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Abstract

Modern cellular networks in traditional frequency bands aotoriously interference-limited espe-
cially in urban areas, where base stations are deployedose gbroximity to one another. The latest
releases of Long Term Evolution (LTE) incorporate featui@scoordinating downlink transmissions
as an efficient means of managing interference. Recent fieldrésults and theoretical studies of the
performance of joint transmission (JT) coordinated mpdtint (CoMP) schemes revealed, however,
that their gains are not as high as initially expected, desjhie large coordination overhead. These
schemes are known to be very sensitive to defects in synidation or information exchange between
coordinating bases stations as well as uncoordinatedfénégrice. In this article, we review recent
advanced coordinated beamforming (CB) schemes as alt@satequiring less overhead than JT
CoMP while achieving good performance in realistic comaii. By stipulating that, in certain LTE
scenarios of increasing interest, uncoordinated intenfeg constitutes a major factor in the performance
of CoMP techniques at large, we hereby assess the resil@rhbe state-of-the-art CB to uncoordinated
interference. We also describe how these techniques canalge the latest specifications of current

cellular networks, and how they may perform when we constlerdardized feedback and coordination.
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This allows us to identify some key roadblocks and reseaireltiibns to address as LTE evolves towards

the future of mobile communications.
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I. INTRODUCTION

Current dense and future super dense mobile broadband nkstwoe subject to various
scenarios of simultaneous interfering communicationdink cellular networks, interference
from neighboring base stations (BSs) is still one of the nposininent performance degradation
factors resulting in outages or performance losses at thedges as well as increasing the need
for complex handovers. A classical approach to tackle fietence is through medium access
control and medium sharing techniques, which in turn séye@mpromise the performance of
each individual user in the network due to explicit time @tgrover the common resources.
As we move towards denser networks with BSs and access mawesing smaller areas to get
antennas closer to the users, interference is becomingasicrgly challenging [1].

Interference management in cellular networks has beeraficstoremost implemented through
smart reuse of network resources, mostly through the deec&requency Division Multiple
Access (FDMA) techniques. Previous generations of cellnitwork standards employed or-
thogonalreuse-n schemes, where neighboring cells do not interfere on edsritresources. A
frequency band used by a cell is not allowed, in this paradignibe used by neighboring cells,
thereby greatly lowering the inter-cell interference floathile the previous generation of mobile
communications, hamely Universal Mobile Telecommunarai System (UMTS), moved from
the reuser to a reuset paradigm, today’s Long-Term Evolution (LTE) specificasomclude
a more fine-grained approach| [2]. In classically deployetivokks with large homogeneous
cells, a core observation was that interference is mainlysane for mobile terminal (MTS)
laying far from their respective BSs.ei, at the cell edges. According to this approach, LTE
BSs separate frequency bands dynamically and ensure the#t Hilocated to the cell edges are
non-overlapping. Such fractional frequency reuse (FFRes®Es are a very efficient form of
interference management as it requires relatively low dination from the BSs’ part. On the
other hand, it may require more advanced power control irdtvenlink, and from the network
point of view, BSs inefficiently use the time and frequencyoces.

Capitalizing on the wide deployment of multiple antennaspeeially at the BS side, and
the advances in multi-antenna signal processing techsjouenew approach for interference
management has made its way into mobile communication atdadCoordinated Multi-Point

