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Executive summary

This deliverable captures the first set of besbimtive concepts identified in the field of Advadce
Multiple Antenna Systems for potential inclusiortoithe WINNER+ system concept. The concepts
consist of promising principles or ideas as welldatailed innovative techniques. For each condept,
associated benefits as well as the correspondipgresments on the system architecture and protpcols
measurements and signalling, are considered.

The document involves two main tracks: in Chapteth@ development of new Advanced Antenna
Schemes in the context of conventional cellulamwoets are presented, while Chapter 3 reports aystud
of Coordinated MultiPoint (CoMP) transmission aedeaption, where multiple network nodes cooperate
to further enhance system performance.

Chapter 2 presents multiuser MIMO techniques in ¢batext of cellular networks comprising base
stations that employ antenna arrays and mobilels patssibly multiple antenna elements. The role of
multiantenna techniques here is essentially toiptlek users and data streams in the spatial doimain
taking advantage of all the degrees of freedonredfdy multiantenna processing. The intelligencthén
network lies in base stations that gather the cblastate information (CSI) towards each active neobi
and perform SDMA in a centralized manner. The psegoconcepts include several detailed SDMA
solutions consisting of downlink spatial user npléiking and beamforming by means of linear transmit
precoding and scheduling. The first set of promogattoduces realistic and promising improvemeats t
the WINNER |l wide-area FDD solution that employe tGrid of Beams (GoB) precoding concept. The
improvement arises from interference managemenitisob that enable either interference rejection
receiver processing in terminals, or interferenemidance scheduling in the network side. These
proposals are as such readily applicable to LTEelk On the other hand, the second set of proposal
introduces more revolutionary concepts. The fotese is on the careful design of CSI feedback from
mobiles to the base station, in order to facilitheam selection and efficient transmit-receive zero
forcing. Furthermore, the third set of proposaldudes a generic methodology for multiuser transmit
receiver processing under various system optinumatriteria. There, nearly perfect CSIT is assumed,
which implies that the method is best applicablefDD systems with low mobility users. Finally, in
order to reduce complexity and to support more gengrotocols, a scheduler that supports generic
precoder designs and multi-cell interference avaidas proposed.

Chapter 3 deals with Coordinated MultiPoint (CoM#i¥tems, which is a promising emerging concept
for reducing the performance discrepancies betwesthedge and inner-cell users. An overview of
CoMP and a synthesis of the foreseen impacts of Eav the network are provided, considering in
particular the aspects related to measurementsigndlling, backhauling constraints, inter-accesisits
communication requirements, and impacts on theeotirradio access standard architectures. The
different architectures allowing coordination to ferformed in radio access networks are outlined: o
refers to radio over fiber (RoF) architectures, mhdistributed antenna modules are connected to a
central station by means of fiber links. Anotherplementation is through coordinated multi-cell
transmission, where the distributed modules areesgmted by the base stations. At last, relayiraise
considered as a possible coordinated multipointesysscenario. The chapter is completed by a
description of the possible algorithms to be appblie CoMP systems, refering both to coordination
among base stations and to coordination among &@sens and relaying nodes. Preliminary results
showing the improved performance that the full ekption of CoMP systems could deliver are
presented as well.
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1. Introduction

This deliverable captures the first set of besbimtive concepts identified in the field of Advadce
Multiple Antenna Systems for potential inclusiortoithe WINNER+ system concept. The concepts
consist of promising principles or ideas as welldatailed innovative techniques. For each condept,
associated benefits as well as the correspondipgresments on the system architecture and protpcols
measurements and signalling, are considered. Theliba system, against which the benefits of the
proposed innovations are to be evaluated, is theecuLTE concept enhanced by selected features fro
WINNER Il. From multiple antenna solutions point\aéw, the basic characteristics are OFDMA-based
Multiple-Input Multiple-Output (MIMO) transmissiorfast radio resource allocation, link adaptatiod an
retransmissions, as well as optimisation of th@dmasission parameters according to the user terminal
velocity.

The document involves two main tracks: in Chapteth@ development of new Advanced Antenna
Schemes in the context of conventional cellulamwoets are presented, while Chapter 3 reports aystud
of Coordinated MultiPoint (CoMP) transmission aedaption, where multiple network nodes cooperate
to further enhance system performance.

The principal radio techniques to be consideredndeveloping future radio systems include multiple-
input multiple-output (MIMO) communication based onltiple antennas both at the transmitters (TX)
and the receivers (RX), as well as adaptive momtuladind coding. The spectral efficiency of MIMO
transmission can be significantly increased if séewel of channel state information (CSI) is aviaiéaat
the transmitter, allowing the system to effectivatjapt to the radio channel and take full advantfge
the available spectrum. The main challenge is tkenthe CSI available at the transmitter (CSIT).sThi
can be achieved by conveying CSI as feedback irdgtiom over the reverse link as in frequency divisio
duplex (FDD) systems. However, providing full CS& feedback may cause an excessive overhead on
the reverse link, and hence quantised instantanand&r statistical CSI are preferable in practige.
time division duplex (TDD) system uses the samei@afrequency alternately for transmission and
reception, and thus the CSI can be tracked atr#émsihitter during receive periods, provided thdirfg

is sufficiently slow and the radio chains are vegllibrated.

Chapter 2 discusses multiuser MIMO techniques & d¢bntext of cellular networks comprising base
stations that employ antenna arrays and mobilels patssibly multiple antenna elements. The role of
multiantenna techniques in multiuser environmestsdsentially to multiplex users and data streams i
the spatial domain by taking advantage of all tegrdes of freedom offered by multiantenna procgssin

The intelligence in the network lies in base staidhat gather CSIT towards each active mobile and
perform SDMA in a centralized manner.

Future cellular networks will need to provide hidgata rate services for a large number of usersghwhi
requires a high spectral efficiency over the whaat area, including the cell edge area. This hax@an
not be achieved by increasing the signal powegesmulti-cell systems become interference limited a
each BS processes in-cell users independentlyth@nother users are seen as inter-cell interference

As described in Chapter 3, one strategy to redoeeerformance-limiting interference is to reduce t
Inter-Cell Interference (ICI) with the aid of Codmdted MultiPoint (CoMP) systems, sharing and negisi
the degrees of freedom available to the networkh\WioMP, theoretically, deploying joint processing
over all the distributed transmitters, the impadtimter-cell interference can be fully eliminated.
Generally, CoMP refers to a system where seve@mgphically distributed antenna modules coordinate
to improve performance of the served users in et jcoordination area. The coordinated antenna
modules are connected via dedicated links (e.grdiba wired backbone connection or highly direwtlo
wireless microwave links [ZTZ+05]), or connectedataentral control unit.

There has been significant interest towards netwdrlstructure based cooperative processing betwee
distributed BS antenna heads [ZTZ+05, ABE06, DMH®8;V06, SZV02, SSB+06, Wyn94]. In
[Wyn94], it is shown that a cellular network with global joint-processing receiver significantly
outperforms a traditional network with individuatogessing per BS. After the pioneering work of
Shamai, Jafar et al., BS cooperation has beenestini several authors, e.g. [DMH06, KFV06, SSB+06,
SSB+07, ZMM+07]. For example, Somekh et al. [SSB+88B+07] provided an information theoretic
analysis of distributed antenna systems under thedmodel [Wyn94].

Coordinated multi-point systems are being consileea promising technique for increasing capaufity
new radio access systems in several standard segams as well. In the framework of 3GPP, several
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contributions related to receivers/transmittersrdowtion in the access network have been presented
the recently opened LTE-Advanced study item (se8PB36814] for the current agreements about
CoMP). These approaches are also considered inMiMAX standardisation framework; see e.g.
[MHM+08] for a classification of related contribatis.

Different architectures can be considered undertehm of CoMP; it can be both based on Radio over
Fiber architectures or on an enhanced cooperatioong traditional radio base stations. Under the
framework of CoMP, possible synergies among relzges and related radio base stations are introduced
as well.

Version: 1.0 Page 9 (110)




2. Advanced Antenna Schemes

This chapter discusses multiuser MIMO techniquethéncontext of cellular networks, comprising base
stations that employ antenna arrays and mobilels patssibly multiple antenna elements. The role of
multiantenna techniques in multiuser environmestsssentially to multiplex users and data streams i
the spatial domain by taking advantage of all thgrdes of freedom offered by multiantenna procgssin
The intelligence in the network lies in base staidhat gather CSIT towards each active mobile and
perform SDMA in a centralized manner. All the teicjues proposed here rely on linear transmit
precoding and receiver processing.

The downlink MIMO solution adopted by both WINNERand LTE for FDD systems in wide-area cells
is based on pre-defined codebooks or transmit plexceets. In WINNER 1l the approach is called Grid
of Beams (GoB), as the precoders essentially foeagrpphically separable narrow beams. Beam
selection is based on feedback received from eaahilen In multibeam mode several users may be
served simultaneously by the same cell or sectbigchwresults in intra-cell interference betweenrsise
Furthermore, especially for cell-edge users somé¢hefbeams from neighbouring cells may form a
significant source of interference. Section 2.1ppses advanced methods for enhancing the perfoemanc
of networks employing GoB. The proposed methoddude interference mitigation by receiver
processing, as well as feedback design to fadlifaterference avoidance by cooperative multicell
scheduling.

Another approach for downlink multiuser MIMO isatiow highly adaptive generic precoder design that
does not employ pre-defined precoder sets. Theoaphrallows the base station more freedom to cbntro
or nearly null intracell interference. In Sectior2 2wo methods for downlink multiuser zero-forciby
transmit-receive processing based on limited feekltmre presented. The first scheme is based on
feedback of CSI, where the channel quantizatiopaised on hierarchical codebooks. The hierarchy can
take advantage of slow channel fading rate, asCtBH is refined over several feedback periods. The
second scheme proposes to use a combination oftéomgchannel statistics and instantaneous feedback
from the mobile. The channel statistic can be geathevia low-rate feedback in FDD mode or
alternatively by reverse link measurements in TD&Bdm Again, the long-term statistics are most usefu
when the MIMO channel has strong and slowly chaggiinectional components.

In networks employing TDD, nearly perfect instatans CSIT can be obtained in the transmitter. This
allows more advanced or accurate multiuser interfeg balancing or zero-forcing to be performednay t
base station. The benefits of TDD are best avalablocal and metropolitan area deployments. 8ecti
2.3 presents a downlink joint linear transmit-reeedptimisation methodology for various optimisatio
criteria. Additionally, zero-forcing for both downk and its reciprocal uplink is discussed. Onedfi¢iof
zero-forcing is that it decouples the beamformewgroand rate allocation from the precoder design.
However, careful beam and user selection is reduineorder to avoid extensive zero-forcing loss.
Finally, a low-complexity user scheduling and beapriection method developed in WINNER I,
ProSched, is described.

2.1 Enhancements for codebook based multi-antenna transssion

This section presents advanced methods to intexeramitigation and avoidance for the cellular
multiantenna downlink transmission systems emplpyiodebook based precoding where the downlink
transmit precoders are chosen from pre-defined bated on the feedback received from the terminals
In the proposed methods, both intra-cell and in&drinterference are considered.

The adaptive FDD MIMO transmission solution develdpn WINNER Il [WIN2D61310] for wide-area
environments is based on fixed unitary pre-codimigivs derived from the DFT matrix. The concept is
called Grid of Beams (GoB), since when employechwihiform linear antenna arrays, the precoders
form directional beams. The contributions presentedhis section are well aligned with the GoB
concept. However, more general precoding and aatamray geometries can be readily supported as
well. Due to the codebook-based nature, the prdposan also be easily embedded into the LTE
standard.
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2.1.1 Adaptive MIMO mode switching with different levels of multi-site cooperation

2.1.1.1 Multisite MIMO cooperation modes

In multicell systems employing codebook based downltransmit precoding, different levels of
cooperation between neighbouring cells can be egpln a certain time-frequency resource, a mobile
can be served in one of the following MIMO modes:

A. SU-MIMO: Multiple spatial data streams towardsagé user

B. MU-MIMO: Multiple spatial data streams towards nipik users

C. Spatial interference avoidance based on beam cwinin: Exchanging resource restrictions to
avoid spatial collisions

D. Cooperative MIMO: Serving one or more users frara br more different sectors/sites, e.g. by
a combination of beamforming and distributed spfaequency block coding

Figure 2.1 outlines the basic approaches of theréifit modes for an example of closely spaced llinea
array antennas using linear precoding codebookfxeid beams. A coordination cluster of three dife
sites is shown, each having 3 sectors (colouregeilow, blue and red). 8 beams are used within each
sector, the main lobes of their antenna patteressketched in the figures — numbers are indicatieg
beam indices.

A concept for inter-cell interference mitigation bgceiver processing in mode B is proposed in gRcti
2.1.2, and a feedback concept for spatial intenfezeavoidance (mode C) based on beam coordination i
described in section 2.1.3. Cooperative MIMO (md¥)ecan be seen as an extended combination of
macro diversity and MU-MIMO. There are coherentrapghes [HKK+08], called network MIMO, and
incoherent ones [SCW+07b]. For the FDD mode duémded CSIT, the incoherent approach is the
more relevant one.

e St 3

A) SU-MIMO Mode B) MU-MIMO Mode

'Snel
(///KL)]\%\E‘-)SW
X A,

e

Site 2 Site 3

Site 2 Zite 3

C) Spatial Interference Avoidance Mode D) Cooperative MIMO Mode

Figure 2.1: Multi-site cooperation modes
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2.1.1.2 Adaptive MIMO mode switching

The demand for higher spectral efficiency and higledl edge user rates in future mobile communaiceti
systems is increasing. Existing systems are limlgdinter-cell interference. The intention of this
contribution is to approach those limitations invigle area FDD downlink scenario with multi-antenna
base stations by controlling the inter-sector anerisite cooperation.

In the proposed concept, mobile terminals are $widcbetween different MIMO modes, depending on
their SINR operating point. In order to keep theWlteul traffic in a moderate size, user data betwee
base stations should only be exchanged when iemgficial for a particular user to be served from
different cells. On the other hand, interferenceidance by restricting the use of certain space-tim
frequency resources in the neighbouring cells, shonly be applied for mobiles, which are at a aert
low SINR operation point.

The aim of the mode switching is:
- To find the right trade-off between cell border uggoughput, summed average cell throughput
and peak throughput.
To keep the necessary backhaul traffic at a tolerafit.
To cope with limited feedback of channel state linfation.

2.1.1.3 Expected requirements on signalling and measuremest

The signalling of the WINNER Il wide area spatiabpessing concept can be reused, based on best beam
index feedback and frequency selective CQI. Thie &ts well to LTE signalling based on PMI and CQI

On top of this, extra backhauling with low laterisynecessary for the multi-site coordination c&sehe

LTE terminology this will happen via the X2 inteca Mode C requires only small amount of
information exchange for the control plane, whemaasle D requires more information exchange as user
data has to be available at multiple sites.

The mode switching uses modes C and D that redod@rekhauling only for those users which
significantly benefit from these modes to keepréguired backhauling capacity as low as possible.

2.1.1.4 Expected requirements on architecture and protocols

Modes C and D will require either a central unitiethserves as a joint scheduling entity for a
coordination cluster or an architecture allowingst@re responsibilities on a low-latency level lesw
base stations. In order to keep the changes texiiséng architectures of WINNER Il and LTE low,ist
suggested to use the second option where somedfimdaster-slave relationship can be established
between base stations of a coordinated cluster.

2.1.1.5 Conclusion on the proposed concept

This concept uses small additions to the WINNERahd LTE assumptions in order to extend the
capabilities and the performance of the systenhawit requiring large changes to the standarddlolva
a mix of non-cooperating and cooperating modes.

2.1.2 Practical Performance Limitations of Adaptive MIMO transmission in Wide-Area

To enable ubiquitous broadband wireless access,®Minsmission must be made robust against multi-
cell interference. However, it is not fully evideygt how the potential capacity gains of MIMO can b
realized under these conditions. In fact, earlywltssindicate only small capacity gains of spatial
multiplexing (SMUX, multi-stream transmission), cpared to the classical spatial diversity (SDIV,
single-stream transmission) in the interferenceatéich case [CDGO1]. Further work has illustratedt tha
SMUX increases peak rates for users close to theamter, while SDIV enhances the user througlgut
the cell edge [ZT03]. Hence, it might be helpful qwitch between these two transmission modes,
depending on the actual channel condition [HPO5].

Joint "dirty-paper” pre-coding achieves the capaaf the broadcast channel [CS03] and thus it is
considered as an upper bound for the performaneauiti-user environments. However, the BS would
need coherent channel state information, whichffeeudlt to obtain in frequency division duplex (FD)
systems, as a high rate feedback link may be reduifargeting a practical solution, we consider to
report indices of fixed pre-coding beams togethith wdequate CQI information via a low-rate feedbac
channel. In particular, we use post-equalizati@mali to interference and noise ratios (SINRs) as. CQ
With this limited feedback approach, bandwidth daténcy requirements for the feedback can be

Version: 1.0 Page 12 (110)




WINNER+ D1.4

relaxed. In [TSZ+07] we have shown that on basithisf approach, the fundamental capacity scaling la
- being proportional to the minimum of the numbé&rezeive and transmit antennas - can be realilsed a
in multi-cell environments.

2.1.2.1 Description of the concept

In WINNER phase Il [WIN2D61310], an adaptive MIM@hsmission was proposed based on limited
feedback for the application in FDD systems depioyethe Wide-Area scenario. The concept is based
on fixed unitary pre-coding weights (GoB), whicheaderived from the DFT matrix. The UTs are
assumed to provide frequency-selective CQI feediackboth single- and multi-stream transmission
(Figure 2.2). In particular, we perform an optintiaa with respect to the SINR conditions at the
receiving side and thus consider the achievablegugalization SINRs per chunk as CQI. At the B&s w
use an extended score-based scheduler [STJ+0@hughable to switch adaptively between single- and
multi-stream transmission, depending on the repo@€Is. In case of multi-stream transmission the
scheduler considers SU-MIMO and MU-MIMO, i.e. thgstem may benefit from higher spectral
efficiencies due to multi-user diversity gains &@0OMA. The performance under ideal conditions has
been evaluated for a full coverage multi-cellulatwork [TSZ+07].

i

Y= vy
B

S X MT m

l

feedback: best-beam indices j, /
and corresponding S/NRs for
single- and multistream modes

Figure 2.2: Assuming multiple antennas at the basstation and terminal side, respectively, SINR
feedback is provided by the terminal for possible ransmission modes using a narrow band
feedback channel.

2.1.2.2 Expected benefits

The performance in Figure 2.3 is evaluated in atirgellular simulation environment including the
channels of 57 sectors in total withl 4spaced ULAs. 20 UTs are dropped in the center ediich
consists of three hexagonal sectors. The UTs asansd to perform IRC. One of the elementary
assumption is the ideal knowledge of all serving amerfering channels. The SINR to rate mapping is
achieved by using the advanced coding and modual#8&€M) scheme from [WIN2D223] with K=1152
bits of codeword length and CWER=0.01.

We observe a capacity increase of the mean squtatral efficiency by a factor of 1.9 for the adept
MIMO 2x2 and by 3.5 for the adaptive 4x4 systemhwitspect to the SISO reference case. The 5%-tile
of the normalized user throughput, which may sew@ measure to represent the throughput of cgé-ed
users, shows similar scaling behaviour.
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Figure 2.3: Compares the sector and user throughputor the SISO, MIMO 2x2 and MIMO 4x4
system, while meeting fairness constraints for 20T$ assigned to the BS.

2.1.2.3 Expected requirements on signalling and measuremest

The proposal for system implementation in pradscas follows:

1. Synchronize downlink transmission from all basdiates with respect to carrier frequency and
frame start

2. Use multi-cell channel estimation as suggeste@dtien B.1.

3. Since the concept is based on fixed pre-coding bedaticated pilots are not required to obtain
pre-coded channel knowledge. Thus, system coneefpt simple and cochannel interference
ensured to remain predictable for the user termindhout any additional pilot overhead.

4. Employ correlation-based covariance estimationuggassted in section A.1.2.2 at the terminal
side for the design of the MMSE equalization fiter

2.1.2.3.Xhannel estimation errors and their impact on IRC

The performance of the IRC approach strongly depesrd the achievable precision for the required
system’s covariance matrix. This knowledge may laénegd by utilizing the received signal or by
estimating the channels of the desired and intedesignals. Both techniques give rise to estinmatio
errors that may degrade the system performanceieA tomparison may be found in the appendix A.1
and a more detailed version in [TSW+08]. We ingzdt the quality of different estimates that can be
achieved by different estimation techniques andtifyathe performance degradation caused by channel
estimation errors.

2.1.2.3.Feedback delay for mobile users

The feedback delay may become a critical issubeifdhannel is time-variant, which occurs if theruse
terminals are moving. Time-variance of the chamasiilts in the fact that the SINR conditions mayeha
changed significantly when the resource allocatiost has been decided by the scheduler based on
previous SINR conditions is being applied for tramssion. In case the SINR conditions drop down, a
collapse of the system performance is inevitahlest Fesults for an isolated cell can be foundSmJ08].

2.1.2.4 Conclusion on the proposed concept

An adaptive MIMO transmission system based on éthiteedback for the application in FDD systems
deployed in the Wide-Area scenario has been prabos®/INNER phase Il. It has been shown that a
capacity increase of the mean sector spectraligifiy by a factor of 1.9 for the MIMO 2x2 and by 3.
for the 4x4 system with respect to the SISO refegazase can be achieved. Our investigations, wiacdh
been carried out under ideal conditions, were addnto include several impairments of the system
design.

We examined the impact of impairments on the adltiky system performance, which occur in a
practical system setting, like channel estimationrs or the feedback delay in mobile environmentse
work comprises the elaboration on adequate tecksidgo estimate interfering and desired channels. A
further issue concerns feedback design, where atlegompression techniques should be found to match
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the amount of feedback data to predefined consstajdTW+HO08] quantifies the minimum amount of
feedback bits per SINR value, which are require@reure an efficient adaptive MIMO transmission.
These results are obtained from measurement ddta anlti-cell simulation environment.

2.1.3 Intra-cell and inter-cell interference avoidance bypartial CSIT sharing

2.1.3.1 Description of the concept

The objective of this concept is to reduce intrb-aed inter-cell interference in downlink FDD MIMO
systems with codebook-based linear precoding. Aehsignalling concept is introduced here, called
“Best companion”. The aim of the “best companionhcept is to introduce additional codebook-based
channel state information in addition to existiregbweight indices (called PMI in the LTE termingyd

in order to reduce the interference in the ovesgditem. Intra-cell interference will be reducedumyter
support of MU-MIMO pairing. Inter-cell interferenceill be reduced by exchanging codebook-based
interference information between sites.

2.1.3.1.1 Approach for avoiding intra-cell interference in MMIMO (mode B)

DL FDD
DL Reference symb

Potential

} rtners of
Index | Weight part f-so
vector -\‘ user 1.
1 W, EPMIKJ == BCl,
W, ;

Figure 2.4: Improved reporting scheme for MU-MIMO mode

The UEs measure the channel and report the best inelex (rankl PMI) for their serving cell,
i.e. the codebook index of the own transmit weighich maximises the SINR at the receiver
output (depending on receiver algorithm supportgdJg), taking into account noise and inter-
cell interference.

The UEs report so-called best-companion indexed)(BE the serving cell, i.e. the codebook
index of a potential co-scheduled interferer whisaximises the SINR at the receiver output,
e.g. a linear MMSE receive matrix which is calcethbased on PMI and candidate BCI.

The UEs report the CQI for the case that the B@aat used. For the case that the best BCls
are used a delta-CQI is reported.

In order to minimize intra-cell interference, bagedthis additional information [Alc08], for duaiream
MU-MIMO, the base station now can pair two usersn, where the PMI of is the BCI ofn and vice
versa. As a result, spectral efficiency will bergased.
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2.1.3.1.2Approach for avoiding inter-cell interference (modg

DL FDD

Codebook (!
[natese VWei'tg*r“ + BCI/WCI, Delta CQI
for BS 2, BS3
1 w, _
2 w,
Backhaul connection

Figure 2.5: Improved reporting scheme for intercellinterference-avoidance mode

The UEs measure the channel and report the best bekex (preferred rank 1 PMI) for their
serving cell.

The UEs further measure the channels from a sébmwinant interfering cells.
The UEs report BCls or worst-companion PMIs (W@ the set of interfering cells.

The UEs report the CQI for the case that the bestpanion PMIs araot used and for the case
that the best companion PMIs are used or the veorsipanion PMIs are not used (the latter may
be in the form of a delta-CQl).

In order to minimize inter-cell interference, basad this additional information ([Alc08], [SamO08]),
beam coordination can now occur. E.g. for WCI-réipgr a centralized scheduler over low latency
backhaul can now schedule users of different calish that on a given time-frequency resource, no
interference from reported WClIs will occur, thuslueing the overall interference of the system. As a
result, especially cell edge user throughput weéliticreased and also spectral efficiency of theegys

2.1.3.2 Expected performance or benefits

Simulation results for mode B are described init@taAppendix A.2. The results show a performance
gain of +16% for an urban macro channel and a ghin22% for an urban micro channel in terms of
average cell throughput.

2.1.3.3 Expected requirements on signalling and measuremest

The signalling of the WINNER Il wide area spatiabpessing concept can be reused, based on best beam
index feedback and frequency selective CQI. Thes §its well to LTE signalling based on PMI and CQI

On top of this, extra backhauling with low latensyecessary for the multi-site coordination case.g.

the LTE terminology this will happen via the X2énface.

A small addition to the existing signalling concep¢ the proposed BCI in mode B and WCI in mode C,
as well as delta-CQI that the UEs need to repothéonetwork. The additional signalling overheadl wi
be small. According to the simulation settings gfp&ndix A.2 an additional UL feedback overhead of
0.8 kbit/s per MU-MIMO user is required in modeddbtain the above mentioned performance gains.

2.1.3.4 Expected requirements on architecture and protocols

Mode C will require either a central unit whichwes as a joint scheduling entity for a coordination
cluster or an architecture allowing to share resfimlities on a low-latency level between baseiitest

In order to keep the changes to the existing achites of WINNER Il and LTE low, it is suggested t
use the second option where some kind of mastee-slelationship can be established between base
stations of a coordinated cluster.
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2.1.3.5 Conclusion on the proposed concept

This concept uses small additions to the LTE andNMER Il assumptions in order to extend the
capabilities and the performance of these systeith®ut requiring large changes to the standards.

2.2  Feedback methods for multiuser MIMO zero-forcing

This section introduces feedback methods for supmpdownlink multiuser MIMO zero-forcing by
transmit-receive processing. The methods are ptegémthe context of a single-cell system.

2.2.1 Joint transmit-receive optimisation and user scheding for FDD downlink

MU-MIMO techniques require channel state informatit the transmitter (CSIT) in order to achieve
spatial multiplexing across users. If CSIT is knoigeally, an effective and relatively simple linear
transmission technique is known as zero-forcing) @&amforming where each user is served by a user-
specific beam and receives no interference fromother users' beams [YGO06]. If users have multiple
antennas, spatially multiplexed users could eacheive spatially multiplexed data streams
[SSH04,CM04,VVHO03]. The assumption of ideal CSITym#t be unreasonable under time-division
duplexing (TDD) where the same band is used foruglenk and downlink. In this case, CSIT for the
downlink can be obtained through channel estimatanthe uplink. However ideal CSIT is not an
appropriate assumption under frequency-divisionakipg (FDD). In this case, the base station meist r
on uplink feedback from the mobiles to obtain CSfrcellular systems, limited uplink bandwidth ali®
only a few bits of feedback during each intervakuiting in limited, non-ideal CSIT. Furthermorsgu
mobility only makes the CSIT more unreliable.

Typically, the feedback bits are used to indextao$erectors (or codewords) in a codebd@kvhich is
known to the transmitter and all receivers. Fomepde, B bits per feedback interval can be useddex

a codebook with 2vectors. For a transmitter with M antennas, eaxteword inC is an M-dimensional
vector that characterizes the MIMO channel for thaer. A well-designed codebook will contain
codewords that effectively span the set of MIMOnutels experienced by the users.

2.2.1.1 Description of the concept

We propose a multiuser MIMO transceiver architextamd methodology under the assumption of limited
CSIT, based on linear zero-forcing beamforming dinéar receiver combining. This proposal is
motivated by a downlink FDD cellular network whexrdase station equipped with M>1 antennas serves
a large number (K>M) of users, each equipped wit ldntennas. The channel is first estimated by each
user, and CSI feedback and the receiver combimexaoh user are jointly computed to maximize a hove
metric based on the signal-to-interference-plus@aatio (SINR) at the combiner output. Because the
actual SINR achieved during data transmission fisnation of the beamforming weights, but because
users cannot know the beamforming weights in adwatiee metric is based on an expectation of the
SINR. We call this combining strategy tmeaximum expected SINR combin®ESC). Once the
transmitter receives the CSI feedback from all Kresit determines the set of users to serve ierc
maximize the weighted sum rate. During the datastrassion, serviced users can demodulate the data
using the previously derived MESC or using an enbdncombiner that requires knowledge of the
beamformed MIMO channel for maximizing the actu@NR. The proposed MESC is related to a
previous ideal-CSIT technique [Boc07, BHO7], andsita generalization or extension of limited-CSIT
techniques [Jin07, TBTO7, BHTO7]. In Appendix Avge give some details about the proposal.

2.2.1.2 Expected performance or benefits

The performance of the proposed MU-MIMO architeetwill depend on how well the quantized vectors
in the codebook span the realizations of the MIM@rmels. The problem of finding the optimal vector
quantizer for a MU-MIMO system is not solved in geal. In [LHO4, LHSO03] the problem of
maximizing the throughput of a MIMO single userteys with limited feedback has been shown to be
equivalent to the problem of packing one dimendiubspace known as Grassmannian line packing.
This approach has been studied for MU-MIMO systeargs in [AGO7]. Nevertheless, in our best
knowledge, the optimality of Grassmannian packiag hot been extended to the MU case. For spatially
uncorrelated channels, random codebooks have beawnsto perform well, when the number of
feedback bits is not small. Alternatively, otherdebook designs have been proposed for highly
correlated channels [Sam06, BHAQ7], but their pennce is very low in the case of spatially
uncorrelated channels. The hierarchical structfithe latter allows reduced feedback in time-catesd
channels but both perform poorly in spatially umetated channels. In [TNL+98] the Lloyd algorithe i
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used for a point-to-point MIMO transmission in arde find the quantization region that maximizes th
SNR.

