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Executive Summary

This deliverable presents the innovative conceptS€oordinated Multi Point (CoMP) identified by the
Innovation Groupndstudied during year twarhese concepts are candid@tepotential inclusion intte
WINNER+ system conceptThey consist of promising principles or ideas, and include detailed
innovative techniques if already available. Stit¢he-art reviews are provided for each identified
concept, as well as first considerations dbthe requirements on the system, especially regarding
measurements and signalling, and architecture and protocols.

CoMP transmission and reception is studied, which refers to a system where the transmission and/or
reception at multiple, geographically segted antenna sites is dynamically coordinated in order to
improve system performance. CoMP is seen as one of the most promising means to provide high data rate
services for a large number of users, with a high spectral efficiency over the entireacdi gear one,
WINNER+ studied different aspects of CoMP extensively. These included system architectures, different
approaches and algorithms for performing the coordination, and the requirements in terms of
measurements, signalling, backhauling constsaietc. these put on the system. The work is reported in
[WIN+D14]. Much attentiorwas put on joint processing/transmissischemes, in which users data are
shared between cooperatipgse stationBS9. It was found that these schemes have potent@aade
significant performance gains, however at the price of high requirements on the backhaul links in terms of
latency and capacity since user dateannel state informatiorCSI), and precoding weights need to be
shared among the transmission paimsring year two more focusas beerput onanothercategory of
schemes, i,ecoordinated beamformingvhere each user data are available at a single BS. Only
information such as channel state or other quality indicators are shared by cooperating Biisass w
scheduling decisions and/or generated beainsther topic studied during year tas beerways to

reduce the backhauling requirements for schemes based on joint prodesioty.cases, clustering (i.e.
determining which BSs will cooperate) is keyalgorithmic performance.

The introduction of Relay Nodes (RN) which are controlled by the network allows to use them as part of
a CoMP system. The RNs can be used to extend the actual coverage or to densify the actual network to
enhance the user thrglput at the cell edge. Relay nodes are connected®wvéa overtheair in-band

links (e.g. specific control channels orband backhaul, depending on the relay type), enabling a tight
coordination but at the price of a possible delay between theicated nodes. In year one, different
aspects of coordinated relaying schemes were investigated, e.g. coding schemes and schedulers taking
relaying into account. The conclusion was that it is worthwhile investigating relaying in the framework of
CoMP furthe. Hence, various cooperative relaying scheinage beerstudied in year two. The first
innovation considers a relassisted interference channel with two communication pairs and one relay
node for each pair. Various cooperative and -cooperative schemseare compared. The second
innovation considers distributdcow Density Parity Code§LDPC) coding for a Decode and Forward

(DF) type relay.
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1. Introduction

Future cellular networks will need to provide high data rate services fogeramber of users, which

requires a high spectral efficiency over the entire cell area. In order to achieve this, it is important that the
radio interface is robust to interference and in particular-oeblrinterference (ICI) which appears when

the sam radio resources is-tesed in different cells in an uncoordinated way. Naturally, ICI particularly
degrades the performance of users located in the cell edge areas, which creates a performance discrepancy
between cell edge and inner cell users. One Iplessieans to alleviate this performance discrepancy is to
employ Coordinated Multi Point (CoMP) transmission and reception, which refers to a system where the
transmission and/or reception at multiple, geographically separated antenna sites is dynamically
coordinated in order to improve system performance.

The CoMP framework encompasses all the system designs allowing tight coordination between multiple
radio access points for transmission and/or reception. Three types of coordinated entities can be
consdered, astated ifWIN+D14] anddepicted inFigure1-1:

1 Remote radio units (RRU);
1 Cells, which involve intreBS or interBS coordination;
1 Relay nodes (RNs).

BS RN
' BS

BS- ‘

________________________

Inter-BS communication interface

Figure 1-1: Different instances of systems able to implement CoMP.

The coordination can either be distributed, by means of direct communication between the different sites,
or by means of a central coordinating node.

At a high levé downlink coordination schemes can be divided into two categories (this classification
mostly followsthe one 3GPP adopted in the study itemlfong Term EvolutionAdvanced(LTE-A)
[3GPP36814]):

1 Coordinated scheduling and/or beamforming
1 Joint processigitransmission

The first category is characterized by that data to a singhe equipmentUE) is instantaneously
transmitted from one of the transmission points, and that scheduling decisions and/or generated beams are
coordinated in order to control tlseeated interference. The main advantages of these schemes compared
to schemes involving joint processing/transmission (see below) are that the requirements on the
coordination links and on the backhaul significantly reduced, since typically

1 only information on scheduling decisions and/or generated beams (and information needed for
their generation) need to be coordinated, and

1 user data do not need to be made available at the coordinated transmission points, since there is
only one serving transmissiqmint for one particular UE.

The second category, joint processing/transmission, is characterized by that data to a single UE is
simultaneously transmitted from multiple transmission points, e.g. to (coherently aroherently)
improve the received gigl quality and/or cancel actively interference for other UEs. This category of
schemes psthigher requirements on the coordination links and the backhaul since user data need to be
made available at the multiple coordinated transmission points. The toialata to be exchanged over

the coordination links is also larger, e.g. channel knowledge and computed transmission weights.
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In year 1, WINNER+ studied different aspects of CoMP extensively. These included system
architectures, different approaches afgbrithms for performing the coordination, and the requirements
in terms of measurements, signalling, backhauling constraints, etc. these put on theTsteork is
reported in [WIN+D14]. Much attention was put on the second category of coordigatiemes, i.e.,

joint processing/transmission. It was found that these schéasespotential to provide significant
performance gains, howewerthe cosof high requirements on the backhaul links in terms of latency and
capacity since user datehannelstate information €SI), and precoding weights nesdito be shared
among the transmission points.

Hence, during year 2 WINNER+ put more focus on the first category of schemes, i.e., coordinated
beamforming, but also on how to reduce the backhauling resgants for schemes based on joint

processingl t 6s worth noting that these requirements are
feasibility of all the possible CoMP schemes, both from a technical and also from an economical point of

view. If low-latency exchanges are needed betwees, Bf&n CoMP schemes will not be able to be

deployed everywhere but only in the areas where a suitable backhaul is present, or they will require
important investments from the operator to upgrade the backhaukditdssomehow limit the practical

usability of the techniques.

Either in coordinated beamforming and in joint processiage, the notion of clustering is key to
coordinating beamforming aneklaxed coherent joint processingn d e e d , iCoMPoalmeans th
base stations share some knowledge about users. Hoas\tbe number of users and BSs incretise
signaling overhead required for the inbtese information exchange and the amount of feedback needed
from the userslso increase. Therefore, coopamatshould be restrained to a limited number of BSs. To
achieve this goal, the network is thus divided into clusters of cooperative cells. Cluster selection is
obviously a key to cooperation algorithms performaester formatiormaybe static [\er07] [BHO7],

if the clusters remain fixed in timer dynamic [PGHO8]Selection may be performed by a central entity,

i.e. in a networkcentric manner, or in a peser way, i.e. in a useentric manner.Usually, network

centric clustering divides the netwarko a set of disjoint cluster of BSs, that is, one BS can belong only
to one cluster [BHAO08], [PGHO8]MF07a] and [MFO7b]. In contrast, inthe useicentric clustering
approaches, one BS may belong to more than one cluster, depending on the paraneeter und
consideration [PBG+04], [PBG+08]. From the user point of view, this meandrttagiven cell each

user may have a different set of cooperating B®& concept of clustering, as usedWINNER+, is

closely related to those of CoMP cooperative setd/a measurement sets as defined in 3GPP
[3GPP36814].

These different approaches are all considered in this docurettier details of these studies are given
in Sectiors 2.2and2.3 In addtion, work has beeralso conducted on different aspects related to relaying
in the framework of CoMP, as can be seen in Se@idhshould also be mentioned th@bMP issues
such as scheduling andadio Resowre ManagementRRM) are only implicitly dealt with in this
document. They areonsidered ifWIN+D1.5 where upper layers are the main facus
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2. Investigations on CoMP issues

As already mentioned abovethe focus during year 2s on CoMP solutions that ka relaxed
requirements in terms of backhauling and complegitynpared to the full blown joint processing
schemes that were studied during year 1

The first areato be considered is transmission strategies iRadio over Fiber RoF) based CoMP
architectwe. In this study, different lomeomplexity transmission strategies in a distributed antenna
system based CoMP scheareevaluated. More details can be found in Sec@idielow.

The second area in focus is coordinated eaning. Some different concepts for tlaiestudied Both
centralized and decentralized as well as-omtebook based and codebook based approzatees
investigated. Further details are given below in Se@i@n

As to coheent multi-user multicell precoding techniqueseduced complexity approaches are proposed
in Section2.3.

2.1 Assessment of transmission strategies in a RoF based CoMP architecture

2.1.1 Description

An example of a possible dnitecture of RoF based CoMP in a muaéll environment can be a scenario
where a cell is covered by a RoF Central Unit (CU) and a number of distributed antenna modules called
Remote Units (RU). The main processing modules are typically performed atnting cait which is
connected with the distributed antennas.

In traditional cellular systems the same area is covered by only a singlpdvigi base statiotin one

possible implementation of a cellular distributed CoMP system a certain number of amthulas is

used to cover the same area, each adopting a lower power level, as illustféitpaar2-1. The actual

number of distributed antenna modules would be determined by coverage, user densities, and other
environmental dctors.The entire cell coverageasshown inFigure2-1, is schematically represented by

an ideal circle containing smaller areas corresponding to the distributed Riddas/erage spots. One
surrounding tier of six interferingetis hasbeenconsidered in a unitary frequency reuse scheme,.

As it is known CoMP can include a centrally located or distributed processing among the collaborating
nodes, but at a first and simple level CoMP introduces multiple nodes transmissions salsneswn

as Distributed Antenna Systems (DAS). Evaluations regarding the distribution criteria of a CoMP scheme
are of high relevance, representing the starting point before evolving towards more efficient processing.

In particular, indistributed DASCoMP, there are several possible transmission strategies using multiple
distributed antenna modules. Although many methods are possible, in the suggested proposal two
transmissia strategies will be considered:

1 thepower weightedransmission cheme
1 the single transmit selection scheme

Thepower weightedransmission scheme is basedtloa simultaneous transmission from the central unit
and all the distributed remote unitghile maintaining constant the overall total transmitted poWwke
mog convenient power distribution scheme among the different nodes is chosen.

In the single transmit selection scheraegertain method to choose from the nodes the one that should
transmit has to be found; a single node only is turned on depending onttbhenewf the selected
method.Many different selection methods can be found in literatsueh as maximizing the Signal to
Interference plus Noise Ratio (SINR) or capacify possible and simplschemehat will be adopted in

the following is the criteon of minimizing the propagation loss, thatnimizes the required transmit
power (and hence the interference caused to other cells).

