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Abstract—The downlink capacity of cellular networks is known
to be strongly limited by inter-cell interference. In order to
mitigate this interference, a number of frequency reuse schemes
have recently been proposed. In this paper. we compare the
potential capacity gains of these schemes accounting for the
random nature of traffic.

[. INTRODUCTION

Currently deployed cellular networks are known to be
extremely sensitive to inter-cell interference. In HSDPA and
CDMA-EVDO systems for instance, each base station trans-
mits at full power when active, which strongly impacts the
performance of neighbouring base stations. Avolding or at
least mitigating inter-cell interference 1s a key driver for the
deplovement of future systems based on Orthogonal Frequency
Division Multiple Access (OFDMA).

OFDMA indeed provides the ability for each base station
to selectively allocate frequency subbands and power to users
depending on their location in the cell, according to some
predefined frequency reuse pattern. A simple scheme consists
for instance in dedicating a fraction of the frequency band to
those users located “far” from the base station in terms of
path loss; the other part of the frequency band 1s then used
for “near” users with reduced power so as to limit the impact
on neighbouring cells. By carefullv allocating frequency and
power in each cell, significant capacity gains are expected for
the overall network.

A number of such frequency reuse schemes have recently
been proposed and analysed, see [I]-[6] and references
therein. It turns out, however, that the capacity gains are most
often evaluated in static scenarios, without accounting for the
random nature of traffic. In real systems, the number of active
users varies over time with random requests for data transfers.
It is this random environment that drives network dvnamics
and determines network capacity.

The objective of this paper is to evaluate the capacity
gains of some practically interesting frequency reuse schemes,

referred to as hard, soft and fractional reuse, under dynamic
traffic conditions. Specifically, we consider a traffic model
where randomly located users transfer files of random size
at random fimes. The capacity of a cell 15 defined as the
maximum traffic intensity it can sustain. We show that the soft
reuse scheme is nearly optimal, with capacity gains ranging
from 5% to 20% in typical network configurations.

Note that we do not include the effects of fast fading
variations that may be exploited by opportunistic schedulers,
see [[7]. We also do not account for the dynamic coordination
of base stations that may further increase network capacity
[8]. The analysis of the gains due to the combination of these
various schemes 1s let for future work.

The rest of the paper is organized as follows. We present
the reuse schemes and the traffic model in the next section.
Section [IT]] presents the network stability condition associated
with each scheme, from which we deduce the capacity gain
in section [IV] Section [V] concludes the paper.

II. MODEL

We focus on the downlink traffic in a typical cell of the
network. We denote by C the serving zone of the considered
cell and by u & C the location of any user in the cell.

A. Frequency reuse schemes

A number of frequency reuse schemes have been proposed
to mitigate inter-cell interference [1]-[&]. In the present paper,
we focus on the following simple schemes:

Full reuse: The frequency band is fully used by each cell,
independently of the location of users in the
cell:

The frequency band is divided into a fixed num-
ber of subbands that are allocated to the cells
according to some predefined reuse pattern;
The frequency band is divided into a fixed
number of subbands; for each cell, one of these

Hard reuse:

Soft reuse:



subbands iz dedicakd to “far” usars, the @st is
allocared 1o “near” usars;

Fractional reuss: The frequency band is dividad ineo a fixed
mumber of subbands; a common subband is
used by all base stations to serve “near’” users;
the other subbands, dedicaked to “far” usars,
are dllocated to the cells according to some
pradefined reusa parem.

Moie that the reuse factor is equal to 1 wnder both full and
soft reuse since the whole frequency band is used by each
basz station. while it is less than | under hard reusa; undzr
fractional reuse, it 1= equal o | for near usars but is less than |
fior far users, hence the name. Examples of soft and fractional
reuse are shown in Figure [I] The classification of a user as
“near” ar “far” is typically basad on “distanca™ of the uwsar
o the base station. as estimated by the received power of the
pilot signal.