In order to propose a more practical, highly adaletéechnique for generating codebooks suitechfor
antenna configuration and level of spatial corretgtwe will study codebook generations based @n th
Lloyd-Max algorithm, extending the results previlyusroposed in [TNL+98, BCT+07] and other papers.
In practice, codebook generation would be perforafflthe for a large variety of channel environment
and each user would measure the MIMO channel statiand load an appropriate codebook from
memory. Different codebooks can be loaded if théiteomoves to a different spatial environment, for
example, from outdoors to indoors. Our proposecebodk design creates a nested structure that lends
itself to hierarchical indexing. As a result, C&eflback can be accumulated over multiple signalling
intervals in order to index a much larger codebedlich results in improved performance for low
mobility users. We will show an example of a simiplerarchical feedback strategy.

The proposed class of techniques will be testedcmlpared with other proposals (in particular with
fixed beams based proposals) by means of a simgteec system level simulator, where long-term
proportional fairness is guaranteed among the userthe network. System simulation results are
available in Appendix A.3.

2.2.1.3 Expected requirements on signalling and measuremest

The proposed technique requires a two phase pdoaling between base station and user terminals.
Firstly, common pilots are sent to all the candidasers. Then, after the precoding matrix is ge¢edra
dedicated pilots are needed for the set of schdduders only.

2.2.1.4 Conclusion on the proposed concept

The focus is on extensions of previous proposat®7) TBTO7, BHTO7] to the case of multiple receive
antennas, and joint design of the receive beamfioemeé of the vector quantizer. Quantization codé&boo
design is also considered for different types ofpagations scenarios, including successive refinéofe
the quantization (hierarchical quantization). Hathe performance is assessed by analytic stuatids
multicell system simulations. Comparison with othpproaches, like fixed beams SDMA schemes, will
be carried out in the future.

2.2.2 Efficient feedback schemes combining long term anshort term information

As is well-known, having access to channel stafermation (CSI) at the transmitter of a multiple
antenna system, can boost the data rate but aigores increased signalling overhead. One possible
exception that does not require increased sigmgli;m TDD systems with well-calibrated radio chains
where channel reciprocity can be exploited to estimthe downlink channel during the uplink
transmission and vice versa.

However, even in the case of FDD or TDD with tondalelays between uplink and downlink, long term
CsSl, i.e. the second order statistics of the C&h, loe collected at the base station using lowfesigback
from mobile terminals. This would require little enhead as the statistics are assumed to vary siowly
comparison to the instantaneous channel realizafitiarnatively, if the transmit and receive chaare
properly calibrated at the base station, the dawnthannel statistics can be estimated directth@abase
station from the uplink, even for FDD systems [CHL®s was shown in [WIN2D341], such long term
information can be combined with different formssbibrt term CQI. These ideas will here be developed
further with extensions from MISO to full MIMO, dptized quantization strategies and more
investigations of joint scheduling and precodingll€ting long term statistics on the reverse loan

not only be used to characterize channels to dks&eeivers but also gain some information on the
unwanted (intra-cell or inter-cell) interferencatla transmitter can cause on other receivers.

2.2.2.1 Description of the concept

We consider the downlink of a multi-user systemhwitultiple antennas at each erithe transmitter has
covariance information about the channels for easér. Each user, in addition to the covariance
information, also estimates the instantaneous afabased on pilot transmissions. For this scenario,
literature presents several transmission and rexeptrategies that enhance a performance metderun
fairness assumptions.
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In this proposal, we consider additional CQI infation at the transmitter in the form of quantized
feedback. This information reflects the instantarsecchannel state and is of sufficiently low
dimensionality so as to keep the feedback overaeadminimum. The problem would then be to find the
optimal transmission and reception scheme givemdhiitional information and evaluate the perfornganc
gain compared to the case without quantized feddibdmwever, we assume that the base station employs
transmit beamforming and scheduling while the nemeemploys interference cancellation. Under this
assumption, we formulate a framework for evolviransmission and reception schemes based on:

1. Devising a feedback strategy: This involves chogdime parameter to be fed back and the
quantizer to be designed.

2. Choice of beamformers given the available infororatit each end.

3. Choice of the scheduling policy based on the abkElanformation.

Different schemes can be obtained by altering tledrios in any or all of the steps mentioned above.
Such schemes have to be compared with prevailiogniques like Opportunistic beamforming and
Beamforming quantization

Feedback supported eigenbeamforming

In this scheme [BOO08], the channel covariance matfreany user is partitioned into different eigeasps

and the transmit beamformer is chosen so as to &déage component along the dominating eigenspace.
The transmit beamformer is known at the receivevibye of the knowledge of covariance matrix. The
receiver uses the covariance information to deaisezamformer that cancels instantaneous interferenc
with non-negligible power. The number of modes ¢ochncelled by the receiver beamformer is a design
parameter. The problem becomes interesting withuieeof a scheduler. Additional information in the
form of user’s rate or Signal to Interference Ndraio (SINR) is needed even by the simple schedule
that performs greedy maximization of weighted sate.rThe SINR is unknown at the transmitter as it i
not privy to the receiver beamformer. In the Feelbsupported Eigenbeamforming scheme, a scalar
variable indicating the effective channel normad back using a quantizer. Assuming that the fegddba
link is lossless, an estimate of the user’s SINR loa obtained at the transmitter. A design paramete
whose choice governs the over-estimation of SINRI$® incorporated. The obtained estimate has a
closed form expression involving the feedback \@eand the channel statistics. With the estimafes
SINR in place, a greedy low complexity schedulisgused. Further details are presented in Appendix
AA4.

V2

(a) (b)

Figure 2.6: lllustration of the spatial channel inbrmation given by different norms (SNRs) in the
two-dimensional real-valued channel case. Here,;vand v are independent Gaussian random
variables and the channel norm, , is the distance from the center of coordinates tthe realization
(i.e., which circle it is on). The shaded areas shothe distribution of conditional density f(vq, V5| ).
The inner arrows indicate the standard deviation (y having larger variance than ) in each
direction, and their crossing the mean value. The nebability mass becomes more focused for
higher SNRs. Thus f(y, v,| ) indicates correlation even though yand v, are independent, thereby
highlighting the spatial information provided by the channel norm.
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The motivation arises from the fact that an isagaguantity like channel norm contributes substnti
directional information when combined with the stits, while maintaining a compact representation.
Moreover, the higher the channel norm, the moraurate would the directional information be. The
intuition behind this is illustrated in Figure Z&) and (b) for the Rayleigh and Ricean case, ctis@dy.

An alternative approach using quantization codekbdimsed directly on the full channel matrix hasrbe
reported in [KBS07]. These results did not expéoiy long-term CSI.

2.2.2.2 Expected performance or benefits

Preliminary results for a single cell downlink miser MIMO system using proportional fair schedgl
have been presented in [BO08] and are repeateddrerempleteness.

Figure 2.7 compares the throughput of opportunist@amforming with the Feedback supported
Eigenbeamforming scheme for a highly loaded cethvd2 users, each having 4 antennas. The base
station has 8 antennas and the channel norm igigedmusing O, 1, 3 or 5 bits. Channels were geadra
according to the ‘Local Scattering Channel modd&he parameters of this model are chosen to
correspond to an isotropic scattering at the receand an angular spread of &6 transmitter. It is clear
that just single feedback bit is required per useachieve 50% the gain of unquantized channel norm
feedback, while 98% of the feedback gain is actdeys&ng 5 feedback bits.

CDF of Cell throughput, 8 Tx Antennas, 4 Rx Antennas, 32 |
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Figure 2.7: The CDF of the average cell throughputfor a cell with an eight-antenna base station
and 32 four-antenna users. The throughput of oppotnistic beamforming and channel norm

supported zero-forcing beamforming with exact feedback is compared with the latter scheme using
0, 1, 3, or 5 hits of feedback per user (increasingerformance).

2.2.2.3 Expected requirements on signalling and measuremest

The goal is to minimize the signalling related t8l@nd CQI. The number of bits per channel reatizat

is a design parameter and the performance is ominior the given feedback rate. The proposed CQI
based on the channel norm can be used with onlymmompilots, i.e. no dedicated pilots are required.
The feedback is compatible with LTE ver 8 as it adilize the CQI reporting of LTE. Also, if the
scheduling rate is quicker than the channel vaniati the same CQI can be used in several scheduling
slots. As long as the long term information can dsimated on the reverse link, no additional
measurements or signalling is needed.

2.2.2.4 Conclusion on the proposed concept

Some results and system level simulations basethese ideas were presented already in WINNERII
[WIN2D341]. The intention is to extend these fromS® to full MIMO. There are also many open
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questions, especially related to predicting intenfiee levels and using the available information fo
interference suppression. While single stream ger is considered at present, some experiments have
been undertaken with multiple streams per user fantther investigation of the same is underway.
Combining space-time codes with beamforming alsustitutes an area of interest within the proposed
framework.

2.3  Resource allocation schemes for TDD systems

This section proposes advanced methods for resalfceation and multiuser MIMO precoding in
cellular TDD systems, where the same carrier fragyeis used alternately for transmission and
reception. The typical assumptions for the opegagicenario are:

The cell sizes are relatively small and locatedrlvtan metropolitan and/or hot-spot areas.
Use of multiple TX/RX antennas is feasible in acsathterminal equipment.

Low TX powers are adequate due to short distarsmethat very high data rates are possible
also in uplink.

Furthermore, it is generally assumed that instedas CSI can be estimated and tracked at the
transmitter side for precoding purposes, as:

Uplink and downlink MIMO channels are reciprocal.

The transmit and receive RF chains in all transrsiare well calibrated.

User mobility is low, and the channel changes slosd that the coherence time is longer
than a TDD frame.

Pilot signal is available for sounding the revels& corresponding to the transmit
subcarriers.

In order to facilitate multiuser MIMO precoding the downlink direction, mutually orthogonal uplink
pilot signals were defined in WINNER II. The numbafr mobile antennas to be served in the same
resource block defines the amount of orthogonalt pi¢sources needed. Thus the number of users that
can be tracked simultaneously is limited by pileédead. Note that the uplink pilot is needed tepkthe
downlink MIMO channel open even when the mobile haglata to transmit. If the traffic in uplink and
downlink is relatively symmetric, the same subeagican easily be allocated to the same set of user
both directions. In this case the pilots embeddedata, for the purpose of coherent detection, beare-
used as a reference for transmit precoding as agBuggested in Section 2.3.2.

Even if perfect CSIT is available in TDD systemsme form of scalar feedback is needed to supptat ra
allocation and adaptive modulation. This is du¢hto fact that the interference levels are not recigl,
and the transmitter should know the SNR seen bydbeiver.

2.3.1 Downlink resource allocation for multiuser MIMO-OFD M TDD system with
linear transceiver processing

A major challenge for wireless communication systashow to allocate resources among users across
the space (including different cells), frequency éime dimensions and jointly design all the traaigers
with different system optimisation objectives. Adead multi-user MIMO resource allocation and
scheduling techniques can be used in both the W tha DL to allocate resources across different
dimensions. While dirty-paper coding (DPC) is knotenbe a capacity achieving albeit very complex
non-linear precoding technique in the DL [VT03, W8§ linear precoding/beamforming is much
simpler to implement to perform multi-user transsios. Hence, the linear beamforming is an important
solution in practical system design. Unlike the sae capacity of the MIMO broadcast channel using
the DPC, the sum rate achieved by optimal beamfagneannot be written as a convex optimisation
problem [SHO7]. Yet, despite its sub-optimality,abgorming combined with a proper selection of
users/beams has been shown to be asymptoticallyrat@moptimal [SHO7, SHO5, YGO06]. In general, a
solution for any allocation problem with linearnsaission can be divided into user selection oupirty

for each orthogonal dimension (frequency/sub-cartime), and the linear transceiver optimisation f
the selected set of users per orthogonal dimersibject to a power constraint.The allocation proble
remains unresolved for a large variety of optini@acriteria, especially when combined with praatic
modulation and coding schemes as well as user fep&guality of Service (QoS) constraints. The
problem is a difficult non-convex combinatorial plem with integer constraints and finding jointly
optimal solutions is most likely intractable [LZOBSOO07]. Therefore, efficient sub-optimal soluti@ms
required in practice.
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2.3.1.1 Description of the concept

The focus in this concept is on spatial user sclimglwith greedy beam/user selection combined with
various linear transceiver design techniques withear perfect transmitter CSI. The proposed greedy
beam allocation allows efficient grouping of noteirfiering users and/or streams/beams across differe
often non-correlated frequency and time dimensiddsly restrictions for the proposed scheduling
method are such that the maximum number of beardmsited by the number of BS transmit antennas
while the number of beams per user can get anyevadtween zero and the number of terminal antennas
depending on the channel conditions. At the same,tthe advanced precoder design (TX weight and
power allocation) algorithms can be used to guarniser/stream QoS requirements while maximising
the system optimisation objectives. Differentlytt® methods proposed in WINNER I, the proposed
transceiver design method can be optimised acaptdidifferent objectives, including:

Power minimisation subject to per stream SINR caiirsts

Power minimisation subject to individual user redastraints
Minimum weighted SINR maximisation, i.e. SINR batarg
Weighted sum rate maximisation

Weighted common rate maximisation, i.e. weighted balancing

The transceiver optimisation method can straightéodly handle a frequency selective OFDM system
with additional QoS constraints, such as a guaeahteinimum bit rate per user. The methods allows
multiple antennas both at BS's and mobile usesaay number of data streams is allowed per schddul
user. The method can accommodate a variety of sapgitary constraints, e.g. upper or lower bounds
for the SINR values of data streams as well asp&mna or per BS power constraints, and the fdigsib
of the resulting optimisation problems can be gasdrified. A practical model for the rate providegd
each data stream can be easily adapted. The ablgenade per stream can be modelled as mig(log

9 'max), Where describes the SNR gap to the channel capagiig,the SINR of strearsandr .,y is
the maximum rate limit, both imposed by a set ehegractical modulation and coding schemes.

The optimisation problems are decomposed into iasef remarkably simpler optimisation subproblems
which can be efficiently solved by using standaedmetric program and/or second order cone program
solvers. Even though each subproblem is optimallyesl, the global optimum cannot be guaranteed in
general due to the nonconvexity of most linear dcafver optimisation problems. However, the
algorithms are shown to converge fast to a solutidrich can be a local optimum, but remains effitie

2.3.1.2 Expected performance or benefits

A first set of research results demonstrate the op@mality of the proposed algorithms. The restiave
been presented in [TCJ08a, TCJ08b, Tol08] and sufrtiee results are reproduced in Appendix A.5 for
convenience. The proposed joint transceiver opétita algorithms are compared with corresponding
generalised ZF transmission solutions, as well @k worresponding optimal non-linear transmission
methods. The proposed algorithms are shown to periignificantly better than the corresponding ZF
solutions providing near optimal solutions desitite fact that there is no guarantee of achievirgy th
global optimum due to the non-convexity of the opsiation problems.

It is also shown that the performance of the gdisexh ZF method with greedy scheduling approaches
the sum rate capacity in the high SNR region asthreber of users present in the system becomes. larg
However, in the low SNR region the capacity logsfrthe noise amplification can be significant. The
generalised ZF method suffers from the noise aioptibn in the fully loaded case. Therefore, ibften
beneficial to allocate fewer beams than the spdimakensions available allow in order to reducerbise
amplification, especially in the low SNR region amith a low number of users.

2.3.1.3 Expected requirements on signalling and measuremest

The generic requirements concerning multiuser Mijgi®coding in TDD systems apply here as well.
The TDD frame and pilot signal structure of WINNBRsupports the proposed concept with the uplink
pilots dedicated to MIMO channel sounding. Scad@dback for reporting SNR or the noise level sgen b
the mobile receiver is needed.
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2.3.2 Uplink-downlink multiuser SDMA strategy for TDD-MIM O systems

2.3.2.1 Description of the concept

Coordinated linear transmitter-receiver procesdiygblock diagonalization (BD) with greedy beam
selection is a method to utilize all degrees ofdiem available in MIMO networks. By applying
instantaneous channel state information in thestratter (CSIT), the BD criterion offers zero-forgin
between the downlink data streams of different sisAny combination of the number of antennas in
terminals and the base station can be supported. cbmtribution proposes a practical uplink MIMO
scheme for time division duplex (TDD) systems teesist with downlink multiuser Tx-Rx zero-forcing
so that the locally available CSI of the BD chanigelised by the terminals in the uplink transmissio
[KLJO8, KTL+09]. Uplink transmit beamforming gairs isignificant especially when the base station
employs a relatively small antenna array. The ptedopilot symbols are sufficient in both uplink and
downlink to satisfy the needs of both transmissind reception.

Figure 2.8 shows an example of uplink-downlink b&aming with beam selection. The base station
selects the same set of spatially compatible eigemis for both directions. The existence of the diokn
beams accommodates reciprocal beamforming for kiplimessence, the uplink is based on reversing the
downlink signal processing chain. The power coirsissand transmit data rates can be differentHer t
base stations and terminals, even though the spawe sand frequency resources are reserved for both
directions. If the data traffic between uplink ashownlink is heavily asymmetric, the asymmetry can b
dealt with by uneven allocation of resources iretidomain.

=
TYTY

Figure 2.8: Uplink-downlink beamforming with beam slection

The concept is based on linear iterative downlinktimser Tx-Rx zero-forcing [SS04]. The multiuser
MIMO channel is effectively decoupled into a sefpafallel single-user MIMO channels so that peruse
precoding based on SVD can be performed. Ideaily, dptimal downlink receivers become matched
filters so that the terminals need not activelymeps inter-stream or multiuser interference. thesBS
carries out all multiuser processing, whereaséhmihals may act as if performing single-user MIMO.
the uplink, each mobile only sees its own zeroddrIMO channel and thus implicitly assumes a zero-
forcing receiver in the base station. However, riacfice other multiuser receivers than zero-foraing

be applied to improve the robustness of the sysiéane details are provided in Appendix A.6.

The main innovative idea is to propose multistrde@amforming for uplink, and in coupling the uplink
and downlink MIMO transmission so that they supgath other. Uplink can get considerable gain from
transmit beamforming. At the same time, the dateash-specific precoded downlink pilots are suffitie
for creating uplink precoders. Multiuser MIMO based CSIT was included in WINNER Il already,
however only for downlink and not by zero-forcinghus the proposed algorithm is new for both base
stations and terminals.

2.3.2.2 Expected performance or benefits

The proposed concept utilizes all spatial degrédseedom while taking advantage of CSIT. Thus both

multiplexing gain and beamforming gain are obtajnetich is a combination not found in the current

uplink solutions. In Appendix A.6, the performanckthe proposed concept is compared against two
other schemes: best-user MIMO precoding and nooegled uplink. In the simulated scenario, the

capacity gain offered by the proposed concept ithénorder of 35% against the best-user MIMO and
70% against the non-precoded method.
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2.3.2.3 Expected requirements on signalling and measuremest

The TDD frame and pilot signal structure of WINNERsupport the proposed concept by precoded
stream-specific pilots. In the downlink, these Eilare sufficient. However, changes to the uplirk a
suggested so that the pilots are appended by adalitstreams, resulting in each user's pilot precod
matrix becoming unitary. The unitary precoder nxatand orthogonal pilot sequences enable full
multiuser MIMO channel estimation in the base etatiNote that LTE Rel.8 offers only one stream-
specific downlink pilot, and thus multistream prdoc@ is not supported. In the uplink direction,
transmission of multiple streams per user is nppsued. This proposal affects mainly the physiagér
precoding. However, it has to be ensured that sdhmed and beam selection support the scheme by
properly taking into account the spatial domain.

2.3.3 Low complexity resource allocation for multi-user PMA

2.3.3.1 Description of the concept

When multiple antennas are available at base sgtransmitting on the downlink, the spatial signas

of the users’ channels can be separated and neultgdrs can be served simultaneously (SDMA) in any
resource element of the underlying transmissiotesysTo fully exploit the benefits of SDMA and to
reach the targeted throughput values in Local Amed Metropolitain Area scenarios, channel adaptive
transmit precoding is required, either based og-temm or short-term channel knowledge.

An algorithm is needed to decide which users shbelderved simultaneously by the SDMA scheme at
each transmitting base station in each resouramegie Terminals with spatially correlated channels
should not be served simultaneously, because atioelimpairs the spatial separability of the chalnn
subspaces and leads to less efficient precodinghtgeiln channel adaptive precoding, for each ptssi
subset of users the precoding weights need to-bemputed, thus creating an intractable computation
complexity when brute force searches are emploled. complexity approaches such as ProSched are
key to fully exploiting the benefit of the SDMA setme in practice.

Inter-cell or inter-site interference can be mitagh as well, including that generated by relay sode
depending on the amount of coordination availaldévben the transmitters. This leads to additional
gains especially in interference limited scenasiosh as LA and MA.

The multi-user spatial scheduling concept for SDNiAcluding distributed antennas systems) was
already developed in WINNER 1/l [WIN2D341]. Therept is based on the low complexity scheduling
algorithm ProSched [FDHO5b] and its extension teriierence avoidance scheduling for multiple base
stations with cooperation and/or coordination [FBHO he extension of the concept to relay enhanced
systems with coordination has also been presentadasic form. For a brief discussion of the cphae
relay mode see Section 3.4.3. More details of thelevscheduling concept as well as simulation tesul
on interference avoidance in relay enhanced cedlpavided in Appendix B.10.

2.3.3.2 Expected requirements on signalling and measuremest

A scheduler for SDMA systems with linear precodaan make use of the same channel measurements
(CsSlI at transmitter) which are required for perfargrchannel adaptive precoding. In a TDD systeiis, th
channel knowledge can be obtained with the helpitdts on the reverse link. In the multi-cell
coordination mode, the genie performing coordimati@eds to know the channel matrices between all
combinations of nodes in the system to be ablstimate interference.
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3. Coordinated MultiPoint (CoMP) Systems

In Chapter 2 a set of innovative concepts for adedrantenna schemes were presented. The proposed
concepts include several detailed SDMA signal pseicgy solutions for improving the capacity of
cellular networks employing multiple antenna bakgiens and terminals. The main framework of the
presented schemes consists of downlink spatial ms#tiplexing and beamforming by means of linear
transmit precoding and scheduling in a single-eellironment. In Section 2.1 inter-cell interfererea
methods for multi-cell cooperation were addressedell.

Most of the SDMA principles presented in Chaptera? be extended to more general network layouts,
paving the way to Coordinated MultiPoint (CoMP)tgyss. In this chapter, an overview of COMP is first

provided in section 3.1, which addresses in pdeicthe impacts that CoMP may have on the system
concept. The possible architectures allowing CoMPbé implemented, including relay nodes, are

described in section 3.2.

All CoMP architectures, fully exploiting benefit$ coordination among scattered transmitters, haee t
capability to enhance signal quality and increasgesn capacity. In addition, CoMP can be combined
with new and more flexible radio resource manageanerhniques and algorithms and thus outperform
conventional wireless communication systems. Sec3i@ firstly illustrates the possible approaches t
fully exploit CoMP and then examines some prelimsimulation results performed to assess CoMP
possible performances with respect to conventioadib systems.

The final section (3.4) of this chapter is fullydileated to relay systems intended as possible CoMP
implementations, with preliminary performance estiions of the proposed concepts.

3.1  Overview of CoOMP and main impacts on the network

3.1.1 Overview of CoMP

The Coordinated MultiPoint (CoMP) framework encosges all the system designs allowing tight
coordination between multiple radio access poiotstfansmission and/or reception. Three types of
coordinated entities can be considered, as depictEdjure 3.1:

Remote radio units (RRU);

Cells, which involve intra-BS or inter-BS coordiiuet;

Relay nodes (RNSs).

BS RN BS RRU

Inter-BS communication interface

Figure 3.1: Different instances of systems able implement CoMP

Each type of entity puts specific constraints oa flystem architecture in order to realise the &ctua
coordination. Indeed, the coordination requirestrmrand possibly user data to be exchanged between
the collaborating nodes through dedicated commtipitdinks. The availability of these links, togeth
with their latency and capacity determines theifdasype of coordination.

Remote radio units are connected by means of rado fiber (RoF) links to a control unit,
through a (generally) proprietary interface, allogvia tight coordination (on the order of the
millisecond). Several architectures are possiblerder to connect the RRUSs to the central unit,
as will be detailed in Section 3.2.2.
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Inter-cell coordination through intra-BS coordimetiis the easiest inter-cell coordination mode
since the same processing unit generally contrdferent cells. Therefore, the latency of
information exchange (both control and/or dataj isffect zero.

Inter-cell coordination through inter-BS coordimatiheavily relies on the capacity and latency
of the links between the coordinated BSs. Basdostatare inter-connected under the flat
architecture through standardised interfaces tfeegX2 interface for LTE), the latency available

in todays specified systems being on the ordeemftilliseconds (maximum delay on the order
of 20 ms in LTE Release 8 for control-plane messaged typical average delay on the order of
10 ms). Note that this latency can be lower dependn the actual link.

Finally, relay nodes are connected to a base stai over-the-air in-band links (e.g. specific
control channels or in-band backhaul, dependintherrelay type), enabling a tight coordination
but at the price of a possible delay between tloedinated nodes.

Combinations of the various types of entities avaceptually possible, i.e. a network deployment may
use multi-cell coordination with coordinated RRided RNs within each cell, although it is likely thiae
actual coordination would require a much higher plaxity. Different architectures for a CoMP system
are described in Section 3.2, taking into acconatspecificities of each scenario.

CoMP involves several possible coordinated proogsschemes between access points, among which
joint transmission of the user data, for instanseng distributed (multi-user) linear precoding, and
coordinated scheduling/beamforming. Section 3.3&cdbes in details the different possible CoMP
approaches. In addition, Section 3.3.2 presenteweable performance and benefits of CoMP schemes as
well as innovative proposals for CoMP. Note thaMPois a generic concept that can basically be agpli
from various types of access points, including RRRSs and RNs.

Coordinated relaying schemes are a particular waiynplement CoMP, which has to account for the
specificities of relays regarding the coordinatedcpssing: the delay inherent to the 2-hops trassion
between a base station and a user terminal (UTg/oarthe potential errors affecting the first hop.
Coordinated relaying schemes are introduced ini@est4.

The impacts of COMP on the system design are suipathin the next section.

3.1.2 Impacts of CoMP on the network

This section reports some impacts that CoMP inttedwn the network compared to non-coordinated
systems. These impacts are common to all the nmafd=sordination (i.e. whatever the involved ensjie

3.1.2.1 Measurements and radio signaling aspects

As a function of the mode of transmission retaif@dCoMP, e.g. joint precoding from several access
pomts or coordinated beamforming, knowledge &edent parameters need to be acquired, including
channel state information (CSI) between the UTramds and those of the coordinated points,
which can be either short-term CSI (i.e. the chhoaefficients) or long-term CSI (channel
covariance matrix)
preferred precoding matrices indexes from eachdinated point
received power from each coordinated point
long-term fading from each coordinated point
In FDD this information needs to be estimatechatWT, quantized and fed back to the transmittehfs)
TDD, the coordinated points can acquire some afehgarameters using the channel reciprocity prgpert
This section discusses the impact of CoMP on theraipns associated with channel estimation,
compared to a non-coordinated network deployment.

Channel estimation in TDD systems

Under the TDD assumption channel estimation caoltained at the AP side by channel reciprocity. The
main problem is to understand how the coherence tifrthe channel and the estimation accuracy affect
the different techniques. When the cooperation acbetween non-collocated entities (e.g. in the cds
BSs cooperation or relay-aided systems), anothabi@m is the quantization and feedback of the chlann
estimations through a wired or wireless backhawlr Example for closed-loop TDD relay-based
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transmissions, the main issue is that the feedbholld be gathered for each hop of the transmisEion
this reason, partially distributed approaches seelb® more appealing for realistic applications.

Channel estimation in FDD systems and feedback isssi

Under the FDD assumption channel estimation isinbthat the UT side and then fed back to the AP
side. The main problem in this case is how to detlig feedback channel. The impact of feedbaclgdesi

in FDD systems has been extensively studied fagleinser and multi-user MIMO transmissions (see
[LHL+08] for an overview about limited feedback faireless communication systems). Nevertheless,
some of the results seem to directly apply to Cayiftems. For example some CoMP techniques can be
seen as multiuser MIMO transmissions with antenipel®nging to different sites. In this case, the
problem of sending the feedback from a user tovargbase station is very similar to the one already
considered in the multiuser MIMO literature.

3.1.2.2 System design parameters

Pilot design

In practice, it is difficult to obtain the precig®dwnlink channel state information required for G&M
amongst desired BSs. This imposes requirementherpitots design to enable such estimation with
sufficient quality, or additional signal processitigbe able to separate the pilots from differegilsg in
addition the UT needs to be able to decode the Bi@thnel of the neighbouring cells.

In the uplink, in order to attain the full CSI betan all users and BS antennas in the cellular mkjwloe
user channels should be jointly estimated at eatdnaa head. However, the received signal level$Lof
transmissions from different users can vary sigaiiily between different network nodes. Therefdre,
joint channel estimation across different users bwglifficult if not impossible to implement in mtice.

Appendix B.1 introduces a multi-cell channel estiora based on pre-defined, partially correlatedetim
domain scrambling sequences, which can be applisthhdard common reference signals. This concept
defines virtual pilot sequences and arranges tleethet cells taking the pathloss into account; $uases

a fully synchronized cellular radio system, i.ethmespect to the carrier frequency and frame siart
OFDM symbols. Note that the defined cyclic prefisares inter-symbol interference free transmisamn
long as the delay spread of the channel is smaligim

The concept described in Appendix B.1 enables radbiiminals to distinguish more strong interference
channels with an increasing length of the corretatvindow utilized for the estimation proceksdoes
not require higher pilot overhead than in currgistams but results in a trade-off between the ritglaf

the user and the ability to track interfering chelsn

Cyclic prefix /OFDM parameter choice

Typically, the parameters of the OFDM transmissierg. frame length and cyclic prefix length, are

designed based on the characteristics of the mwionment, such as average or worst case delay an
Doppler spreads. Cooperative BS processing maynfallg induce increased delay spreads due to the
fact that the coordinated antennas can be placedpiart. The impact of the CoMP on the design of
OFDM parameters must be evaluated.