The use of distributed antenna systems is expected to reduce ICl and to improve SINR especially for
users near cell boundes, which normally are performance limiting users, compared to conventional
cellular systems in an interferentimited multi-cell environment. As a result, distributed antenna
systems achieve lower symbol error probability and higher capacity thamtiomee cellular systems. It

will follow that distributed antenna architectures could appear to be one possible effective solution for
reducing ICl in an interferendenited cellular environment.
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Figure 2-1: The Distributed Antenna System DAS CoMP) scheme.

History Continuation of the work in IR1.2
Section 5.2.1

Duplexing mode FDD and TDD

Clustering modé1) Static in power weighted schemand
dynamic intransmit selection scheme

Clustering mode (2) Usea-centric

Codebookbased No

Data exchanges: users data Data plane transferred to all RUs

power weighted scheme and to best
in transmit selection scheme

Data exchanges: Channels Impu| No
Responses

Data exchangesothers None
Data exchangeate:slow or fast

We will derive the general downlink system model valid for a network madeaetls, with M single
antenna mobile users per ¢elat can be referred both to a traditional cellular network (in which only 1
transmitter per cell is usedpé to aCoMP network (in which more than 1 transmitter per cell is usied).

the model formulation we will refer to a CoMP system mad&a$ingle antenna remote units.
In general, the downlink system model of a CoMP cellular neteankbe expressed as:

y=H®&+n 2.

Whereﬂi CY® s the channel matrixPI' C°®M is the CoMP processing matrix, which depends

T -
on the particular chosen CoMP configuratio)j,Z[Xl, XZ,..,XV,] [C"is a complex vector that

contains the transmitted signa)_r,:[y1 ,y2,..,yM]T IC"lis a complex vector that contains the
signals received by thd mobile users, an@i CM* is the noise vector. The eIemeH]j(k)} of the
matrix ﬂ is the complex channel gain between any of the mobile us¢vath 1¢i @ ) and any of
the remote unitsj (with 1¢ | @R), belonging to any of the considered cekiswith 1¢ k dC). The
eIement{ pji(k)} of the matrixg is thesquare root of théransmission poweapplied at any of the

remote units ] (with 1¢ j @R), transmitting towards any of the mobile usérgwith 1¢i @M ),

belonging to any of the considered ceks (with 1¢ k dC). The model of equatior2(l) makes the
hypotheses of a flat fading channel as it occurs for example for each subcarrierOirthagonal
Frequency Division Multiple Acces©FDMA) based system. The model given by the equdfid) can

be easily extended to the case of remote units and mobile terminals equipped with multiple antennas.
In the following we derive, as a means of example, the expression of eq@atjofor( the particular case
of C =2 cells n the network topology (the respective snatrixes are separated by dashed lines),
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R =3 remote units equipped with a single antenna 8d=2 mobile users equipped with a single
antenna. In such hypothesis, equat@i ) becomes:

1 N R
eylra L(l) H(2)]Q§P()‘ OX 0 eno_
SEob
equ V] u u
e(l) (1),3
©) (1)“
ep P22

JSnD WG RD R hGelpl b p(”uggxlz en o
g0 KD KD IRY D hZy ep? ply sl aul

(2 (2) U
p b2 <

@p(z) P ¢
2.2)

where Y, is the signal received at theh terminal andxj is the signal transmitted by tli¢h remote
unit.

The particular expression dfl' C°®M for CoMP transmit selection and for CoMP power weighted
schemes, when only one user per cell is considered, is as follows:

é 0 Ogp ep(l’ 0g
€ u @ u
g 0y ep 0y
eo ou ép oU
= = G =) =3t (2.3)
=CoMP_sel © - =CoMP_pw < (2) 3
é 0 0 N 0 p3u
4 @ & 2
g 0 pif 3 €0 22 3
7 Y 7z 2) s
60 0y 60 pdy

In the above expressiol.B):
1 for the COMP transmit selection scheme (COMP_sel): the only non null term
p]T(k), for k=1, 2 is selected by the criterion, for instance, of minimizing the s
(PL) between any of the remote units transmitting towards the considered mobile user:
pjT(k) = mjin (PL(j,D)), for k =1, 2, for each given mobile usér,

R
1 for the COMP power weighted scheme (COMP_pvgk pji(") =R, for k 4,2
j=1

where P, is the total transmit power of the conventional base station

2.1.2 State of the art

A first interesting paper by Chdindrews can be considered as referdficd07]) for DAS showinghat

in addition to coveage improvements, DAS can also hagatential advantages such as reduced power
and increased systeoapacity in a single cell environmerithe paper analytically quantifies downlink
capacity of multicell DAS for two transmission strategies: selectionediity (where just one of the
distributed antennas is used) and blanket transmission (where all antennas in the cell broadcast data). In
particular, in the paper, the results have been drawn out analytically under some assutmptégsdic
capacity ofcellular DAS versus the normalized distance from the home base station is derived when the
CsSl is known at the receiver end. beriving the resultssix RUs have been considered in the DAS
configuration. The transmit power of eadistributed atenna module is a fraction tife transmit power

of the home base station. Nast fading modelling is consideredwhen deriving theresults. The
conclusions derived from this paper are ttheg single transmit selection scheme achieves the highest
througtput owing to the ICI reduction and macroscopic selection diversity
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A second interesting paper can be considered as refelsW®(Qg. In this paper the performance of a
DAS under timevarying frequencsselective fading based anrealistic channel modé investigated.
Specifically, by shifting the hexagonal cellular layout in tle®nventional system and usisgctorized
antennas insteaof omnidirectional antennas at each BS, the performants¥ms of outage probability
and outage capacity impra/by a large extent without a need for additioB&l towers. The resulia the
papershow that with the same tothnsmit power and bandwidtBAS can reduce thkCIl in a multr
cell environmenaind improve the outage capacity especially near thbaetiday.

2.1.3Expected performance or benefits

In this section some results of the performancehef above mentioned CoM&ystems,obtainedby
means ofomputersimulatiors, will be provided. A dedicated softwamml has been developei. order

to calibratesuch a tool and to gain some initial insight in the DAS scheme, preliminary simulations have
been run aligning to the hypothesis used in [CATTE propagation effecencountered between either
the BS or the RUs towards the @Ee modelled in the simutar andinclude pathloss, shadowing and

fast fading.The path loss for a given distance is calculated by meatiee §¥alfish-lkegamianalytical
model. The probability distribution function of the shadowing is assumed lognormal, so that the
shadowing exmrssed in dB can be modelled as a Gaussian random vafaiddly the fast fadings
modeled by randomly extracting for each user and in each simulation snapshot one channeélsvaatrix
first approximation the channel coefficieritave beerconsidered idependentThis analysisquantifies
downlink capacity of multcell CoMP (calculated based on tlegodic Shannon capacityfor the two
considered transmission strategigansmitselectionschemgwhere just one of the distributed antennas

is used) anghower weightedschemgwhere all antennas in the cell broadcast data). In particular, in the
paper, the results have been drawn out analytically under some assumptions:

1 the CSlis known at the receiver end.
1 six RUs have been considered in the DAS CoMPigardtion and each RU is evenly located

: . 2 . .
on a common circle with radius = 3 R, , whereR, is the cell radius.

f the transmit power of each distributed antenna moduf@.#° and the transmit power of¢h
home base station 8.4P in DAS CoMP whereas the transmit power of the base station in the
conventional cellular system B .

1 in the case of thpower weightedscheme the signals transmitted by the different Raie
combined non coherently at the receiver.end

Starting from the same assumptions the simulations to derive a first estimation of the overall capacity in
the scenario of RoF based DAS CoMP have been performed. In the foll&igace 2-2, the ergodic

capacity versus the normalized distance from the home base station has been evaluated by means of
simulations.The single user capacity has been depicted as a functionrafrtinalizeddistance of the UE

from the home base statiamoving from the cell center =0 to the cell edga” =1.

From the simulation results, it is clear thia¢ transmit selection scheme achieves the highest throughput

due tothe ICI reduction and macroscogselection diversity. Although the achieved throughput of the
power weightedscheme in the cellular DAS is slightly lower than that of conventiomali-directional

cellular system near the home base statioe to reduced transmit power, the achieveduiinput of the

power weightedscheme in DAS has substantially higher throughput beyond the normalized distance

1 2
aroundr = E and obtaining its maximum value in correspondence tpdkiion of the RUat r = —.

The pesence of the latter local maximyseeFigure2-2), in the case of DAS system deployment, is due
to the fact that when the user is moving towards the cell, édgepresence of the RUs (positioned at

2
= 5) enadles to achieve a better throughput performaremathe RU positionsvith respect to what is

achievable with a classic omnidirectional system

Version: 1.0 Pag 13(75)



WINNER+ D1,8
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Figure 2-2: Ergodic capacityvs. the normalized distance fromthe home base station

2.1.4 Expected requirements on signalling and measurements

The proposed evaluation is based on theoretical distributed schemes aiming at the most convenient in
terms of capacity of the system. These schemes could require excharfgenadtion in order to perform

the best selection, both in the case of power weighted or single transmit selection schemes; however, the
overall amount of exchanged data would be very small and suited with the capacity offered by RoF
architectures, to beonsidered as straightforward enablers.

2.1.5Expected requirements on architecture and protocols

The presented schemes are quite generic, but they are studied in order to be applied to RoF architectures.
As a consequence the foreseen impacts are tho&mfschemes introduction, widely described in
[WIN+D14].

2.2 Coordinated beamforming concepts

Assuming linear transceiverqressing, a CoMBystem withN antennas is ideally able to accommodate

up toN streams without becoming interference limited. Theriateeam interference can be controlled or
even completely eliminated by a proper precoder selection. This is especialiy theecoherent joint
processingcase, where user data is conveyed from multiple BS antenna heads over a large virtual
Multiple Input Multiple Output MIMO) channel.

The coherent mukiiser multicell precoding techniques, however, have high requirements in terms of
signalling and measurements. In addition to the complete channel knowledge of all jointly processed
links, a tight syshronisation across the transmitting nodes and cemgtadintities performing scheduling

and computation of joint precoding weights is required in order to avoid carrier phase drifting at different
transmit nodes. A large amount of data needs to be egeliaretween the network nodes. Thus, igh
speed links, such as optical fibres or dedicated radio links, are needed.

