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Abstract—We consider coordination of transmission strategies interference free at the same time on the same frequency
in interference networks, where multiple antennas at the tans-  py spatial multiplexing. Interference coordination by st}

mitters can be used to adjust the spatial signature of the rBs- 4 the transmission space of each user is well understood
mitted signal. For single antenna receivers the interferece power d b ved timally f inal I 13l 4] |
received can be constraint by so-called interference tempatures, and can be solved optimally for a single cell [3], [4]. In

which can be used to coordinate the amount of interference Conv_entional (_:ell_ular network design, signal proceS_S'm@hb_
in the network. We recapitulate recent research results onhis spatial domain is only performed per cell, but interesting

topic and discuss methods to select interference temperats research towards extending spatial multiplexing over ipleit
that lead to performance gains compared to uncoordinated yangmitters is emerging. For networks where the tranersitt

transmission. A special configuration is to demand interfeence to h ltiol ¢ d th . . d with
be completely eliminated, so-called zero-forcing. Methcslbased aV€ Mullipie anténnas and the receivers are equipped wi

on zero-forcing allow for simple computation of the transmt @ Single antenna (MISO), the optimal solution is known [5],
strategies, while for general temperatures iterative algathms are  however the presented algorithm has prohibitive compjexit

required. Strictly enforcing completely orthogonalized ransmis-  for larger networks. In [6] a local optimization on the tremis

sion Fjrastlcally reduces thle number of active users in the neork covariance matrices is used, a similar approach for beamfor
and is therefore too restrictive for larger networks. We sugest . -
ing can be found in [7].

an efficient algorithm that enforces orthogonal transmissbn only .
in part, which leads to an increased number of users and Other less complex approaches for coordinating the trans-

significant performance gains, while maintaining the low conplex  mission spaces of each transmitter are proposals thatrperfo
computation of the transmit strategies. The method is based a joint decision on the users to schedule [8], [9], where at
on successive user allocation, that avoids an exhaustiveaseh  ogch time slot only a single user per cell is active. Each isser
for the active user set and the user transmitter pairs for whch . .o
interference should be eliminated. served using a transmit filter matched to the MISO channel and
by the joint scheduling decision transmit filters are coreldin
|. INTRODUCTION such that interference is reduced. Clearly, it is advamtage
In the downlink of a cellular network inter-cell interferan to select transmit filters that are not optimal for the usat, b
(ICI) can be a severely limiting factor, especially usersh& reduce the interference caused to other users. Methodd base
cell edge are affected and might be excluded from netwook pricing for the interference caused [10], thresholdsédor
service. A possible solution to completely eliminate ICI isorbidden interference direction [11], or so-called iféeence
the joint encoding of information over multiple transmitte temperatures [12], [13] have potential for implementatiotin
[1], [2], so-called network MIMO. In case full channel stateeasonable complexity. Methods based on zero-forcing, [14]
information and all data is available at a central controjent [15] allow for simple computation of the transmit strategie
encoding over geographically distributed antennas reniiier and are therefore especially attractive.
network into a super-cell, and network MIMO can efficiently After introducing the system model, stating the problem
exploit all spatial degrees of freedom to eliminate ICI. Neformulation, and discussing solution strategies in Sectlp
work MIMO requires a huge amount of additional complexityve investigate some resent research results on interferenc
and signaling compared to single cell signal processing atemperatures in Section Ill. In Section IV, we illustratenho
might be difficult to implement in practice. Therefore, mads zero-forcing constraints can be established as a speciss cl
aiming at elimination of interference by cooperation of thef binary interference temperatures. Based on successate u
transmitters, while every user is served by a single trattemi allocation and binary temperatures, we present a low comple
are attractive for deployable networks. In order to canci#y algorithm for interference coordination in Section \hca
interference, user signals are orthogonalized in the kigrslow significant gains compared to uncoordinated appr@ache
space constituted by the available resources, for exanmpde t by numerical results in Section VI. Finally we draw some con-
frequency, and space. The availability of multiple antennalusions and make suggestions for future research directio
at transmitter (and receiver) allows to serve multiple sisein Section VII.