3.1.2.3 Backhaul and inter-access point information exchangs aspects

Backhauling is required to connect the cell sitethe backbone network. For the backhauling inclgdi
the “last mile”, several technology options existpper (e.g. using xDSL: 100 Mbit/s is a typicahit),
microwave (Gigabit microwave links will soon becon@mmercially available), fiber.

The technologies and mediums available for backhgutill have a strong impact on the available data
rates and latency for inter-access point infornmaxchange. The cost in terms of CAPEX/OPEX of
those technologies will be an important aspect a#i. un case of multi-cell cooperation, regarding
backhauling, it is important to distinguish betwesoperation between sectors of the same siteiriegju
no backhauling bandwidth, or cooperation betweese lstations / access points at different sitesthier
amount of data to be transmitted over backhasliinportant to distinguish whether the cooperaisoon
control plane only (e.g. in case of coordinatedesetting for interference avoidance) or control glamd
user plane (for joint transmission from differeités).
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Multi-user multi-cell precoding techniques for CoM&e very challenging from the practical
implementation point of view. If performed in alfutentralized manner, they require (in both FD@ an
TDD mode) a large amount of data to be exchangedigh-speed links between the collaborating
entities: the CQI and CSI from the APs to the adrentity, and the scheduling decision togetheh wie
computed precoding weights from the central entitthe coordinated APs. The number of cells invdlve
in the coordination scheme increases the amoumadthaul traffic, depending on the network topglog
As an example, when full coherent coordinationdsdi[KFV06], assuming a star network topology, the
increment of data traffic in the backhaul is prdamoal to the number of base stations coordinated.
Different approaches have been considered that fivai coordination to only a subset of the cellshia
system, in order to limit the amount of data backiségnaling, see e.g. [PBG+08].

In a relay-aided wireless network there is noteacdistinction betweelpackhaul phasewhere the base
station “feeds” the relays, aratcess phasevhere one or more relays serve on or more us@es.main
challenge is how to find the optimal switching pobetween backhaul and access phase in order to
maximize the end-to-end throughput (see for exarigie<+08]).

3.1.2.4 Impact on the architecture and protocols

Different impacts on the architecture can be forasgepending on the selected scenarios (coordinatio
among base stations, possibly using RoF, or coatglihrelaying), affecting both data plane and @bntr
plane.

RoF-like approaches have a small impact on theentimetwork architecture since interface betweese ba
station control unit and related remote headspeogrietary one (CPRI and/or OBSAI based) and ang
bus scenarios are already in the evolution of tieefaces. Nevertheless it is necessary to fushely
how to circulate data and, especially, control infation on top of RoF interfaces. In case of reseur
pooling (i.e. when several base stations contmltiifferent remote antenna heads are collocateth)an
central unit of a RoF-like architecture, furthempiacts on this architecture can be foreseen, incrgdse
impact on the overall architecture of this approashwell. The architecture for RoF deployments is
addressed in details in Section 3.2.2.

Cooperation among distributed base stations hagtehimpact on the network. First of all, a cehtra
control unit may be necessary depending on thedimation scheme adopted, where will be run part or
most of the coordination algorithm. That centralt prays a role similar, but not equal, to thatatentral
unit in a RoF scheme. Secondly, the interface batwevery radio base stations should be modified
depending on the information they must exchangerte another; this information can be control
information only or user data in more complex sceenThe architecture for inter-BS coordination is
addressed in more details in Section 3.2.1. Intanfgithis section introduces a decentralized aggino
for inter-BS coordination with reduced impact ore tarchitecture, but higher sensitivity to feedback
errors.

Relaying impact is similar to that of the above timred scenarios.

3.1.2.5 Impact on other system aspects

Other important aspects to be considered whendating CoMP in the network are:
control information related to the management ofsUdonnected to a multiplicity of
transmitters/receivers;
coherence in the transmission from a multiplicitf/ ttansmitters/receivers and related
synchronization data exchange among them;

Most contributions addressing multiple-antennasesws consider a power constraint on the sum of
power transmitted by the different antennas. Th&imption does not hold in the following cases:
each antenna in a multi-antenna base station igaiby its own amplifier and is limited
by the linearity of that amplifier;
the system is using distributed antennas, belontgirthe same base station or to different
base stations coordinated together, each one suligeca power limit due to
national/international regulations.
We refer to [YLO7] as an important reference aboydlications of per-antenna-power-constraints.
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3.1.2.6 Impact on 3GPP LTE specifications

The following areas of the LTE physical layer sfieations have been identified as being potentially
|mpacted by the introduction of CoMP in the dowklI[BGPP36814]:
Feedback and measurement mechanisms from the Uieptot dynamic channel conditions
between the multiple transmission points and the &g to report relevant information in order
to facilitate the decision on the set of transnoisgioints participating in the coordination;
Downlink control signalling: to support the prepessing schemes, e.g. joint processing prior to
transmission of the signal over the multiple traission points;
Reference signal design: specification of additisaterence signals may be required depending
on the transmission scheme.

In addition, it is worth to note that there is niffatence between intra-BS (called eNodeB in théePBG
terminology) and inter-BS coordination from the icathterface perspective, even though the necessary
information signalling between BSs may need appatprspecification support at layers above the
physical one.

In the uplink, coordinated multi-point receptiondgpected to have very limited impact on the RAN1
specifications, in particular because UE-spec#ierence signals allow BSs to distinguish betweé&s U
belonging to different cells. In addition, transtimgg UEsS may not need to know which BSs will
collaborate to receive and process their signatalse scheduling decisions are coordinated amdtsy ce
to control interference, the physical layer speatiions may be impacted.

3.2 The CoMP architectures

Under the term of CoMP we assume to consider alpthssible coordination approaches for radio access
network, comprising
coordination among a set of multiple radio stati@xshanging information to perform the
coordination
coordinated relaying schemes, involving coordimatianong relay nodes and/or coordination
among realy nodes and radio stations
The first set of system proposals comprise the dination among base stations and the coordination
among remote units of a pool of collocated bastosis as well, exploiting in the latter case thalida
over Fiber (RoF) technology.

3.2.1 Coordination among radio base stations

Coordination between neighbouring base statioasvisry promising way to reduce inter-cell interfere

in the network, either in the uplink (coordinatedeption) or in the downlink (coordinated transioisks
Although different time scales are possible for tdo@rdination, the most efficient schemes requue t
information needed for scheduling to be availalleeach coordinated BS, which calls for very low-
latency (on the order of the millisecond) informatiexchanges between coordinated nodes, or between
the UT and all the coordinate nodes. Two extrem@ragches can be distinguished regarding how to
make this information timely available at distar8$3 centralised and decentralised coordinations&he
approaches are described in the following in thestngeneral case where joint processing is performed
across various BSs. Nevertheless, these approadbesapply in the simpler case of coordinated
scheduling.

3.2.1.1 Centralised coordination

Centralised coordination is the approach that lees mostly considered so far for inter-BS coorddamat
On the downlink of FDD systems its differences wibpect to a non-coordinated system are as fallows
- UTs need to estimate the channel state informai@l - coherent approach) related to all
cooperating BSs or another channel quality medrig, a precoding matrix indicator (PMI - non-
coherent approach) and feed their estimate backemetwork. In the following, we use the
term channel information (Cl) to refer to eitherl@8PMI.
A central entity (CE) is needed in order to gatGéand CQI from all UTs in the area covered
by the cooperating BSs and perform user schedalithysignal processing operations (e.g. pre-
coding design).
User data need to be available at all collaborai8g. This may necessitate a capacity upgrade
of the existing backhaul links.
Collaborating BSs need to be tightly time-synchsedi
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In TDD systems, downlink Cl may be obtained by nipltraining at the BSs using the principle of
channel reciprocity and therefore UTs may not neeestimate and feed back Cl. However all the
involved BSs need to transmit their Cl estimatéhtocentral entity.

One of the main architecture impacts of tight ifB& coordination is the central entity and the asded
communication links. This central entity is a la@ientity that can be accommodated at one of the
collaborating BSs, by establishing a non equalefoa¢ relation between BSs. In addition, the infatiora
related to the UTs to be served in a coordinatednma(CQI, Cl) has to be made available at theraknt
entity. One possibility to achieve this is thatle&tT feeds back its CQI and ClI to a specific BSingel
as the anchor BS hereafter. This is can be thange®S for each UT in case there is no multi-cell
coordination (e.g. the BS that provides the beannokl quality). The phases that coordinated melti-c
transmission follows are then (in the FDD case):
UTs estimate the Cl related to all cooperating BSsyell as CQI.
UTs feed back their Cl and CQI estimates to theghar BS. Therefore each BS gathers local
fed back information (FBI), i.e. the FBI related ttee MSs assigned to it in case there is no
multi-cell coordination.
The BSs forward their local FBI to the central gntivhich performs scheduling, designs the
transmission parameters and communicates thene tootiiesponding BSs.

The need of a central entity entails the followtignges upon the conventional architecture of legllu
systems: collaborating BSs need to be intercondegtethe central entity with low latency linksander

to exchange local FBI. Furthermore this informatexthange needs to be coordinated with the use of
additional communication protocols.

3.2.1.2 Decentralised approach

An alternative to alleviate the constraints of Im@vicentralised processing is to perform decengdlis
coordination (see Figure 3.2). A possible solutionachieve decentralised coordination is described
hereafter [PHGO8]. The two main ideas behind thigpppsal are as follows

identical independent schedulers receiving the seimet parameters (CQI, Cl, buffer states,

etc.) will take the same decisions.

the FBI information can be made available to al tboperating nodes using radio feedback.
Considered together, the two principles above sgspthe need for inter-BS communication, while
providing the same network behaviour as if a cdisd entity would control the coordination.

It is worth to note that the radio feedback to saveodes can be achieved without additional owthe
provided the same feedback resources are allotatmie UT by the cooperating BS, especially when th
UT is located at equal distance from them. The polgsible increase of the feedback overhead comipare
to non-coordinated operation is when one uplink igworse than the uplink link towards the ancB&,
since the feedback MCS has to be adapted to thet Virk.
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Figure 3.2: Centralized (on the left) and de-centrized framework for coordination among BSs

Therefore the phases to be followed for a decesédlcoordinated multi-cell transmission on the
downlink are (in the FDD case) [PHGO08]:
UTs estimate the Cl related to all cooperating BiSs CQI.
They feed back their estimate to all collaborat3f, Therefore each BS gathers local together
with non-local FBI (it possesses global FBI).
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The BSs schedule UTs independently. Employing #meesscheduling algorithm and having the
same input parameters, they end up selecting gxdlod same UTs. The design of the
transmission parameters is also performed in ailisgéd manner according to the chosen
transmission algorithm by the cluster BSs.
Under this decentralised framework, infrastructeest and signalling protocol complexity for ClI
exchange can be minimised, since neither a ceetrdty nor low latency links connecting it with the
cooperating BSs are required. Hence, the struatfithe conventional systems can undergo minimal
changes in order for the coordinated multi-celhsmission to be incorporated. Furthermore, with the
decentralised framework, radio feedback overheay rmamain similar comparing to the conventional
framework for coordinated multi-cell transmissias,explained above.

The main obstacle associated with the decentratisdborative framework is the handling of errors
the different feedback links. This affects bothf€dback and HARQ ACK/NACK reports. Under the
decentralised framework, error patterns can bewifft on each feedback link, since Cl and ACK/NACK
are fed back to all collaborating BSs (the numbiefeedback links used is equal to the number of
collaborating BSs). Under the inter-BS FBI exchaagproach only one radio link is utilised per UT fo
feedback transmission and therefore there is onby @rror pattern affecting feedback information per
UT. In Appendix B.2, the impact of feedback errams the system performance with respect to CI
feedback and ACK/NACK reports is discussed, andutgwmis for enhancing the robustness of
decentralised multi-cell coordination are propos&do types of solutions are introduced: some for
reducing malfunctions probability, and others fecavering from potential malfunctions, providingds

to design a practical decentralised multi-cell climation scheme.

3.2.1.3 Other approaches

Other alternatives lying between these two extrepproaches are possible, where some pieces of
information are transmitted to a central entity,ileitothers are derived in a decentralised way. For

instance, [SCW+07a] describes a scheme with aale®d scheduling but where the precoding weights

are locally designed at each BS. Therefore, theuarnd information to be exchanged between the

collaborating nodes is reduced compared to thg édhtralised approach.

3.2.2 Base station with distributed antennas connected biRoF links

The growing demand of bandwidth in mobile accesa/oiks led to a fast and extensive adoption oftfibe
as the most suitable carrier for backhauling datéts turn, fiber has become more and more corergni
from an economic standpoint as well, with cheapért®ns made available in last years.

Radio over Fiber (RoF) solutions gained new attentis an alternative in backhauling architectures,
allowing to shift complexity of the standard andditional radio base stations towards the anteands

to pool resources in a centrally located unit, oesible of the base band resources management. RoF
makes it possible to centralise the signal proogs$unctions in one shared location (Central Base
Station), and then to use optical fiber to distiibthe signals to the remote antenna units. Begidizd-
to-point simple RoF configurations, more compleghdtectures (such as ring or bus ones, exploiting
daisy-chaining in RoF links) are being introduced.

In general, Radio over Fiber technology can be @mgnted using Digital or Analogue approach.

Currently RoF applications are focusing on digé&pproaches, since the digital data exchanged betwee
the Central Station and the scattered Remote paives the way to the reconfigurability and dynamic

management of resources along RoF distributedtantbres, which can be also organized in ring & bu

configurations.

Furthermore, digital RoF has been partly specifigdsome international consortia, such as CPRI and
OBSAI ([OBS20] introduces OBSAI base station amtiitire, as a possible example), particularly as far
as data transport over the fiber is concerned. Aewéxploitation of the digital data transport in

CPRI/OBSAI or newly introduced formats is considkreo as to enable the reconfiguration of the
distributed system of transmitters.

The architecture that could enable an efficienitdigRoF based architecture is the one in FiguBs 3.
where M Remote Units (RU) are connected via difgifstical fiber in daisy chain to the Base-Band
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modules of the Base Station (Central Unit, CU), @entral Unit is able to transmit/receive N AXCs
(OBSAI/CPRI standards terminology) and each RU Kas (m=1...M) antenna elements forming an
antenna array.

CoMP

Core
nt
managemo ' Network
Base Station

Contral Uit

Figure 3.3: RoF based CoMP architecture

Depending on the values of M (number of RUs), Kmnfber of antennas of the m-th RU) and N
(number of antenna carriers) different CoMP arciitees are introduced.

The case with M=1 means no CoMP with a single pminoint link between CU and RU; if N=1, K=1
the architecture is a traditional point-to-pointflRdf N>1 AxC multiplexing over fiber link is intauced,
while with K>1 antenna arrays instead of singleeanf, possibly enabling reconfigurable and/or
adaptive multiple antenna concepts (MIMO, beamfagnetc.), are considered.

More efficient CoMP architectures are with M>1, geaily with K and N 1 for each one of the M RUs.
Transmission of data along the fiber is managelbviohg one of the specifications introduced (CPRI,
OBSAI or similar). Remote units architecture istgusimple: the remote units only have to convert
digital to analogue signals, amplify and transrhigrh to the antenna(s) in the downlink chain (fa th
uplink the received signals are amplified, conwtrte digital and sent via the fiber connection lte t
central unit). Of course, in case of beamformingignal processing performed over the digital AxCs
could be introduced.

The network layout is reported in Figure 3.4, fangson the downlink path (the uplink is
straightforward).

Central Unit

L2A3

RRC/RLC/MAC
protocols

Remote Unit

Cell processing

¥
OFDM signal
1/Q signal

T

1

!
i
I

t
> !
r

Figure 3.4: Downlink network layout in RoF architedure CoMP

1 Antenna Carrier (AxC) definition used in CPRI for W-RIB: one antenna-carrier is the amount of digital
baseband (IQ) U-plane data necessary for eithaptien or transmission of one UTRA-FDD carrier ateo
independent antenna element
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Remote units receive data and perform data prawpgsi order to execute the reconfiguration of the
remote unit, as explained in the following) beftr@nsmitting data to each of the K antennas they ar
equipped with. If fiber link capacity is sufficidpthigh, more than a single AXC can be managedhby t
remote unit, enabling signal multiplexing; the nienbf AxCs that can be transmitted over the filirgk |
depends on the radio system bandwidth and, additignon the overall capacity supported by the
connection.

As stated above, consortia such as CPRI and OBg&dify format and allocation of data over the fiber
connection. Specifications take care also of thgiency synchronization of the remote transmittgit,
dedicated extensions to every radio system (frof3@®nwards).

Besides cell data, control data shall be transthitteer the fiber as well, in order to perform tredl c
processing in the remote units. These data can udéptaxed in the currently existent data formats
(CPRI, OBSAI or others) exploiting overhead datacation.

A feasible architecture based on digital RoF distied antenna systems can include newly-introdsoed
called reconfigurable antennas in the remote aatamits. A system capable of making digital beam
forming so as to optimize the beam for the cell bancalled reconfigurable antenna. Reconfigurable
antennas can be effectively used in cellular ndtwganning. In fact by means of an optimization
procedure, it is possible to define a set of beattems that the reconfigurable antennas can mdiat
order to maximize several output parameters likeetage, signal to interference ratio, capacity, etc
When working conditions change, a hew optimizafioocedure has to be run in order to keep the value
of the output parameters to the desired level.

These concepts can be easily transformed into @metic process:
- the information coming from the network (quality sérvice, number of lost calls, traffic

counter, etc.) are provided to a CoMP Managemeitygsee Figure 3.3);

this entity drives the optimization procedure aetedmines new beamforming weights;

this entity sends new weights to the reconfigurableenna that discards the old configuration

and sets the new one.
If the remote unit is equipped by a reconfigurablgenna array the amount of control data (or
reconfiguration data) that are to be exchanged detvthe central unit and the remote units via ither f
link is very low. A detailed description of the oediguration management is given in Appendix B.3,
together with an estimation of the fiber bandwidtcupation.

The “reconfiguration” in the CoMP assumes a doubleaning: reconfiguration of the cell resources
assigned to the remote units, and reconfiguratfdheoradiating diagrams of their antennas (palaidy,
reconfigurable antennas). Network planning proceslgan exploit the two reconfiguration options give
enhancing quality and capacity in the area of tBE. While reconfiguration of the radiation diagrém

a straightforward and an already-known approadugnfguration of the radio resources paves the tway
coordinated transmission schemes (see chapterf8rdgtails).

3.2.3 Coordinated relaying systems

When relay nodes (RN) are present in the netwbikcbordination of APs can be limited to the joint
coverage area of the BS and/or its associated RNs.

v R |

Figure 3.5: Example of coordinated transmission inglving RNs. The orange and blue colors
represent the transmission at time slots n and B, respectively, whereDis a delay.

Two coordination configurations involving RNs arespible: in the first one, depicted on the leftdhan
side of Figure 3.5, the BS and one of its assati&Ns transmit in a coordinated way. In the second
configuration, depicted in the right-hand side afufe 3.5, two RNs are coordinated. Compared to the
BS cooperation schemes, the impact on the infretsirel in case of centralised coordination is redune
such schemes since the BS may act as the centitgl &y imposing constraints to the RN(s) schedule
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(e.g. serve a UT in a given time slot), while th8-BN links may act as the low-latency/high capacity
communication links, as well as backhaul links. ditheless, the overhead on the backhaul yielded by
coordinated operation translates in the case ofdiaated relays into a radio capacity loss duéheoii-
band backhauling.

Note that in the case of joint transmission, theacity benefit of the BS-RN coordination scheme Mou
be questionable compared to transmission from tBeoBly, since the user data would need to be first
transmitted from the BS to the RN, before beingtjgitransmitted from the BS and the RN to the UT.
Nevertheless, link throughput gains can still bpezted due to the diversity and joint transmisgjams.

3.3  Coordinated multipoint approaches and algorithms

In this section we will outline the different pdsisi coordinated multipoint (CoMP) approaches ttat c
be envisioned in uplink and downlink, and also gdiint of the achievable performance of some CoMP
approaches. This section does not consider reldyaoddP approaches, since they are described irogecti
3.4.

3.3.1 Overview of COMP approaches

Once the network infrastructure for CoMP is in plagvhether it is a centralised or a decentralised
architecture, different approaches with differesvel of coordination and/or cooperation can be
envisioned. They typically have different requirense in terms of measurements, signalling, and
backhaul, where as usual the most advanced apm®aaihieving the best performance also have the
highest requirements. Hence, it is important tosaer all approaches in order to find the trade-off
between performance and system complexity.

3.3.1.1 Downlink

3.3.1.1.Dynamic network reconfiguration and coordinatedestiling

A very simple form of CoMP would be dynamic netwadconfiguration and management. The easiest
reconfiguration scheme envisaged is that of turnimgoff the remote units in the CoMP system,
according to network planning or traffic constrainévhen needed, the planner could easily turn ba/of
remote unit in order to upgrade/downgrade the dvevaerage and/or capacity in the area.

A further advancement could be to adapt the netwbdcacteristics to the traffic requirements. latfa
there are various application scenarios in whiehtthffic may present very significant variationgiime.

An exemplary case is that of stadiums or othertspand show venues and facilities. For example, a
considerable mass of people may crowd a stadiura &ort period of time (e.g. for a few hours ttdli
longer) for an event. In such a case the capadithi@network can be locally increased by providang
larger number of carriers to the remote units Heave the considered venue for the correspondirigge

of time. A more complex form of reconfiguration cdre based on an effective transmit power
management. In this way it is very easy to impletrieansmit power schemes to mitigate interference
between transmission points or also to improve dbeerage for users that experience bad channel
conditions (e.g. cell edge users, indoor user9, &tais brings us to another form of CoMP; dynamic
coordinated scheduling. In this case, the transamigsoints coordinate their schedulers in ordeavoid
interference. The coordination takes place on tias¢ scale, which means that the fast fading can be
followed. A particular application is coordinategamforming (also discussed in sections 2.1.1.1 and
2.1.3.1.2), where the beams activation at diffeteamismission points is coordinated in order toimise

the probability of beam collision or minimise thaer-beam interference. Hence, the term coordinated
beamforming should in this context be seen as @oated scheduling in the spatial domain.

The main advantages of these schemes comparedhémss involving joint transmission from several

transmission points (see Section 3.3.1.1.2 below)tzat the requirements on the coordination liakd

on the backhaul are much reduced, since typically
only information on the activated beams (in casprattical implementations, for the ideal case
full CSl is required, see appendix B.5) and/or dettiag decisions need to be coordinated, and
the user data do not need to be made availablhe atprdinated transmission points, since there
is only one serving transmission point for one ipatar user.
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3.3.1.1.Zooperative transmission

The next form of coordinated transmission is coafiee transmission, where two or more transmission
points cooperate in serving a particular user, whscillustrated in Figure 3.6 below. Several diffiet
schemes can be envisioned in this case. The sitfples of cooperative transmission is simulcastifro
several transmission points, similar to what notynial referred to as macro diversity. This improvtes

total transmitted power and is typically applicalite cell edge users. Another form of cooperative
transmission is joint signal processing, where botn-coherent and coherent approaches can be
envisioned. In the follwing subsections we will diss the different approaches of cooperative
transmission in somewhat more detail. Note alsbdhaperative transmission is briefly touched upon

section 2.1.1.1.
\%/ E

Figure 3.6: lllustration of cooperative transmissbn

3.3.1.1.2.1 Macro diversity approaches

The simplest form of cooperative transmission mucast from several transmission points, which
typically is referred to as macro diversity. Theghinique is suitable for users located at the exgle in
order to improve the robustness of the radio li®k top of this, one can put space-time or space-
frequency coding, e.g. the Cellular Alamouti tecfud [PRO7] which increases the cell-edge performanc
even further through enhanced diversity. Howeuag, ienefits of such techniques compared to single-
cell transmission is unclear from the network c#iyagerspective, since the time-frequency resources
allocated to one user have to be reserved alsoeatdoperating cells, leading to a reduced amofint o
available resources for the overall system.

3.3.1.1.2.2 Non-coherent joint signal processing

One example of a non-coherent approach would bedowied multi-site multi-user beamforming based
on channel statistics, which is a reduced compleajiproach compared to the coherent approaches
described below. Two approaches can be distingdjshehe first one the linear pre-coding is penfied
jointly and transmitted from a selected set of sraission points in the coverage area. In this eease
consider a joint beamforming concept [VAL+06] amihj scheduling for all transmission points in the
cooperation area.

In the second approach, see e.g. [SCW+07a], eaclsmission point performs individually the multi-
user linear precoding of the scheduled UTs, whéttuces the need to exchange CSI and joint precoding
weights between the collaborating transmissiontgsand the central entity, at the price of residnuigr-

cell interference. A similar proposal is given iWJL+08], involving codebook-based single-cell
beamforming (or Grid of Beams), where the UT reesiene beam from each collaborative transmission
point. This scheme requires the UT to feedbackdeonetwork only the index of the best beam received
from each transmission point. Common for this sdciype of approaches is that the transmission goint
jointly serve the users in the cooperation areaplyviding the standard pre-coding beams, i.e. by
transmitting from each site separately. The schieguybrocess in done jointly, but the beamforming is
done separately for all sites belonging to a spti€ooperation area. Since the residual interferes
suppressed at the user terminals, the total nupfdeeams/streams transmitted to one or more users a
given time/frequency chunk is limited by the numb&antennas at the user terminals.

3.3.1.1.2.3 Coherent joint signal processing

The most advanced forms of CoMP involves cohereintt jsignal processing relying on instantaneous
channel state information (CSI). This facilitatesltiacell multi-user precoding techniques like lare
beamforming which allow at mo#t users to be served simultaneously, whers the total number of
antennas of the collaborative cluster. Therefdre,9ame number of users can be served simultayeousl
on one time-frequency resource as in single-caigmission, while the interference between thesuser
minimised. In addition to linear techniques suchZaso Forcing (ZF) and MMSE (Minimum Mean
Square Error) precoding, also non-linear technidikesdirty paper coding can be applied.
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Ideally, the coherent joint signal processing ikedb eliminate completely the interference by piing

the signals based on the instantaneous CSI atteakterocessing unit. However, true multi-user rault

cell precoding techniques are very challenging fitva practical implementation point of view, since

they require
- the user data to be made available at the coopgratinsmission points

a tight frequency synchronization of the coordidatansmitters

complete channel state information of all jointlyopessed links is required at the

transmitters. It can be achieved either via revdirde measurements (TDD) or feedback

from user terminals (FDD)

in case of FDD; the UT to estimate the channelsfeach cooperating transmission point

(antenna), which imposes requirements on the nederesignal design to enable such

estimation with sufficient quality, or additionafeal processing to be able to separate the

reference signals from different cells; in additibbe UT needs to be able to read the BCH

channel of the neighbour cells

a large amount of data to be exchanged on the m@timh links: the CSI from the

transmission points to the central entity, and ¢tbenputed precoding weights from the

central entity to the collaborating transmissiompm

Coherent joint signal processing allows severalraus® be served in the same time-frequency
transmission slot using space division multipleessc(SDMA) methods, e.g. beamforming/precoding
across several distributed antenna heads. SDMAbeansed to improve the utilisation of the physical
resources (space, time, frequency) by exploitirg ahailable spatial degrees of freedom in a dowknlin

multi-user MIMO channel, at the expense of somewinateased complexity [TCJ08a]. Channels
between user terminals and different distributetgrama heads can be highly uncorrelated. This inggov

multiplexing gain in LOS conditions, where the ammtas at one antenna head are correlated.

3.3.1.2 Uplink

3.3.1.2.Dynamic network reconfiguration and coordinatedestiling

The dynamic network reconfiguration and coordinageldeduling described for the downlink in section
3.3.1.1.1 is of course also applicable for thenipliFor example, a rather simple form of CoMP oa th
uplink is dynamic coordinated scheduling, meanhag the scheduling of UEs are coordinated among the
different transmission/reception points in such aywhat the interference among them is minimised.
Again, the main advantage compared to schemesvimgpjoint reception at several reception pointe(s
Section 3.3.1.2.2 below) is that the requirememntshe coordination links are much reduced sincg onl
information on scheduling decisions need to be dioated.

3.3.1.2.Zoherent joint processing

A more advanced form of uplink CoMP is to cohengottmbine and process signals received at different
reception points. The main benefits are that eneegybe collected at several reception points,zsal
that advanced combining algorithms can be usedhén receive processing in order to cancel out
interference. However, this approach puts highirequents on the coordination links since the reseiv
signals need to be exchanged.

3.3.2 Achievable performance and benefits

The overall target with all coordinated multipoinansmission/reception approaches is to improva dat
rates and coverage for the users with worst camditiand improve overall capacity. In other words,
improve cell edge data rates without degrading dtiners, and to distribute the user perceived
performance more evenly in the network.

Of the coordination alternatives outlined abovegah be expected that all of them will provide gain
compared to traditional networks. Coordinated salieg will provide gains since it allows interfer@n
avoidance to some degree, while the best perforenanii be achieved with the coherent signal
processing approaches, since those in principleable to completely eliminate the negative effaddts
interference in the network. In the following suttéens the initial performance evaluations of some
CoMP approaches are briefly summarised.
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3.3.2.1 Performance of Multi-cellular Distributed versus Co-located MIMO

The capacity of a traditional co-located multiphgit multiple-output (MIMO) system is often sevgrel
limited in realistic propagation scenarios, espécim the presence of interference. One remediois
employ a distributed MIMO system. In this sectio®e compare the downlink performance of an OFDM
based distributed MIMO system to that of a co-ledd¥lIMO system using the WINNER channel model
as defined in [WIN2D112].

Figure 3.7: Conceptual layout of a network relyingon BS collaboration (right), from a conventional
network layout (left)

As illustrated in Figure8.7, the distributed MIMO scenario (right) can berided from the co-located
MIMO scenario (left), but shifting the hexagonaidgof the cell-layout in the direction of the arrewin
the considered distributed MIMO scenario, to ser\¢T the BS transmits jointly from all antenna gsra
covering one cell, i.e. one large antenna arrayoimed, which consists of 3 sub-arrays. Vertical
polarized uniform linear arrays (ULAs) are assuraethoth the BS and the UTs. Willty antennas per
BS array this results in a total oM3 transmit antennas for one cell. Each UT udgsantenna elements
to receive the signal. No further BS collaboratmatween different cells is considered, i.e. théutal
nature of the system is maintained.

