of this thesis, it is worthwhile to 
be aware of different network architectures which have the j^otential to enable 
coordination between neighbouring small cells, where necessary. To provide an 
overview^ of what we consider later on in this thesis: we investigate a network
architecture in which small cell base stations coordinate with a centralised 
controller which issues reassignment and sleej) state  usage conunands. As we will 
consider a low mobility scenario (slow changing channel) in which coherent joint 
transmissions are not performed (UEs are served by a single eNB at a time) tight 
synchronisation betw'cen cells and fast j:)recise coordinated information exchange 
will not be necessary, meaning tha t a number of suitable architectures which could 
I)rovide such coordination exist. These are discussed within this subsection.

W ithin LTE networks coordination between eNBs is j:>erformed over two interfaces, 
namely, the X2 interface, which is a logical connection between all neighbouring eNBs, 
and the Si interface, which connects the eNB to the Mobility Management Entity 

(MME) and the Serving GateWay (S-GW ). In the traditional view of coordinatefl 
network architectures, all transceiver processing and user scheduling is i>erformed 
by each eNB in a distributed m anner and only recjuin'd signalling is shared among 

cooperating nodes to provide sufficient functionality for our desired operation. The 
centralised controller can then be located either at one of the cooperating eNBs, at 
the MME, or as a sej^arate entity. In cases where the freciuency of the reassignments is 

higher (i.e. they occur more often, as for Dynamic Cell(/Point) Selection), within this 
architecture reassignments can be sped uj) if the data to transm it is simultaneously 

buffered at nmltiple cooj^erating eNBs so tha t the da ta  is already in place should 
a reassignment command l)e issued. For our investigated small cell scenario this 
mostly-distributed architecture could provide sufficient coordination capability.
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Another sohition to tlie coordination of ecUular networks, wliicli is currently 
growing in po])ularity, is to take advantage of deployment architectures which 

l)erforni the baseband processing of multiple small cell eNBs centrally at a single 
location. In order to allow fa.st flexil)le deployment of nodes for next-generation 

rollout or in cases of increased traffic demands, as well to simplify network software 
updates and the imi)lenientation of Self-Organising Networks (SON) functionalities, 
there has been a lot of interest from industry in front hauling architectures [64]. In 
these, the small cells take the form of sinii)le Remote Radio Heads (RRHs) from 
which the received radio signals are carried to and from a centralised BaseBand 

Unit (BBU) which performs the baseband j^rocessing, scheduling and higher layer 
functionalities all at a single location. Having the baseljand processing of nuiltiple 
base stations at a single location greatly facilitates coordinated operation as 
extremely fast information exchange can be perfornu'd between co-located 
cooperating base stations. This architecture makes it i)ossible to supi)ort joint 
decoding and joint processing/i)recoding of signals from nuiltii)le base stations at 
once as in .IT CoMP and netw m k/virtual MIMO [50] and is the main mode of 
o])eration for C-RAN networks [34. 51, G5]. This fronthauling concejit has been 
gi\-en a plethora of different names by difterent companies/research groui)s including 
ligiit radio [66]. radio over fil)er [67. 68], liquid radio/baseband pooling [35]. Radio 
Dot Systems [69], and cloud-based architectures. However, as these architectures 
are still within a developmental phase current dei)loyments offer only sinii)le 
coordination while future dej^loyments will offer more advanced cai)al)ilities.

Another interesting architecture for heterogeneous networks which is growing 

raj)idly in i)oj)ularity is that of Phantom  cells [70]. In this the heterogeneous 
deployment concept is combined with the carrier aggregation concept, leading to a 

scenario in which the macrocell base stations o])erate in a low frecjuency band and 
perform all control-plane o])erations, while the small(/i)hantoni) cells operate in a 
higher frequency band and are only reciuired to send UE-s])ecific signals. Beyond 

dramatically reducing the control/referenc‘e signalling overhead in the jihantom cell 
transmissions this opens up a range of ])ossi])ilities for cover age/handover/cell 
reassignment, coordination, massive MIMO and nnnWave applications. This 
architecture creates a scenari(j in which the small cell connection/assignment 
becomes transparent to the UE as the contrcjl j)lane is provided by the covering 
macrocell which dramatically decreases overlu'ads involved in reassigning UEs
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l)etwepn cells. As a practical consideration this coiicei)t is envisioned to also make 
use of RRHs, in which case the signal processing of all small cells witliin the 
coverage area of a macrocell base station will be jjerfornied centrally at the 
macrocell site.

2.2.3 Green Wireless

As well as enabling large gains in sj^atial reuse, network densification through use of 
small cell technology ha.s the ])otential to hugely reduce the cellular industry carbon 
footprint [71]. As Radio Frecjuency (RF) transm it powers roughly scale with the 
transmission distance to the power of the pathloss exponent, q > 2, it is easy to 
see how the deployment of small cells, by reducing the distance between the l)ase 
station and the UE, can lead to a reduction in required transm it j)owers. This is even 
more pronomiced for indoor UEs whei'e, by i)lacing small cells oNBs indoors, external 
wall j:)enetration losses can also be removed and the j^athloss exponent often lowered. 
F’urther reductions still can be achieved as the non-Tx j^ower consumption of a small 
cell base station device (e.g. baseband processing, cooling, etc.) is significantly lower 
than that of a niacrocell base station.

That said, given the massive scale of expected small cell deployments it is 
l)redicted that small cell technologies will have the effect of adding an additional 4.4 
terawatt-hours(TW h) or 5% to the to tal giol)al powt'r consumj)tion of cellular 
networks l)y 2020 [72]. For this reason a number of ways to reduce small cell power 
consumption further have been lirojiosed; these include: taik)ring the small cell 
deployment toward maximum energy efficiency (e.g. the Cell-on-Edge concei)t in 
which small cells are around the cell edge rather than  uniformly with the niacrocell 
coverage area [72]), use of base station sleep modes to reduce })ower consumption 
when base stations are inactive, cell breathing in which small cells ada])t their cell 
size based on dynamic network load, equipj)ing small cell base stations with 
renewal)le energy .sources (e.g. solar panels), power amjilifier imj)rovements, and use 
of relays. In this thesis, we focus primarily on energy savings achieved through the 
use of dynamic slee]) modes.

In order to (juantify and assess j)ower consumption and [)otential energy savings 

within cellular networks the European Connnission 7"‘ Framework 
Progrannne (FP7) project Energy Aware Radio and neTwork
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tocHuologies (EAR TH ) [73] has ])ut together a framework known as the Energy 

Efficiency Evaluation Framework (E'^F) whicli takes in to account ba.se station power 

models and traffic demands to estimate both short-term  and long-term to ta l 

network j)ower consum])tion. The i)ower model employed takes in to account sleej) 

mode usage (small cell eNBs can oj^erate in either an active or idle state) and is 

expressed as follows [74, 75]:

^  ^  f  A^(P„ +  A p P „,,), A C T IV E  

\  ID L E

where Pq represents the j)ower consumption at zero RF outi)u t i)ower. Pout rejiresents 

the RF output power which has a maximum of P,nax and ^i>  is tli(- slope of the 

load dependent power consumption. For fu ll buffer traffic, as used in this work, 

transmissions w ill oj)erate at maxinnuu power, meaning tha t Po„t for active eNBs w ill 

])e ecjual to Pmax- Pdeep rejjrcsents the power consumed by an eNB in sleej) mode. 

An eNB can switch to sleep mode to save energy i f  there are no UEs recpiesting 

transmissions which it  has to serve. These ])ower consumj^tion values w ill differ 

depending on the tyi)e o f base station considered, be it  fenito, i)ico or macro.

W’e w ill use th is  power consm iiption model later on in  Chapter 5. Related work 

regarding usage of small cell sleep states w ill also be discussed in Chai)ter 5.

2.3 Summary

In this chapter we have provided the reader w ith  an overview of the background and 

state of the art, relevant to  th is thesis, in the areas of m ulti-antenna transmissions 

and small cell networks.

W'e started by reviewing SU -M lM O  transmission tyj)es and the ca.ses to which 

each is best suited, before changing our focus to  M U -M IM O  transmissions in which 

m ultii)le  UEs are sinmltaneously served on d istinct sj)atial layers w ith in  a single 

tim e/frequency resource. W'e looked at a number of different M U -M IM O  

transmission strategies and scheduling api)roachcs w ith  a jjrim a ry  aim to i)rovide 

necessary background before we ])roceed onto the discussion of our M U -M IM O  

sinm latiou im plem entation in the following chai)ter. This wa.s followed by a
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discussion of the different CoMP transmission types, the ways in which they 
coorcunate their transmissions, the fe(!dback exchange tliat this reciuires and how 

CSI for neighbouring cells can be effectively acquired.

Om- discussion on advances in small cells centred on three main areas: the use 
of nmlti])le antenna transmission in small cell networks, su]:)porting architectures for 
small cell coordination and energy savings in small cell networks.

The following chapter will focus on the sinnilation of our investigated scenarios 

and will build on the background provided in this chapter toward the assessment of 
our i^roposed MU-]\II]\IQ-ba.sed reassignment mechanism in chai)ters 4 and 5.
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3 Simulation Methodology and 

Scenarios

In this thesis our ol)jcctive is to investigate the ])otcntial l)enefits of enabling Multi- 
User MIMO (MU-MIMO)  . 4 c 7y;,s.s Small Cells. This investigation relies, at least 
])artly, on simulation. For this, we require the ability to sinnilate heterogeneous 
network scenarios in which inter-cell interference, nnilti-antenna caj)abilities and 
User E(\uipmeiit (UE) scheduling are accurately modelled. The siimilations must 
su])i)ort coordination, information exchange and UE reassignment between adjacent 
base stations. Further, these simulations must be perforniable within a rea.sonable 
tiniescale.

In this chapter, we conduct an assessment of jiotential simulation tools to be 
usc'd in our study. In the j)rocess, we provide a comparative analysis of simulators 
available for Extremely Dense Networks (EDNs) in 4G and beyond. This is broader 
than simply the selection of a simulator for our study, and provides guidelines for the 

selection of an api)ro])riate sinuilator in futm'C studies of EDNs.

W’e identify' the missing comi)onents of the simulator to enable our study of 
MU-MIMO Across Small Cells, and design and implement those comi)oneuts. We 

])lan to make these extensions available to the broader connnunity as they will be 
useful in future studies of m ulti-antenna ca])abilities in dense small cell dej)loynient 
scenarios.
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3.1 Comparison of Simulators

The accejited definition of Heterogeneous Networks (HetNet) ha.s grachially evolved 
toward extreme network densification. Researchers, industry, and network operators 
are comiting on the massive dei)loynient of small cells as a key co])ing strategy for 

the foreseen data tsunami. The high throughj)ut gain offered by the addition of these 
low power ba.se stations is hoped to provide a solution that is efficient in terms of 
energy, si)ectrum and cost. Nonetheless, technological advances always go hand in 
hand with new technical challenges.

As illustrated in Figure 3.1, Extremely Dense Networks (EDNs) are 
characterized by massive small cell de])loyments which enable the operator to 

offload low-niol)ility user traffic away from the macrocell network. Despite the clear 
advantages of these networks, their high density can potentially result in high 
inter-cell interference, l)ottlenecks in the i)ackhaul and increased energy 
consumption. To address these challenges, international and Em opean research 
jHojects, hke CROWD [76] and METIS [77], have begun exploring flexi))le network 
architectm-e designs and user-cell association i)rocodures.

Due to the scale of the.se scenarios, sinnilation forms an essential tool in 
investigating jiotential EDN solutions. Hlere, discuss what problems one might face 
when sinnilating the.se new dense scenarios. The main contributions of this section 
are in the identification, outlining and addressing of key simulation considerations 
for EDNs. These include, firstly, choosing the best starting i)oint, whether it be 
connnencing from scratch or extending existing simulators (and if so, which ones?) 
taking into account the investigation recjuirements; secondly, identifying suj^j^orted 
features, e.g. imj^lemented backhaul protocols or support for interference 
suppressing receivers; and thirdly, taking into account practical considerations such 

as ease-of-u.se, extensibility and run time.

We compare a rei)resentative set of j)otential EDN simulators looking at pojiular 
openly available .system and network level simulators, as well as including an in

house-built system level simulator with reduced functionality but more sj^ecific EDN 
focus.
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Figure 3 .1 : SINR d is tr ih u tio n  in an o x tro iiio ly  floii.sc liotorogenoous (ie |)k )y iii( 'iit.

3.1.1 Simulator Types

To in troduce tlie  various aj)i)roaches used to  s inn ila te  EDNs, th is  section d ifferentiates 

s im ulators according to  the layers o f the i)ro toc(jl stack on w h ich  they focus, shown 

in  F igure 3 .2 . Rej:)resentative s inn ila to rs are also iden tified  for la te r comparison.

Focus

Sinn ila tors are generally categorised as e ithe r lin k , system or netw ork level, which is 

reflected in  th e ir im p lem enta tion.

L in k  L e v e l ( L L )  s im u la t io n  tends to  focus on the i)erform ance o f Physical 

(P H Y ) pro])erties. usua lly for a single lin k  h e tw w n  a base s ta tio n  and a user, e ither 

hi the u p lin k  or dow nlink. To ob ta in  accurate s ingk '-link  B Lock E rro r Rate (B LE R ) 

s ta tis tics, L L  s im ulators usually im plem ent a ll blocks o f the  P H Y  in de ta il w 'ith 

m in im a l abstraction. In  the E D N  context. L L  sim ula tors can be used to  va lidate  the
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Network Level Simulation

Non-Access Stratum (NAS)

Radio Resource Control 
(RRC)

Packet Data Convergence 
Protocol (PDCP)

Radio Link Control (RLC)

Medium  Access Control (MAC)

Physical Layer (PHY)

Link Level 
Simulation

System Level 
Simulation

F ig u r e  3 .2 ; M a pp ing  botwo™  s im u la to r type's and L T E  pro toco l stack layers.

perform ance o f system and netw ork level s im ulators, which re ly  on B LE R  data  from  

L L  .simulation to  abstract the P H Y .

W hen s tudy ing  coni])lex systems consisting o f several base stations and user 

term ina ls, S y s te m  L e v e l (S L ) s im u la to rs  are ])referred to  L L  due to  th e ir 

reduced s im u la tion  times. SL s inn ila to rs  enable assessment o f coverage, si)ectral 

efficiency, and th roughpu t in  wireless netw'orks, tak ing  in to  account interference 

generated by ne ighbouring evolved Node Base stations (eNBs) or UEs. SL 

s im ulators are also su itab le  for s tudy ing  how Radio Resource Managem ent (R R M ) 

and interference coord ina tion  techniciues i)e rfo rm  and how j:)otential so lutions scale 

w ith  the size o f the network.

U n like  SL sim ulators, wdiich tend to  be pro toco l agnostic and focus on the a ir 

interface. N e tw o rk  L e v e l ( N L )  s im u la to rs  are designed to  fac ilita te  

investigations in to  specific p rotoco ls and th e ir in teractions w ith  the upper and lower 

layers. M oreover, l)v tre a tin g  base sta tions as network entities capable o f 

exchanging messages among themselves, N L  s inn ila to rs  can also m odel and assess 

E D N  backhaul i.ssues.
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Representative simulators

For this scction, we chose three sim ulators to  com pare, assessing which are best 

suited to different aspects of EDNs. These th ree sim ulators are the Vienno. SL 

simulator v l.8 rl3 7 5  for Long Term Evolution (LTE) downlink [8], the NL ns-3  LTE 

m odule [78] v3.21 and an in-house-l:)uiIt custom  SL sinnilator, which we will refer to 

a.s HefDenSirri] all th ree sim ulators are designed for LTE, which we consider to  be a 

good baseline for EDN sim ulations. No LL sim ulator wa.s selected, as EDNs focus 

on large netw'ork ra th e r than  single link interactions.

HetDenSim targe ts H eterogeneous Networks and large networks of small cells. 

It was designed w ith tim e and frequency dom ain based RRM  techniques in mind 

and is particularly  suited to  coverage, Signal to  Interference and Noise R atio  (SINR) 

statistic , and expected th roughpu t investigations in dense networks. To s]>eed uj) 

large network sinnilations, HetDenSim uses a simplified physical layer model. This 

comes at the  cost of sinnilator lim itations concerning algorithm s and techniques th a t 

recjuire detailed PHY abstraction . H etD euSini’s poi)ulous small cell network design 

eni])hasis makes it a well-suited tool for EDN .simulations.

The V ienna SL sim ulator, which is freely licensed for academic use. has been 

designed to assess both  Homogeneous and Heterogeneous LTE network deploymeuts. 

The V ienna SL sim ulator im plem ents the PHY w ith a low level of abstrac tion  and 

therefore, from the  EDN jiersjiective, ]:)rovides a pow’erful m eans of testing technicjues 

which require detailed PHY im plem entation, such as M ultiple Input Multi])le O utpu t 

(MIMO).

ns-3 is an oi)cn source general purpose NL sinnilator for b o th  wired and wireless 

networks; in jiarticular we will m ainly refer to the  LTE m odule for ns-3 [78]. Given its 

extensible nature, ns-3 could i)rovide a viable EDN-specihc sim ulation environm ent.

W ith these three sim ulators we aim to j)rovide a cross-section of the generalised 

sinnilator types best suited to  EDN sim ulation. V ienna SL and ns-3 representing 

widely accessible SL and NL sim ulators. res])ectively, and H etDenSim representing 

purpos('-built custom  sim ulator solutions.
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3.1.2 Supported Features

In this subsection we outline some ini])ortant features/functionalities and associated 

inii^lementation methods for Extremely Dense Network (EDN) simulation.

Link Level A bstrac tion

Full implementation of all links at bit-level wovild impose a heavy computational 
biu'den on system level or network level simulators, especially when the number of 
links to sinnilate grows large. To deal with this problem, link level abstraction (also 
known as a Link-to-System (L2S) interfacing) is used [38, Section 14.1]. In this, 
subband SINRs are m apped(/averaged) to a single effective SINK, 7,,//, from which 
the expected BLER can be computed. The maj^ping to the effective SINR can be 
expressed as

where b G B} are the sul)bands for which is the subband SINR. /j is a
calibration factor obtained from an L2S training j)rocess and I  is the non-linear 
mapping function which is determined by the Effective SINR Mapping (ESM) 
method used (e.g. Exponential ESM (EESM), Logarithmic ESM (LESM), Mutual 
Information ESM (MIESM), etc.). MIESM is commonly used in L2S interfacing 
because it is known to have better jierformance than most other teclmiciues [79]. 
Both the Vienna SL simulator and ns-3 perform MIESM.

To map the effective SINR to the corresponding BLER, a set of curves (one 
corresponding to each Modulation and Ccxling Scheme (MCS)) are obtained from LL 
simulations, for example using the Vienna LL simulator [16]. By way of illustration, 
these ciu'ves are plotted in Figure 3.3; the MCSs in this case correspond to Channel 
Quality Indicators (CQIs) 1 to 15.

Once obtained, the BLER, combined with knowledge of the used MCS and 
Imndwidth (for which combination the corresponding number of transm itted bits 
will be known) enables the determ ination of the average numl)er of successfully 
decoded bits within each transm itted frame.

Ph.D. Thesis 5th May 2015



3.1 COMPARISON OF SIMULATORS 49

LTE BLERforCQ Is 1 to 15
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F igure 3 .3 : C'urvois used fo r m app ing  E ffective SINR to  B LE R  for a given CQI.

Less c()in i)u ta tiona lly  intensive methods such a.s the nuxhfied Shannon ca jiae ity 

forninhv [80] also exist for con i])u ting  U Es’ data  rates in LT E  systems. HetDenSim  

adopts th is  ai)i)roach fo r the P H Y . These methods oftc'n lack fle x ib ility , especially 

when tak ing  in to  accom it new features, feedback unce rta in ty  or changing network 

dynamics.

The L2S interface is o f p a rticu la r im portance  to  EDNs i f  one needs to  

im plem ent interference cancella tion or m u lti-an tenna  transm ission technitjues. As 

these techni(iues w ork at the P H Y  level, deta iled abstraction  o f the P H Y  provides 

more accurate s im u la tion  results.

Interference Supressing Receivers

As the network topo logy devek)ps tow ard a more numerous, heterogeneous 

dei)loynient o f nodes, interference becomes a c r it ic a l issue. Hence, the 

im j^lem entation o f interference cancella tion and snj^pression technifines w il l be 

essential for dense netw (jrk a i)i)lica tions.
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Several interference suj^pression techniques make use of nniltiple receive
antenna.s, combining their signals to isolate the desired signal from interference and 
noise. Hence, this is closely linked to the MIMO implementation of the simulator. 
Many interference sujii^ressing receiver designs exist, some focusing on the 
suppression of interference l^etween different spatial layers (Zero-Forcing (ZF), 
Minimum Mean Square Error (MMSE)), others on reducing inter-cell interference 

from neighbouring cells (Maximum Ratio Combining (MRC), Interference Rejection 
Combining (IRC)), and others coml)ine both (Successive Interference
Cancellation (SIC)).

W'hile only ZF rece])tion is implemented in the Vienna SL, the SINR computation 
is well suited to the creation of additional interference suppre.ssing receiver types, 
as the signal, interference and noise components of the SINR can all be exposed 
individually and the receive filter res])onse can be applied to each to obtain the post- 
ecjualisation SINR. We will see and example of this in Section 3.2.7.

In ns-3 interference sup])ressing hlters are modelled imjilicitly as a set of
predefined modifications to the SINR distributions. While this implementation ha.s
low com putational complexity it is limited in flexibility as only a small nunil)er of 
])redefined inter-layer interference cancelling configurations are implemented.

The simj^lified L2S interface of HetDenSim does not currently suj)i:)ort this. 

Radio Resource M anagem ent

Radio Resource Management (RRM) conii)rises strategies to assign and share radio 
resources in the network. These include inter-cell interference coordination technicjues 
between neighliotuing cells and scheduling time and freciuency resources betw'een 
users within the same cell.

Reuse and Inter-cell Interference Coordination One of the first strategies adopted 
to avoid interference between adjacent cells was to limit the reuse of spectrum; less 
interference is caused using higher s])ectrum reuse factors. How^ever, this implies 

low'er spectral efficiency in the network. Hence, the choice of sj^ectrum reuse factor 
is subject to a trade-off between mitigating interference and spectral efficiency.
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Ro-examining siicctrun i rouse factors may be necessary for EDNs, as interference 

among neiglibom ing cells tends to  increase w ith  the density of l)a.se stations. For 

instance, LTE lias been designed to work w ith  low reuse factors (e.g., 1) in niacrocell 

scenarios; however, it  is likely that the reuse factor for EDNs w ill increase as a 

function of the cell density. Moreover, given tha t cells in EDNs are likely to have 

an irregular spatial de])loyment, it  is not possible to use standard spectrum reuse 

patterns develoi)ed for hexagonal niacrocell grids.