The imterast of soft rusz comparad to hard and fractional
rause ligs in the full wtilization of the frequancy band by each
base station. The potential reduction of inter-cell intarfernce
comes from the unegual power allocation on the frequency
subbands dedicated to far and near users. respectively. In
the soft reuse scheme of Figure [I] for instance, the center
base station should typically transmit with reducad powar
on frequency subband 1 in order to limit its impact on
neaighbouring calls. As wea shall s22. both full and hard russ
may in fact be san as limiting casas of soft ruse depanding
on the power allocation over subbands,

{a) Soft eose with 3 (b Fractional —reuss
fequency subbands with 4  fregquency
subbands

Fig. 1. Some fequency euse schemes in e gular hex agonal networks.

Eegarding soft and fractional reuse, we further consider two
strate ries
Static scheme: Ther is a fived threshold on the reeved
power of the pilot signal that allows one to distin-
guish hetwazn far and near usars;
Adaptive schema: Far and near users are defined through

the median rozived power of the pilor signal: half
of users are considerzd as far, the others as near

It is worth noting that, unlike the static scheme, the adaptive
scheme dossn’t mquir any paramer tuning. We shall sse
that the cell capacity achieved by the adaptive scheme in fact
coincides with that achieved by the best static scheme (that is,
fior the optimal power thrashold).

& Feasible throughma

The throughput of any wser located at « < C depends on
her/his radio conditions, and on the number of active users
in the sarving zone of the cell, C. For each fraquancy rense
scheme, we refer o the feasible throughpar of 4 user as
herfhis max imum thronghput, obtained when there is no other
active user in the cell. This is a function of the wser location
that characterizas the radio conditions on the sarving zone C;
examples of such functions are given in Section [[V]for various
netwoark configurations.

We assume a fair sharing of the fraquancy subbands among
users fzither m time or frequency, or both). We deduce the
throughput of any user located at w & 0

Full rensa:  Denoting by Fiu) the fzasible throughpat, the
actual throughpat is equal © Riu)/n in the
presence of = active usars in the cell.
Denoting by A «) the feasible throughput, the
actudl throughput is equal to B (w) /w in the
presence of w active usars in the cell

Soft ar fractional reuse: Denoting by Ry{u) (resp. Faoiu))

the feasible throughput of a near user
(esp. far user). the actual throughput of a
near nser (resp far user) is eqoal o By j/n
irsp. Ro(u)/na) in the presence of »y active
n2ar users (rasp. wo active far usars),
The assumption of fair sharing simplifies the description of the
underlying quensing systm but is not critical for the stabdlity
results presented in Section [[I] and the corresponding capacity
gains derived in Section [IV]

Hard m=usa;

C. Traffic scenario

We assume that users transfzr digital documents like Wab
pagas. audio and wvideo filkks at random times. Each data
transfer, referred to a5 a fow, adapts its rake to the user
throughput available on the considerzd radio downlink. Thus
the duration of any given flow depends not only on its size (in
bits) but on the location of the wser, which 15 assumed fixed
during the data transfer, and on the number of active usars in
the cell Undar full reuse for instance, a flow of size = startad
by & wsar located af « £ C at time a is completed at time b
such thar f: -f,%dz = a, wWhere Nit) denctes the number of
active users in the cell at time &

Flows ae assumed to be generated at rate A We dznote by
& the traffic density in the cell. with [.. §(u)du = 1. Thus for
all s < C, naw flows arrive at rate AS( « o in any infinitesimal
rgion of area dw around «. Flows generated by wsers located
it = £ C have i.i.d sizes of mean « bits, We refer o the sraffrc
intensity Of the call as the average volume generated by users
per fime unit (in bit's). This is the product @ of the Aow arrival
rake and the mean fAow size:

o= A,
D Markovian descripiion

Lat N{¢) be the number of active usars at time ¢ The call
stale is defined by the N({¢)-dimensional vector X (£} giving
the location of each active usar at time ¢,