Another form of coordinated transmission is a dynamic reelli scheduling and interference avoidance,
where the network nodes coordinateeir transmissions (precoder design, scheduling) in order to
minimize the intercell interference. The carrier phase coherence between the transmit nodes is not
required, since each data streanramsmitted from a single transmission poifibus, the ne-coherent
coordinated multcell transmission approaches have somewhat looser requirements on the coordination
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and the backhaul, but could potentially still need centralised nesguanagement mechanisnifis
family of methods we refer to as coordinabeEghmforming

Coordinated beamforming can be carried out in different ways, some examples are given in [VAL+06],
[SCW+07], and [YSL+08]. In WINNER+, both centralized and decentralized as well asodebook
based and codebook based approaches are gatesti

One of the earliest studies that can be considered to fall into the category of coordinated beamforming
considered the minimum power beamformer design, also known asitih@ower minimization under

the minimum SINR constraint per user. This peoblhas been extensively studied over the past decade.
In order to solve this problem for singd@mtenna users, the upligdownlink SINR duality was utilized in
[RLT98] and [VM99] [SB04] for multicell and singlecell cases, respectively. The duality prapevas
utilized to develop iterative algorithms for calculating the optimal beamformers and power allocations.
Furthermore, an optimal solution for the problem of maximizing the jointly achievable SINR margin
under a total transmitted power based on tpénkrdownlink duality was proposed in [SB04]. A
modified form of the singleell multiuser beamforming algorithm in [SBO4] is presented in section 2.2.1
for coordinated beamforming concejst,which the beamforming vectors and power allocation are found
to maximize the jointhachievable SINR margiander peitransmitter power constraints

It was shown ifBO99] and[BOO01] that the minimum power beamforming problem can be formulated as
a second order cone program (SOCP) [BV04] for rank one channels l@arsicgjve antenna per user or
fixed receiver beamformers). A coordinated maéll scenario was considered, where all the transceivers
are jointly optimized while considering the otkemll transmissions as inteell interference. Similarly to
[BO99] ard [BOO01], the power minimization problem was cast as an SOQ®/ES06] In addition, an
efficient algorithm based on fixed point iterates was proposethermore, the worst case SINR was
maximized subject to a total power constraint based on generaigeavalue problem ipNES06] The

SINR optimization problem can also be carried out via power optimization using bisection method. A
similar approach based on bisection method was proposed in [SVHO06].

The solutions above need complete channel knowledgeeen all pairs of users and BSs, and hence,

they require centralized resource management mechanisms. It is fair to assume that each BS can measure
at least the channels of all cell edge users, independent of which BS they are identified with, fag,exampl
during theuplink (UL) transmission phase of tfiéme Division Duplex TDD) frame. In such a case,

each BS could simply form nulls (zero forcing) towards a set of users served byB&hevhile

optimizing the transmission for the set of served usera.rhore general form of operation, each BS can
employ less restrictive interference balancing criteria (allowing some controlled interference), and take
that interference into account when designing the precoders in the adjacent BSs. This obviousty requir
some extra signalling across the backhaul network but may result in improved performance in certain
scenarios.

An efficient iterative algorithm based on uplidewnlink duality was introduced in [DYO08]. The multi

cell minimum power beamformer designoplem was solved via a dual uplink problem, where the
downlink beamformers are designed locally based on the reciprocal uplink channels and virtual uplink
powers of all users. This allows also for a distributed implementation, where virtual uplink pogers a
exchanged between BS nodes in a coordinated mafwmexlternative distributed method is presented in
section 2.2.2 in which the optimal minimum power beamformers can be obtained locally at each BS
relying on intercell interference terms exchange betwadjacent BSs.

An alternative scheme compared to those previously reportedsma&eof a report from the UE about

the beams that the neighbouring BSs should avoid or favour in order to limit the interference. Such an
approach is only possible when cbdekbased beamforming is employeso that the beams that a
potential interferer can use are known in advance at the UE. The report of the interfering beams requires
only a modest increase in feedback overhead since only the index of the beam(s) beedptoted.
Nevertheless, lovatency communication links between the coordinated BSs are required in order to
exchange the information about the served UEs at a given time instant. This concept medseted

in [WIN+D14], and is further investigated section2.2.3
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2.2.1 Centralized non-codebook based coordinated beamforming

The firstcoordinated beamformingpnceptin this deliverableassumes fixed coordination clusters, where
the coordination is carried out in a cenuedl fashion. The coordinationas the following main
characteristics:

() Transmit powers and beamforming weights are jointly adapted for all UEs in the coordination
clusterin order to minimize caused interference

(ii) Non-coherent, i.e. noffrequency dependent: beamforming weights are constant for all
frequencies,

(iii) Each UE receives transmissions from a single transmission point, i.e. no cooperative joint
transmission from multiple transmission points takes place.

(iii) Spatial Division MultipleAccess $DMA): one transmission point serves multiple UEs as in

multiuser MIMO.

Hence, this coordinated beamforming scheme can simply be viewed as coordinated multiuser MIMO
where the beamforming weights are jointly adjusted for all transmission potities @goordination cluster
in order to minimize the caused interference

History N/a

Duplexing mode FDD or TDD

Clustering modé1) Static(but can also be implemented in
dynamic fashion)

Clustering mode (2) Network centric

Codebookbased No

Data exclnges: users data No

Data exchanges: Channels Impu| No

Responses

Data exchangesothers Transmit channel correlation, precodi
weights

Data exchangeate:slow or fast Slow rate

2.2.1.1 Description

Consider a coordination cluster with transmission peoits eachequipped withan antenna array
comprising M; antennaelemens, and K UEs equipped witlvi; receive antennas Assuming

Orthogonal Frequency Division Multiplexin@FDM) transmission, the baseband signakreed by UE
i for frequencyf in the downlink is given by

Y (F)=H (H)x(f) wy () (2.4)
wherethe M;3 NM, matrix H,(f)is the composite channel between all transmission points angd UE
w, (f) represents thimal noise, including intecluster interference which is assumed to be white
Gaussian distributed with covariancg, g\_/v,(f)!\)*( f) ﬁsizl; and x(f) is an NM; 31 vector
representinghe sum signal transmitted from all transmission points, given by

X(1)=ax(f)=a (pus(f) 29

where 5( f)is a modulation symbol (drawn from a umériance symbollphabet) which is transmitted
to UE i using the transmit power and beamforming vectprsand u, , respectively.The beamforming
vectors are normalized to have unit power

EQ'y g1 fori=1, 2, éK (2.6)
The average SINR for UEassumingVlaximum Ratio Combining (MRQ)eception, is given by
P HiH Ry
apURU, +s’
k,i

SINR, (U, p) = 2.7)
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whereU is the matrix of transmit beamformers given by= [1_11,92,2 gK], pis the vector of transmit

powers, andR is the transmit correlation matrix for UEgiven by

R =E [H"(HH,()]=diagR,,R,.2 R ). (28)

since the transmission points are separated by large distances and therefore their antennas are mutually
uncorrelated.

The considered coordinated beamforming scheme is a modified form of the multiuser beamforming
(MuBF) algorithm in [SB04] in which the beamforming vectors and power allocation are found to
maximize the jointlyachievable SINR margin:

_ SINR; (U, p)
C=max_ mn —— (2.9
U'E ilf,2,2 ,Kl] gl
under peftransmiter power constraints
a pi ¢ Pmax ' ) n :]"2’2 N

iis,
where g is the target SINR for UE S, is the set of UES connected to transmission pogmd P, ,, is
the maximum transmission point transmit power

The beamforming vectors and downlink power allocations are found iteratively using the- uplink
downlink duality theorenfRLT98] [VM99] [SB04] which states that the downlink broadcast channel has
a virtual dual uplink multiple access channel which has sémme SINR achievable regions as the
downlink and the same beamforming vectors achieve the SINRs in both links.

2.2.1.2 Expected performance or benefits

As for most beamforming schemes it can be expected that the most appropriate scenarios for coordinated
beamforming have low angular spreads which are found in urban, suburban and rural environments with
above rooftop antenna deployment. Due to low feedback requireméses below)coordinated
beamforming is especially interestingfnequency Division DupleX{DD) mode,where joint processing

might be difficult to realize in a practical systetae to the high feedback requirements. It can also be
expected that coordinated beamforming is robust to user mobility, hence making it an interesting
alternative both in lovand high mobility scenarios.

A detailed system level performance evaluation of the herein described coordinated beamforming scheme
is provided in AppendiX.1, where its performance is also compared to that of joint procdsasegl on
zeroforcing (ZF) precoding that was evaluated Appendix B7 in [WIN+D14]. A summary of the
resultsprovided in AppendiXA.1 is given inTable2-1.

Table 2-1: Summary of system level performance results

Scenario Transmission scheme | Cell spectral efficiency| Cell edge user spectr
[bps/Hz/cell] efficiency [bps/Hz]
No CoMP 2.56 0.074
Joint processing base 3.81 0.108
3GPP Case 1 on ZF
Coordnated 3.01 0.078
beamforming
No CoMP 1.32 0.035
Joint processing base 1.20 0.026
ITU Urban Macro | on ZF
Coordinated 1.97 0.053
beamforming
No CoMP 1.52 0.050
Joint processing base 1.05 0.019
ITU Rural Macro | on ZF
Coordinated 2.64 0.071
beamforming

Version: 1.0 Pag 17 (75)



WINNER+ D1,8

As can be expected, in the low mobility scenario 3GPP Case 1 [3GPP25814] joint processing based on
ZF performs very well; the gain over the reference-8oMP system based on LTE release 8 is almost
50% both in cell spectral efficiency as well aell edge user spectral efficiency. Coordinated
beamforming does also perform reasogpakéll here; the gain over the n@oMP is 1520% in cell

spectral efficiency, while the cell edge performance is only slightly better.

In scenarios with higher userobility, e.g.International Telecommunications Union (ITWipan Macro
[ITURM2135] where the users are moving in vehicles at 30 km/h, it can be seen that the performance of
joint processing based on ZF degrades and is actually slightly worse thanttiwateference ne@oMP

system. This is of course due to the fact that sfleomt channel state information needed for the ZF
precoding gets outdated, hence resulting in that the applied precoding weights are invalid. Coordinated
beamforming, on the otherahd, is robust to user mobility and works well in this scenario. The gain over
the nonCoMP system is in the order of 50%, both in cell spectral efficiency and cell edge user
performance. The relative gain over the 1@wMP is higher than in 3GPP Case histn most probably

is explained by the fact that we now have outdoor users, and alsedd-$ilght (LoS) component in the
channel model, which together makes it easier to exploit the directivity properties of the beamforming.
Finally, in the ITU Rural Maro scenario where the users are moving at 120 km/h, it can be seen that the
joint processing based on ZF breaks down even further, and that the performance now is far below that of
the nonCoMP system. Again, it is demonstrated that coordinated beamfpisiobust to user mobility,

and the gain over the ngloMP system is now 70% in cell spectral efficiency and about 40% in cell edge
user spectral efficiency.

