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Abstract—In this paper, we address the problem of optimal The increase in cell radius depends upon the radial position
relay placement in cellular networks for maximum extensionof of the RSs in the cell since the location of an RS affects the
coverage area. We present a novel definition of the coverage gNR of the received signal on the BS-RS and RS-MS links
radius after the introduction of relays. Using this, we detemine . - .
the optimal relay positions to maximize the coverage radius An RS placed close .to the Ce”, edge, will resu_lt'n k?W recdive
and estimate the number of re|ay5 required per cell. We also SNR on the BS'RS ||nk and W|" a|SO cause h|gher Intel’ference
analyze relay placement in the multi-cell scenario, whichakes to the neighboring cells. On the other hand, placing the RS
into account inter-cell interference, a dominant factor in the away from the cell edge, results in a low SNR on the RS-MS
next generation cellular Orthogonal Frequency Division Mdtiple link, causing cell edge users to be more prone to outage. Thus
Access (OFDMA) systems. Considering inter-cell interfenece in . "’ . . S . S

in order to achieve maximum extension in cell radius there is

the multi-cell scenario, leads to an interesting iterativealgorithm ) g ; o
which is used to determine the optimal relay station (RS) @ need to determine optimal radial position of the RSs.

positions. Only a few researchers so far have addressed the issue of
Index Terms—Coverage Radius, Relay placement, Inter-cell optimal placement of cellular RSs. The authors in [2] and [3]
interference, Cellular OFDMA analyze RS placement for wireless sensor networks, where th
objective is to achieve maximum connectivity between pairs
. INTRODUCTION of ad-hoc relay nodes. [4] considers a dual-relay architect

With the rapid growth of the number of cellular subscriber/ith cooperative RS pairs and proposes an algorithm to
and the scarcity of frequency spectrum, cellular systeres &€l€ct the two best RS locations from a predefined set of
facing difficulty in providing satisfactory signal to noisatio Ccandidate positions. The analyzes presented in [2]-[4]lrv
(SNR) to users, especially at the cell edge. One solution [l§€r-RS communication. However, the existing standards,
support the ever increasing number of subscribers per gelfficluding the ongoing work in IEEE 802.16m standard [1]
to decrease the cell radius. This results in more base sgatid® Not currently support inter-RS communication because it
(BSs) required per area thus escalating the infrastructsts. involves a significant communication cost. In [5] and [6](_3 th
Also, smaller cell radius causes higher inter-cell intesfee, RS Placement problem is analyzed from the perspective of
thereby calling for interference management techniquek sdcréasing system capacity rather than coverage extenision
as sectorization and adaptive interference cancellation. ~ L7], @n iterative RS placement algorithm is proposed which

An alternate solution being employed in next generatidivides all points in the cell into good and bad coverage
cellular systems [1] is to deploy low-cost relay stationS¢R points and places RSs at the good points whose neighbors

in each cell. The deployment of RSs has two key benefl}@ve bad coverage. Though the RS !olacement problem has
- increase in cell capacity, and coverage extension. TherePPen addressed by all the aforementioned works, they have
an increase in capacity since a mobile station (MS) has tfat considered realistic channel conditions such as chianne
diversity advantage of two possible links - the direct limk t'ading and inter-cell interference. _

BS, and the link via RS. As a result incoming calls may !N this paper, we take into account shadow fading as well
experience lower blocking probability, and thus the ceh cas mter-_cell interference. We o_Ie_:fme the coverage _radlus of
support a greater traffic density of users in the same cedl. argm_ cell n terms of_the probab|llty of correc_t decoding at a
Alternately, for the same traffic density, deployment ofudar point. 95'”9 th|§ notion, we determllne the optlma! RS posit
RSs helps increase the cell radius. This is because RSs bdfhgchieve maximum coverage radius, both for single cell and
closer to the cell edge MSs than the BS, improve received SN/ ti-cell scenarios. The multi-cell scenario takes into@unt

to these MSs. Due to increase in cell radius, the infrasirect Nter-cell interference, which is a dominant factor in trexn
cost of deploying more BSs is also reduceoi generation cellular Orthogonal Frequency Division Muéip
Access (OFDMA) systems. The extended coverage radius after

This work is supported under the IU-ATC project funded by Brepartment RS .placement., determme.d in this paper is _userI for de‘?‘@gm
of Science and Technology (DST), Government of India. the inter-BS distance during system planning.



