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ABSTRACT vex optimization, and its sum-rate throughput performavas

shown to be optimal as the number of users increases asymp-

We investigate the downlink thrpughput of cellular SySt.e"}fﬂtically [3]. We assume a high-speed backhaul for tramisfgr
vv_here groups of\/ .antennas— either co-located or SpatlallXoherent channel knowledge and user data among the coordi-
distributed— transmit to a subset of & total populatiod<ot- nating bases. The effects of delay or channel estimation er-

M Users in a_coherent, coordlnated_fashlon in order to Mitl5, are not considered here but should be investigated imdut
gate intercell interference. We consider two types of cbor ork

natipn: the capacity—ac_hieving tech_nique based on dirgepa_ Previous work in this area has studied the performance of
coding (DPC), gnd a simpler technique based on ;ero-forglﬁg,c and ZF under the condition of equal rate service for non-
(ZF.) beamforming with per-antenna power constraints. iri outage users during each frame [1]. This requirement is sulit
a given frame, a scheduler chooses the subset okthisers able for equal-rate circuit-based applications. In thisgrawe

in order to maximize the vv_e|ghted_sum rate,_ where th_e We'g@&nsider the context of a scheduled packet-data systemewher
are b_ased on the proportional-fair scheduling algorithre \%e goal is to maximize the weighted sum rate of the users dur-
consider the weighted average sum throughput amfomgers i, o5 ch frame. Our methodology is an extension of the pro-
per ceII_ in a multi-cell network where coordination is liwmit Iportional fair scheduling (PFS) algorithm to a system where
to a neighborhood of/ antennas. Consequently, the perfo multiple users can be served during each frame.

mance of both systems is limited by interference from ardsnn 1, paper is organized as follows. In Section Il we give the
that are outside of thé/ coordinated antennas. Compared tQ

. ) stem model. In Section Il we describe the system architec
a 12-sector baseline which uses the same number of antertﬁ/

Il site. the th h f 7F and DPC achi R transmission technique, and system simulation ndellho
per ce site, the throughput o an achieve reSpﬂ*“’CtPfgy for the two precoding schemes, ZF and DPC. In Section IV
gains ofl.5 and1.75.

we discuss the baseline sectorized system. In Section Vave th
present the scheduling methodology used for all three trans
I INTRODUCTION mission options, and in Section VI we discuss the simulation

In conventional cellular networks, the throughput is limait results.

by co-channel interference, either from within a cell @atr
cell interference) or from nearby cells (intercell integfece).
Downlink intracell interference can be eliminated by ogho We consider a cellular system &f = 19 hexagonal cells

onal channel allocation, for example through OFDMA. Intewhere a center cell is surrounded by two rings of cells. We
cell interference can be reduced in several ways, for exaavaluate the throughput performance of the central celén t

ple through frequency planning, soft handoff, or beamfoigni presence of interference caused by the 18 surrounding cells
multiple antennas. While these techniques reduce theénter For the precoding systems, 1&f be the number of coordi-
ence, intercell interference in theory can be completaly-el nated antennas. For the sectorization cases{let 1 be the
inated by coherently coordinating the transmission of aligin number of antennas per sector. The placement of the antennas
across base stations in the entire network. Each user’alsgn is described later. L&k be the number of single-antenna users
transmitted simultaneously from multiple base statioeanas per cell, and lek!,  be the channel response betweemnttth
(possibly spatially distributed), and the signals are Wwi#d antennag: = 1,..., M) ofthelthcell( =1,...,N)and the

Il SYSTEM MODEL

and pre-processed so that intercell interference is nigigar kth user g = 1, ..., K) of the central cell:
completely eliminated [1].
Due to the complexity required to coordinate transmission nl. =gk \/A(Gfm) (. /do]" pk,,T 1)

over an entire network, we focus on downlink coordination

over a limited subset of the network. We consider dirty papeteres; . is the Rayleigh fading3  ~ NC(0,1), A(6., )
coding (DPC), a capacity-achieving technique for the broad the antenna element response as a function of the dinectio
cast channel [2], and a simpler zero-forcing (ZF) beamfagni from themth antenna of th&h cell to thekth user in the central
algorithm which uses linear weighting and conventionajsin cell, d., , is the distance between theth antenna of théh cell
user channel coding. Under ZF, multiple non-interferinghe and thekth user of the central celly is the reference distance
are generated to serve multiple users simultaneously. -Matefined as the distance between the cell center and its yertex
vated by practical considerations that often require iiddial is the pathloss coefficient, apdl, . is the lognormal shadowing
power amplifiers for each transmit antennas, we impose a peetween thenth antenna of théh cell and thekth user.

antenna power constraint on the transmit powers. Under thisThe variabld” is the reference SNR defined as the SNR mea-
constraint, power allocation for ZF was shown to be a cosured at the cell vertex assuming a single antenna at the cell
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center transmits at full power, accounting only for the pzgh.