2.2.1.3 Expected requirements on signalling and measurements

The considered aordinated beamformingchemerequires transmit channel correlation estimates for
antenna arrays at all transmissipoints in the coordination clustéFhese estimates can be obtained by
means olUE-specificuplink sounding reference signals case of TDD it is straightforwerto apply the
estimated correlation matrices for downlink transmission, while for FDD it may be necessary to perform a
frequency translation of them. Methods for this can be found in e.g. [CHTBé4]uplink sounding
reference signals can be broadban@teguencydependent channel information is not needed to estimate
transmit channel correlation. Frequerdspendent channel information is only needed for the serving
transmission point for channéépendent link adaptation. The reference signals may loaweime
density as transmit channel correlation does not change with fast fading.

2.2.1.4 Expected requirements on architeaiire and protocols

Since each UE receives data from a single transmission point, there is rto sbatk user data between
transmission piats. The information that need to be exchanged between the transmission points and the
central processor are the transmit channel correlations that are estimated at each transmission point, and
the resulting computed precoding weights. Since the tramdraitnel correlation does not change with

fast fading and the precoding weights are-frequency dependent, the capacity requirements on the
backhaul conneatn is rather limited, however, the latency has to be sufficidatlyin order to cope

with schedling updates

2.2.2 Decentralized noncodebook based coordinated beamforming

The second concept isdistributed solution for the coordinatatlilti-cell multi-antenna minimum power
beamformerdesign problem with singlantenna user§TPKO9b] [TPK09c]. The minmum power
beamformers are obtained locally at e&Shrelying on limited backhaul information exchange between
adjacentBSs.Hence, this concept operates in a decentralized manner in contrast to the concept described
in Section2.2.1above.

The originalminimum powerbeamformeidesignproblem is reformulated such that tB8sare coupled

by realvalued intercell interferenceerms. The coupled interference terms are handled by téddad
copies of the terms at each BS andosting consistencypetween them. Thus, the coupling in the
interference terms igansferred to coupling in the consistency constraints, wdachthen be decoupled
by a standard dual decompositiapproach leading to a distributed algorithfine proposednethod is
able to guarantee feasible solutiangn if the interference information is outdated or incompédtéhe
possible cost of increased sum power. In additionptbposed approach allows for a number of special
cases, wherghe backhaul informton exchange is reduced at the costsomewhat swoptimal
performance.
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History New

Duplexing mode TDD

Clustering modé1) Static

Clustering mode (2) Network centric

Codebookbased No

Data exchanges: users data No

Data exchanges: Channetsdulse| No

Responses

Data exchangesothers? Realvalued intercell interference
terms

Data exchangesate: slow or fast | Fast rate

2.2.2.1.1 Description

Consider ecellular systenthat consists ofNg BSswith N transnit antennas and user each with

single receive antenn& set U with size K :|U| includes all usersictive at the given time instant,
while a subseU,, I U includesthe userski U, allocated tdBS b, b=1...Ng. The index of serving

BS for userk is denoted a, . The signaly, receivedby the userk consists of the desired signal,
intra-cell and intercell interference, and it can be expressed as

Yi =@, kN kX, k + 3 kN K a Xpi ¥ a 2xhok Q Xox Nk
il Uy \k b, b, K U,

where the vectorxbyki cN is the transmitted signal fromtheé t h B S ki m~ GN{0eN,)
represents the additive noise sample with noise power deNgityand a, hy,, I C*"" is the channel
vector from BSb to user k with largescale fading coefficienta,, . The elements oth,, are
normalized to have unitary varianc&€he transmitted vector for usek is generated at B® as
Xpx =Mpdy, where my, | Cc™ is the precoding vector andd, is the normalized complex data
symbol.

Let my i CNr bean arbitrary transmit beamformer for the ugefrom BS b . By denoting theinter-

. . .s 2
cell interference term frorBS b touserk as g, , and relaxing the term a%k 2 a |ab,khb’kmb’i| ,

il Uy
the SINR formulacan be written as
|ab h, (m ?
G = o B . (2.10)
v o e
No+Q ekt a |abk,khbk,kmbk,i
b, by il Up, \k

where the index of the serving BS for the ukeis denoted ag, .
The system optimization objective is toinimize the total transmittegpower subjectto fixed user
specific SINR constraintg, " k . This problemcan beformulated as
Ng
min § R,
b=1
st. G2g"k
s 2 -~
a|ab,khb,kmb,i| ¢ep " kT Up," b
il Uy

a "mb,k"§ ¢R,b=1...N;
ki Uy,

(2.11)

where the ariables areR,,b=1..Ng, m,, I C" ,k=1.K and g, " ki U,,"b. Vector ¢ is
defined including all the intercell interference terms as
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Y T _— ~ .
5= 10,0 BT 0B B0 B T, [ g+ 17 Un ={kT U} The second consint

guarantees thahe interference generated from a given BSannot exceethe user specific thresholds
Gpk" Kl Uy.

Observe that BSs are coupled in the SINR constraintheyermse,, , . If the interference terms were
fixed, the problenwould decouple and the transmitted power could be separai@iyized at each BS.
The coupled SINRonstraints are addressbyg introducing local auxiliary variables(b), as well as,

additionalconsistency constraints that require liteal variables to be equdlhis results in the following
optimization problem:

Ng
min § R,
b=1
st. GY2g.," ki Uy"b

e 2 ~

a |ab,khb,kmb,i| ¢ Gﬁf’?( "kl Up,"b (2.12)
il Uy

s 2

a Mok, ¢ R.b=1...Ng

ki Uy

¢® =g p

where the variable®, , my,, | CV",k=1,..K andg® are local for each B® , and G is as G, but
with g0} instead ofg, .
In orderto obtain a distributed algorithm, a dual decomposition apprisatetken where the consistency
constraintsare relaxed bydrming the partial Lagrangian as
NB NB
min 4 R +& sg(s(b) - Q)
b=1 b=1
st. GP2g." ki Uy b

a |ab,khb,kmb,i |2 ¢ Gg’l)(z" ki Up,"b (2.13
it U,

a "mb,k”z ¢R,b=1...Ng

ki U,

where the variables arg,,b=1,..Ng, my, | cr,k=1..K and s(b), and 3, are consistency prices
for each BSb . For fixed 3,, the distributed versi of the problem reduces to

min B, +37 60
st. GY2g." ki Uy b

& [anhoxmy;|* ¢ sl kT Uy, (2.14)
iU,

A [mou]s ¢ R b=1..Ng

Ki Uy

where the variables are the same as in the previous problem. The resuitvegsubproblems can be
locally and ind@endentlysolved as SOCPs in eaBl$ b with the knowledge ofconsistency prices,,

(see, e.g[TPKO09a]for moredetalils).
The master problem for the dual decomposition is
Ng

maximize § 9y (3p)- 306 (2.15)
b=1
where the variables arg," b, and wheregb(sb) is the dual function achieved as the minimum value of
the partial Lagrangian for given,. This can be solved iteratively with the following updq@ey04]

[PCO8]:
31+ =3, 0)+ AEO0)- )b (.19
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where t is the iteration index,m is a positive stegize andgft)=1/Ng ls(l)(t)..e(NB)(t)llNB is the
average of all BSpecific intercell interference vectors, which need to be exchanged between coupled
BSs. Since the original problem is convex, the algorithm is guaranteed to coneettye optimal
(centralized) solution, where(b) =¢' b, if the step sizem is sufficiently smal[Boy04] [PC06], and the
channelshy, " b,k remain constant during the iterations.

The intermediate iterates(b)(t) in the dual decomposition do not necessarily result in a feasible
solutions, i.e.,G <g, for some k. However, a feasible sebf beamformersm,,, can be always
achievedby usng the average vectcn:(t) for each BS. In this case, oadditional sukproblem per BS

has to be solvedThus, a feasible set o, " k can beguaranteed even if the update rateraéﬁ)(t)
between BSssislowerthan the channel coherence time, at the possible cost of increased sum power.
The dual decomposition approach alldies a number of special cases, where the backhaul information
exchange is reduced at the cost of somewhabptitnal performanceSome possible scenarios are listed
below:

1 BS-specific intercell interference constraing,,, =e," ki U,

' One common constraint for all BSs (within a given jgirdcessing areak,, =¢" k,b.
I Zeroforcing for the intercell interferewe, g, =0" k,b.

In time-correlated fading with high mobility and/or wilbw backhaul information exchange rate the
interference terms,,, may become quickly outdated@his may result in a high peak the transmitted

poweras the interference constraiat® mismatched with the actual channel patilbns. The ZBolution
(epk =0"k,b) can be always calculated in each B&ed on the available local information. In some

time instantsthe ZF solution would resuin a lower sum power thathe distributed solution relying on
the backhaul informatioaxchange. In such a case, BSsimply set<ZFI mode{) stateactive and sends
a message to its neighboutsonsequentlythe operation is revertad the normal mode as soon as the
resulting transmitted powes again below the ZF modeélhe distributed algorithnwith ZF mode
selectionis summarized iMppendixA.2.

2.2.2.2 Expected performance or benefits

A detailed performancevaluation of the proposed concept is provided in AppeAd2x Some of the
main results from AppendiR.2 are presented in this section. Tabl2 gresents thaverage sum power
of {K, Ng, NT} :{4,2,4} system for Oand 10 dB SINR targetper user. Different coordinated
beamforming cases and two zdoocing approacheare compared with coherent medgll beamforming
caseat the cell edge

Table 2-2; Main performance results of decentralized coordinated beamforming

Transmission scheme Average sum power Average sum power
[dB]: 0dB SINR target | [dB]: 10dB SINR target
per user per user

Coherent multcell -1.45 9.71

beamforming

Coordinated beamformingser 3.90 19.44

specific interference constraint

Coordinated beamformin@®S- 4.20 19.%

specific interference constraint

Coordinated beamforming: 4.88 23.96

common interference constrain

Zeroforcing forinter-cell 8.2 24.81

interference

Zeroforcing for both intra and 15.21 25.21

inter-cell interference

As expected, te coherent mulitell beamforminggreatly outperformghe coordinated beamforming
cases at the cell edgtll thethree coordinated beamforming caseéth inter-cell interference catraints
have very similar performance. Thus, the loss from-cutbmal signéng is minor. The @ordinated
beamforming cases requiadout5-6 dB more power thathe coherent case in order to meet the 0 dB
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SINR target There is a large gain from tloptimal intra-cell beamformer desigzeraforcing for inter-

cell interferenceas comparetb the channeahversion(zeroforcing for both intra and intercell).