As shown in Appendix B.4, the distributed MIMO inopes the outage capacity over a large part of the
cell area, and also smoothens the outage capacéy the cell. In addition, the results show that
distributed MIMO increases the eigenvalues due h® inherent macro diversity. Thus, it can be
concluded from the simulation results that distiéouMIMO is suitable for reducing the co-channel
interference in an interference limited multicelvéonment and thus improve the system performance.

3.3.2.2 Transceiver optimisation with coordinated multipoint processing

A generalised method for joint design of lineanseeivers with coordinated multi-cell processingjeat
to per-BS/antenna power constraints is outlinedaraduated in Appendix B.5. The system optimisation
objective can be, for example, balance the weigl88dR across all the transmitted data streams or
maximise the sum rate. The general method can aocdi@te a variety of scenarios from coherent multi-
cell beamforming across a large virtual MIMO chdnte single-cell beamforming with inter-cell
interference coordination and beam allocation.
Coherent multi-cell beamforming with per BS andfmr-antenna power constraints, which
requires a full phase synchronism between all BSs
Coordinated single-cell beamforming case, wheréhalltransceivers are jointly optimised while
considering the other-cell transmissions as ingdiristerference.
Any combination of above two, where the joint pregiag region may be different for each user.

In appendix B.5 the performance of different coh&ren-coherent and coordinated/non-coordinated
multi-cell transmission methods with optimal ancutigtic beam allocation algorithms is numerically
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compared in different scenarios with varying intett interference. In this case, the system opttios
objective is to balance the weighted SINR, i.emBxximise the minimum weighted SINR per stream. The
coherent multi-cell beamforming greatly outperforthe non-coherent cases, especially at the cel edg
and with a full spatial load. However, the coordéth single-cell transmission with interference
avoidance and dynamic beam allocation performsiderably well with a partial spatial loading.

3.3.2.3 Downlink system level performance of coherent andan-coherent CoMP approaches

In appendices B.6 and B.7 initial system level perfance evaluations of both non-coherent and cahere
CoMP approaches are presented.

The first evaluation (presented in detail in appe®6) considers coherent transmission to useratém
close to the cell edge, also called a soft hand@SetO) region, based on a zero-forcing transmission
scheme. The results with and without SHO and differpower constraints are shown in Figure 3.8
below, which illustrates the complementary cumutatlistribution function (CDF) of spectral efficign

per user. It can be seen that the users locatékiSHO region may enjoy greatly increased transionis
rates compared to the case without SHO, indicdtirag coherent CoMP has potential to substantially
improve cell edge performance. For further detaiighe results, see appendix B.6.

Figure 3.8: CDF of user spectral efficiency per SHQiser with 30% average system load and 3 dB
SHO window

In appendix B.7 the performance of a baseline L&Ease 8 system is compared to that of a CoMP
system employing a non-coherent approach basedoordinated scheduling and to that of a CoMP
system employing a coherent approach based orfasiiag beamforming.

The results, summarized in Table 3.1 below, shat tte coherent approach achieves best performance,
but that the non-coherent approach also achiegesfisant gains over the baseline LTE release &sys
configuration. For example, with a coordinationstkr of 9 cells the coherent approach gains 67% in
average throughput and 272% in cell edge userdbit compared to the LTE release 8 system. The
corresponding figures for the non-coherent apprdesed on coordinated scheduling are 54% and 220%,
respectively. It should though be noted that therdmated scheduling approach trade offs packetydel
for user bit rate, which is not shown in these itasu
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Table 3.1: Summary of relative gains over the basek LTE release 8 system configuration

Coordination cluster

CoMP approach

Cell-edge bit rate fixed

Average throughput

size at 0.75 bps/Hz fixed at 2.2 bps/Hz/cell

9 Coordinated scheduling 54 % gain in average 220 % gain in cell-edge
throughput bit rate

Zero-forcing 67 % gain in average | 272 % gain in cell-edge
throughput bit rate

21 Coordinated scheduling 51 % gain in average 200 % gain in cell-edge
throughput bit rate

Zero-forcing

108 % gain in average

throughput

500 % gain in cell-edge
bit rate

Finally, it should be emphasized that the resuitelare based on relatively ideal assumptions laatd t
the performance and conclusions might change a rimopairments are added and when practical
implementation limitations are taken into accoutbwever, the evaluations should at least provide an
indication of the technology potential of COMP amgzhes.

3.4

The introduction of Relay Nodes (RN) which are colhed by the network allows to use them as part of

a coordinated multipoint system. The RNs can bel useextend the actual coverage or to densify the

actual network to enhance the user throughputeatéii edge. When the connection between relays and
the Base Station (BS) uses the available cell firaguency resources, the backhauling is called "in

band".

Relaying in the framework of CoMP

The proposed concepts consider the inband backigawiith half duplex mode and therefore one has to
distinguish between two different phases: the firs¢ concerns the link BS-RN and the second one the
RN-User terminals (UT). Indeed, one can divide ¢heperation frame into two time-slots. During the
first time-slot the relay nodes are treated astaidil UT, while during the second time-slot the &1

the relays form a distributed, virtual antenna yarf@igure 3.9 illustrates an example of the dowlin
cooperation frame when only one RN is considerattedhe RN receives the signal from the BS, it can
either amplify it and transmit (AF) or decode araghsmit it (DF). When the BSs and/or RN are equippe
with several antennas one can exploit the availablources in time, frequency and space more
efficiently by optimizing them by at the scheduling

In the following sections, three new concepts amppsed. The first concerns the integration ofRine
resources into the scheduling process where BRahthave multiple antennas. The second proposes a
coding scheme based on the full diversity full rialieck code for single antenna case. The last s i
extension of a scheduling concept previously intoedl in the section 2.3.3 to the Relay Enhancetl Cel
(REC).

transmi

BS:

RN : '

UT: 1 1

Figure 3.9: Two slot downlink cooperating frame
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3.4.1 A Multi-User MIMO Relaying Approach

A multi-user MIMO relaying approach is here prombsthat uses infrastructure-based half-duplex
Amplify-and-Forward (AF) relays and linear precaglibased block-diagonalization. The relays are
assumed to be half-duplex and the communicatiainuis divided into two time-slots. The concept is
analysed for the downlink scenario. During thetfiime-slot the relay nodes are treated as addition
User Terminals (UTs), while during the second tisia-the Base-Station (BS) and the relays form a
distributed, virtual antenna array as illustrated=igure 3.10. In contrast to many relay applicagicthe
purpose of the proposed scheme is not to increasesdy, but rather to increase the system thrpugh

at the borders of a communication cell or in arg@h a high user density. The performance of the
proposed concept is investigated by examining time-sapacity of the system as well as the distrivuti
of the capacity over the cell-area.

Figure 3.10: Multi-user MIMO relaying concept

By integrating the relays into the scheduling pesceone can exploit the available resources in,time
frequency and space more efficiently. For instarssying relays on available spatial modes of the
system instead of dedicated subcarriers or times fwoids or at least mitigates the loss in spkctra
efficiency commonly associated with half-duplexasetommunication. Following the notation in Figure
3.10, the BS employs du-element antenna array, while each relay and UTahnds-element antenna
array. The number of UTs served by the BS durilgfitlst and the second timeslot are denoteldlasnd

K2, respectively. With these assumptions, it is ghtiorward to show thatN2/N users are served over
the 2 time slots independent on the number of salayse, [WSOO08].

The proposed system setup assumes a joint optionizat scheduling, relay gain, precoding, and power
allocation. Scheduling here refers to the probldérdexiding which terminals and which relays to serv
during the two time-slots. By using two simple ghgealgorithms to solve this optimization task, and
linear multi-user MIMO pre-coding based on blockglnalization, the proposed scheme increases the
sum-capacity: In a first step, thé€l set andK2 set are chosen to maximize the sum capacity withou
relays, and then iteratively relays are includeddre the sum capacity is increased, as descrilehetail

in [WSOO08]. Thus, the sum capacity is always lameequal to the case without relays, i.e. theyselre

not used in case they do not improve in a givegesaenario.

In Appendix B.8 it is shown that with the proposstheme substantial sum-capacity gains can be
achieved compared to a system not benefiting froelegy. Furthermore it is illustrated that the pyepd
scheme allows for a redistribution of the availatilughput over the cell-area, while at the saime t
achieving a sum-capacity gain.

3.4.1.1 Impact on the overall system concept

Since the proposed relaying concept assumes agpiihization of scheduling, relay gain, precoding,
and power allocation, perfect channel state infeionais needed in all the involved nodes. Thusthier
work is needed on this relaying concept to exptbee gains under imperfect channel state information
based on specific pilot and feedback schemes. ditiad, the concept needs to be evaluated with emo
realistic channel model, with user fairness comstsaand in a multi-cellular scenario.
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3.4.2 Distributed space time coding

3.4.2.1 Concept description

Several cooperative protocols have been proposéthay can be classified into two families: orthogb
and non orthogonal protocols [AES05]. By considgrnback-hauling in band, the transmission between
the base station and the RN will impact the evaldatte since it consumes a part of the availablle ¢
resources. On the other hand, the receiver camligt this first phase which can enhance the redeiv
signal quality. For example if we use the Alamaadtile in a distributed way, we transmit 2 symbolglon
time symbol and this corresponds to a rate of “2beyrper time symbol. However, if only the direct
transmission is used the rate is 1 symbol per sipmebol.

We propose to use the full-rate full diversity GeandCode [BRVO05] in a distributed way that will alldo
increase the diversity without reducing the ratesea by the first phase of the transmission between
BS and RN. The transmission protocol is the folloyvi

BS: X1 Xz X3 Xa transmit
T TTTTTh
1----=- 1------ ! Listem
Relay: ! l X xx | oo
| I |
—===== 1------ T-———--- T-----=
! | 1 | 1
Destination 2: | ______ L Lo b :

Figure 3.11: Genie aided Golden code protocol

WhereXy, X, , X3 andXz are the elements of the space time code:

X, X, _ als+es) a(s+gs)

X; X, ia(s,+gs) a(s+gs)

And qz“z‘g.qé'f,a =1+i-ig, @ =1+i-iq.
As we can see on the Figure 3.11, the transmigsitenis 1 symbol per time symbol since the albke
transmitted on 4 time symbol and they contain 4oded symbols (ss). The genie aided protocol is the
one that assumes a perfect decoding (with no @radrthe signal received from the BS at the relay.
represents the upper bound of the achievable sateebprotocol compared to the realistic ones usiireg
AF or DF strategies. Indeed, the performance cbeldegraded by the amplification of the relay noise
the errors when decoding.

3.4.2.2 Performance evaluation

The performance of genie aided potocols is an uppand of the expected performance. The use of AF
strategy at the RN will reduce the performance.ddmpare the genie aided proposed scheme throughput
with the ones of the following schemes:

Genie Aided Alamouti based scheme with inband bagkhg: the received signal by the relay

is assumed to be perfectly decoded.

Single link Base station-Mobile

Single link Relay-Mobile
The system model, the Alamouti protocol descriptiord the throughput evaluation methodology are
detailed in the appendix B.9.

Simulation results are shown in Figure 3.12 fofedént transmitting power sets'§B P’gs, Prs), Where

D4 represents the distance between MS and the RNpidposed protocol gives the best performance
since there is no loss of the information due wittband backhauling and it acts as a direct lihkmthe
mobile is near the base station.
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Figure 3.13 shows the performance for the Amplifg &orward protocol where the link BS, RN is a
Rayleigh channel. The proposed scheme outperforrasothers without requirement of additional
signaling to switch from a transmitting schemertotaer.

P/No=0 dB

T T T
BS only
Relay only
*********** Ortho (1,0,1) N
Genie Al (1,0.5,0.5)
Genie GC (1,0.5,0.5)
Genie Al (1,1,1) 1
Genie GC (1,1,1)

: t;,il,,/f

throughput bit/sec/Hz

0.9

Figure 3.12: Genie aided transmission protocol peofrmance

P/N0=0dB
6 T T T T T T T
| | | |
| | | | BS only |
5l :,,,,L,,,,L,,,J Relay only 77L7
| | | : Ortho (1,0,1) :
I I I | Alam (1,1,1) Ny
| | | | [ — \/
A ! ! GC (1,1,1) /]
ES |
2 |
© |
= |
23 ‘ S
a |
Q.
< |
[=2
3 ! -
£ 2 L I N A
l 777777777777777777777777777777777777
0
0.1 0.9

Figure 3.13: Amplify and forward transmission protocol performance

3.4.2.3 Impact on the signalling and practical consideratios

If the Alamouti based protocol is used, a switchimgieeded to obtain the optimal performance. lddee
depending on the location (or the average SNR) efntlobile the system will switch the transmission
scheme to the direct BS link or the direct RN lifikere is no important impact on the signallingr #e
link adaptation procedure, the SINR is easily oladimvith this space time code to estimation the link
quality.

If the Golden code is decided, no switching proceds needed since it gives the best performancalifo
positions. However, based on the protocol desoriptonly amplify and forward protocol can be used i
this case because the decoding of only a partettde at the relay is tricky [HOSO08]. Moreoveg th
receiver has to be the maximum likelihood (ML) tatain the transmitting diversity. In this case kind
adaptation metric is not obvious to obtain.

We have to notice again that these analyses asgllmasthe assumption of inband backhauling witli hal
duplex mode.
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3.4.3 Low complexity resource allocation for multi-userSDMA in REC

3.4.3.1 Description of the concept

Based on the version for multiple base stationsribesd in 2.3.3, the spatially beneficial
transmitter/receiver combinations can also be edthin a REC. When the RNs are half duplex, they
can be treated as user terminals in the time slben the RNs receive. And when they transmit, they
become additional base stations for the algoritfuil. duplex relay nodes could be supported in alamm
fashion. Details of the concept as well as simatatiesults on interference avoidance in relay eodadn
cells are provided in Appendix B.10.

3.4.3.2 Expected requirements on signalling and measuremest

The genie performing multi-cell coordination neetts know the channel matrices between all
combinations of nodes in the system to be ablestomate interference. However, it can be safely
assumed that no additional overhead may be needsidrial measurements of the channels between any
RN and the BSs. These channels can be obtainedavaimilar PACE procedure as for the users in the
single BS system: the RN could send uplink pilottheut precoding and the BSs could then perform
channel estimation. As a simplification, the stasidty of the RNs can be exploited in the SDMA schem
during the scheduling process as presented in [\WBJ¥ZA] Annex G.1. The only overhead stems from
the necessity to signal the channels between anyaRdN all users back to the central intelligence.
Assuming that the BSs are connected by some sbdakbone network, it may be sufficient for an RN to
only signal to the nearest BS. If the RN has midtgntennas, spatial multiplexing can be usedHiw t
purpose.
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4. Conclusion

This deliverable captured the first set of bestirative concepts identified in the field of Advadce
Multiple Antenna Systems for potential inclusiortointhe WINNER+ system concept. The concepts
consist of promising principles or ideas as weldatailed innovative techniques. For each condépt,
associated benefits as well as the correspondiqgjreaments on the system architecture and protpcols
measurements and signalling, have been considered.

In Chapter 2, a set of innovative concepts for adedrantenna schemes in the context of conventional
cellular networks were presented. The proposed emincinclude several detailed SDMA signal
processing solutions for improving the capacityceflular networks employing multiple antenna base
stations and terminals. The main framework of thespnted schemes consists of downlink spatial user
multiplexing and beamforming by means of linearnsmit precoding and scheduling. Since both
precoding and scheduling depend on CSI knowledgiéntransmitter (CSIT), most of the proposals
focus on how to make CSIT available and accurabeigim

The proposals in Section 2.1 form a realistic araising set of improvements to the WINNER |1 wide-
area FDD solution that employs the Grid of Beamscpding concept. The improvement arises from
interference management solutions that enable reitimerference rejection receiver processing in
terminals, or interference avoidance schedulinthennetwork side. These proposals are as suchlyeadi
applicable to LTE as well. On the other hand, $&cf.2 introduced more revolutionary concepts. The
focus there is on the careful design of CSI feedtfismrk mobiles to the base station, in order tolitate
beam selection and efficient transmit-receive Zeroing. Finally, in Section 2.3 a generic methaxipl

for multiuser transmit-receiver processing underiots system optimization criteria was presented.
There, nearly perfect CSIT is assumed, which impghes the method is best applicable in TDD systems
with low mobility users. Most of the new conceptsGhapter 2 deal with joint precoder design and use
scheduling. However, in order to reduce compleaity to support more general protocols, it is beradfi

to essentially decouple the scheduling from thecquer choice. Therefore, a scheduler that supports
generic precoder designs and multi-cell interfeeengoidance was suggested Section 2.3. Due to its
generality, it is a promising approach for pradtioatworks.

The introduction of CoMP systems, namely systemsravlaecoordination among multiple transmitters
and/or receivers take place, have been proposetisndeliverable in Chapter 3 as one of the most
promising techniques aiming at increasing the disdeda rate of innovative radio access networkent

a theoretical point of view CoMP systems could #igantly improve performances in the radio access
network both in terms of average performance pkiaoe for users in the cell borders regions.

In order to fully exploit and take profit of the @ke mentioned benefits, CoMP systems have been
considered as a possible innovation to be propasddsupported in future radio access systems. geclo
relationship with the activities on this same toparied on in the main standardization bodies BGP
IEEE) has been established and the main impactsthieaintroduction of CoMP could have on the
systems have been analyzed in Section 3.1. Inwbralh framework of CoMP, different architectureg ar
suggested in Section 3.2: inter-cell coordinatiomoag base stations; coordination among Radio over
Fiber connected remote units, both in inter-celll amra-cell layouts; coordination including relayi
nodes in cooperation with related base stations. dazh of the proposed architectures innovative
solutions are suggested and related most impomapacts on the existing network are pointed out.
Aiming at assessing the achievable performancer@itdoy means of CoOMP systems, some preliminary
evaluations have been performed and described3nBen if the study is still going on and many
assumptions made are mostly ideal the first commhssreached are quite promising, prompting tohieirt
investigate CoMP introduction and full exploitatioRinally, CoMP evaluations in this deliverable
include also relaying schemes in cooperation wathted base stations (Section 3.4). The resultsrodd

by very simple relaying schemes suggest to furtheestigate this approach as one of the most
promising.

Important steps forward in the CoMP area are foreseeorder to fully evaluate possible advantages
CoMP could bring about. Future studies will concategtron refining architectural CoMP proposals, in
close relationship with future networks features] an performing further link and system evaluadion
including less ideal system concepts. Furthermdmeclose cooperation with the activity in the
standardization consortia, the final proposal foMBowill be refined in order to impact as little as
possible to the currently standardized next geiwaratetworks proposals.
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A. Appendix for Advanced Antenna Schemes

A.1  On the value of synchronous downlink: Impact of estnation errors on the
throughput performance with linear receivers

A.1.1 System Model

The downlink MIMO-OFDMA transmission viaNransmit and N receive antennas for each subcarrier
is described by
y=HCX+n,

whereH is the Ny Nt channel matrix an€,, the unitary N Ny pre-coding matrixx denotes the N
1 vector of transmit symboly; andn denote the N 1 vectors of the received signals and of the adaliti
white Gaussian noise (AWGN) samples, respectively.

All BSs are assumed to provitféfixed unitary beam se®,, wi {1, ...W}. Each beam set contains N
fixed beamsb,, ,with ul {1,...,N;}. Each BSi independently selects one of these sets. In thewilg,
we denoteb;, as theu-th precoding vector from the beam set selecte@®y. The received downlink
signaly™ at the UTm in the cellular environment is given by

The desiredu-th data stream transmitted from théh BS is distorted by the intra-cell and interkcel
interference given ag, andz,, respectively. The BSs may select a limited nunt@eof active beams
from the set to serve the users simultaneouslyrefbee, the transmit power per beam is uniformly

N
distributed over all non-zero transmit symbalg with p/Q;, where P, = j:Tl|§'j |2 is the total

available power for B$& Single-stream (ss) mode selected byi B&ers to the case; @ 1, while multi-
stream (ms) mode refers tq ® 1. For the pre-coding bearbg, ,columns from the DFT matrices are
used, as proposed in [3GPP36211]. For simpliciy,canfine our selection to a single beam set here,
there is only one unitary pre-coding mat@x. We further assume all interfering sectors alwayserve
their terminals with multiple data streams, i.e. " 1 while the selected sectbsupports a single-
stream only, i.e. and thusz;, =0. Note that we allow the UTs to select their Hesam for single-
stream transmission, thus the system benefits frigimer capacities due to selection diversity.

Assuming a linear equalizev,, which is required to extract the useful signainfry™, yields a post-
equalization SINR at the UT for streangiven by

whereZ,, is the covariance matrix of the interference signal; , i.e.Z, = E[z, (z,,)"] with E[.] being

the expectation operator. For equalization, therfatence-aware minimum mean square error (MMSE)
receiver for single-stream transmission [Win84jis&d and its achievable spectral efficiency isatad

in a downlink OFDMA multi-cellular simulation engnment. The MMSE equalizer reads

R h.

WL'\JAMSEZ pl ny i,u
I

where,R,, denotes the covariance matrix of the receivedasigh i.e. Ry, = E[y"( y™"]. For reference
purpose, we compare these results with result®eahbie by using a MRC receiver

WMRC - hi’u

u

Introducing channel estimation errors yields to estimate ﬁi’u =ﬁi’u +0i”u. Here, X denotes the
estimate of vectox andd;, denotes the zero-mean Gaussian distributed ertbrwariancem being the
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normalized MSE for channel estimation. Thus, the@/Rceiver is given byfvl':"Rc

post-equalization SINR at the receiver may be ldweemded by [TSW+08]

=h,,+d,. The

SIN%\ARC,ESI3 SlN%\/lRC,ideal 1_ ml_ Ni

R

loss
The achievableSINR"“**, which is obtained from inserting the estimatdd’"" into SINR, from

above, is degraded by the loss caused by the ditimearors with powem For example, assumingsN
2 and a normalized channel estimation M&.1 yields a maximum SINR loss of 5%.

A.1.2 Covariance estimation

For interference suppression at the UT based oMMSE equalizer, we require to obtain the system’s
covariance matriR,,. In the following two mechanisms are considereddtimate the desired matrix.

A.1.2.1 Sample covariance estimator

Knowledge on interference conditions may be obthimg estimating the covariance matRy, == E[y"(

y™™ of the received signal vecto/™ across several subsequently received data symbbéxefore,
asynchronous downlink transmission from all BSgha system may be sufficient. By assuming data
transmission of i.i.d. transmit symbotsacross channdd and averaging oves symbols, the estimation

error in fiyy decreases witls [SFF+99], [JHJ+01]. Let the total number of transeditdata symbols
across a quasi-static channel be giveisbyhen

1
= he X, (s)+n h X, (s)+n

R =—
vy
Sg vkl oy

A.1.2.2 Correlation-based estimator

Alternatively, we use the pilot-aided multi-cell arinel estimation scheme based on virtual pilot
sequences, which has been introduced in section Bhk estimation scheme allows for optimum
correlation-based estimation of the interferingrateds in fully synchronized multi-cell systems. §hu
the covariance may be estimated by directly utitizchannel estimates with sequence lemgth

The suggested concept enables mobile terminalsstimgliish more of the strong interference channels
with an increasing length of the correlation windotilized for the estimation process. It does mafuire
higher pilot overhead than in current systems,rbstlts in a trade-off between the mobility of theer

and the ability to track interfering channels. histway, channels of nearby base stations may be
estimated at an early stage due to the provideterpatand therefore be separated using a short
correlation window, e.g. over two transmission tim&ervals (TTIs). Estimating the channels of dista
BSs may be less important due to their higher ayemath loss. Therefore, these BSs are forcedeto us
sequences that require higher correlation windomgtles to enable estimation of their interfering
channels at the UT.

The suggested system concept is limited to usel fIXET-based beamforming, i.e. only one precoding
matrix C, is provided for downlink transmission in all ceti§ the system. Thus, codebook entries are
known at the UTs and dedicated pilots are not reazgdo obtain knowledge on effective channels.

A.1.3 Performance evaluation

The performance is investigated in a triple-sectdrexagonal cellular network with 19 BSs in tofebr
simplicity, we employ the time-division multiple @ess (TDMA) round-robin scheduler for all UTs ireth
inner cell. Performance is evaluated for the suraughput in a sector. This value is normalized Huy t
signal bandwidth, yielding a sector’'s spectral gdfincy. The achievable rates are determined from a
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quantized rate mapping functipW/IN2D223, representing achievable rates in a practicalesystor
comparison three different measures are of majevaace.

Case A:The achievable spectral efficiency with perfecthyolwvn variables, i.e. equalization vectwy,
desired and interfering signdis, andz;, respectively.

Case B:The resulting spectral efficiency utilizing the iesited equalization vectord/, , i.e. the rate

which may be achieved in maximum using an erronestimated receiver.

u?

Case C:The difference gnr .y between the estimated and achievable SINR at theWiere the UT

utilizes the estimate®V,,, h; , and Z;.

Non-synchronized downlink transmission from all B&sitilizing the MRC receiver, the desired signal
h;, needs to be estimated. From [PNJ+05] we assumestiation error to be modeled by a Gaussian
distribution with a variance equal to a specific B18efined by 1 {0,-10,-20,-30} dB. Figure A.1 (a)
compares the sector spectral efficiencies usin@®&IA round-robin scheduler for the single-input dag
output (SISO) and MIMO 2 x 2 for case A. Furthermydt may be observed that the case B performance
assuming a = -10 dB for channel estimation is sufficient topepach 99% of the MRC performance
with perfect channel estimates. Thus, the lowemiddor the SINRs, which was determined to 5% based
on the analytically estimate at the end of Secfahl, is quite close to the resulting performaifroen

our simulations.

(@) MRC (b) IRC

Figure A.1l: Case A and case B performance for MRC rad IRC receivers in non-synchronized
downlink transmission systems. hi,u is generated using the estimation loss model [PNJ5] with a

given ; the covariance is estimated over 1 and 2 TTlIs.

For Figure A.1 (b) the covariance estimator fronet®® A.1.2.1 is employed across 1 and 2 TTls,4.e.

and 14 OFDM data symbols, yielding an estimagy. In combination with the channel estimation error

model, which was already introduced for MRC, it issgible to determineWﬂ"MSE: le'lﬁ

yy Lu”*
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Comparing both figures, it may be observed thatatigevable performance of the IRC receiver highly

depends on the estimaE’u , showing hardly any gain for a= -20 dB compared to the MRC approach.

In case of an assumed= -30 dB and a covariance estimation over 2 TTls,ystem outperforms the
simple MRC receiver in 60% of all cases. Howevers¢hassumptions are not feasible in a system under
realistic conditions. Thus, it is doubtable whettiese IRC gains are still present.

Synchronized downlink transmission from all BEgure A.2 compares case A and B for the correfatio
based estimator, described in section.A.1.2.2. viésg a multi-cell channel estimation over 0.5 TTils,
only one 3G-LTE slot, clearly outperforms the MRCeawer. Thus, 3G-LTE systems may already profit
from higher spectral efficiencies when employindCIRsing the correlation-based estimator. Therefore,
any additional scrambling for common pilots symbols different sites has to be introduced, but
downlink transmission from all BSs must be synciwed. In this case the achievable median spectral
efficiency reaches 94.7% of the case A performaitfcthe estimation is done over 1 TTI the median
performance reaches 98.4% of case A. Finally, &td@iTls there is hardly any difference between the
performance of case A and B.

Furthermore it can be observed that estimationrercaused by the correlation-based estimator only
result in a constant shift of the original cumulatidistribution function (cdf) with perfect channel
knowledge and IRC (Figure A.2). In contrast, themation errors caused by the covariance estimator
dramatically change the shape of the distributdisabling high spectral efficiencies of the systana
thus indicating the highly error limited behavigidure A.1 (b)).

Figure A.2: Performance comparison of ideal system&ase A) and IRC using the correlation based
estimator (case B) in synchronized downlink. As ceelation intervals we selected 0.5, 1 and 2 TTIs.

Figure A.3 compares the resultingnr, for asynchronous and synchronous downlink transionsfrom

all BSs in the system, while using appropriatedinequalizers at the UTs. In case of non-synchezhiz
transmission we consider MRC as proprietary choiwb thus indicate its performance for MSE= {-
10,-20,-30} dB. It may be observed that UTs utilizing MREceivers tend to underestimate their SINR
conditions, i.e. abscissa values below zero, biit wlatively high standard deviation.

Assuming a fully synchronized transmission systeme may benefit from linear equalizers, which
minimize the MSE while the achievable SINR is maxieal. Hence, we suggest to use the MMSE
receiver for interference suppression at the tesmwwhich results in steeper distribution ofj\g , and
thus clearly outperforms asynchronous systems. Meweknowledge on the interference channels of
good quality is required. Therefore, the correlatiindow length should be set to an adequate vakie,
above 1 TTI, to ensuregnry 3 dB in more than 90% of all cases.
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Figure A.3: Maximum SINR, (case C) of both available beams for single-stregnwhile assuming
asynchronous and synchronous transmission from aBSs and using appropriate receivers.

A.1.4 Conclusion

We provided a comparison between the theoretidailesable spectral efficiency in a cellular OFDMA
system with asynchronous and synchronous downliakstnission from all BSs. Depending on the
system, different linear receivers were shown tofdesible. It was shown that the maximum ratio
combining receiver is quite robust against estiomagrrors, if channel estimation with= -10 dB is
sufficient to approach the upper bound given byfgmerchannel knowledge at the receiver. Interfegenc
suppression requires channel estimates of higremmigion and therefore does not seem to be feaisible
non-synchronized systems, e.g. by employing comeegaestimation based on independent OFDM data
symbols. Including the gains of interference supgien into cellular systems requires more precise
multi-cell channel knowledge. This may be enablgdntroducing synchronized downlink transmission
and a multi-cell channel estimation as suggesteseation B.1. We demonstrated that a 3G-LTE radio
system achieves 94.7% of the spectral efficien@ilable with perfect channel knowledge and IRC, if
fully synchronized data transmission from all batgions is introduced. Improving the knowledgehef
interfering channels results in a performance closthe optimum of linear equalizers and a decrgpsi
estimation error gnry between the estimated and the achievable SINRs.
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A2

A.2.1 Obijective

Simulation results for intra-cell and inter-cell interference avoidance by
partial CSIT sharing

Simulation results are shown in this appendix sectior a novel signalling concept, called “Best
companion”, introduced in section 2.1.3, using onede (MU-MIMO) of the adaptive MIMO mode
switching concept introduced in section 2.1.1.