Simulators should allow variation o f the spectrum assignment and reuse 

strategies depending on the cell density and d is tribu tion  patterns. The Vienna SL 

sim ulator im])lenients static frequency reuse and Freciuency Fractional Reuse (FFR) 

for macrocell scenarios d istribu ted in a hexagonal grid. HetDenSim implements 

these schemes, and in add ition Frequency Aloha [81], which is the most basic form 

of si)ectruni reuse f(jr small cells. Spectrum reuse through FFR has very recently 

been included in the most recent release of ns-3 also during the Google Summer of 

C'ode [82].

There are several other methods in which interference coordination can be carried 

out. For exami)le, ])ower control strategies and Coordinated M u lti-P o in t (C’oM P) can 

be considered as interference coorduiation techniciues. W hile  not yet present in  ns-3 

or HetDenSim, sup jw rt for basic CoMP coordinated scheduling has l)een included in 

the most recent release o f the Vienna SL simulator.

Scheduling Scheduling algorithm s play an essential role in o]itim is ing different 

as])ects of network pc'rforniance, such as cell thronghi^ut or Quality-of-Service of all 

UEs. The choic‘e of sim ulator to use for scheduler testing w ill depend on both the 

metrics to oi)tiniize and the types of feedback available for sclu'duler decisions, e.g. 

Channel State Inform ation (CSI).

The considered SL simulators support schedulers for fu ll-buffer traffic. HetDenSim 

has Round Robin (RR), P roportional Fair (PF), and Best C Q I (B -C Q I) scheduling, 

while Vienna SL add itiona lly  offers M ax-M in Throughput, ns-3 provides these and 

more so])liisticated schedulers for non-full buffer traffic, such as C’harmel and Q uality- 

of-Ser\'ice aware scheduling and P rio rity  Set scheduling, which handles tra ffic  for users 

w ith  and w ithout Ciuaranteed B it Rate.
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Traffic types

Both the vohiine of traffic and the nunil^er of traffic service types is expected to grow 

hugely ill Extreiiiely Dense Networks wlierc heterogeneous devices and technologies 

coexist [76]. Simulators should accurately model various traffic tyi)es. while also 

providing the ability to create new traffic services.

I f  the volume of users does not increase at the same rate a.s the coll density, the 

average number of users per base station w ill tend to decrease. We can then infer 

that the smaller the size of the cell, the more dynamic the traffic w ill be, meaning 

that smaller cells might switch between active (i.e., users to serve) and inactive 

states frequently. This w'ill cause time variations in the interference generated by 

the cell. For this rea.son, SINR distributions, wdiich are usually ol)tained a.ssuniing 

fu ll buffer traffic, w ill not give a full j)icture of netw^ork performance and should be 

conipleinented w ith other metrics, such as user perceived rate [83].

Of the simulators considered, the HetDenSim simulator currently only imi)lenients 

fu ll buffer traffic, while the Vienna SL simulator, despite sui)])orting multiple traffic 

type transmissions, models all inter-cell interference as full-buffer traffic, ns-3 includes 

several additional traffic tyi)es, such as voice traffic and multimedia; it is also ])ossible 

to create new applications that generate traffic according to statistical models.

Upper layers

Packets usually go through many protocol layers before reaching tlu 'ir final 

destination. These layers, due to flow' control and/or Automatic Rei)eat 

ReQuest (ARQ) mechanisms, w ill influence the delay and the amount of traffic 

transmitted through the air interface, which affects the user-percei\’ed performance. 

For this reason, modeling these mechanisms is inii)ortant when simulating EDNs. 

Moreover, to simulate some asj)ects of the network, such as handover performance, 

connection estal)lishment times, performance of backhaul traffic, etc., functionality 

above the Medium Access Control (MAC) layer is reciuired.

W liile  system level simulators usually model only up to the MAC lay('r, network 

level simulators allow the user to investigate the system all the way uj) to the 

a])plication layer. Among the SL simulators analysed. Vienna and HetDenSim do 

not model the higher layers of LTE. In the network level simulator coiisid('r('d, LTE
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for ns-3 can be eonfigureci in  two ways: w ith  the Evolved Packet Core (E P C ) or 

w ith o u t it .  W ith  the EPC , higher layers such as Radio L in k  C on tro l (R L C ), Packet 

Data Convergence P ro toco l (P D C P ), Radio Resource C on tro l (R R C ) and other 

protocols related to  the core are modeled. W ith o u t i t ,  a s im p lified  version o f the 

R LC  allows the s im u la to r to  function  w ith  on ly fu ll buffer tra ffic , d isregarding the 

higher layers fo r perform ance purposes.

Backhaul

In  E xtrem ely  Dense Networks, m u ltii) le  base stations are connected to  the core 

netw ork th rough  m any heterogeneous backhaul technologies such as po in t-to -])o in t 

fiber links. Passive O p tica l Networks (PO Ns), D ig ita l Subscriber L ine (D SL), 

m icrowave relays, etc. Frecjuently, studies o f m obile netw'orks assume an ideal 

backhau l in  which the fixed links have no delay or ban d w id th  lim ita tio n s . In  

practice, the ca])acity and la tency o f the backhaul are constra ined and th is  can 

degrade the perform ance o f the wireless network.

I t  is i)ossible to  use the resources more efficiently, i f  the backhaul is shared among 

many Ijase stations and able to  adai)t the capacity assured to  them  dei:>endiug on the 

load.

To i^erform optica l-w ire less in teg ra tion  studies, where the M A C  of the  wireless and 

o])tica l networks are flesigned together, E D N  sim ula tors nmst be able to  m odel the 

backhaul. Due to  the lack o f h igher layer j^rotocols in  system level s im ulators, netw ork 

level s im ulators are be tte r suited for th is  task. Am ong the evaluated s im ulators, ns-3 

is the on ly s im u la to r th a t can sinm late  the EPC  and a dd itiona l transj^ort technologies 

such as sini])le p o in t-to -j)o in t links or PONs [84],

Emulation

Even though s inu ila tion  can give us valuable insights in to  the  netw ork i)erforniance, 

these flo not replace p rac tica l i)ro to ty i)es w ith  ac‘tua l testbeds. U n fo rtuna te ly , 

designing a fu ll system is a com plex task, not feasible in m any research centers. For 

th is  reason, an im p o rta n t feature a s im u la to r m ight have is the ca pa b ility  to  

connect to  real hardware, w h ile  enn ila ting  o ther parts o f the  netw ork [85]. O ut o f 

the s inn ila to rs  exam ined, on ly  ns-3 is designed considering th is  possib ility .
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3.1.3 Comparative Analysis

111 this subsection, we compare the suitabihty of the investigated simulators to EDN 
simulations from ease-of-use and extensil)ility ])Prspectives. Furthermore, we provide 

a numerical comi)arisoii of how scalable the simulators are to EDN scenarios.

Ease-of-Use and Extensibility to  EDNs

For the pur|)oses of this work we define ease-of-use as the ease with which a user 
can set up and run a (dense network) sinnilation, making use of already supported 
functionalities and only altering i)arameter coiifigurations. By extensibility, we refer 
to the ease of developing additional features for simulating j^reviously unsui^iiorted 
scenarios.

To arrive at an ol)jective assessment, w'e consider some simple ease-of-use and 
extensil:)ility metrics and indicators, which we will use to compare the rei)resentative 
simulators.

Table 3.1: Ease-of-use M etric/Indicators

S im u la to r V ie n n a  SL ns-3
Coding Langtiage MATLAB C - t - - l -  (ns-3)
No. of i^riinary 
publication citations^

192 28

No. of forum jiosts within 
a nionth^

35 64

Licensing Free of charge for 
academic use

Open Source 
(GLP)

Predehned code testing 
script

Limited Yes

Prerequisite Knowledge The knowledge required to use a sinuilator greatly affects 
its ease-of-use and can be a rea.son to prefer one simulator over another, either due

^Froin sc h o la r .g o o g le .c o m  25/04/2014.
^For the month 25/03/2014 to 25/04/2014. For Vioiiiia SL all forum jxjsts of the thread ’'System  

Level Questions"’ between these dates are inchided. As ns-3 is broa<ler than just LTE only posts 
containing the keywords "LTE” or "LENA” are included.
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to the detail with which j^articular jiarts of the system are modelled, or due to the 
level of programming knowledge required.

Regarding the i)rogrannning skills required by different simulators, these are more 
a function of the j)rogrannning language used and the design jiatterns a{)])lied than of 
the nature of the simulator. Among the simulators we consider for our investigation, 

Vienna SL and HetDenSim are MATLAB-based, while ns-3 is designed using C + + . 
This makes Vienna SL and HetDenSim easier to learn, at the cost of processing s])eed. 

C + +  usage is often regarded as more complex as it exhibits a number of com])lications 
which MATLAB handles transparently, e.g. memory management. Nonetheless, ns-3 

makes use of many advanced design j^atterns, such as object factories, sm art ])ointers 
and functors [86]; even though a user might not be familiar with all these concejits, 
knowing them can greatly sinii)lify simulator usage and understanding.

D ocum entation W ithout i)roi:)er documentation, learning how to use a new tool 
can be a daunting task. In the Vienna SL sinuilator, docmnentation is provided in 
the form of exjjlanatory pul)lications (e.g. [8]) containing system block diagrams, as 
well as listings of exi)Osed parameters. In ns-3, docuuientation of tlie LTE model is 
partitioned into a model guide and user documentation. The model guide explains 
the details and reasoning behind each simulator feature, while the user 
docmnentation is aimed at aiding the user to set uj), configure and examine their 
sinuilations. Additionally, documentation is automatically generated using D(jxygen 
from source code conunents. This tool enables users to check the purj^ose of classes 
and functions and simj)lifies code navigation.

User Community and Active Forum A heljiful user connnunity with an active 
forum can accelerate simulator familiarisation and clarify documentation ambiguities. 
The size of the community greatly influences the level of feedback. A large connnunity 
increases confidence in underlying simulator functionality as ])roblems are more likely 
to be discovered.

To quantify the connnunity size and activity, Table 3.1 outlines some key metrics 
for the Vienna SL simulator [8] and the LTE module for ns-3 [78]; HetDenSim is 

omitted given its custom nature. Interestingly, wdiile the main Vienna SL ])ul)lication 
is more widely cited, the ns-3 LTE modulo receives almost double the Vienna SL's 
forum activity.
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Open access to simulator source code allows the user comuiuuity to correct 
errors and extend functionality. The al)ility of connnunity menil)ers to
independently distribute these extensions (open source) can greatly accelerate the 
rate at which new functionality develops and enables fa-ster correction of 
inconsistencies.

Network Deployment Scenarios Sinmlation setu]) can be accelerated or hindered 
significantly dej^ending on whether sinuilators sujijiort desired scenarios already and 
on whether they facilitate easy develojjment of new scenarios. Several differences 
exist between the chosen sinnilators regarding this.

The Vienna SL simulator su])ports a wide range of predefined scenarios, mostly 
in keeping w'ith the scenarios defined within the 3‘'‘* Generation Partnershij) Program 
(3GPP) standards. It is possible to define other scenarios, although use of non-default 
])arameter combinations can often result in incompatibilities.

The NL simulator ns-3 offers a higher level of flexibility. Some predefined scenarios 
exist, but it is also easy to create new scenarios and develop or replace elements of 
scenarios.

The custom simulator has been designed with specific scenarios in mind, and 
though it is jiossible to simulate other scenarios, it might be necessary to create the 
comi)onents recjuired.

S tructure  and Modularity When designing a complex system, a key concept tha t 
the designer must bear in mind is its structure and modularity. By isolating 
comi)onents according to their functionality, basic coni])onents can be made 
re-usable and their maintenance made easier. Object Oriented Programing (OOP) 
enables this modular design l)y encapsulating data and functionality into abstract 
data  tyi^es.

As EDNs become more and more com])lex, the concept of modularity l)ecomes 
increasingly imjiortant. In these scenarios, a single node may have nuiltiple radio 
access technology interfaces, making the ability of a node to switch transmissions 

between one technology and another an imj^ortant one. In the simulators evaluated, 
Vienna SL is focused on LTE, making it difficult to suj)port other technologies, ns-3
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Figure 3.4: V a ria tio n  in  w in iu lation tim e  w ith  sm all coll cleploynK'nt density.

on the o ther hand, was developed as a general purpose s im u la to r and thus n a tu ra lly  

supports o ther technologies, such as 802.11.

Scalability for EDNs

To assess the s u ita b ility  o f the selected sim ula tors for large scale network s inu ila tion , 

th is  section tests how s im u la tion  tim es scale w ith  network size.

We investigate the 3G PP system level scenario fo r s im u la tion  o f heterogeneous 

de])loyments [87] and vary the density o f sm all cell dci)loyn ient. The m ain i)arameters 

are re j)orted in  Table 3.2.

In  Fig. 3.4, we show the run  tim es o f each s im u la to r as we increase the density 

o f low i)ower nodes (i.e. ])icocells) per macrocell sector. The s im u la tion  tim e  o f the 

custom  sim u la tor, HetDenSim . is shown to  be between 65 and 100 tim es less than  tha t 

o f us-3, and between 85 and 115 less than  th a t o f V ienna SL. Moreover. HetDenSim 's 

s im u la tion  tim es scale less steeply w ith  netw ork size than  those o f ns-3 or V^ienna SL. 

Showing th a t th rough  s im p lifica tion  o f the s inm la to r design, which may be acceptal)le
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Table 3.2: Siiiiulatloii Paraiueters and Hardware Configuration

P a ra m e te r s V alue  ]
Macro eNB deployment 57 macro eNB hexagonal grid, 3GPP case 1 [87, 

Table A.2.1.1-1]
Pico eNB deployment Outdoor RRH/Hotzone, 3GPP case 6.2 [87. Table 

A.2.1.1.2-2], {0,1, 2, 3,4, 5} j)ico eNBs per macro 
eNB

UE deployment 3420 UEs uniformly distributed
Proijagation model 3GPP Model 1 [87, Table A.2.1.1.2-3]
Fast fading'^ Rayleigh Fading (Pedestrian B)
UE Speed 3 K m /h
Macro eNB antenna 
l)attern/gain

Directional antenna, 3G PP model [87, Table 
A.2.1.1-2] /  14 dBi

Pico eNB antenna 
l)a ttern / gain

Omnidirectional /  5 dBi

UE antenna p a tte rn / 
gain

Isotropic /  0 dBi

Bandwidth 10 MHz
Carrier Freciuency 2.1 GHz
Frequency reuse Full reuse 1
Traffic Full buffer
Scheduler Round Rol)in
Simulation length 250 TTLs
H a rd w a re V alue
Processor Genuhielntel i7-4930K CPU@3.4GHz [Family 6, 

Model 62, Stei)ping 4]
RAM 16 GB

for certain investigations, huge savings in run-time can l)e achieved

The lengthy simulation times of Vienna SL and ns-3 stem mostly from the 
detailed L2S interface, which des])ite slowing down the simulations, makes it 
possible to investigate effects of many MIMO techniciues and fast-fading effects 
which are not modelled in HetDenSini. A few points should be noted; firstly, while 
Vienna SL and HetDenSini only simulate downlink, ns-3 also incorporates the 
u])link, thus increasing its run times. Secondly, for a fairer com])arison, the EPC 

was not enabled in ns-3. The programming language in which the simulators were 

written, will also significantly affect the simulation duration. The more light-weight

'̂ Ffust fading is not iK'rfornu'd l)v H etDenSini.
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C + +  (ill which ns-3 is written) is generally faster than MATLAB (used for Vienna 
SL and HetDenSini).

This example demonstrates the tradeoff between simulation s])eed. ea.se-of-use, 
and the range, precision and tyj^es of sujii^orted functionalities, when choosing a 

simulator. If we target experiments on interference mitigation techniciues, requiring 

an L2S interface with a low level of abstraction, then the choice should aim toward 
an SL simulator, such as the Vienna SL. Alternatively, if we need to assess RRM 

algorithms for large networks, then simulators with a less intensive PHY 
implementatioii like HetDenSini would be beneficial in terms of shorter simulation 
time. If our aim is to investigate network protocols, a NL simulator such a.s ns-3 is 
most suitable.

3.2 Extensions to the Vienna SL Simulator

As our work recjnircs supj)ort for comprehensive simulation of multi-antenna 
transmissions at the system level we use the Vienna SL simulator (version 1 .7 rlll9 ) 
as our primary baseline. In comparison, the simpler MIMO implementations 
])rovided by iis-3 and HetDenSini were not sufficient for our desired investigations, 
while the u])i)er layer jjrotocols only jMovided by ns-3 were not necessary for our 
investigations due to our assumptions of full buffer traffic and ideal I)ackhaul 
information exchange l)etween coo])erating small cell eNBs. These a,ssunii)tions were 
made to avoid overconii)licated simulation results which can i)otentiaIly lead to 
misinterpretation of ol)served i)henomena.

Des])ite the Vienna SL simulator providing a large range of already inii)leniented 
functionalities, extensions to the functionality set were reciuired for our desired 
investigations. These required extensions mainly centred around MU-MIMO 

implementation, including: MU-MIMO SINK and throughput computations,
MU-MIMO scheduling, ZF MU-MIMO precoding, and MU-MIMO CSI feedback, as 
well as non-MU-MIMO-related extensions such as reassignments of UEs l)etween 
neighbouring eNBs and ccmii)utations of neighbouring cell CSP.

In this section we detail the extensions made, how they were implemented, and 

how we verified their performance.

^It should 1)(> no ted  tha t since o u r  ini])l( 'uientation of th('se hnic lioualit ies .  a u('W('r version of
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3.2.1 Multi-User MIMO System Level Implementation

Our iinplemeiitatioii of MU-MIMO is largely based on [17], in which the authors 
inii)leniented LTE Rel. 10 ZF MU-MIMO at System Level in order to assess how it 
jierforms in a number of International Mobile

Teleconununications-Advanced (IMT-A) standard scenarios. This implementation 
takes into account a number of very jiractical considerations, giving particular 

emphasis to the use of LTE standard-a])plical)le feedlmck, such as: the use of 
Precoding M atrix Indicator (PMI) feedback to assess UE channel 
semi-orthogonality, and the use of the Maximmn Expected SINR Combiner (MESC) 

method [88] to estimate CQIs for MU-MIMO scheduling and MCS selection.

In [17], emphasis is also placed on correct specification of channel overhead [89] 
taking into account control channel and reference signalling overhead, which is 
dei)endent on the numl>er of Transmit (Tx) antennas and the maximum number of 
co-scheduled UEs for MU-MIMO.

Our MU-MIMO implementation was validated against the Cell Spectral Efficiency 
(CSE) and Cell Edge User Spectral Efficiency (CEUSE) results provided within the 
paper in [17, Tal:>le II], making use of the same full set of simulation configuration 
parameters as they did, although within the Vienna SL sinndation environment.

W ithin the domain of the Vienna SL simulator, for this to ojjerate correctly a 
numl)er of changes to the Vienna core simulator ojieration were required:

Firstly, in order to reduce the size of the channel trace required within the 
simulation, a single long fast fading channel trace was formerly used, from which 
sub-traces were extracted randomly for each simulated UE. For Single-User 

MIMO (SU-MIMO) scenarios this works fine and reduces the com putational burden 
on the simulator substantially; however, in MU-MIMO scenarios this results in 
unrealistic correlations between the channels of different UEs. reducing their 
likelihood of orthogonality. In order to remedy this, indejiendent fast fading channel 
traces needed to be generated for each UE-to-eNB instead. This makes the

the Vioima SL simulator (v l.8rl375) lia.s hec'ii rolea.sod. For this Section 3.1 has liocii appropriately 
updated. In vl.8rl375, ha.sic MU-MIMO and CoMP coordinated sehednling functionality were 
included; however, these represent .sini])lified initial implementations and do not provide the level 
of detail recjuired for our investigations. Instead, we ])lan to combine our exteu.sions with theirs 
in the n('ar future and to make our new-version-compatil)lc extensions available for future simihu' 
investigations.
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Table 3.3: SINRs used in  M U -M IM O  S im u la tion  (single cell im p lem enta tion)

U E-S IN R B LE R -S IN R

igA «iHA.,,w,p+a2iiig,ip |g(.' Hi-.oWjp + lgA- a(H(,,;W(p+o-‘ I|lg*'ll'^
C om puted l)y UE C om puted by s inm la to r
C on ii)u ted  for UE feedback

•  Signal i)ower based on best 
single-user precoder.
•  Does not include M U I.
•  Neighbour cell precoding 

based on single-layer random  
beam.
W il l  la te r be adjusted to  take 
in to  account M U I.

C om puted post-scheduling, tak ing  in to  account 
scheduling outcomes, including;
•  F ina l selected UE signal precoding,

•  Precoding o f co-scheduled UEs,
•  Neighbour cell selected j^recoding.

For each RB Averaged over scheduled RBs

s inm la tion  slower, bu t ensures th a t undesired in te r-U E  channel corre la tions are 

removed.

Secondh’. an a lte ra tion  to  the link-to -system  m apping was n 'ciu ired which 

consisted o f separating the S INRs used for U E  feedback com i)u ta tion  (U E -S IN R ) 

and the s im u la to r SINR used in B LE R  and th rough i)u t cak'u la tions (B L E R -S IN R ). 

P reviously the B LE R -S IN R  wa.s obta ined by i)e rfo rn iing  an M u tu a l In fo rm a tio n  

E ffective SINR M apping (M IESM )-average o f the subband UE-S IN R s over the 

Resource Blocks (RBs) in  which the U E is scheduled. However, hi M U -M IM O  

scenarios the UE cannot know w ha t M u lti-U se r Interference (M IT )  it  w ill 

ex])eriencc j)r io r to  the scheduling jwocess and so, des])ite th is  being recjuired in  the 

B LE R -S IN R , it  cannot be included in the U E -S IN R . Hence the  B LE R -S IN R  \va.s 

separated out and altered to  take in to  accom it, not on ly which RBs each U E is 

scheduled in, bu t also the  levels o f M U I resu lting  from  the selected precoders o f 

co-scheduled UEs. Subsequently, the most recent release o f the V ienna SL s inm la to r 

(version 1 .8rl375) has perform ed a s im ila r a lte ra tion . Th is  is sunnnarised in  Table 

3.3.

A dd itio n a lly , a num ber o f m ino r changes such as in  the way scheduler feedback 

was s]K'cifi('d were also recjuired.
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3.2.2 MU-MIMO User Selection Algorithm

In this work, when MU-MIMO is used, we schedule UEs according the  well-known 

MU-MIMO Sem i-orthogonal User Selection algorithm  [27], w ith some minor 

adaptations. This algorithm  provides a heuristic solution to  the  MU-MIMO user 

selection prol)leni which removes the  need to  do an exhaustive search of all i)ossible 

UE pairing com binations. Also, the sem i-orthogonality constrain t th a t the  

algorithm  emj)loys ensures th a t the  interference between co-scheduled UEs is kej)t 

below a  certain  level. Further, this algorithm  is designed to  operate w ith lim ited fed 

back channel direction inform ation which is necessary when considering reahstic 

im plem entations such as LTE .scenarios.