In the specific case of Poisson amivals and ecponential fow
sizes, X (¢) is 4 Markov process. Although these statistical
characteristics are nol representative of real traffic, they sim-
plify the subsequent stability analysis. For all = > 1 and
x £ C", the mansifion rate from state x corrgsponding o the
generation of a new Aow by a wser locard in a rgion of
surface dw around = = C 15 @qual to Ad{u jd,

The transition rak from state = comasponding to the com-
plation of a fliow by a uwser located at « £ C depends on
the frequency reuse scheme. It is equal o Riu)/(ne) and
Fiuw)f(me) under full and hard reuse, respectively. Under
soft or fractional reuse, it is equal to Byfu)/(nie) if w € Cr.
whare Cy denotas the rgion of near us2rs and »y is the number
of near users in stae =, and o Raju)/{nee) otherwise (ie.
w & (), wher Co denors the ragion of ne2ar users and =g is
the number of ngar usars in state = The mgions . Co ar
fged undzr the static scheme and are functions of the stite x
undar the adaptive schame,

ITI. STARILITY RESULTS

In this section, we are interesied in the smbility condition
of the Markov process describad in JII-0) We deduce the call
capacity, defined as the maximum traffic iniensity compatible
with stability, associated with each frequency reuse scheme.

A. Full and hard reuse

Under both full and hard rensa. the number of active users in
the call behaves as the number of customars in a singla-sarver
queus, Customars arrive according to a Poisson procass of
intensity A. Under full reuse, they rquire exponzntial sarvice
times with mean . ﬁu—:‘ﬁ[ujdu. This follows from the fact
that a flow genarated by a user locaed at « £ C raquires on
average «/ F(u) sarvice time units at the basa station. Such
flows are mereraed with density &), The quens is stable if
its load is strictly less than 1, that is

J‘fﬁr

We deduce the cell capacity, defined as the maximum traffic
intensity p = Ao compatible with stability:

. -1
ﬂj‘“*’_m.) . i1

o =

(f,g Riu)
This comasponds to the harmomic mean of the fzasibla
throughput, weighted by the traffic density. The cell capacity
undar hard rrusz, with the feasible throughput B(w) replaced
by Ff{a .

i) = 1.

B Sraric saft or fractional reuse

Under stafic soft or fractional reuse, the numbers of active
users in cell rgions Oy, Cp behave as two independant single-
srver queves, Denote by 4y and & the fractions of flow
arrivals in thass two regions:

di= | dlu)de, &=

CL ':2

LIET TS

Customars arrive in the two quaves according to independant
Poisson processas of intensities & A, d24 and rquirs exponen-
tial service timas with raspactive means
()
= s(u

1 o)
= — ffu)d
i S, Rilu) Lt s, -?.'ﬁf Fofu)

The two quenes are stable if their load is strictly less than 1.

that is.
ol () < 1.

A
f R of ]

We deduce the cell n:apacit'-' ' = minf &, Ty . with
)

() ) )
I — L d
1= (fz ey () o, Balu)

The paritioning of the call into two rgions dedicatad to naar
and far users is optimal in terms of capacity when ©p = Ca,
We denote by C7 and CF the comesponding call rgions (which
are umiquely defined) and by ' the msulting cell capacity.

o (njala = and AJ’{
1] Ca

-1

and Ch = (

C. Adaptive saft o fractional rense

Under adaptive soft or fractional rusz, the [»/2] nearst
users are considerad as “near” while the |n/2| farthest users
are considerad as “far” ithem is no predefined power thresh-
old). It can be proved using standard fluid limit @chnics
that the Markov process X(#) is then stablz if p < C* Thus
the cormsponding cell capacity is that achieved by the best
static schemea, O,

IV, CAPACITY GAIHSE

This saction is devoted to the application of prvious theo-
rtical rsnlts to the evaluation of the capacity gains achievabla
by the considerad frequency reuse schameas in various network
configurations,