The loss from sulpptimal signaling increases significantly for the case with one common canstrai
when the SINR target is 10 dB. However, tbss is still minor in the BSpecificconstraintcase Also,

the gain from theoptimal intracell beamformer desigis greatly reduced asompared to the channel
inversion. In general, the differenbetweenthe zereforcing and coordinatedeamforming casewith
inter-cell interference constraints reduced significantlyA more detailed performance evaluation with
wide range of numerical examples is provided in AppeAdx

2.2.2.3 Expected requirements on signalling and measurements

The objective of this proposal is to reduce the traffic required between the cooperating BSs so that full
CSI need not be shared and that precoders are computed locally by ealctioBBation aboutthe
allowed intercell interference levelsaken in different cells must be exchanged between adjacent BSs.
However a masteslave structure between adjacent Bfight berequiredif sophisticated usaio-BS
allocation algorithms are used.

2.2.2.4 Expected requirementson architecture and protocols

The studied concept does not require tight frequency synchronization or sharing of user data between
BSs. Furthermore, the required information exchange rate between BSs can be slow if the channels are
slowly varying [TPK09b]However, it is anticipated that existiBGPPX2 type backhaul interfacaight

not be able to support the requirements of this concept.

2.2.3 Codebookbased coordinated beamforming

Coordinated beamforming aims at avoiding collisions of beams originating rfedgmbour cellsThe

third coordinated beamformingoncept studied in Winneris base on the codebockased precoding
which already exists in LTRel8. The main idea is to make use of a report from the UE of a Precoding
Matrix Index (PMI) indicating eitar the most interfering (MIl) beam, or the least interfering (LI) beam
received from an interfering cell. The serving cell communicates to coordinated interfering cells the time
frequency resources that will be used for transmission tedieduledJE, together wth the MI/LI-PMI
reported by thidJE. These pieces of information will then act as constraints for the coordinated cells'
schedulers, which should try as much as possible to avoid/favour the reportedPMI/Lldn the
associated resources for theivn transmission.

This concept was presented in section 2.1.3.1.2 in [WIN+D14]. This section proposes a practical solution
to implement this concept in a decentralized way (i.e. without a central control entity), and presents
preliminary results to assess performance.

The table below summarizes the features of the concepts that are relevant for the system concept work.

History Continuation of the work in D1.4
Section2.1.3.1.2

Duplexing mode FDD and TDD

Clustering modé€1) Dynamic

Clustering mod€2) Usercentric

Codebookbased Yes

Data exchanges: users data No

Data exchanges: Channels Impu| No

Responses

Data exchangesothers Request to be master including
indication of the resources on whictet
UE will be served, and the PMIs tg
avoid/favour.

Data exchangesate : slow or fast | Each time a celedge UE is scheduled

2.2.3.1 Description
The proposed solution is described in the following, with a particular emphasis on the following points:
1 UE measurements and reports
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9 Cluster formation
1 Implementation of scheduling restrictions

UE measurements and reports

Each UE determines
1 the PMI from its servingell that maximies the useful signal received power
1 the PMI(s) from its dominant (lorggrm) interferingcellsthat either

0 maximize the interference power. This type of PMI will be called Most InterfgiMI
(MI-PMI) in the following;

0 or minimize the interference power. This type of PMI will be called Least Interfering
PMI (LI-PMI) in the following.

If only singlelayer beamforming is caidered, it can be shown that the MHRMI from cell |
maximizing/minimizing the interference power after MRC reception can be determined as follows:

MI/LI - PM[® =argmaﬂargmin‘vi“)“H("HH‘S’u(S’ ’

Where Vi(') is the ith precoding vector at interfering céll H"is the channel matrix from interfering

cell I, H®is the channel matrix from the serving cell antP is the preferred precoding vector from
the serving cell.

At least one LI/MiPMI is reportedo the serving cell for each dominant interferer (the actual number of
interferers to consider being possibly configured by the network). Several-RNL4 can be reported in
order to provide more flexibility/information to the scheduler, at the pri@nadhcrease radio feedback
overhead.

In addition, the UE reports periodically to its serving cell the cell identifiers of its dominant interferers.
The dominant interferers can be determined on atiermg basis in order to limit tHeedbackoverhead.

Cluster formation

The clusters are formed as follows: when a cell scheduler selects a UE identified as being at the cell edge
(which can be determined from UE measurements, e.g.Rtfference Signal Received Quality
standardized for LTE), the cell sends &ssage to the cells reported by the UE as being the most
interfering, in order to request to become their master. Such a message will be referred to as a "master
request” in the following.

The master request is accompanied with the index of the beam ugwsbould bewvaided/preferred at

the slave cellas well as the indication of the resources for which the constraint will apply. Note that the
master requests can be sent seveaalsmission time intervalsT{Is) in advance if the latency of the
commurication links between the B$s not lowenough. This imposes that the scheduler takes decisions
several TTIsbefore the actual transmissioNote thatsuch delay still allows channdepenént
scheduling provided the UE mobility is low, which is the gitwraprimarily envisioned for CoMP in
LTE-Advanced.

Obviously, the master/slave role of a cell can depend ofréhaencyresources: on some resources the
cell could be master, whereas it would be slave on some others. For the sake of simplicity, deg consi
implicitly only one set of resources in the following, where a cell can be either master over all the
resources, or slave over all the resources.

In case of reception of master requests from several potential master cell, or if a candidate master rece

a master request from another cell, then a contention resolution procedure has to benappliedo
determine the master/slave role of each cell. Such a contention procedure is out of the scope of this study,
but it should be designed in orderetasure fairness between the cells.

Note that although it is possible that aredl be the slave of several masters, increasing the number of
masterdncreaseshe constraints on the scheduler, which may severely limit the scheduler flexibility and
thus inpact thesystem performancé& herefore, in this study we assume that aglecan be slave of only

one master.

Implementation of sheduling restrictions

Once the master/slave roles have been established, the scheduler of tloelstgpmies the rdsction
communicated by the masiezll:
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1 If the coordination mode is so that the most interfering beam(s) is indicated to the slave cell, the
latter tries as much as possible to serve a UE that requests to be served in another beam.

1 If the coordination mde is so that the least interfering beam(s) is indicated, the slave cell tries as
much as possible to serve a tiat requests to be served in this beam.

The most interfering beam avoidance constraint is the easiest to satisfy, since it puts the lowest
requirements on the scheduler: comsida codebook with 16 codewords; one is forbidden, 15
codewords remain allowed. It is therefore much easier to find a UE requesting to be served in one among
15 beams, than one requesting to be served in one parfieadrinterfering beam. If the number of
reported beams is increased (at the price of a larger feedback overhead), the feasibility of satisfying the
two constraints gets closer. Nevertheless, the most interfering beam approach remains more advantageous
even in the case of several reported beams, since in case it is not possible tdJiindiling to be

served in one of the allowed beams, relaxing the constraints (e.g. forbidding only the N dominant beams
out of M reported beams, with N<M) will still pralé some gains compared to no coordination. On the
contrary, such a constraint relaxation is not possible with the least interfering beam approach.

In the case where rigE can be found to meet the scheduler constraints (even with constraints relaxation),
two options are possible:

1. Ignoring the constraints and serving auiy, like without coordination
2. Serving noUE at all, i.e. silencing the cell on tlveordinated resources.

Option 1 leaddo the saménstantaneouperformance as in the no coordination cagleereas option 2
ensures the protection of cellige UEs, at the price of a potential cell throughput reduction since some
resources are not used part of the time.

Additional considerations

If Resource Quality Indication Reference Signal (FRJ) is used, as proposed in3[GPP0$ no
confirmation/acknowledgement is needed from the slaves to the master in order to allow for proper link
adaptation.

The coordination process requires no central control entity since it relies on a master/slave principle
betweencells. Moreover, even negotiation between the cooperating isalist necessary provided an
efficient contention resolution mechanism is used, thus enabling a low latency of the coordination
mechanism.ndeed, in that case the cell receiving the mastquest either accept the request and
behaves as requested, or do not accept the request: the performance will then be identical to the no
coordination case.

2.2.3.2 Expected performance or benefits

This section provides preliminary results about the gains ofdewted beamforming according to the
proposed methodevsus uncoordinated beamformifigne consideredscenario is similar to 3GPP case 1
[3GPP25814] with full buffer traffic model. A simplified class Il (Snapshot/gqetaic based) system
level simulatohas been usedith the following simplifications:

1 Only Time Division Multiple AccessTDMA) is modelled (i.e. no OFDMA, or OFDMA with
only onephysical resource block);

1 Frequencyflat fast fading channel coefficients are randomly drawn accordingibit-&ariance
Rayleigh law, with no spatial nor time correlation

No HARQ retransmissign
Perfect link adaptatign
Perfect channel estimatipn

The user instantaneous spectral efficiency is computed thenpostreceiver SINR via the
Shannon formula

= =4 =4

More details on the simulation conditions are given in Apperds

The tablebelow summarizes the resultbtainedfor the most interfering beam approach, for 1 aidl 3
PMI. Note that feedback of 1 and 3 {MI for 3 coordinatectells leads to multiply the PMI feedback
overhead of LTE ReB by 3 and 7respectivelyln case no UE is found to meet the scheduler constraints,
the constraints are ignored.
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Table 2-3: Performance results for codebookbased beamforming(CBF) (Ml -PMI approach).

No coordination | CBF with 1 MFPMI CBF with 3 MFPMI

Cell spectral efficiencyBit/s/Hz) | 4.49 4.43 (1%) 4.62 (+3%)

Cell-edge user spectral efficienc
(Bit/s/Hz), measured at the 59

tle of the wugr throughput 0.16 0.18 (+B%) 0.19(+18%)
cumulative distribution function
(CDF)

Coordinated beamforming with the proposed scheme provides only moderate gains-edgeell
performance compared to nooordinated beamforming in a realistic coordinatietup (3 coordinated
cells, no central control entity): 8% for 1 MI-PMI and 19% for 3 MI-PMI. No significantchange in
cell throughput is observed. Note that these results are only prelimaradlyin particulause a very
simple schedulerA more complee performance evaluation using a full L-PEvanced simulator will be
reportedin deliverablWIN+ D4.2].

2.2.3.3 Expected requirements on signalling and measurements
The requirements on signalling and measurements are as follows:
1 Measurements required at the UE:

o identification of its N (configurable by the network) dominant long term interférers
can be updated with a low frequency, depending on the UE velocity

0 MI/LI-PMI(s) from its N dominant long term interferérdas to be done with the same
periodicity & theidentification of the preferred beam from the serving. cell

1 Feedback from the UE to its serving cell:
0 N (configurabé by the network) dominant lortgrm interfeer identifiers 1 low-
frequency update
o MI/LI-PMI(s) from each of the N dominant longrteinterferers- same periodicity as
PMI feedback.