The Sem i-orthogonal LIser Selection (SUS) algorithm  s ta rts  off by selecting the  UE 

w ith the  highest SINR, to  be scheduled. Next, a set is com puted of the  unscheduled 

UEs which have (juautised channel vectors sem i-orthogonal to  th a t of the already 

scheduled UE. From th is UE set, the  one w ith the  highest SINR is selected to  be 

co-scheduled for MU-M IM O transm ission w ith the  previously scheduled UE. This 

process is performed iteratively until either no more sem i-orthogonal UEs rem ain or 

the  m axim um  num ber of UEs th a t can be co-scheduled a t once is reached.

E laborating  on earlier, two cjuantised channels vectors are called sem i-orthogonal 

if the m agnitude of th e  sj)atial correlation between them  is below a predefined 

threshold, f. The (juantised channel vector for the  k * '' UE. h^., is obtained from the 

fed back PM I as the  i)seudo-inverse of the  reconnnended j:)recoding vector. This 

vector forms a (|uantised estim ate of th e  directionality  of the  channel. For this 

reason the  PM I can also be referred to  as the  Channel Direction Indicator (CDI).

In our im i)lenientation we deviate slightly from [27] in the  following ways: firstly, 

instead of selecting UEs based on their SINR we select them  ba.sed on their 

l)roportional fair m etric; secondly, after selecting UE j^airs we j^erform an additional 

check to  ensure th a t th e  [)roportional fair m etric achieved through use of 

MU-MIMO is higher th an  the  ])roportional fair m etric of Single-User MIMO 

beam forniing on a single spatial s tream  (SU-M IMO) of the  initially scheduled UE 

on its own; if it is not, the  uiitial UE is scheduled for SU-MIMO alone. This is of 

l)articular iniiiortance when we consider UEs which were reassigned from adjacent 

cells.
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The pioi)ortioiial fair iiiotric for the UE, when co-schedule(i as one of » UEs in 

RB{/subban(l) b. is com puted a.s its expected instantaneous th roughpu t rfj (hvided 

by its long te rm  average throughput /?/,.. /?/,. is obtained as an ex])onential average of 

past th roughjiu ts as

where 0 <  a  <  1 determ ines the  ra te  a t whicli th e  ex])onential average decays.

The modified user selection process for RB b is sum m arised in A lgorithm  1 

(PFSUS(6)) for our considered case of jV =  2 w ithout loss of generality. .4,, denotes 

the set of UEs w ith quantised channels sem i-orthogonal to  th e  currently  sclu'duled 

UEs. Initially, th is set contains all K  UEs in the  cell, as no UEs are yet scheduled.

A l g o r i t h m  1 PFSUS(6)

Initialise ^ )  =  {1 , . . . ,  A'}
r'>

7T,,(1) =  a rg m a x -^  
a-gA ,

^1  =  {1 <  A- <  A' : |hA.,h^,(i)| < e}
r!'

ni,{2) =  a r g m a x ^  
a g ^ i

if  E } - ,  then
Schedule 7T(,(1) and 7T/,(2) for M U-MIMO transm ission 

else
Schedule 7T/̂ (1) for SU-MIMO transm ission alone 

end if

T he sc-heduling algorithm  is perform ed independently  by each cNB and is repeated 

for each RB, beginning w ith the RB containing th e  UE of highest proportional fair 

m etric and then  itera ting  over all others. The average throughjiu t is recom])ut('(l 

at each iteration. This ensures fast convergence to  a proportional fair equilibrium  

[90] which is necessary when considering short sim ulation snajishots and is shown in 

A lgorithm  2.
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A lg o r i t h m  2 SUS ite ra tio n  over RBs

In itia lise  B ~  { 1 , . . . ,  D] ,  =  { 1 , . . . ,  A ’ }
w h ile  B ^  % d o

I  ^ 1 kb — a rg n ia x -^
b € B . k e A o

PFSUS(6)
Recompute Eqn. (3.2) 
B =  B \ b

e n d  w h ile

3.2.3 Zero-Forcing M U -M IM O

In  cases where the (juantised channel vectors o f co-scheduled UEs are not fu lly  

o rthogonal (fo r exanii^le i f  e >  0 is used in  the above scheduling a lgo rithm ) 

Zero-Forcing Beam Form ing (Z F B F ) [22] can i)e applied to  m in im ise interference 

leakage between the  co-scheduled transm issions. T h is  m ethod coni{)utes u n it-no rm  

precoding vectors, for each co-scheduled U E  7T(,(/), / G { 1 , . . . ,  ’̂Uch

tha t the com jiu ted  ])recoding vector is o rthogonal to  the fed back (luantised c'hannel 

vectors o f a ll o ther co-scheduled UEs

Th is  is i)erforn ied inde jjenden tly  fo r each R B b € B.

T h is  opera tion  proceeds as follows: a m a tr ix  H  is constructed by stacking the 

(luantised channels vectors o f co-scheduled UEs as

O f th is , the liseudo-inverse is taken to  ob ta in  the tra n sm it ])recoding m a tr ix

The precoding vecto r o f U E  7Tb(i), w„.,,(,), is then obta ined as the norm alised form  o f 

the /*** co lunm  o f W .  A lso, w h ile  the  nu lling  o f interference in  Z F B F  can result in  

reduced signal jiow er in  the  d irec tion  at the desired UEs, in  cases where the selected 

UEs are sem i-orthogonal, th is  reduction  is small.

(3.3)

(3.4)

(3.5)
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As i^ointcd out in [17], the use of ZFBF in LTE-Advanced (LTE-A) Rel. 10 

system s is m ade possible by the D em odulation Reference Signal (DAI-RS). This 

reference signal is precoded in the  same way as th e  d a ta  transm issions and as such 

enables the receiver to  conijm te from it the  precoding vector th a t was used, which is 

necessary for successful dem odulation.

It should also be restated , however, th a t due to  the  cjuantisation errors in the fed 

back PM Is used to  construct the  ZF beam form ing vectors, th is  solution is not perfect 

and is not capable of fully removing IMUI from transm issions.

3.2.4 MU-MIMO CQI calculation

In LTE system s, M U-MIMO usage is ])erformed transj)arently  to  the  UE, m eaning 

it is unaware of w hether it will be scheduled for SU- or MU- MIMO in subsequent 

transm issions. As a result UEs provide the same (SU-MIMO) PM I and CQI feedback 

regardless of w hether SU- or MU- MIMO transm issions are to be i)erforni('d [20, 

91]. In LTE Rel.8 system s this results in reduced feedback overhead and com puting 

com plexity during MU-MIMO oj)eration. while in LTE-A Rel. 10 system s this is an 

even more im portan t feature as it allows for seamless sw itching between SU- and 

MU- MIMO, which can also be on a sul>l)and basis.

As a conseciuence, for user scheduling and MCS selection purposes, it is 

nc'cessary for the  eNB to corweri the  SU-MIMO CQI feedback provided by the UE 

to an estim ated MLI-MIMO CQI. In the  H terature many m ethods of CQI estim ation 

for MU-MIMO scenarios exist; liowev'er, often these work on the  basis th a t the UE 

would feed back M U-M IM O-specihc CQI instead of SU-MIMO CQI [27. 88] and so 

are not directly a])plicable for LTE systems. Further, the  MU-MIMO CQI 

si)ecification techniciues in [27, 88] assum e th a t the  m axim um  i)ossible num ber of 

UEs th a t can l)e co-scheduled, will always be scheduled. In our case, however,

we consider scenarios in which the  num ber of UEs per cell is low, and as a result 

this assunii)tion cannot be api)lied (if the channel conditions do not suit or there are 

too few UEs in the  cell, there may instead be only a single UE scheduled for 

SU-MIMO). For th is reason, and due to  its com pliance w ith th e  usage of SU-MIMO 

CQI feedback, we a[)ply the  MU-MIMO CQI ad justm ent m ethod i)r0 j)0 sed in [20],

In this m ethod, all UEs feed back CQIs for SU-MIMO (not including MUI)
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which are adjusted to  account for the  sjihttiiig  of the traiisin it pcnver between the 

co-scheduled UEs, and for the m ean level of unsuppressed MUI, as follows:

C Q h i v - M i M o  = -----------------------  t::--------- 7^ (3.6)
r n i --------- r — i  )^ Q ‘ S U - M 1 M 0  I i i l  /

where /?a/(; is the  nunil)er of UEs co-scheduled for MU-MIMO w ithin a single tinie- 

frequency RB, and C Q I s v - m i m o  is th e  fed back (}uantised SINR, in linear form.

A mu  I if’ precom puted j^arameter, sj^ecific to the  environm ent and device 

configuration. It is obtained by tak ing  the  expectation over a large num ber of 

channel realisations of the ratio  of th e  suppressed MUI power to  the  signal power 

for SU-MIMO (w ithout power sph tting  between co-scheduled UEs):

H a-.q w J
(3.7)

A fixed \'alue of is made reasonable by the  constrain t th a t the m axinnuu allowed

channel correlation of sim ultaneously served UEs in this thesis, f, is very low. This 

m eans th a t l)etween different effective cliannel m atrix  realisation pairs the  variance 

in th e  amoimt of sui^pressiou th a t can be achieved is also low.

As is comjMited using signal and interference channel sam ples generated

as jjart of repeated system  level sinuilations, we validated our A a / [ /7  comi:)utations 

(obtained using the  Vienna SL sim ulator) th rough com parison w ith the  A miu  

Cunnilative D istribution Function (C D F) provided in [20. Fig. 1]. As the  antenna 

and receive filtering configurations used la ter in this thesis are similar to  those used 

in [20], it is not surprising th a t they  too  share the same m ean value of =  0.05.

3.2.5 Neighbouring eNB Feedback

In order to  assess the feasibility of po ten tial reassignm ents, when the  reassignm ent 

m echanism  is in itia ted  a UE needs to  check the cpiality of the  channels between it 

and any target neighbouring cNBs. To th is end, as detailed la ter in Sections 4.3 and 

5.3, unpaired UEs ccnuputo  a w ideband CQI for th e  target cell and a w ideband PM I.

As was discussed in Section 2.1.3, UEs are cai)able of com ptiting channel estim ates 

for neighbouring eNBs using Cell S])ecific Reference Signals (CS-RSs). CQ I values
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obtained in this way are then adapted for different vahies of luni in the same way as 
outhned in the previous subsnbsection, using Eqn.(3.6).

For CoMP a])plicatioii.s, in the 3GPP document [37], feedback of this sort is 
identified as ImpHcit Cliannel State Feedback, subject to the hypothesis of MU-MIMO 
usage on n ^u  layers. As we will consider cases in which, after reassignment, the 
original cell may be switched to an idle state if there are no remaining UEs to serve, 
this will be taken into account through the additional hyj^othesis of original cell 
deactivation in cases where tliis is certain to occur (e.g. Ch5), in other words, with 
interference from the original cell removed.

This CSI is used both in a reassignment decision made at the UE side initially 
and, de])ending on the outcome of the first decision, subseciuently shared with the 
centralised coordinatoi' in the second stage of the decision. This feedback reciuirement 
is similar to in CoMP Coordinated Scheduling/Beaniforming technicjues in which the 
wideband PMI and an exj)ected CQI ini])rovement are shared with the centralised 
imit [40]. In our implementation the sharing of this information is a.ssumed to be 
ideal.

3.2.6 M U-MIMO Spectra l  Efficiency

In both the .scheduling and rea.ssignment processes it is necessary to compare the 
expected relative i)crformances of SU-MIMO and MU-MIMO. For this, we map the 
CQIsu- mimo CQImu- mimo values to expected rates per RB based on a fitting 
to Bit-Interleaved Coded Modulation (BICM) curves, as discussed in [92]. Essentially 
this is similar to taking the Shannon cajiacity, but also taking into account modulation 
and coding. We represent the ex]x'cted rate of a UE k\ when coscheduled as one of 
umv UEs, attached to eNB e a.s work e will be either the currently
attached eNB. which we will call the original eNB, O, or a neighbouring eNB targeted 
for reassignment, T.

When MU-MIMO is used {iimu > 2), a single RB is shared amongst nniltiple 
co-scheduled UEs. each on different si)atial layers; a.s the UEs each only ])art-occui)y 
the RB bandwidth, their MU-MIMO sj)ectral efficiency in bits per RB is given by 
their rate for the RB, multiplied by the number of sinmltaneously served UEs that 
the RB is divided between.
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3.2.7 M M SE-IRC Filtering

Miniinum Mean Sciuare Error (MMSE) w ith  Interference Rejection Combining (IRC) 

filtering combines the suppression of co-layer intra-cell interference l)y the MMSE 

filter and suppression of inter-cell interference through IRC filtering. This receiver 

is also known as the Advanced LTE UE Receiver and has l)een defined as the new 

baseline receiver from 3GPP LTE R e l. ll onward [53]. This is of particular l)enefit in 

dense small cell scenarios such as those we investigate.

For system level simulation, the MMSE-IRC receive filter can be exj)ressed as [93]

Stc =  h e f f . A -  ( h e f f . A - h e f f . A -  +  C m u i  +  C l N T  +  C w )
- 1

(3.8)

Here, we use h,>ff to represent the effective channel vector, defined as the product of the 

channel m atrix H  and the precoder w  (in other words hcff A. =  H a-.oWa). C m ui, C int 

and Cw represent the nmlti-user, inter-cell and white noise interference covariance 

matrices, respectively:

C m u i  — h , . f f

j = l

/ =  !

nui i . j  , (3.9)

(3.10)

C w  = (3.11]

where h,,ff „i„i and H,,(f j„t,/ are the effective channel vectors(/matrices) for the m ulti

user and inter-cell interference.

3.2.8 Reassignment

In the case where UE k is reassigned to a neighbouring cell, a number of elements 

in the SINR expression w ill change. Most significantly, the signal channel from the 

original cell Q w ill become interference and the interference from the target cell Iia. j- 

w ill l)ecome the signal channel, where T is the target neighbouring cell into which
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UE k gets roa.sHigiic(l. As a result, the precoders and receive filters used w*., w^, W/ 
and g/,. will all require reeonii)uting to correspond to the new cliannel vectors.

We do not ini])lenient a reassignment delay, meaning tliat transmissions to the 
reassigned UE originate from the new cell in the Transmission Time hiterval (TTI) 
following directly following the rea.ssignment.

3.3 Indoor and Outdoor Scenarios

hi order to enable reliable performance comparison l)etw'een different wireless 
systems, organisations such as 3GPP and IMT-A make use of a nunil)er of standard 
dej)loyment scen.arios which attem])t to cover all major dei)loyment tyj^es. For 
example, the IMT-A-defined l)aseline scenarios include [94]: Url)an
Macrocell (UMa), Sui)url)an Macrocell (SMa), Rural Macrocell (RMa), Url)an 
Microcell (UMi) and Indoor Hotspot (hiH). However, while for the majority of 
these scenarios a sini])le hexagonal grid j^rovides a good fit (e.g. UMa. SMa, RMa, 
UMi), in small cell scenarios such a model cannot be a])plied. This results largely 
from two main issues: small cell scenarios tend not to follow a regular dejiloyment 
])attern; and walls and other objects sul)stantially affect signal j)ropagation when 
the distances considered are small. Unfortmiately, the inclusion of walls means that 
th(' i)roduced results can l)econie very scenario specific. Further, given that the 
concejit of heterogeneous networks and the scenarios in wdiich small cells are 
envisioned are constantly evolving, siniulaticjn scenarios for these types of 
deployment are constantly being ujxlated. Hence, for small cell/HetNet scenarios, 
the range of possible baseline deployment cases is (juite large and diverse. For 
example [94] defines the InH scenario, [95] defines Dual Stripe and Suburban HeNB 
models, [96] defines a set of scenarios labelleti Virtual reality office, Madrid grid, 
shopj)ing mall and stadium, and [87] defines five different scenarios labelled cases 
5.1, 5.2, 5.3, 6.1 and 6.2. As a result the choice of which small cell scenario to use 
potentially becomes a very important decision.

W ith this in mind, we ex])lore the j)otential l)enefits of the proi)osed coordinated 
MU-MIMO-based reassignment and sleej) mode activation mechanisms in two small 
cell scenarios, one indoor and one outdoor, both subject to external macrocell 
interference. The first is the 3GPP Dual Strij)e indoor residential fenitocell
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Figure 3.5: Dual Stripo scenario SINR <liHtril)utioii from .siiiiulation with a DR of 0.2.

dei^loyuiciit, while the seeoiid is an outdoor i)icocell (iei)loynient ba.sed on real base 
station locations in Stachus Square, Munich city centre. Both of these scenarios 
were inq)leniented by us in the Vienna SL simulator as part of this work.

3.3.1 Indoor Residential Scenario

For investigating indoor residential fenitocell (HeNB) dej:)loynients the Dual Strij)e 
model [95] is the most widely used scenario. It jirovides a realistic:, yet reproducible, 
sinnilation scenario and also provides a sufficient level of flexibility over both base 
station and user dei)loyment densities. This model consists of two aj)artment 

buildings side-by-side, each subdivided into apartm ents separated by w'alls. In this 
work we consider single-story (lei)loyment in which each of the tw'o ai)artment 
buildings contains two rows of 10 a.])artnients, meaning a total of 40 apartm ents. 
The density of HeNBs deployed is indicated by the Deployment Ratio (DR), which, 
more sjiecifically, denotes the i)robal)ility of a given a])artment containing a HeNB. 
So, for example, with 40 ai)artm ents and a DR of 0.2, on average of 8 apartm ents 
will contain a HeNB.

External interference is experienced from a tri-sector macrocell base station 
located 60?» to the left of the bottom-left corner of the ai)artnient V)uilding. The
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three sectors of this iiiacrocell interferer each transm it a power of 40W (46(lBm) 
while the fenitocell l^ase stations each transm it at G5niW (20(lBm).

From a coordination ])oint of view, this scenario is similar to already-centrally 
deployed Ericsson Radio Dot systems [69]. In large buildings, through use of software 

defined radio, these deployments allow for coordination of the deployed small cells on 
each floor [97].

The SINR distribution of an example deployment is illustrated in Figure 3.5. 

W hite dots mark the HeNB locations, while the orange dot marks the location of the 

external macrocell.

This scenario will be used in both Cha{)ters 4 and 5.

3.3.2 Outdoor City Centre Scenario

W ithin our research grouj:) there is a strong emphasis on the usage of real c-ellular 
network data due to its unrivalled al)ility to dem onstrate the feasibility of ])ro])Osed 
solutions. This has included usage of deployment and traffic data from two of 
Ireland’s toj) network operators in assessing the effectiveness of network sharing 
solutions [98]. usage of oi)erator deployment data from a range of Polish cities for 
coverage jjrovisioning analysis [99], as well a.s usage of an extensive pul)licly 
available set of RF" si)ectruni measurements [100] in assessing how well 
reinforcement learning techniciues for dynamic channel selection actually i)erforni in 
real cases [101]. In this case, through collaboration with Bell Laboratories 
Alcatel-Lucent, Dublin, we have gained usage of a set of detailed receive i)ower 
niai)s covering the Stachus Sciuare area of Munich City centre.

The outdoor environment Munich city centre received j)ower maps were 
ol)tained using the Wireless System Engineering (WiSE) 3D ray-tracing tool [102], 
This tool takes into account l)uilding locations and compositions and api^lies 

reflections, refractions, diffusions and proj^agation to em itted base station 
transmissions in order to accurately estimate received signal powers in real-life 
environments. This provides us with a scenario which conii)rehensively and 
realistically takes into accoimt ])athloss, shadow fading and penetration losses. A 

detaik'd discussion of 3D ray-tracing and how it is us('d to model wireless 
jiropagation environments can be found in [38. Section 14.2.3].
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RSRP [dB]

F ig u r e  3.6: (a) Staclms Square (h) Strongest received signal power from the three i>icocells
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W ith in  th is scenario we consider two different small cell deployment cases: one 

w ith  3 picocells and one w ith  21 i)icocells.

In lx )th  deployment cases the macrocell site locations, sector orientations and 

antenna gains corres])ond to  those o f one o f the to])-tier mobile operators in Germany, 

while the i)icocell locations were chosen to  provide good coverage in the desired areas. 

A ll picocell base stations are equipped w ith  onm idirectional dipole antennas and 

transm it at a j)owcr o f 250mW (24dBni), while interfering macrocell base station 

sites each consist o f 3 sectors, each transm itting  at a power of 20W’ (43dBm).

3-Picocell Deployment Case

Figure 3.6a shows a photo of the square in Munich on which th is scenario focuses. In 

this deployment case 3 picocell base stations (marked by green dots) serve users w ith in  

a 150??) X 150i» area, while macrocell interference is observed from 4 surrounding 

tri-sector base station sites (blue dots). The strongest Reference Signal Received 

Powers (RSRPs) from the 3 small cell base stations, as computed by the W’iSE 3D 

ray-tracing tool are shown in Figure 3.6b.

This scenario w ill be used in Chapter 4.

21-Picocell Deployment Case

Figure 3.7 shows the strongest jMcocell RSRP from  the 21 picocell base stations in 

this case, at each point w ith in  the 250/7? x 2^A)m investigated Region of Interest 

(ROI). The locations of the 21 picocell eNBs are marked by cyan dots. In this case, 

UEs exj)erience macrocell interference from 6 surrounding tri-sector base stations 

w ith  locations, again, corresjjonding to those o f one of Germany's top-tie r mol)ile 

operators.

This scenario w ill be used in Chapter 5.

3.4 Summary

In this chapter we have outlined a number of key simulation considerations which we 

undertook in order to simulate the small cell reassignment mechanisms i)ro])osed in
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Threshold -100 dBm

Figure 3.7: M axiinum RSRP maj) for S tad ius Square, Miniich city cciitrc, 21-picocell (ieployiiu'iit.

the following two chapters.

We coni])aro(l a number of LTE simulators, suitable for small cell 

system/network level simulations, to use as a baseline. We compare these both 
(lualitatively and quantitatively from perspectives such as sui)ported features, 
ease-of-use, and scalability for dense networks. From these we selected the Vienna 
SL simulator mainly dtie to its ability to comprehensively su])port multi-antenna 

scenarios. W ith this as a ba.seline, we have detailed a number of key extensions to 
the Vienna SL sinuilator which we imjilemented as j)art of this work and exj)lained
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how the uiiderlying fuiictionalities of these extensions oj^erate. Finally, we have 
discussed the indoor and outdoor dei^loynient scenarios which are used in the 
following chapters and om' motivations behind their selection.