A Radie model

Wea usa the Shannon formula for the Ganssian chamnel as a
model of the physical layer. Mote that the model and analysis
rmain valid for the feasible throughput being any arbitrary
function of the SINR. Specifically, the feasible throughput is
assumad to be aqual to

Wlognil + ).

where W is the frequency bandwidth and g 15 the SINE,
averaged over fast fading variations. This is the maximum
throughput that can be achieved by amy modulation and coding
scheme, in the absence of advanced radio techniques like call
coordination or opportunistic scheduling, Since the throughput
of rzal systems 15 approximately logarthmic in the SINE, saa
[T for instance, the considerad modal does not only give an
upper bound on the capacity of each scheme bur is expected to
provide accurate results on the capacity gain of each scheme,
comparzd to full frequency reuse,

We first neglect the thermal noise in order to magnify
the impact of iner<ell nterfzrence. which is represeniative
of dense networks in an urban environment; the impact of



thermal noise is considered in {IV-F Locating the reference
base station at v = 0 and denoting by 5 the sat of locations of
other base stations, the signal-to-inerference ratio at location
w e Cis given !

|1

Poeplt —v™
where o is the path loss exponent.

In case of directional antennas, we add a linear angular path
loss (in dB) given by k(8) = J;'f'—j'-h[.,w]'sere # is the angle from
the beam axis to the wser location, d; is the angle from the
beam axis to the sector edge. and by is the angular path loss
at sector edpe (in dB). Unless otherwise specified. we take the
standard valves & = 3.5 and ko = 5 dB [11].

B Nerwork ropology

We consider two types of networks: |-dimensional. lingar
networks and 2-dimensional, hexagonal networks, illustraed
by Figums [J] and 3] Sectorized versions of these networks
contain 2 and 3 sectors per base station. respectively.

By convention, cells have umt area in unsectorized. egular
networks. The random versions of sectorized networks ar
obizined by distributing 2ach base station uniformly at random
in a disk of area £ centerad at its original location For hexag-
onal metworks, the dirciion of each antenna is also uniformly
distribuied in a cone of angle ¢ cenigred on the original
beam axis. For the numerical applications, we take = = 1,4
and » = «/3 and average the results over 100 network
mstances. Figures [FHch and [3Hic) show typical instances of
such petworks, Obsarve that the sectorized. random haxagonal
network s the most mpresentative of real networks in urban
emviromment. In all cases, we assume a uniform traffic density
in the network,

C. Fall and hard reise

The total frequency band has unit wideh by comvention, Thus
the feasible throvghpot at a location = = C under full reuse is
given by

nla) = i3

Riu) = loga(l + i)},

where the signal-to-interference ratio giw) is given by -.
Under hard rense. we consider a rense factor of 1/K, with
= 2 for linear networks and K = 3 for hexagonal networks,
For linear natworks, the two frequency bands are alternately
allocated to cells, as illustraied by Figore [Z] For hexagonal
natworks, we use the rgular pattern of Figure [3-a) for omni-
directional anennas; for directional antennas, all antznnas
having the same direction (or the same original direction for
the random version of the network) use the same frequency
subband. The feasible throughput at location « = C is then
given by: :
H'I[ | = E
Mote that the coresponding signal-to-interfe Ence ratio o ()
is larger than that obtained under full ruse. plwu ), due o the
reduction of the number of intarfaring ani2nnas. As mentioned
in Saction [IT] and shown below, both the full and hard reuse
schemes turn out to be limiting cases of the soft muse scheme,

bogal 14+ ' () )

I Saft rese

il Linear nerworks: For linear networks, we use two
frequency bands of identical widrh in each cell. We denote
by & = Py /Fy the ratio of the power allocated to near users
to the power allocated to far vsers. exprssad in dB. Thus the
fzasible throughputs of near and far users at location « = ©
e mspecively given by:

Riju) = %]Dggl;l +pafu)) and FRalu) = %]ngglil + i),

i
where the signal-to-interference ratios m and 2 depend on
the factor of power isymmerny «

The comasponding cell capacity < is shown as @ function
of « in Figure B] This is achieved either by the static scheme
with an optimal chodce of the received power threshold or. in
vigw of Theorem 1. by the adaptive scheme. Note that the
limiting casas & — —oo and & — 4oc (in dB) comespond 1o
the hard reuse scheme: letting Fy tend to O shrinks the cell
Erion Of dedicazd to near users, so that all usars End to be
considered as far: similarly, letting Fy tend to O shrinks the
cell region COF dedicated to far users. so that all users tend o
be considerd as near.

[ Unsscioized, regular -
e i, 0 an:m:n:.gu:
5= o Sgoioized, random -
g N |
: 4 =
o
2 B
e 3
K
g2
U
1
L}
=30 =20 -10 =] 10 20 b s

Fowa mymmely (4B}

Fig 4. Cell capacily in Uinear petworks under soft frequency meuss.
Let us now show that the cell capacity under symmetric
power allocarion, = = 0 dB, coincides with that obtainad under
the full reuse scheme. Since pi(=) = naiu) = plz=) in this
case, we have Ry(u) = Hofu) = Riu)/2 in view of ).
Mow, using the fact that & = ) = Ch, it follows from )

that
l&+3))
1 -1
(E( o b | RE[ﬂ:'du))

( 8{u) dy)-l_

o Flu)

which coresponds o the cell capacity under full reusz, (T).
The capacity gains of the hard and soft mose schemes

compared to the full euse scheme are shown in Table [Ta}

Undear soft rense. the capacity gain is calculagd fior the optimal
valug of w faround —15 dB).

-1
[

dfw) )

3 Bifu)
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Linear netwarks: ureectonized, mgular netwvork (lemy. sactori@ed. wgular netvork (centery, sectoried, random network: (right).
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TABLE 1
CAPACTTY GATNS

(8 Linear networks

Type of network Hard reuss | Sofl s
Tlnzeciorimed, regular +27% +55%
Sactorized. megular +14% +447
Sactoized, random +14% +44%

(k) Hexagrmal netwaorks

Ty e ol remwork Fard wise | Sall e
Unseciorizad, pgalar +7% +21%
Sectorimed, mgular ok + 125
Sectorized, random —5% +7%

b) Hevagonal networks: For hexaponal networks, we
consider the scheme pictured in Figure [THa). The frequency
band is divided into 3 subbands of identical width. The ratio
of the powear allocated to near and far users is denoied by =
as above. The feasible throughputs of near and far users at
location w = C are @spactively given by

2 1
Riluw] = E]u_ggl,l-}-rlllin]] and FRaiul= 3 loga (14l w) b,

where the signal-to-inkerference ratics ny and wy depend on
the factor of powar asymmeiry .

The cell capacity is given in Figor [3 as a function of «
The hmiting cases « — —oo and & — +oo (in dB) stll
correspond to the hard rense scheme, but for different ruse
factors: 1/3 in the former case (since all uvsars @nd o be
considered as far), 2/2 in the latier case (since all vsers tend
to be consider=d as near), The cell capacity of the full ruse
scheme now cormsponds to the case « = 3 dB: the cell
region O dedicated 1o near users can then be divided into two
subrgions with the same frequancy bandwidth and power as
those of the cell mgion Ca, and it may be easily verified as
above that the cell capacity is given by ({T).

The coresponding capacity gains are shown in Table [[TE)
Muoie that the hard reuse scheme does not increase the capacity
of sectorized networks. It actually decrsases capacity in the
most realistic case of sectorized. random networks,

Hex aprmal networks: unsactorized, egular network (ki) sectorzed, @golar network (cerder), sectorized. random petwork (nght)
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E Fractional reuse

We now consider the fractional rause scheme illustrated by
Figure [I}ib) where a common frequency subband is dadicated
to near usars. We consider the three types of hexagonal net-
works shown in Figure [3] There ar three frequency bands of
identical width dedicated to far users, These bands, numberad
I. 2. 3, am allccated t© cells as in the hard reuse scheme,
cf. JIVEC] The subband dedicated to near nsers, numbered 4.
has width £ (as a fraction of the total handwidth). The same
power is used for each subband.