[I. SYSTEM MODEL AND PROBLEM FORMULATION The transmission coordination Problems8)(and (#") can be
The cellular system is given by a set of transmit array%owed by changing the optimization domain to a rate space
T,T = |T], and a set of user&, K = |K| distributed problem, which results in a monotonic optimization prob-
throughout the covered area. User assignment to a traesmileM, see [5]. The complexity of solving monotone program
is done by a cell selection scheme formally described byP&ohibits to compute the solution for larger networks, wihic
mappingf : K — 7. The assignment to a transmitter is fixed@emands methods that have potential for implementation

for each user and therefogepartitions the users such that With reasonable complexity while accomplishing good perfo
mance. In [6] a gradient projection method on the covariance

K=KiUKU...UKr andK;iNK;j = @ if i # j. matrices is used to compute a local maximum of Probe,
The receivers are equipped with a single antennalérisl the a S|m|I_ar approach for beamforming, Problep#’), can be
number of transmit antennas. The channel matrices are  found in [7].

IIl. I NTERFERENCETEMPERATURES

From the area of cognitive radio stems the concept to
wherehy, is the channel matrix between transmittend user constrain the interference power on other users, called in-
k. To have a more pleasant notation, we Wﬁl'é as a short terference temperatures [12], [11], [13]. These approsche
cut forhﬁf(j), the channel between uskrand the transmitter essentially exploit the fact that the interference powerseru
userj is assigned to. The received signal of ugeconsists exhibits can be described by a scalar, which allows for a
of the desired signal, intra-cell, and inter-cell inteefiece and new parametrization of the coordination problem. In [11 th

{hzt}kGIC,tET c (Cl><N7

can be expressed as interference temperature constraint for uses given by
H
yr = hixp + Z hY x; + Z hia; +n, Z hi; Qi < k.
1€ 5 (k) \K PERNK £ (1) JERNE

Adding the temperature constraints to Problés) implies
h CN*1 s th it sianal f _ that the interference power a user receives is certainljlsma
where x; € IS the transmit signal for USeV, o the ysers temperature. Using a worst case rate atlacati

~J 2 i i i . . ape
e CN(0,0%) repre_sents Wh“? Gaussian noise afids the_ assuming the temperature constraints are fully utilizee new
noise power. Assuming Gaussian modulation, the covariange .- problem is

matrix of the transmit symbat; is E{z;z!'} = Q, € CV*V, y
" 2. e . . h h
a Hermitian and positive semi-definite matrix, denoted as % - maximize Zlogg <1+ ik Qe kk)

intra-cell interference inter-cell interference

Q@ > 0. Considering linear precoding, the information theoretic QunQi = o2 + v
rate for userk is given by

., subjectto > tr{Q,} < PVteT,
ri, = log, (1 + P Qe ) ) hek.
0% + Y ek Py Qb Q,=0Vkek
Coordination of transmission strategi€k, ..., Q, subject Z hiQ hi; < Y k€K,
to a per transmitter power constraift in order to maximize JEK\K
performance of the network, here the sum-rate of all usersihich is a convex optimization problem and can be solved
captured by the following optimization problem: efficiently. In [13] interfering MISO point-to-point linkare re-
h Q. h garded and the interference temperatures constrain tharamo
2 : maximize Z log, <1 + kk %k ’ff ) of interference from an individual transmitter to a user.
LesQr o? + Zje/C\k hi; Qb Adopting the same principle for multi-user scenario, we can

subject to Z tr{Q,) < PVteT, constrain the interference users generate among each other

vl The interference power at uskrfrom userj is constraint by

Q. =0V kek. Ry Q by < ;.
In [16] the optimality of beamforming for MISO systems isAdding these constraints to Problg®?), the problem decou-

proven, meaning a solution to Problen®) can be found ples intoT" individual problems per transmitter. The problem
where all transmit covariances are rank 1, (B, = wsz, for transmittert and its usersC; is:

which implies an equivalent formulation in the precoders Rt Q. h
wi,..., wg € CNX1, 2 : maximize ZlogQ <1+ L kké )
H 2 keK: 7+ Ljercyi O
# - maximize > log, | 1+ LASH > subjectto ) tr{@Q,} < P,
W WK ek 0%+ X ik |higw,| heke
Q. ~-0VEkek

subject to Z whw, <PVteT. B
kCk, hk_]thk] < 5kj A kj e K x ’Ct.



