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Abstract—In this paper, we provide the analysis of the down- resources sharing, by aggregating them into time-frequenc
link Coordinated Multiple Point (CoMP) used in conjunction with  resource blocks (RB).

the basic MIMO. The CoMP is the joint multi-cell transmission The allocation of those RB either by using the interference

from several BS to mobiles, coupled here to an open-loop id - it based full fracti | th
MIMO technique that does not require the perfect channel stée avoldance via pattern based 1ull or iractional reuse metn-

knowledge. We show by simulation, that even fort x 4 MIMO ~ 0ds [3], [7], [8] or more recent interference coordination
transmission, the CoMP can improve the spectral efficiencydr  (ICIC) methods can be efficient only for large scale centrall

some mobiles, depending on capacity outage requirements. planned cellular systems, whereas the future systems for
Keywords: Multi-cell processing, MIMO, capacity distri- dense areas with sporadic cells deployment will necessitat
bution, macro-diversity, small cells. the automated network planning and optimisation. This has
motivated the development of the concept of Self-Optimized

|. INTRODUCTION and Self-Organized Networks (SON) [9].

An example of a SON-compliant technique is the distributed

Most of the upcoming wireless cellular systems standargswer allocation and scheduling algorithm for the downlink
implement a Multiple-Input Multiple-Output processing tqDL) based on local Signal-to-Interference Ratio (SIRpinf
exploit the spatial dimension, which is one of the key fa&tomation only fed back by the mobile, proposed in [10]. In
enabling high data rates over the wireless channel. Maggery slot, the most interfering resources are switchecaff
recently, a distributed MIMO in a multi-cell environmentong as this contributes to the overall capacity increasee
appeared as a breakthrough technology to improve the energyntributions studied the influence of the partial feedjadk.
capacity trade-off in cellular networks [1]. On the othedesi  The main issue with the coordination is the huge amount
a network-wide, rather then single-link oriented visiomde of signalling required to exchange channel data, algosthm
to the introduction of the so-called Coordinated Multiplgelated parameters, as well as synchronisation data matking
Points (CoMP), not for providing a huge increase of thignpractical due to backhaul limitations. Some CoMP vasant
total throughput [2], but rather to improve the SINR of celkych as distributed beamforming or dirty-paper-codingireq
edge users through the distributed spatial diversity. This a perfect time synchronisation in order to distributivelng
motivated by the obvious fact that in a very dense deploymertrate in-phase signals or efficient precoding patterns\Vifs].
with the reduced cell size and strong spatial frequencyereushoose to rely on a practical Alamouti-like MIMO that solely
(possibly with the whole spectrum resource made availaliquires users’ mean Signal-to-Interference and Noiseo®Rat
within each cell, reuse-1 [3], [4], the interference becertie  (SINR), computed from powers received from BS, but not the
main limiting factor, especially at cell boundaries. perfect CSI with estimation of channel coefficients. Thig, t

The main idea behind the CoMP is to enable the users at Weguired synchronisation between cooperating cells iaaed
cell edge to decode the joint transmissions from two or mote the symbol time-scale, instead of the physical clock.
BSs in the same frequency band. That way, a better coverag@s the only required feedback is the block average SINR,
is ensured with less users experiencing outage, and thush& underlying technique is referred to as open-loop MIMO.
more intense reuse of the spectrum in dense areas is allowgg. only study here a simplified attachment mechanism rely-
Several cooperation techniques of CoMP have been studird on constant transmission powers. At a first glance, this
in [5], [6]. The maximal sum-rate capacity has been derivegksumption may appear strongly suboptimal, but its main
in [1] providing an upper-bound and revealing the potendfal advantage relies on interference stabilisation. On theroth
the distributed MIMO. hand, adapting a BS power to reduce interference on a given

Both CoMP and MIMO are often coupled to the Orthoguser has a limited effect due to the presence of numerous othe
onal Frequency Division Multiple Access (OFDMA) whichinterfering BSs. But the main advantage of this approaches t
became a de facto access technology for many of current ange distributed automatic adaptation and selection afueses
futur standards, due to the intrinsic capability of OFDM tdased on local measurements only.
compensate for the fading and to offer the fine granularity fo If it is easy in the literature to find works on multi-cell



processing and clustering [12], [13], it is harder to find a 2) CoMP capacity computation. A primary BS computes

practical criterion to decide on cooperation. Most of timeetj from each received’, the spectral efficiency resulting

a predefined separation (based on distance or received signa from different CoMP association. This procedure is

strength) between inner and outer-users is consideredg usi detailed in next section.

