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Abstract—The current 3GPP working assumption on the
Evolved Universal Terrestrial Radio Access (E-UTRA) physical
layer is that it will be based on single carrier frequency division
multiple access (SC-FDMA) for the uplink and orthogonal
frequency division multiple access (OFDMA) for the downlink.
According to the concept specification, inter-cell interference
mitigation techniques applicable to SC-FDMA and OFDMA
systems are expected to be the key radio resource management
techniques for E-UTRA. In this paper we propose and analyze a
simple reuse partitioning technique (assuming coordinated sub-
carrier allocation in the cells) that is able to minimize inter-
cell interference. We propose a model that is able to take into
account that sessions dynamically enter and leave the system.
Rigid sessions require a class-specific fixed number of sub-
carriers, while elastic sessions can enter the system if a minimum
number of sub-carriers is allocated to them. In this rather
general setting we analyze the system performance in terms
of the expected number of sub-carrier collisions, the session
blocking probabilities and the signal-to-noise-and-interference
ratio performance. We present numerical results on the various
trade-offs between these measures that provide insight into the
behavior of OFDM based cellular systems and help dimension
the parameters of a reuse partitioned system.

I. INTRODUCTION

On-going work within the 3"¢ Generation Partnership
Project (3GPP) has recently proposed the use of single carrier
frequency division and orthogonal frequency division as the
means for multiple access in evolved Universal Terrestrial
Radio Access (E-UTRA) systems [1]. An important charac-
teristic of both types of multiple access techniques is that
they are able to provide orthogonality and thereby nearly
eliminate intra-cell interference within a single cell. However,
sub-carriers (sometimes referred to as channels) in neighbor
cells can cause significant interference to one another unless
sophisticated inter-cell interference mitigation techniques are
applied. Therefore, the 3GPP is currently studying inter-cell
interference mitigation techniques including interference co-
ordination/avoidance, interference randomization and interfer-
ence cancellation (see Section 7.1.2.6 and Section 9.1.2.7 of
[1] for details). A promising candidate that has been used in
various other wireless technologies is reuse partitioning (see
for instance [8] and the references therein) that provides a tool
to control the reuse factor in different parts of a cell. (See also
Figure 1 and Figure 2.)

One of the key drivers for the evolution of UTRA is the
desire to support high bit-rate data services, including so called
rigid or peak allocated and elastic ones whose bit-rate can
be dynamically adjusted during their residency time in the
system [2]. The integration of these types of services in a
code division multiple access environment has been in the
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focus of the seminal paper by Altman [5] (see also [6] and [7])
that proposes a Shannon-like capacity measure to characterize
the capacity of such systems. A key result of that paper
has been that the Erlang capacity of CDMA cellular systems
increases if elastic sessions tolerate a higher slowdown of their
bit-rates. This result is non-trivial, because although slowing
down the session bit-rates to an accepted minimum value
obviously increases the number of accommodated sessions, but
it also increases the holding time of the sessions. When elastic
sessions in OFDMA systems are present, we expect that the
system capacity depends not only on the interference mitiga-
tion techniques, but also on the Altman-like trade-off between
the allocated bit-rates and the session holding times. Therefore,
there is a strong desire both from a system design and from
a theoretical point of view to understand the behavior of the
system when applying different radio resource management
techniques in the presence of elastic traffic. Specifically, there
is an interest in analyzing the impact of various interference
mitigation techniques applicable in OFDMA on the system
capacity when some portion of the carried traffic is elastic. To
our best knowledge, this issue has not yet been analyzed in
the literature.

Therefore, the purpose of the current paper is to develop
a model and methodology to analyze the performance of
OFDMA based cellular systems under various interference
mitigation techniques that are realistic from a system design
perspective (see for instance [3] for a discussion on the control
plane aspects). Typically, such interference management tech-
niques co-exist with other radio resource management (RRM)
techniques, such as admission control and rate allocation;
therefore our purpose is to understand the impact of these
techniques when they are applied together.

The paper is structured as follows. The next Section presents
our basic model for an E-UTRA system, where we assume
that there is a single dominant interfering cell to the cell
under study. Next, in Section III we analyze two interference
mitigation techniques and compare their performance in terms
of their associated sub-carrier (channel) collision probabilities.
Subsequently, we consider the situation in which sessions
dynamically arrive and leave the system when assuming rigid
and elastic traffic types. This section highlights the trade-
off between blocking probabilities and the mean number
of sub-carrier collisions. Section IV provides a method to
analytically calculate the probability that the signal-to-noise-
and-interference ratio (SINR) exceeds a predefined threshold;
this type of analysis may provide input to link level models
and help evaluate the symbol loss probabilities. The numerical



results of this section provide insight into the trade-off between
the session-wise blocking probabilities and the SINR values
under different interference mitigation techniques. Finally,
based on the numerical results, in Section V we discuss the
pros and cons of interference mitigation techniques for E-
UTRA.