The aim of the “best companion” concept is to idtroe additional codebook-based channel state
information in addition to existing best weight ioels (called PMI in the LTE terminology) in order t
reduce the interference in the overall systemato#ll interference will be reduced by better suppb
MU-MIMO pairing. For a complete description, seetien 2.1.3.1.1. The results are for improving antr
cell interference in MU-MIMO (mode B)

A.2.2 Parameters and results
Single cell simulations with statistical modelinf inter-cell interference are performed based om th

settings of Table A.1.

Table A.1: Simulation parameters

Scenario

FDD Downlink, codebook-based MU-MIMO, waithh multi-cell cooperation

Antenna configuration

BS: 4 TX uniform linear array (2 element spacing), vertical polarized elements

A(q)— min 12 q : A Q545 = 70 degreesA, = 20 dB, 14dBi gain (incl. cable
P )

3dB

loss)

MS: 2 RX withl /2 element spacing

Carrier Frequency

2.1 GHz, 10 MHz bandwidth

OFDM parameters

Based on LTE FDD frame structure,
FFT size 1024, 600 subcarriers used

Modulation and Coding

LTE turbo coding, 27 differ&dCS ranging from QPSK 1/9 to 64 QAM 9/1
Ideal link adaptation
Pilot and control overhead is taken into accou66)

o

Linear Precoding

Unitary codebook based on Houskehdtansformation:
LTE 4Tx codebook from TS36.211, subset of 7 estsigitable for
beamforming

Feedback CQI per subband, PMI (+BClI) for the wholedba

Channel model SCME: urban macro (8° angular spreadiueban micro

Scheduling Non-frequency selective SDMA/TDMA
In each subframe 2 users are paired and shareu2k£lj50 PRBs grouped tg
25 subbands, thus the whole frequency band).
SDMA is based on BCI — when not available, useripgiis done based on a
minimum beam distance. TDMA is done in a Round Rdéghion.

Receiver Linear Receiver with ideal channel statermation with MRC combining

Intra-cell interference

Fully modeled

Inter-cell interference

Geometry obtained from 18&gtor system level simulation with 500m inte
site-distance using interference wrap around, logsabshadow fading with 8
dB standard deviation, path loss L_dB=128.1 + 346(.R), R in kilometers,
Total BS Tx power 46 dBm, noise power spectral gn$74 dB/Hz,

used to model inter-cell interference as frequdtatyand spatially white

With the above settings, the additional uplink fegck signaling required per user is 4 bit per sabf,
thus e.g. 0.8 kbit/s for BCl-reporting at ea¢hshibframe (which is a realistic assumption). Thiagaf
the novel reporting scheme are shown in Table A.2.
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Table A.2: Simulation results: Relative gain of prposed reporting scheme

Urban macro 8° Urban Micro

Average cell throughput gain of
“Best Companion” reporting vs. +16 % +22%
standard PMI reporting

The SINR is measured at the output of the receivebamer, thus the decoder input. The figures below
show the resulting subband-SINR distribution witll avithout BCI reporting. Due to reduced intra-cell
interference, the SINR is improved with the helghef best companion index.

subband SINR cdf

cumulative probability

SINR dB

Figure A.4: Urban macro 8°: cdf of subband SINR ("per chunk™)

subband SINR cdf

I
©

cumulative probability
o o o o o o
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o
N

©
[

SINR dB

Figure A.5: Urban micro: cdf of subband SINR ("per chunk")
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A.3 Joint transmit-receive optimization and user schedling for FDD downlink

A.3.1 System Model

We consider the downlink of a cellular network wittultiple hexagonal cells. Each cell is partitioned
into 3 sectors and a linear array of M transmiteants is deployed in each sector. Users are dropped
uniformly in the network, and each one is assigiwethe sector with maximum measured SNR. We let
S denote the set of users assigned to sector |, with, L - 1where L is the number of sectors in the
entire network. Each user has N receive antenmalsassuming the kth user is assigned to clusterits0

received signal is:
L-1
X =H So+ H, S +n,
1=1
where H, s, is the N x M complex channel matrix between traitteml| and the kth users is the M-

dimensional transmitted signal from base |, angd is the additive white Gaussian noise vector. 3scto
with indicesl, ,L- 1 correspond to the other bases in the networkctade interference to this user.

If N>1, each user could receive multiple spatiaityltiplexed data streams. Interestingly under ideal
CSIT, restricting the transmission to at most ajlsirstream per user was shown to be asymptotically
optimal as the number of users in a sedto® ¥ [BKO05] and able to achieve a large fraction of DPC
capacity even for practical values of K > M, [BHOF]otivated by these results, under limited feedtbac
conditions, we choose to devote all the availaliketb characterize only one stream per user.

Assuming linear precoding the transmitted signabage | is given by
s= 44
ks
where g, 1 C" * and d, are the precoding vector and the information synfboluser k, respectively.

We assume a block fading model for the channelhst it is static over one symbol interval but
subsequent channel realizations are correlateddiogoto the time coherence of the channel. Anayer
sum power constraint P is imposed among the M mnéremntennas in each sector.

A.3.2 Finite rate FB model and user selection

The base station first transmitcemmonpilot signals from each antenna so the MTs caimest the
MIMO channel. These pilots are mutually orthogoimatime, frequency, or code domain, moreover we
assume perfect channel estimation. Each mobilesfeadk:

1) a channel direction information (CDI) given bgaantized version of the channel matrix usingadi
number of bits,

2) an analog value called the channel quality iaigic (CQI), related to its expected SINR. Noticat tthe
feedback link is modelled as an error-free and-melay uplink control channel.

Using the CDI and the CQI feedback from all of thebiles, the base station chooses a set of users to
serve based on a weighted sum rate criterion. Anf@aning vector is calculated for each user and
dedicatedpilots are sent to the selected users that camskd to compute a new MMSE receiver. For
each transmitted data stream, a dedicated piloakig generated by modulating a pilot sequenck thig
associated beamforming vector.

A.3.3 Joint receive coefficient design and channel quaraation

Given the restriction of at most one stream per,usz&ch receiver has to 1) choose a vector inphees
vector spanned by the rows of its channel matrifetal back as CDI, 2) design a linear detectprfor
combining the N received signals and 3) choose b CQ

Assume the kth user is assigned to base |=0.fistefe received signal after linear combinatiortted N
. . . 2 .
received signals withi" ||uf|| =1,is

—_ H
rk —Uka
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where x, is the received signal. In the following, for eafenotation we drop the index | of the base.

After the combining process, we get an equivalentfitirmput single-output formulation and the
achievable SINR for the kth user reads

TH W ‘2
SINR = pk‘uk KW
R sg+ Pu‘“kawu‘z

is\{y
where g, = p,w, is the beamforming vector for user k awy is the ZF precoder vector for the kth user.

We consider an average sum-power constraint andsenpqual power-allocation for the selected users,
. _ P
ie. p =—.

[Sflw

We definey; = uv, as the equivalent MISO channel for the kth user @ssume that; is its unit norm

quantized version, we choose to send back as Q. vector is chosen from a codeboolC=c,, o

of 22 unit norm vectors known a priori both at transeri@ind receivers.

Assuming a fully loaded system and zero forcingnifieaming, an approximated lower bound for the
expected SINR is given by

E[SlNﬁg]>ﬁ =g,
where we defined
urAkuk

G =
S¢+uyBu,

as the CQI FB withA, :5(H kﬁk\i*k’H*k‘) and B, :VP Hk(l -\7k\7':)H*k‘ . We choose the linear

detectou; and the codebook vecto¥;' jointly according to

u,.¥ = argmax g (u.c)
wd M Juf 14

The maximizing arguments can be determined in aigtttfforward manner by considering all
quantization vectors and computing for each of thleenlinear detector that maximizgg. We refer to

the scheme as thrraximum expected SINR combi@ESC). The estimated weighted sum rate is given
by

R= a,log,(1+g,)

ki S
A.3.4 User selection and precoding design at the transnbétr
For a given set of active use3sve collect the quantized vectors of these users in
~ ~ H

L(S)= ¥, Vg

and we define the matrix as

W(s)= w, wg = (9= (3°( (% (¥)

The precoding matrix is designed using only the <bfl the selected users and assuming equal power
distribution. The ZF-BF vectog, of the kth user is represented by the kth coluithe matrix where
P= B, R

The user selection algorithm adds one user at @, tup to a maximum of M if the estimated achievable
weighted throughput is increased.

-1

A.3.5 LBG-based codebook

We use a codebook based on the Lloyd-Max algorpphoposed by Linde, Buzo, and Gray (LBG). The
codebook is designed to match the statistics df/@ngchannel model and results in a tree strudtume

can be used in time correlated MIMO channels taicedFB overhead. More in details, if the MIMO
channel is changing sufficiently slowly, the mobiDl FB could be aggregated over multiple FB
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intervals so that the aggregated bits index a ftacgelebook, which generally implies more accurate
knowledge of the MIMO channel at the transmitted amproved throughput. This can be done by
arranging the codewords in a hierarchical treectiire so that the FB on a given interval is an xnde
codewords that are the "children nodes" of a coddwudexed by previous FB. The LBG algorithm can
be modified to generate a codebook with this binage structure. With the designed codebook,
quantization can be performed with a binary seamhthe tree, thus requiring a lower computation
complexity than conventional quantization, at tkxpemse of a larger memory and a little decrease in
guantization performance compared to a maximuntiikged (ML) brute force search.

A binary representation (codeword) of each preapdiector is obtained by associating a bit to edch o
the two branches exiting a node and identifyingodenat level i with the i bits on the branches iegd
from the root to the node itself. As a consequealtenodes of the subtree departing from a nodeva i
have the same i most significant bits. Moreovaghsichanges of the channel in subsequent times slot
most probably lead to codewords with the same migsiificant bits. Hence instead of feeding back the
most significant B bits in each coherence interfreferred as Basic Feedback (BFB)), we use the
available feedback bits to update the previous wblaector. We refer to [TBHO08a] for more details
about the proposed technique.

A.3.6 Simulation results

We assume a cellular network with 19 adjacent hexagcells (L=57 sectors), where each sector uses
M=4 antennas. The channel coefficient between ¢@etsmit and receive antenna pair is a function of
distance-based pathloss, shadow fading, and Raylading. We let the (n,m)th element of the kthrlsse
MIMO channel matrixH, , from base | be given by:

{Hk,l} "= bk,ln'm\/'a( ‘Jk,l) m, ! m ’ kG

here b, ,""is the independent Rayleigh fading(.]k,,) is the antenna element response as a function of

the direction from the Ith base to the kth usergatennas in a sector are assumed to “point” énséime
direction) /m, is the distance between the Ith base and the $¢h, w3is a fixed reference distance,

g =3.5is the path loss coefficient, and  is the lognormal shadowing between the Ith basekémdser

with standard deviation 8 dB. Since shadowing issed by large scatterers we assume that antennas of
the same cell are close enough to be charactebigethe the same shadowing effect. The variable
G =20dB is the reference SNR defined as the SNR measur¢deareference distanceg =1km,

assuming a single antenna at the cell center trigmsairfull power, accounting only for the distartzased
pathloss.

We model the antenna element response as an idvpaebola that is parameterized by the 3 dB
beamwidth/,,, and the sidelobe powek, measured in dB:

. 2
Al ), = minf120,, 0.)" A
where Jk,IT { p,p] is the direction of user k with respect to theduiside direction of the antennas of

the Ith sectorJ,,; = 7Qv /180, and A, = 20. The broadside direction is the same for the Meamas in
each sector.

Users are dropped uniformly over the entire netwarid the average number of users per sector is 20.
Users are assigned to the base with the highesivest SNR, accounting for distance-based pathlods a
shadow fading. To provide fairness in the netwoekadopt a multiuser proportional fair schedulehwit
fairness factor 0.1. Cell wraparound is employedrigler to make interference statistics uniform aher
entire network. In particular intercell interferenis modelled with a two-phase methodology. Infitst
phase, the resource allocation and transmit cavegi@alculations are performed assuming the interce
interference is spatially white and estimating #uhievable SINR assuming all bases transmit at full
power and accounting for pathloss and shadowinghénsecond phase, the actual achievable rates are
computed assuming that the transmit covariancesaoged according to sample covariances generated
from the first phase. The assumption of spatialhjtevnoise in the first phase is the worst-cassenaind
results in a somewhat pessimistic rate. This mettogy circumvents the problem of resource allogatio
when the statistics of the colored spatial noisgisknown.

Figure A.6 considers a static spatially uncorrelatekannel and compares the proposed scheme (ZF-BF-
BFB) and PURC [Sam06] in terms of mean cell throughput asretion of the number of feedback bits
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B. All schemes benefit from the additional degreésreedom provided by multiple receive antennas
thanks to MMSE receiver that attenuates multiustarierence. While cell throughput for ZF-BF-BFB
increases with B the performance of RQ degrades with high feedback rate. Indeed favengnumber

of users in the network, increasing B has two oftposonsequences: i) higher channel quantization
accuracy ii) increment of the probability that someetors of each unitary matrix are not selectediy
user. While i) is beneficial for the achievableatighput, with ii) each base station serves witthhig
probability less than M users reducing the multiplg gain of the system. For a practical number of
users in the network i) is dominant for small Bt buentually, when increasing the FB rate, i) esua
performance degradation.

Figure A.7 compares ZF-BF-BFB, PRC, ZF-BF-HFB (where the mentioned LGB-based codkbo
with hierarchical structure is used) and ZF-BF wgérfect CSIT (ZF-BF-PCSIT) in terms of cell
throughput for different speeds of the mobile teras. Spatial and time correlation of the chansel i
modelled as spatial channel model [WCMO05] assurtriaigsmit antennas spaced 10 lambda with lambda
the transmission wavelength. The time slot is T.5=rfls and mobile terminals speed is either v =r 300
km/h. All limited feedback schemes use 4 bits afdslthe maximum number of levels in the LBG-tree
codebook. We note that While ZF-BF-BFB and PU2R&eheomparable performance, ZF-BF-HFB is
able to exploit the time correlation of the chanmeld thanks to hierarchial indexing achieves
approximately a 50% improvement in median cell tigfgpput. We refer to [TBHO8b] for a more detailed
description of these simulation results.

I
—¥— PU°RC
—A— proposed scheme

mean cell throughput [bit/s/Hz]

B (number of feedback bits)

Figure A.6: Mean cell throughput as a function of he feedback rate. M=4, K=20 users on average.

cell throughput [bit/s/Hz]

Figure A.7: Cdf of the cell throughput
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A.4  Efficient feedback schemes combining long term anshort term
information

A.4.1 System Model

A communication system withy antennas at Base Station dtdisers, each withg receive antennas, is
considered. Theg x ny channel matrix for th&" user is denoted a4,. It is assumed that the rows laf
denoted a$y ; are complex circularly symmetric zero mean Gausegeutors with covariance matri®y
This means that the channel is correlated at Hsinitter. We further assume uncorrelated charatels
the receiver. The transmitter uses the beamforméuagorw, for K" user and the receiver beamformer is
denoted by the matri¥,, The eigenspace dRyis divided as

EigR) = [u®, Uy, Uy

whereu,” corresponds to the maximum eigenvalug,corresponds to the interference sensitive subspace
(having non-negligible eigenvalues) abg" corresponds to interference insensitive subspaaeir(fy
negligible or zero eigenvalues). The dimensiopalft U/ andU, are considered as design parameters.

It is assumed that the transmitter knd¥yor all users while th&" receiver knows, andR,.

A.4.2 Choice of Transmit and Receiver Beamformers

The transmit beamformer should have a large compoalengu,”. Since the interference needs to be
considered as well, a zero-forcing beamformer ipleyed at the transmitter for each user. Obtain the
matrix F, by stacking the dominant eigenvectors of usersggixuselk) from a pre-defined index set.
The transmit beamformer is then obtained as,

_ D
Wi = (Fe U

whereF, is the projection onto orthogonal complementifand (is a scaling used to normalize |

to 1. The choice of the index set is a design patam The receiver beamformer is chosen so as to
mitigate the interference while retaining the sigmawer. Since the users kndw¢ and the channet,,

the receiver beamformer is chosen so as to satisfy

Vi HUY

where refersto orthogonality. Clearly the receiver beamformetsas an interference suppressor.

A.4.3 User Scheduling

A greedy scheduler maximizing the weighted sumist®nsidered. This, in turn, requires the SINR of
K" user, which is given as,

SINRc = S (I + Ny

where $ = pdV Hiwf, k= 1 « pIVE He wilf, pc and N are the power and noise variancekdf
user respectively. It should be noted that thestmitter does not know the effective chanig!'H,) and
hence is unable to evaluate SINRhstead, MMSE estimates of instantaneous signdliaterference
power can be used. These estimates can be cordidergroved by utilizing feedback of the effective
channel norm, W' Hy |f. Further to avoid overestimation of SINfhich can cause outage in turn), a
design parameter is chosen and the MMSE estime®éNTR, is denoted as,

SINRest, k= (Sest, & Bi)/ (lest, kit Cic + Ny
where Sg k= IKE(Sc| &), Bk=STD(K| &), lest k= KE(lc | @), Gc=STD(k | W, « = IV Hi If, EQ)

denotes expectation operation and STD( ) dencéeslatd deviation. A closed form expression for
SINReq, «is obtained in [BOO08]. This analytical result ispéited by the scheduler.

Version: 1.0 Page 62 (110)




WINNER+ D1.4

A.4.4 CQI feedback

The probability density function of the effectivdhannel norm is exploited to obtain the decision
boundaries and quantization levels for a given lfeeldl budget. The quantizer designed further has the
property that closed form expressions for S{fRcan be obtained even with limited feedback.

A.4.5 System Operation and Preliminary Results

Assuming a block fading model for the channel,fdllewing operations are performed cyclically:

Each user estimates the current channel realizhtisad on pilot signals and compuigs

The resulting norm, = |V, Hi |Fis then quantized by each user and fed back.

The base station combinBg and | to obtain SINR; «as a function oivy

The scheduler uses these estimates to iteratillelyate resources to various users.
Preliminary results presented in Figure 2.7 showgnificant gains compared to opportunistic
beamforming, using as little as 1 bit of short-t€Z@I, when combined with long-term CSI.
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A.5 Resource allocation with linear transceiver processg

This contribution considers the linear precoder iglestogether with a sub-optimal user/beam
selection/allocation per each frequency, time apdce dimension. Linear transceiver processing
accommodates conventional single-user channel godid modulation methods. A general iterative
method for joint design of the linear TX and RX trdarmers for several optimisation criteria subject
per antenna or antenna group (BS) power constré@npsesented. A more detailed description of the
theory and the proposed algorithms can be fourfd @J08a, TCJ08b, Tol08]. Alternatively, the block-
zero forcing principle can be further used to dedethe TX precoder design from power allocation.

First part of this contribution presents the praab$ramework for linear multiuser MIMO transceiver
design with a fixed user allocation. Second pasdlgiavith the user/beam selection problem and the
results are shown for the block ZF transmissior.cas

A.5.1 Linear multiuser MIMO transceiver design with quality of service and per
antenna power constraints

Joint design of linear multiuser MIMO transceivebgect to different quality of service (QoS) coastts

per user and with per antenna or antenna group poastraints is considered. Solutions for various
linear transceiver optimization problems are pr&ggssuch as weighted sum rate maximisation,
balancing the weighted signal-to-interference-plosse ratio (SINR) per data stream and balancieg th
weighted rate for each scheduled user with minintate requirements per user. The proposed joint
transceiver optimization algorithms are comparedctoresponding optimal non-linear transmission
methods as well as to generalised zero forcingtrégsion solutions.

Unlike the optimal non-linear schemes, the optitiiza problems employed in the linear multiuser
MIMO transceiver design are not convex in genekldwever, by utilizing the recent results on the
precoder design via conic optimization [WESO06] amghomial programming [BV04], the non-convex
problem is divided into convex subproblems that tanoptimally solved by using standard convex
optimization tools [BV04]. The proposed iterativigaithms are shown to provide very efficient
solutions. However, the global optimality cannot dnigaranteed due to non-convexity of the original
problem.

A multi-user MIMO-OFDM downlink channel with Nsub-carriers, K users, each equipped with N
antennas, and a single base station havip@mMennas is considered. The input-output relaforthe
downlink channel is described g, = HioXc + Nk, WhereH, is the channel matrix for us&rat sub-
carriersc , X;isthe transmitted signal vecto, is the signal vector received by user k, apdrepresents
the noise-plus-interference vector. The elementd,@fare modelled as independent zero mean complex
Gaussian random variables and normalized to haitaryrvariance. The channel state information (CSI)
is assumed to be perfectly known both at the trittesnand the receivers of all users.

The focus here is on linear transmission schembsravthe BS sends S independent data streams, S
min(Nt, K Ngr ). The transmitted vector is generateck asMd, whereM = [my, ... ,mg] is the pre-coding
matrix andd = [d, ..., dj is the vector of normalized complex data symbblsis further factorised tt

= VPY2 whereV contains the normalized TX beamformers &nd diag (p...., p) controls the powers
allocated to S streams. For each data stream scheeluler unit associates an intended uséidre than
one stream can be assigned to one user.

Assume a MIMO-OFDM system which transforms the @ienpy selective channel intocNparallel
independent MIMO sub-channels. A separate beamfoisnassigned to each sub-chanoeind each
scheduled data streasvat the transmitter and at the receiver. As an @@mf an optimisation problem,
we consider a system that has to provide diffesentices to different users. Each ukér U may have
different rate allocation prioritiesy, and the subseiiggr from the full user set includes users with
minimum bit rate requirementg™t". The achievable rate per stream is modelled aglogiil + ),
rmax), Where describes the SNR gap to the channel capagity,the SINR of streara andr . is the
maximum rate limit, both imposed by a set of somacfical modulation and coding schemes. The
objective is to maximise the weighted common rdtallousers while guaranteeing the minimum bit rate
requirements for the guaranteed bit rate (GBR)<usEhe optimisation problem can be formulated as
follows:

Version: 1.0 Page 64 (110)




WINNER+ D1.4

where the variables are common rafeT X beamformers, , LMMSE receiversw, , TX powersps .and

SINR per streamg M is the number of antenna groupg. is a subset of data streams assigned to the
userk at sub-carriec and ;=2 (max'1) /

Linear MIMO transceiver optimisation problems canbe solved directly, in general. Thus, iterative
procedures are required, where transmit beamforarersptimised at the BS in an iterative mannee Th
general iterative algorithm for solving any optiatisn problem is the following:

1) Initialize TX beamformersns csuch that antenna group power constraints ardiedtiset j = 1.
2) Compute LMMSE receive beamformevsfor each streams s
3) Check the feasibility and/or solve any optimisatmoblem with fixed receive beamformers by

using an appropriate reformulation (second ord@egarogram and/or geometric program, see
more details in [TCJ08a, TCJ08b, Tol08]). Checkstapping criterion. If it is not satisfied, let |
=j+1 and go to Step 2, otherwise STOP.

First, we consider a MIMO-OFDM system with 16 subeers, where 2-4 users are served
simultaneously by a BS. The number of antennasxédfto {Ny, N} = {4, 2}. The TX antennas are
divided into two groups of two antennas, each wiparate power constraint. Let us now consider a 4-
user case, where two guaranteed bit rate (GBR)susave 6 and 4 bits/s/Hz normalised guaranteed
throughput requirements, while 2 best effort userge priority weights 1 and 0.5, and a single strésa
allocated per user. Figure A.8:(a) illustrates liedavior of the algorithm for a single random ch&nn
realization in such a scenario. The SNR per antgmaap isP; = P, = 10 dB. It is seen from Figure
A.8:(a) that the initial beamformer configuratianriot feasible for this particular channel real@atand
eight beamforming weight updates are requiredHer@BR users to reach a feasible starting poingé. Th
common rate maximization phase is then initiateth whe feasible beamformer configuration and the
user rates converge close to their final valuesr &0-30 iterations. In Figure A.8:(b), the behawbthe
algorithm with slightly modified minimum throughptegquirements (5 and 3 bits/s/Hz) is depicted fier t
same channel realization. Now, the initial beam#rraonfiguration can support the minimum rate
requirements, and hence, the feasibility check @esot required.

16

16

—6&— GBR user 1 (6 bits/s/Hz) g - -+ O0- 880880
14 — % — GBR user 2 (4 bits/s/Hz) 14l - ET
—O— Best effort user 3 (b=1) - - B- 8- 88880 T
12k Best effort user 4 (b=0.5) e - ;-7 —&— GBR user 1 (5 bits/s/Hz)
— B — Sum throughput a 12 7 — * — GBR user 2 (3 bits/s/Hz)
- /’ - L,/ —O— - Best effort user 3 (b=1)
< 10 Sl L 10p 7 Best effort user 4 (b=0.5)
a - @
2 _ - @ , — B — Sum throughput
g . 2
;-’. Feasibility check phase Common rate maximization phase g 8r
S S
3 E}
£ 6 EERESEERESSSS e e 6l
FoL— (=
ar R T S R I SRS WU S S S 90 9
5 = 0 07000000
o 0 ‘ 1 ‘ 2 o 0 ‘ 1 : 2
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Number of beamforming weight updates

a)

Number of beamforming weight updates
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Figure A.8: User rate evolution for a single chanrnlerealisation in {N+, Nr, N¢, K} = {4, 2, 16, 4}
system with 10 dB SNR per antenna group
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Figure A.9 illustrates the ergodic 2-user sum mata flat fading scenario where the power constrBin
for antenna group 1 is fixed to 0 dB and 20 dBpeesively, and the power constraint r antenna
group 2 gets values,PP;-{0, 3, 6, 10, 20, }. This resembles a distributed MIMO antenna setupere
the users are connected to two adjacent BSs bath twio TX antennas and the received power
imbalance from the BSs is varied between 0 and’he sum rate is depicted for the user rate balgnc
algorithm and the corresponding ZF method. Furtleemthe sum rate of the linear SINR balancing
algorithm (labelled as 'lin. SINR balancing'’) wittsingle stream per user is plotted for a compariso
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Figure A.9: Ergodic sum of user rates of {N, Ng, N¢, K} = {4, 2, 1, 4} system with per antenna
group power constraints

In the given scenario, the SINR balancing solutiwavides nearly identical results with the useerat
balancing algorithm at low SNR and with high povwmabalance. This is due to the fact that the uskr ra
balancing algorithm is also likely to allocate oraysingle stream per user in such situations. 4h hi
SNR, however, the user rate balancing algorithtizes all the available dimensions to maximize rie

per user, thus providing a higher sum rate. Thesdlition is depicted for two scenarios: fully lodde
(FL) case and partially loaded (PL) case, wherentimaber of streams providing the highest commoa rat
among all possible combinations is selected foheh@annel realization. The ZF solution with fulbsipl
load results in rather poor performance, especalyow SNR range. On the other hand, it performs
reasonably well with partial loading even at lowFSBInd approaches the user rate balancing algogathm
high SNR.

Rate region with linear transceiver processing
The behaviour of the two rate maximization (sum eochmon rate) algorithms in a 2-us&r@) channel
with 10 dB and 7 dB power constraints per 2 antegmoaps (M=2) is depicted in Figure A.10:. The rate
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pairs corresponding to different weight vectors dhe rate regions are plotted for a single random
channel realisation per user and with a per BS pawsestraint. The beamformer initialisation has an
impact on the performance of the algorithm, dught® non-convexity of the problem. This example
demonstrates the near optimality of the proposgdrdhms for linear precoder design. Furthermarés i
shown that the achievable rate region boundaribg;hnare plotted as convex hulls of all the achidwa
rate pairs, are identical for both rate maximisatigorithms with linear processing. However, a# tate
pairs with a weighted common rate constraint treatiate from the convex hull cannot be claimed as
local optima, unlike in the weighted sum rate cadeis is due to the different objectives of the two
optimisation criteria. The linear part of the corvrill can be achieved only via time sharing.
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Figure A.10: Broadcast capacity region and rate reign with linear processing for{Nr, Ng, K, M} =

{4, 2, 2, 2} system with per antenna group power constraint

A.5.2 TX-RX zero-forcing with scheduling

In Figure A.11, with block diagonalization (BD) rhed with coordinated TX-RX processing, the
performance of the greedy scheduling algorithmamgared with other scheduling criteria. Since the
transmitter vectors, and thus, the correspondicgiver vectors at each user are affected by thefset
selected users, it is impossible to know the acteegiver structure at the transmitter before thalf
beam allocation. An obvious candidate for an ifgeht initial guess of the receiver matrix, and tme
used in the proposed algorithm, is the optimumlsinger receiver, i.e. the left singular vectorsisér
channel matrices. Three user scheduling critegauaed in the simulations:

Greedy schedulingGS): At mostNy beams are selected such that they create a smaillra of
interference to each other while having large ckamigenvalues. The first beam is selected
based on the largest channel eigenvalue. The greedym selection algorithm is described in
more detail in [TJO5, TJO6, Tol08].

Maximum eigenvaluéME) scheduling: The eigenvalues of the equivalgrnnel matrices of
each user are sorted and at mosbiams providing the maximum sum rate are seldotetthe
transmission at any time instant. Spatial compi#ttbivith other beams is not considered.

Best user schedulingd single user with the maximum channel norm ikeced at any time
instant.

The performance of the proposed algorithms is stiithy simulations in a single-cell environment. The
single user capacity with and without CSI at tleasmitter is plotted for comparison (dotted curvethe
figures). Two different spatial loading scenarios eonsidered in the simulations:

Fully loaded:N; beams are always allocated for each channel agialis(plotted with dashed
curves in the figures).

Partially loaded: the optimal number of beams isded for the scheduling. These results are
plotted with solid curves in the figures.
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Figure A.11: Sum rate for N1, Ng, N¢, K} = {4, 2, 1, 1-64} with 0 dB and 20 dB

The results indicate that the BD method with gresclyeduling approaches the sum rate capacity in the
high SNR region as the number of users presertarsystem becomes large. However, in the low SNR
region the capacity loss from the noise amplifmatcan be significant as can be seen by compahimg t
curves labelled as 'fully loaded’ to 'partially lded’ cases. The BD method suffers from the noise
amplification in the fully loaded case. Therefoiteis often beneficial to allocate fewer beams thia@
spatial dimensions available allow in order to i@&the noise amplification, especially in the loWFS
region and with a low number of users.
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A.6  Downlink-assisted uplink zero-forcing

The signal processing chain for multiuser MIMO ddink Tx-Rx zero-forcing is shown in Figure A.12.
The ZF criterion i="H,Ci=0, i k, whereC,, H,, andF, are a transmit processor, channel and receiver
processor matrices for userThe proposed transmit precoding for the uplifleseon the reciprocity of
the MIMO channel and the reversal of the downliignal processing chain; the orthonormalized receive
beamformers can be used in turn as transmit presodée preferred Tx-Rx zero-forcing solution is
obtained by an iterative algorithm [SS04], where skarting point for iteration is the selectedcfatser-
specific eigenbeams. The same active set of beased for both uplink and downlink.