This parameter conveniently captures the effects of tréns
power, cable losses, thermal noise power and other lirdtad|
parameters. For example, for a conventional macrocekylss
tem with a 2 km base-to-base distance and with a 30 watt
plifier transmitting in 1MHz bandwidth, the reference SNR i
I"=18dB [4]. If instead we use a 3 watt amplifier and keep t
other parameters the same, the reference SNR would be

8dB. Alternatively, we could have kept the transmit power th

same (30 watts) and increased the bandwidth by a factor of&O

(to 10MHz) to obtain” = 8dB.

PRECODING WITH FULL CSI AT THE BASE STATION

W\ this section we consider two precoding schemes that requi
full channel state information (CSI) at the transmitteresid
ame focus is on the zero-forcing (ZF) beamformer with a per-
ntenna power constraint. The well-known dirty paper codin
PC) scheme with a sum power constraint is also considered
as benchmark.

System architecture
For both ZF and DPC, coordinated transmission occurs over

We model the element response as an inverted parabola thatuster ofM/ antennas. As shown below in Figupe, the
is parameterized by triedB beamwidti?s,; and the sidelobe antennas for a given cluster are either co-located or djyatia

power A, measured in dB:

A(0},,) |gg= — min{12(6},,/0345), As} (2)

wheref € [—m, 7] is the direction of usek with respect to

the broadside direction of theth antenna of théth cell. The
different antenna array parameters considered in this ak
summarized in Table 1, but we leave the discussion of these
parameters for Sections A and A.

| TX scheme| M [ Antenna array| O34m | A, ]
3sectors | 1 none (70/180)w | 20 dB
12sectors| 1 none (17.5/180)7 | 26 dB
ZF centr. | 12 circular (90/180)x | 20 dB
ZF distr. | 12 linear (70/180)x | 20dB
DPC centr.| 12 circular (90/180)x | 20 dB
DPC distr. | 12 linear (70/180)x | 20dB

Table 1: Antenna parameters.

We assume that antennas are coordinated in clustek$ of
antennas, and each cluster ser¥&dingle-antenna users. Let-
ting [ = 1 be the index of the target cluster, the discrete-time
complex baseband received signal by thk user served by
this this cluster is

N
yk:hllcxl—i-z:hgcxl—l—nk, k=1,....K
=2

3)

whereh; = [h},,...,h},,] is the channel vector between
the antenna array of this cluster and itth user, hl, =
(R, ..., kL] is the channel vector from thigh interfering
cluster,x! € CM*1 is the signal vector transmitted by tfié
cluster,ng, ~ CN(0,1) is the complex additive white Gaussian
noise at thesth user,M is the number of antennas per coordi-
nating cluster and( is the number of users served per cluster.
We assume that each cluster perfectly knows the channel stat
information of only its users. On a given symbol period, each
basel serves a subset of use$§ C {1,..., K}. Under a per-
antenna average power constraint, the transmitted sigast m
satisfy

E [|2},[*] < Py,

m=1,...,M 4)

distributed depending the type of coordination.

e Centralized coordination. The cluster consists of a circu-

lar array ofM = 12 co-located antennas. The grey area in
Figure?? indicates that coordination occurs among each
set of M antennas. The antennas are located at the "half-
hour" points of an analog clock with sufficient element
spacing so that the independent Rayleigh fading assump-
tion is justified. We model the element response using (2),
with 0345 = w/2 and A, = 20 dB, where each antenna’s
boresight direction corresponds to its radial directiothwi
respect to the array’s center. Users experience interderen
from other cells; therefore users at the cell edge will ex-
perience the most interference. The CSl is shared among
M co-located antennas.