II. REUSE PARTITIONING WITH COORDINATED
SUB-CARRIER ALLOCATION

A. Basic Considerations

The basic concept of reuse partitioning along with the model
parameters are presented in Figure 1 and Figure 2. In a Reuse-
1 system, the entire frequency band is reused in every cell
of the coverage area. In contrast, in a Reuse-n system the
available frequency resources are divided between a group
of n cells, such that frequency domain collisions within the
group (i.e. neighbor cells using sub-carriers of exactly the
same frequency at the same time) are avoided. This can be
achieved in an arrangement, in which some sub-carriers in
each cell are barred (taken out of use) so that in each cell
there is a subset of the available sub-carriers that are not used
by neighbor cells. In the two-cell system of Figure 1 and 2,
RO and R1 out of the available C'H sub-carriers (channels)
are barred in Cell-0 and Cell-1 respectively. Under the reuse
partitioning allocation policy, the coverage area of a single
cell is divided into several regions, each region having its
own reuse factor. Reuse partitioning (see Figure 2) obviously
increases the resource utilization within each cell (as compared
to the non-partitioned reuse system), since now mobile stations
in the interior area may make use of the entire frequency band.
It follows that the three key parameters of a partitioned system
are (1) the location of the border line between the interior and
exterior areas, (2) the number of restricted sub-carriers that
can only be used by mobile stations in the interior area and
(3) the applied sub-carrier power levels by interior and exterior
mobile stations. The first two aspects are studied in this and
the next Section, while the third aspect is the topic of Section
V.

B. Mean Number of Collisions under Coordinated Sub-carrier
Allocation with/without Reuse Partitioning

Basically, there are two approaches as to how the sub-
carriers out of the available ones are selected when a session
requires a certain number of sub-carriers. The simplest is
way is to pick sub-carriers out of the ones that are available
randomly such that any available sub-carrier has the same
probability to get allocated to an arriving session. Random
allocation of sub-carriers is attractive, because it does not
require any coordination between cells, but it may cause
collisions even when there are free sub-carriers. In contrast, a
low complexity coordination can avoid collisions as long as
there are non-colliding sub-carrier pairs in the two cells. We
refer to this method as coordinated sub-carrier allocation. In
this paper we focus on coordinated allocation and refer to [4]
for an analysis of the random allocation technique.
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Fig. 1. A two-cell OFDMA system with C'H number of sub-carriers in each
cell with coordinated sub-carrier allocation without reuse partitioning. In each
cell, a certain number of sub-carriers (Ro and R respectively) may be taken
out of use so that sub-carrier collisions are only possible in the collision zone
(CZ). The number of non-used sub-carriers present a trade-off between the
collision probability and the resource utilization in the cells.
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Fig. 2. A two-cell OFDMA system with C'H number of sub-carriers in

each cell with coordinated sub-carrier allocation with reuse partitioning. In
this scheme, the system distinguishes between the interior and exterior parts
of the cells. Only the collisions between exterior sub-carriers are considered
as ones that cause inter-cell interference to one another. Therefore, all sub-
carriers can be allocated to sessions of user equipments that are located in
the interior of the cells.

For the case with coordinated allocation without reuse
partitioning, the following lemma establishes the mean number
of collisions when the number of allocated sub-carriers is K0
and K1 in the two cells.

Lemma 1: The mean number of collisions (v;) is given by:

CMAX

-N1
Epn|K0, K1) = Y CTTT(?, TOT1 =1,
C=CMIN
and
_ 1 if c = ¢y
Ni(e) = { 0 otherwise. M

where

co = Min [Max[o, (K0 + K1 — CH)], K0, K1, cz}.
Proof: Because of the coordinated (deterministic) allo-

cation procedure, collisions will only occur when the number

of allocated sub-carriers in the two cells (X0 + K1) exceeds

the number of available ones (C'H). On the other hand, the



number of collisions is obviously limited by the collision
zone. N1(c) gives the number of possible allocations such
that the number of collisions is ¢. TOT'1 gives the number of
possible allocations and N1(c)/TOT1 is the probability that
in the coordinated sub-carrier allocation case the number of
collisions is c. u
For the reuse partitioning case we can calculate the mean
number of collisions in a similar way. In this case, one is
interested in the number of "real" collisions, that is collisions
between mobile stations in the exterior area of the cell (implic-
itly assuming that collisions caused by interior mobile stations
do not cause noticable impact on the SINR performance; this
issue is examined in Section IV).