By adjusting the values of the interference temperaturéls bédowever, both approaches have a non-polynomial worst-case
approaches have the potential to achieve the same objectiwenplexity and are therefore not suitable for practical lenp

as the original problem, as one can simply measure theentation and sub-optimal choices must be considered.
interference powers of a solution to Probl¢®) and set the In [11] the authors refer use rule of thumb for choosing
temperatures to these values. Having observed the pdteriti@ global temperatures by setting all temperatures to the
of the interference temperature approaches, the import#imtrmal noise power, a rule that did not perform well in
guestion is on how to choose temperatures that achieve alptithe scenarios we regarded in Section VI. However, having
or close to optimal performance with reasonable complexi® single scalar to adjust the amount of interference in the
For the one user per transmitter case, it has been showgiwork is an appealing approach. By setting all tempeeatur
that all pareto optimal user rate points can be parametrizedthe same value; and performing a search for the best
by interference temperatures and a distributed schemeewhealue v € [0, maxieic{%x}] we achieved surprisingly good
transmitters update the temperatures pairwise, whichaguarperformance. The draw back however is that Problgf)

tees to converge to a pareto efficient rate point is suggestbés to solved for every valugwe check, which is costly and
see [13] for details. The resulting rate configuration dejsenmotivates to search for less complex methods.

on the ini'FiaIization, h_owev_er a_mechanism to_st_eer the__rate IV. ZERO-FORCING

configuration to specific points, in order to maximize a tytili
of the user rates, is missing. We briefly discuss a method
how to find the optimal temperatures and compare it to t
approach in [5]. By relating the actual interference terapee
to the maximal possible interference power,

nZero-forcing methods are especially attractive as theynall
rﬁ)w complex solutions. An example can be found in [14],
v%were the interference of an uncoordinated approach is first
measured and the strategy of each transmitter is then up-
dated such that the worst interference caused is zerodorce
A = Z hﬂjhij, Depending on the network regarded, complete cancellation
JER\k of interference is not desired, as it drastically reduces th
number of data streams transmitted. While the interference
we are able to use normalized temperatuies}“<" < [0,1] temperature approach inherently considers the gains of the
and restate Problerfy’) as cross channels, and therefore implements a spatial reuse, t
b QR zero-forcing based approaches will avoid intgrferencelltc_) a
2 - maximize Z log, (1 + Qkﬁ—k’“k_> other users regardless of the cross channel gain. In [15Ehig
Qi@ =X 0% + 4k (1 = Rk) layer decisions are used to apply a zero-forcing algorithm
subject to Z {Q, ) <PVteT, only to the celll-edge users, while the other users are served
- by an uncoordinated approach. Here, we follow a different

kek . !
Q ;0 VEeK approach and suggest that zero-forcing constraints ang onl

k= established in part and therefore the number of active users

Z hilQ ki < Awki V k € K, be increased. We will see that this partial zero-forcing lsan

JEK\K interpreted as special choice of the interference tempersit
wherefs — 1—rop. The JUNCiONA (k1. ..., ki R - - s Fic) an observation which will guide us to efficient coordination

algorithm in Section V. Corresponding to the definition of th
normalized per user temperatures, . .., kx in Section lll,
we define the normalized individual temperatures

computes the objective of Problef¥”) and is obviously non-
decreasing in all its parameters. Therefore finding thenuggti
temperatures is expressed by the following monotone pnogr

- _ Ok 1
A maximize (K1, ..., KK, Bk, - BE) Mej = % (1)
e rx Okj
RN s R .
subjectto  Rp=1—rx; V k€ K. whered,; = hgjhij andq; = 1 —ni;. Zero-forcing refers

to a special binary selection of the normalized temperature

As the feaS|bIg set Is a normal set we can gmploy M%d has a simple solution for the transmission strategies.
polyblock algorithm, as in [5]. The polyblock algorithm eut Clearly, for all users: € K where>" e = N are shut
) 7 i

approximates the constraint set by polyblocks, whoseoesti down and we can use binary temperatures to perform a user

correspond to upper bounds on the utility. The algor'th@election. The solution for the other users can be calallate

needs a membership test for the feasible set, which is & follows: 7y = {j € K : m;, = 0} is the set of users that

ccost![y optlmllzat||0tr_1 n t[r?] hO\;VGVGI’ ]lstr:rlwal Ipr Pr_o bleh(n%/).- need to be zero-forced by user The stacked cross-channels
ontrary, calculating the values of the vertices is chegplin to the interfering users are

and requires to solve Problefr¥”) for the temperature formu-
lation. As in general for the polyblock algorithm, the numbe H; = [hm, ceey hkmd .

of vertices is much higher than the number of feasibilityes The & x N identity matrix is denoted by and by using the
one should alternatively consider a branch-and-boundadethygjection matrix

for the temperature formulation, as they require only twpermp 1

bounds per update, usually at the price of more iterations. Ui = (I — H; (HHy) HE) ;



the solution for usek is expressed as for the zero-forcing constraints to the already active siser
; y The projector matrices are initialized by identity mats@nd
7 huU. (2) updated after each step of the stream allocation. Assurhiag t
P U P m-th stream is allocated to userthe projection matrices are
where P, is the transmit power used for uskr The power updated as follows:
allocation is found by waterfilling.
As soon as the normalized temperatures are fixed to binary g7{m+1) Ul(cm) _ A