1 Coordination messages from the candidate master tB3kemanaging the prospective slave
cells:

0 master request message including an indication of the resources on which the UE will
be served, and the PMis avoid/favour- each time a celbdge UE is scheduled.

2.2.3.4 Expected requirements on architectureand protocols

Requirements on architecture include irB& communication links with sufficiently low latency in order
to exchange the master request messagesontention resolution mechanism is needed for the
master/slave role attribution.

2.2.3.5 Conclusion

This section has described a practical way to achieve coordinated beamforming in a decentralized way, in
the sense that no central control entity is needed pit@osed studied approach is based on codebook
based beamforming. Compared to BelLTE, additional feedback of PMI(s) for each considered
coordinated interfering cell is required. In addition, fairly #atency communication links are needed
betweenBSs in order to convey master request messages. Preliminary results obtained from a simplified
simulator have shown moderate gains compared tecoordinated beamforming (cedtge performance

gains of +B% for 1 MI-PMI and 4% for 3 MI-PMI, with no significant cell-throughput gain/loss).

Note that these results have been obtained with a very simple scheduler which did not include any
optimization to account for the coordinatioBvaluation results of this scheme in a complete L TE
Advanced class lll simulatavill be provided in deliverablpNIN+ D42].

2.3 Joint processing with relaxed requirement

One of the major drawbacks related to the implementation of joint processing as the number of users and
BSs increases is the large signaling overhead requiredhdonterbase information exchange and the
amount of feedback needed from the users. Therefore, one of the main challenges is the design of
efficient algorithms and principles that could reduce the complexity requirements. To achieve this goal,
one of theareas of research is leading to solutions that restrict the joint processing to a limited number of
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BSs or areas in the system. In these approaches, the network is typically divided into clusters of cells, and
the joint processing schemes are implement@tinvthe BSs included in each cluster. The cluster
formation can be static @A07] [BHO7], if the clusters remain fixed in time or dynamic [PGHO8].

2.3.1 Performance of joint processingschemesunder varying CSI requirements

In this contribution, different QdP transmission schemes are characterized and compared within a static
cluster of BSsNotice that the cluster of BSs under consideration can be formed using the approach of
contribution in sectior2.3.2 The performance of theoposed schemes is evaluated over the cluster area,
in order to analyze the impact of a aemiform distribution of users. This study is carried out as a first
step towards designing adaptive CoMP transmission schemes that could support mobile ukers. Fur
details of this investigation can be found in Appenali&

History New

Duplexing mode FDD (TDD)
Clustering mode (1) Static
Clustering mode (2) PJP: usecentric
Codebookbased No

Data exchanges: users data -CJP: Yes

-PJP: Only within transmitting BSs
-DJP: Only during the scheduling pha
Data exchanges: Channels Impu| -CJP: Yes

Responses -PJP: Only within transmitting BSs
-DJP: No

Data exchangesothers - CJP and PJP: precodimgights

Data exchangesite slow or fast | - DJP: exchange of interference le

experienced by the user

2.3.1.1 Description

We consider a static cluster of BSs. Withine cluster, three different joint processisthemes are
consideredwhich result in different requirements both in terafsnter-base information exchange and
amount of feedbackom the users:

1 Centralized Joint Processing (CJR)lobal CSl is available at the transmitter side, and the BSs
within the cluster jointly perform the power allocation and the design of the lineadpreco

91 Partial Joint Processing (PJPa particular case of the CJP scheme, it defines different stages of
coordination between BS€oordination degrees are obtained arrangingaive setor subset
of BSs for each user in the cluster area. Hence, aonbereceives its data from the subset of
BSs included in its activeet [BPG+08].

From the system point of view, thrbendits are provided: feedback reduction (users only feed
back channels with an acceptable quality), lower ibhtseinformation exclnge (user data is

only needed in the BSs ilncled in its active set) and effent distribution of powe(power is

saved from poor quality channels). However, fbist processing scheme introduces muger
interference inthe system, since less CSlasailable at the central unit thesignthe linear
precoding matrixIt should be pointed out that a similar approach has also been proposed in
[PBG+08].

91 Distributed Joint Processing (DJPBSs are only aware of their local CSlherefore, the
precoding ad power allocation are locally implemented at each d@Str{buted, but the user
may receive its data from several BSeirt processiny depending on its given channel
conditions. This approach requires a mhblise scheduling technique to assign userBSs
under a joint processing assumption.

2.3.1.2 Expected performance or benefits

The aim of this contributiois to further characterize by meanssohulations some parameters related to
the centralized, partial and distributed joint processing schemes,asutffeaverage sunnate per cell
the uniformityover thecluster area of the metric under consideration retreistnesof the schemethe
total transmitted powein the systemand thebackhaul and signaling requirementShe motivation
behind this analys is the need to consider the impactttod mobility of the users. This user mobility
implies that thesystem confjuration cannot be static in time, and that ¢hester of BSs may need to
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decide which is the best joint transmissgeheme depending ohe current users requiremerftsg.,
quality of service or service delay constraints) andstfstem resources (e.g., available transmit power or
backhaulconstraints due to the system load).

Simulations are performed over a cluster @dSs, each one eipped with an array of 3 antennas, and
considering 3 singlantenna users (séggureA-8). Simulation resultsdescribed in Appendii.4, show

that thedifferences between the schemes arise in imsnéelimited scenarios. The centralized joint
processing scheme outperforms the remaining schemes at the cost of higher backhaul and signalling
requirements. On the other hand, the partial joint processing scheme shows-cf tteteeen the
backhaul angignaling requirements and the achieved averageraterper cell, that is, its performance
improves as the coordination degree between BSs or the threshold value increases. The backhaul and
signalling requirements of this scheme are evaluated by meahs @aferage number of BSs that are
included in the active set of a user for different degrees of coordination betweerriB8ky/, the
distributed joint processing scheme improves its performance as the system becomes inténficteshce

Regardinguniformity androbustnessspectstransmission schemes implying a joint design of the linear
precoding matrix (central and partial joint processing schemes) achieve a higher uniformity of the average
sumrate per cell over the cluster area, especially éititerferencdimited scenarios. Moreover, these
schemes also show a highebustnessvhen computing the evaluation metric, that is, they decrease the
standard deviation of the evaluation metric regardless of the position of the user over the cluster are

2.3.1.3 Expected requirements on signalling and measurements

1 Centralized Joint Processing (C)JJPAssuming that global CSI is available, this approach
requires a central unit to perform the linear precoding design and the power allocation. This
central unit carbe an additional network element associated to the cluster of BSs, or one of the
BSs of the cluster can act as a central unit. Each user needs to feedback the estimated CSl related
to all the BSs in the cluster to its primary base station, which canflbedi@s the one that
provides the highest channel gain. Then, the dbéee station exchange allows to gather in the
central unit the global CSI and the user data, in order to perform the joint processing.

9 Partial Joint Processing (PJP)n this approdle, the user only receives its data from the BSs
included in itsactive set Therefore, the amount of user data that needs to be exchanged between
BSs and/or the central unit is reduced. In order to define the active set of BSs for a given user,
the user d@fmates the average gain of the received channels, one from each base station, and
defines its reference link or strongest channel, associated to a given base station. Then, the user
compareghe channel gains related to the remaining B8k the referene link, and includes
these BSs in its active setly if their channel gains are above a relative threshold, resthect
to the strongest channel. By doing so, BSs relatgado quality channels do not transmit to the
user and the clustdsecomes partily coordinated. The threshold value is sfied by the
cluster, and different degrees or stages of coordinatinrbe obtained by modifying its value.

91 Distributed Joint Processing (DJPlEach base station only needs local CSI in order to design
the linaal precoding matrix and the power allocation. However, in a first step, global CSI is
required to perform the multibase scheduling mechanism. Depending on the system
requirements, this process can be carried out by a central unit (external or relatecots®n
station), or can be performed using decentralized approfEh&s08] Backhaul overhead is
significantly reduced (both the exchange of user data and CSI are reduced).

2.3.1.4 Expected requirements on architecture and protocols

The centralized joint proceisg scheme requires a central unit to perform the linear precoding design and
the power allocation. The partial joint processing scheme decreases the amount of data that needs to be
exchanged between the B&sd/or the central unit, but still requires tise of a central unit. Finally, the
distributed joint processing approach requires in a first step to perform a centralized multibase scheduling
mechanism and the exchange between BSs of the interference level experienced by the user.

2.3.2 Joint processing wih reduced backhaul requirement by MAC coordination

In this paragraph an approach for maximizing the weighted-ratenis proposed, in a downlink
transmission with multiple cells, i.e. a joint processing solution. A central unit, based on the scheduler
requirements and on the channel estimates, jointly forms the clusters, selects the users and calculates the
beamforming coefficients and the power allocations. Such an approach can be seen as an efktension
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[PGHO08], withthe difference that users and clustg are jointly selected in order to maximize the
weighted sunrate.

In this document a particular embodiment of the proposal using darenog beamformer is presented,
even if it is worth noting that the proposal applies to other beamformer techaguel.

The proposed technique allows a significant reduction of signaling in the backhaul due to data sharing
between cooperating base stations, while achieving a high fraction of the full coordination performance.

Duplexing mode TDD/FDD
Clusteringmode(1) Dynamic
Clustering mode (2) Network centric
Codebookbased Works with or wo codebook
Data exchanges: users data Yes
Data exchanges: Channels Impu| Yes
Responses
Data exchangesothers Scheduling coeitients  precoding
Data exchangesate: slow or fast | Weights
Fast rate

2.3.2.1 Description

Downlink transmission is considered. Let N be the number of sargkenna base stations in the system,
K the number of users in the netwoit,,2 , g the quality of service weights assated to the different

users. The channel from theélmbase station to thetk user is modelled as
he= Gybd, & (2.17)

where G,, is thefast fading coefficients is the patHoss constantfl,, is the distance in km between n
th basestation and the -kh user, a is the patHoss exponent andj, models the shadowing term.
Moreover, letw,, indicate the precoding weight used for ththluser at the-th basestation.

The N base stations are grouped in subsets gfeﬂ clusters, where B representsetmaximum

&B

dimension of a given cluster. Coordination is allowed between base stations belonging to the same
cluster, whereas base stations belonging to different clusters are not coordinated. The clusters are disjoint,
i.e. a given base station cannot IngJdo more than one cluster. The base station clusters are created in a
dynamic wayjn other words at each time interVathe sets of coordinated base stations are generated in
order to maximize a given objective function.