Lemma 2: Using similar notations as in Lemma 1, the mean
number of "real" collisions" (2) is given by:

g2
Ely|K0E, KOI, K1E, K11) = 4 )
dq=4qMIN TOT2
TOT2 =1,
_ 1 if ¢ =qo
N2(q) = { 0 otherwise. )

where qo =
Min [Max[O, (KOE + K1E — CH)|, KOE, K1E, CZ} .
Proof: A similar reasoning as in the previous case
applies, but now we have to take into account that collisions
occur only between external sub-carriers. (That is sub-carriers
allocated to mobile stations in the exterior area of the cells.)
|

C. A Numerical Example
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Fig. 3. Mean number of sub-carrier collisions as the function of the

coordinated allocated sub-carriers. Increasing the RO and R1 helps reduce
the collisions, but when kk reaches 5 (K0 = KOFE + KOI = K1 =
K1FE + K1I = kk *9 = 45), in the R0 = R1 = 20 case the non-
partitioned system ("No RP") cannot accommodate the required amount sub-
carriers, since CH — R0 = CH — R1 = 44 < 45. When reuse partitioning
is applied, the number of accommodated sub-carriers increases.

For illustration purposes, consider a simple case with CH =
64 with coordinated (Figure 3) sub-carrier allocation. In each
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cell, R = RO = R1 sub-carriers are restricted to be allocated
for interior sessions (R = 8 and R = 20), therefore without
reuse partitioning (Case 1) only 56 or 44 channels may be used
in each cell. With reuse partitioning (Case 2), all channels can
be used, but the restricted ones only by mobile stations located
in the interior part of the cell. We use "Case 3" to refer to the
arrangement and allocation method of Case 1, but now only
taking into account the collisions that would be classified as
collisions between two external mobiles if we distinguished
between exterior and interior areas; that is Case 3 counts the
"real" collisions in the non-partitioned case.

With coordinated allocation but without reuse partitioning,
the system does not distinguish between interior and exterior
sessions; the available sub-carriers are allocated one after the
other starting from the "top" in Cell-0 and from the "bottom"
in Cell-1. When there are K > R allocated sub-carriers, K — R
of these will be in the collision zone (Figure 3, Case 1 curve).
But the "real" collisions are only those that happen between
exterior sessions, whose number will depend on how many
out of the exterior ones will collide in the collision zone
("Case 1 real collisions"). Under reuse partitioning, when the
allocation procedure distinguishes between mobile stations in
the interior and exterior areas of the cells, it is possible to
allocate the sub-carriers such that none of the exterior sub-
carriers collide ("Case 2"). "Case 3" refers to the arrangement
and allocation method of Case 1, but now only taking into
account the collisions that would be classified as collisions
between two external mobiles if we distinguished between
exterior and interior areas; that is Case 3 counts the "real"
collisions in the non-partitioned case. It is important to note
that the coordination between cells can be achieved by a
predefined cell-specific scheme that specifies a certain order
in which the sub-carriers are taken into use. In practice, such
an ordering scheme could be quasi-static in order to avoid
excessive run-time signaling.

III. MODELING DYNAMIC SESSION ARRIVALS AND
ADMISSION CONTROL

The lemmas in the preceding Section provide insight into
how the collision probabilities depend on the allocation strate-
gies given that the number of allocated sub-carriers is known
in each cell. In real systems, the number of allocated sub-
carriers depends on the number of in-progress sessions and on
the number of sub-carriers that are allocated to each session.
Obviously, the number of on-going sessions depends on the
arrival and departure process and also on the admission control
strategy, while the number of allocated sub-carriers to each
session depends on the assigned instantaneous rate allocations.
In order to proceed, we will make some assumptions that
restrict our focus on a practically relevant case rather than
modeling the admission control and rate assignment algo-
rithms in their generality. We believe that these assumptions
can be modified to other practically relevant cases as well.
First, we assume that sessions arrive according to Poisson
processes with a class specific arrival intensity ;. We will
also assume that the session holding times are exponentially
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distributed random variables with mean value 1/pu, if the
session is served at its required peak rate.