(CoMP) [3] is a broad umbrella name for coordination schethas aim at realizing multi-user
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communications,.e., sharing the medium among multiple network nodes over spactop
of the possible sharing over time and frequency resourdeg-ptusing on the downlink and
considering joint transmission (JT) CoMP, in the theosdtionit of infinitely many distributed
antennas, one could exactly pinpoint each MT and ensurethieasignal intended for it adds
up at its position, while creating no interference for th@estMTs in the network. In this
case, interference is not only removed, but is actually éssed and exploited to increase the
received signal power at each MT. However, for the practiogdlementation of JT CoMP
schemes, sharing of channel state information (CSI) ana fdatthe targeted MTs among the
coordinated BSs as well as tight synchronization at the tatal among them are necessary.
These requirements are actually constituting the majomdof JT CoMP in practical cellular
networks, rendering hard to achieve its theoretical gaingactice. On top of that, it was shown
in [5], [6] that, imperfect and/or outdated CSI and uncooadéd interference have a very large
impact on the performance of conventional JT CoMP schenrestiPal radio-frequency (RF)
components, such as oscillators with phase noise, wereshtson to have a similar effect![1].
As an alternative to JT CoMP for the downlink of cellular netks, Coordinated Beamforming
(CB) is based on shared knowledge of the spatial channelgebatthe coordinated BSs and
their intended MTs to separate the different data streantisowi exchanging MTs’ data. As
such, CB schemes come with less stringent synchronizatidrcaordination requirements! [5],
while retaining at least a large part of the JT CoMP perforoeaiVith CB, coordinated BSs only
share CSI, and as long as the CSl is up to date, synchromzatimneeded and each BS in the
coordination cluster may transmit independently. Recetdases of the LTE specifications by
the 39 Generation Partnership Project (3GPP) have integratedebessary elements to estimate
the interfering channels on the MT part, with added refegesignals and coordination of these
signals among the coordinated BSS [7], [8]. 3GPP also irdualdvanced 3-dimensional (3D)
beamforming capabilities and more complex antenna pattarrthe latest standards as well
as associated simulation tools. Although the standaidizaif CSI exchange between BSs is
still left to the discretion of the vendors, the aforemenéd improvements enable the practical
implementation of CB schemes, on which we focus the preseictea The theoretical design
of CB schemes has been lately the subject of many researarspayd which representative
examples are [9])/[10]/[11]/ [12]. Among these schemes,es{@h [12] target at the so-called

multiple-input multiple-output (MIMO)interference channel (IFC), where each multi-antenna
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BS belonging to the coordination cluster wishes to servetgkane multi-antenna MT, while
[10], [11] are intended to the more general MIM@ierference broadcast channel (IBC), where
each coordinated multi-antenna BS may serve concurrerghg rthan one multi-antenna MTSs.
In this article, we present comparative performance evWalnaesults among the recent CB
schemes, which constitute future candidates for impleat@mt in practical cellular networks
due to their offered theoretical performance gains comiity veduced coordination overhead,
and their increased level of compatibility to the latesievaht standards’ specificatiorns [7],
[13]. To advocate on the adequacy of interference coondinabnly at the beamforming level,
as an enabling approach for boosting the performance ofedeesworks, we consider as
example scenarios of interest small-cell network deplaysiewhere high capacity and tightly
synchronized on the signal level links among the BSs befangi a coordination cluster are
not feasible. In such scenarios, coordination may be fuflgasnic as a result of a scheduling
mechanism, and hence, carried out through dedicated wérdileks. We focus on revealing the
potential resilience of the CB schemés [9],/[10], /[11],![X8]uncoordinated interference and
investigating their performance with standardized fee#lf8]. The latter goal may also serve as
an indicator of the impact of the quality or latency of CSI e performance of the considered
schemes. To achieve the former goal, we propose a pararsgstiem model where the powers
of Intra-Cluster Interference (ICl) and Out-of-Clustetdrierence (OCI) are defined relatively
to the power of the desired signal. The impact of OCI on bothdlustered and centralized CB
schemes designed for the IFC, and on the decentralized sshimat can be applied to the IBC
is assessed. We then discuss how to adapt these schemeseint @d future standards, and
how practical feedback and quantization may impact theifop@mance. Finally, we conclude
with some specific research directions, that may be pursoigchprove the performance and

integration of CB schemes in future LTE networks and beyond.

[I. MODELING INTERFERENCE INCELLULAR NETWORKS

To investigate the impact of interference in coordinatathigmission schemes, we hereinafter
present a simple system model that captures the relatigeteff ICI and OCI in the received sig-
nal. For the interference experienced by each MT associatadS belonging to a coordination

cluster, we make the following assumptions:

. The aggregate ICl is of relative power € [0,1] compared to the power of the desired
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signal. For exampley = 1 models cases where MTs are at similar distances from all BSs
in the coordination cluster. The latter case is well suitedMTs located at the edges of
the separate cells, and thus the center of the cluster, wifie@oMP and CB schemes are
expected to perform best.