We define C (t) =12 ,L as the set of base station indexes belonging tdttheluster at the time
intervalt and U, (t),1 =12 L as the set of user indexes scheduled for transmission in a given cluster at
the timeintervalt. We defineC, (t),2 ,C_(t) as a base station clustering at tietime interval.

Assuming that thdth user at theth time interval is scheduled for transmission in thih cluster, the
signal received by thigh user can be written as

% (0= & ha(Jwi(9d(d + &  anh9w()d()

ni G (1) U (t) kniG(9

+|'J'7,a ah., (t) wy (1) d; (1) +n (9

Fitut)ni G (1)
where the first term is the useful signal, the second term is the interference due to the signals sent to the
users in the same cluster than usethe thid term is the interference due to the signals coming from
other clusters, and the last term is the additive white Gaussian noise.

(2.18)

Y In this paragraph the notion of time slot is somehow generic, and it does not refer to argfdt@e definition.
The reason for this choice is that we want to keep this framework as much general as possible, leaving eventually
to the system designer the choice of selecting the besfitamme for a practical implementation of this algorithm.

Version: 1.0 Page 28(75)



WINNER+ D1,8
Letds for the mome nthe tidenterpalt, tard éocud an phihrbase station cluster.
Let be x; a mapping between every elemenidnand a corresponding element in the{éel ,|q |} , and

let i a mapping between every elementUnand a corrgponding element in the 3{51,2 ,|U| |} . The
vector of signals received by tr|te| |users scheduled for transmission in lthecluster can be written as

y, =H/Wd, ﬁl' (2.19
where [H,]W(k) 9 = o [WI]X,(n) 0 = W [dl]w(k) =d.and n, is a term representing the white
Gaussian noise and the interference coming franother clusters.

TheError! Reference source not found.technique proposed in this paper does not rely on a particular
method for the choice of the precoding matkix, and can be applied with both full and pdrthannel

state information. Nevertheless, as an example of a partiemlbodimentjn the following W, will be
obtained by using @F approach, i.e. such thad,W, =I WL Wherel‘U | is the |U, |3 U, | identity

matrix. AssumingU,| ¢|G | the ZF matrix can be chosen to the pseinderse of H,
W, =H," Q‘hHlH é (2.20)

Then the received signal at the kth user becoges d, +, k 1J, and the rate achievable by th¢h

o Pdk
52
user. The problem of finding thgower allocation that maximizes the weighted sum rate under ZF
beamforming subject to pduase station power constraints can be formalized as:

a X
user belonging to theth cluster is log, §+ where P, = EgdK|2 is the power allocad to that

) a p
(42 062 €)= i o bag s
P20, "k (221

alw P ernig

ki U,

— = =) =) =) =) =) (D

where P, is the power constraint at tinh base station of tHéh cluster.This is a convex problem which

in general can be solved by using an interior point method. In order to kbwecomputational
complexity, in this paper a simplified solution obtained by normalizing the water filling power allocation
5l
is considered, obtained under a spower constrainty P, between theiCI | base statios belonging to
n=1

thelth cluster, in order to satisfy the gagise power constraints.

A star network topologis assumed, thaian represent the case of multiple base stations connected with a
central unit or the case of multiple base stations connectéte tnetwork, where one of them acts as
central unit.Scheduling, base station clustering, calculation of the beamforming coefficients and power
allocation are realized in the central unit.

The proposed technique can be summarized as follows:
Phase | Each base station sends the channel estimates to the central unit.

Phase Il Based on the channel state information and on the scheduling requirements, the central unit
jointly creates the clusters of collaborating base stations, schedules the userseirtitiséers and
calculates the beamforming coefficients and the power allocation.

Phase Ill. The central unit sends to the base stations beamforming coefficients, power allocation, indexes
of the coordinated cells and indexes of the selected userssAidini, the base stations belonging to the
same cluster need to share the data of the selected users between them.

With respect to full network coordination, the proposed technique allows the reduction of signaling due to
data sharing, while requiringeétsame amount of signaling due to channel estimates exchanges. Anyway,
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under the assumption of low to average Doppler conditions, the backhaul bandwidth required for sharing
the data between cooperating base stations is much higher than the one regupdédtiog the channel
estimates at the central unit.

Assuming ZF precoding, the problem of jointly clustering, user selection and power allocation in a given
time intervaf can be formalized as

max AR(U2 U G2 G)

U2 UL G2 &g
U AU, =f, k jkj 12 L (2.22)
C AEC, =f, k jkj 12 L

— = = —— =

L
The objective function§ R (U,,.2 ,U_,G.2 ,G) is a function of both the base station clusters and of

1=1
the users scheduled in each cluster. Under the ZF precoding assumption the optimum
U2 U, C .2 ,C must at the same time minimize the intkrster interference and select a quasi

orthogonal set of users to be scheduled in each cluster.

The two constraints are related respectively to the assumption efvwedapping clusters and to the
assumption that each user cannot be served at the same time by base stations belonging to the same
cluster.

The optimal solution requires a brute force search over the sets of users and possible base station clusters.
In the following a sulpptimal appoach based on the idea of restricting the search space is proposed. This
approach consists in two different stageso#ifine stage, where the different clusterings are generated,

and aronline stage, where the best clustering is chosen as a functibe s€heduler requests and on the
channel state information available at the central node.

Off-line phase The candidate clusterings are choseHiné taking into account path loss and shadowing

(or more in general average user distribution and avaragenel estimates). For example for a system

with 7 cells and B=4, the following three candidate base station clusterings could be chosen based on
average measurements: {1234}, {567A4R2467}, {135}- {2356},{147}.

On-line phase At each time interval the central unit estimates the weighted gsate achievable for

each cluster. This sunate estimation involves the choice of a candidate set of users to be scheduled with
a brute force user selection or with a greedy user selection technique and thaticalaflthe power
allocation that maximizes the weighted state. Finally, the clustering that maximizes the weighted
sumrate and the associated set of users, beamforming coefficients and power allocation are used for
transmission in th&h timeinterval.

2.3.2.2 State of the art

Inter-cell interference in theory can be completely eliminated by full netwodedination [HFV06].
Unfortunately, full network coordination is not easy to be implemented in real systems. The main
problem to face is the amount of Bhaul overhead required for signaling and data transmissions.

Different approaches have been considered in order to limit the coordination to only a subset of the cells

in the systemln [MFQO7a] and [MFO7l an approach has been considered for uplink ao@ndink
transmissions such that theers are divided in groups using orthogonal resources. Joint detection can be
used only between users belonging to the same group. Weak users (i.e. users at the edge of the cells) are
grouped together and the bagaton coordination is realized starting from the weak users until the
constraint on the backhaul is achieved. The grouping is realized considering only average channel state
information, without exploiting instantaneous dynamics of the charne]Ver07] a BS selection

algorithm is presented that refers to the uplink problEhe goal is to minimize the power in order to
achieve an equaihte requirement. Power allocation, receive (linear) beamforming and cluster assignment
are jointly realized using an exton of the algorithnproposed ifRTL98]. The mainlimitation of this

work is the lack of diversity with respect to changing channel condititm$PGHO08] a dynamic
clustering technique is considered for uplink transmissions in order to maximize theedeignrate.

At eachtime intervalone user per cell is selected using the round robin scheduling. Ainteainterval

and for those specific selected users the algorithm chooses the best bases in order to serve those users
using joint combining.

2 As already mentioned before, the dependence on thdntewalt is implicit.
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2.3.2.3 Expeded performance or benefits

We refer to AppendiA.5 for a detailed description dhe simulation results. We anticipate that the
performance will be measured in termsGF of the average perell rate, and peuser rateWe will
show that the proposal giwan advantage on both average perat and on celbdge rate.

2.3.2.4 Expected requirements on signalling and measurements

The proposed technique allows a significant reduction of signaling in the backhaul due to daga sharin
between cooperating base stations. As explained before, this reduction is obtained by dynamically
selecting the coordination region.

It can be applied with different type of beamformers, so the level of uplink feedback is different for the
different beanforming techniques.

2.3.2.5 Expected requirements on architecture and protocols

The proposal needs a logical centralized entity to perform the joint clustering, scheduling and
beamforming. On the other hand this centralized entity can be implemented in atdidtnby.

2.3.3 A generalizd method for joint design of linear transceivers with CoMP
transmission

A generalmethodfor joint design of the linearansceiversvith coordinated multcell processing subject
to perBS power constraints is proposfked multiple antenna receiver§wo specific systeroptimization
objectives are considered. In the first, the minimueightedSINR per data stream is maxirad, which
resultsin SINR balancing at the optimal solution. In the secdhd, weighted sum rate is maximized
Both optimizationproblens arenon-convexfor multiple antenna receiveend only locallyoptimal, but
still efficient, solutions can be found

This work is a continuation to the work [WIN+D14] and [TPK09], where a generalized methéat
joint design of the lineartransceivers was proposed for SINR balancing case with single antenna
receivers. This is now extended to consider multiple antenna receivers as well as another optimization
objective, i.e., maximizing the sum rate.
The proposedgeneralizedmethod for solving differentoptimization problems with coordinated BS
processingan accommodatiefollowing special cases:
1 Coherent multcell beamforming with peBS power constraints, which requirasfull phase
synchronism between alboperating BS[TCJ08a]
1 Coordinated singleell beamforming caseyhere all the transceivers are jointly optimized while
considering the othegell transmissions as inteell interferencésimilar to solution ifBOO01]).
1 Any combination of above twayhere thenumberof jointly transmittingBSsmay vary between
usersand/or streams

In the ®herent multicell beamformingase, each data stream may be transmitted from multiple BSs over

a virtual MIMO channel. This requires full phase synchronism between all B8saddition, a large
amount of data needs to be exchanged on the coordination link, i.e., complete channel knowledge of all
jointly processed B&iser links need to be conveyed to the central controller and user data as well as
precoding weights need to be reaalailable at the cooperating BSs.

In thecoordinatedsinglecell beamforming caseachdatastream is transmitted from a single B&nce,

a full carrier phassynchronisnmbetween transmitting BSs is not required. Furthermore, a lower amount
of data neds to be exchanged on the coordination link. Inc@rdinatedsinglecell beamforming case,
auser is typicallyallocated to a cell with the smallest path loss. Near thedgh, the optimal usbeam
allocation strategy may also dependtbr time vaying properties of the channdflence large gains
from fast usédbeamallocation algorithms are potentially availalibe the cell edge users. The optimal BS
assignmeniper uselbbeamrequires an exhaustive search over all possible combinationserbeam
allocations. This is clearly computationajiyohibitive for a large number of users and BSs. Therefore,
suboptimal heuristic allocation algorithnmere proposed A detailed description of the proposed beam
allocation algorithms are provided in Appendi6.