Reusel or CoMP. Thus, the main goal of this paper is to3) Multiple BSs association. According the computed effi-

provide the numerical evaluation, for three capacity nostri ciency, the primary BS can then requbslp from other

of the potential gain of CoMP used in conjunction with the BSs, on a mobile per mobile basis.

MIMO transmission. 4) The RB are allocated from many BSs. For the the sake
Section |l details the assumptions and the system modelling  of conciseness, we do not develop the algorithmic aspect

Section Ill provides the CoMP selection procedure. Sedbn here, let us only mention, that it is supposed that all the

presents the simulation results, followed by a conclusion. BSs accept the demands for cooperation and can offer

enough resources for it.
[l. SYSTEM MODEL

In the following, we denotd.)” the Hermitian transpose, C. CoMP with SISO links
|, an identity squared matrix of size We use bold lower case  1ha combination of signals from two or more BSs allows
letters for vectors and bold upper case letters for matrBgs | ,gqq 1o improve their SINR level: the total interference/@o
default, log refers to the binary logarithm. The present study jocreased significantly by using the strongest interfere
focuses only on downlink and is based on a dense small cgél useful signal(s).

scenario, which typically corresponds to urban conditiwith Considering the SISO case, at a given mobile and on a given
a high density of base-stations to ensure coverage cotytintghanne' the received (complex) signal is:

and user requirements. We aim at optimising the association

of users to base station(s), to maximise the per-BS spectral N
efficiency. Y= hnyDn Gnn + 2, (1)
A. Assumptions n=1
The proposed approach relies on the following rules aN¢heren refers to transmitting antennas, consideriigtotal
assumptions: cells in the systemz is the thermal noise, normal random
1) The whole system is considered as a snapshot and Yagable with ac. standard deviationk, ~ CN(0,1) are
time dimension is therefore omitted. the fast fading random variables with Rayleigh distributed

2) OFDMA-based physical layer is assumes (similar to th§fVelOPe:r, is the transmitted corresponding symbl;and
used in Wimax and LTE-A) and the per-block behaviouf» are respe<_:t|vely the transmitted power ar_ld the channel gain
is considered, with a common beacon period followeghich comprises the path-loss and shadowing effects frem th
up by a set of time-frequency RBs. BS n to the mobile. Contrary to the fast-fading, the shadowing

3) Each mobile is associated with at least one, the high&stconsidered as slowly varying with respect to the period
receiver power BS, referred to as the primary BS. of measurement reports from mobiles. We then suppose that

4) No power control is applied, therefore the interference» = Pn9n. the average received power (over fast-fading) is
level at a mobile user is almost stable, averaged blodk20Wn at base stations. _ _
wise over the fading, which is assumed Rayleigh fre- We note A" the set of BSs that serve a given user in a
quency flat within a resource block. coordinated manner, to create the MISO link, aNig,, its

5) The feedback channel allows each mobile to send a v&@rdinality. We can then write the received signal sepagati
tor of average powers received from all neighbourhodtfeful signal and interference as:
BSs. The feedback data is not the exact transmit channel

= ho/ Py, + hi/ Pexy + 2

state (CSI-T), but a power level averaged over the whole Y 7%;[ * k%/ BV ERTE T 2 2)

frequency band. _ _
6) We consider MIMO transmissions, witN; antennas at We assume a perfect CSI known at receiver side and coherent

each BS andV, at each mobile. detection, but CSl is not known at transmitter side and aespac

) o o time code (such as Alamouti code for 2BSs) is used. The
B. Multi-cell coordination principle received SINR is then:

The BSs distributed coordination for the CoMP algorithm

2
holds in four steps: power sensing, CoMP capacity computa- y(N) = Lnew V;n' ki 5 )
tion, CoMP mode selection and RB allocation. The first step Zk%ﬂ\f |hl? Py, + o2
is done by the mobiles while the three others are done by theThe user's SINR obviously increases when more trans-
primary BS. mitting antennas are used to perform CoMP, thanks to the

1) Power sensing. Each mobile measures the average powegttribution of (strong) interferers. Moreover, COMP off&
received from each neighbour BS during the beacanacro-diversity due to distant locations of the base gtatio
period. It returns a powers vectd? = [P,---,Py] The capacity obtained, as the SINR, is a random variable that
to its primary BS. depends on the topology and fading realisations.



D. CoMP with MIMO links

Present standards already integrate not only one but sev

antennas at both receivers and transmitters. In downlire, tNt .