In the following two chai)ters these developed simulation ca])abilities and 

environments will be used to analyse the performance our iM-o])osed 
MU-MIMO-based reassignment mechanisms in term  of increases in spectral 

efficiency and MU-MIMO usage, as well as decreases in energy consumption of the 
network.
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4 MU-MIMO Across Small Cells: 

Spectral Efficiency Increases

This chapter is largely based on tlu' results and CDiitributioiis of our pai)cr eutitlecl 

"Improved Spectral Efficiency through Multi-User MIMO Across Small Cells” [103] 
which was subm itted to the IEEE Transactions on Vehicular Technology, and our 
conference i)ul)licatiou, [)ul)lished in the IEEE International Conference on 
Comnianicatio'tis entitled "Multi-User MIMO Across Small Cells" [104], which it 
extends.

4.1 Introduction

The main contribution of this chapter is centred on the assessment of our pr0])0sed 
Multi-user MIMO across Small Cells concej^t. In small cell networks, where the 
number of User Ecjuipuieuts (UEs) j)er cell is low, finding suital)le sets of UEs to 
be co-scheduled for Multi-User MIMO (MU-MIMO) is not always possible. In these 
cases we propose MU-MIMO-ba.sed cell rea.ssignments of users into adjacent cells 
to enable MU-MIMO o])eration. This chapter investigates the gains of this new 
conce])t for realistic indoor and outdoor small cell scenarios, taking into account user 
sc’heduling before and after the reassignment occurs. From system level simulations 

we found tha t the proposed mechanism results in consideral)le increases in sj)ectral 
efficiency and KIU-MIMO usage l)y both the reassigned UE and the UE in the new 
cell that it gets paired with. We also found tha t, in the outdoor small cell scenario, 
the percentage of UEs that meet the reassignment criteria and can benefit from 
neighbour-cell MU-MIMO is ahnost double that of the indoor scenario.
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T lie  level o f eiiiphasis on M U -M IM O  o i)era tion  in  Long Term  E vo lu tion  (LT E ) 

systems increa.ses w ith  eacli now release o f the slaudards, from  l)asie support in 

the in it ia l relea.se, to  conil)ined Single-User M IM O  beam form ing on a single s j)a tia l 

stream (S U -M IM O )/M U -M IM O  opera tion  in  release 10, tow ard 3D beam form ing and 

ma-ssive M u ltip le  Inp u t M u ltip le  O u ti)u t (M IM O ) in  fu tu re  releases [1], where UEs 

are co-scheduled on d ifferent d ow n tilts  and where the num ber o f antennas at the base 

s ta tion  is increased by orders o f m agn itude  to  enable enormous numbers o f UEs to  

l)e coscheduled at once, resi)ectively.

In  i)ara lle l, advances in sm all cell technology are develoi>ing at a s im ila rly  fast rate 

[1] and th e ir  deploym ent in  bo th  indoo r and ou tdoor scenarios is grow ing ra jiid ly  each 

year, having overtaken the to ta l num ber o f macrocells w orldw ide between O ctober 

and Noveml)er 2012 [105].

Nonetheless, the com l)ina tion  o f M U -M IM O  and sm all cell technology is not often 

investigated. T h is  is l^ecause it  is o ften  s im ])ly  accej^ted th a t, seeing as it  is more 

d iffic u lt to  consistently find  good M U -M IM O  groupings when there are fewer UEs 

in  the cell. M U -M IM O  should m a in ly  be Umited to  cases where the num l)er o f UEs 

is h igh, i.e. macrocell scenarios. In  fact, M U -M IM O  works ccjnnnonly consider 20 

[88, 106], 50 [2] or oven 100 [27] UEs ])er cell when assessing po ten tia l system gains. 

Tw o w'orks which do investigate M U -M IM O  usage in sm all cell environm ents can 

be found in [Gl] and [62]. In  these it is found th a t t lie  gains o f M U -M IM O  are 

severely lim ited  when there are few UEs in  each sm all cell and th a t as the deploym ent 

density increases M L^-M IM O  i)erforn iance is lim ite d  even fu rthe r. However, i f  good 

M U -M IM O  i)a irings can b(' found when the num ber o f UEs served is low then the 

fu ll benefits o f M U -M IM O  can s t ill be obta ined. In  order to  achieve th is  we define a 

new netw ork recon figu ra tion /coo rd ina ted  m u lti-ce ll scheduling approach, M U -M IM O  

Across Small Cells.

In  th is  w(jrk, we consider sm all cell scenarios in  which the nunil)or o f UEs in  each 

cell is low, moaning th a t the like lihood  o f find ing  UEs in  the same cell w ith  orthogonal 

precoding m atrices is also low. A t the  same tim e, however, sm all cell scenarios often 

e xh ib it strong line-of-sight components, leading to  high corre la tion  between tra n sm it 

antennas, which is well suited to  M U -M IM O  o])eration. Further, due to  the  dense 

deploym ent o f these networks, UEs often have su ffic ien tly  high Signal to  Interference 

and Noise Ratios (SINRs) in neighbouring  cells to  sup])ort M U -M IM O  operation. 

For th is  reason, wo pro])osc the reassignment o f UEs to  neighbouring cells in  order
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to create pairings where they were previously unavailahle and obtain the l)enefits of 
MU-MIMO across nniltiple small cells.

In a recent survey on nnilti-cell scheduling in LTE/LTE-Advanced (LTE-A) 
systems [40], the authors subdivide the tojiic into the categories of: Inter-Cell
Interference Coordination; Coordinated Multi-Point (CoMP); and the crossover 

between the two, namely Coordinated Beamforniing/Scheduling. In the following 
few paragraphs we will outline the fundamental differences between our work and 

Coordinated Beamforniing/Scheduling, as well a.s the jointly processed CoMP 
concei)ts of Network MIMO/Cloud Radio Access Network (C-RAN) and Dynamic 
Cell (/Point) Selection.

Of the three categories identified in [40], the one which most closely relates to 
our work is the crossover category of Coordinated Beamforniing/Scheduling [42, 4C]. 
Here, UEs get scheduled with the precoders that cause the lea.st interference to the 
UEs operating on the same freciuency in their neighbouring cells. In our work, 
however, the emphasis is different. Instead of scheduhng UEs with orthogonal beam 
patterns in their respective cells, which has the effect of reducing interference, we 
reassign one of the UEs between cells so that MU-MIMO can be us('d, from which 
we can achieve an increa.se in capacity thro\igh use of additional spatial streams.

Another somewhat similar concept, which, as pointed out in [107], can be seen 
as a generalised form of MU-MIMO, is Network MIMO. Network MIMO is 
basically MU-MIMO l)ut with the transmit antennas spread over multiple l)ase 
stations (eNBs) rather than located on a single evolved Node Base station (eNB). 
This transmission technicpie forms the primary focus of the C-RAN architecture 
[34], which is likely to be the main enabler of CoMP operation in the near future. 
Network MIMO is fundamentally different to our work in that cells jointly transm it 
to simultaneously served UEs and thus require close coordination, as oj^posed to our 
l)i'oi)osed solution, where each UE only associates with a single eNB at a time and 
which applies reassignnients to imj^rove MU-MIMO operation.

Finally there is the concept of Dynamic Cell(/Point) Selection (DCS), in which 
a cell-edge UE is dynamically reassigned betwwn serving eNBs, selecting whichever 
provides the highest instantaneous SINR [47]. Our work can be seen as a coiisideral)le 

step beyond this in which MU-MIMO pairing also forms a major deciding factor in 
reassignnients, meaning tha t MU-MIMO gains are effectively taken advantage of.
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To the best of our knowledge, our work in [104] was the first th a t investigated 

actively reassigning UEs from one cell to  a neighbouring cell in order to  increase 

capacity through enabling use of MLI-MIMO.

In this chaj^ter, we derive upper and lower bounds on the  spectral efficiency gains 

experienced by the reassigned UE as a  result of these reassignnients taking into 

account the enabling of MU-M IMO transm issions and SINR losses. In the  simplest 

case, through MU-MIMO operation in the  ta rge t cell, spectral efficiency gains of up 

to  35% can be achieved by the reassigned UE, relative to  SU-MIMO operation in the 

original cell.

Through extensive sim ulation we investigate om’ proposed reassignm ent 

mechanism in detailed indoor and outdoor scenarios, or more si)ecifically, an 

aj^artment block scenario and a connnercial city centre square scenario, b o th  of 

which contain m ultiple small cell base stations and experience interference from 

nearl)v macrocell base stations. W’e perform  ])roportional fair MU-MIMO user 

scheduling both  before and after the  reassignm ent to  effectively assess w hat gains in 

spectral efficiency are obta inable through use of such a rea.ssignment mechanism.

From detailed system  level sim ulations we find th a t from the  reassignm ent of a 

single UE the set of UEs for which MU-M IM O is enabled achieves spectral 

efficiency average gains of 0.6 (from 2.16 to  2.78) and 0.7 (from 1.43 to  2.20) 

b])s/Hz for indoor and outdoor deploym ents, comi)ared to  our baseline scenario in 

which UEs are sta tically  allocated to  the eNB of highest Reference Signal Received 

Power (R SR P), which, for our investigated network configuration, is the 

SINR-m axim ising eNB allocation m ethod. This corresponds to  the  enabling of 

MU-MIMO for the  reassigned UE on 96% and 94% of scheduled sul)bands, 

rcsj^ectively.

4.2 System Model

The system  modelling used in th is chapter makes use of m any com ponents already 

described in th is thesis. We consider a downlink network scenario containing A^£; 

UEs, each w ith A> receive antennas, and Nf,ND stations, each w ith transm it 

antennas. T he base s ta tions constitu te  a heterogeneous mix of tri-sector macrocell 

eNBs and open sul)scriber group small cell eNBs all of which oi)erate w ithin the  sam e
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frequency band. Our UEs of interest are those served by the small cell eNBs and as 
such the niacrocell eNBs are simj)ly modelled as sources of inter-cell interference.

We assume the ability of having coordinated control among sets of small cells. As 
such, we assume the existence of a centralised coordinator which is resj)onsible for 
initiating the reassignments. We don’t, however, assume tight synchronisation, such 
as is necessary for CoMP or C-RAN.

As was discussed in Section 2.2.2, for the case of ojierator-deployed small cells 
there are a range of emerging architectures which, throtigh centrahsation of the 
baseband jnocessing and sinii)lification of the small cell devices, greatly simj^lify 

network reconfigm'ation and updates, and also enable differing levels of coordination 
between centrally-processed small cells. Current de{)loyments offer only simple 
coordination wliile future deployments will offer more advanced capabilities. 
Exani])les include the baseband pool [35] and C-RAN [34] network architectures. 
As, in this work, transmissions to each UE are i)erfornied by a single small cell 
individually only simjile coordination is reciuired. This ability to work without tight 

synchronisation or continuous near-ideal information exchange l)etween cooperating 
nodes presents the main advantage of this mechanism over CoMP Joint 
Transmission (JT).

We apply the MU-MIKIO signal model which we earlier jnesented in Section 2.1.2. 
This was expressed in Ecin. (2.4) as

Y a- =  H a-.o W a.j -a- - h ^  o , H a. , , W , x / - F nvv.A.. ( 4 . 1 )

D osirtfi .Signal ^

M u lti- l ls e r  In te rfe ren ce  In te r-C e ll in te rfe ren ce

In this chapter, we model interfering small cell eNBs as always active, meaning that 
(ii — I y i .

At the receiver end, a Minunum Mean Square Error (MMSE)-hiterference 

Rejection Combining (IRC) hlter ĝ - is api)lied, as described in Section 3.2.7. As 

stated in Eqn. (2.G), the re.sulting SINR can be expressed as

I k  —

|g A .H A .,o W A .|

IgA- +  | g ,  +  r r ^ I l l g ,
(4.2)
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M U-M IM O Chaiiiiol Q uality  Indicator (CQI) is modelled as in Section 3.2.4, in 

which UEs feed ))ack SU-MIMO CQI which is then  converted to  MU-MIMO CQI at 

the eNB tak ing  into account the  expected level of residual unsu])presse(l M ulti-User 

Interference (MUI) { A m u i ) for each num ber of co-scheduled UEs

As specified in section 3.2.G, spectra l efficiencies of MU-M IMO oijeration are 

ol)tained as the  M U-M IM O exjiected throughjju ts per unit bandw idth  scaled by the 

num ber of co-scheduled UEs, thus reflecting the  sharing of th a t resource

through  MU-MIMO.

As j:)art of th e  reassignm ent m echanism  investigated in th is chapter UEs nuist 

estim ate, bo th  w hether they  experience a  sufficiently high SINR in order to  justify  the 

usage of MU-M IM O in a neighbouring cell, and the m agnitude of the gain in sj^ectral 

efficiency they  can expect from doing this. These are assessed using neighbouring cell 

C hannel S ta te  Inform ation (CSI). This is uiodeUed, as discussed in Section 3.2.5. as 

w ideband Imj^licit CSI m ider the  hypotheses of M U-MIMO usage and the original 

cell rem aining active after the  reassignm ent occurs. A lternatively, im])licit s ta tistical 

inform ation feedback (tim e averaged) could be used, although this is not investigated 

in th is work as the  use of w ideband CQI and Precoding M atrix Indicator (PM I) 

feedback already provides averaging in the  frecjuency domain.

C om pared to  sim ilar multi-cell coordinated operations, th e  level of additional 

retiuired feedl)ack to  l)e com puted and shared is low. In coordinated scheduling, 

the required feedback would often consist of PM I inform ation and exi)ected CQI 

im provem ents (sim ilar to  our expected UE spectral efficiency im provem ents), for all 

cells w ith in  the CoM P Set of each cell-edge UE [40], where the  CoM P Set is the  set 

of cells w ithin a cooi)eration area and will change depending on which cell clustering 

m ethod is used. This is sim ilar to  the  recjuired feedback for om' m echanism, but 

w ith th e  exce])tions th a t CSI is only required for the  considered UEs (cell-edge UEs 

unal)le to  perform  MU-M IM O in the ir original cell, ra ther th an  all cell-edge UEs). 

and th a t instead of requiring this for all cells w ithin the  CoM P Set we recjuire it only 

for the  ta rg e t eNBs. Additionally, as after a reassignm ent transm issions can continue 

unaltered  for a reasonable period of tim e, th e  frequency w ith which this feedback is 

recjuired is low.

F urther, if CoM P Joint Transm ission were in use, sul)band CQI, PM I and 

w ideband Rank Indicator (RI) would be recjuired as often as every Transmission 

Tim e Interval (T T I), which is considerably more feedback th an  is used in our
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proposed m ethod.

W hile not further explored in this work, we exjioct th a t our proposed concept 

could ea.sily be extended to  o])erate along w ith coordinated scheduling. For exam ple, 

if a considered UE gets reassigned to  a neighbouring cell for M U-M IM O, then  we 

ex])ect th a t coordinated scheduling could be used to  reduce the  interference from 

the  original cell, using the  knowledge of w hat th e  ])recoder of th e  reassigned UE 

was before reassignm ent. If bo th  m ethods were vised together, as th e  CSI feedback 

required for M U -M IM O  across Small Cells is a subset of th a t reciuired for coordinated 

scheduling, no additional feedback would be needed.

Needless to  say, however, the  channel feedback re(}uired for our projiosed 

MU-MIMO l)ased reassignm ents does exceed th a t of s tan d ard  DCS, which floes not 

require neighbouring cell PMIs.

4.3 Reassignment Mechanism

As sum m arised in Figure 4.1 the M U -M IM O  across Small Cells meclianism ctnisists 

of four main ste])s:

A. Selection of Considered UEs

B. Checking for Target UEs

C. Selection of UE to reassign from the  set of Reassignable UEs

D. Reassignm ent

T he following suljsections exj)lain the  steps of th e  mechanism in more detail, while 

sulxsection 4.3.D also discusses bounds on the spectral efficiency gains of reassigned 

UEs.

4.3,A Selection of Considered UEs

UEs each decide if they shoukl be considered for MU-MIMO-ba.sed cell reassignm ent. 

UEs which are unable to  i)enefit from MU-MIMO usage in their original cell but
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UE
O riginal

eNB

C entralised

C o ntro ller

T arget

eNB

W id e b a n d  PMI, 
E x p ec ted  S p ec tra l 

Efficiency 
Im p ro v e m e n t

JL  W id e b a n d  PMI, 
'~ * ^ 3 ~ - E x p e c t e d  S p e c tra l

Efficiency B 
Im p ro v e m e n t

W id e b a n d  PMI 
. O rth o g o n a lity  

R eq u e s t

Y es/N o '

R e a s s ig n m e n t 
C o m m a n d  fo r 
s e le c te d  UEs

F ig u r e  4 .1 : Process of MU-MIM O Across Small Cells. A. UE checks if it should he considered  
for rcfussignment. Considered UEs: Cannot Ix' paired for MU-M IM O in their original cell, and 
must have a MU-MIM O .sjjectral efficiency in the target cell higher tlian their SU-M IM O spectral 
efficiency in tlie original cell. B. Centralised Controller uses the wideband PMI to check if there is 
a UE in the tju-get cell to pair the consider('d UE with. C. If there are m ultiple UEs which could 
benefit from reassignment within a given rea.ssigmnent window, the centralised controller selects 
the rea.ssignable UE with the largest predicted iucrea.se in sijectral effieieucy. D. Selected l^E is 
reassigned.

have a sufficiently higli SINR to benefit from MU-MIMO in a neigh]:)ouring cell, are 
considered for MU-MIMO-l)ased cell reassigiunent. In other words, the considered 
UEs are those tha t meet the constraint

where denotes the exj^ected rate averaged over all Resource Blocks (RBs).

’>Hiu = 1 find =  2 denote SU- and two-layer MU- MIMO, respectively, and the 
averaged rates are scaled by the nnmber of co-schedtded UEs (layers) to correspond 

to the average spectral efficiencies in bits per RB, as discussed in Section 3.2.6. 
h , e  £ {0,1} indicates the i)resence of other UEs attached to eNB e with ciuantised 
chaimels semi-orthogonal to that of UE k. As before, e = O regarfls the currently 
attached(/original) eNB, wdiile e — T  regards a neighbouring eNB targeted for 

reassignment.

As previously stated, a UE cannot know prior to the scheduling process whether it 
will be paired for MU-MIMO in the following transmission or not. Similarly, it cannot
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know the channel vectors (or P M Is) o f o ther nearby UEs. I t  w ill, however, be able 

to  know (from  the  D em odu la tion  Reference Signal (D M -R S ) in  LT E  R('1.10 [14] or 

M U -M IM O  dow n link  power offset in d ica to r in LT E  Rel.8 [15]) i f  recent transm issions 

to  it  had been perform ed using M U -M IM O . As th is  w ork considers a slow ly changing 

channel, the U E can exj)ect th a t, i f  M U -M IM O  was used in  the previous transm ission, 

there is another U E  in the cell w ith  a ciuantised channel vector sem i-orthogonal to  

its ^  T h is  means th a t Ik.o  specified as

i f  M U -M IM O  was used in the 

l)revious received transm ission

otherwise.

(4.4)

Each UE considered for cell reassignment (considered UE) feeds back a single 

w ideband P M I for each target neighbouring cell, as well as its  predicted gain in  

s])ectral efficiency (2/-2,A-.r ~  ^\.k.o)i to  the centra l coord ina to r. T h is  expect('d spectra l 

efficiency improv'ement assumes th a t M U -M IM O  w ill l)e used in all (scheduled) RBs 

after reassignment, which we w ill see la te r is very close to  what ac tua lly  occurs.

4.3.B Check for Target UEs

In the work o f th is  thesis we te rm  TarqeA UEs as UEs attached to  the  target 

neighbouring eNB w ith  which the Considered U E could jio te n tia lly  be co-scheduled 

for M U -M IM O . The centra l con tro lle r checks f(n' Target UEs by checking i f  the 

(luantised channel vector o f any U E in the neighbouring  cell is sem i-orthogonal to  

tha t o f the considered U E (corresi)onding to  the fed back w ideband P M I), and tha t 

the ir SINR is not too low for M U -M IM O  opera tion  to  be beneficial. A ny 

Considered UEs for which a Target U E  exists are term ed Reassujnable UEs.

^To ro itoratc'. a l IE 's  (inan tis rd  c lia iiiie l vector is ohta iiieci from  its  P M I as the pscudo-iiiverso o f 
the P M I's  (o rr('S ])ond iiig  codeword. These (iua iitis ('d  cha iiiie l vectors ind ica te  the (h re c tio iia lity  o f 
a U E 's channel, h i M U -M IM O . UEs w ith  close to  o rthogona l (sen ii-o rthogona l) quantised channel 
v('(‘to rs are eo-Kchednl('d as th is  eorresi^onds to  low losses in S IN R.
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4.3.C Selection of UE to reassign from the set of Reassignable 

UEs

If, i l l  any given reassigiin icnt w indow , m u ltip le  reassignable UEs exist, the UE w ith  

the highest expected spectra l efficiency im provem ent is reassigned to  its  corresponding 

target eNB.

T h is  stej) o f selecting a single U E  to  reassign j^revents cases where a UE gets 

reassigned in to  a target cell on ly to  find  th a t the U E i t  was supposed to  pa ir w ith  has 

also been reassigned in to  another cell at the  same tim e, which could result in  negative 

reassigninent gain. Th is  also allows us to  isolate the gains o f a single reassignment 

in  our analysis. As an a lte rna tive  to  reassigning the U E w ith  the highest expected 

spectra l efficiency gain, random  selection o f the UE to  reassign w ould  remove the 

need to  conm iunicate the expected spectra l efficiency im provem ent, a lthough a t the 

cost o f a less favourable reassigiiment gain, on average.

4.3 .D Reassignment

PToni th is  reassignment, gains in  spectra l efficiency can l>e ac-hie\ed by l)o th  the UE 

tha t gets reassigned to  the ne ighbouring cell (reassigned U E ) and the U E tha t is 

targeted for ])a iriiig  fo r M U -M IM O  transm ission (ta rget U E ).

To i^rovide some l)ou iids on the spectra l efficiency gains o f the Reassigned UE 

(R U E) we consider l)est and w'orst case reassignment scenarios.

As a best case we consider the case where the S IN R  o f the R U E in  the target 

cell is equal to  its  SINR in  the o rig ina l cell. In  th is  case the R U E  spectra l efficiency 

increases as it  would i f  M U -M IM O  w'ere used in  the o rig ina l cell. In  o ther words, the 

best case fractiona l increase in  s]:)ectral efficiency is given l)y

_ 2fiX r  -  r i xx)  , .
Mwt case ------------

t i m .o

where

As a worst case we consider the case where 2r2,h.T if> ju s t  greater than  ti.a-.o 

for whatever reason (])erhaps a change in  the targe t cell P M I j)ost reassignment)
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M U -M IM O  cannot bo used in  the target cell a fte r reassignment. In  o ther words the 

expected M U -M IM O  spectra l efficiency for the ta rge t cell is ju s t greater than the 

o rig ina l cell S U -M IM O  spectral efficiency and the le ft constra in t in  (4.3) is ju s t met, 

a lthough a fte r reassignment on ly  S U -M IM O  o])eration is feasible. The (negative) 

gain resu lting  from  such a reassignment can then be expressed as

G auiw orst ca-se —    ( 4 - 0 )

where fJ X o  =  2 r ^ .