Q. =Uhyy

U™ hni U™
. .. . . Tek m
values, computation of the transmission strategies is phea hEkU,(c )hek

However an exhaustive search among all binary allocati®ns{jhen a new user is added. all users that are alread® in

prohibitive and in Section V we therefore propose an efficieRaye to update their transmission strategy in case they fave
coordination algorithm avoiding an exhaustive search. zero-forcing constraint on the new user. Further, the nesv us
V. SUCCESSIVEUSERALLOCATION AND BINARY might cause interference to some userdirfor which he is
TEMPERATURES allowed to interfere with. Therefore before we add the user

. . to D we check if the user actually improves the sum-rate,
The cross-channel gains play an important role when de. y Imp

L L : otherwise he is dropped. The algorithm ends as soon as the
ciding if to avoid interference by zero-forcing to some user :
. . . setC is empty.
to allow interference and thereby implement spatial reise.

imple att i Id be t ; . 6 d For a more consistent notation we formulated our new
simple attempt would be 1o S6k; to ZEI0 1N Casey,; EXCEETS ., gination algorithm in the covariance matrices, whiekieh
a certain threshold, to one otherwise. However, this atte

fail th itind bi ¢ ¢ I vy MRnk 1 due to the way they are selected. Therefore we directly
ars as the resutling binary temperatures rarely prov do provide a beamforming solution, which has to be calcdlate

S?gg;}?;:zf;ﬁgn:n;z ?:Wef:;l]e?;xl:tse;Sg:’ietﬁt:;)rga’s\lee(;(tén ¥ an iterative algorithm on the interference temperature
P piexity alg solutions of Problen{%’) and Problem(2).

successive user allocation and binary temperatures.

Ve,

Given a set of active user® = {1,...,D} and binary VI. SIMULATION RESULTS
temperatures{r;,; }*<77<P, as defined in Equation (1), a For the numerical simulations, we regard a very simple
worst case rate allocation for uséris model where the transmitters are placed on a line with a
distance ofs00m. The line is connected at the two ends such
i O.h that the distance between the first and the last transméter i
_ ddQahvdd . : )
ra=10gy [ 1+ -—=——71> (3) again500m. Each transmitter serves one user, that is located
o+ Z Maidai half way between the serving cell and the next transmitteis T

i€D\d means increasing the number of transmitters also incrélses

As the constraints on the interference are either zerdrfgrc area covered by the network. We assufvie= 4 antennas at
constraints or can be dropped, the transmit covarianceaaatr each transmitter and the channels are drawn from a complex
are chosen according to Equation (2). We now developGaussian distribution, where the attenuation due to distan
scheme that selects the user getaiming at the maximiza- is accounted by a pathloss factor 8f As the scenario
tion of the sum-rate utility, where interference is congdl is completely symmetric, every users has the same channel
according to the choice of binary temperatures, meaning theatistics and when preforming Monte Carlo simulations we
H - . can plot over the average receive SNR, which is the same for
haiQihai < 1aidai ¥ i € D\ d, every user. First we investigate a scenario wittiansmitters.
for all d € D. In each step the set of selected users served Y compute a solution of Problerf2) and compare it to
transmittert is D, = {k € D : f(k) =t} and the user set the temperature approach where we set all temperatures to th
same value. We used an exhaustive search for the best common
. temperatures for each realization and SNR value. For fixed
Ki=qkek: Z My <N VieT temperatures the resulting Probléf#) is directly supported
J€D: by SDPT3 [17], which we used to compute the solution.
are the users which can be added, such that the transmitterd@ditionally, we include an uncoordinated approach and a
the already active users can still fulfill all required zéooeing Strict zero-forcing solution where all temperatures areoze
constraints. Out of this set we select the user that prontiges and up toN active users; the best performing set is found by
most gain in sum-rate trying all combinations. For our low complexity coordirai
H () b algorithm the binary temperatures ares selected by a simple
hix Uy, hkkm threshold on the maximal interference power. Figure 1 shows
£
€= aﬁ%ﬂ?fx o2+ NedOkd the performance in terms of average spectral efficiency per
ep user. The interference temperature approach performe tbos
Explanation: the facto% accounts for the number of optimal. The zero-forcing approach clearly does outpenfor
users that have to share a power budget of a transmitte uncoordinated approach in the high SNR regime, while
Additionally the projection matriceéfgm)7 . .,U(IQ”) account having a performance penalty in the low SNR regime. Our
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