. The aggregate OCI is of relative powgre [0, 1] compared to that of the desired signal.
This parameter indicates the effectiveness of BS clugjeian coordinated transmission.
Low values of indicate that most of the interference for a specific MT hasnbiecluded

within the cluster.
Using the latter two assumptions, the proposed system nisdelathematically described as
follows. We consider an infinitely large cellular networlorfin which we single outB BSs,
indexed in the se3 = {1,2..., B}, to form a coordination cluster. On some time-frequency
resource unit, the BS cluster aims at providing servicd/tiMTs indexed in the set/ =
{1,2,...,U}. A set of MTs associated to B& € B is denoted byl4, such that, all set#f,
for all b form a partition of the sei/. Without loss of generality, we assume that each BS is
equipped with aN-element antenna array whereas, each MT hasintennas. Let als&,
represent thévV-dimension vector with the information bearing signal siantted from the BS
and intended for the M. Then, the baseband receivéfé-dimension vector at the MT. can
be expressed as

Yu = Hu,bxu,b + Z Hu,bxk,b + Z Z Hu,ZXn,Z + 8u + 1y (l)
kelly k£u 0€B,1£b nell,

whereH, ;, denotes thel/ x N channel matrix between the Md and the BS), and thel-
dimension vectog,, is the OCI, for which we model the amplitude of its elementsdependent
and identically distributed Nakagami-random variables. It can be shown that this modeling
of OCI includes that of([6],[[14]. In addition, th&/-dimension vectomn, represents the noise
modeled as additive white Gaussian such @ >" ., H.sXu/*}/E{[n.]*} = SNR. We
further normalize the channel matrices in order to haveyerage, ICI power at the signal level
asE{[| 3°, ey, HuXnel?} = a(B — 1)7'E{} o, Hupxup|*} and OCI power at the signal
level asE{||g. [} = BE{> .y, HusXusll}, where we have assumed thigg||H, ,x,[*} =
E{||H,sxx|*} for k& € U, with k # u. The system model of](1) is capable of describing a wide
range of interference scenarios by varying the parametensd 5 as well as the distribution of

g., thereby capturing how interference coordination mighfqren for MTs in different network
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Fig. 1. A toy part of a cellular network comprising 6fBSs, each designed to service a group of MTs (on the bottom as
black and grey dots). BSs are separated into two groups, ami¢hof the groups including th& BSs in the center that form a
coordination cluster. Each MT associated to a BS belonginthé latter cluster is subject to ICI of relative power(in red)

as well as to OCI of relative powet (in yellow).

setups. An example illustration of this model is depictedrig [I. The three BSs in the center
of the figure are assumed to form a coordination cluster. THes N&lling into the regions
covered by these BSs are subject to relative interferenitem intra-cluster BSs, and aggregate

interferences from each of the out-of-cluster BSs.

IIl. ADVANCED COORDINATED BEAMFORMING SCHEMES

In this section, the system model of Sectidn Il is first empbbyo a simplistic cellular network
in order to demonstrate the theoretical gains of JT CoMP aBds€hemes over representative
non-coordinated ones as well as to compare JT CoMP with CBn,TiWwe present performance
comparisons among CB schemes requiring full CSI exchangmsgmoordinating BSs as well
as schemes that operate with limited coordination overh&€hd compared schemes differ on

the considered design objective and the level of taking ogtwnterference under consideration.

A. Theoretical Gains Through An Example

We consider a cluster oB = 2 BSs as a part of a large cellular network, which aims at
serving2 MTs in every time-frequency resource unit; one MT is asdedido the one BS and
the other MT to the other BS. Focusing on the presented systedel and using the classical
bounds for the individual MT rates in multiple-input singlatput (MISO) IFCs [[4], it holds
that:
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Fig. 2. Theoretical comparison of JT CoMP and IA as well aérelise and orthogonal sharing of time-frequency resources
for the downlink of a cluster of a cellular network comprisetl2 multi-antenna BSs and single-antenna MT assigned per
BS. The case where = 1 is suitable for describing cell-edge MTs which are subjectGl having the same relative strength

with their intended signal. In both case$—= 0.25 with respect to the power of the intended signal.