MIMO channel from a statiom to a given mobile can be
written as:H, = /g, A, € CN-xNe - comprising the
pathlossy,,, and the Gaussian circular complex random matr
A. In the general MIMO case, the total received signal is:

_ [P [P
y= Nt ann + k#ZnL Nt Hkxk + z, (4)

wherey, X,, X; andz are complex vector of sizéV, that

Nt (e

Hy

BS_Ncomp

(o-

Nt

Nt

Fig. 1: MIMO cooperative transmission ..., BS with
N, antennas to the mobile withv,. antennas, together with
the co-channel interference from non-cooperating BSs.

represent the total received signals, the transmittedakign

from desired BSm and from interfering stationg # n and
the noise, respectively. In our case, the matricksre not

to reach a target capacity,;) is, for the SISO case [16]:

known at transmitter side, so no particular precoding can beP*!(Cy,) = P

made and s@&(x, x7) = I ,.

Assuming an ideal receiver, the mutual information of 1 — (e
neN

For the MIMO case,

MIMO with interference channel is given by [14]:
P, H -1
I(Xnay) = 1Ogdet(|NT + ﬁAnAn R )7 (5)
t
wherel . is a unitary diagonal matrix of siz&,. x N,. and

R = Z’#n %AkAkH—i—aﬁlNr is referring to the interference
and noise.

2
_Jth%%
P,

(tog(1+ (V) < Cun) =

7 kgN

P (Cyp) = ]P’(log det(1+T(\)) < cth)

- ]P( Z log(1+A\) < Cth)
=1

P, P,
H P, - P; H Pk'Yth‘f'Pn). ®)

(10)

Now, looking at CoMP with MIMO, we associate antennaBas no tractable distribution, to the best of authors kndgde
from few neighbouring BS to perform a (virtual) MIMO. Fig.1However, one can more easily look at numerical distribytion
illustrates the scenario: a group ..., BS transmitting with depending on each received power value. lfgt be the
their V; antennas to a mobile, while stations that don’t belorgmpirical PDF oflog(1+\,.), for 1 < < Rank, with respect
to fading. Then, one can deduce the outage probability:

to AV interfere. The received signal can be written as:

y= GnXn + Z HiXp + Z, (6)
kEN

where x,, € CMNeomr jg the transmitted vector symbol,
distributed on all serving antennas, a@¢ € CNr*NtNeoms

matrices ”F’:Hn,Vn € N. G; is similar to aN, x Ny Ncomp

derive the mutual information as[14][15, 10.3]:

In (Xn,y) = logdet (1, + G,GYR™) 7
Rank
= Z 1Og(1+/\r(-/v))a (8)
r=1
with R = >, RAAL + o2ly, and with ), and
Rank < min(Nr,Nthomp) being the eigenvalues of

PRE(Cun) =

f>\1 Kook fARank (x)dx

IIl. SELECTION OF COOPERATING STATIONS

(11)

Since only the average channel gain over the block can be
) i ) ! available for known fading distribution, but not the indtan
indexed byn, is the matrix that horizontally concatenates thﬁeous channel state, one of the possible system metrics is th
capacity with outage [15, 4.2.3]. The goodput(bps/Hz), is
MIMO channel with non identically distributed random vari-defined as the user spectral efficiency resulting from ssfges
ables, since the, values are specific for each. We can transmissions.

to the transmission rate

W) = GntfR_1 and its rank, respectively. Eq.(3) is a

particular case of® for SISO links.

E. Outage probability

The probability for a channel of a given user with a 86t

Cout(N) = C(l - P/(\)/Ut(c))’

wherec = log,(1 +v(N)) is the transmission data rate. Typ-
ically, for any acceptable outage probability (el§s, 10%...)
the corresponding transmission rate is deduced.
If the outage is not the criterion for a given user, once the
set N is chosen, his goodput can be maximised with respect

Copt(N) = mélXC(l — P (c)),

(12)

(13)

Another possibility, linked to the information theory, is
to evaluate the expectation of the mutual information, also
referred to as Shannon, or ergodic capacity:

of cooperating stations to be in capacity outage (ie. thiid fa

Cezp(N) = E(log det(1 + T'(N)))

(14)



To fairly compare the performance of mobiles attached to o
or several BSs, we need to take into account the cooperat
cost, or the cost of resources due to it. Consider a cellu
network in which the mobiles can cooperate with two BS.
we decide to attach the mobile to two BSs instead of on
the resource consumption for this mobile is doubled (one f
each cooperating station). Thus, a criterion for a mobile
select two BSs is the fact to have the goodput with CoMP
least twice better than without it. That way, we minimise th
total amount of resource required by a mobile. This can |
generalised for any number into the following utility fuiwet,
used for example in [13], [17] and maximising a per-BS
spectral efficiencys(bps/Hz/BS):

CW)

)
Ncomp

where C' is the capacity metric used, and could be eithe
Cout, Copt OF Ceypp. TO Optimise network resources consumg
tion, we then need to maximis&(\') on N, for each user.
The next section provides numerical results for the sealacti
of the optimalN¢om,, value.