These bounds are i) lo tte d  in  F igure 4.2 tak ing  rn^f^, .k.e — l«g2 ( l  +  SINR„j,,„_*.,e) 

where SINR„^^,, A-.e is the SINR o f U E  k ,  when co-scheduled as one o f i i m i i  UEs, 

attached to  eNB e. SINR,,^^^,, for d ifferent values o f u m u  are o l)ta ined using (3.6) 

for the d ifferent values o f unsui)])ressed m u lti-use r interference at the receiver.

The  bounds assume th a t SINR„jj,„,a-.o >  SINR„^^,,,a-7’ and th a t

Single-User M IM O  beam form ing on a single s i)a tia l stream  (S U -M IM O ) is 

perfornu 'd  before reassignment. They also do not take in to  account S INR ( /C Q I)  

fluc tua tions, scheduling. M o d u la tio n  and Coding Scheme (MC'S) (}uantisation, or 

reference s ignalling  overheads, which we w ill instead co llective ly take in to  account 

in Section 4.4 th rough extensive s im ula tion.

We see tha t, fo r the receiver we consider in th is  work fo r which =  0.05, a

m axinnun increase in  spectral efficiency o f 34.6% can l)e achieved when the orig ina l 

cell (and also ta rge t cell) SINR is rough ly  11 dB, w h ile  the loss from  an ineffective 

reassignment can be as much as 25.7% at an o rig ina l cell S INR o f 15.5 dB. Th is  said, 

as we w ill see la ter, the like lihood  o f a reassignment w h ich  does not result in the 

enabling o f M U -M IM O  is very low, resu lting  in a positive  gain in  s j)ectra l efficiency 

for the \'ast m a jo r ity  o f reassignments.

Further, i f  we consider the case where the SINR in  the ta rge t cell may be greater 

than  in  the o rig ina l cell, perfo rm ing  a reassignment which does not ut'cessarily enable 

M U -M IM O  o i)ora tion  can be seen as the D ynam ic C e ll( /P o in t)  Selection (DCS) case, 

w hile  perfo rm ing  a reassignment s jiec ihca lly  ta rge ting  the  enab ling  o f M U -M IM O  

oi)era tion  can be seen as our so lu tion. Gain(„.st auie in  F igure 4.2 essentially shows 

the gahi o f M U -M IM O  opera tion  over S U -M IM O  if  bo th  ca.ses operate under the 

same SINR conditions. Therefore, i f  we consider tw o  s im ila r reassignnients, one DCS 

and one M U-M IM O -ba.sed, bo th  resu lting  in the same post-reas.signment SINR, we
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Figure 4.2 : Best (.solid line) and worst (dashed line) c;i.se spectral efficiency rea.ssignnient gains to 
the rciissigned UE for different levels of unsuppressed multi-user interference at the receiver.

can conii^are these two ca.ses using Gaiiibesf ca,sei where Gaini„>st ciwe (leuionstrates the 
j)()tential gain of oiu' M U-M IM O-based reassignnients over DCS.

4.4 Simulation Results

The main focus of this section is on the  assessment of the  poten tial gains of the 

proposed M U -M IM O  across Small Cells mechanism. We i)reseut these gains as the 

increases in spectral efficiency and MLT-MIMO usage resulting from these 

MU-MIMO-ba.sed cell reassignm ent s comi)are(l to  a baseline in which 

M U-M IM O-based reassignm ents do not occiu' and in which UEs are simply assigned 

to  the  cNB of highest RSRP. In [7] it is shown th a t in cases where a  UE can 

associate to  eNBs from a num ber of different netw'ork tiers (e.g. fenito, j)ico, micro, 

m acro), each w ith different m ulti-an tenna capal)ilities (num bers of antennas and set 

of nm lti-an tenna transm ission m ode th a t can be used), in order to  niaxinii.se all 

U Es’ average SINRs, a  tier-dependent offset to  the  RSRP should be ajJi^lied. In our
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case, as UEs can only associate to a single tier (fenito/pico, (lc])ending on the 
scenario) in which the nmlti-antenna capabilities of all eNBs are the same, 

RSRP-based assignment does pro\'ide the average SINR-maxiniising solution, and 

hence was chosen as om’ baseline for com])arison.

The following results were obtained using the M atlab-based Vienna LTE 

System-Level simulator [8] making use of a number of the extensions to the 
simulator described in Section 3.2 including MU-MIMO schediiling, MMSE-IRC 
reception and small cell reassignments.

Monte Carlo simulations were performed as a series of short snapshots which were 

averaged over a large number of iterations to generate the presented results. Once 
per snapshot the MU-MIMO across Small Cells reassignment mechanism (i)rovided 
in Section 4.3) is carried out. Provided tha t there was an ex]5ccted gain in the spectral 

efficiency of at least one candidate UE from reassignment, within each snapshot one 
LIE is reassigned from its original cell to a target neighbouring cell in which it will 
j)erform MU-MIMO. Thus, we can consider the c'ase before the reassignment as our 
baseline case, in which UEs are assigned to eNBs based on their RSRP, and the case 
after reassignment as the case which we to demonstrate, in which a MU-MIMO-based 
reassignment has been j^erformed.

We investigate the i)erforniance of our mechanism in two of our imj^lemented 
small cell scenarios which were introduced at the end of Section 3.3. These are the 
Dual Stripe indoor femtocell scenario, which is based on 3"* Generation Partnershi]) 
Program (3GPP) guidelines, and the 3-picocell outdoor Munich scenario which is 
based on detailed ])atliloss coni])utations for a real dei^loyment location.

Each eNB has four closely spaced transm it antennas, while the UEs have two 
receive antennas which use MMSE-IRC. All UEs feed back a single wideband PMI 
for across all subbands, as described in Section 2.1.1. The PMI is selected from a 

codebook of possil)le precoders as the one which maximises the SU-MIMO mutual 
information sunnned over all subcarriers in the channel bandwiilth. We consider 
LTE-A Rel.lO MU-MIMO o])eration which supports the subband use of MU-MIMO 

on some subcarriers and SU-MIMO on others, as well as sup])orting the use of Zero- 
forcing to orthogonalise non-orthogonal i)recoders in Semi-orthogoual U.ser Selection 

(SUS). Despite making use of Rel.lO MU-MIMO, for 2 or 4 Transmit (Tx) antenna 

configurations the Rel.lO precodiug codebook is the same as for Rel.8 MU-MIMO, 
and so the Rel.8 codebook is essentially used. As already stated, only single-layer
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transm issions per UE are pcrforniocl.

As the  num ber of UEs j^er cell is low, we consider a maxim um  num ber of UEs th a t 

can l)e co-scheduled for M U-MIM O, N m u , of two. This allows us to  limit DM-RSs 

overhead, which doul^les if N m u  >  2, and also provides sufficient gains to  dem onstrate 

th e  benefits of our proposed mechanism. Further, as our investigations in this chapter 

look into the gains th a t are achieved from the  reassignm ent of a single UE, the  most 

th a t n^j i !  can increase by as a result of any single reassignment is 1. T h a t said, 

were increased, firstly, the  reassignm ent algorithm  designed for the base case

of N m i i  — 2 can be readily ai)plied w ithout m ajor m odification, and secondly, given 

th a t s])ectral efficiency increases are observed in the  case where Nt^nj  is lim ited to  2, 

we can exj^ect th a t sim ilar, l)ut increased, gains would be experienced for N m u  >  2.

B oth before anfl after the  reassignm ents, UEs are scheduled in each T T I using 

th e  ])roportional fair SUS algorithm  dismissed in Section 3.2.2. This algorithm  first 

selects the  UE w ith the highest proi)ortional fair m etric to  be scheduled, where the 

])roi)ortional fair m etric is the  ra tio  of the  instantaneous achievable ra te  to  the  

long-term  average througlijiut of a UE. Next a set is conii)uted of the  UEs w ith 

w ideband cjuantised channel vectors sem i-orthogonal to  the  first selected UE, based 

on the  predefined bound e. From th is  sem i-orthogonal set the  UE w ith the  highest 

p roportional fair m etric is selected to  be paired w ith the already scheduled UE. 

Finally, a check is perform ed to  ensure th a t the proi)ortional fair m etric of th e  two 

selected UEs bo th  perform ing M U-M IM O exceeds th a t of the  first UE alone 

l)erforniing SU-MIMO. W hichever of the  two i)ossibilities has the  be tte r 

l^erformance i.s then  used.

The scheduling algorithm  is perform ed independently  by each eNB and is rei:>eated 

for each RB, l)eginning w ith the  RB containing the  UE of highest proportional fair 

m etric and then  iterating  over all others. The average tliroughi)ut is recom puted at 

each iteration. This ensures fast convergence to  a proportional fair equilibrium  [90].

At th e  s ta rt of sim ulation all UEs are assigned to  the eNB w ith the  highest RSRP. 

In the  M unich scenario all 3 sm all cells initially contain the  same num ber of UEs, 

while in the  Dual S tripe scenario UEs are miiformly d istribu ted  over the  entire region 

of interest. We assum e th a t all UEs are slow moving and th a t reassignnients of UEs 

between cells can be perform ed quickly. UEs can only be reassigned between small 

cells and cannot be reassigned to  a macrocell.
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U E 4  
PMI = 1

Given UE 2 is be ing reassigned from eNB 1 t o  eNB 2:
Original eNB: eNB 1 Reass igned UE (RUE): UE 2
Target eNB: eNB 2 Target UE (TUE): UE 3 (PMI 10 1  PMI 9)

Figure 4 .3 :  Rc'^i-ssigmiR'iit ('xaiii])lc’. UE colours indicate th e Small Coll cN B to  which each UE is 
initially atttuhcd. Considered UEs arc those that cannot he i)aired for M U-M IM O in their original 
cell, although are w ithin range of  a neighbouring cell (UEs 1 k  2). Rea-ssignahle UEs are candidate 
UE.s which have a suital)le MU-MIM O ])air in their target cell (UE 2 can he ]>aired with UE 3 
;is their precoders are orthogonal and both have sufficiently high SINR). O f the reassignable UEs 
the one with the highest expected gain is chost-n to l)c reassigned, hi this case there is only one 
reassignal)le UE (UE 2).

A coiiii)rpheiisive list of siumlatioii i)araineters used is ])rovi(lecl in Table 4.1.

In order to review the terms used, Figiue 4.3 provides an example illustration of 
a network in which a reassignment occurs, identifying each set of UEs discussed in 
the presented results. As before, to simplify exi)lanation, this figiue a.ssunies tha t the 
PMI of each UE stays the same regardless of which eNB it is served by; in reality, 
the channels from different eNBs are likely to instead correspond to different PMIs.

4.4.1 Reassignability of UEs

Figure 4.4 shows the i)ercentages of the UEs, firstly, considered for reassignment, 
and secondly, si)ecified by the mechanism a.s rea.ssignable, for the indoor Dual Stripe 

scenario with a Deployment Ratio (DR) of 0.4. The* error bars on the grajihs in this 

section rej)resent the 95% confidence interval.

We notice from Figure 4.4 that the munber of reassignable UEs does not change

5th .Mhv 2015 Ph.D . Thesis
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Tal)le 4.1: Sim ulation paiam ctcrs

Scenario-s])ecific
Paranicters

3G PP  Dtial S tripe 
(Indoor)

M unich 3-picocell case 
(O utdoor)

Pathloss Model 3G PP  Dual Strii)e [95] W iSE [102]
Fa.st Fading Model W inner II [108] W inner II [108]
Deployment Densities Deploym ent R atio =  

{0.2, 0.4, 0.6, 0.8}
Average inter-site 
distance =  57?/?

N um ber of Small Cells {8,16,24,32} on average 3
N um ber of Interfering 
Macrocell Sectors

3 12

Initial UE distribu tion Uniform across ROI Uniform per cell
General P aram eters

B andw idth 10 MHz
Snapshot Length 10 T T Is

(5 T T Is before and 5 T T Is after reassignm ent)
Channel Feedback Delay 1 ms
UE Speed 3 K m /h  (0.83 m /s)
eNB A ntenna 
Configuration

4 T x antennas 
Cross-])olarised 0.5A spacing, -45°/,45° slants

LIE A ntenna 
Configuration

2 Rx antennas 
Cross-polarised 0.5A spacing, 0°/,90° slants

MIMO Transmission 
Scheme

SU-MIMO: single layer 
MU-MIMO: max. 2 UEs, 1 layer j)er UE

Precoding Codebook Rel.8 4 Tx codebook
Average No. UEs j)er 
Cell

{1, . . . ,8 }

Initial Cell Selection M axinnun RSRP
Feedback (To assigned 
cell)

Subl)and CQ I, widelmnd PM I for all UEs

Feedback (To centralised 
controller for the Target 
ueighl)ouring cells)

W ideband PM Is and w ideband expected sj)ectral 
efficiency im provem ent for UEs considered for 
reassignm ent.

MU-MIMO A m u i 0.05
UE Scheduling Proportional Fair SUS
SUS const e 0.1
Traffic Model Full Buffer
Inter-cell Interference 
Model

4 T x SU-MIMO w ith random  PM I

Feedback Overhead 31.15%
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Average Number of UEs per Cell

Figure 4.4: Porcontage of UEs that are coii.sifierc'd for r('as.sigiiiii(‘nt and are (iocidf'd to be
reas.sigiiahle in the Dual Stri[)e scenario w ith DR of 0.4.

much with the munber of UEs per cell. This is because when the utunber UEs per 
cell is low, there are fewer UEs to pair with in the original cell (so the proportion 
considered for reassignment will be higher), although there are also fewer UEs to 
jiair with in neighbotuing cells and so the [)('rcentage for which there is benefit from 
reassignment remains almost the same.

Table 4.2 compares the percentages of UEs suital)le for reassignment in the 
indoor and outdoor scenarios. The indoor scenarios are denot('d by their 
deployment ratio {0.2,... ,0.8} and the outdoor scenario is labelled Munich. We 

found that, in tlie indoor scenario, up to a certain i)oint, increases in cell density 
result in more nearby cells available to be reassigned into and hence more 
reassignable UEs, before interference from those cells becomes a limiting factor and 
the percentage of rea-ssignable UEs decreases again. F^urther, the percentage of 

reassignable UEs in the outdoor scenario is significantly higher than for the indoor 
scenarios (almost double). This is because in the outdoor scenario there are no 
walls (i)enetration losses) between neighi)oming cells, and, even though the distance 

between two afljacent sites may be higher, the difference in SINK between them is 
often lower, leading to a higher jiroportion of UEs being in range of niulti])le cells at

^ ■ C o n sid ered  UEs 
I I Reassignable UEs
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Tal)le 4.2: Cell reassigniiioiit obsoi’vations

Scenario Indoor Outdoor
Deployment Ratio 0.2 0.4 0.6 0.8 Munich

Reassignable UEs [%] 5.8 6.3 6.2 5.8 11.1
Probability of MU-MIMO usage 

after reassignment [% of RBs] 95.6 95.9 96.6 95.1 93.5

once.

4.4.2 Increases in MU-MIMO usage due to UE reassignments

As a metric to assess the levels of MU-MIMO usage which arc eiiahled by 

MU-MIMO-l)asecl reassignmeiits we use the difference betw^een the percentage of 
scheduled RBs(/suljbands) in which MU-MIMO was used before reassignment, and 
after reassignment. E(iuivalently this can be termed the iucrea.se in the average 
number of spatial layers utilised in scheduled RBs expressed a.s a i)crcentage. This 
is averaged over a small number of TTIs both before and after the reassignment in 
each snapshot. We call this the increase in MU-MIMO usage, and we assess this 
from the points of view of the UE that gets reassigned (RUE), the set of UEs for 
which the reassignment enables MU-MIMO usage increases (RUE and Target 
UE (TUE)), and finally for the average UE in either the cell from which the RUE 
originates or the target cell into which the RUE is reassigned.

Figure 4.5 illustrates these inc'reases for a deployment ratio of 0.4. These are also 
separated into the before and after cases in Figure 4.C. We observe that both the 
RUEs and TUEs go from almost never using MU-MIMO to almost always when the 
number of UEs per cell is low, and, while the increase in MU-MIMO usage lessens as 
the UEs density grows, it still remains high.

From the simulations we found tha t, after reassignment, almost all transmissions 

to either the RUE or the TUE are performed using MU-MIMO. The percentages 
of RBs in which MU-MIMO is used after reassignment for each deployment ratio 
are shown in Table 4.2. Inevitably, a small number of RBs will remain in which 

MU-MIMO cannot be us('d after reassignment due to frecjuency selective fading. This 
means th a t the main reason why the increase in MU-MIMO usage is less when there 
are more UEs ])cr cell is because more UEs were performing MU-MIMO transmissions

P h .D . T h esis •'jth M ay 2015
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before l)eiiig rea-ssignecL

The main focus of the inechanisin presented in Section 4.3 is on achieving 

spectral efficiency gains through enabling increased M U -M IM O  usage by the UE 

tha t gets reassigned. The mechanism, however, does not take in to  account whether 

the T U E  is i)erform ing M U -M IM O  prior to the reassignment. This check was 

om itted l)ecausc, even when the TU E  is perform ing M U -M IM O  before the 

reassignment occm’s, the RUE can s till obtain M U -M IM O  gains by pairing w ith  the 

TU E on some RBs, while the TU E  contimies to  perform  M U -M IM O  w ith  its 

previous pair on others. Additionally, in these cases, the RUE w ill often not only be 

ca])able of pairing w ith  the T U E  but also the previous ])air of the TU E, further 

increasing RUE M U -M IM O  usage proba))ility. This is due to  the structure o f the 

precoding codebook. Hence, the choice of TU E  does not depend on whether it  is 

using M U -M IM O  beforehand, so it makes sense tha t the probability  of TU E 

ML^-MIMO usage before the reassignment would increase w ith  the nmnber o f UEs 

per cell.

In the case of the RUE it is less clear why, des])ite being considered for 

reassignment, it would have a non-zero ])robal)ility  of M U -M IM O  usage before 

reassignment. W hile changes in the channel are slow, there is s till some low 

probability  of a UE switching from being al)le to ]:)erform M U -M IM O  to miable in a 

small number of T T Is  (either a fade in the widel)and CQI or else the PM I changing 

to result in loss of j)recoder orthogonality between tw^o i)reviously j^aired UEs). 

However, th is w ill not change w ith  UE density.

Revisiting the reassignment mechanism, the decision of UE su itab ility  for 

original cell M U -M IM O  is based on, firstly, whether M U -M IM O  was performed in 

its previous transmission, and secondly, its spectral efficiency averaged over a ll RBs. 

This essentially j)rovides a wideband estimate of M U -M IM O  capability which is 

necessary when a UE can only be active in one cell or another. This j)roves 

ai)i)roi)riate when the mnnber o f UEs j)er cell is low' (which is our scenario of focus) 

although as the number of UEs ])er cell increases the number o f RBs allocated to 

the cell-edge RUEs w ill decrease significantly, decreasing the effectiveness o f this 

estimate.

A t the start of the sinuilation UEs are assigned to eNBs based on the ir Reference 

Signal Received Power (RSRP). Unfortunately RSRP does not take in to account 

multi-antenna gains. This means that, in cases whore the l)eamforming gains in

r it li M ay 2(115 Ph.D . Thc-sis
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100
■ I  RUE
□  RUE & TUB
I I Original Cell & T arget Cell

1 2  3 4  5
A v e r a g e  N u m b er  o f  U E s per Cell

F ig u r e  4.5: Iii(T('ii.sos in M tilti-Usor MIMO iisage resulting from rea-ssignnicnt for DR =  0.4. Those 
increases are presented a.s: the increase in M U-M IM O usage by the rciussigneci UE alone (RUE); the 
average increase across the n'assignecl and targc't UEs (RUE k . TUE); and the incre;use averaged 
over all UEs in both the original and target cells (Original Cell & Target Cell).

the original cell are not as good a.s in the target neighbouring cell, the SINR in the 
neighbouring cell can actually l)e higher. This can occur in LTE systems due to the 
limited codeliook size and, while the proV)ability of it is low, the likelihood of an 
occiu’rence increases with the number of UEs in the network. As this can result in a 

spectral efficiency gain from the reassignment tha t is higher than normal, it is likely 
tha t reassignalile UEs for which this occm’s will be selected for reassignment. This 
can result in cases w'here, before reassignment, a UE could have an SINR, averaged 

across the l)andwidth of their original cell, wdiich would l)e considered too low for 
MU-MIMO usage and yet still have a small number of RBs with sul>l)and SlNRs 
sufficiently high, on which MU-MIMO can be used. Further, as the RUE is on the cell- 
edge, w'hen there are many UEs in the cell creating competition over resources, this 
may make up a significant j)ortion of their allocated RBs, which can be perceived as 
significant lire-reassignment MU-MIMO usage or a low post-reassignment MU-MIMO

Pli.D . Thesis nth May 201.5
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Percentage of RBs in which MU-MIMO is performed

WM
I Before Reassignment 
I  After Reassignment 
] Reassignment Gain

Before Reassignment 
After Reassignment 

I I Reassignment Gain

^ ■ 1  Before Reassignment 
■ ■ A f t e r  Reassignment 
I I Reassignment Gain

too
1  80
0
B> 60
01

% 40 
g>
O 20

Average Number of UEs per Cell

F ig u re  4.C: Percentage' of RBs in which MU-MIMO is pc'rfornied Before and After Reassignment, 
as well as the difference between the two (Reassignment G ain), for DR =  0.4. These are present('d 
for the cases of: the reassigned UE alone (RUE): the m ean across the reassigned and target UEs 
(RUE & TU E); and the mean ;u t o s s  all UEs in both  the original and targc't cells (Original Cell t  

Target C'ell).

usage increase.

Nonetheless, these occtirrences are tiiicoiiuiioii, nieaiiiiig that the increase in 
MU-MIMO usage by the RUE is always cjnite high. Further, as the prol)abihty of 
MU-MIMO usage for both the RUE and TUE is close to 100% after rea.ssignnient, 
the mechanism is shown to perform the desired ta.sk well, jiarticularly in oiir 
targeted scenario of low ntnnber of UEs per cell.

Looking at the MU-MIMO usage increases averaged over all UEs in the original 
and target cells we sec an exi)onential decrease with the number of UEs per cell. 

W ithin these cells only the RUEs and TUE are significantly affected by the 
reassignment. W hen there are fewer UEs the.se make uj) a larger proportion of the 
total mnnber of UEs across the two cells. Hence, the increase in average UE
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Figure 4.7: Increases in M ulti-User MIMO usage resulting from reassignm ent for different
deployment ca.ses averaged over the RUE k : TUE.