Distributed coordination. The M = 12 coordinated an-
tennas are spatially distributed in 3 groups of 4 antennas,
where each group is associated with a different cell site.
In Figure??, the three groups on the corners of the grey
area are coordinated. Each group is a linear array consist-
ing of directional elements pointing towards the center of
the grey area. Note that the three groups that share a com-
mon base are each associated with a different coordination
group. If we were to label each coordination cluster with
a different hexagon, these hexagons would tile the cellu-
lar network. Note that in discussing simulations for the
distributed architecture, the notion of hexagonal cells is
replaced by the hexagonal coordination regions.

0 7 and

Each element has parameters Wity = 135

A, = 20 dB. The distributed architecture is similar to
the conventional 3-sector architecture, and the element pa
rameters as the same for the two cases. Because of non-
ideal sidelobes, users near the sector border will experi-
ence interference from adjacent sectors. The implementa-
tion would be more difficult than for the centralized case
since CSI must be shared among spatially distributed an-

tenna groups.

B Transmission schemes
1) ZF

where P! is the power constraint for thexth antenna of the We now discuss the ZF transmission technique for a given clus

lth base station.

ter of M coordinated antennas. Assuming a linear precoder
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o? accounts for the intercell interference and that this feter
ence is considered Gaussian. We describe how this intadere
is generated in the following subsection. Problem (7) isr& co
vex problem which in general can be solved by using an interio
point method [5]. In general, in considering service to thme
plete population of users, we need to consider all possible
sets of users with cardinaliys| < min(M, K). Therefore the
overall optimization is a generalization of (7):

/3

oL
x
X

R(S 8
sclie ) @
|S|<min(M,K)

Solving (8) optimally requires a brute force search ovepad-
sible setsS of 1,2, ..., M users. The number of sets to con-

3 Sectors DPC/ZF Distributed
sider isy M) 257, S0 the complexity of this search

2 2
becomes unacceptably high for largé We therefore use

12 Sectors DPC/ZF Centralized a suboptimum but efficient greedy algorithm for larffede-
scribed in [6] (see also [7]) for selecting a subset of users
S C{1,...,K}toserve.

Figure 1: Antenna architectures for sectorized and pregpdi

systems. Shaded regions indicate antennas that are coord?) DPC

nated. As with ZF, we are interested in deriving the expression for

the maximum weighted sum rate achievablefbyisers in the
(beamformer) is used, the transmitted signal for the ceipéise  center cell in the presence of intercell interferengeeceived
station can be written as by thekth user. Defining

x = G(S)u, (5) > =diag[l/of,...,1/0%] ()]

where G(S) € CMxISlis the beamforming matrix for the angH,, = ', for each given channel matrL., %, the max-

users in setS andu = [uy, .. st is the vector of in- jjym throughput is achieved by Dirty-Paper Coding (DPC)
formation bearing signals. Note that in defining the user [8]:

indices have been rearranged so the users chosen for service
correspond to the fir$sS| indices. C(H.,, P) = max logdet (I + H diagv)H,,) (10)
If we use ZF beamforming, the beamforming matrix is cho- v
sen such thaH(S)G(S) = Iis), whereH(S) € CI¥XM here maximization is over € RX such thaty", ¢; < P,
is obtained by extracting the appropriate rows f = p_ s~ p andp,, isthe power constraint on theth antenna.
[h§" ... h5 ", andI|s is the|S|-by-|S| identity matrix. As- The convex maximization in (10) can be solved by the simple
suming |S| < M, the ZF matrix can be chosen to be th@erative algorithm of [9]. LetRPPC(P) be the rate region
pseudo-inverse dfi(S), achieved by DPC. To determine the optimum throughput when
_ H H 1 a scheduler is used, it is necessary to determine the Bdint
G(S) = HY(S)H(SHT(S)] ™ (6) on the boundary of the rate region that achieves the maximum
Letting o be the quality of service (QoS) weight for thén  Weighted rate sum for a given set of QoS weights
user, for a given set of usets (|S| < M), the problem of
finding the optimum user power allocations which maximize
the weighted sum rate under ZF beamforming subject to per-
antenna power constraints can be formalized as: wherea = [aq, . . ., ak] is the vector of QoS weights. In [10]
an algorithm is proposed to optimally solve (11) by exphuti
the duality with the uplink channel [8].

