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ABSTRACT transmission, however, the data for each user is trangmitte
é‘)_nly from one base station (i.e. itlmebase station); as
such, no inter-base station data exchange is required. The
ICI mitigation is achieved via multi-cell scheduling andrp
beamforming design. Furthermore, each user needs to feed

back the CSI only to some of the neighboring base stations

change of necessary channel state information (CSI) amon% S : . .
the base stations, and the revision of the scheduling desisi résulting in much lower signaling overhead with respect to
' network MIMO [1].

and beamformer designs at each base station. Furthermore, Although network MIMO has been widely studied in the

ICI mitigation is performed only for the cell-edge usersisatt . .

the amount of inter-base station signaling overhead is-mini“.terlature Ejs_ee eag. [.2] ?nd rﬁference_s therelr?), tkg)e MGE P
mized. Our simulation results demonstrate that the pr(lposet'ca cgorTlhnate hsmg _e-cg ;rar?smlssmdn_ dash eenbilscantf
coordination scheduling algorithm significantly improvke treat_e ' e aut_ ors in [. N ] have studied the problem o
cell-edge users’ throughput compared to conventional Sy§1_'1ult|-cell scheduling to mitigate the performance losses d

. = . to the uncertainty of ICI. In [5], it is proposed to design
tems with only a negligible amount of CSI sharing amon .
the base stations and a relatively small throughput losthéor gthe beamformers such that the ICI to the cell-edge users in

cell-interior Users. an adjacent cell is suppressgd dovyn to a thresho_ld, assum-
_ _ _ ing the cell-edge users’ CSl is available at the neighboring
Index Terms— Multi-user MIMO, inter-cellinterference, base stations. Recently, ICI cancelation using zero4fgrci

We propose a novel, coordinated user scheduling (CUS) alg
rithm for inter-cell interference (ICI) mitigation in theodn-
link of a multi-cell multi-user MIMO system. In the pro-
posed algorithm, ICI mitigation is performed through the ex

coordinated scheduling. beamforming was investigated in [6], where each base statio
during the user selection stage focuses on the direction of
1. INTRODUCTION interference to the users in the adjacent cells. The prapose

algorithm, however, requires each base station to know the

Base station coordination has been proposed in the emergife! between itself and all users in its own cell as well as in
wireless standards, such as 3GPP LTE-Advanced, as &he neighboring cells at each scheduling instance.
efficient way to combat the performance-limiting ICI and  In this paper, we propose a novel, CUS algorithm, in
to improve the spectral efficiency in multi-cell multi-user which the base stations perform a first-step independent
MIMO networks. Different base station coordination strate Scheduling and a second step of scheduling revision to
gies have been proposed, which can be classified into twaitigate the ICI to the scheduled cell-edge users in the
main categories based on the amount of information sharegeighboring cells at the first step. In the proposed algorith
between base stations, namely coordinated multi-celstranthe CSI of the cell-edge users needs to be reported to the
mission (a.k.anetwork MIMQ and coordinated single-cell neighboring base stations only upon their selection, there
transmission [1]. limiting the amount of signaling overhead. The proposed

In network MIMO, the data to each user is transmittedstrategy significantly improves the performance of the-cell
from multiple base stations. This requires a substantig@dge users at the expense of a relatively small throughgsitlo
amount of signaling to make the CSI and the data of all user®r cell-interior users.
available at all the coordinating base stations. This wéeld
very difficult to implement due to the following main limita- 2. SYSTEM MODEL
tions: i) limited backhaul capacity for data sharing amdrey t
base stations, and ii) acquisition of CSI from all the usérs awe consider a simple linear two-cell downlink system, as
all the coordinating base stations. In coordinated single-  shown in Fig. 1. This is similar to the two-cell downlink ver-

This work has been supported in part by VINNOVA within the \WN sion of the Wyner's model [7], which, though simple, pro-

Excellence Center Chase and in part by SSF within the StcaResearch  Vides useful insights. _Base St"f‘tions are placed at position
Center Charmant. —D and D and are equipped withV; antennas each. There