Iterative zero-forcing algorithm

1) Initialize Fy for each usek with theL, left singular vectors (chosen by the beam seleclgarithm) of
the channel matrii,

2) Transmitter adaptation: find a matfix with orthonormal columnfr each usek so that~"H,C;=0,

i k

3) Receiver adaptation: calculate SMRC,= Uy V. and sefy = U, whereU,® contains the. first
column vectors frontJ,

4) IfFRPHC 0, k with sufficient accuracy, stop the iteration. Qthise repeat steps 2 to 4.

5) Select the transmit precoders&a¥, ), where matrix/, ) consists of thé, first column vectors from
Vi

After the final steps 3-5, the received downlinkeatm responses for uskrecomeR, = H .V, =

u® @, where Y is a diagonal matrix including tHg largest singular values from matrix. Thus
the final receiver matrif, = U is a set of matched filters. Since the optimal davinreceivers are
matched filters, ideally, the terminals need naivaty suppress interference.

k

|
|
i > H > F »
|
|

Figure A.12: Downlink signal processing chain forterative zero-forcing

Pilot symbols transmitted with beamforming via teme precoders as data are necessary in order to
facilitate coherent detection. However, unlike datee pilots should have equal power allocation per
stream. This way the channel gains can be correttberved from the received signal without getting
mixed with the transmit amplitude adjustment, amel pilot responses can be utilized for the purpdse
transmit precoding as well. The base node carmgsh® multi-user processing, and thus it is neagss
that the uplink pilots of each user fully span tedimensional transmit signal space, whikgeis the
number of antennas in the terminal, even when timeber of per-user allocated data stre&pis lower.

This can be achieved by appendinglthaplink pilot streams associated with data streaynarnwthem,

Ly pilot streams so that the pilot precoder matrixdmees unitary. On the other hand, in the downlink it
suffices to transmit just as many pilot streamthase are data streams.

Figure A.13 depicts the effect of non-ideal charestimation on the achievable rates of uplink-ddmknl
iterative zero-forcing with greedy beam selection,a setup of one four-antenna BS with four two-
antenna mobiles. Here, the uplink always emplogsra-forcing receiver while the non-idealities bét
downlink are compensated by least-norm receivetharterminals. The power allocation constraings ar
the same for uplink and downlink, so that each useranted with a share of the total cell Tx power
proportional to the number of beams it was allotatéth. Here, data SNR =,P/N, and channel
estimate SNR #Nio: P«/No. The performance of the proposed concept is coadpagainst two other
schemes: best-user SVD and non-precoded UL. Infitkk comparison scheme, the user with the
strongest MIMO channel is always chosen for SU-MIMi@nsmission, and in the latter one, two
strongest users are chosen for non-precoded twarsttJL transmission each. SU-MIMO is inefficient
in the sense that it cannot utilize more than twb af the four degrees of freedom available, wiiile
non-precoded scheme does not take advantage sfita@SI. As can be seen, the capacity gain offered
by the proposed concept is in the order of 35%regahe best-user MIMO and 70% against the non-
precoded method.
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Estimated channel in RX, Nh =4, Nu =2,SNR=10dB,K=4

Estimated channel in TX and RX, Nb =4, Nu =2,SNR=10dB,K=4
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Figure A.13: Multiuser MIMO UL-DL ZF with noisy cha nnel estimates: estimated channel in RX
only vs. estimated channel in both TX and RX
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B. Appendix for Coordinated MultiPoint Systems

B.1 Multi-cell channel estimation based on virtual pibts

The virtual pilot concept shown in Figure B.1 ipposed. This concept helps keeping the pilot eaxh
low, at the costs of reduced mobility [TSS+08]. t8epilots are assumed to be orthogonal and eacis BS
identified by an orthogonal sequence; common paoésscrambled by this sequence over time. In 3GPP
LTE, one would use all pilots in a slot and mulgiphem with a given chip from the sequence. Pilots
the next slot are multiplied with the next chip.

In the proposed concept, a particular sequendgrasent to base stations is provided. Those segsenc
are definded as time-domain scrambling sequendeishvare pre-defined and known to the UTs. Each
common pilot symbol is multiplied with the next phof the given sequence pattern. Figure B.1 (right)
indicats these sequences for a maximum window Hfemdt16 (horizontal direction). The different
sequence classes, i.e. given in vertical directare, denoted as hexadecimal numbers and should be
arranged according to cellular grid.

This multi-cell channel estimation based on virtpébts enables the UTs to independently estimiage t
channels from their closest BSs, i.e. providing disired signal and the most severe interferingassy

The idea is based on partial correlation. For seaguences families with length e.g. Hadamard or
DFT, there are certain subsets of sequences whichatually orthogonal already for correlation léhgy
being an integer fraction &f. In general, we identify closer base stations dxyuences being orthogonal
already in a shorter correlation window while malistant base stations use sequences which need a
longer window.

Consider the hexadecimal sequence numbers atdersee list in Figure B.1 and their assignmenhén t
cellular grid. The proposed scheme maximizes tlstadce between cells using the same Hadamard
sequence. After 4 cells in a row the same sequsnassigned. That applies to the horizontal andh bot
diagonal alignments. All cells in a radius of 4 éarthogonal sequences to the cell in the middigef
scheme. The assignment of the Hadamard sequenceslisois completely defined by an arbitrary
rhombus containing 16 cells each one using anqither sequence. The rhombus is repeated to fill an
infinite plane. One possible rhombus in Figure Bslenclosed by cells E,0,1,7. Note that each
permutation of the assignment would affect the adearstimation mean square error (MSE). In the
suggested scheme it is guaranteed that the meamealhastimation error of a UT is independent of the
cell where it is placed, i.e. with symmetric coralis for all cells. The scheme is scalable in sagee
length, thus the size of the correlation window mhgsen according to the mobility of the UTs.

Figure B.1: Left: Pilot reuse pattern based on ortlegonal code sequences, e.g. Hadamard, in a 3-
fold sectorized cellular system. Decimal numbers dicate the sector index. Right: Hadamard
sequences spread over space (rows) and time (colushrdomain. Hex-base numbers indicate sites
with the same virtual pilot sequence.

At the UT, a correlation-based estimator is usedeparate the channelrls&, for then distinct groups.

The main reason to use the correlation-based dsting its moderate computational complexity. The
correlation-based estimator is given by
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~ n-1
hy :% c (p)y™(p), withn? ={0,...,n- 1}

p=0
wherecn(p) andym(p) denote the code symbol and the received signabwvet a given discrete time
indexp, respectively.

Figure B.2 shows the MSE, normalized by the rec@iower of the associated sector. It compares the
different performance in the channel estimationcpss using virtual pilots based on pseudo-random
(Figure B.2 (a)), randomly arranged Hadamard (FEdu2 (b)) and Hadamard sequences (Figure B.2 (c))
arranged in the suggested sequence pattern shokigure B.1. In these figures, the achievable MSE i
given for top-N strongest sectors showing instaedasly the five highest receive powers at the MT. |
turns out that using virtual pilots based on ranlyoarranged orthogonal sequences, e.g. Hadamard
(Figure B.2 (b)), cannot reduce the MSE comparedht case of using pseudo-random sequences.
However, the suggested sequence reuse pattermiagsigadamard sequences to the BSs does clearly
show a superior performance compared to the raratceingement of sequences.

The mean square error (MSE) of the two stronggstass is below -20 dB with a correlation length8of
which corresponds to 4 ms in LTE (Figure B.2). Dgrthis time, the channel should be almost static t
ensure proper estimation.

If the five strongest channels need to be estimatitll a MSE below -20 dB, it is necessary to use a
correlation length 16, i.e. 8 ms (Figure B.2). Agahe channel needs to be quasi-static over thistion

to ensure proper estimation. Further results omméla with constant phase rotation are provided in
[TSS+08].

Figure B.2: Normalized MSE obtained for the correldion estimator, in case of a static channel, for
the five strongest (a,b,c) and inner sectors (d)
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B.2 Decentralised coordinated multi-cell transmission

A decentralised framework has been described itid®e8.2.1.2, which allows CoMP to be implemented
in mobile networks without requiring a central gntio take joint scheduling decisions, nor low-tate
links to connect the cooperating BSs. Hence, thacttre of the conventional systems can undergo
minimal changes in order for the coordinated megti-transmission to be incorporated [PHGO8].

The main obstacle associated with the decentratisidborative framework is the handling of errors

the different feedback links. This affects both roel information (Cl, referring to both CSI and BMI
and CQI feedback and HARQ ACK/NACK reports. Undee tecentralised framework, error patterns
can be different on each feedback link, since @) @xd ACK/NACK are fed back to all collaborating
BSs (the number of feedback links used is equahéonumber of collaborating BSs). Under a typical
CoMP framework only one radio link is utilised géT for feedback transmission and therefore there is
only one error pattern affecting feedback informatper UT. In the following paragraphs, we discines
impact of feedback errors on the system performanith respect to Cl and CQI feedback and
ACK/NACK reports, and propose solutions to robuystiflecentralised coordinated multi-cell
transmissions.

B.2.1 Impact of errors on feedback information

B.2.1.1 Impact of errors on Cl and CQI feedback

In the centralised framework, Cl and CQI feedbagkrs may lead to the selection of UTs that do not
maximise the scheduler's objective function. Indkeentralised framework, Cl and CQI feedback serror
may lead also to the selection of terminals by é&8mot maximising the scheduler's objective fuorcti
Furthermore, BSs might end up selecting differenintnals since the error patterns associated veith e
scheduling point are different. Consequently theedéralised framework could be more sensitive to
scheduling degradations caused by errors in theived Cl and CQI. A robust scheduling strategy
against feedback errors is round-robin scheduBinge terminal selection is not based on the rece@®l
and CQl.

Apart from UT selection, Cl feedback errors alspatt the design of the transmission parameters, i.e
the design of the pre-coding matrix if linear beamfing is chosen as the transmission strategy. In a
preliminary evaluation of the impact of Cl feedbaaskors under zero-forcing beamforming (assuming

round-robin scheduling and an analogue modellinfpedback transmission), it has been shown thdt bot

the centralised and the decentralised frameworkemme almost the same under the presence of feédbac
errors [PHGO08].

B.2.1.2 Impact of errors on ACK/NACK feedback

UTs feedback ACK/NACK reports which are being inpaitthe scheduler and define if a data packet
intended to a specific UT needs to be retransmitiechot. Therefore ACK/NACK signals affect
scheduling priorities and errors in the receptibthese signals can lead to a potential malfunatibthe
scheduler operating in a distributed fashion (inelependently at every cooperating BS). Indeeds it
crucial that all the involved BSs receive and dectde same HARQ information in order for the
scheduling to perform well (the same UTs need tesddected by all BSs). Since each UT feeds back
ACK/NACKSs to all cooperating BSs using several malilks, different error patterns can be introduced
as mentioned above. Therefore, the operation ofdibigibuted scheduling need to be stabilised under
potentially corrupted ACK/NACK information at a sséi of the cooperating BSs.

For addressing this issue there are three categofisolutions that can be employed. We name tisé fi
category of techniquesmalfunction prevention schenigshe second ¢check schemésand the third
"malfunction detection and recovery schemase first refers to schemes that robustify the 1d BS
feedback by decreasing the probability of errorstien fed back information and therefore reduce the
probability that BSs acquire diverging feedbacloinfation, which is a potential source of malfunatio
The second refers to schemes which verify thatsysem operates properly (i.e. malfunctions are
avoided) and the distributed scheduling functiosteble. The third category contains some techsique
that detect a potential operational anomaly that tapair a smooth operation of the distributed
scheduling. Hence if a malfunction is detectedtesysoperation can be reset and scheduling stabdity
be recovered. These categories of solutions catepyed individually or combined in order for aywe
high operational reliability to be established. fgadter follows a more detailed description of thes
schemes.
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B.2.2 Solutions for enhancing the robustness of decentiaed CoMP

B.2.2.1 Malfunction prevention schemes

In order to robustify feedback (FB) information (@QI, ACK/NACK) against different error patterns
that can be introduced by the different radio linidised, efficient Forward Error Correction (FEC)
schemes can be employed with an increased codiag This reduces the Block Error Rate (BLER) of
the control information and therefore the occureen€ error patterns that may vary. Furthermore time
diversity can also be exploited in order to augmiset probability that the fed back information is
correctly received by the collaborating BSs. Foaragle feedback can be repeatedly transmitted over
several TTIs. Schemes that enhance feedback d#ljalre available in LTE specifications (e.g.
ACK/NACK repetition, see [R1-084649]), which coull used in order to meet the requirements of
decentralised collaborative processing. This familyschemes has the consequence of increasing the
feedback overhead in the uplink.

B.2.2.2 Check schemes

This category of schemes is responsible for enguhat the collaborating BSs do not possess erimeo
or diverging FB information in order to avoid potiehsystem malfunctions.

If CRC is employed after control information enaaglithe BSs can send to the UTs ACK/NACK signals
depending on whether they have correctly receitedUTs HARQ messages. Thus if the UT receives
ACK signals from all BSs it then can feed back df gignal indicating that scheduling and transmissio
can continue in the next time slot by taking intw@unt this UT. On the contrary if the UT receizes
NACK it feeds back a NOK signal indicating thatshould not be considered for scheduling and
transmission in the following time slot since thésea discrepancy regarding ACK/NACK information
between the different collaborating BSs. This dipancy could lead to non-identical scheduling
decisions and therefore to a potential system metfon. The OK/NOK messages can be transmitted
with a very high coding rate in order to maximike probability that they are correctly receivedthy
BSs.

In case CRC is not employed by the BSs, they cstr@iransmit their received ACK/NACK messages to
the UTs. If the UTs receive the HARQ messages tae transmitted by all collaborating BSs, theydfee
back an OK signal, else a NOK one.

In addition to signalling overhead in both the Oar(the BS ACK/NACK transmission) and the UL (for
OK/NOK transmission), this technique adds a delfagtdeast to TTls to the round trip time: one Tt
the BS to transmit ACK/NACK to the UTs and anotbee for the UTs to transmit the OK/NOK to the
BS. Processing delays may increase this delaydurth

B.2.2.3 Malfunction detection and recovery schemes

This group of techniques is responsible for detectin operational malfunction and restoring stabifi
case the previous schemes fail to prevent the omoce of a malfunction in the system. A potential
operational anomaly may be detected either by the & by the involved BSs. For instance, if the BSs
receive mainly NACKS from the UTs, that might siigna problem preventing the good reception of
packets targeted to specific UTs. If a system nmalfion is detected, the scheduling operation nezte
restarted possibly by the use of a special sigrehanged through the X2 inter-BS communication
interface.

In case the UT knows the cooperating BSs from witich to receive useful signals, it can be thetent
that detects an improper system function. For icsta if each collaborating BS allocates specific
resources to each scheduled UT and communicates tihét, then a UT can immediately detect if a
wrong number of BSs has allocated resources tm ithis case it can signal that a system error has
occurred and the scheduling operation can be tedtar

B.2.3 Conclusion

Three types of techniques have been proposed ier dod stabilise the operation of the distributed
coordinated multi-cell scheduling under potentiafigrrupted ACK/NACK information: malfunction
prevention schemes, check schemes and malfunoti@etibn and recovery schemes. It should be noted
that the malfunction prevention and check schemaasatso be utilised in order to robustify Cl feeclha
The improvement of the feedback reliability throutje malfunction prevention and check schemes is
obtained at the price of increased feedback overlaal/or increased delay, whereas the malfunction
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detection and recovery schemes do not imply suelwlgacks since they are only triggered in case of
system malfunction.

By enabling a safe network behaviour in the presefdistributed scheduling, the proposed techrique
allow coordinated multi-cell transmission to beraduced without low-latency links between the
collaborative BSs, nor central entity to contra ttiuster behaviour.
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B.3 Coordination based on RoF architectures

The use of optical fiber links to distribute signdtom a central location to remote antenna usithée
basis of RoF technology. In communication systesiggal processing functions in the digital andha t
analogue domain are performed at the BS, and signaiediately fed the antenna. RoF makes it
possible to centralise the signal processing fonstiin one shared location (Central Base Statiam,
then to use optical fiber to distribute the sigrialthe remote antenna units.

In general, Radio over Fiber technology could belémented using Digital or Analogue approach. In
the digital approach the baseband signal is tratesdnirom/to a Central Unit to/from a Remote Uhiat
includes digital to analogue and analogue to digitaverters. In the analogue approach, the RFasign
directly modulated and sent over the fiber frontfte Base Station so that the Remote Unit doesewsd n
any digital to analogue and up-frequency conversion
The main characteristics of the digital RoF are:
- applicability to different radio systems (from 26 4G) by using semi-proprietary transmission
standards (CPRI/OBSAI), with slightly different faees for every radio system;
potentially very efficient network and capacity iopkzations achieved by shifting some
baseband signal processing at physical layer tawHre antenna and also by antenna-related
signals multiplexing on the same optical carrier;
more complex remote units than in the case of gu@droF but cheaper hardware components
(laser, photo-diodes) and no linearity problems;
high efficiency and wide signal dynamic range akolwgreater fiber distances covered

The main characteristics of the Analogue Radio &veer are:
- system independent remotization, with higher badtwenabling different systems on the same
fiber link (multi-system transmission over fiber);
centralized baseband signal processing only imibliged architectures and, as a consequence,
less freedom than in the case of digital RoF, itingation network process for what regards
remote units;
simple remote units with only RF amplification;
less efficiency and signal dynamic range allowetthwéspect to digital RoF;
vendor-independent implementations possible.
Analogue Radio over Fiber applications are losirgmantum in the product portfolio since most of the
manufacturers are now focusing on digital Radiordvider, mainly for the advantages in the remote
signal processing allowed by the latter.

As mentioned above digital RoF has been partlyipddy some international consortia, such as CPRI
and OBSAI. Specifications are mainly dedicated he transport of baseband signals over the fiber,
introducing new paradigm in the overall architeetof a radio base station (JOBS20] introduces OBSAI
base station architecture, as a possible example).

B.3.1 RoF based CoMP architecture

Digital RoF technology is considered as an impdrtanabler of innovative architectures such as
distributed antenna systems, with the highest pestgvel of reconfiguration of the network. A ceaily
located unit and a multiplicity of remote antenmétsiare easily connected by means of fiber lifkse
architecture that could enable an efficient RoFedaarchitecture is the one in Figure 3.3.

Transmission of data along the fiber is managelbviohg one of the specifications introduced (CPRI,
OBSAI or similar) and is considered therefore owmedl basis which means that one antenna-carrier
contains all the information for a cell transmissio

This arrangement leads to a partial interoperabl@biour of the remote units with the central uhhe
manufacturers, however, maintain a certain levelustomization in the implementation of the AxCsdl an
this prevents the full interoperability among cahtmit and remote units produced by different O&Ms

Transmission of aggregated data simplifies theitacture of the remote units. They only have tovewsh
digital to analogue signals, amplify and transrhigrh to the antenna(s) in the downlink chain (fa th
uplink the received signals are amplified, conwtrte digital and sent via the fiber connection lte t
central unit). Of course, in case of beamformingignal processing performed over the digital AxCs
could be introduced.
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The physical layer processing of the LTE systemagitioned into the functional blocks shown in the
Figure B.3. In particular, the figure shows thedayl functional partitioning of a multi-antenna LTE

transmitter.
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Figure B.3: Functional blocks of physical layer preessing in LTE

The baseband modem receives at the input the ToetnBfpcks with size of TBS bits from the MAC
(Medium Access Control) layer and provides at thgot the OFDM baseband signal.

The baseband signal processing operations incl@RC insertion, channel coding, hybrid-ARQ
processing, channel interleaving, bit scramblingoduaiation, layer mapping, spatial processing
(precoding, spatial multiplexing, transmit diveysitbeamforming, CDD), mapping to assigned
resources/antenna ports and finally OFDM signalegation (i.e. the IFFT operation with cyclic prefix
insertion).

The baseband OFDM signal containing all the infdiomafor a given cell, is sampled at the frequeRsy
and transmitted to the remote units over the fiber.

The network layout when a cell data transmissioardte fiber link occurs is reported in Figure 3.4,
focussing on the downlink path (the uplink is gihaforward). Remote units receive the cell data and
perform cell data processing (in order to execheereconfiguration of the remote unit, as explaiimed
the following) before transmitting data to eachtled K antennas they are equipped with. If fibek lin
capacity is sufficiently high, more than a singleCAcan be managed by the remote unit, enablingakign
multiplexing.

In order to assess this feature, the overall dattato be supported over the fiber must be estunétéhe
sampling process of the 1/Q time signals is perfmtrasing a number of bit equal to Nbit for eachalg
component (1/Q), the above mentioned data raterdtieally is

Tdata,RU = 2 sz beit

according to the sampling theorem. An example vemiin the following table, where the number of bit
Nbit has been set equal to 10 and reference is moddEE system bandwidths.

LTE bandwidth [MHZz] 1.4 3 5 10 15 20
Fs [MHZz] 1.92 3.84 7.68 15.36 23.04 30.72

Nbit 10 10 10 10 10 10
Tdata,ru [Mbit/s] 384 76.8 153.6 307.2 460.8 614.4

As it is clear from the example, the number of At can be transmitted over the fiber link dezen
the radio system bandwidth and, additionally, oa tverall capacity supported by the connection.
Currently consortia such as CPRI and OBSAI spe@ifynat and allocation of data over the fiber
connection. OBSAI, in particular, has introducedoalspecifications for LTE systems. In these
specifications it can be found that 16 bits aredusesample downlink and uplink LTE signals, with n
oversampling. Moreover, CPRI and OBSAI indicate tmember of antenna carriers that can be
transported over a fiber link of a given overalpaaity.

Presently OBSAI available line rates are 768, 158,2 and newly introduced 6144 Mbit/s, following

the development of new and more efficient opticahsmitters and receivers. In the case of a lite ra

equal to 3072 Mbit/s OBSAI indicates that up torBeana carriers transporting 5 MHz LTE signals are
allowed (4 antenna carriers are manageable witndwidth of 10 MHz, 2 antenna carriers with 15 MHz
and 20 MHz bandwidth, always according to OBSAIc#feations).

Besides the cell data, control data shall be trittestinover the fiber as well, in order to perforne tcell
processing in the remote units. These data can Wléptexed in the currently existent data formats
(CPRI, OBSAI or others) exploiting overhead datacaition.
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B.3.2 Reconfigurable remote units

A feasible architecture based on digital RoF distiéd antenna systems can include newly-introdsoed
called reconfigurable antennas in the remote aatamits. A system capable of making digital beam
forming so as to optimize the beam for the cell bancalled reconfigurable antenna. Reconfigurable
antennas can be effectively used in cellular ndtwglanning. In fact by means of an optimization
procedure, it is possible to define a set of beattems that the reconfigurable antennas can mdiat
order to maximize several output parameters likeerage, signal to interference ratio, capacity, etc

When working conditions change, a new optimizapoacedure has to be run in order to keep the value
of the output parameters to the desired level.

These concepts can be easily transformed into #metic process:
- the information coming from the network (quality eérvice, number of lost calls, traffic
counter, etc.) are provided to a CoMP Manageméiitygree );
this entity drives the optimization procedure aetedmines new beamforming weights;
this entity sends new weights to the reconfigurabigenna that discards the old configuration
and sets the new one.
If the remote unit is equipped by a reconfigurabletenna array the amount of control data (or
reconfiguration data) that are to be exchanged dxtvthe central unit and the remote units via ither f
link is very low.

As stated above, control data shall be multiplexét cell data in the overall data stream carrigdrahe
fiber link (according to CPRI, OBSAI or other stands). The data streams to be transmitted over the
fiber link (generally a fiber ring) to realize acomfigurable scheme are reported in Figure B.4 revlae
feasible architecture is reported as well.

In that architecture, based on a fiber ring to epdifn a double ring-fiber connection is consideréd
first ring can be intended as the “main” ring tnamding downlink data together with reconfiguration
control data and collecting uplink data while cingsthe remote units over the ring. A second ring
performs the same operation in the opposite doec(e.g., counter-clockwise instead of clockwise)
ensuring redundancy and resilience against poskililges along the ring. Other architectures, dase
bus-like topologies to exemplify as well, preseiffetlent management strategies, straightforwartbeo
inferred from those presented here.

Figure B.4: Double fiber RoF based CoMP

In the architecture, the notation adopted is devid:
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N,M, Km are the above defined parameters (numibeantenna carriers, number of remote
units, number of antenna elements per remote unit)

Ciis the i-th antenna carrier in the downlink charinghe CoMP

U’ is the i-th antenna carrier in the uplink chaneéérred to the j-th remote unit in the CoMP
DJ,is the I-th antenna element signal in the j-th remait in the CoMP, in the downlink channel
El is the I-th antenna element signal in the j-th remmit in the CoMP, in the uplink channel

The data stream in downlink, exiting from the bation central unit, can be organized as repdrted
the Figure B.5, to be considered as a general stetam, complying to CPRI and/or OBSAI or other
possible standard specifications.

In the data stream there are the antenna cari@ysad the control data, which are in the form of
matrixes:

A, is the downlink control matrix of j-th remote unit
B; is the uplink control matrix of j-th remote unit

Figure B.5: Data stream exiting from the CU in a dable fiber RoF CoMP

After crossing all the M remote units the dataatnas slightly different, and can be considered as
follows in the final connection towards the centrait.

Figure B.6: Data stream entering the CU in a doubléiber RoF CoMP

With respect to the firstly-generated data streherd are also the uplink antenna carriers, whieh ar
collected passing through the M remote units in @@MP. If this arrangement of the data streams is
adopted, the same data stream in the downlink atiome while passing through the remote units,
collects the uplink data stream as well.

On the other hand, if a bus topology is prefergedimilar approach can be envisaged exploitingithe
fiber of the bus to transport downlink antennaieasrand reconfiguration matrixes and the secaef fi

to collect uplink antenna carriers towards the ksiagon central unit. However, a bus scenario chmts
ensure resilience against failures, at least fenlaset of remote units. The bus architecture cadlba
data format with double capacity with respect te ting architecture described above: no uplink void
antenna carriers are needed since uplink and dokviadata stream are physically separated in a bus
architecture scenario.

Matrixes A are used to perform the following op&nas:

Dll Aﬁjl A.JZ Aﬁ.jN Cl

DZI Azjl CZ
= AIJ X

Dy Au A Cy

Making reference to the j-th remote unit, A tramsfe the antenna carriers in the useful signalshen-
th antenna element (j runs from 1 to M, | from Kim).
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The reconfiguration process is related to the \slassigned to the elements of matrix Aij is the
coefficient of matrix A related to the i-th antencarrier Ci, to the j-th remote unit and generatihg
signal for the I-th antenna array elemewﬁgij is therefore the “weight” for the I-th antenna et
calculated in the “CoMP Management” in order toegate the most useful radiation diagram.

In a simplified arrangememﬁ“j can simply be considered as a trigger to actidategtivate a remote unit
in a CoMP. As an example, if Km, for a given remotgt, is equal to 1A|’ can assume 0/1 values only.

In that case, ifAij is 0 the corresponding remote unit is switcheditn‘ﬁ,ﬁﬁj is 1itis turned on.

Matrix A can therefore be considered either theathéorming” matrix, when its elements are full
beamforming coefficients for the remote units’ aim& arrays, or a simpler “reconfiguration” matrix,
controlling the activation/deactivation of the Colvd#tnote units.

In this sense the “reconfiguration” in the CoMPuaees a double meaning: reconfiguration of the cell
resources assigned to the remote units, and regoafion of the radiating diagrams of their antenna
Network planning procedures can exploit the twoordiguration options given, enhancing quality and
capacity in the area of the CoMP. While reconfigioraof the radiation diagram is a straightforward

an already-known approach, reconfiguration of thdia resources paves the way to coordinated
transmission schemes, as it will be explained énftlowing.

Regarding uplink instead of matrix A the same riglg@layed by matrix B, which is different because
reconfiguration in uplink is not necessarily thensaas in downlink. From a mathematical point ofwie
the operations are as follows

u/ U/t B B, Bx E

u; Ut By E;
= + B|IJ X

Uy Ut By Bl Ex

Signals E,j are coming from the I-th antenna element of therama array of the j-th remote unit; they are

processed by means of matrix B, thus obtainingufiisnk antenna carrier to be transmitted to thetreén

unit. In the above reported approach a sum oceueach remote unit of the signals pertaining to the
same antenna carrier Ui. This implies that a ceravel of coordination and synchronization must be
guaranteed among the remote units so as that thm"“gperation can be performed consistently. If the

synchronization among the scattered remote uniteatabe maintained no sum will occur in the remote
units but eachi' signal will be transmitted to the base-band promegs the central unit, where the

proper multiplexing of all thdJij will take place, similarly to what currently hapgeim case of delay

diversity approaches. The above reported approsith §ums occurring in the remote units) is the mos
convenient in terms of fiber capacity savings, sitite same data structure carrying downlink antenna
carriers is able to house uplink signals as welblleécting” them while passing through each remgoit.

If the sums occur centrally in the base statiorhaaenote unit would need a separate fiber linktfer
uplink connection to the central unit, not allowiaigy kind of antenna carriers multiplexing over fiber

link.

B.3.3 RoF CoMP applications

Reconfigurable or adaptive antennas can be uséldeimemote antenna units in order to fully achieve
network flexibility.

B.3.3.1 Intra-cell and inter-cell scenarios

Different CoMP concepts are introduced dependingtlmn intra-cell or inter-cell approach. In the
suggested architecture, based on reconfigurabllaptive remote units, it is easy to manage bath th
architectures, either intra- or inter-cell one. \Whetra-cell behaviour is requested the antennaecar
transport information related to the same celljlg@mplementing repeating schemes. On the othadha
antenna carriers pooling in the central unit patieswvay to inter-cell CoMP.
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Figure B.7: Intra-cell scenario in RoF CoMP

The intra-cell approach is reported in the pictabbeve (Figure B.7). In this case the same antearreec

is shared among all the transmitters (micro or em&tro-cells) extending the coverage area of the
original base-station. A straightforward evolutiohthis first scenario paves the way to the inteli-c
coordination, when all the transmitters managefter@int antenna carrier; resources are pooledeén th
central unit, where a control processor (“CoMP Mmraent”) is located (see Figure B.8).