« With full reuse of time-frequency resources, each MT is sabjo interference from every
BS not associated with, and its rate is upper boundédggél +SNR/(aSNR+ SSNR+1));
« With orthogonal allocation of the resources, ICI is absaritthe prelog factof).5 appears
on each individual MT rate, yielding.5log,(1 + SNR/(SSNR + 1));
« With the CB scheme based on interference alignment (IA)I{3]can be completely nulled,
and the individual MT rate becomésg,(1 + SNR/(GSNR + 1)); and
« With ideal JT CoMP, the interference power actually bookts intended signals and the
individual MT rate is given bylog,(1 + (1 + «)SNR/(5SNR + 1)).
The latter rates for each individual MT are sketched in. Bigvith OCI being6 dB lower than
that of the power of the intended signale.j 5 = 0.25, and for two different values ofy,
which reveals the relative power of ICI. As expected, botbrdmmated transmission schemes

provide substantial gains compared with full reuse andogidinal transmission when the network
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Fig. 3. Achievable sum rates for different CB schemes with@$| exchange and = 1 and 8 = 0. The coordination cluster
comprises of3 4-antenna BSs and 2-antenna MT associated with each BS. A maximumlofiterations was used for each
of the iterative schemes maximum SINR, WMMSE, and Recondigie:r The performance of full reuse and orthogohiad 2

MIMO transmission is also depicted.

operates in the interference-limited regime,,iwhenSNR increases. As approaches the gain
of JT CoMP over IA decreases. For example, 38R = 15 dB anda = 1 in Fig. [2, IA results
in a nearly100% gain over orthogonal transmission while, this gain becomessly 180% for
JT CoMP. When decreases, the latter gain of IA remains the same wherestsoftdT CoMP
decreases to nearly 0%. This example illustrates that, in many cases of intereltrge part of
the coordination gain comes more from the removal of interfee from the signal of interest
rather than from stacking the powers of multiple BSs. It soahoted that, when considering
practical implementation issues in achieving JT CoMP, thieus of full coordination becomes
even lower, since JT CoMP is more afflicted by degraded CSldartg RF than CB [[1].
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B. CB Schemes with Full CS Exchange

We hereinafter focus on th&-user N x M IFC, which constitutes a special case of the
system model of Section]ll where eath comprises of exactly one MT. In Fig8 and[4,
we consider a coordination cluster & = 3 BSs with N = 4 and M = 2, and compare
the ergodic performance with optimum receivers for differealues ofa and 3, and spatially
independent Rayleigh fading of the following CB schemigstA [9] that aims at aligning,
and then nulling interference at each MT belonging in the BSter;ii) Maximum signal-to-
interference-plus-noise ratio (SINR)! [9] that targets atximizing the received SINR of each
transmitted information data stream in the clustay;Weighted Minimum Mean Squared Error
(WMMSE) [10] that minimizes a metric for the whole networkathis based on the MMSE;
andiv) Reconfigurable [12]. The latter scheme combines a netwadke- MMSE criterion with
the single-user MIMO waterfilling solution in order to maxma the rate of each MT associated
with the coordination cluster, accordingly to the conditiof its desired channel and the whole
network’s interference level. Although, for all aforemiented CB schemes, we consider here a
centralized implementation with full CSI exchange amongrdmating BSs, it is noted that, for
the maximum SINR, WMMSE, and the Reconfigurable schemesijliited versions are also
available, where explicit CSI exchange among BSs is aveided thus, coordination overhead
can be potentially reduced.