MU-MIMO usage is at its highest wlien the number of UEs ])er cell is low and gets 
diluted as the niunber of unaffected UEs grows.

Figure 4.7 demonstrates how' the increases in MU-MIMO usage resulting from 
reassignment change with cell density. We see that, for the indoor scenarios, 

MU-MIMO usage increases are not affected as much Ijy the DR as by the number of 
UEs per cell. Nonetheless, at low DRs the gains are slightly higher. This is because 

at high DRs there are more interference sources, causing more dynamic interference.

For low numbers of UEs per cell, the outdoor Munich scenario achieves a larger 
increase in MU-MIMO usage than the indoor scenarios. This is because the SINR 

difference between neighbouring cells is potentially quite small, enabling the UEs to 
take full advantage of any cjuantised channel vector orthogonalities with UEs in the 
neighbouring cells.

To rotmd u]), as stated  earlier, it was found in [62] that, when the number of 
UEs ])er small cell is low, MU-MIMO struggles to perform well due to the lack of

Ph.D . Thesis ,'ith May 2015
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appropriate UE i)airiiigs. The increases in MU-MIMO usage shown in Figure 4.7 
dem onstrate the abiUty of our j^roposed MlJ-MIMO-l)asc(l reassignment mechanism 

to overcome the hniitation exi)ericnccd in [62], j^articularly in cases where there are 
initially few UEs per cell.

4.4.3 Increases in Spectral Efficiency due to UE Reassignments

Figure 4.8 jjresents the increases in spectral efficiency tha t are achieved through 
i\IU-MIl\IO-l)ased reassignment for a DR of 0.4. Absolute values of the spectral 

efficiencies for the cases of l)efore reassignment, after reassignment and reassignment 
gain are shown in Figiu'e 4.9, where the reassignment gain is the same as the increases 
in spectral efhciency ])resented in Figure 4.8.

We start by focusing on the increases in RUE sj)ectral efficiency, which grow 
with the number of UEs before levelling out. To explain this trend, we discuss three 
main contributing factors: the user scheduling, the total number of UEs within the 
cooi)erating region, and the initial cNB assignments.

Proportional fa ir  scheduling allocates resources in such a way that it favours UEs 
with good channels but still maintains some level of fairness.

Considering the situation before reas,signment, as the RUEs tend to be on the cell 
('dge they are not particularly favoured by proi)ortional fair scheduling. Increasing 
the nuni))er of UEs in the cell creates more comj^etition over resources, meaning that 
l)efore reassignment the RlIE spectral efficiencies will be lower when there are more 
UEs pel' cell. On the other hand, for the TUEs, as they are, on average, closer to the 
cell centre, j^roportional fairness tends to increase their spectral efhciencies with the 
number of UEs per cell.

After reassignment both the RUE and TUE oj)erate in MU-MIMO mode with 
high jirobability. This means tha t the RUE will be co-scheduled in the RBs of the 
TUE and vice versa. Both UEs will experience a gain in spectral efhciency as a 
result of using MU-MIMO and the RUE also receives an additional gain in spectral 

efficiency as a result of the TUE essentially competing for resoiu'ces on its Ijehalf.

The combination of the before and after reassignment situations regarding 

scheduling results in increases in sjiectral efhciency with the nnml)er of UEs per cell 
before saturation, as ol)served.
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F ig u r e  4 .8 : liicre;\ses in Spectral Efficiency resulting from reiussignnient for DR =  0 . 4 . The.se 
increases are presented as: the increa.se in spectral efficiency to the reassigned UE tilone (RUE): the 
average increase across tlu' reassignt'd and targc-t UEs ( R I T E  k, TIIE): and the increa.se averaged  
over all UEs in both the original and target cells (Orighial Cell Target Cell)

The second cause for the  trend  in the increases in RUE spectral efficiency is tlie 

totol number' o f UEs served l)y the  cooperating cNBs. W hen the  to ta l niunber of UEs 

increases there arc more reassignable UEs to  select from. This choice provides an 

increased reassignm ent gain when th e  network size is larger.

Tliirdly, as discussed in the  i)revious subsection, it can occur th a t the  ijiitial 

HSRP-hased e.NB assigjim.ejit results in some UEs achieving a b e tte r m ulti-antenna 

gain in the ta rge t cell th a n  the original cell. In these ca.ses, if an M U-M lM O-based 

reassignm ent occiu's, the gains in spectra l efficiency from reassignm ent can be g reater 

than  previously anticipated. T he likelihood of th is also increases w ith the network 

size.

Steering focus to  the  averaged increase in sjiectral efficiency across both  the RUE 

& TU E in Figiu'e 4.8, in general, the  gain to  the  RUE exceeds the  gain to the  TUE.
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Spectral Efficiency [bps/Hz]

I
Before Reassignment 
After Reassignment 

Z3 Reassignment Gain

pfc'i Before Reassignment■1 ' After Reassignment■I 1____ ] Reassignment Gain
ill'

ft lift

fiULLL I Before Reassignment 
j After Reassignment 
] Reassignment Gain

1 2  3 4
Average Number of UEs per Cell

F ig t ir o  4 .9 : S poctia l E fficiencies Before and A fte r Refissignnient. a-s w ell tus the difference between 
the tw o (Rea.s.siguinc'nt G a in ), fo r DR =  0.4. These are i)re.sent('d fo r the cases of: the spectra l 
efficiency o f the  reassigned UE alone (R U E ): the  mean spectra l efficiency across reassigned and 
ta rge t UEs (R U E  ic T U E ): and mean s]iectra l efficiency across a ll UEs in bo th  the o rig ina l and 
target cells (O rig in a l Cell <kr Target Cell)

Again as disciissed in  the previous subsection, th is  is l)ecause the niechanisui focuses 

])r in ia r ily  on reassignment gains o f the RUE. In  th is , w lie the r the T U E  is perform ing 

M U -M IM O  p rio r to  the reassignment is not ccjnsiderecl and, as a resuh, TU E s (ion 't 

achieve the same increases in  M U -A IIM O  usab ih ty as RUEs, which results in  them  

not achieving aa high spectral efhciency gains e ither. Nonetheless, when a T U E  does 

tra n s itio n  from  ft i l ly  nnpairc'd beforehand to  fu lly  paired a fte r reassignment (e.g. 

when there are few UEs j^er cell), its  gain in spectra l efficiency is often higher than  

tha t o f the RUE. The reason fo r th is  is th a t UEs w ith in  range o f on ly one cell observe 

less interference from  neighbom ing cells than  those in  range o f n n ilti]) le  (generally 

RUEs), and a.s a result they  operate at a h igher S IN R  for which the gain from  using 

M U -M IM O  is o ften greater.
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FigurP 4.10: Increases in Speotral Efficiency resulting from reassignment. averaged over the RUE 
TUE. R)r (iitt'erent deploynient cases.

While the RUE bars in Figure 4.8 (which form our inaiu target in this work) 
can be seen as similar to cell-edge spectrcil efficiency gains, we must also ensiu'e tha t 
the average UE isn’t detrim entally affected by the reassignment ojieration. For this, 
we also look at the average increase in sj)ectral efficiency across all UEs in either 
the original cell or target cell. Even though, as already discu.ssed, the reassignment 
gains are diluted by larger nmnbers of UEs per cell, the average UE benefits from the 
reassignment in all simulated cases.

Figure 4.10 shows tlie increases in sj)ectral efficiency averaged over the RUE and 
TUE for the considered indoor and outdoor scenarios. The corrcsjionding absolute 

values of the (RUE and TUE) spectral efficiencies for the crises of before 
reassignment, after reassignment and reassignment gain are shown in Figure 4.11, 

where the reassignment gain is the same as the increases in spectral efficiency 
presentc'd in Figure 4.10. For the same reasons as just discussed increasing DR 
results in ini])roved gains but faster saturation. Further, the outdoor scenario.
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Spectral Efficiency (RUE & TUE) [bps/Hz]
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F ig u re  4 .11: Spcftra l Etficiencie.s. avoragcd over the RUE (k TU E . Bt'fore and A fte r Reassignment 
for different de])l()yuient ca.ses.
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despite having significantly fewer cooperating small cells, achieves conij)arahle 

reassignm ent gains to  the indoor scenario witli a DR of 0.8 at low mimbers of UEs 

])er cell. This implies th a t the  M U -MIM O  Across Small  Cells mechanism is 

l)articnlarly suited to  outdoor scenarios in which there are no penetration  losses 

from walls between cooperating small cells.

4.4.4 Time Scale Considerations

The mean length of tim e for which the channel of a UE (and hence its PM I) can 

be assum ed to  be s ta tionary  is given by its coherence tim e, Tc, and is inversely 

])roportional to  the velocity of th e  UE [18]:

whf're r-fl is the speed of light (3 x fc is the  carrier frequency (2.1 x H z )

and I' is the  velocity of the UE in [//;/«].

The to ta l tim e taken to  perform  a s tan d ard  handover from one cell to  ano ther is 

specified l)y 3G PP  as -Dh„,„io,;r7 f^^d is com puted as th e  s\im of the  R adio Resource 

Control (RRC’) procedure delay and the interru])t tim e Ti„t(,rrupt [109, Section 5.1]. 

More specifically, this is the tim e between when the  downlink handover com m and is 

received and when the UE reconnnences uj)link transm issions. The RRC procedure 

delay is the tim e taken for the  RRC to be re-established and is given in [110, Section 

11.2] as not to  exceed Ibins,  while Ti„tcrrupt if’ given in [109, Section 5.1] as not 

exceeding 50?».s given th a t the ta rge t cell is known (as is the  ca.se in our scenario). 

Therefore the  to ta l handover tim e Dhandover is <  65/??*'.

This means th a t in order for the  channel coherence tim e not to  exceed the 

handover tim e the  speed m ust be kei>t below l . l m / s  ( - ikm/h) .  W hile th is is above 

the  speeds considered in small cell scenarios, which are designed to  satisfy low 

m obility UEs and as such consider UE velocities ranging from 0 to  3kn i /h .

Next we consider, for our case, how regularly reassignm ents are likely to  be 

required. This again is determ ined by th e  channel coherence tim e although as the 

coherence tim e represents the  mean tim e for the  channel to  change and does not 

give much guide to  the  variance, it is hard to  say how perform ance will be degraded
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as the time l)etw(X'u reassigimients is increased. We investigate this tlu’ough 
simulation by varying the sna])shot window size ov'er which the increase in 
MU-MIMO usage is averaged. This is shown in Figure 4 .1 2  where, as before, 
reassignments of UEs in the sinnilations are fast (by which, s])ecifically, we mean 
that the reassignment is performed within 1 TTI). The hgiu'e shows that increasing 
the time between reassignments from 5 TTIs to 8 0  TTIs results in roughly 13% less 
of an increase in averaged MU-MIMO usage levels.

Within LTE, coordinated schemes are generally grouped into dynamic (> l?ri.s), 
semi-static (> l.s) and static (days), where all CoMP schemes are performed 
dynamically. As the timescales wc consider are between tens and hmidn'ds of 
milli-seconds, dynamic coordination for our reassignments is refiuired, although 
some flexibility can be allowed for.

Pti.D. Tlu-His
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4.5 Summary

111 this chapter, we have pro])osed and investigated a new m ethod of increasing 

MU-MIMO gains in sm all cell netw’orks, which we call M U-M IM O  across Small 

Cells. This m ethod involves the  coordinated reassignm ent of UEs which were 

unable to  he co-scheduled for MU-M IM O in their original cell, to  neighbouring cells 

in which they can perform  MU-MIMO.

Two small cell scenarios were investigated: an indoor ai^artment block scenario, 

and an outdoor scenario corresponding to  a connnercial square in th e  city centre of 

M unich, Germany. Both w'ere assessed from the  perspectives of spectral efficiency 

and MU-MIMO usability. It w’as found th a t in the  outdoor scenario, more than  

11% of the UEs served by the th ree  small cells in the  scenario met the  reassignm ent 

criteria, which was alm ost double w hat we saw" for the indoor scenario. We found 

th a t all the investigated cases achieved j)ositive increases in bo th  spectral efficiency 

and MU-MIMO usage across the  affected cells as a  result of the reassignm ent. We 

also found th a t after the  reassignm ent, M U-M IM O is used in upwards of 95% of all 

RBs scheduled to  either the  reassigned or target UE.

In the following chapter this work will l)e extended to  also take energy efficiency 

considerations into account. M U-M IM O-based reassigum ents of UE will be perform ed 

w ith the added consideration th a t if a cell becomes em jjty it can be switched to  a sleep 

s ta te  in order to  conserve energy. As a result ŵ e modify the reassignm ent mechanism 

tow ard an objective of m axim ising the  num ber of small cell eNBs which are switched 

to  sleep modes. This is subject to  a m inim um  expected RUE spectral efficiency gain 

for any perform ed MU-MIM O-I)ased reassigum ents.

F’h.D. The.sis 5th May 201T)
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5 MU-MIMO Across Small Cells: 

Energy and Spectral Efficiency 

Increases

This chai)tor is largely based on the I'esults and contributions of our j)aj)er entitled 
"Energy and Spectral Effi.ciency gains from Multi-User MIMO-based Small Cell 
neassignments" [111] which was sul)niitted to IEEE Global Communications 
Conference (Globccom) 2015. However additional insights are also included.

5.1 Introduction

As we showed in the j)revious chapter, by selectively reassigning User E(iuij)nients 
(UEs) between neighboiuing small cells in such a way as to enable Multi-User MIMO 
(MU-MIMO) usage where it wa.s i)reviously unavailable, we can obtain significant 
increases in UE spectral efficiency. The work of this chapter combines this concej^t 
with the use of small cell sleep modes to obtain simultaneous increase's in both sjioctral 

and energy efficiency. To enhance this operation the reassignment mechanism of the 
previous chapter was appropriately refined.

To recaj) briefly; traditionally, use of MU-MIMO has been largely limited to 
macrocell scenarios. The reason for this is tha t, in order to keej) the interference 
between two simultaneously served UEs (Multi-User Interference (MUl)) to a 

mininnun. the co-sclieduled L^Es must have sufhciently uncorrelated 
(semi-orthogonal) channels. In small cell scenarios, where the number of UEs per

5tli May 201T) Ph.U . Threis
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cell is small, it is not always i)ossiblc to  find suitable UE sets. However, in small cell 

scenarios a UE can often be in range of niulti])le small cells. By reassigning UEs 

betw'een neighbouring evolved Node Base stations (eNBs) in such a way as to 

increase the num ber of su itable UE pairings, additional MU-M IMO spatial 

niulti])lexing gains can be enabled [104]. This can be seen as similar to  enlarging 

the  search s])aoe for suitable U E M U-M IM O pairings.

Given this scenario, once a UE is reassigned to  a  ta rge t neighbom ing cell, if 

the  host cell is no longer serving any active UEs, it can enter an idle s ta te  where 

radio transm issions are tem porarily  sus])ended, achieving high energy savings. This 

additionally results in a reduction in interference and j)ilot pollution problem s, which 

are often observed in dense deploym ents. Moreover, considering th a t electricity costs 

account for 20-30 j)ercent of network oi)erational ex])enses [112], there  is no lack 

of m otivation for oj)erators to  l)ecome more energy efficient. W ith in  th is context, 

th is chapter introduces a novel scheme where UEs are selected for reassignm ent to 

neighbouring eNBs in order to  save energy by reducing the num ber of active small 

cell eNBs serving UEs, while sim ultaneously achieving spectral efficiency gains by 

enabling u.se of additional spatial layers th rough MU-MIMO.

The use of small cell sleep sta tes  has been pr0 ]:)0 se(l as a solution to  limit energ>' 

consum ption increases as small cell num bers grow large. This is of particu lar 

imj^ortance considering the ra te  at which small cell de]>loynients are being rolled 

out, w ith the  to ta l worldwide expected to reach 100 million by 2020 [113].

As discussed in [112], sleep m ode technicjues often fall into one of three 

categories, differentiated by the  m ethod used for their reactivation. These are; 

Small Cell Controlled, in which an RF sniffer is utilised to  identify poten tial UEs to 

serve [114]; Core Network Controlled, in which, as in our work, small cells are put 

into sleej) s ta tes  and re-awoken by a centralised core network element; and finally 

UE controlled, in which UEs em it periodic wake-up signals for surrounding small 

cells.

Traditionally  these works have taken advantage of low traffic conditions and the 

energy saving possibilities they  jwesent, although more recently, given the  density  of 

small cell deploym ents and the  associated cell redundancies/over provisioning, the 

work has evolved to  also include user association considerations [65, 115 117]. From 

th is persj)ective, one work rela ted  to  ours is [115], in which centralised decisions 

are m ade to  switch a portion of th e  active small cell eNBs to  sleep modes, from
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which the resulting gains in energy efficiency and Signal to Interference and Noise 
Ratio (SINR) (as a result of reductions in inter-cell interference) are studied through 

system level simulation. Our work further improves the UE i)crformance by selectively 
deactivating small cell eNBs in such a way that achieves both MU-MIMO spatial 
multiplexing and interference reduction spectral efficiency gains.

[65] looks at u])link Cloud Radio Access Networks (C-RANs) with centralised 
joint decoding of the received signals of nniltij)le multi-antenna small cell base 

stations (this is the uplink eciuivalent of Coordinated Multi-Point (CoMP) Joint 
Transmission (JT)). The small cells conii)ress their received signals so that they can 
be trans]X)rted over a finite capacity backhaul to the central j)rocessor. The authors 

formulate the conijjression into a rate maximising optimisation problem, into which 
they also include a sparsity-inducing term  (a base station activity cost) creating a 
joint optimisation problem in which the number of active small cells is also 
minimised. Different from [G5] we do not consider joint encoding or decoding 
amongst cooperating ba.se stations. Instead MU-MIMO transmissions are performed 
se])arately by eacfi small cell ba.se station, which considerably reduces the 
computation and coordination overheads.

As in the previous chapter's reassignment process, a set of UEs which can benefit 
from MU-MIMO-based rea.ssignments is constructed. If all reassignable UEs are 
reassigned at once a game of cat and mouse can ensue where no suitable new ])airs are 
created due to different halves of the proj)osed UE pair being reassigned in opposite 
directions. For this rea.son, in this work we select the set of rea.ssignable UEs which 
maximises the number of small cells which are eni])ti('d of attached UEs as a result 
of the reassignment. These small cell eNBs with no more UEs to serve can then 
be switched to a sleep/idle state and, in doing so, their energy consumption can be 
dramatically decreased. An example of this is illustrated in Figure 5.1. The fact that 
small cell scenarios consider low mobility UEs means tha t the freciuency with which 
reassignments will need to be made is not excessive.

As a result, this solution can achieve simultaneous gains in spectral efficiency and 
energy efficiency, compared to cm rent o])eration in which UE to small cell assignments 
are based on Reference Signal Received Power (RSRP) [6]. \ \c  jiorform system level 

sinnilations to (luantify the achievahle gains in two realistic scenarios: one indoor and 
one outdoor, where the indoor scenario is the same as in the ])revious chapter while 
the outdoor scenario is an enlarged version (21 picocells) of the that used earlier. In

.'jtli May 2015 Pli.U. Tlit-sis
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Figure 5.1: UE colours indicatc' the Small Cell oNBs to which each UE is attached, (a) Consider 
th a t by reassigning UE 2 to  eNB 2 MU-MIMO transm issions sim ultaneously serving UEs 2 i ;  3 can 
he enabled (e.g. if UE 2 is w ithin range of eNB 2 and the channels of UEs 2 & 3 <ire sem i-orthogonal). 
(1>) Additionally, by refissigning UE 2 to eNB 2. as there are no more UEs attaclu 'd  to  eNB 1, eNB 
1 can b(' Kwitclu'd to  a sleep s ta te  to  consc'rve energy.

addition to being able to achieve both of these gains sinmltaneously, we investigate 

the possibility of trading-off' small anioiuits of UE spectral efficiency for additional 
gains in energ\' efficiency.
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5.2 System Model

The system  model used iu th is chapter is similar to  th a t used in the previous chapter; 

however w ith a few extensions.

As in the  previous chapter our network contains Nyt:  UEs, each w ith Nr  receive 

antennas, and I)ase stations, each w ith Nt  transm it antennas. T he base stations

constitu te  a heterogeneous mix of tri-sector niacrocell eNBs and o])en subscriber 

grouj) small cell eNBs all of which operate w ithin th e  same fr(!(iuency band. O ur UEs 

of interest are those served by the small cell eNBs and as such the  macrocell eNBs 

are sim ply modelled as .sources of inter-cell interference.

Again, the  small cel! eNBs are governed by a central coordin.ator which is 

resi)onsible for in itia ting  reassignm ents, and which, in this chai)ter, also s])ecifies 

when small cell sleep sta tes  are to  be used. W'e use =  1 to  indicate th a t eNB e is 

acfiiie and =  0 to  indicate th a t eNB e is in an idle/sleep  s ta te . As in the 

])re\'ious chapter th is results in an MU-MIMO SINR which can be ex])ressed as

„ ^ ______________________ ISa-Ha-.qw .̂I"______________________
"  |gAE;:V'"'H,x,W,|2+ +

Channel S ta te  Inform ation (CSI) estim ation is also m odelled sim ilarly to the 

])revious chapter: however, in this work reassignm ents are only perform ed if they 

enable the  deactivation of the original cell; hence, we do not include interference 

from the original eNB in the  ta rge t cell Channel Q uality  Indicator (CQI). This 

provides a more accurate estim ate of the post-reassignm ent rate . Nonetheless, it is not 

possible to  know, j)rior to  the reassignm ent decision, which other neighbom ing eNBs 

will also be deactivated. If additional neighbouring eNBs are deactivated  the  levels 

of interference will l)e reduced further, m eaning th a t the target cell CQI provides 

a conservative estim ate of the  post-reassignm ent rate . Conij)ared to  the previous 

chapter this can be sunnnari.sed in the  3G PP  term inology of [37] as the  use of Implicit 

Charmel S ta te  Feedback, sul)ject to  the two hypotheses of MU-M IM O usage and 

original cell deactivation, as opi)osed to the  hypotheses of M U-M IM O usage and the 

original cell rem aining active.
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Figure 5.2: M U -M IM O  A cross Sm all ColLs w ith  sloop iiiodo usago. A. U Es assoss w hether they  
should  1)0 considered for rofussignmeiit. B. T h e  C en tra lised  C on tro ller checks th e  ta rg e t eN B s for 
po ten tia l T arget U Es w ith  w hich th e  C onsidered  U Es can  he co-scheduled for M U -M IM O . If such 
T arget U Es ex ist, th e  co rresjiond ing  considered  U E s are te rm ed  reassignahle. C. T h e  C entralisc'd  
C on tro ller selects a subse t o f th e  R eassignah le U E s to  reassign. In  th is  p ap e r, th ey  are  se lected  so 
as to  m inim ise th e  requ ired  nu m b er of ac tive  eN B s. D. T h e  se lected  U Es get rea.ssigned. E. eN B s 
w ith  no rem ain ing  a tta c h e d  U E s sw itch  to  an  idle s ta te  to  conserve en erg \’.