The rest of the paper is organized as follows. In Section from neighboring cells We define the coverage radius as a
we describe the system model. In Section Ill, we compuieetric of cellular coverage, and determine the optinkal
the optimal RS position to maximize the coverage radius amdich maximizes it. We also estimate the number of RGs
estimate the number of RSs required in a relay-assisted cediquired in each cell.

In Section IV, we present an it_erative algorithm to solve th/g_ Definition: Coverage Radius
problem in a multi-cell scenario. The results are presented

in Section V. Finally, Section VI concludes the paper and We first consider a direct transmission from the BS to an

MS is, SNRgs_ms = Pg — 10nlogd — N + &, Where§ is

) ) o ~a Gaussian random variable with standard deviatiamn the
We consider downlink data transmission in a relay-assistg&-pms link. Let T (in dB) be the threshold of the minimum

types - transparent and non-transparent RSs. Transpa$ant Refine the probability of correct decodipg as the probability

do not transmit pilot signals to the MS and hence the MS {gat the received SNR is greater than threstbldThus, for
unaware of their existence. A transparent RS functions lige direct transmission from the BS to MS,

a repeater which merely forwards the signal from the BS to

Il. SYSTEM MODEL

the MS. On the other hand, a non-transparent RS transmits pe = Pr(SNRps_—ms > T),
pilot signals to the MS and performs most of the functions of = Pr(Pg +&—10nlogd — N > T),
a full-fledged BS such as inter-RS and RS-BS handover. The — Pr(é>T+ N — Py + 105logd)

IEEE 802.16m standard [1] currently supports non-trarespar

RSs with no direct communication between BS and MS, after =Q (T + N — Pg+10n logd) . )
the MS has been handed over to the RS. g

We consider a topology withVr non-transparent RSs 1 oo a2 , -
placed symmetrically at radial distandd around every Bs Wnere @(@) = 4 J, ¢7 7 dr. We define that a point is

as shown in Fig. 1. Although we focus our attention on th‘('i:aid to be. C(_)vered if the probability of correct. decodjng
two-hop case with data transmission from the BS to MS vi§ th?t point is greater than or equal to a required value. We
only one RS, our analysis can be extended to multi-hop relﬁgns'dher th'ﬁ minimum required value ot to be 0.5. We
architecture. Let the downlink transmit power of the BS bote that wherp. > 0.5, 7'+ N — Pp + 10nlogd < 0 In

Py dBm and that of the RSs b dBm (P < Pg). The 1). Or equivalently, the expected value pf the received SNR
pathloss exponent is denoted hylLet the thermal noise level E(SNRps-ms) = Pp —10nlogd — N is greater than or

be N dBm. We consider log-normal shadowirigon each equal to threshold’. Thus, for every point witlp, > 0.5, the

link, where¢ is a Gaussian random variable with megand expected value of the received SNR is greater than decoding
star;dard deviatiow, o, and o, for the BS-MS, BS-RS and thresholdT". This justifies our choice 00.5 as the required

RS-MS links respectively. Since our aim is to evaluate tH@inimum value for the probability of correct decodipg The

optimal RS positions from a long term coverage perspecti ,verage area 0; th? BS |fs a C|rcuIaWr d(;si_of radilis, SUChd.
we ignore the effect of fast fading on all wireless links. thatpe _r?'5d"?‘tt € CI][CUFT] Eren%e. eh. e;]mhe CO\éerage racius
Initially in Section IIl, we consider a single cell scenarioRCOV as the distance from the BS at which the MS experiences

and assume that there is no inter-cell interference fromgei Pc = 0.5, such that all locations of the MS at a distance
borlng C_e”S' Th_e assumption of zero inter-cell interferes 1Though it seems restrictive, the analysis of RS placemernhénsingle
relaxed in Section IV where we analyze RS placement fgg) scenario is applicable to a system which employs frequeplanning to

a multi-cell scenario by taking into account the interfern ensure that inter-cell interference is negligible, forrapée the Global System
from the first tier of neighboring cells only. for Mobile communications (GSM) cellular systems.