The IA, maximum SINR, WMMSE, and the Reconfigurable CB scheare linear schemes,
which means that each BS transmits its signal using precegetbols asx,, = Vs,, where
V,, represents thé/ x d, precoding matrix and, is thed,-dimension information stream vector.
Upon signal reception, each MT estimates the desired tréiesirsymbols using al, x M
decoding matrixU,, forming 8, = U,y,. For IA and the maximum SINR schemes in Fis
and[4, eachl, was set td).5 min(N, M) = 1 according to the IA feasibility conditions|[9], and
V, for all b was obtained in closed form for IA and iteratively for maxim&INR. For both the
iterative schemes WMMSE and Reconfigurable, eéclvas initialized asi, = min(N, M) =
2 and obtained at the end of the algorithmic iterations or uponvergence, explicitly for
the Reconfigurable scheme and implicitly for WMMSE togethath all V, matrices. More
specifically, the Reconfigurable scheme outpljtto be sent by each coordinated B$ogether

with their beamforming directions whereas, WMMSE only gates the transmit covariances
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Fig. 4. Achievable sum rates for different CB schemes with@$Il exchange andr = 0.25 and 8 = 0.25. The coordination
cluster comprises a$ 4-antenna BSs andl 2-antenna MT associated with each BS. A maximum @fiterations was used for
each of the iterative schemes maximum SINR, WMMSE, and Rapable. The performance of full reuse and orthogonal

4 x 2 MIMO transmission is also depicted.

matrices with possibly some streams set to zero power, argluthusable. This means that, for
the latter scheme the optimudy needs to be searched in some way, a fact that will cause an
extra overhead in practical networks and possibly decrpagermance. As it can be concluded
from Figs [3 and[4 for a maximum of0 iterations per iterative scheme, the performance of all
considered CB schemes is susceptible to ICI and OCI. Thiavaehfor OCI was also observed

in [15] for IA. For example, forSNR = 15 dB, it is shown that the performance of all CB
schemes drops approximatel§% between the two interference scenarios, according to which
« decreases from to 0.25 and 5 increases fronD to 0.25. Interestingly, for the considered
interference cases in both figures aslR < 17.5 dB, the maximum SINR, WMMSE, and
Reconfigurable schemes, that take OCI interference undesidmration, provide equal to or
slightly more than100% improvement compared to IA. This behavior witnesses thatimmam

SINR, WMMSE, and Reconfigurable schemes are highly resiteethe o values, however, their
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resilience tog values is low, especially for WMMSE and hid@gf\NR values. This result tends

to reinforce the necessity of considering OCI when desgr@B schemes, and justify their
study under practical network conditions. As also demastt in Fig [4, the majority of the

CB schemes perform very close or slightly better to full easd forSNR < 17.5 dB, all CB
schemes outperform orthogonal MIMO transmissions. Howdwe SNR > 17.5 dB, orthogonal
transmissions is the best option, a fact that witnesses tthaichieve the best performance
for general values off, the coordination cluster needs to adopt a dual-mode aperathich
switches depending on the values between the Reconfigurable CB scheme for example and
orthogonal MIMO transmissions.

In the CB schemes discussed before, MTs served by the @ds®Bs are assumed to
be clustered so as to create a separate group. This tramspirgne current LTE standard,
in particular, LTE releasd1 describes a&CoMP cluster in which BSs may coordinate their
transmissiond [13]. This CoMP cluster forms the basis inictv the techniques [9], [10], [11],
[12] may be implemented, although as we will discuss in thHéong section, information
exchange between the coordinated BSs is still not starmatdinside a CoMP cluster, a MT may
estimate the channels of its interferers through specifics@t8ctures and commands. This CSI
may then be used to compute interference-aware receive filifor fed back to their associated
BS for further processing. The BSs inside a CoMP cluster nsylze able to exchange CSI when
operating in time-division duplexing mode [5], by makingus the channel reciprocity property
that is lacking in the more common frequency-division dyjpig (FDD) mode. Notwithstanding,
CSI exchange among coordinated BSs is still a complex aperait weighs heavily on the
backbone network [1], and as of today, there is also no spesifindardized mechanism on
how or when to transfer this information. Therefore, thaigtitforward implementation of the

described CB schemes outside of a vendor-locked configar#i still out of reach.