The resulting call capacity is shown in Figare [5as a function
of the frequancy bandwidth £ dedicatad 1o near users. Mote that
the limiting case £ — O coresponds to the hard euse scheme
with reuse factor 1/2 (the cell rgion Cf shrinks so that all



users ame considered as far) while the case £ — 1 corresponds
o the full rense scheme (the cell mgion C3 shrinks all usars
are considerad as near). We observe that the maximum cell
capacity under fractional ruse coincides with that acheved
under =oft reuse. This suggesis that no significant capacity
gains should be expected bayond those provided by soft russ.

E Impact of radio environment

To conclude the analysis of capacity gains, we study the
impact of various parameaters that characterize the radio envi-
ronment; path loss exponent. angular path loss factor, themal
noisa. The impact of the latter depends on the network density:
it is megligible in demse networks (urban emvironment) and
significant in sparse networks (rural environment). We measure
the thermal noise power through the distance at which it is
gqual to the received power of the pilot signal, in the beam
axis of any given anenna. We refer to as rwral, suburbon
and arban, emvironments where this distance is equal (o the
cell radins, twice as long as the cell radius, and infimity,
raspectively. Mok that the scenario without thermal noiss
consider2d until now corrésponds to the urban environment

Figure [f below shows the espective impact of each factor
on the capacity of sactorized. regular hexagonal networks
undar soft fraquency rusz. In each case, one parame&r of the
reference scenanio (o = 3.5, by = 9 dB, urban emvironment)
is modified.

We observe that the capacity gain of soft reuse increases
with the path loss exponent it grows from 8% for o = 2.5
o 18% for o = 4.5. The optimal factor of powear asymmetry
is approfimately constant, around —5 dB. The impact of the
angular path loss factor on the capacity gain is limied: for
large beams (ho = 3 dB). where inter-sector interference is
high. the optimal soft reuse scheme turns out to coincide with
the hard reuse scheme with reuse factor 1/2 (case x — —oo),

Finally, Table [IT) below gives the capacity gains i the urban,
suburban and rural environment under soft ruse with power
asymmeatry & = -5 dB and under hard reuse with reuse factor
1/3 As expectad, the capacity gains are most significant in
urban environments, where inizr-cell ingrference is maximum.
In all cases. the hard ruse scheme with reuse factor 1/3
decreases (or at bast dozsn’t change) the cell capacity. In rural
anviromment, the hard rense schame with muse factor 2,73 tums
out to be optimal (case s — 4-oo).

TABLE 11
IMPACT OF KETWORK DENSITY ON CAPACITY GAINE
[ TETw Ok denslly | Hard reuse | S0l el
Urkan [i% +12%
Suburban —16%: +5%
Rural —31%: +85%

V., ConcLusion
We have analysed the potential capacity gains of some
fraquency reuse schemes in various network configurations.

The approach accounts for the random narure of traffic: fows
of random =size are generated ab random times by randomly
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Impact of radic emvironment on <21l capacity under sofl frequancy

locaed wsers. In this conxt, we mfer to the capacity of any
given czll as the maximum raffic intensity it can sustain

Our Esults show maximum capacity gains of 40% o 50%
fior linear networks and 5% o 20% for hexagonal networks,
compared to the basic full reuse scheme. In most cases, thase
oains cannot be achigved by hard reuse but rquires gither soft
or fractional ruse. Surprisingly, the two larer schemes achieve
the same maiimum capacity gains. which suggests that no
significant gains should be erpactad beyond those provided
by soft o,
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