IIl. SINGLE CELL SCENARIO

"
Fig. 2. lllustration of the definition of coverage radiiig. for the relay-

assisted cellular system. Also shown is the method to etaltiee angled
Fig. 1. Topology withNz = 6 RSs placed symmetrically around the BS subtended by each RS at the BS= sin~!(Rz2/R1).

In this section, we solve the optimal RS placement problem
for a single cell scenario, assuming zero inter-cell irberfice



d > R¢,, from the BS experience. < O.5.PB¥T§uNbstituting
pe = 0.5 =Q(0) in (1) we obtainR.,, = 10 "ton

Now we consider the relay-assisted cellular system de-
scribed in Section Il. When an MS moves outside the coverage
area of the BS, it is handed over to one of RSs in the cell. It
stops direct communication with the BS and starts receiving
all further data via the RS. Thus, the probability of correct

decoding is,
pC :pq 'p021
= PT(SNRBS_RS > T) X PT‘(SNRRS_MS > T),
_ 0 <T+N— Pp + 1OnlogR1)

01

Fig. 3. lllustration of computation of inter-cell interfarce. Solid lines
% Q T+ N — Pr + 10nlog Rs ) denote distances; from the reference RS to the BS:if" neighboring cell.
o9 ’ Dashed lines denote distanaés; the reference MS to thgt® RS in thesth

. ~neighboring cell
wherep., andp., are the probabilities of correct decoding

on the BS-RS and RS-MS links respectiveRy. is the relay
placement radius and?, is distance from the RS to theC. Number of Relays required
MS. For this two-hop cellular system, we define the coveragen o we determine the number of RSs required in the

radius R,y as themaximumdistance from the BS at which .o \ve assume that the number of RSs is chosen such that
transmission via an RS results . > 0.5. Equivalently, yhe coverage discs of the RSs are tangent to each other, as
for given relay placement radiuB,, Reov iS the maximum  g0n in Fig. 2. We consider coverage areas of RS which
distance from the BS at which both(SNRps-rs) _and are just non-overlapping because placing RSs in this fashion
E(SNRps—us) are greater than thresholll. From Fig. 2 gives the minimum number of RSs required. There may be
we see that distancB.., at which the conditiorp. > 0.5 1S ¢4 erage holes between adjacent RS coverage discs where the
satisfied is maximum when the BS, RS and MS are collineg,papjlity of correct decoding falls belois. By increasing
Thus, Reoy = Ry + Bz whereR, is the RS placement radius,iye nymper of RSs, the coverage holes can be reduced.

and R, is the RS-MS distance such that = pc, .pc, = 0.5. The number of RSs required is inversely proportional to the

B. Optimal Relay Placement coverage radiugl, of each RS. Let be the angle subtended
Given an RS placement radiu®, R» can be evaluated asPy each RS'’s coverage di.sc at the BS, as shown in Fig. 2. The
a function f(R,), by settingp. = 0.5 in (2) as follows, number of RSs required is,
IN-T . ey s 27

Ry = f(r) = 0w G Ne =171
It is clear from (1) that greater the distance between a gair o = (%1. (5)
nodes, lower is the,. on that link. We observe that in (3} sin” (7#)
is inversely proportional to the RS placement raditis This IV. MULTI-CELL SCENARIO

is because if?, is large,p., , being inversely proportional to it

\r/]vflil\llle)etosrgglll.al;loe\}/v Ee?‘rgg t%;?r?mfs\llpecrlfe“’f ::)65’01: szvalllll o reuse. Thus, inter-cell interference becomes significauat a
ge. 2 9 y prop affects the optimal placement of RSs in the cell. In this

pe, Will be small. Thus, there is a tradeoff between the valueseCtion we determine the ontimal RS positions by taking int
of Ry and R, and we can determine the optimum value 0? ) b P y 9