When sessions arrive and leave dynamically, let the quadru-
ple (U17U2, Us, U4> = (U077‘7UO,€7U1,T7 U17e) be the state of
the system, where the elements of the quadruple denote the
number of real time (Class-1 and Class-3) and elastic (Class-
2 and Class-4) sessions in Cell-0 and Cell-1 respectively. '
The number of sub-carriers that need to be allocated to Class-
1 and Class-3 (peak allocated or "rigid") sessions is denoted
by I = I3 = l,.. If, at the time of arrival of a rigid session,
this amount of sub-carriers cannot be allocated, the session is
rejected (blocked) and leaves the system. In contrast, elastic
sessions from Class-2 and Class-4 tolerate a certain slowdown
of their bit-rates ([S]) which corresponds to the situation in
which the number of sub-carriers allocated is reduced from
IMAX = [MAX = [MAX (o [MIN — [MIN = [MIN T other
words, [MAX and [MIN correspond to the required number of
sub-carriers when sending with the peak and the minimum (in
3GPP parlance: guaranteed) bit-rates respectively. The ao =
ay = IMAX JIMIN yalue represents the maximum slowdown
factor of the elastic sessions.

We now need to determine the feasible states of the system
and to establish the number of allocated sub-carriers to rigid
and elastic sessions in each state. We also need to know the
slowdown factors for elastic sessions in each system state,
since these determine the holding time of elastic sessions and
thereby have an impact on the steady state distribution of the
system.

A. Performance Measures of Interest

In this dynamic case, the primary performance measures
of interest are the class-wise blocking probabilities and the
expected number of collisions. In addition, since slowing
down the bit-rates implies an increased holding time (a de-
creased class-wise throughput), the mean holding time and
the throughput are also of interest. Finally, since the operator
revenue is directly related to the average number of sessions
in the system, we are also interested in that measure.

B. Determining the State Space of the System

In the following we will make the assumptions that all rigid
(peak allocated) sessions are born in the interior area, while
all elastic sessions arrive in the exterior area. This assumption
basically says that interior sessions are peak allocated, while
exterior sessions tolerate a certain slowdown of their peak
bit-rates. The rationale behind this assumption is that mobile
stations close to their own (serving) base stations cause less
interference to surrounding cells than mobile stations closer to
the cell edge. Actually, this assumption could be easily relaxed
such that both interior and exterior sessions can be rigid and
elastic ones at the expense of increasing the state variables to
eight (from the currently used quadruple).

! Although the system supports two service classes (one peak allocated and
one elastic class), we talk about four classes in order to distinguish between
Cell-0 and Cell-1 classes.

1-4244-0476-2/06/$20.00 ©2006 IEEE.

For ease of notation and to be able to handle Case 1
and Case 2 uniformly, we introduce the terms R0/ and R1J
that give the number of sub-carriers that cannot be allocated
to mobile stations that are in the interior area. Obviously,
ROI = RO and R1I = R1 in Case 1 (when there is no
reuse partitioning, the RO and R1 restrictions apply to both
the interior and the exterior sessions), while R0/ = R11 =0
in Case 2 (reuse partitioning).

We first define the set of feasible states (or state space)
of this system. The state space consists of the quadruples
for which there exists a rate allocation such that the class-
wise minimum bit-rate requirements can be satisfied with the
available system resources:

S= (U3 bl 1N <ty 1y <2,

2
> Ukl < CH — (RO — ROI);
k=1

4
N Uy -l < CH — (R1 —RH)).
k=3

Then, the maximum number of rigid (all interior) sessions is
U%AX = L@J; i = 0, 1. The maximum number of real
time sessions in the restricted zone (that is the sessions that can
make use of the RO and R1 sub-carriers) is Ugfi?! = H07H0L
and UM = BLZBU We will assume that U and U}
are integer numbers; we believe that this assumption is not
restrictive, because (at least in this two-class case) knowing [,
it is possible to choose R0 and R1 such that this assumption
holds.

