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Abstract: In this paper we compare the uplink performance of varioygayenent
scenarios of a linear cellular system where the receivathigf multiple cells are
processed jointly at a central processor. A mathematicaleiis developed and the
performance is compared using the information theoretic ®ate and user rate dis-
tribution for the system. A benchmark system deploymentlofesar cellular array is
changed in the following manners: the density of the bas®atais decreased, relay
stations replace alternate base stations and in anothesrsz¢he alternate base sta-
tions are removed while an additional antenna is placed oh ledt over base station
in the system. It is observed that decreasing the densitp®é Btations reduces the
sum rate and makes user rate shares relatively unfair. Eleglbase stations by the
relays and use of amplify and forward scheme reduces the apacity (to a value
approximately same as for the case where alternate basmnstate removed) but
maintains a relatively fair user rate distribution. Repigca base station with an ad-
ditional antenna maintains the sum-rate of the system kartrase share for the users
at the edges of the cell is reduced. The results suggeshthaeglay deployment in the
multicell joint processing system does not improve the sait@ of the system rather it
improves the rate share for the cell edge user making therasedistribution fairer.
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1. Introduction

Performance improvement of wireless cellular systems ¢®imng increasingly more im-
portant with the emerging trend of using high-rate dataisesvon the move. Inter-cellular
interference has been a big obstacle in obtaining high spacefficiency for the cellular
system and the performance of these systems is usuallyargace limited. Multicell joint
processing, as originally proposed by Wyner [1] and Hanlyitig [2], is a promising ap-
proach to achieve higher spectrum efficiency in the cellsyatems.

Wyner in [1], studies the benefits of multicell joint processassuming an additive white
Gaussian noise (AWGN) channel with no Rayleigh fading. SonseihShamai [3] extend
Wyner’'s model by incorporating the narrowband single-tapl®gh fading. Extended mod-
els for progressively more practical considerations andist in [4, 5]. They all show the
potential improvements in spectrum efficiency when multjoint processing is deployed.

Recently there has been an interest in the deployment of Reldgsnto improve the
performance of the cellular systems and some studies weferped for the use of relay
nodes in the context of multicell joint processing [6, 7] wdéoth Amplify and Forward
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[6] and Compress and Forward [7] schemes have been studietoBe et al [6] consider
a TDMA cellular system and for keeping the model mathemHbyit¢eactable they assume
that the users in each cell have the same relative posititim n@gpect to the closes base
station. Distance dependent path loss is modeled with dessygtem-wide parameter. The
main finding is that the benefit of Amplify and Forward relayis limited to the regime of
low to moderate transmission rates. In [7] the authors sihawthe Compress and Forward
scheme is capable of totally eliminating the inter-relagiference and performs better than
the Amplify and Forward scheme over a wide range of pararmmeter

In this paper we extend the model by introducing the distateggndent path loss and
allowing for any user location within each cell. The redtan of serving one user at a time
in each cell is also removed. As in [4, 6, 7], we consider adireellular system to keep the
analytical exposition simpler to follow. All the base stai$ are assumed to be connected to a
central processor through a high capacity and delay-ledsivaul. The relays are positioned
at the midpoint between the two base stations. Wirelessnehavith narrowband single tap
Rayleigh fading is considered and information theoretic sat® and user rates are compared
to estimate the performance of several deployment options.

The rest of the paper is structured as follows. The next@ediscribes the system model
followed by the section that describes how information th&o sum-rate and user rates are
calculated. Some results and insights are discussed fxtsdlscenarios in Section 4. The
work is concluded and some future work directions are idieqtin the last section.

2. System Model

We present the system model used to calculate the fundahpentarmance limits. A linear
cellular array of vV cells (each indexed by) is considered. The base station are deployed
at equal distance on a straight line and users are also tbaaty point on the line. Each
cell is served by a single Base Station (BS) located in the e@ftthe coverage extent of the
cell. We assume that there akeusers (each indexed 13y, in each cellular extent, which are
simultaneously being served. Each user terminal and eacltaB$& &ingle antenna.

We develop a general model for communication fréisources toD destination re-
ceivers. A signak (a complex number in base-band model) is transmitted wélttmstraint
thatE[zz] < P whereP is the per source transmit power constraint &kpresents the
expectation of a random variable. The channel gain from sacinces to each destina-
tion d is given byh, ;. Let the vectory represent all the received signals, at the destination
nodes, stacked together. By stacking all transmitted ssgnain the sources, we form a vec-
tor x. Using the channel matrid formed by placing all the channel gains at appropriate
row-column position, we obtain the following matrix equeti

y=Hx=w Q)

wherew is the Additive White Gaussian Noise (AWGN) vector for the degton nodes,
Ry = E[ww'] = 621 andI}, is the identity matrix of dimension® x D.
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Figure 1: System scenario and two phases of uplink commuica

For the wireless communication environment, each charaiallg ; is composed of two
factors: one factor models the distance dependent patlexpesienced by the signal and the
other factor models the Rayleigh fading. We assume a narrad siagle-tap flat (frequency
non-selective) Rayleigh fading channel and for this workgvere the log-normal shadowing
effects. The channel gain can be expressed in terms of tedadtors ash, s = Va5 X ga -

In matrix form this will give:
H=v0o6G (2)

whereh,, is an element of matriH at thed™ row ands™ column and® represents the
Hadamard (element-wise) product of two matrices.