R, which maximizes the coverage radifis,, — R, + R, as account the inter-cell interference. We describe the syste
! 9 ov i 2 model, followed by the computation of inter-cell interfece

Cellular OFDMA systems usually employ 1:1 frequency

follows, and finally present an iterative algorithm for determinihg t
R = argR I(na}%( ]Rl + Ry S.t. peyPe, = 0.5, optimal RS placement radiug; .
1€(0, Ry "
=arg max R;+ f(Ry), A. Sytem Model
Ry €(0,R ]

In cellular OFDMA, a set of subcarriers, called a subchannel
where, R*** is the maximum possible RS placement radiuss allocated for each data transmission. Thus, in the OFDMA
It is the R; at which the probability of correct decoding ofcontext, Pz and Pr shall denote power transmitted per
BS-RS transmissiory,, is equal t00.5. If RS is placed at subchannel by the BS and RS respectively. We assume that
a greater distances., will fall below 0.5 and it will not be the BS-RS and RS-MS links are assigned disjoint frequency

possible to satisfy the condition., .p., = 0.5. Thus, bands for their signal transmissions. Thus, the MS receives
. (PB;0N7T+5T1Q71(0V5)) (PBI—ON—T) inter-cell interference only from the RSs in the neighbgrin
Ry =10 ! ! =10 ! (4) cells, and the RS receives interference only from the BSs of



the neighboring cells. We consider inter-cell interferefrom ~ Algorithm 1 Iterative evaluation of?y, Ng, Reov
the first-tier of neighboring cells only. The inter-BS dista is (- glinit)

equal to two times the coverage raditiB..,. Let p,.; be the 00

probability that a subcarrier is being used for data trassion N}(;) — Ninit

in the cell. It depends upon the traffic load in each cell. We ; _

assume uniform traffic load across all the cells in the system while |R(), — RU.Y| > ¢ do

Hencep,,. is constant across all cells in a multi-cell system  for eachR; € (0, Reoy) do

with 1:1 frequency reuse. Reov — {0}
B. Inter-cell Interference Compute/” and I™
N i
Let us evaluate the total inter-cell interferenfe at the pe, = Q ( LHL0les10T0 +{7)+10’710gRlpB)
1
reference RS, and™ at a reference MS at the cell edge

if p., < 0.5 then
break from for loop
end if

N
_ T+1010g(10T0 +1™)+10n log Ro—Pr
p02 - Q oo

as shown in Fig. 3. For simplicity of analysis, we ignore
shadowing on the interfering links and consider only thénpat
loss while evaluating the inter-cell interference. We aatd

the total interference powel” received at the RS shown in

sin — 1
RT(I)

Fig. 3. It is the sum of the interference received from each Solvep,, .p., = 0.5 for Ry
neighboring BS/;. To determind’, we multiply the received Append(R; + R2) to Reoy
power from an interfering BS by the probability of subcarrie end for

activity p..;. Thus, the total interference at the RS is, i—i+1

6 6 Rgf())v) = max R¢oy
L T _— N R = argmax Reov
I ;I ;pactPsz : (6) NE;” o Fi
—1 Rcév*Rl )

wherex; = \/(QRCOV)2 + R? — 4.Ry.Reoy cos(i% ), the dis-  end while

tance fromi'” neighboring BS to the reference RS. Similarly,
the interferencel/™ received at an MS at the cell edge as

shown in Fig. 3, is the sum of the interferenfe received However in the multi-cell scenario, since we consider inter
from each neighboring BS, which in turn is the sum of thee|| interference, the received signal to interference picise
interferencel;”,. from each RS in the neighboring cells. Thusgatio (SINR) at the RS and MS is also a function of the inter-
6 6 Nr BS distanceR..,, and the number of RS& in every cell.
™= Zjim — Z Dact ZPRd;;] (7) As a result the knowledge af.,, is required to determine
i=1 R r=1

im1 N Rs, given a relay placement radiug,;. We use an iterative

where d;, is the distance from the reference MS to thélgorlthm 1 to determine the RS placement radiils that

" RS in the i neighboring cell. For example,, — maximizes the cell coverage radilig,,. The algorithm uses