To m odel small cell energy coiistim i)tioii wo make use of the m odel proposed l)v 

the FP7 Energy Aware Radio and iieTwork tecH nologies (EARTH) project in [74] 

shown earlier in Eq. (2.7).

This m odels the small cell base station input power in W atts, F,„, as a function of its 

state  (A ctive/Id le) as well as the transm it j:>ower used From th is it is possible 

to quantify the reductions in Carbon Dioxide (C O 2 ) em issions and electricity costs 

that result from tliese sm all cell deactivations [118]; however, these m etrics are not 

pursued in this work.

N,{Po +  ApP„ut), A C T I V E  

NtP.,u-ep, ID L E
(5.2)
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5.3 Reassignment Mechanism

The MU-MIMO across Small Cells reassignment m echanism  of th is work follows a 

common struc tu re  to  the  ])revious chapter (Section 4.3), augm ented l)y the  

deactivation of idle small cells, and consists of five m ain steps:

A. Selection of Considered UEs

B. Check for Target UEs

C. Selection of UEs to  reassign from the Reassignahle Set

D. Rea,ssignment

E. D eactivation of em ptied small cells.

Additionally, as necessitated hy the energy consm nption m inim isation objective of 

the  reassignm ent, the  th ird  stej), in which UEs are selected for reassignm ent, is much 

changx'd. These ste[)s are sum m arised in Figure 5.2 and elaborated on in the  following 

sul)sections.

5.3.A Selection of Considered UEs

In order to  avoid unnecessary exchange of feedback inform ation, a t the  s ta rt of the 

reassiginnerit process, UEs assess w hetlier they should be considered for MU-MIMO- 

based cell rea-ssignment.

If a UE is capal)le of MU-MIMO operation in its current cell it is unlikely to  

improve its MU-MIMO capabilities l)y reassigning to  a neighbouring cell and so UEs 

which are already jierform ing MU-M IM O are renun'ed from the  set of considered 

UEs. We specify these as the UEs m eeting the constraint

‘̂ ^2,k-.oh-.o >  Tl.k.O- (5-3)

where denotes the  exi)OCted instantaneous ra te  averaged over all Resource Blocks 

(RBs). /? =  1 and n = 2 denote SU- and two-layer MU- M IMO, resi)ectively, and the
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averaged rates are scaled by th e  imiiiber of co-scheduled UEs (layers) to  corresi)oiid to 

tlie average spectral efficiencies in l)its per RB. e indicates the presence of anotlier 

UE attached  to  eNB e w ith a  quantised channel vector senii-orthogonal to  th a t of 

UE k.

However, as previously s tated , a UE cannot know i)rior to  the  scheduling ])rocess 

w hether it will be co-scheduled for MU-M IMO in the  following transm ission or not. 

It will, however, be al)le to  know (from the D em odulation Reference 

Signal (DM-RS) in Long Term  Evolution (LTE) Rel.lO [14] or MU-MIMO downlink 

power offset indicator in LTE Rel.8 [15]) if recent transm issions to  it had been 

l)erfornied using M U-M IMO. As th is  work considers a slowly changing channel, the 

UE can expect th a t, if M U-M IM O was used in the  j)revious transm ission, there is 

ano ther UE in the cell w ith a quantised cliannel vector sem i-orthogonal to  its, 

m eaning th a t can be specified as

4 ,0  =

1 if M U-M IM O was used in the 

previous received transm ission
(5.4)

0 otherwise.

Of th e  UEs incapable of M U-M IM O usage in their current eXB. th e  ones 

considered for reassignm ent are those which can ex])cct to  benefit from use of 

MU-MIMO if a ttached  to  a neighbouring eNB l)y a certain  am ount:

2r2.fc,r -  r i , k . o  >  t . (5.5)

where r  is an offset indicating how much higher the  ta rge t cell expected ra te  nm st 

be, which can be either i>ositive or negative, and ol)tained from neighlxMning

eNB reference signals as outlined in Section 3.2.5.

T he i)aranieter r  has been introduced in th is chapter to  provide control over 

the tradeoff l)etween spectral and energy efficiency. A positive value of r  indicates a 

stric t requirem ent on the m inim um  exj^ected Reassigned UE (RUE) spectral efficiency 

gains, while a negative value of r  indicates the willingness to  sacrifice some spectral 

efficiency for a reduction in energy consum ption.

Then, these UEs which cannot i)erform MU-MIM O oi)eration in their original
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cell, and meet the neighl)ouring cell MU-MIMO rate constraint, are labelled the 
Considered UEs. These Considered UEs then share a single wideband Precoding 

Matrix Indicator (PMI), for each target neighbouring eNBs, with the central 
coordinator via their currently attached eNBs.

This step is unchanged from the j^revious chapter. The central controller checks for 
Target UEs by checking if the (quantised channel vector of any UE in the neighbouring 
cell is senii-orthogonal to that of the considered UE (corresponding to  the fed back 

wideband neighbouring cell PMI), and that their SINR is not too low for MU-MIMO 
oi)cration to be benehcial. Any Considered UEs for which a Target UE exists are 
tc'rnied Reassignohle UEs.

5.3.C Selection of UEs to reassign from the Reassignable Set

The choice of UEs to reassign can determine the number of eNBs which can be 
deactivated (put into a sleep mode) as a result of the reassignment, as well as the 
inc'reases in spectral efficiency and MU-MIMO usage that can be achieved.

In this work we formulate the decision of which UEs to reassign a.s a set covering 
prol)lem in which we select UEs to reassign so a.s to maximise the mtrnber of 
deactivated eNBs. In this, the set of all UEs k E U must be covered (served) by the 
set of active base stations. However a UE k can only be served by an cNB c G £  if 
either e is the original eNB of k or k can be reassigu('d to c.

This set covering i)robleni can be expressc'd as follows:

where r;,, indicates tha t eNB e is active and f{k)  indicates the set of eNBs which can 
serve UE k.

5.3.B Check for Target UEs

nnnumze
( ■ € £

subject to (f/,.) > 1  \/k e U

G {0,1} ye e £
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In  th is  w o rk  we consider two m ethods o f so lving th is  jn'ol^leni. In  order to  assess 

the perform ance o f the mechanism under op tim a l reassignment selection (m axim um  

num ber o f deactivated eNBs) we solve th is  problem  using the IB M  ILO G  C P L E X  

O l)tin iise r. Despite our problem  size being re la tive ly  sm all and C P L E X  find ing  

solutions in a reasonable am ount o f tim e , the set covering problem  is N P-hard, 

meaning th a t fo r real im j)lem enta tions a hem is tic  so lu tion  would be required. For 

th is  reason we also assess the perform ance o f the reassignment mechanism when 

C hva ta l’s w e ll-know n greedy heuris tic  set covering so lu tion  [119] is a])plied. Th is  

a lgo rithm  j^roceeds by in it ia lly  assum ing a ll base stations to  be id le  and then 

recursively a c tiva tin g  the  base s ta tion  which can serve the largest num ber o f 

unserved UEs. Th is  is repeated u n til a ll UEs are covered l)y at least one base 

sta tion . T h is  heuris tic  so lu tion  achieves an ap j)rox im a tion  ra tio  o f 0 ( ln  w h ils t 

o j^erating in  po lynom ia l tim e.

5.3 .D Reassignment

A ll UEs attached to  any o f the sm all cell eNBs selected for deactiva tion  are reassigned 

to  th e ir res])ective ta rge t eNBs.

5.3 .E Deactivation of emptied small cells

Once a sm all cell base-station has fin ished serving a U E  or when a U E is reassigned 

to  a ne igh l)ouring  cell, the sm all cell base s ta tion  can enter the id le mode regime to  

m in im ise  energy consuni])tion and to  avoid creating  unwanted interference. However, 

there is a need fo r effective mechanisms th a t can detect the ]>resence o f a new UE 

and subsequently wake uj) the l)ase s ta tion . Conceptually, th is  can l)c done e ithe r in 

a d is tr ib u te d  fashion and l>y the base s ta tio n  itse lf, o r cen tra lly  and w ith  the aid o f 

a separate con tro lle r.

The sinij:)lest way to  realise the d is tr ib u te fl wake uj) mechanism is to  equii) the 

eNB w ith  an R F  sniffer which constantly  m on ito rs  the detected energy in  the up link  

band. Once th is  c juantity  exceeds a certa in  threshold , the  l)ase s ta tion  can in te rp re t 

th is  as a sign h id ica tin g  the  presence o f a U E  in  the v ic in ity  o f the sm all cell [114]. The 

issue w ith  th is  m ethod is th a t se tting  the detection threshold  o p tim a lly  is d iffic u lt
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and tha t, contrary to the scenario in [114] where the UE connnnnicates with an 
underlying macroceil eNB, in dense dejiloynient scenarios, the UE is more Ukely to 
be served by the neiglibouring small cell base station, which essentially implies that 

the UE transm its at lower ])ower, making it more difficult to detect.

hi the centralised apj>roach, however, a sej)arate network element triggers the 
small cell base station to wake up. This has the advantage tha t the base station will 

not be triggered unnecessarily if the UE can be served by other existing cNBs. The 
challenging task is to determine when a UE falls under the coverage area of a given 
small cell base station. This can be done by using RF-fingerprints as a metric to 
estimate the location of the UE or through other advanced geolocation methods.

As our network already contains a centralised controller the centralised apiiroach 
presents the Ix'st fit to our scenario. Furthermore, this approach ])rovides a higher 
energy efficiency gain than the distril)uted api)roach, as less infrastructure is required 
to detect when a reactivation is required [112].

5.4 Simulation Results

In this section we assess what energy saving and s])ectral efficiency gains are 
achievable through use of the described reassignment and small cell deactivation 
mechanism. We take as a baseline for comparison the cm rent standard practice case 
in which UEs are initially assigned to the eNB of strongest RSRP [6, Section 5.2.3], 
which, as discussed at the start of Section 4.4, for cases where all eNBs o])erate 
within the same frecjuency band and liave the same nnilti-antenna cai)al)ilities, 
represents the SINR-maximising a.ssignment i)olicy. This UE association method is 
connnonly used in connuercial de])loyments and as such we are comparing the 
performance of our j)roposed scheme to the current status quo. W’e investigate how 

these are affected by the number of UEs per cell and the reassignment param eter r , 
a.s well as the algorithm used to select UEs to reassign from the set of Reassignable 
UEs.

The simulatif)u results are based on two scenarios: one indoor and one outdoor. 
For the indoor sc-enario we consider the S'"'* Generation Partnershij) Program (3GPP) 

Dual Strii)c indoor fenitoc('ll scenario described in Section 3.3.1, while for the outdoor 
scenario we consider the 21 ])icocell Munich city centre scenario described in Section
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3.3.2. This outdoor scenario covers a wider area than the one investigated in the 
previous chapter and contains many more small cell base stations (21 as ojiposed to 
3). This was chosen a.s it allows for a more averaged result in term of the nmuber of 

small cell base stations which are deactivated.

W ithin each simulation sna])sliot, provided th a t there exists at least one emi)tiable 
cell in which all UEs are rea.ssignable, UEs will be reassigned from their original eNBs 

to target neighl)ouring eNBs in which they will perform MU-MIMO and, in doing so, 
enal)le the emptied eNBs to be switched to an idle state in order to conserve energy.

The parameters used in the energy efhciency model {P,nax, -Pq, and Psieep) were 
obtained from [74], although adjusted for the 4 transm it antenna case such that the 
mtixinuun total radiated power is kept consistent. These values are based on 2010 
hardware caj^ibilities, which j^rovide a conservative estimate of the energy savings 
that can lie obtained, as small cell sleep state  capabilities have developed over time. 
Further, as identified in [112] the energ>" sa\'ings provided by centralised control of 
sleej) modes can l>e in the order of 92% which is considerably higher than achieved 
by the 2010 teclmolog}'. It is assumed that eNBs can switch to a sleep state  cjuickly.

For consistency the m ajority of the remaining param eters remain the same as were 
used in the previous cha])ter. A full l)reakdown of simulation jiarameters is provided 
in Table 5.1. As before, error bars in all figures in this section correspond to the 95% 
confidence interval, and unless otherwise stated, in order to assess the reassignment 
mechanism performance under ojitimal reassignment selection (in terms of number of 
deactivated small cells), figures are leased on the CPLEX set covering solution rather 
than the greedy heuristic.

5.4 .1  Energy Efficiency Gains

Figures 5.3a and 5.3b show the percentage of small cell eNBs which are switched to 
a sleep mode as a result of the reassignment mechanism for the indoor Dual Stripe 

and outdoor Munich scenarios, respectively.

As can be seen in both figures the percentage of small cell eNBs switched off 
decreases as the reassignment metric threshold r  increases. Higher r  corresponds to 
a stricter constraint on the fore.seen RUE reassignment spectral efficiency gains while
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Tal)le 5.1: Simulation parameters

Scenario-specific 3G PP Dual Stripe Munich 21 picocell
Param eters (Indoor) (Oiitdoor)
Pathloss Model 3GPP Dual Stripe [95] WiSE [102]
Fast Fading Model W inner II [108] W inner II [108]
De])loyment Densities DR =  0.2 Mean inter-site distance 

=  37m
No. Small Cells 8 on average 21
Small Cell max Tx Power 20 dBm 24 dBm
No. Macrocell Interferers 3 18
Macrocell max Tx Power 46 dBm 43 dBm
Initial UE Distribution Uniform j^er cell Uniform per cell
p̂ m a x 0.025 W 0.065 W
Po 2.4 W 3.4 W
A/. 4.0 8.0
P slecp 1.45 W 2.15 W

General Param eters
Bandwidth 10 MHz
Snai)shot Length 10 TTIs

(5 TTIs I)efore and 5 TTIs after rea.ssignment)
Channel Feedback Delay 1 ms
eNB Antenna 4 Tx antennas
Configmation Cross-polarised 0.5A spacing, -45°/,45° slants
UE Antenna 2 Rx antennas
Configuration Cross-polarised 0.5A spacing, 0°/.90° slants
MIMO Transmission SU-MIMO: single layer
Scheme MU-MIMO; N mw-=2, 1 layer per UE
Precoding Cotlebook Rel.8 4 Tx codebook
Average UEs per Cell ..,4}
Initial Cell Selection Maximum RSRP
Feedback (To assigned Subband CQI, wideband PMI for all UEs
cell)
Feedback (To centralised W ideband PMI for each Target Neighbouring eNB
controller)
MU-MIMO A mui 0.05
LIE Scheduling Proportional Fair SUS
SUS const e 0.1
Traffic Model Full Buffer
Inter-cell Interference 4 Transmit (Tx) SU-MIMO with random PMI
Model
Feedback Overhead 31.15%
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increased leniency in r  results in a larger set of reassignable UEs, allowing more small 

cell eNBs to  be switched off.

W hile not shown, as r  continues to  decrease, a j)oint will be reached (roughly 

r  =  —6) where UE reassignability becomes exclusively a function of UE channel 

orthogonality and no longer of the  neighbouring cell SINRs. In this case a UE may 

be reassigned to  any neighbouring eNB regardless of how far aj^art they m ay be, 

potentially  resulting in dram atic  decreases in s])ectral efficiency and inability to  use 

MU-MIMO in the  target neighbouring cell. Instead, in th e  figiu'es we show a 

reasonable range of r  values for which th is does not occur.

T he more UEs there are per eNB the  less likely all UEs in the  cell will be 

reassignable. Further, if there  are more UEs in the  original cell it is more likely th a t 

suitable MU-MIMO pairs will already exist, reducing the num ber of considered 

UEs. This r('sults in very low j)robabilities of a reassignm ent occurring for 4 UEs 

per cell, even for low r.

Coni])aring figures 5.3a and 5.3b we see th a t the  i)roportion of eNBs deactivated  is 

generally higher in the outdoor scenario. Figure 5.4 ])resents the  percentage savings 

in small cell eNB power consum ption for the  case of r  =  —1.5. We see th a t th e  pow’er 

savings in the  outdoor scenario are higher for low UEs ])er cell, while when there  are 

more UEs i>er cell the power savings become com parable.

F'roni the  j)ower consnmi)tion ])aram eters in Table 5.1 alone , if we consider the 

case of a single small cell, we can conij)ute th a t the  ])ercentage ])ower saved from 

sleep s ta te  usage over active mode is slightly higher in the outdoor j)ico case (45%) 

than  for the fenitos (indoor, 42%).

We see th a t in the outdoor case w ith 1 initial UE per cell a 15%) n 'duction  in the 

consmned power can be achieved. This corresi)onds to  a 45% energy saving by the 

37%; percent of pico eNBs which got deactivated, or an av('rage saving of 4.5W’ per 

pico cell. In the  indoor case w ith the  sam e i)aram eters on average 2.5W  per femto 

cell can be saved. Rc'ducing t  fu rther can achieve higher energy savings, although at 

the cost of lower (or negative) spectral efficiency gains.

Up until th is ])oint energy savings have only been ])resented for the  optim al 

reassignm ent selection solution (o])timal in term s of num ber of deactivated  small 

cell eNBs for the  given set of Reassignable UEs). In order to  assess th e  i^erformance 

difference between the optim al solution of the set covering problem  and th e  most
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c'NBs to  ID L E  state a.s a res>ih o f M lJ -M IM O -based  cell retussigiiineiits. r  =  —1.5. As can be 
c-oniputecl thro>igh tlie  c o u ih iiia tio ii o f Table  5.1 and Ecin. 5.2 the power A C T I V E  and I D L E  state 
powers o f an eN B in the Indoo r scenario are 10 and 5.8 W . respectively, w h ile  the A C T I V E  and 
I D L E  s ta te  ]>owers o f an eN B in the  O u tdoo r scenario are 15.68 and 8.G \V . respectively.

well-known greedy approxim ation [119] w ith in  our scenario Figure 5.5 compares the 

percentage of deactivated eNBs in the outdoor case w ith  1 UE in it ia lly  present in 

each cell. As pointed out earlier the advantage to  the heuristic algorithm  is that it 

achieves jio lynom ia l tim e oj)eration, while achieving the oj)tim al solution is 

NP-hard and only possil)le for small ])roblem sizes and loose tim e constraints.

The optim al solution results in, on average, 1.8 times a.s many deactivated small 

cell eNBs as the hem istic algorithm . As expected, the heuristic ])erforms well ahove 

the api)roxim ation ratio , which i)rovides a lower l)Ound on performance equal to 

hi(21) +  l  for our case, where 21 is the number of UEs present in this scenario. Fiu’ther, 

a.s r  increases, the i)erforniance o f the greedy solution gets m arginally closer to the 

performance of the optim al solution. This is because as r  gets larger the nmnber of 

rea.ssignable UEs decreases, hence the ])rol)leni size gets smaller, corresponding to a 

decrease in the nunil)er of suboi)timal solutions.
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ô

 25  0)
■ O

C/)
CD
. 2 0

0)o
=s 15CO
Ew
o 10 0)
0 5
CD

§ 5
0
Q.

^ ■ G r e e d y  Heurstic 
I I  Optimal

F ig u r e  5.5: Percentage' of c'NBs that can he switched to  IDLE a.s a residt of MU-MIMO-hasc'd 
cell reassignm ents for both the O ptim al and Grtx'dy heuristic set covering solutions in the Mmiich 
outdoor scenario (total 21 pico eN Bs) with 1 UE per eNB.

5.4.2 Increases in Spectra l Efficiency

Figures 5.Ga and 5.6b show the  gains in sj)eetral efficiency averaged over tlie UE th a t 

gets reassigned and the Target UE w ith which th e  Reassigned UE is sinuiltaueously 

ser'.'ed for M U-M lM O in the ta ige t neighbouring ce ll Eciuivalently, these are the 

gains in spectra l efhciency of the  enabled MU-MIMO usage over the pre-reassignm ent 

Single-User MIMO (SU-M IMO) usage, and are a function of the  original and target 

eNB SIXRs, before and after reassignm ent.

To i)rovide a more com plete understanding Cm nulative D istribution Function 

(CD F) plots of the  reassigned UE and ta rge t UE Spectral Efficiencies, Before and 

A fter Reassignm ent, are shown in Figures 5.7a and 5.7b.

As expected, a higher reassigm uent threshold r  generally corresponds to  a higher 

sj)ectral efficiency, although this is not necessarily true  in all cases, and  the difference 

is generally not much. As earlier sta ted , due to  it not being possible to  know prior to  

reassignm ent which neighl)ouring cells will be deactivated , t  cam iot take into account
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gains in SINR from a noighbouring small cell cNB switching into a slcoj:) state  (thus 
removing the inter-cell interference it causes). Further, lower values of t  mean that 
more reassignnients can be performed, allowing more small cells to be deactivated, 

and resulting in more redxictions in interference. This results in the extent to which 
the spectral efficiency is affected by r  l)eing less than previously antici])ated. This 

also explains why the increases in spectral efficiency tend to exceed the values of r.

W'e see tha t the gains in spectral efficiency in the outdoor scenario are higher 
than in the indoor scenario. This is due to the lack of walls l)etween neighbouring 

small cell eNBs on the same street. In the indoor scenario there are walls l)etween all 
eNBs, meaning that the minimum difference in SINR between two neighbouring cells 
is higher. This further exj)lains why the j)roix)rtion of eNBs that could be deactivated 
was higher in the outdoor scenario in Figure 5.3b, as this results in a larger set of 
reassignahle UEs.

Clearly, the exj^ected tradeoff between spectral efficiency (aveiaged over the 
reassigned and target UEs) and energy efficiency for varying r  is much less 
prominent than anticii)ated. Nonetheless, the spectral efficiency tends to increase 
for all values of r , meaning tha t the value of r  providing the highest gain in energy 
efficiency can be selected without adversely affecting much the si)ectral efffciency of 
the reassigned and target UEs.

5.4,3 Discussion of Other Potential Baselines

As stated earlier, in this investigation we take as a l)aseline for comj^arison the case 
where all UEs are assigned to the eNB from which they receive the highest RSRP, 
which corresponds to the SINR-maxiniising aUocation for our investigated scenario. 
That said, a range of other association policies exist within the literature, the 

objectives of which \'ary between macrocell offload, energ;v efficiency, bit-rate 
maximisation. Closed Subscriber Group (CSG) operation, and handover 

minimisation. In Table 5.2 we sunnnarise these approaches and give pros and cons 
for each when considering our investigated scenario.