R* = argmax aR subjectto R e RPPC(P) (11)
R

|S|
vk
= 1 1 — 7
R(S) max ls‘gﬂak og( + ‘713) (7

vg,k=1,...,

C Smulation methodology

subject to v >0, k=1,...,[S] In this subsection, we describe the simulation methodology
L‘i‘l |gmk|?vx < P, m=1,...,M determining the throughput for both ZF and DPC, where the
throughput is defined as the average sum rate ofifhesers.

whereg,,, is the(m, k)th element ofG(S), o7 is the thermal - . _ _ S
noise plus interference variance and where the power conktr Note that the ac_hlevable rate region _of the gownllnthra_ssmn defined
by the channel matri¥I and the noise varlance{ssr1 e UK} is the same of

follows from (5) f':md (4) The_ QoS weights are generated DY one of the downlink transmission defined by the chaiheind the noise
scheduler described in Section V. We emphasize that the tesmanceq1, .. ., 1].
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We describe a methodology that assumésantenna coordina- ber of users per sector is large, then coordinated trangmiss

tion is applied throughout the entire network. Howevertéad would not have much advantage over the conventional trans-

of having to run a multicell simulation where coordinatiast 0 mission technique where each sector operates autonomously

curs in each hexagonal coordination region, we propose & mittowever, if the number of users per sector is smaller, thereth

simpler procedure that requires coordination to be siredlat are some gains over autonomous transmission.

only the center coordination region. This procedure ocours Each sector is assumed to transmit at full power, and each

multiple rounds. To simplify the discussion, we use the teraser measures its received signal power from all sectorsh Ea

"cell" to refer to the hexagonal coordination region. user feeds back its vector of received signal powers, so each
For the first round, consider a single isolated cell. In othéase can compute the SINRs of all users associated with its

words, we assume there is no intercell interference,cang  sectors. The problem is to determine the optimum allocation
. = ox = 1. We randomly dropK users with a spatially of users to sectors in order to maximize the weighted sum rate

uniform distribution in this region. For each user, we alsog among users in a cell. We letbe theN; x 1 sector allocation

erate a shadow fading realization. We fix the user locatieh avector, wheres(i),i = 1,..., N, indicates the user allocated

shadow fading realizations fdf frames. Over thesE frames, to theith sector andV, is the number of sectors, and tet(k)

we generate i.i.d Rayleigh fading realizations for eacimfra the SINR of thekth user under the sector allocatienThe op-

and determine the maximum weighted sum rate accordingtitmal sector allocation is given by the solution of the fallag

either (8) or (11). The generation of QoS weights is desdribproblem

in Section V, and the mean rate of each user is calculated afte

a steady state has been reached dfj@frames. At the end of . N ) ,

F frames, we generate a new set of user positions and shadow S = 818 ;ﬂaxz a(s(i))logy (1 +75(s(9))  (12)

fadings, and the procedure is repeated for a totdDafets of i=1

I frames. The sum average rate metric is simply the sum gfgeneral, solving (12) requires a brute force search oler a
the K users’ mean rates. For each frame after steady state, ygsiple sets ofV, users. The number of set to consider is

record the transmit covariance; therefore we collect d tifta KL 7, S0 the complexity of this search becomes unaccept-
DF/2 transmit covariances corresponding to the steady sté@y ﬁigh for largeC. We therefore use a suboptimal greedy

performance. _ alrgorithm which is analogous to the one presented in Section
On successive rounds, we account for the effects of inter

interference. For a given frame, we account for this interfe

ence by assigning to each cell a random member from the get gyuiation methodol ogy
of DF/2 transmit covariances from the previous round. Ind
ing so, we treat each interfering cell as if it was an isolateld
servingK users as in the first round. Then for thién user in
the center cell, we can compute the total thermal noise phu

the central cell throughputis evaluated using a similatoet
ology as for the ZF and DPC case. However, we need only a
S§ingle round to evaluate the throughput, because the effect

terference variance, based on the transmit covariances frorﬁ_]e multicell interference is accounted for in the SINR eepr

the interfering cells and channel realizations for thissu$ée sion (12).
sum average rate and transmit covariances for the center cel

can be computed as before. V' SCHEDULING METHOLOGY
This procedure should be repeated for successive roundsjythis section, we describe how to generate the quality of
til the statistics of the interference are stabilized. Hevein  gservice (QoS) weightsyi, ..., ax used in calculating the

our Simulations, two rounds are sufficient for stabilizatio We|ghted sum rate metric used by a” transmission techBLque
For a given set of QoS weights, recall that DPC numerically de
IV SECTORIZATION termines the optimal subset of users to be served. On the othe