C. CB Schemes with Limited Coordination Overhead

One example of a CB scheme with limited coordination ovedhigshe Downlink IA presented
in [11], which is suitable for the more general IBC. This stes capitalizes on the standards’
specifications[[13] to allow each MT to estimate its stromgaterferer, and feedback good
precoder candidates to its associated BS. Consider aarefiatwork with coordination clusters

of B = 2 BSs, where each coordinated BS aims at sending a singlaniafmm stream to its
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K = N — 1 associated MTs. The basic idea of Downlink IA is to force theeived signal at
each MT associated to the cluster from the non-intendeddauated BS in a signal subspace
of rank N — 1, thus freeing up one decoding dimension from interferencdlfe desired signal.
These decoding directions create equivalent MISO charfioetee MTs associated to the cluster,
which can then feedback them to their associated BS. EachaB$hen employ any multi-user
MIMO technique [4] to multiplex theV — 1 information streams towards its respective MTs,
such as zero-forcing beamforming. The benefit of the Downlix scheme is that, although
each BS only frees a single dimension, the interferena-diieection is different for each MT,
thereby enabling multi-user diversity. One can contrastvblmk 1A with FFR schemes|]2],
where the dimension freed in frequency is the same for all MiT®ur performance evaluation,
we further assume that each MT can learn the precoder chgste BS for their stream at the
end. Since they have already estimated the channel fromdhantended clustered BS, they
know the necessary information to update their receivernsiterference Rejection Combining
(IRC) receivers, as described in [7].

The performance of Downlink IA with IRC receivers over spdyi independent Rayleigh
fading channels is illustrated in Fi@ as a function of the&sNR for different values ofq,
B8 =025 B=2,M=N =4, and K = 3. Within this figure, we also plot the performance of
a more classical multi-user MIMO scheme where interfereisceot exploited, and for which
the decoding direction of each MT assigned to the clusteh@sen as the strongest eigenvector
of its intended channel; this scheme is denoted as the Eégemb scheme. Note that with the
Eigenbeams scheme, each BS can supp®i's whereas, with Downlink 1A each BS servad
MTs. As seen from the figure, and as expected, for cell-edge ti@re is potentially a very large
SINR gain coming from the removal of the interfering cooated BS. In that case, Downlink
IA shows a50% gain from the Eigenbeams scheme in the average sum rate pafirtated
BS. On the other hand, the gain of Downlink 1A for MTs that act at the cell edge, and thus
do not experience a strong interferer, is reduced. As hggted by the theoretical example in
Section[Il-A, the performance of Downlink 1A depends to th&lues of botha and g; if «
is much larger thar, we have a strong interest in removing the interference @imeans
being somewhat misaligned with our own channel. On the oftlzed, if the remaining OCI
is on the level of the ICI, Downlink IA provides less gains riha straightforward multi-user

MIMO scheme like Eigenbeams. This is in line with recent gses, as @. in [15], where it
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Fig. 5. Achievable rates per BS for different valuesoofind 5 = 0.25 for a IBC with 4-antenna nodes and a main interferer
for each coordinated BS. For both the Eigenbeams and Dowidirschemes, IRC receivers have been used. The performance

of the WMMSE scheme is also illustrated for comparison pseso

was shown that blindly applying IA in a clustered cellulatwerk is altogether detrimental.
We can also conclude from Fifl that the performance of the WMMSE scheme is poor in this
context, since it targets at minimizing the interferenafrthe non-intended clustered BS even
if it has to shut down transmissions to its MTs. At convergen€ this iterative algorithm, a
subset of the MTs will experience a very high SINR, but sinome streams will be unused,

the overall performance is lower than that of Downlink IA dgé&beams.

V. COORDINATED TRANSMISSION WITH THELTE FEEDBACK SPECIFICATION

The CB schemes presented in the previous section necessietof CSI exchange among
the BSs belonging in the coordination cluster. Howevenmgthe still no standardized mechanism
in the current LTE specifications for full CSI exchange inlaalr networks. This means that
non-proprietary attempts at achieving CB are not truly fiidssas of today. As such, CB is not

feasible outside of a vendor-locked coordinated set of B®&syithin a single BS with remote
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Fig. 6. Impact of non-ideal standardized feedback on théeaahle sum-rate performance per coordinated BS with the
Downlink 1A and Eigenbeams schemes for a IBC wittantenna nodes and a main interferer for each coordinatedrB&l
casesa = 1 and 5 = 0.25, and MTs are assumed to compute the optimal IRC receiverimd&wnowledge of the precoder

chosen by their assigned BS.

radio heads. This precludes many of the presented advanBescimes, which require CSI
exchange and possibly joint computation of the transmisperameters among the coordinated
BSs.