Figure B.8: Inter-cell scenario in RoF CoMP

Moreover, multilayer evolution could be consideesdwell, with a common antenna carrier sharing and
remote unit specific antenna carriers to reinfarceerage/quality in smaller areas (Figure B.9).

Figure B.9: Multi-layer scenario in RoF CoMP

B.3.3.2 Network reconfiguration

The suggested CoMP based on RoF links allows anreasnfiguration of the radiation diagrams of the
array antennas in the remote units. Moreover, regBources reconfiguration, as stated above, isilges
as well.

Dynamic management of remote units and remote unitsesources

The easiest reconfiguration scheme envisaged tsothturning on/off the remote units in the CoMP,
according to network planning or traffic constrainévhen needed, the planner could easily turn da/of
remote unit in order to upgrade/downgrade the dveoaerage and/or capacity in the area. This aopiso
particularly well suited for microcells in the CoMgenerally intended as complementary cells indéora
planning project.

The network reconfiguration offered by the CoMPhétecture based on ROF links can be exploited to
adapt the network characteristics to the traffiquieements. In fact, there are various application
scenarios in which the traffic may present veryiigant variations in time. An exemplary casehattof

stadiums or other sports and show venues andtfesiliFor example, a considerable mass of peopje ma
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crowd a stadium for a short period of time (e.g.ddew hours or little longer) for an event. Ircbua
case the capacity of the network can be locallygased by providing a larger number of antennaezarr

to the remote units that serve the considered véorube correspondent period of time.

The more generic “on/off reconfiguration” of thali@a resources in the CoMP is quite straightforwaxd.
more complex form of reconfiguration can be basedo effective transmit power management. As an
example, the coefficient in the A (and/or B) matsxin the data formats described above, could be no
only 0/1 stating that the corresponding remote isnitirned off/on respectively. They can also halae
between 0 and 1 stating the percentage of powettikadesigned remote unit shall transmit. In tiaésy

it is very easy to implement transmit power schetoasitigate interference between remote unitsiss a

to improve the coverage for users that experierazk dhannel conditions (e.g. cell edge users, indoor
users served by an outdoor remote unit, etc).

The possibility of reconfiguring the resources edited to remote units in a RoF scenario can beogegl
also for a transmit selection scheme of the remotiés based on users locations and interference
reduction. In the transmit selection scheme ongmale distributed antenna module RU is selected fo
transmission by a certain criterion such as theron of minimizing propagation path-loss, maximg
SINR or maximizing capacity. This scheme is conipetiin terms of simplicity and it minimizes the
required transmit power (and hence the interferecaesed to other cells). This scheme exploits
macroscopic selection diversity and is expectedadditionally reduce Inter Cell Interference (ICl)
because the number of ICI sources is reduced. ilndase ICI is reduced and the SINR improved
especially for users near cell boundaries, whichmadly are performance limiting users, compared to
conventional cellular systems in an interferenogtéd multi-cell environment.

Coordination between remote units

Advanced form of reconfiguration enables also nekvemordination algorithms that operate on each use
data stream separately, involving two or more renumiits simultaneously, as shown in the Figure B.10

Figure B.10: Coordination in RoF architecture

In particular, each user data stream is elaboriatéite central unit, it is multiplexed with the ethusers
and transmitted to the remote units in the datanédrdescribed previously. Any kind of processing,
involving physical layers or even L2/L3 layers adioation, can be performed in the central unit tred
processed cell data are then transmitted oveiilibe Ifnk to the cooperating remote units.

MU-MIMO in reconfigurable RoF

The full exploitation of multi-user MIMO startingrdm a reconfigurable RoF architecture is
straightforward.

Simple MIMO schemes are obtained considering eaniote unit separately from the others in the RoF
architecture, performing its MIMO with the assigné#s in its coverage area. Making reference to the
above picture that case is represented by the maere of RU2 implementing a 4x2 MIMO with RU2-
served users.

Otherwise more complex MIMO schemes are possilimprising antenna elements from different RUs.
Always considering the above picture such a MIM@esoe can be realized with two antennas of RU1
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and two of RU2 altogether introducing a 4x2 MIMheme for the users that are in the boundary region
between RUL coverage area and RU2 coverage arkalafefor each of the involved antenna elements
of the two involved RUs are transmitted from the Gt as to implement the MIMO scheme from
spatially separated transmitting points. Of couese high level of synchronization between the
transmitting points is required in order to makeMdl schemes from multiple RUs work properly.

Linear precoding in reconfigurable RoF

Simplest coordination algorithms are based on tipeacoding. Precoding is the procedure consisting
taking some performance advantage from multiplyihg layered signal (to transmit over a MIMO
system) for a matrix, called precoding matrix engly precoder.

The linear precoding matrix is a function of thea@hel State Information (CSI), which is, in gengral
only available at the user terminal receiver. Thig required information to select the optimum
precoding matrix must be fed back to the CU ovefeadback link to be identified in the fiber
transmission format.

The basic idea in linear precoding is that the pdatg matrix is chosen from a finite set of precugdi
matrices, called “codebook”, known to both the reeeand the transmitter. The user terminal reaeive
chooses the optimal precoding matrix from the codé&bas a function of the current CSl and sends the
binary index of this matrix to the transmitter owelimited capacity feedback channel. The matréein

is denoted as Precoding Matrix Index (PMI).

In case of MIMO-OFDM based systems the PMI feedbacist be provided for each subcarrier or at
least for each group of adjacent subcarriers dubedrequency selectivity of the channel. This n&ea
that the signalling overhead may become signifieamt, thus, methods have been studied to redute suc
feedback by exploiting, for instance, the correlatiof the optimal precoding matrix over adjacent
subcarriers.

In case of cooperative precoding two or more RUpeoate by transmitting the same data layer to the
user terminal and uses its own optimum precodingtorewhose index is provided back by the user
terminal. Moreover each RU should be provided witthogonal Reference Signals in order to enable the
user terminal to separately estimate the channileodlifferent cooperating RUs.
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B.4  Performance investigation of multi-cellular distributed versus co-located
MIMO

In this section we show the evaluation resultshef ®FDM based cellular distributed MIMO scenario as
compared to a co-located MIMO scenario, as destlilb&ection 3.3.2.1.

In addition to the assumptions mentioned in SecBd2.1, slow fading is assumed and outage capacit
Cout is chosen for the performance analysis. In thduewi@an resultsMg=M;=2 antenna elements are
assumed and a frequency reuse factor of 1. In ¢oderodel the interference two tires of interfereace
considered and the OFDM cyclic prefix is assumedutly cover the delay spread. Further simulation
assumptions can be found in [SWOO08].

In Figure B.11, the 10% outage capacity has bealuated as a function of the normalized distanomfr
the cell center when moving towards the worst gaset marked in Figure 3.7 in Section 3.3.2.1.dhc
be seen that after a normalized distance of abauttBe distributed MIMO system outperforms the
conventional system in terms of outage capacitg, @amore uniform capacity distribution is achieved
over the cell.

Figure B.11: 10% outage capacity when moving fromall center towards the worst case point

In Figure B.12, the area of performance improveniendistributed MIMO is shown in terms of 10%
outace capacity differend8q in bits/s/Hz. The differently shaded areas represiéferent amount of
outage capacity difference, where distributed MIg@performs co-located MIMO. In the unshaded area
of the cell, co-located MIMO outperforms distribdt®IMO. Under the assumption of a uniform user
distribution, in about 84% of the cell area thetritisted MIMO system performs better than the co-
located MIMO system.
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Figure B.12: Difference in outage capacity for distbuted and co-located MIMO over their
respective cell definition areas

Note that the gains shown in Figure B.11 and FigBr&2 are mainly due to reduced inter-cell
interference resulting in an SINR gain. Additiomaultiplexing gain was not exploited. To show the
potential multiplexing gain, the probability didttition functions of the largest and smallest of the
eigenvalues at the worst case points marked inr€igLy in Section 3.3.2.1 are plotted in Figure38.1

Figure B.13: Distribution of largest and smallest gyenvalues for distributed MIMO and co-located
MIMO at respective worst case point

As seen the pdfs of the largest eigenvalue haviglteeh mean for the distributed MIMO case. This is
owing to the fact that the distributed MIMO systémmnefits from the inherent macro-diversity, which
increases the rank of the channel. It is also noed in the distributed MIMO system, co-channel
interference is also transmitted by distributecgsrwhich have lower large-scale correlation withpect

to co-located arrays in co-located MIMO systemsisTéffect increases the rank of the interference
correlation matrix which also contributes to theomwvement of eigenvalue distributions.

Further details on this study can be found in [S\WWO0
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B.5 Transceiver optimisation with coordinated multi-cel processing

B.5.1 Introduction

Coordinated multi-cell processing facilitates muisier precoding techniques across several distéabut
antenna heads, which can be used to improve tligsatitin of the physical resources by exploiting th
available spatial degrees of freedom in a multiruseltiple-input multiple-output (MIMO) channel
[Wyn94], [SZV02], [KFVO06], [TCJ08a]. Assuming line&ransceiver processing, a coordinated multi cell
system withN antennas would ideally be able to accommodate hpdtreams/beams without becoming
interference limited. Mutual interference betwedwe tstreams can be controlled or even completely
eliminated by a proper selection of transmit weighttors. This is especially true in the coherenttim

cell MIMO case, where user data is conveyed frontipie BS antenna heads over a large virtual MIMO
channel [KFV06], [TCJ08a].

The coherent multi-user multi-cell precoding tecjugs, however, have high requirements in terms of
signalling and measurements. In addition to the pleta channel knowledge of all jointly processed

links, carrier phase synchronisation across thestrétting nodes and centralised entities performing
scheduling and computation of joint precoding wesgdre required. A large amount of data needs to be
exchanged between the network nodes. Thus, highkdsiieks, such as optical fibers or dedicated radio
links are needed.

Another form of coordinated transmission is a dyitamulti-cell scheduling and interference avoidance
where the network nodes coordinate their transomssi(precoder design, scheduling) in order to
minimise the inter-cell interference. The phaseetehce between the transmit nodes is not required,
since each data stream is transmitted from a siB§lanode. Thus, the non-coherent coordinated multi-
cell transmission approaches have somewhat loesgirements on the coordination and the backhaul,
but could potentially still need centralised res®urmanagement mechanisms. Also, full channel
knowledge of all jointly processed links is stideded for the ideal interference avoidance.

In this study, a generalised method for joint desifj the linear transceivers with coordinated mexdil
processing subject to per-BS/antenna power congtras proposed. The system optimisation objedtive
this paper is to provide an equal weighted SINRthar transmitted data streams, i.e., to maximise th
minimum weighted SINR per stream. The optimisapooblem is quasiconvex for receivers with a single
antenna or with a fixed receive beamformers [WESQBLJO08b]. Thus, the optimal solution can be
found for those configurations.

The generalised method can accommodate two speasds previously available in the literature:
coherent multi-cell beamforming with per BS powenstraints, which requires a full phase synchronism
between all BSs [TCJO7b]; and coordinated singlelbmamforming case, where all the transceivers are
jointly optimised while considering the other-celnsmissions as inter-cell interference (see ®oluh
[BOO1] for the minimum power beamformer design).rtRermore, the model can handle any
combination of the aforementioned cases, wherentiraber of jointly transmitting nodes may vary
between users.

In the coordinated single-cell beamforming casehestream is transmitted from a single BS. In sach
case, a user is typically allocated to a cell vifte smallest path loss. Near the cell edge, howeker
optimal beam allocation strategy may also depenthertime varying properties of the channel. Thus,
large gains from fast beam allocation (cell setegtialgorithms are potentially available for thdl eelge
users. The optimal cell or BS assignment per beaandifficult combinatorial problem and it requires
exhaustive search over all possible combinationbaafm allocations. This is clearly computationally
prohibitive for a large number of users and BSser&fore, a set of sub-optimal heuristic allocation
algorithms is proposed.

The presented methods require complete channel lkdge between all pairs of users and BSs, and
hence, the solutions represent an absolute uppendbfor the less ideal solutions with incomplete
channel knowledge. The performance of coherent @amlcoherent coordinated transmission with
different beam allocation algorithms, as well as+coordinated transmission and inter-cell intenfiee
free scenario with time division multiple acces®MA), is numerically compared in different operatin
scenarios with varying inter-cell interference. Ewdough the model is presented for the genera cas
with multiple receiver antennas per user, the nicakresults are shown only for the single antenna
receiver case for simplicity.
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B.5.2 System model
The cellular system consists Nf BSs, each BS has; transmit antennas and uders equipped with
NRk antennas. A sdfl with sizeK = U includes all users active at the given time instesile a subset

U, | U includes the users allocated to BSk | U,. Each usek can be served by, BS's which

define the joint processing s8¢ for the usek, andB, | B={1,...,Ng}. The signal vectoykT CNee

received by the usde consists of the desired signal, intra-cell anéritiell interference, and it can be
expressed as

Y= @uHuXokt  apHe X t a,, H b,kxg"' ny (1)

bl B, b B, bk b B/B,

where the vectoxb,kT C" is the transmitted signal from tleth BS to usek, Xgi C" denotes the

total transmitted signal vector from BS transmitien, ~ CN(O, Ng | Ng ) represents the additive noise
k

sample vector with noise power dendity anday HbykT C"= ™ s the channel matrix from BSto

userk with large-scale fading coefficieat, .. The entryl_H b,k]rt represents the complex channel gain

between TX antennaand RX antenna. The elements dfi,  are normalised to have unitary variance,

2
e, E ‘[H bvk]rt =1. The total transmitted vectotf from BSb consists of transmissions to all the

users in the user sep, X§ = Xp -

KU,
The transmitted vector for uskis generated at Bi$as

Xpx = Mp,dy )

whereM b,ki CM' ™ s the pre-coding matrixd, = [dy . - . ,dmk,gT is the vector of normalized complex
data symbols, analy, min(N:MyNgJ) denotes the number of active data streams.

The total power transmitted by the B$s

Tr(E[xgtng']) =Tr My My ()

KU,

Consequently, the power per transmit antenna Brgas[ U M, M E'kJ ,n=1 ... N
. b :

ki hn

We focus on linear transmission schemes, wherdNgheansmitters sen® independent streams, S
min (NsNt, «u Nro per transmit dimension. Per data stream proogssitonsidered, where for each
data streans,s =1, . . . ,Sthe scheduler unit associates an intended kis&rith the channel matrices

~ Nt N
Hb'k,l C T Rkg

of the set of scheduled usets={ ks|s=1, ... ,S}, is less than or equal t8. Let mbysT cMr andwsg

,bT Bs Note that more than one stream can be assigneaktaiser, i.e. the cardinality

~ N . . .
I C ™ bearbitrary transmit and receive beamformers forgtieams. The SINR of the data streasn
can be expressed as

2

H
ab,kSWs H b,ksmb,s
ol B,
gs = S 7 (4)
2 H
No”Ws”2 + 3y WeHp My,
i=Lits|bl B
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B.5.3 Generalised SINR balancing with coordinated BS progssing

In this section, a general method for solving Slb#ancing problem with coordinated BS processing is
presented. The generalised method can accommduatellowing special cases:

0 Coherent multi-cell beamformind{= B, =B " s,Q with per BS and/or per-antenna power
constraints, which requires a full phase synchrarbigtween albb1 B [TCJ08a]

0 Coordinated single-cell beamforming cas®|(F 1" s), where all the transceivers are jointly
optimised while considering the other-cell transitias as inter-cell interference. (similar to
solution in [BOO01], [Ben02] for the minimum poweedmformer design).

o0 Any combination of above two, wheig || and B] may be different for each udeand/or stream
s.

Note that the presented method requires a comphetenel knowledge o, « Hy, « between all pairs df
and b, and hence, the solution represent an absoluteruppund for the less ideal solutions with an
incomplete channel knowledge.

The system optimisation objective is to keep thBIFSIper data streams in fixed ratios in order to
guarantee fairness between streams/usersdi.e,= o, and s has to be maximised subject to per BS
power constraints. This can be formulated as masdtign of the minimum weighted SINR per stream:

2

H
Bk Ws Hpi Mps
B B,

max min
s=1...S

Nofwsl; +
it 11=s

2

H
3k Ws Hpi Mpj
biB,

st. Imoss £ R D=1 Ng
i

where the optimisation variables arg ¢ 1 CV andw, 1 CNRKS, s=1,....,S and$S includes all
streams allocated to BS i.e.,S, = {s|ks] Uy[}. The weights, s> 0,s=1, ... S,are used to prioritise
the data streams of different users differenthpbRrm (5) is not jointly convex in variabless andws,
However, for a fixedn,, s=1, ... S (5) has a unique solution given by the LMMSE ieee

1
S

Ws = ag,ksHb,ksmb,im:;',i H E‘,ks *+ Nol ng, 8k Hpk My s

i=L 4l B b B
which provides the maximum SINR for stream s. Femtfiore, for a single antenna receiver or a fiwgd
(5) is quasiconvex imy s [WESO6], [TCJ08b]. Thus, it can be solved with agcuracy > 0 by the
bisection method [BV04] presented Aigorithm 1[TPKO08]. The optimal objective valug for fixed wg
(i.e., Algorithm J) is indeed unique, but the resulting, s= 1, . . . ,Sis not guaranteed to have a unique
solution in general, due to the the quasi-convexifythe original problem [WESO06], [TCJO08b].
Therefore, global optimality of the above method caly be guaranteed for the single-antenna receive

case.

B.5.4 Heuristic beam allocation algorithms

The aim of any beam-to-cell allocation algorithmtdsselect such BSs that the resulting beamformers
mutually interfere as little as possible while pding large beamforming gains towards the intended
users. A set of heuristic allocation algorithmstfue coordinated single-cell beamforming caBg § 1"

s) are proposed in the following:

1. Greedy selection: The algorithm consecutively gslet most min (x Nr,, Nt,) channels from
the total set of \ min (Nr, Nr,) channels. First, the strongest channel amonglahnels
argmax hyis selected. Subsequently, on each step of thet&eieprocess, the channel with

bk,
the largest component orthogonal to the previoaslgcted set of beams is chosen. See similar
beam allocation approaches, e.g., in [TJ05], [YGO06]

2. Maximum eigenvalue selection}: The eigenvalues ifmrof the virtual channel vectadns  are
simply sorted and at mo$t; streams are allocated per cell. Spatial compaibilith other
channels is not considered.

3. Eigenbeam selection using max rate criterion}: Adified exhaustive search is carried out
over all possible combinations of user-to-cell atréam/beam-to-user allocatio®g,andS, = {s
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| ksT Up}, where the beamformen, s for each strearsis matched to the virtual channel vector
oy 1.€., Myg = Vb,ps,sJPT/SO . For each allocation, the receivesg and the corresponding
SINR values, s=1, ... ,Sare calculated as in (6) and (4), respectivelyally, the selection

S
of the optimal allocation is based on the maximate criterion, i.e.argmax log, 1+ g).
bkl ¢m

4. Eigenbeam selection using maxmin SINR criteriorm8aas above expect that the selection is

based on maxmin SINR criterion, i.@rgmax nl1insgS .
bk, 5L
Note that the usage of the greedy approach isrréithited since it can only be used wh&n Ny. Thus,
it cannot be applied to the interference limitedrariosS > Nr.

Figure B.14: Simulation scenario

B.5.5 Simulation results

Simulation results from SINR balancing with coorted BS processing are presented. The performance
of different coherent/non-coherent and coordinaieal/coordinated multi-cell transmission methoddhwit
optimal and heuristic beam allocation algorithmaisnerically compared in different scenarios with
varying inter-cell interference.

A flat fading multiuser MIMO system is considerathereK=2-4 users are served simultaneously by 2
BSs. The number of antennas at BSs and terminais d& N} = {2 — 4, 1}. For simplicity, the BSs
were assumed to have an equal maximum power Bmite. P, = P+ " b. The SNR for each usérwas

based on the smallest pathloss amdfigBSs and defined as SINR- Pr rE]ax azb,k/NO_ In the
| B

simulations, the elements of the channel matritgswere modelled as i.i.d. Gaussian random variables.
The simulation scenario is depicted in Figure B Rdr simplicity, we assume that the users are divid
into Ng groups where the users have identical large sfemlang coefficientsa, . Furthermore, the
distance between different user groups, as wellSA&R per user were kept at identical values. The
distance is defined by a parametewhich fixes the ratio of path losses between ifferént user groups.
When the parameter is fixed at 0 dB, alK users are located exactly on the cell border. l@nather
hand, cells are completely isolated when

We study the sum rate achievable using the maxtimoisaf the minimum weighted SINR per data
stream criterion with a per BS power constraintu@gveighting of data streamg= 1" sis used in the
SINR balancing algorithm. Since the optimal bal@h&NR for each streamis identical ;= " s, the
resulting sum rate can be expresse8 kagp, (1+ o). The following cases were compared by simulations

1. Coherent multi-cell MIMO transmissioB{=B" s) with per BS power constraints.
2. Coordinated single-cell transmissioBy|= 1" <)
0 Exhaustive search over all possible combinationsb@im allocations. The SINR
balancing algorithm is recomputed for each allagati
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o0 Fixed allocation, i.e., usdg is always allocated to a cdllwith the smallest path loss,
argmaxay, .
b B s

o0 Eigenbeam selection both with max rate and maxriitRSallocation criteria.
0 Greedy selection (can be applied wignNy).
3. Non-coordinated single-cell transmission where thieer-cell interference is assumed to be
white Gaussian distributed
4. Single-cell transmission with time-division multplaccess (TDMA), i.e., without inter-cell
interference.

Figure B.15 and Figure B.16 show the ergodic sute od {K, N5 Nt Nr¢ = {4,2,2,1} system for
different TX processing methods as a function ef distance between different user sets, and fard0 a
20 dB single link SNR, respectively. It can be sdbat coherent multi-cell beamforming greatly
outperforms all other simulation cases when theadie between different user sets is finite. Thidue

to the fact that the coherent multi-cell beamforgnaan fully eliminate the inter-cell interferencelike

the single-cell beamforming methods. The sum ratesion-coordinated and coordinated schemes
become asymptotically equivalent as the distanggogehes the infinity (= ), i.e., there is no gain
from the coordinated multi-cell processing.

As the distance approaches zero, the single-cell beamforming cagtésfour scheduled users becomes
spatially overloaded, i.e., interference limitecbr Fexample, the achievable SINR per data strsam
becomes sub-unitary at= dB and the resulting maximum achievable rate iegd (1+ ) 4 with a
fixed beam allocation in the high SNR region, asnsfom Figure B.16. Near the cell edge, the optima
beam allocation strategy depends on the propestiebannel realisationd, " b,k Large gains from
different beam allocation (cell selection) algomih are available for the cell edge users. The $iguiri
eigenbeam based selection with maxmin SINR criteperforms nearly the same as the optimal cell
assignment per beam with an exhaustive search., Alsimple maximum eigenvalue based selection
largely outperforms the fixed allocation case. Ntttat there only eight allocation alternatives foe
exhaustive search in the scenario of Figure B.1bRigure B.16. However, the number of combinations
increases very rapidly as the number of users aBsl iBcreases, e.g., 90 alternatives for 3 BSs and 6
users.

Figure B.15: Ergodic sum rates of K, Ns Nt Ng} = {4,2,2,1} systems at O dB single link SNR
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Figure B.16: Ergodic sum rates of K, Ns Nt Nr} = {4,2,2,1} systems at 20 dB single link SNR

The inter-cell interference is omitted in the pr@eondesign both in the non-coordinated TX procegsin
case and in the TDMA case, and thus the resulteantformers are identical for both cases. All the
coordinated TX processing techniques outperformctireesponding cases with non-coordinated single-
cell TX processing. In the TDMA case, the transimisss time multiplexed between the BSs, and hence
the reception is interference free. The TDMA cadth &n exhaustive search has better performance tha
non-coordinated TX processing with fixed allocatidks the distance between users sets approaches
infinity the ergodic sum rate of both TDMA methodsxhaustive search and fixed) approaches 1
bits/s/Hz, which obviously is just half of the suate provided by the coherent and coordinated/non-
coordinated TX processing methods.

The relative gain from the coherent multi-cell béamming as compared to the coordinated single-cell
transmission methods is greatly increased whesitigde link SNR is increased from 0 to 20 dB, aanse
from the Figure B.16. At = 0, the ergodic sum rate is at least three tinigiser than that of coordinated
single-cell beamforming with an exhaustive sear€tb@am allocations. One can see that even the
TDMA approach provides a higher sum rate than amyrdinated single-cell TX processing method
when < 8 dB. It is noteworthy, however, that the colmérmulti-cell processing does not increase
significantly the sum rate (maxmin SINR) at high FlSMs compared to the case where the cells are
completely isolated (= ). Some other optimisation criterion such as sut@ naaximisation used with
coherent multi-cell beamforming would result in refegcantly larger increase in the sum rate as
approaches zero.
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Figure B.17: Ergodic sum rates of K, Ns Nt N} = {2,2,2,1} systems at 20 dB single link SNR

Figure B.18: Ergodic sum rates of K, Ng, Nt Nr} = {4,2,4,1} systems at 20 dB single link SNR

Let us now consider two cases where eitkés reduced to half, Ns Ny Nerd = {2,2,2,1} or Ny is
doubled K, Ns Nr Nrd = {4,2,4,1}, and both BSs serve only one or twsets in the single cell
transmission cases, respectively. Now, neither a@enis any longer interference limited in the
coordinated single-cell beamforming case, i%., N;. Therefore, the performance of the coordinated
single-cell beamforming case is greatly improvedillastrated in Figure B.17 and Figure B.18 ford®
SNR. Furthermore, the common SINR value is greatlgroved due to increased spatial degrees of
freedom available in both scenarios.

B.5.6 Conclusion

A generalised method for joint design of the lingansceivers with coordinated multi-cell procegsin
subject to per-BS/antenna power constraints wagqgsexd for the weighted SINR balancing optimisation
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objective. The method can accommodate a varietyceharios from coherent multi-cell beamforming
across a large virtual MIMO channel to a singld-deéamforming with inter-cell interference
coordination and beam allocation. The performance different coherent/non-coherent and
coordinated/non-coordinated multi-cell transmissiogthods with optimal and heuristic beam allocation
algorithms was numerically compared. The coherenttiroell beamforming was shown to greatly
outperform the non-coherent cases especially at¢leedge and with a full spatial load. Howevéie t
coordinated single-cell transmission with interfere avoidance and dynamic beam allocation performed
relatively well with a partial spatial loading.
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B.6  System level gains from coherent COMP processing

This section presents some system level simula@enlts of coordinated MIMO-OFDM cellular system
which perform coherent transmission from distrillubase station antennas to users located closeto t
cell edge, also called as a soft handover regi@i0Ba]. System level impact of the coherent mualli-c
beamforming is first considered for a single usBXMIA case where only one user can be allocated to a
single time slot, and occupies the entire bandwikithhis case, space division multiple access fjosér
MIMO transmission) is not enabled. The simulatedtam is based on HIPERLAN/2 assumptions with
20 MHz bandwidth. Modulation schemes used in theukitions are QPSK, 16QAM and 64QAM. Half
rate turbo code is used for channel coding. Taygatity of service per user is 10% FER.

The system model is equivalent to the one presdnt&gction B.5, extended to the frequency selectiv
case with MIMO-OFDM transmission with 64 sub-carsieln this simulation study, each usecan be
also served b, BS's which define the joint processing Befor the usek, andB, | B={1,...,Ng}.
The size of the joint processing set (SHO actiweA8) is defined by the pathloss ratio betweemeeit
BS antenna heads, similarly to WCDMA system. A useserved by multiple BSs if the pathloss ratio
between the strongest cell and the adjacent c&l(githin a certain limit, i.e., SHO window.

Figure B.19 illustrates the simulation scenaricaakalistic multi-cell environment with 57 (19 3etar
antenna sites) cells. It is assumed for simplitigt the cooperative SHO processing of the transchit
signal is possible between any of the 57 BS’s. Almaber of both TX and RX antennas is fixed at 2. Fo
simplicity, it is assumed that all the base statibave equal maximum power linfit. Linear transmitter
and receiver processing is applied.

Figure B.19: System level simulation scenario

In Figure B.20, the cumulative distribution functi¢CDF) of spectral efficiency per user with diffat
SHO window sizes#3 dB and+6 dB) and power constraints is presented. All ttaeed users are
included in the statistics. The system load is mesabs as an average time slot occupancy (in the case
without multi-cell transmission), and 30% load &ed in the simulations. With higher average loaa th
blocking and dropping due to increased inter-ceférference begin to dominate (see more details in
[TCJ08a]). As one can see from Figure B.20, sigaift system level gains from the cooperative SHO
processing are available, especially with a lang®Svindow. However, the 6 dB SHO window becomes
too large without SDMA when the time slot occupaimuyreases further from 30% due to the increased
outage probability.

In Figure B.20, the impact of two different powemstraints, i.e., per BS power and shared single BS
power are also compared. The per BS power consiraplies that the power consumption at BSs may
be increased due to the SHO overhead. Any BS in &i@e set can use up B TX power per time slot

depending on the users’ received signal strengthalance between the SHO BSs, etc. Also, more-inter
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cell interference is potentially generated. Thamfat is interesting to compare it to the casesludred
single BS power where the power consumption is taaiad the same on average, independent of the
SHO parameters used. Since the TX polaf a single BS is shared betwedrransmitters, the shared
single BS power constraint does not increase theepgonsumption at the transmitters even if the SHO
overhead is high. In addition, the inter-cell ifiéteence generated from a single BS is reduced tiith
same ratio. In spite of generating more inter-oglrference, the per BS power constraint outperfor
the shared single BS power constraint in termsvefall system performance.

Figure B.20: CDF of user spectral efficiency per wer with 30% average system load and max. AS
size 3

As one can see from Figure B.21, the users locatetthe SHO region may enjoy greatly increased
transmission rates. Figure B.21, shows also thetisesfficiency distribution for the case where 8P

is enabled. The SDMA method used in these simulatig iterative block diagonalisation [SSHO04].
Some performance penalty from using the ZF mettodaused by its inherent noise amplification
property. Also, the transmit power is shared betwtbe users allocated to the same time slot. Homweve
the overall reduction is rather small due to indefent fading at each BS antenna site. In additesy
inter-cell interference is generated. On the othand, SDMA reduces significantly the time slot
occupancy allowing higher average system load.