The distance dependent path loss factor is modelled usmiglrse power law ensuring
a minimum separation of reference distance of one meter [5]:

wd,s = LO (1 + Dd,s)i77 (3)

where the constart, defines the loss at the reference distardeg, is the physical distance
between the destination and the reference point at the es@mndy is the path loss expo-
nent. This simplified model fits a wide range of empirical pktss models obtained for
various environments by appropriately choosing the pararsé, andr. The other factor of
the channel gain models the Rayleigh flat fading coefficiemdasmnalised to unit power and
circularly symmetric i.i.d. Gaussiag; s ~ CN(0,1).

A scenario of such a system is depicted in Fig. 1. Each usmirat transmits signal that
can be eventually received by several base stations. Sinusse stations are connected to a
central processor, all received signals are conveyed todihieal processor for joint decoding.
In the absence of any relay terminals we can obtain an inpue@uation using the model
described above withV base stations as the destinatiohs€ N) and N K total users as the
sources § = N K). The sum-capacity of such a system with joint processirigeteceiver
end is given as [1, 8]:

Coum = E (logy det (Iy + HQ,H'R')) (4)

where the units of the sum-capacity are bits/sec®zrepresents the covariance of the input
signalsx andR,, represents the covariance of the noise vector. Assumingthaputs are
independent we hav@, = PI.



In the presence of relays each communication time slot cacobhsidered to have two
phases as shown in Fig. 1. We assume orthogonal amplify awafd scheme, as proposed
in [6], for the initial investigations. In the first phase betcommunication, all users transmit
their signals and these signals are received by the relayelhgas the base stations. Input
output equation for the first phase is given as:

y1 = Hpuxy + wp (5)

wherey, is the received vector at the base station array during teefitasew g, is the
AWGN samples during phase 1 and matibg is the channel matrix from all the users to
all base stations. During this phase, the transmitted Edran the user terminals are given
by the vectorx;,. During the same phase, the transmitted signals are alsveecby the
relay nodes and this is given as:

Yf = Hryxy +wp (6)

where the channd z;; is now between the user terminals and the relay node. The AWGN a
the relay nodes is given by ;. In the second phase of communication the signals recetved a
the relays are transmitted to the base stations for joirtgesing with the signals received in
the first phase. The received signal at the base station dur&yg the second phase is given
as:

y2 = Hpr [uy{'] + wae (7)
=Hpr [ Hruxy + Wg)| + Wi (8)

Equation (8) is obtained by substituting (6) in (7). The a&rfrom the relay nodes to the
base stations is given &3z and . is the amplification that the relay can provide to the
received signals before forwarding them over the next hdge vialue ofu is dependent on
the power constraints on the relay node. Assuming that thepis constrained by at the
relay nodes, we can derive that for tjié relay we have the constraint

2 Pr
W2 < :
PENE[h, ] + 0

(9)

In the following section we describe how this model is useddlzulate the achievable
sum rate and the user rates for the system under consideratio

3. Performance Evaluation

For the case where there are no relay stations the maximumatans given by (4). For the
case where the relay nodes are also present, we proceetbasfdbince the signals received
at the base station arrays during the two phases of comntiameae jointly decoded we can



stack the vectorg; andy, and by rearranging the terms we can express the stacked vecto

as follows:
y1 Hpgy Wpg1
= + 10

[ Y2 } [ pHprHgy } xu { HprWgr + Wpo (10)

which can be more compactly written as (usingto represent the stacked vector/matrix)
y =Hxy +w. (11)

Extending the approach in [9, 6], the maximum achievable saimis derived as:
1 o
Roar = 3 log det (Ly + PHH'R') (12)

where the factor of half comes from the two phases used terrdrthe signal,P is the
per user transmit power constraint and the covariddgeof the stacked noise vectok;, is
calculated as
Ry = o2 Iy 20N t

On Iy + HBRHBR
wherely andO represent the identity and an all-zer® & N) matrix.

Considering the uplink joint decoder, for any given sum ragecan calculate the individ-
ual user rate share if we define the specific order in which see signals will be decoded.
Assume that the users are permuted and the permutationeis g&# with the index of the
i* user in the permutation representedrés. The rate share of any user will be given as

Ly+PY) Bﬁ(j)fl;[r(j)R;vl
Ly+ Py Bfr(j)ﬁj?(j)vavl

J

(13)

r7) = log det ( (14)

where the user at the first position in the permutatioa (1) is decoded last in the decoding
process and experiences no interferences since all otber ln@gve been decoded and stripped
(cancelled) from the aggregate received signal.