In this section we consider a sectorized system, where thgﬁééd’ both ZF and sectorization rely on a greedy algorithm fo

is single antenna in each sector, and there are either 3 or
sectors per cell.

chgosing the subset of users.

or the weight calculation we use the proportional fair
scheduling (PFS) algorithm [11]: the users are scheduled by
taking into account the ratio between the instantaneouswach
~_ able rate and the average rate. Indeed, the QoS wejgfdr
For the case af sectors, the response of each elementis giv@{k kth user is the reciprocal of the user’s average windowed
by (2) with 0345 = g5 and A, = 20 dB. For the case of ate (note that the instantaneous achievable rate term)in (7
12 sectors, the response is narrower, and the sidelobe POWEAS) and (12) is given byog(-)). In other words, if we let

A Systemarchitecture

6dB lower: 345 = 53 ™ andA,, = 26 dB. Ry (f) be the average rate of thgh user on framef, then
o the average rate on next frame is updated using a sliding win-
B Transmission scheme dow average based on a forgetting factor Ry, (f + 1) =

Transmission for the sectorized systems is assumed to Ive cdd — ) Ri(f) + YRk(f), Where R, (f) is the rate received
dinated in the sense that the scheduled transmission areong by userk during framef. This value is zero if the user is
tors with co-located antennas is performed jointly. If them not served. The QoS weight is simply,(f) = 1/Rk(f).
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Note that in general, we do not include the frame indelor for the centralized architecture. When the centralizedhiarc

the QoS weight. The QoS weight for tigh user is initial- tecture is used, compared to a baseline sectorized systém wi

ized using an estimate of its average achievableRat@) = 12 (3) sectors, the interference-limited throughput of the ZF

and DPC are respectively a factiob (3.5) and1.75 (4) higher.

Note that ads increases, the performance gain of the 12-sector

system versus the 3-sector system approaches 4, as one might
pect due to the linear throughput gain of sectorization.

—1

<1og(1 + [dmin/do] "T) , wheredp;, is the distance from
the user to the closest base antenna.

The PFS algorithm is applicable for scheduling the sing
best user out of{ users during a frame. It ensures fairness in
the sense that over the long term, each user gets served a frac VI
tion 1/K of the frames. It is also optimal in the sense that it
maximizes the sum log of user rates. Our scheduler is moi& have studied the potential improvement in downlink
general in that multiple users could be served during a frant@roughput of cellular systems using limited network caord
It is reasonable to use the average rate reciprocal as the @a#on to mitigate intercell interference. We studied Zf an
weight since the same fairness mechanisms at work in PFS Bf:C precoding techniques under distributed and centcalize
ply here. Namely, users that have been starved will haveshigrchitectures. For either precoding technique, the clreh
QoS weights, and users that have been served recently wal harchitecture performs uniformly better over the range afpo
lower QoS weights. In Section VI, we show empirically tha@s considered. DPC and ZF provide respective gains of up to
these mechanisms provide fairness; however, analytionapti 1.75 and 1.5 over the 12-sector baseline and gains of up to 4.5

ity of this scheduler for multiuser service has not been showand 3.5 over the 3-sector baseline. Sectorization usingd2 s
tors is a cost-efficient technique for improving the perfanoe

VI SIMULATION RESULTS of a conventional 3-sector system. Additional throughaing
) o can be achieved under ideal conditions using limited networ
We simulate a cellular system consisting a central cell &d t . rgination under the centralized architecture. However

rings of surrounding cells, each withi = 20 users. For the jmpact of practical considerations such as imperfect cann
DPC and ZF the transmitter perfectly knows the channel StadSowledge at the transmitter should be studied.

information; for the sectorized system, the transmittely on

knows the SINR of the users. We assume a pathloss coeffi- ACKNOWLEDGEMENT
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and12 sectors) in terms of sum-rate vs reference SNR, where

the reference SNR is defined as the average SNR in a vertex of
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tion for spectrally efficient communications in cellularsgyms,” [EEE
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