SWN) =

(15)

IV. NUMERICAL RESULTS
To illustrate the interest of MIMO-CoMP, we present in thit

section the study of the probability for a mobile to select a

given numberN,,.,, of cooperating BSs to optimise its own
spectral efficiency.

The target system is supposed to use OFDMA, where t
entire bandwidth is divided into narrowband blocks to forr
time-frequency resource slots (e.g. in LTE, a ResourcelkBlo
(RB) corresponds to a 200 kHz bandwidth). We focus here
a per-block study, and so the outage probability and capac
formulations provided in previous sections, which are drali
for a narrowband analysis, still hold.

The simulation setup is as follows. The BS are uniforml
distributed on a 2D-plan, the propagation model is that «
3GPP MIMO Line-Of-Sight [18], with parameters’ values
resumed in Table I. According to this model, we simulate
the received power levels at the mobiles. UpNg,,,,, = 8
cooperating BSs are considered here for practical reasons

Figure 2 shows the fraction of users that chod&g,,,, BS
to cooperate in order to maximise (15). Four different cas
are presented here, referring to the following metrics.Zdg
uses (12) with a fixed outag€g*‘(R) = 1%; Fig.2b uses
(12) with a fixed outagePy#*(R) = 10%; Fig.2c uses (13);
and finally Fig.2d uses (14) (note that y-axis scale differs
the last sub-figure).

The impact of the outage requirement on the CoMP s
lection can be easily observed from the first two figure
The general tendency is that for a very low capacity outar
probability (which can be required for example by a realetim

application), the fraction of users that makes use of the Bor\ﬁ:

is reduced. This is natural, since the mobiles tend to take t

full advantage of the macro-diversity, in order to reduce tert

interference and eventually to create a link with a highetrixa
rank. Nonetheless, both fafs and10% capacity outage it is
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V. CONCLUSION

Since frequency planning or manual configuration is hardly
practical in small cells, interference management through
inter-cell coordination is one of the promising key feature
of future wireless standards. This paper analysed an open-
loop CoMP with MIMO Rayleigh channels and showed its
utility by pointing out the probability for mobiles to impve
their spectral efficiency by selecting several BS. To satisf
low outage constraints, more mobiles require a multiple BS
attachment to benefits from lower interference and higher

08
0.6F 5.t

0.4

CDF of user gains

0.2

0 i i i i i i i i
25 3 35 4

Relative goodput gain, 10% outage

Fig. 3: CDF of the users’ relative gain in spectral efficiency
between CoMP and no-CoMP. Outage requirement: 10%.
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diversity.
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interesting to notice that even f¢t x 4) MIMO only 50% and
60% of users will not select the CoMP, while for the others[l]
the CoMP still can be useful to increase the spectral effigien
If the outage is not taken into account (which can be use
for instance, to maximise the total throughput), the CoM
is less employed by mobile, since some diversity gain ig3]
already taken into account by exploiting the whole disttiiu
of the capacity. Howeverd0% to 50% of mobiles using 4
the optimised goodput method still prefer to be attached to
more than one BS. This percentage falls to atj% when [3
looking at expectation, but this metric imposes the trattemi
to instantaneously adapt its transmission rate to the dadirs]
realisation, which is not feasible in practice. In the lagot
cases, it is interesting to note that the number of transmitt 7]
and receiving antennas has a very low impact on the CoMP
choice. Obviously, this does not mean that capacities US"L
different antennas numbers is the same or that the gain usi %
CoMP is similar, but rather that the same fraction of useik wi
still gain by using a CoMP. [0
Figure 3 illustrates spectral efficiency gain of the CoMP. |{q;
shows the CDF of users’ relative gain in spectral efficiency,
dividing (15) using the optimaN by (15) with card(N
when a 10% outage probability is required. For mstanceuab(g 1
60% of SISO communications double their spectral efficiency
with CoMP, while about 20% of x 2 MIMO communications 2]

2]
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