Figure B.21: CDF of user spectral efficiency per SB user with 30% average system load, max. AS
size 3 and 3 dB SHO window
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B.7  System level performance evaluation of different OdP approaches

The goal of the study presented in this appendia give some hints on the achievable performante w
different CoMP approaches. We consider two diffeagproaches, one coherent approach and one non-
coherent approach based on coordinated schedilisgould though be pointed out that the simulated
schemes rather should be seen as exemplary caatfigns than schemes suitable for implementatiaan in
practical system. However, in order to give sonmshon the technology potential of CoMP they fulfil
their purpose.

The performance of the schemes is evaluated by snafaslynamic system level simulations, focusing on
the downlink in an urban macro scenario. The carsid performance metrics are average system
throughput as well as cell edge user throughput,vea discuss the impact of parameters such asize
coordination clusters (the number of cells thata@rerdinated), channel estimation errors, and latidly
touch upon the overhead/complexity of the schemes.

B.7.1 Considered CoMP approaches

In this study, we focus on coordinated multipoirgnsmission over a number of traditional cell sites
which are controlled by one eNB. The area covesethb cell sites which are controlled by this eNB w
refer to as &oordination clusterThe underlying assumption is that the cell sitéthin the coordination
cluster are connected to the eNB via high-speedeaxtions in order to allow for the fast coordinatio

As mentioned above, two different approaches ansidered in the study. The first one is an exarople
a coherent approach, and is based on traditiomalfpecing (ZF) precoding [CS03]. Conceptually we
view all the transmit antennas at the different s@kes within the coordination cluster as one gian
transmit antenna array. With knowledge of all thetantaneous MIMO channels within the coordination
cluster, the weight vector of the giant transmiteana array is selected so that the transmissianéo
particular UE causes as little interference as iptesso antennas at other UEs within the coordorati
cluster, considering a power constraint per trahamtenna.

The main drawback of the coherent approachestlegne above, is that they typically require that
instantaneous MIMO channels between all the UEscaticsites be communicated to the eNB which put
extreme requirements on the backhaul. It is theeedd interest to also consider other approachatsmbit

put these extreme reuirements on the backhaul. éjehe second scheme should rather be seen as a
comparison; instead of doing the coordination ie tignal processing domain, it is done in the
scheduling domain. It is based on the same ar¢hi@s the coherent scheme, but with less infoomat

to be communicated over the backhaul from the gitds to the eNB. The scheme is based on dynamic
scheduling coordination, meaning that UEs are adleddo be served by their attached cells in a mann
such that the mutual interference among them (witihie coordination cluster) is minimized. The
coordination takes place on a fast time scale (Bdsis), hence the scheme can be considered as an
extended and faster version of the ICIC functidgalvailable in LTE release 8 [DPS+08].

B.7.2 Simulation setup

The simulations were performed with a radio netwsirkulator with a regular cell plan and hexagonal
cell layout. The overall assumptions follow to agk extent the deployment scenario and system
parameters as specified for the so-called 3GPP tasehich is an urban macro scenario defined in
[3GPP25814]. Further details of the used models assumptions will follow below, whereas a
condensed summary of them are given in Table B.1.

The studied deployment comprises 21 sites, eadhtiwee sectors (cells) per site, which meanstia to
63 cells are simulated. A wrap-around technique wssd to avoid border effects. Each sector is
equipped with an antenna array comprising four el#siseparated 10 wavelengths. The UEs have two
antenna elements separated half a wavelength ampdogsnan ideal Minimum Mean Square Error
(MMSE) receiver with additionally Successive Inggdnce Cancellation (SIC) functionality. The
downlink transmission scheme is 4x2 MIMO on alkBnand as reference case LTE Release 8 downlink
with fast codebook switching [DPS+08] is simulated.
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Table B.1: Simulation assumptions

Carrier frequency 2 GHz

Transmission bandwidth 5 MHz

Subcarrier spacing 15 kHz

Number of subcarriers 320

Frequency reuse 1

Number of cells 63

Number of users per cell Varied between 0.1 amh5aferage)
Site-to-site distance 500 m

Wrap-around Yes

Interference modelling All links modeled

Cell antenna configuration 4-element ULA, antenleanent separation 10
UE antenna configuration 2-element ULA, antennaelat separation 0.5

UE velocity 3 km/h

Channel model 3GPP case 1 [3GPP25814] + indoor UEs
Coding Practical turbo codes

Modulation QPSK, 16QAM, 64QAM

Link adaptation Ideal

UE receiver Ideal MMSE-SIC

Data traffic model Full buffer

The layout for the reference LTE Release 8 systerdepicted in Figure B.22a, where each cell (a
numbered hexagon) acts independently. To reflexfdht that each cell acts independently, eachigell
depicted in a different color. The locations of Hites are represented by red circles. In Figug2iBthe
layout for a CoMP system with a coordination clustiee of 9 cells (i.e. the transmissions withiagé 9
cells are coordinated) is illustrated. The celllbbging to the the same coordination cluster aggated

in the same color. Similarily, Figure B.22c illustes a layout where each coordination cluster stmef

21 cells. Again, the cells belonging to the samardimation cluster are depicted in the same color.

All users are assumed to have full buffers, andatlrerage number of users per cell is varied front®.

5. The users are uniformly distributed across thaukated area, and each user moves at the spegd of
km/h and are assumed to be indoors (modeled wi#® alB additional path loss). For the coherent
transmission scheme and the baseline LTE releasmBd robin TDMA scheduling is used, i.e., in each
frame a single user per sector is assigned to rkieedransmission bandwidth of 5 MHz. This is not
optimal, but makes it easier to understand and epentne results.

There are three available modulation schemes (QRBKRAM, and 64QAM) and six different channel
code rates (1/10, 1/3, 1/2, 2/3, 3/4, and 8/9). ffamsport format is selected to maximize the etqubc
throughput. Packet decoding error probability isdeied according to a mutual information based link-
to-system interface [Bru05].

The simulations assume perfect channel and in@réer estimation at the UE. The OFDM transmission
is further modeled as perfectly orthogonal and goyential intersymbol or intercarrier interference
caused by channel time dispersion exceeding thkcqyefix is neglected. Overhead such as reference
signals, e.g. for channel and interference estamatr protocol headers are neither accountedforthe
other hand, in order to assess the impact of neatidhannel knowledge on the coherent transmission
scheme, a rather detailed model for this has beed un the simulations.

The used performance measures are the system bpougeasured in bps/Hz/cell, and the cell edge
user bit rate (the'5percentile user bit rate) measured in bps/Hz. fiteone is focused on the system
performance, while the second one may be descabeal user centric performance measure and/or the
fairness in the system when put in relation tosystem throughput.
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b) Coordination cluster size of 9 cells c¢) Coordima cluster size of 21 cells

Figure B.22: Cell layouts for different coordination cluster sizes. Note that the site-to-site distaads
500 min all cases (i.e. the cell size is the sapex)d that wrap-around (not shown here) is used in
the simulations in order to avoid border effects.

B.7.3 Simulation Results

Figure B.23 and Figure B.24 below presents theameethroughput versud'percentile user bit rate for
coordination cluster sizes of 9 cells and 21 cedispectively. Four curves are shown in each figure

1. LTE release 8, which corresponds to an uncoordinsystem employing standard LTE release
8 fast codebook switching.

2. Coordinated scheduling, which is the same as LTéase 8, but with coordinated scheduling
on TTI basis.

3. ZF with estimation error. Coherent transmissioreldasn zero-forcing where downlink
transmission weights are set based on uplink treaséoms and utilizing reciprocity. Uplink
channel estimation error model used.

4. ZF with ideal channel estimation. Coherent transiaisbased on zero-forcing where downlink
transmission weights are set based on uplink treassoms and utilizing reciprocity. Ideal
uplink channel estimation.

Overall it can be seen that the coherent transaridsised on zero-forcing provides the best perfocea

the gain is significant both in terms of averagstesm throughput as well as in cell edge user tHipug

(5" percentile user bit rate). We also note that therdinated scheduling provides rather large gaies o
the baseline LTE release 8. In fact, with a coatiam cluster size of 9 cells the performance & th
coordinated scheduling is almost as good as focterent scheme. With a coordination cluster sfze
21 cells, on the other hand, the performance ofcthigerent scheme is better than the non-coherent
scheme based on coordinated scheduling. It sholslal ae noted that the coordinated scheduling
approach trade offs packet delay for user bit rakéch is not shown in the figures.

Version: 1.0 Page 98 (110)




WINNER+ D1.4

9-cell CoMP
2 - . . . :
—6— LTE Release 8
1.8} | —A— Coordinated scheduling 1
i | —8&— ZF with estimation error |
1.6 —— ZF with ideal channel estimation

=
IS
T

=
N
T

5% user bit rate (bits/sec/Hz)
H

0.8r ]
0.6r ]
0.4r ]
0.2r i
O 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4
Average throughput (bits/sec/Hz/cell)
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Figure B.24: Simulation results for coordination clster size of 21 cells
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By comparing Figure B.23 and Figure B.24 we cangghe hints on the impact of the coordination
cluster size, i.e., how many cells that are coaidid. One interesting observation that can be nsaithat
the performance of the coordinated schedulingrm®at the same in the two figures, i.e., it doesseam

to matter that much whether 9 cells or 21 cellsca@rdinated. In fact, at low loads there is a $gain

by coordinating over 21 cells compared to 9 célig,at high loads there is in principle no diffeczenThe
reason for this is that at high load all resouraes used, hence there are not so many resourcéisefor
scheduler to play around with and therefore no ¢ripe able to coordinate over a larger numbeet$.c
For the coherent scheme, on the other hand, ibeaseen that the performance is clearly improveenwh
the coordination is carried out over 21 cells coragdao 9 cells. This is explained by the fact thatin
the case with 21 cells have a larger effectiverardearray, and hence more degrees of freedom ti wor
with. However, whether that observation also willchin practice remains to be seen, since impaitsen
and implementation limitations effectively will libthe achievable gains.

Regarding the coherent scheme based on zero-foritingan be noted that the degradation due to
imperfect channel estimation is not that large, éesv, again it should be remembered that theleastil
more impairments to add, e.g. reporting/measurerdel#ty, non-ideal link adaptation etc. which will
affect the performance of the coherent scheme.

An interesting observation that can be made wheooihes to the approach based on coordinated
scheduling, is that at high loads it is possiblatbieve a significant gain in cell-edge bit rdt# can be
accepted to slightly reduce the average systengtiymu.

If we want to quantify the performance of the di#fiet approaches and compare them, we use these two
alternatives:

1. Assuming a given/fixed desired system throughfubne can compare th& Bercentile user bit
rate achieved with two different approaches, i.e.compareT;, b,) to (Ty, b,) whereb; is the
5™ percentile user bit rate obtained when the fipgiraach results in system throughputTef
andb;, is the %' percentile user bit rate obtained when the se@pmtoach results in system
throughput ofT,.

2. Assuming a given/fixed "5 percentile user bit rat®, one can compare the the system
throughput achieved with two different approaches,we compareT(, by) to (T,, bg) whereT;
is the system throughput obtained when the firgraach results in"5percentile user bit rate of
bo, and T is the system throughput obtained when the secpptbach results in"5percentile
user bit rate ob.

For a fixed cell-edge bit rate(5percentile user bit rate) of 0.75 bps/Hz and civatibn cluster size of 9
cells, the average throughput of the LTE releassydiem is 1.46 bps/Hz/cell, while it reaches 2.25
bps/Hz/cell and 2.44 pbs/Hz/cell for the coordidaseheduling and zero-forcing transmission scheme,
respectively. Note that it is the zero-forcing witbn-ideal channel estimation that is consideretha
comparisons. For the same layout and a fixed agesggtem throughput of 2.2 bps/Hz/cell, the cefjeed
bit rate of LTE release 8 reaches 0.25 bps/Hz,anihils 0.8 bps/Hz and 0.93 bps/Hz for the coordida
scheduling and the zero-forcing, respectively. mmary of the gains relative the LTE release 8 syste
configuration is given in Table B.2, where alsoutesfor the coordination cluster size of 21 celle
summarized.

Table B.2: Summary of relative gains over the basele LTE release 8 system configuration

Coordination cluster | CoMP approach Cell-edge bit rate fixed | Average throughput

size at 0.75 bps/Hz fixed at 2.2 bps/Hz/cell

9 Coordinated scheduling 54 % gain in average 220 % gain in cell-edge
throughput bit rate

Zero-forcing 67 % gain in average | 272 % gain in cell-edge
throughput bit rate

21 Coordinated scheduling 51 % gain in average 200 % gain in cell-edge
throughput bit rate

Zero-forcing 108 % gain in average| 500 % gain in cell-edge
throughput bit rate
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B.7.4 Conclusions

In this appendix we have carried out dynamic systemel simulations of two different CoMP
approaches. One of the approaches is a coherermambpbased on zero-forcing precoding, while the
second approach is non-coherent and based on natedischeduling. The results show that the coheren
approach achieves best performance, but that theeaberent approach also achieves significant gains
over the baseline LTE release 8 system configuratioshould though be noted that the coordinated
scheduling approach trade offs packet delay for biseate, which is not shown in these results.

Finally, it should be emphasized that the resuitelare based on relatively ideal assumptions laaid t
the performance and conclusions might change a® rimopairments are added and when practical
implementation limitations are taken into accouthdwever, the evaluations should as least provide an
indication of the technology potential of COMP amgzhes.

Version: 1.0 Page 101 (110)




WINNER+ D1.4

B.8 A multi-user MIMO relaying approach

The performance of the multi-user MIMO relaying cept described in Section 3.4.1 has been evaluated.
The channel matrices are assumed to consist of learmplued, zero-mean independent identically
distributed Gaussian random variables with unifarare. To these matrices attenuation due to path-lo
is applied and the links from the BS and the retaythe UTs are subject to shadow fading, see [W&O0
for further details.

Figure B.25: Considered scenario and integration ntaod for performance evaluation

Let us consider a hot spot scenario, whiége UTs are distributed uniformly over a cell with nasl
R.ei=500m, and assume thigk, UTs are uniformly distributed in an aréa placed at the cell border,
which has as a radius Bf<=100m, as illustrated in Figure B.25a. A singleyeis placed in the center of
A,. The relay as well as the UTs are assumed to Naereceive antennas each. The BS is assumed to
use M=4 transmit antennas. For all shown simulation ltesllO 000 random drops of the UTs were
performed. In Figure B.26 we show the ratio betwdansum capacity for a system with and without

relay as a function dfa, for different noise Ievels‘»‘,\z;I at the UTs. The noise at the relay is assumed to be

the same as for the UTs. The BS transmits withyymitwer, while the output power of the relay is 20%
of the BS power. The power of the system withol@yds normalized, such that its total power is
identical to the power of the relay aided systetre iumber of UTs if\; was set td<,,=10.

Figure B.26: Relative sum-capacity as a function d¢he number of UTs inA,

As seen in Figure B.26, adding a single relay ihoa spot area with high user-density, can result in
substantial sum-capacity gains for the consideystem. Especially for high noise-levels a sum-cépac
gain of up to 50% can be achieved. Note that the dgpends strongly on the noise-level.
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But the relaying concept not only increases the-sapacity but also results in a more desirable cgpa
distribution over the cell area. To illustrate tHet us definel () as the average mutual information

for a scheduled user within distantet Dfrom the cell center, see Figure B.25b. In Figur@7Bthe
average mutual information for = 10m is plotted as a function of the cell-radidsre, the noise-level at
the relay was chosen to be 1% of the noise levilleaUTs , while the number of UTs was again sdteto
Ka1=Ka>=10. It can be observed that adding a relay ineeése throughput in close vicinity to the relay,
exactly where a lot of users are located. The am@an throughput in this region is mainly achietgd
moving resources from the cell-center to the relay.

Figure B.27: Mutual information as a function of cdl radius

Futher details of the relaying concept as wellushér simulation results can be found in [WSOO08].
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B.9 Distributed space time coding

B.9.1 System model

Let us consider one BS, one relay and one moblie.jath loss model is assumed is decreasingdfith
By denoting byx the fast fading coefficient between the source ¢B&N) and the destination, the signal
to noise ratio received by the mobile when it isyaonnected to the source or the relay has tHeviahg
general expression:

_PIX

SN%ISO_FW
0

Let R denotes the distance between the BS and the RIN=aR is the distance between the relay and
the mobile as depicted in the following figure:

P.
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Figure B.28: System model

In the sequel we assume that the BS, relay andndésh have only one antenna. The mobile, can be
connected at the same time to the BS and the Rkhisncase, we have a virtual MISO system with
distributed antenna. This system is different fithia collaborative MIMO system by the fact that ther

a first phase in which the BS transmit informatiorthe relay station.

B.9.2 Protocol descriptions

This section studies the configurations in whick tise of distributed space time codes is beneficial
compared to direct connection of the mobile toBl%eand RN. The cooperation protocols are geniedaide
meaning that they consider the first transmissioaisg between the source and the destination hunass
that the relay detects perfectly the source mesSdge presents the upper bound of the performanca.
next step the Amplify and Forward will be considere

Genie aided Alamouti protocol

It is well known that the optimal space-time code 2x1 MISO systems is the Alamouti code and this
code has the advantage to be orthogonal makingleheding very simple. In literature, this code has
been previously proposed to be used in a distributy. This protocol contains a first phase in whice
source transmits to the relay as shown in Figug®B.

BS: S S S S transmit
r=—---- T------ I Listem 1
Relay: ! | s, S it
Lommmo Lommmoo
r——--=-- T------ 1-——--- - -=a
| | | | |
Destination 2: | ______ L G b :

Figure B.29: Genie aided Alamouti protocol
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The signal to noise ratio of such transmitting schés:

P+ P+ R[]
NO

SN R aided =

with h, —_ % and, _X andP isthe maximum transmitted power of both BS anthReP is the
¢ @-a)R Mo = 2R

same power assumed to be used by the source Rethytha source in the second phase of the
cooperation. The maximum achievable throughputHisr protocol is

Rg—.’;\ided:E[]-/2 log(1+SN |%J-aidec)]

Genie aided Golden code protocol
One can show easily that the coding matrix is upigand therefore the system capacity can be wréten

1 P ..
C=E —log(detl +—H H
2 g(det( N )
whereH = H, 0 andH, = VPhy 0 .
0 Hl VPZhrd chsd

Amplify and forward protocol

The RN amplifies and forwards the received signainfthe fisrt phase. By this way, they amplify thei
own noise. Let's denote ythe amplification factor. By considering that Rhe maximum transmitting
power at the RN, the factér satisfies:

1

P +N,

Using the same approaches to provide the maximooughput for genie aided protocols, one can obtain
the ones of the AF cases respecting the amplifiodtictor constraint.

A=
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B.10 Low-complexity SDMA resource allocation ProSched

In this appendix the main principles of the low gexity multi-user scheduling algorithm ProSched fo
SDMA are described, with extensions to coordinattmhemes in multi-cell and relay enhanced cell
(REC) environments. Furthermore, simulation resaftimterference avoidance in a REC with SDMA are
provided. For an introduction see Section 2.3.3.

B.10.1 Basic scheduling

The ProSched approach inherently allows the cordide of both the performance loss due to spatial
correlation between users’ channels and optimal 8vbup size. It consists of two parts:

We use a scheduling metric which reflects the parémce of one user’s effective channel after any

MIMO transmit precoding in the presence of a sattber users that are to be served simultaneously
via space division multiple access (SDMA). The e an estimate of the Shannon rate with Zero

Forcing precoding which can be considered an uppend for other linear precoders. It has the

following advantageous properties:

The ZF capacity of one user can be written with hleép of an orthogonal projection into the
intersection of the nullspaces of all other useaisannels in the same SDMA group. The
projection would normally have to be recomputed éwery user in every possible SDMA
combination. Instead, ProSched approximates thersiettion by a product of projection
matrices into the nullspaces of the single usehgs& matrices remain constant throughout the
scheduling run, which dramatically reduces compjexihis means that the precoding matrices
do not have to be computed while testing combinatié-or details see also [WIN2D341].
Capacity as a metric reflects the impairment ofiapaorrelation and the effect of the average
power assigned to a user, which again reflectSIBA group size. It can be calculated based
on channel matrix knowledge as well as on secoddratatistics channel knowledge.

A capacity based metric can be combined with pripaal fairness in the sense of [Ho01] and
with methods taking into account fairness and Qofié form of user rate requirements such as
in [SWOO04].

A tree-based best candidate search algorithm rg&edaput to reduce the number of combinations to
be tested. It delivers beneficial user terminal borations for all possible group sizes and allowa i
second step a decision on the best group size lmstte scheduling metric. Joint scheduling of all
chunks is possible as well as tracking of the smhun time.

B.10.2 ProSched for multiple transmitting stations with cardination

The multi-BS extension presented in [FDHO6] coissidttwo modifications. The first one is to extahd
per-user scheduling metric by an estimate of thal teeceived intra-cell interference power at each
terminal. This estimate is obtained using the alyesvailable orthogonal projection matrices anduhexp
only matrix multiplications and no additional matdecompositions.

The second part of the multi-BS extension is ausirtuser concept (see also [WIN2D341]). The tree
based search algorithm is no longer executed anrusebers, but on nhumbers representing all allogvabl
combinations of users and transmitters (denotedhénexample below as user#@basestation#). In this
way, the underlying algorithm stays the same exdéepthe interference term that is to be taken into
account when virtual users belonging to the samestnitter are grouped. The approach allows for hard
and soft handover scheduling with the differencat tin the case of hard handover, a virtual user is
deleted from the tree once it has been assignad¢amdidate group. In the case of soft handoveltjptau
transmitters may serve the same user with the dfedmother dimension such as orthogonal codes,hwhic
has to be taken into account in the metric by &sitim. Examples for soft and hard handover arergive
Figure B.30 for the case of two BS and 3 users.idibstified candidate groups are displayed in yello

In the last step of the algorithm a selection betwthem is made. To that extent, soft and hard daerd
are system designer’s choices whereas extensiameofalgorithm can be thought of to provide an
automated choice.
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Figure B.30: Example scheduling runs for soft and &rd handover

B.10.3 Extension to relay enhanced cells with coordination

Based on the version for multiple base statiors sgatially beneficial transmitter/receiver comtimas

can also be estimated in a REC. When the RNs dfeliyalex, they can be treated as user terminals in
the time slots when the RNs receive. And when thagsmit, they become additional base stations for
the algorithm. Full duplex relay nodes could bepaufed in a similar fashion.

A key element of the extension is a model of adadit the RNs: RNs can only transmit as much as the
have received before. Each RN'’s buffer is impleradrdas one number rather than storing a vector for
each user. The buffer is kept in bits/sec/Hz bexaasexact time reference is needed for this stsidge
relative performance is shown rather than absalalees.

To generate the buffer levels for each UT needealerscheduling metric we proceed as follows: when
RN is scheduled for reception, its currently achlde rate is added to its buffer. When a RN is dualesl
for transmission, it is assumed that the buffer tfansmission to each UT has been loaded optimally
based on the achievable rates of the attached instrs current time slot (since we target maxingum
rate rather than user specific quality of servioastraints). In real systems, this knowledge isamirse
not available a priori and represents a simpliftcatvhich is justified because the channel charuggg
gradually. In other words, the situation in thedisiot in which the buffers would have been filteth be
assumed to be similar to the situation when trassiom takes place. To generate the user specifierbu
levels out of the single value buffer of a RN, RN buffer figure is distributed via a standard wate
pouring algorithm on the UTs. To do so, the UTgiiagable rates when served from a certain transmitt
represent the squared coefficients of the chartodie loaded and the RN buffer number is the pdwer
be distributed. To summarize, the benefit of Pr@8cis that during any testing of user assignmehés,
precoding solutions at each base station do nat tabe re-computed but can be estimated with ¢l h
of fixed orthogonal projection matrices. The sampli@s to the interference which is different farch
possible user assignment — it can also be estimaittbut knowing the final precoding solution.
Additionally, ProSched may work with rank one apgmneations of the users’ long term channels,
reducing the required overhead dramatically.

B.10.4 Preliminary simulations of interference avoidancem REC with SDMA

In this section a proof of concept investigationdiscussed in which the proposed approach of low-
complexity centralized scheduling with interfereremordination is compared to a reference approach
without interference coordination. The scenarioarmconsideration is a Metropolitan area deployment
based on the guidelines given in [WIN2D6137]. fats from previous recommendations mainly by the
following points:

For interference avoidance, the operation of thes RN at least two groups using different
resources is recommended.

RNs are also placed in the vertical streets, thaeeasing the occurrence probability of line of
sight (LOS) conditions in the channel.

RNs now have omnidirectional antennas.
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Figure B.31: Sketch of microcellular cell layout wih relay nodes which was implemented except for
the transmitters on the edges

Performance figures are given per square metelildes dome independence of the deployment section
size. For the same reason, the total number ofusdéhe system is not fixed, but is obtained framser
density per square meter which was set1@/n’. Compared to the previous investigations in
[WIN2D341] [FKK+07], all rates are now bounded 4 bitsper channel use, to take into account the
fact that the system performance is modulation eoding limited (part of a so-called Shannon fitting
procedure).

The basic system design is close to that of [WIN2T}J3Relays do not transmit and receive at the same
time, resulting in the TDD frame structure alsoegivin that reference. Only two hops are considered.
Simulation parameters are kept close to those dNR®6137], except for the restrictions due to the
reference method (see below) and for a changesa bation antenna element elevation gain, which is
set to8 dBiinstead ofl4 dBj corresponding approximately to an assumed beadthwif 60 degrees in
elevation Indoor users are not present in this simulation.

B.10.4.1Description of the reference method used for compé&on

To be independent of the choice of space-time ging technique in the reference method, it isdhase
on the theoretically achievable maximum sum ratgeursum power constraint when channel knowledge
is available at the transmitter (aka Dirty Paped€®&ound). The approach is an updated versioneof th
one used in [WIN2D341] and published in [FKK+07¢esbelow. The DPC bound rates are computed
using the frequency flat, iterative uplink algonttof [JRV05]. As a consequence, the study is lichite
one subcarrier and the possibility of using OFDM#hich is given in the basic design of [WIN2D351])
cannot be investigated. This is due to the fadtith¢éhe literature no such algorithm was availabteen

this research was started to treat also the spagedncy power loading problem at the same time. A
simplified frame structure is used such that orstaimce of the DPC algorithm is run per drop of the
channel. The Doppler effect is not analysed.

When a system with SDMA and relaying is considesedcheduler is needed to assign the users to the
transmitters. A genie-like scheduler is used amdRNs have a data buffer. The simulation stepshier
reference performance are as follows:

1. Compute the DPC bound rates for all users whenedeby each one of the BSs and RNs
separately, assuming independent single cell systeith one transmitter only. In the odd time
slots RNs do not transmit but are also users (vecg). In the even time slots, the RNs act as
BSs.

2. Genie-like scheduler knowing all achievable rat@scide on the assignment of users to RNs
and BSs based on the achievable DPC rates froniLspep interference considered in this step,
suboptimal).

3. Recompute DPC covariance matrices for the newlygasd groups (second run of DPC
algorithm required).

4. Perform uplink-downlink conversion of the newly gomted covariance matrices as in [VJGO03].
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5. Compute downlink rates for the entire system WITitkiference (all transmitters) using the
downlink DPC covariance matrices from step 4 aridntpinto account a buffer level at the
RNs: The role of the RNs depends on the time slather. When the RNs receive, they fill up
their buffer. When they transmit, the achievablesaf the UTs assigned to RNs is limited by a
user specific buffer level of the serving RN (ske ProSched for REC description for how the
buffer is implemented).

B.10.4.2Discussion

The ProSched algorithm exists in variations witffedent complexity. The version simulated here uses
rank one reduced bases of the users’ subspacesimute their nullspace projection matrices, whiasw
originally meant for complexity reduction. In théetting, however, it allows to reduce considerahby
overhead data to be transmitted to the centrdliggace. This kind of overhead was not estimatad,is
certainly present in both the reference methodthednore practical method.

The precoding scheme used together with ProSch8#MEISE with dominant eigenmode transmission
[WIN2D341], which is the reference scheme propdselVIN2D6137]. We also show the performance
of the proposed reference method taking into adctienresource sharing between two groups of RNs as
proposed in [WIN2D351] and implemented in time diren.

It can be seen in Figure B.32 that the proposed domplex scheduler performing joint interference
avoidance together with low complex precoders iases the probability of achieving high rates inidew
range of the graph but suffers a slight drawbagheiak throughput, likely due to the suboptimalifytte
precoder. Note that precoding is done separatelgdch transmitter but that the presented coormglihat
scheduler takes into account the predicted intenfex which depends on the selection of the uséwes. T
interference generated is different for each pdssiser assignment requiring different precoding
matrices at each transmitter. However, the ProSdheatference prediction scheduling requires no
additional computation of any precoding matricesirdy the testing of combinations. The reference
performance is based on the maximum rates that temsbmitter can theoretically achieve when serving
its assigned users as well as a genie schedulehvades not perform interference avoidance. To that
extend the gain that is visible stems from intenfee avoidance.

Note that an even higher gain can be expected liiglaly populated scenario (the number of users
simulated was limited due to complexity) due tohaig selection diversity. Furthermore, in an OFDM
system, more degrees of freedom are availablenferference avoidance. Furthermore it was observed
that non-intelligent interference avoidance in then of time-sharing (i.e., forming two RN groups i
time) may reduce the achievable rates (dashed kurkies conclusion may also change when the number
of users in the system is increased.

ProSched central scheduling with interference awidance vs. reference w/o interf. av.
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Figure B.32: ProSched central scheduling with intefierence avoidance
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This figure shows the probability of exceeding ataie total system throughput for ProSched with
interference avoidance using SMMSE dominant eigetarteansmission versus a reference based on the
theoretically achievable maximum sum rate and arakred genie scheduler without interference
avoidance. The total surface was 2027200 m2. Itoeaseen that the proposed scheduler sufferstat slig
drawback in peak throughput (due to the suboptigali the precoder), but increases the stabilityin
wide range of the graph. The absolute figures laogever, of limited value: the overhead present for
both methods will reduce them significantly, bugddor the ProSched method as said above. And both
schemes will suffer from outdated and erroneousicblastate information in the same way, since they
are based on linear precoding.
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