Focusing on the LTE releas& for feedback specifications, we henceforth compare the
performance of the Downlink 1A and Eigenbeams schemes fer|BC scenario of Fig[5
under standardized feedback, and compare it with the ig@ealfack case. In particular, the CSI
feedback needed in these schemes is limited to the feedlbamdyoa channel quality indicator
(CQI) and a precoding matrix indicator (PMI) for each freqeye subband. The physical layer
procedures related to this feedback and the PMI codeboakgdescribed in[[8]. In FiglG,
we evaluate the performance of Downlink IA and Eigenbeantt wractical feedback using
4-antenna network nodes an®#it codebook that creates a family 256 possible precoders.

To apply this codebook to the considered IBC scenario, wdliaek the equivalent channel by

April 18, 2016 DRAFT



14

using the PMI to the closest precoder in the family. As demicirom Fig [6, this procedure
results into a net performance loss of abodf for the Downlink IA scheme and0% for the
Eigenbeams scheme. It can be shown that this loss is noekgrititked to the somewhat coarse
feedback quantization, but rather in the way the codebooknstructed in [8]. In fact, increasing
the number of bits in the feedback scheme, while keepingdheescodebook construction, does
not improve the performance substantially. This indicdted the sheer number of bits for the
feedback channel is not itself the strongest indicator eflback quality, and that codebook
construction is in fact a fundamental question. Higher igfen in the feedback process as
well as accurate CSI estimation are thus still two of the kepsfions to answer today for
coordinated transmissions schemes as well as for manydthenel-dependent signal processing
techniques. In addition, practical CSI exchange betwees B&ticipating in a coordination
cluster is undefined as of the latest LTE release. There isaligtno standardized way of
encoding CSI in FDD systems. The specifications of the baoklmmmmunications in a CoMP
set are also left to vendor implementations, precluding iatgr-vendor CoMP set to be set up

in practice.

V. CONCLUSION AND RESEARCHDIRECTIONS

As network deployments become denser, interference assasiominant performance degra-
dation factor that is almost irrespective to the underfynaiysical-layer technology. The feature
of coordinating BS transmissions to manage interferenceellular networks is already a part
of the latest LTE release, offering significant potential performance improvement especially
at the cell edges. Among the recently proposed coordinattremes, there exist CB schemes
that require coordination overhead that is more or less ediip with the current standard’s
specifications, and adapt satisfactory to ICI, while shgwsome resilience to OCI. However,
to maximize the benefit from CB in future communication netgo certain advances need to
take place. One of these is BS clustering that needs to bedyot@imic and scalable. Efficient
clustering methods, based for example on network conngciiv received SINR, that keep
OCI levels to the minimum can be combined with CB schemes tisoetwork performance.
Another necessary progress in coordination schemes isesigrdof techniques for information
exchange with low overhead among the coordinated netwodlesioThe coordination overhead

of the latest CB schemes is still far from what can be supgdoiriethe current LTE release.
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This necessity becomes even more prominent in fully disteid CB schemes, where information
needs to be exchanged iteratively between transmittersemed/ers. In fact, it is yet unclear how
to practically implement iterative CB schemes and theiunegl information exchange overhead.
There are issues in both the actual form the information agess will take, the structure of

the message-passing shells, and most importantly the igaaoh that has to be done on the
message content. Up to this day, there is little researchesigding CB schemes where the
iterative computation supports noisy or quantized messagas is also related to the accuracy
of CSI as measured by members of the coordination clustest hat not least, coordination

schemes need to be designed to account for the characteps$tiechnologies intended for next
generation networks, such as for example full duplex radiod massive MIMO with possibly

hybrid analog and digital processing.
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