In order to bias UEs in favour of l)eing assigned to small cells in heterogeneous 

networks many works consider the use of small cell range expansion offsetting to the 
RSRP [7, 120, 121]. The objective of this is generally to offload traffic from the
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luacrocpll oNB and heuco achieve a ])etter distrihutiou of load across the network; 
however, in [7] the authors show that, in multi-tiered networks where the different 

tiers (feuito, pico, micro, macro) have different nuilti-anteuua capabilities, it is also 

necessary to aj)ply appropriately-cho.sen offsets to the RSRP-values in order to come 
to an average SINR-maxiniisiug UE allocation. In the scenarios we consider UEs can 
only be assigned to a single small cell tier in which all eNB have the same ninlti- 

anteuna caiiabilities and operate within the same frequency band. As a result, for 
these association regimes, the same tier-based offset would be ap])lied to the RSRPs 
of all eNBs, making it e(iuivalent to RSRP-based assignment alone, which we apj)ly 
a.s oiu' comparison baseline.

From the persj)ective of energy efficiency, as already discussed, a number of 
other works consider the application of sleep states in cases of changeable [If2, 114] 
or full-buffer [115, 117] traffic. Compared to our pro]X)sed MU-MIMO-based 
reassignment mechanism the full-buffer sleep mode scenarios (which are most 
api)licable for comparison to our scenario which also considers full-buffer traffic), as 
they do not require MU-MIMO to be enabled for a cell-emi)tying reassignment to 
occur, result in a different set of UEs reassignments to our proposed solution. 
Hence, we expect tha t these ajijiroaches combined with our ])roi)osed 
MU-MIMO-based reassignments would achieve maximal energy efficiency without 
loss in spectral efficiency. Detailed investigation of this combined ai)proach is a 
subject of future work.

Also from the i)ersi)ective of energy efficiency another ajjproach is proposed in 
[121] in which a cognitive heterogeneous network is considered in which not all 
small cells have a direct backhaul connection and some rely on a multi-hop relay 
backhaul instead. In this, by taking into account the required number of hops in the 

cell assignment a more energy efficient allocation can be obtained. As our scenario 
assmnes that all small cells have a direc‘t backhaul connection this additional 

consideration is not applicable to our scenario.

As bit-rate maximisation (load balancing), CSG-oi)eration, and handover 

minimisation, desj)ite being connnon within the small cell (and heterogeneous 

network) literature, do not focus centrally on energy efficiency or SINR-maximising 
assignment, they are presented within Tahle 5.2 although not discus.sed further.
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Table 5.2: Association Approaclies for Small Cells with Multiple Antennas

A ssociation
A})})roach

References P ros/C ons

R SR P
[5, 7. 58, 
G3, 114, 
120, 121]

+  Sim plicity of im plem entation.
+  M axim ises th e  average SINR (provided th a t  all sm all cells opera te  a t  the  
sam e frequency and have the  sam e n m lti-an ten n a  capabilities) [7].
- Does not explicitly take in to  accom it m u lti-an ten n a  cajiab ilities (C hajjte r 4).
- Proi)osed M U -M IM O -based reassignm ents achieve higher sp ec tra l and  energy 
efhciency as was shown in Figures 5.3 to  5.7.

S ingle-an tenna 
Sleej) M ode 
Techniques 
(Full-buffer 
Traffic)

[115, 117]
+  M ore energy efficient th an  R S R P-based  allocation.
-1- Does not require M U-M IM O to  l>e enabled for rea.ssignm ent and , as such, 
results in a  different set of UEs reassignnients to  ou r projjosed solution.
+  Com bined wit h our ])roposed M U -M IM O -based reassignn ien ts would achieve 
m axim al energy efficiency w ithou t loss in spectra l efficiency.

Load B alancing [7. 120]
-1- C an achieve higher b itra te s  }>y ensuring resources are s])read evenly.
- O pposite  to  ('uergy efficient solutions in which, to  free up  sm all cells to  
deactivate , the  load is concen tra ted  to  as few cells as possible.

CSG [61. 62, 115] - M ust conform  to  j)redefined (often subop tin ial) allocation.

Power C ontrol [122, 123]
-1- C an provide energy efficient outcom es by consum ing less tra n sm it power and 
producing less interference.
- Does not result in sm all cells m aking use of sleep m odes, which resu lt nm ch 
m ore significant energy savings in sm all cell netw 'orks [75. 124].

M ulti-E lem ent 
A ntenna (M EA) 
A ntenna Selection

158|
+  Reduces pow('r leakage from CSG fem to cells.
+  Reduces nim iber of unw anted handovers betw een m acro and  fem to cell. 
- T arget objective not energ \’ efficiency.

JT -C oM P les]
- Need for tight synchronisation.
- IShiltiple sm all cell eNBs m ust be active.
- M ostly envisioned for M acroccll and  C-RA N system s.
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5.5 Summary

111 this chaj^ter wo (leinonstrated the coiubined use of MU-MIMO-l)ased UE 
reassigiiinents and centrahsed control of small cell sleej) states to achieve 
simultaneous increases in spectral efficiency and reductions in energy consumption.

We conii)ared the achieval)le gains in two small cell scenarios, one indoor 
residential ai)artmeiit block scenario (Dual Stripe) and one touristic outdoor city 

centre scenario (Stachus S(iuare, IMunich) relative to a baseline case corres])onding 
to current coninioii practice (RSRP-l)ased UE-to-eNB assignments). We found that 
it was ])ossil)le to switch in excess of 25% (indoor) and 35% (outdoor) of small cells 

to a sleej) state  whilst still achieving consideral)le gains in the spectral efficiency of 
the set of UEs for which MU-M1I\I0 is enabled (the RUE and Target UE (TUE)). 
Based on the energy consumption model used [74] these correspond to power 
savings of 12% and 15% respectively; however, as this model is based on 2010 small 
cell technology, and as the energy savings through use of sleep states have increased 
since that time, these gains l)ased on current or future technology will l)e even 
higher.
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6 Conclusions and Future Work

6.1 Contributions and Findings

Tlie use of inultii)le antenuas has shown Inige jiotential to  dram atically  increase the 

spectral efficiency of transm issions in cellular networks. In parallel, the rollout of 

self-configuring small cell in frastruc tu re  is leading to  rapid im jjrovem ents in 

spectrum  spatial reuse. These rollouts aim to  meet the high-capacity application 

dem ands ex]>ected from low niol)ility users in coming years. However, th e  use of 

niulti])le antennas to  transm it over niulti])le spatial layers (spatial nniltiplexing), 

which is th e  jirim ary nm lti-an tenna m ethod em])loyed to  boost cai)acity in m acrocell 

environm ents, has not yet been i)ro])erly realised in small cell environm ents. Spatial 

m ultiplexing gains are generally obtained in either of two ways: by transm itting  

over nuiltii)le si)atial layers on a single link between a base station  and a User 

Ecuiipment (UE), or by sim ultaneously transm itting  to  multi])le UEs, each on 

different spatial Uiyers, in w hat is known as M \ilti-User MIMO (M U-M IM O). The 

use of spatial multi])lexing to  a single UE is often inhibited l)v the channel 

characteristics of small cell environm ents and by the  fact th a t it requires nnilti])le 

widely-spac('d antennas at b o th  th e  small cell and UE sides. At the  sam e time, 

while M U-M IM O can get around these problem s, its i)erform ance is also lim ited in 

small cell environm ents by the  low num bers of UEs present in each cell.

In th is thesis we have proi)osed and assessed two teclmicjues for the reassignm ent 

of UEs between neighbouring small cells which overcome the  MU-M IMO perform ance 

lim itations experienced as a result of there being few UEs ])resent in each cell in small 

cell scenarios. These techniciues, which we collectively called M U -M IM O  .4c?r;.s,s Small  

Cells, focused on sj)ectral efhciency and combined energy and spectral efficiency gains,
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resi)cc'tivcly. In the course of this work a nnniber of original contril)utions and findings 
were made. In the following we recaj) over these contributions and findings, before 
discussing possil)le extensions to these in future work.

In Cha])ter 2 we ])rovided an overview of the background and state of the art on 
the topics of advanced multi])le-antenna techniques and small cell de])loyments, 
sjiecifically focused on areas of interest to this work. Wo sunnnarised how 
Single-User MIMO (SU-MIMO), MU-MLMO and Coordinated Multi-Point (CoMP) 
techniciues oj^erate and the extent to which they have been included into Long Term 
Evolution (LTE) standardisation, a« well a.s comparing the functionality of connnon 
CoMP teclmiciues to the subject m atter of our work. \Ne reviewed the literature on 
nuilti-antenna usage technicjues in small cell networks, in which there are strong 
focuses on coverage control and rec|uired dej^loyment density considerations. W’e 
looked briefly at a nmnber of small cell architectiu'es focused on enabling 
coordination in such scenarios, and finally we discussed a number of efforts to 
reduce small cell energy consumj^tion further. As well as the discussions of related 
work ])rovided within Cha])ter 2, chapter-specific related work comparisons were 
provided in the introductions of each subseciuent chapter.

Chapter 3 contained two primary focuses. The first was on cjualitative and 
ciuantitative comparison of a rej)resentative set of jjotential system and network 
level simulators for Extremely Dense Network (EDN) investigations and the 
])rovision of guidelines for other researchers in the selection of the ai)i)n)i)riate 
simulator for their desired scenario. This took into perspective key considerations 
for EDN simulations such as link level abstraction, modelling of interference, Radio 
Resource Management, different traffic types, backhaul and upjjer layer j^rocedures, 
simulator ea.se-of-use, structm'e and modularity, sui)i)orted dei^loyment scenarios, 
and scalability for networks containing large numbers of nodes. Our second focus in 
this chapter was on the simulator extensions which we performed as j)art of this 
work to allow us investigate the proposed MU-MIMO-based I'eassignment 
mechanisms. These included system-level MU-MIMO implementation, related 
MU-MIMO scheduler, feedback and spectral efficiency implementations, as well ay 
the inclusion of indoor and outdoor small cell deployment scenarios.

In Chapter 4 we proposed and assessed the jierformance of the first of our two 
investigated coordinated MU-MIMO-based reassignment mechanisms. The goal of 
this mechanism is to reassign UEs between adjacent cells to arrive at an assignment
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il l  w liic li the iiiu tu a l c lia iiiie l o rthogona lity  between UEs in  the same cell is increa.sed, 

hence enabling the use o f add itiona l spatia l layers fo r M U -M IM O  transm issions. The 

perform ance o f the reassignment mechanism was assessed via  M onte Carlo  system 

level s im u la tion  in  two sm all cell scenarios: a residentia l indoor apartm ent block 

scenario, and an outdoor scenario corresponding to  a com m ercia l square in  the c ity  

centre o f M un ich , Germany. In  each snapshot, the U E  in  the netw ork w ith  the 

highest expected spectral efhciency gain from  M U -M IM O -e na b lin g  reassignment w'as 

selected to  be to  reassigned. It  was found th a t in  the outdoor scenario, more than  

11% o f the UEs served by the three sm all cells in  the  scenario met the reassignment 

c rite ria , which was alm ost double w hat we saw for the indoor scenario. found tha t 

a ll the investigated cases achieved positive increases in  bo th  s])ectral efficiency and 

M U -M IM O  usage across the affected cells as a resu lt o f the reassignment compared 

to  our baseline case in which UEs are assigned to  evolved Node Base stations (eNBs) 

based on Reference Signal Received Power (RSRP) alone (no reassignnients). We 

also found th a t a fte r the reassignment, M U -M IM O  is used in  ui)wards o f 95% o f all 

R('S(jurce Blocks (RBs) scheduled to  e ither the reassigned or ta rge t UE.

In  C hapte r 5 we dem onstrated the combined use o f M U -M IM O -based  UE 

reassignnieiits and centralised c-oiitrol o f sm all cell sleep states to  achieve 

.simultaneous increases in  spectral efficiency o f the Reassigned U E  (R U E) and 

Target UE (T U E ) and reductions in energy con.sunij)tion. The  reassignment 

inechanism i)resented in  th is  chapter was posed as a set covering i)rob len i in which 

we want to  n iin in iise  the num ber o f sm all cell base sta tions required to  cover (serve) 

the set o f UEs in  the network. In  th is , a small cell base s ta tion  can on ly  "cover” a 

UE i f  e ithe r it  is the current serving base s ta tion  o f th a t UE (the base s ta tion  

p rov id ing  the highest received j)ower), o r i f  the U E can ob ta in  a m iiiim u m  gain in 

spectral efhciency as a result o f an M U -M IM O -based  reassignment in to  th a t cell. 

Fo llow ing th is , a ll UEs o rig in a lly  assigned to  an en ip tiab le  sm all cell were reassigned 

to  neighbouring sm all cells, at which po in t the o rig ina l cell was sw itched to  a sleej) 

.state. Th is  resulted in energy savings, increased M U -M IM O  usage, and reductions 

in  in te r-ce ll interference compared to  our baseline case in  which, again, UEs are 

assigned to  eNBs based (Jii RSRP alone, rei)resenting cu rren t j)ractice. As in  the 

previous chapter, we investigated th is  in  bo th  indoor and ou tdoor (residentia l and 

urban) sm all cell deploym ent scenarios. We c’onipared the use o f a well-known 

p o ly iio m ia l-tim e  heuris tic  so lu tion  to  the set covering problem  to the o p tim a l
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solution in our investigated scenario. It was foiuid that the ])olynoniial-tinie 
heuristic achievefl 56% of the nunil)er of deactivated small cells of the NP-hard 
optimal solution. We fomid that, using optimal reassignment, it was possible to 

switch in excess of 25% (indoor) and 35% (outdoor) of small cells to a sleep state 
whilst still achieving considerable gains in the RUE and TUE spectral efficiency. 

These corresi)onded to jiower savings of 12% and 15%, resi)ectively, baaed on the 

energy consumption model proposed in [74], and as the efficiency savings of small 
cell sleep states are imj>n;ving over time these gains could soon be nnich greater.

6.2 Future Work

While the contributions of this thesis were mainly centred on MU-MIMO-based 
rea.ssignments of UEs betw^een adjacent small cells, the methods used can be 
extended to other nnilti-antenna caj^ability enhancements. In the following we 
identify and discuss a number of future works which will build u])on the works of 
this thesis. The following list includes some works that we have already started 
while some corresj:)ond to works which can be pursued by other researchers.

6.2.1 Investigation of Additional Baselines for Ch5 Comparison

In Chapter 5 we comj^are the performance (in terms of energy and spectral efficiency) 
of our ])roi)osed MU-MI MO-based reassignment mechanism to the case in which UEs 
are sinij^ly assigned to the small cell eNB of highest RSRP. While this does represent 
standard practice [6] and, for our our scenario, corresj^ond to the Signal to Interference 
and Noise Ratio (SINR)-maximising aj)proach [7], we consider a potentially better 
baseline to be the case in which UEs can be reassigned to neighbouring small cells if 
their SINR increases as a result of the reassignment [115], given that their original 
cell is switched to a sleep state  following the reassignment to conserve energy'. In this 
case we exj)ect tha t a combined a])proach in which it is possible to reassign based on 
this or om' solution will provide the best overall performance.
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6.2.2 Dynamic Investigation of ChS’s Long-term Performance

Chapter 5 investigates tlie energy savings that can be achieved l)y switching small 

cells to a slcej) state as a result of them l)eing emptied through I\IU-MI]MO-V)ased 

reassignments, starting from a situation in which all small cells are active. We do 

not, however, investigate the long-term case in which small cells w ill need to be 

reawoken and the configuration readjusted as a restilt of changing network dynamics. 

Wo exi)cct the i)crformance of this long-term case to be close to ours ])resented in 

this work although inefficiencies may also result due to the time taken to reawaken 

deactivated small cells.

6.2.3 Variation of Tx Power with Small Cell Density

In the scenarios investigated throughout this thesis we hold the small cell Transmit 

(Tx) jjowers constant as dei)loyment densities (/Deployment Ratios (DRs)) increase. 

This results in higher inter-cell interference in more densely dej^loyed scenarios. As a 

future work, for our proposed mechanisms, we could consider how system performance 

can be improved through enal>ling small cell power control in denser deployment 

scenarios. This is likely to result in a tradeoff between inter-cell interference and 

the amount of inter-cell coverage region overlaj) necessary for effective reassignnients 

between adjacent small cells.

6.2.4 Coordinated Reassignments between MEA-equipped Small 

Cells

As stated earlier, the use of switched Multi-Element Antenna (M EA) systems is a 

l)eani-steering solution in which, multiple antennas, each of different antenna gain 

[)atterns (e.g. ])atch antennas which essentially form a beam in a single 90° sector), 

l^oint in different directions [5]. This provides a low-cost solution to small cell beam- 

steering as only a single transceiver chain is recjuirc'd. In these scenarios, however, in 

cases where no single antenna element (i.e. beam i^attern) can serve all of the UEs 

assigned to a small cell at once, niultii)lo antenna elements are ac'tivated, resulting in 

a loss in antenna gain and directionality.
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For th is  reason we i)ropose the use o f a s im ila r rea.ssignnient mechanism to  the one 

])ro])osocl in  C hapte r 5, except instead o f ta rge ting  the m in im isa tion  o f the num ber 

o f active sm all cells, we targe t the m in im isa tion  o f the num ber o f antenna elements 

required to  serve the set o f UEs assigned to  each sm all cell, h i th is  way we expect 

to  remove a s ign ificant p ropo rtion  o f the losses associated w ith  the sim ultaneous use 

o f in iilt i i) le  antenna elements, w h ile  at the  same tim e  lim it in g  interference between 

neighl^ouring cells.

6.2.5 Making Simulator Code Available

As identified  in  C hapte r 3, in  the course o f th is  thesis a iiiiin l)e r o f extensions to  the 

V ienna System Level (SL) s im u la to r [8] were re(iu ired in  (jrder to  enable the 

investiga tion  o f our proposed reassignment mechanism. As these extensions w ill be 

useful to  others in  fu tu re  SL studies o f m u lti-an tenna  capab ilities  in  sm all cell 

dei)loyiuent scenarios, they w ill be made availal)le online.

6.2.6 Combined M U -M IM O  Across Small Cells and CoMP  

Coordinated Scheduling

As b riis lied  on in  Cha])ter 4, as the Channel S tate In fo rm a tion  (CSI) feedback 

required for M U -M IM O  across Small Cells is a subset o f th a t required for 

C oord ina ted Scheduling (C S-C oM P) the two m ethods could be ])erformed in 

tandem , from  which increased gains in  spectra l efficiency could be achieved.
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Acronyms

3D  3 Dimensional

3 G P P  3'̂ '̂ * Generation Partnershi]) Program

A B S Almost Blank Subframe

ARQ  Automatic Re])eat ReQuest

A W G N  Additive W hite Gaussian Noise

B B U  BaseBand Unit

B -C Q I Best CQl

B D  Block Diagonalisation

B IC M  Bit-Interleawd Coded Modulation

B L E R  BLock Error Rate

C B S -C oM P  Coordinated Beam-Switching

GDI Channel Direction Indicator

C D F  Cmnulative Distribution Function

C E U S E  Cell Edge User Spectral Efficiency

CLSM  Closed-Loo]) Spatial Multij)lexing

C O 2 Carbon Dioxide

C oM P  Coordinated Multi-Point
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C Q I Channel Quality Indicator 

C -R A N  Cloud Radio Access Network 

C R S  Common Reference Signal 

C S -C o M P  Coordinated Scheduling

C S /C B  Coordinated Scheduling/Coordinated Beamforming

C S E  Cell Sjjectral Efficiency

C S I Channel State Information

C S I-R S  CSI Reference Signal

C S G  Closed Subscril)er Group

C S -R S  Cell Si)ecific Reference Signal

D C S Dynamic Cell(/Point) Selection

D M -R S  D('modulation Reference Signal

D P C  Dirty Paper Coding

D R  De])lovment Ratio

D SL Digital Sul)scril)er Line

E'^F Energy Efficiency Evaluation Framew'ork

E A R T H  Energy Aware Radio and neTwork tecHnologies

E D N  Extremely Dense Network

E E S M  Exponential ESM

eN B  evolved Node Ba.se station

E P C  Evolved Packet Core

E S M  Eff'ective SINR Map])ing

F D D  Frecjuency Division Duj^lexing
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F F R  Fmiueiicy Fractional Rense

F P 7  Euro]:)oan Connnission 7*'‘ Framework Progrannne

G U S  Greedy User Selection

H -A R Q  Hyl )rid Autom atic Repeat reQuest

H eN B  Home/indoor femtocell eNB

IC IC  Inter-Cell Interference Coordination

IM T -A  International Mobile Teleconnnunicat ions-Advanced

In H  Indoor Hotspot

IR C  Interference Rejection Combining

J P  Joint Processing

J T  Joint Transmission

L2S Link-to-System

L E S M  Logarithmic ESAI

LL Link Level

LOS Line-Of-Sight

LTE Long Term Evolution

L T E -A  LTE-Advanc('d

M A C  Medium Access Control

M C S  Modulation and Coding Scheme

M E A  Multi-Element Antenna

M E S C  Maxinnnn Expected SINR Coml)iner

M IE S M  Mutual Information Effective SINR Mapping

M IE S M  M utual Information ESM
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M IM O  Multiple Input Multiple O utput 

M M E  Mobility Management Entity 

M M S E  Minimum Mean Square Error 

M N O  Mobile Network Operator 

M R C  Maximum Ratio Combining 

M U -M IM O  Multi-User MIMO 

M U I Multi-User Interference 

N L  Network Level

O L S M  Open-Loop Spatial Multiplexing 

O O P  Object Oriented Programing 

P D C P  Packet D ata Convergence Protocol 

P F  Pro])ortional Fair 

P H Y  Physical

P M I  Precoding M atrix Indicator 

P O N  Passive Optical Network 

R B  Resource Block 

R I  Rank Indicator 

R E  Resource Element 

R F  Radio Frefjuency 

R L C  Radio Link Control 

R M a  Rural Macrocell 

R O I Region of Interest 

R R  Roimd Robin
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R R C  Radio Resource Control

R R H  Remote Radio Head

R R M  Radio Resource Management

R S R P  Reference Signal Received Power

R U E  R('assigned UE

R x  Rec('ive

S A M U R A I Spectrum Aggregation and MU-MIMO: ReAl-w'orld Ini])act

S -G W  Serving GateWay

S IN R  Signal to Interference and Noise Ratio

SISO  Single Input Single OutjMit

SL System Level

S IC  Successive Interference Cancellation 

S M a Su])urban Macrocell 

S N R  Signal to Noise Ratio 

S O N  Self-Organising Networks 

S S P S  Semi-Static Point Selection

S U -M IM O  Single-User MIMO beamforming on a single spatial stream

S U -M IM O  Single-User MIMO

SU S Senii-ortliogonal User Selection

T M  Transmission Mode

T T I Transmission Time Interval

T U  Typical Urban

T U E  Target UE
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Tx Transmit

TxD  Transmit Diversity

UE User Equipment

ULA Uniform Linear Array

UM a Urban Macrocell

UMi Urljan Microcell

URS UE-specific Reference Signal

WiSE \Mreless System Engineering

ZF Zero-Forcing

ZFBF Zero-Forcing Beam Forming
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