Py the valueR,,, from the previous iteration to evaluai® as a

2 . . . . -
\/Rgov + R{ — 2Ry Reoy cos(T7;). We assume that the sub-ynction of R,. Then we determine th&; which maximizes
carrier allocation algorithm is such that, each subcali@s p, 1+ R,, and set this as the new valig,,.

probability 1/Ny of being alloted to each RS in every neigh-
boring cell. Hence we have the factofNy in (7). V. NUMERICAL RESULTS

In order to simplify the evaluation of the interference i, (7 ) ] )
we determine the interference power from the first neightgpri N this section, we present the numerical results of the
cell, i = 1, and scale it by the path los§ " from each of optimal RS placement problem formulated in Section Ill and
the other neighboring BSs to the MS. For examplel!if is Section IV. The system parameters are chosen according to

the interference power from RSs in neighboring cglithe Table I. In Fig. 4 we plot the coverage radifts,, = 121+ Ry
interference from celf, I is approximated agd; " /d;". Versus the RS placement radili. Given a value ofRy,
Here d. — \/4R2 TR _4R? Rs is evaluated as shown in (3). We also plot the number

cos(Z!) is the distance

cov cov cov 3

from the reference MS to B&-Thus,

Ng 6 g SYSTEM PARAMETERS
m . Pact ' —n i BS transmit power Pp = 36 dBm
"~ Ng Z PRdl,T Z d:" (8) RS transmit power Pr =28 dBm
r=1 i=1 "1 Path loss exponent n = 3.5
. . Shadowing standard deviation BS-RE o1 =3 dB
C. lterative Algorithm for Relay Placement Shadowing standard deviation RS-MS o = 6 dB
In the single cell scenario, theSNRpg_ and Noise level N = —100 dBm
dg d v the di el RBSdRS d Decoding Threshold SINR T =10 dB
SNRrs-ms depend only the distanceR, and Ry an Probability of subcarrier being active]  pact = 0.2

the respective transmit powers respectively as given in (2)



of RSs requiredVy = m. The maximumR.,, IS
attained approximately d; = 3550 m. At this radial location
of the RSs,R.,, = 5475 m. Thus the RSs are placed a
R}/R.ov = 0.65 fraction of the coverage radius. Also, we
evaluate from (5) that at the optimal valieRSs are required
to cover the cell area with minimum coverage gaps and withc
the coverage discs of RSs overlapping each other.

For the multi-cell scenario, we use Algorithm 1 to evaluat
the optimal RS placement radiu; and the corresponding
R.ov. We set the initial values oRg””t) and R\ to the
R} andR.., determined in the single cell case. For the syste
parameters in Table I, and= 0.01, the algorithm converges
to the valuesR..,, = 3900 m and R} = 2338 m. Fig. 6 shows
the convergence oR.,, for Pr = 26,27 and28 dBm. R..,
reduces as compared to the single cell case due to inter-i
interference from the neighboring cells.

In Fig. 5, we plot the ratid?; / R?,, versus the RS transmit Fig
power Pg, for the single cell and multi-cell scenarios. Thé®
BS transmit power is constant &z = 36 dBm. As the Py
increases, the RS can serve MS further away from it, and het
the ratio decreases. We also observe that the ratio is gre:i
for the single cell case. In the multi-cell scenario, theiropt
RS radius moves away from the cell edge in order to redu

the interference to neighboring cells.
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Fig. 4. Plots of the coverage radidg..v and number of RSy versus

the RS placement radiug; .
3]

VI. CONCLUSIONS

In this paper we have analyzed RS placement in cellulgy
networks for maximum coverage improvement. We present
a novel approach to determine the optimal RS positior§
by defining the coverage radius in terms of the probabili{y
of correct decoding at a point. The optimal RS positions
have been determined both for the single cell and multi-c&fl
scenarios. For the multi-cell scenario, we take into actoun
inter-cell interference and propose an iterative algaritto [7]
determine the optimal RS positions. The results presemted i
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. 5. Plots of the ratidR; /Rcov Versus RS transmit power for the single
| and multi-cell scenarios.
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orithm proposed to determine the optinfaj in the multi-cell scenario.
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