Cell 1 Cell2

are K single-antenna users in each cell, which are equally P I
spaced at intervals- D, 0] and [0, D] for cells1 and2, re-

spectively. In each cell, the users are indexed such that usé™ >

k = 1lis the closest to the base station and uses the clos-

est to the cell edge. Furthermore, each user is classified as a

cell-interior or a cell-edge user depending on its pathitks E]
ference between its home and adjacent base stations. If this 1 N

pathloss difference is greater than a predetermined toigsh WW
denoted asoordination triggering thresholdhe user is con- \ /'
sidered as a cell-interior user, otherwise the user isifileds Calkedige Users
as a cell-edge user. The cell-interior and cell-edge ugers a S
indexed ag{1,...., N.} and{N +-,1’ o K,}’ respecpvely, n Fig. 1. Schematic illustration of a two-cell multi-user MIMO
each cell as shown in Fig. 1. Let= mod(¢,2) + 1,i = 1,2 ownlink svstem
denote the other base station/cell depending on the conteg[ y '
At any given time slot and in each cell, a proportional fair-
ness (PF) scheduler is employed to select a subset of'usetively. Furthermore, the transmitted signal from cels as-
S;(t) to be served according to [3] sumed to fulfill the average power constrditik (¢)x; ()] <
~ P. The received signal for usérin cell 7, denoted as usét;,
S . Ry (t) .
i (t) = argmax —_— (1) andtime slot can be expressed as
Si(t) Tyt = 1)

keS}-(t) H
N _ Yk () = VPR B (0 Y wi(t)sk(t)

whereRy(t) andT}(t — 1) denote thesstimatecdrate and the kES: (1)
windowed long-term average rate (a.k.a throughput) of user 1 H . .
k, respectively. The estimated rate of each user is computed + Pk by () _ Z wi(t)s;(t) + i, (), (3)
based on the available information at the beginning of each Jesi(®)
scheduling instance. The available information includuess t wherepy,; andhy, ; () € CN+x! denote the pathloss and the
perfect knowledge of the channel vectoasd pathlosses for fading cﬁannel véctor from base statipto userk; and time
all the users inside cefl, and the corresponding ICI power ¢4, respectively, whilew, (t) ~ CA'(0, 02) is the AWGN.
experienced by each user from cellMore details aboutthe  1hg tading channel vector is assumed to be i.i.d block fading
available ICI power will be given in the next section. _ with elements~ CA/(0,1). The first term on the right hand

In this work, we focus on the signal-to-leakage-plus-noisg;ge of (3) is the signal received from the home base station,
ratio (SLNR) precoding [8] which takes both interference an e the second term denotes the signal received from the

noise into account and relaxes the constraints on the ””mbﬁfterfering cell. The instantaneous ICI power experieringd
of base stations and user antennas compared to zero-forcingari. at a given time slot, 72 (t), is given by
3 ’ i )

In this way, the number of served users can be larger Hjan
in general. In practical applications, however, whéfe> 2 _ — 1 H NI

Nt?serving all tﬁe users a?'?he same time is not optimal, since Mii(t) = E [|mhm(t)xi(t)‘ ‘hk”(t)}

serving any extra user causes leakage of interference to the = Pri hgﬁ(t)Qg(t)hkig(t) (4)
others. In this case, a suboptimal greedy user selection al-

gorithm (see e.g. [9] and references therein) can be used whereQ;(t) = E[x;(t)xH (t)] is the transmit covariance ma-
select a subset of users to be served. The transmitted sigrieik at cell<. The instantaneous ICI power in (4) is unknown
from each base stationat time slott, x;(¢), consisting of at the beginning of each scheduling instance. Therefoee, th
the linearly precoded symbols of the users it serves, can verage ICl levelis used to compute the estimated rate bf eac
written as user [10]. The average ICI of uskris given by

i(t) = , 2
) keé‘;t) w0l @ i, = E [ni.(t)] = py, 7P, (%)

wherew,,(t) € CN**! and sy (t) denote the beamforming where the expectation is taken with respednto;(¢).
vector and the data for usére S;(t) at time slott, respec-

Base Station 2

1As for notation we use lowercase boldface for vectors, ugser bold- 3. PROPOSED ALGORITHM
face letters for matrices, and calligraphic for sétsz(-), E[-], E[-|x], (-)",
and|S| denote2-base logarithm, expectation, conditional expectatiseyi  |n this section, we propose a new, coordinated scheduling al
x, Hermitian transpose, and cardinality of a Sgrespectively. gorithm to mitigate the effects of ICI from the cell-edge tsse
For simplicity, we assume the perfect CSl case in this pajetwis not h . L . ;
usually available in practice. We will, however, leave thedy of the effect 1N the adjacent cell. The transmission at any given timetslot

of imperfect CSI to our future work. consists of the following steps:



Step ) Coordinated Scheduling Initialization Step  If the ICI threshold is attained in both cells, then each cell
Each cell, given the perfect knowledge of its own users’continues to select more users in a greedy manner. Selection
channel{h,,; : ¥ = 1,..., K} and of only the average of any new cell-edge users in addition to the already sched-
knowledge of ICI power for each user, performs an indepenudled one will require more revisions. If the ICI thresholdheo
dent scheduling to select a subset of users for transmidsion straint is not attained, then the cell with a higher weighted
is assumed that if a cell-edge user is selected, the ICI to thaum rate in the first place moves on to the transmission step,
user will be suppressed down to some threshaldring the  while the other cell performs coordinated silencing.
revision step (to be explained later). Therefore, the @era Step 3 Transmission and PFS Update Step

ICI for different users is obtained according to In this step, the base stations perform the transmission us-
ing the precoders designed in the scheduling phase. After
- { € fork > N (6) each transmission phase, the long-term averagefiate) is
‘ pri P fork <N. updated according to
The estimated rate of usgiis given by T (1- %)Tki (t—1)+ %Rki (), keSit)
i L=\ - Dnde-, ke S0
Ry, (t) = 9)
Here,r is a parameter related to the time interval over which
Pt [0 (0w ()2 & s is o -
log | 1+ it kit [Sil ’ fairness is achieved an®y,(t) denotes the instantaneous
0% + 2. 4 Yies,t) Prii M (E)wi(1)]2 ‘};' achievable rate of usdr; at time slott. The achievable rate
I#£k

of a user depends on the instantaneous ICI power and can be
(7) larger or smaller than the estimated rate [10].

where equal power allocation is assumed among the users. If

no cell-edge user is scheduled in either cell at this stem th 4. PERFORMANCE EVALUATION
no iteration is required and both cells move to the transmis- )
sion step. In this section, we evaluate the performance of the proposed

Step 2 Coordinated Scheduling Revision Stepln this ~ CUS algorithm. For our simulation purposes, we Bet= 1

step, based on the outcome of the initialization step, tgega KM, 7 = 200, N; = 2, andK’ = 4. The coordination trigger-
can be distinguished as follows: ing threshold used to classify the cell-interior and celie

users isl0 dB resulting inN = 3, i.e., only one cell-edge
e Case |: only one of the cells has scheduled at least ongser. The pathloss model used is givenday; = (A\/4x) -
cell-edge user. d,:;;, whered, ; is the distance between the base statipns
and userk;, while A = 15 cm andv = 3.5 are the carrier
e Case lI: both cells have scheduled at least one Ce"'e‘j%avelength and the pathloss exponent, respectively. \titho

user. loss of generality, we let the noise power equal to the pathlo

H 2 __ —v
For case |, assume celhas at least one cell-edge user sched@! the cell edge, i.er® = (A/4r) - D™, such that the trans-
uled and let/;(¢) denote the set containing the index of the Mit power, P, of the base station represents the edge SNR.

scheduled edge users. Aftgf;s by ;(t), VI € Ui(t) are sent The ICI t_hresholde in the propose_d algorithm is_ set equal
to base station, the latter starts to revise its scheduling ac-{0 the noise power. As a comparison, we consider the con-
cording to (1). During revision base statiérhas to make Vventional [3], frequency reuse [3], and network MIMO [2]

sure that the ICI it causes to any uger I4; (t) is smaller than  SCheémes. The conventional scheme is the same as the pro-
cie. posed CUS scheme when all the users in each cell are treated