The presented generalized method requires full channel knowledge betweerualrBisks. Thus, the
solution represents an absolute upper bound for the less ideal solutions with incomplete channel
knowledge.
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Since theproposed generalized CoMP transmission algorithm is able to perform any scheme between
joint processing and coordinated beamforming it enables an easy design of adaption algorithms that can
switch between joint processing and coordinated beamformingg tsim kind of adaptation algorithms

the high requirements on pure joint processing can be relaxed. Since the generalized method is designed
for a fixed cluster it is independent from clustering approaches. Hence, it can be efficiently utilized in
different clustering methods, e.g., path loss based clustering.

History Continuation of the work in D1.4
Section3.3.2.2

Duplexing mode TDD

Clustering modé1) Static

Clustering mode (2) Network centric

Codebookbased No

Data exchanges: users data Coherenmulti-cell beamforming: Yes

Coordinated beamforming: No

Data exchanges: Channels Impu| Yes
Responses

Data exchangesothers Precoding weights
Data exchangesate: slow or fast | Fast rate

2.3.3.1 Description

Consider acellular systenthat consists of Ng BSsand K users. Each B® and each usek are
equippedwith N; and Ng antennas, respectivelt set U with size K :|U| includes all useractive

at the given time instant, while a subs#g | |U] includesthe users allocated &6 b,ki U, . Each user
k can beservedby M, B S owhich define the joint processing s&, for the user k, and

B,1 B :{1,...NB}. The signalector y, | c"re of userk consists of the desired signal, intrall and

inter-cell interferene. t is expressed dsllows
Yk = A &kHokXok T A @kHokad Xbit @ @xHokd Xbi Nk

bi B, bi B, i,k bi B\B, it Uy
where the vectox, | c'r is the transmitted signal fromthed t h B S k tnp~ GNE,&Ng! Ne )

represents the additive noise sample vector with noise power deNgityand ay,  Hyp I cMrNr

i c™=Nr s the channel matrix from B® to userk with largesale fading coefficienta,, . The
elements ofH,, are normalized to have unitary variance.

The transmitted vector for usér is generated at B® as x,,, =M, d,, where M i cNr’™ s the

pre-coding matrix, d, =[dlk,...d is the vector of normalized complex data symbols, and

-
m .k
my ¢ min(NTM i Nr, ) denotes the number of active data streams.

The focusis on linear transmission schemes, whére Ny transmitters send independent streams,

S¢ min(NB N+, a U Ng, ) per transmit dimensioRer data stream processing is considered, where for
each data strearg s=1,... S the scheduler unit assiates an intended us&g, with the channel matrices

Hik, i MR ,bi Bg. Note that more than one stream can be assigned to one user, i.e. the cardinality

of the set of scheduled usetd,= {kS |s=L...,S} is less than or equto S.

. - N . . .
Let mpl cM andw i C ™ bearbitrary transmit and receive beamformers for the streaPhe
SINR of the data stream can be expressed as
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2

. "
A Bk WsHpkMps
b B,

gs = . 223
2 e | H
NO”‘NS"z ta |A akWsHpk Mp;
i=1i, s|oi B,

The general system optimaition objective is to maxireé afunction f(gl,...gs) that depends on the
individual SINRvalues for eaclstreams. This can be formulated as
2

. u
A 2k WsHp Mps
bi B

S.t. 520" S

a ab,kSWsHH bk, Mb,i (2.24)

bi B,

S
Nolw[;+ &
i=11 s

& ol ¢ RD=1.Ng
$5,

fwel, =15=1...5

. B . N .
where the variables anma, ¢ | cNrandw i C ™, s=1...S and S, includes all streams allocated to

BS b, ie, S, ={s|ksi Up}. m, can be further split intan, ¢ =./py s Vy,s, Wherevy I CV and
Pps are the normalized tramst beamformer and the allocated power for the streanThe weights
b, >0,5=1,...S, are used to prioritise the data streams of different users differently.

Two different system optimization objectives are considered.
1 Minimum weighted SINRnaximization, max f(gl,...g5)= Ming; s b tg, [TPKO9].

R
1 Weighted sum ratmaximization, max f(g;,...gs)= & ;bs log, L+ gs)=log O (L+gs)"
s=1

[TCJO84.

Solutions for these optimization problems are presented in detail in App&edix

Notice that aother approach for the problem of maximizing the minimum SINR per user/stream, based
on the uplinkdownlink duality theoremwas considered for coordinated beamforming case in section
2.2.1 In contrast to that, the generalizapproach in this section, which can accommodate any scenario
between joint processing and coordinated beamforming, utilize the conic optimization [WESO06] on the
beamformer design. The naonvex problem is divided into convex spibblems that can be apially

solved by using standard convex optimization tools. However, the global optimality cannot be guaranteed
due to the noonvexity of the original problem.

2.3.3.2 State of the art

A generalised method for joint design of linear transceif@r$SINR balancig casesubject to peBS

power constraints with single antenna receiveias presented and analysed in [WIN+D14] and
[TPKO9a]. The method can accommodate any scheme betea®grent multicell beamformingand
coordinated singleell beamforming. It is assuwed thatfull CSI between all terminals and BSs is
communicated from the BSs to the central controller or master BS so that the precoders are computed in a
centralized manner. Furthermore, the precoders need then to be communicated back to each BS involved

2.3.3.3 Expected performance or benefits

Performance of the proposed concept is evaluated in detail in Apparidisome of the results from
AppendixA.6 are presented hereifable 2-4 presents the ergodic sum rate of users at the cell edge for
{K,NB, NT,NRk}:{Z,Z,Z,J} and {2,2,2,2} systems with sum rate maximization algorithm at 20 dB
single linksignal to noise raticSNR). The followingtransmission schemesecompared:

1. Coherent multcell beamforming.
2. Coordinatecbeamformingwith optimal beam allocation (exhaustive search)

Version: 1.0 Pag 33(75)



WINNER+ D1,8

3. Non-coordinatecbeamformingwith optimal beam allocation (exhaustive searctie ifter-cell
interference iseglected in the precoder dasig

Table 2-4: Main performance results of generalized CoMP transmission method

Transmission scheme Ergodic sum rate Ergodic sum rate
[bits/s/Hz]: Ng, =1 [bits/s/Hz]: Ng, =2

Coherent multicell 15.95 23.3

beamforming

Coordinated beamforming 10.36 17.15

(optimal beam allocatign

Non-coordinated beamforming 5.47 8.17

(optimal beam allocatign

It can be seen that coherent mgkil beamforminggreatly outperformsll the noncoherent cases. The
difference between coherdmamforming and coordinated beamforminderms of ergodic sum rate
about 6 bits/s/Hz at the cell edge for both configurations ofetteiver antennadg =1 and N =2.

This is due to the fat that the coherent muitiell beamforming carfully eliminate the intecell
interference Obviously, there is a trad#f between performance and complexity since using coordinated
beamforming the amount of data to be exchangethe coordination link is reduceBurthermore, a full
carrier phassynchronisnbetweerBSs is not required. It is also shownTiable2-4 that the performance

of the coordinated beamforming is significantly better, i.e., alfBastd 9 bits/s/Hzthan that of non
coordinated beamforming case fdtz =1 and Ng =2, respectively.A more detailed performance

evaluation with wide range of numerical examples is provided in Appénfix

2.3.3.4 Expected requirements on signalling and measurements

The coherent mulitell beamformingsets highrequirementdor signalling and measurements large
amount of dataneedsto be exchanged on the coordination $éink.e., omplete CSI of & jointly
processedBS-userlinks to the central entityand user data as well aepoding weights from the central
controllerto the cooperatinggSs. Furthermorejght phasesynchronzation acrosghe cooperating BSs

and centralzed controllersis requred. Therefore, high speed links, i@ptical fibresor dalicated radio

links, are required between cooperating BSs and the central controller.

Coordinated beamforming and beam allocation has looser requirements on coordination and backhaul,
i.e., tightfrequency synchronizaticend sharing of user data between each BS are not reddoeever,

full channel knowledge of all jointly processed links is still needed for the ideal interference avoidance.
Hence, acentralised resaaoe management mechanisng.,i.central controller or master BS, sl
neeckd.

2.3.3.5 Expected requirements on architecture and protocols

The proposednethodrequires acentralized resoge management mechanism. Furthermore, the required
information exchange rate between the cooper&ig and the central controller is high.
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3. Investigations on relaying in the framework of CoMP

The introduction of Relay Nodes which are controlled by the network allows to use them as part of a
CoMP system. The RNs can be used to extend the actual cevarag densify the actual network to
enhance the user throughput at the cell edg&ayRodes are connected to a base station viatlosair

in-band links (e.g. specific control channels eband backhaul, depending on the relay type), enabling a
tight coordination but at the price of a possible delay between the coordinatedHheniss,. coordinated
relaying schemes are a particular way to implement CoMP, which has to account for the specificities of
relays regarding the coordinated processing: diaydinherent to the-Bops transmission between a base
station and a user terminal (UT), and/or the potential errors affecting the first hop.

In year 1, different aspects of coordinated relaying schemes were investigated, e.g. coding schemes and
schedules taking relaying into account. The conclusion was that it is worthwiifartherinvestigae

relaying in the framework of CoMP. Hence, in this section various cooperative relaying schemes
considered for year 2 are proposé€He first innovation considera cooperative scheme, which combines
cooperative base station transmission and relaying. The second innovation considers distributed LDPC
coding for a Decode and Forward type relay..

History Continuation of the work in D1.4
Section3.3.2.2

Duplexing male TDD

UL/DL UL or DL

3.1 Impact of interference on design and performance of relaying protocols

Although relaying is a promising concept it still needs to be clarified to which extent the increased
interference level reduces the actual benefits of relayimghis section, we extend the interference
channel by additional relay nodes in order to investigate the influence of interference on the design and
performance of relaying protocols.

Figure 3-1: Relay-assisted interference channel with two communication pairs and one relay node
supporting each pair.

This section presents system level results for a protocol, which combines the advantages of coordinated
base station transmission and relaying. In ordediszuss this protocol, we introduce the relay
interference channel as introdudgadRFL09] with two communication pairwith source nodes; and

s, and destination noded; and g), each supported by one relay nofie (resp.r;) supports the
communicabn betweens, (resp.s;) andd; (resp.d,)). Each relay node is underlying the hdifplex
constraint, which implies that it is either transmitting or receiving on a particulaffrixaqueency resource.

It further considerdackhaullinks C;; 23 and G, 1; between source nodes, which are used to coordinate
their transmissionskigure 3-1 illustrates the channel. In order to explain the employed schemes, we
introduce the interference and broadcast channel in the following.
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