4. Resultsand Discussion

We simulate a cellular scenario whek¥e= 10 base stations are equally spaced on a system
spanD (in km). The inter-site distance can be calculated’ysV. Users are uniformly
randomly distributed on the system span with a density of 4€rsilkm. Each user has a
transmit power constraint of 100 mW and where the relay nadessed they have a transmit
power constraint of 1 W. The path gain at the reference distaf 1m isL, = —38dB and
the path loss exponent= 4 is considered to correspond to empirical models. Noisetsgec
density Ny = —169 dBm is assumed and a subcarrier of narrow band spectiim=(50
KHz) is considered where the noise power is calculatesfas NIV .

In Fig. 2 we compare the uplink sum-rate of the system forouerideployment scenarios
of a linear multicell joint processing cellular system. Buen rate is plotted against the extent
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Figure 2: Comparison of spectral efficiency as a function stlsation density of the cellular
deployment for different scenarios

il

o N A o
=3
o N A o
b
o N A o

go N & o
=3

IS
@
»
o
IS
o

4.5

IS
IS
O
IN

w
@
w
@
w
@

3.5

w
w
o ¢
w

N
@
N
@
N
@

2.5

N
N
N

user rate share in bps/Hz
&
=
&
-
&

BN

1.

TR LB

0 0 0
10 20 0 10 20 [¢] 10 20 0 10 20
user location (km) user location (km) user location (km) user location (km)

-
i
[

o
o

o
o

Figure 3: Average user rate share as a function of user totati the cellular grid along with
the deployment map of base stations and relays

of the cellular system while the total number of cells witthis extent is held fixed to 10 base
stations. The sum-rate is normalised (given in bps/Hz pgrtirbe able to compare different
cellular extents. It can be observed that for all systemspaoed, the spectral efficiency per
unit distance is decreased when larger cellular systemsoaered with the fixed number of
base stations (in other words the density of the base stagsaeduced).

A benchmark system deployment of a linear cellular arrapissaered and its sum rate
is calculated using (12). The density of the base statiode¢seased by removing alternate
base stations and sum-rate is calculated using the samgaqgiat with a reduced number



of receivers (and a smaller channel matrix). As seen in FitpeZum rate is approximately
halved. In the next scenario the removed base station is eesaped with an additional
antenna at the closest base station. This recovers thenlsgai-rate to a large extent. Finally
the removed base station is replaced by a relay node and lisesrneed that approximately
the same sum-rate is achieved as in the case where the biase démsity was halved. This
suggests that for this scenario the deployment of relay :\eot beneficial, at least from
sum-rate point of view, however the results in Fig. 3 provddene deeper insights.

In Fig. 3 we show the average rate share of each user as adnictiheir position in the
cellular system. We use random decoding order at the jootgasor to calculate the user
rate share for each system snapshot using (14) and evalsiatid 000 snapshots is averaged
to plot the results. All four scenarios are plotted sidesime in the figure. The reference
system is shown in (B) with the top figure indicating the positof the base stations (bars
with triangular marker at the top end). It can be observed ttia users close to the base
stations are getting the larger share of the sum-rate widaisers at the boundaries of the
coverage of the two cells get very low rate-share. When alterbase stations are removed,
we obtain the rate distribution as shown in (D). In compariso the reference system in
(B) the peak rates are reduced as well as the rates at thedgelse A larger number of
users at the cell-edges get very low rate. Adding an additiantenna (indicated by an extra
triangular marker in the base station position indicatdrthe top subfigure under column
C) compensates for the loss in sum rate and it can be obseraetither peak rates, as
compared to the reference system in (B), are achieved buhtre sf the rate for the edge
users is much smaller. In column (A), the relay nodes areduited to compensate for the
removed base station. The position of the relay nodes isateli with smaller bars and a
square marker. The system has smaller peak rates but treealsee to the relay nodes get
a fairer share from the sum-rate. In short, the benefit ofyratades in this multicell joint
processing scenario is not in terms of sum-rate but is in gesia better service for the
cell-edge users.

5. Conclusion and Future Work

We have considered a joint processing cellular system’mkigind compared the perfor-
mance of this system for different deployment scenarios.ingar cellular system is con-
sidered as a benchmark and the effect of various changestbehchmark deployment are
analytically studied. Information theoretic sum-rate aisdr rate shares are derived and cal-
culated for the changed scenarios. It is observed that agiagethe density reduces the sum
rate and makes user rate shares relatively unfair. Repladiage station with an additional
antenna recovers large part of the loss in sum-rate due tweeldbase stations but user rate
share for the users at the edges of the cell is reduced. Bycieglbase stations by the relays
and using the amplify and forward scheme the sum-rate is sanfigr the case where alter-
nate base stations are removed. However the introductitimeatelays provides a relatively
fair user rate distribution. The work suggests that theyratades can play an important role



to reshape the user rate shares in the cellular environmrentia the case where the base
stations are fully cooperating for the decoding of the Upsiignals.

As part of the future work, we are studying the problem for penar cellular arrays
with more detailed propagation models that include thedognal shadow fading as well.
In addition to amplify and forward relaying strategy otheategies like decode and forward
and compress and forward will also be investigated. Efféotdtiple antennas on the relay
node and user terminal is also under investigation. Fipnatiysidering the role of relays for
the downlink channel will also be a useful direction for thetfier work.
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