as cell-interior users (no ICI mitigation). In the frequgnc
’71%» — Z PLi hlig(t)wj(t)|2 <e VlielU(t). (8) reuse scheme, the total system bandwidth is divided into two
JES: () equal subbands and each subband is allocated to one of the
cells. For the network MIMO scheme, assuming that the data
If cell 7 can not schedule any user to satisfy the aforemenand the CSI of all users are available at both base statioss, t
tioned condition, then it will remain silent in that slatdor-  I1CI can be completely eliminated [1].
dinated silencinyy If during the revision, celf selects any In Fig. 2, the5% outage rate of the cell-edge user ver-
cell-edge user as well, then we end up with case Il and onsus edge SNR is plotted for different schemes. It is observed
more revision step is required. Otherwise both cells move tthat the proposed CUS algorithm significantly enhances the
transmission step. outage rate of the cell-edge user. This enhancement at any
For case Il, since the main goal is to help the cell-edgescheduling instance, however, is achieved if the user isdsch
users, the scheduled cell-edge users in both cells are kepled in that instance. On the other hand, the rate increase of
scheduled during the revision too. Then, the ICI constiigint the cell-edge user will increase its windowed long-ternrave
checked for both cells by considering only the cell-edgesise age rate, thereby decreasing its priority to be selectedéy t
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Fig. 2. 5% cell-edge user outage rate vs. cell-edge SNR foFig. 3. Average user rates vs. user locations fgr = 2,
N, =2, K =4andN = 3. K =4andN = 3 with edge SNR ofl0 dB.

scheduler in the future. This causes a decrease in the user R. Valenzuela, “Increasing downlink cellular throughptthw

activity w.r.t conventional setup. limited network MIMO coordination,” IEEE Trans. Wireless
Figure 3 compares the average user rates in each of the Commun.vol. 8, no. 6, pp. 2983 —2989, Jun. 2009.

two cells as a function of the user location for different [3] X. Tang, S. A. Ramprashad, and H. C. Papadopoulos, “Multi

schemes. It is easily seen that the cell-edge user averge ra  cell user-scheduling and random beamforming strategies fo

is significantly improved in the proposed CUS algorithmtw.r. downlink wireless communications,” iroc. IEEE Veh. Tech-

conventional and frequency reuse schemes. Furthermore, nol- Conf. (VTC)Anchorage, AL, Sep. 2009.

the cell-edge user in the proposed CUS algorithm achieve$4] R. Bendlin, Y. F. Huang, M. T. Ivrlag, and J. A. Nossek, a4t

a large fraction of the cell-edge user average rate offeyed b distributed multi-cell scheduling with delayed limitedgacity

the highly complex network MIMO. This implies that the backhaul links,” inProc. IEEE Int. Conf. Commun. (ICC)

proposed scheme can serve as a less complex alternative to Dresden, Germany, Jun. 2009.

the computationally prohibitive network MIMO. In addition  [5] H. Huh, H. C. Papadopoulos, and G. Caire, “Multiuser MISO

we highlight the fact that in the proposed CUS scheme the transmitter optimization for intercell interference rgation,”

ICI mitigation is being performed only for the cell-edge tsse IEEE Trans. Signal Processvol. 58, no. 8, pp. 4272-4285,

which are typically not scheduled that often. We notice that ~ Aug. 2010.

only these users have to estimate the channel vectors fron6] U. Jang, K. Y. Lee, K. S. Cho, and W. Ryu, “Downlink trans-

both base stations upon their selection. According to our  mit beamforming for inter-cell interference mitigation ttvi

simulations, the channel estimation overhead is abouttabou  BS cooperation,” irProc. IEEE Global Telecommun. Contf.

3.4% compared to the conventional system for an edge SNR ~ (GLOBECOM) Miami, FL, Dec. 2010.

of 10 dB. [7] A. D. Wyner, “Shannon-theoretic approach to a gausseln c
It should be noted that although the proposed algorithm  lular multiple-access channelJEEE Trans. Inf. Theoryvol.

was explained for a two-cell configuration, it can be easily ~ 40, no. 6, pp. 1713-1727, Nov. 1994.

extended to the multi-cell case. The only limitation is that [8] M. Sadek, A. Tarighat, and A. H. Sayed, “A leakage-based

the number of revisions might become too large, making the  precoding scheme for downlink multi-user MIMO channels,”

total latency caused by inter-cell information exchangerov IEEE Trans. Wireless Commuwol. 6, no. 5, pp. 1711-1721,

the backhaul, too long for the CSlI to be valid anymore. This ~ May 2007.

can be tackled by e.g., putting a limit on the number of cell- [9] G. Dimic and N. D. Sidiropoulos, “On downlink beamforrgin

edge users which can be served in each cell. A more detailed with greedy user selection: Performance analysis and desimp

investigation of this issue is, however, left to our futurerky new algorithm,” IEEE Trans. Signal Processvol. 53, no. 10,
pp. 3857-3868, Oct. 2005.
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