Next, we make use of the characteristics of the sub-carrier
allocation in Case 4 and Case 5: the allocation is such that
the real time sessions are allocated sub-carriers from among
the R0 and R1 restricted ones as long as there is any such
still available. Under this assumption, the maximum number

of elastic sessions (UMAX) satisfies:

gMAX QMIN (U, — UYT) 1, < CH — Ri;
U17T:0U%AX, 1=0,1. 3)

Since UMAX is known, equation (3) helps determine the

feasible state space, since for each U; ., the value of U,%AX
can now be determined:
. Ril
aax {CH — Ri— (Ui, — URT). ITJ‘
1,€ lg”n ’
Uiy =0...UMAX. ©))

Equation (4) determines the set of quadruples (the feasible
states) that constitute the S state space of the system. We now
need to calculate the maximum number of elastic sessions such
that each elastic session receives the maximum number of sub-
carriers (i.e. no slowdown U;me!). This is straightforward,
since:

Uzt Y 4 (Ui = U -1 < CH — Ril



(CH — Ril) — (U, — UET)
IMAX

small __
Ui,e -

If there are more than Uffe"“” elastic sessions in Cell-¢, the
elastic sessions cannot get their peak rates, but a certain
slowdown is necessary. From this it is now easy to calculate
the number of allocated sub-carriers to elastic sessions in each
system state:

Uive ’ l;,e + (Ui,r - Uzl,{rd) : l7- =CH — RZ7
Uie = (UiT“” +1)... U%AX, (5)

From which the number of sub-carriers allocated to elastic
sessions:

(CH — Ri) — (Ui, — UF) -1,
Ui,e '
Uje = (UFT + 1) .. . UMAX, (6)

* Ja—
li,e -

Summarizing; the number of allocated sub-carriers to elastic
sessions in each state is given by:

MAX ; 1 o .
. lg 1fUZ-,e§Ufz’;w , 1=0,...1;
li7e = (CH—Ri)—(U; ,—U/") L, .
T otherwise.
@)

That is, in each system state (Up,., Uy e, U1,r, U1,e) We now
know the number of allocated sub-carriers to mobile stations
in the exterior and interior areas of the cell, and in each state
we also know the slowdown factor of the elastic sessions:

KOI(UO,T7 U0,67 Ul,r> Ul,e) = UO,r Ay
KOE(UO,M UO,ev Ul,r; Ul,e) = U()’e . Zs,e;

ZMAX
aQ(UO,ra Uo,e, Ui rs Ul,e) = el* R (8)
0,e
and
KlI(UO,T’ U076a U17’I‘7 Ul,e) = Ul,r Ay
K]'E(UO,T’7 U0,67 Ul,ra Ul,e) = ULS . ZT,e;
lMAX
a4(U0,Tﬂ UO,e; Ul,ra Ul,e) == - . 9
l,e

C. The Markovian Property

We now make use of the assumptions that the arrival
processes are Poisson and the nominal holding times are
exponentially distributed. The transitions between the system
states are due to an arrival or a departure of a session of
class-k in either Cell-0 or in Cell-1. The arrival rates are
given by the intensity of the Poisson arrival processes. Due
to the memoryless property of the exponential distribution,
the departure rates from each state depend on the nominal
holding time of the in-progress sessions and on the slowdown
factor in that state. Specifically, when the slowdown factor of
a session of class-k is ax(Uo,r, Uo,e, U1, Ut,e), its departure
rate is g /ar(Uor, Uo,e, Urr, Ut e)-

The Markovian property for such systems was observed
and formally proven by Nunez Queija et al. [10]. It is also
used by Massoulie and Roberts in [11], where the departure
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rates of the birth-death process are modulated by the actual
instantaneous bandwidth of elastic traffic. Thus, the system
under these assumptions is a continuous time Markov chain
(CTMC) whose state is uniquely characterized by the state
vector U = (Uo)r, U07e, Ul,ra Ul,e)-

D. Determining the Performance Measures of Interest

Based on the considerations of the preceding subsections,
the performance measures of interest can be derived using
the following observation. (The details of this reasoning along
with rigorously deriving the performance measures are pro-
vided in [4].) The generator matrix of the CTMC can be
determined taking into account that the death rates of the
CTMC must be multiplied by the slowdown rates in each state.
With the generator matrix in hand, the performance measures
follow [4].

E. Numerical Examples
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Fig. 4. Coordinated sub-carrier allocation without reuse partitioning when

all traffic classes are peak allocated. The figure shows the mean number of
collisions and the class-wise blocking probabilities as functions of the arrival
intensity (being the same for all classes). At the highest load these values
reach 3 and 5% respectively.)
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Fig. 5. Coordinated sub-carrier allocation without reuse partitioning when

one of the service classes in each cell is elastic. The elastic sessions now
experience a very low 0.5% blocking probability and also the real time
sessions’ blocking probability decreases to 1.5%. However, the mean number
of collisions increases to 3.5.



We compare two extreme cases in terms of the number of
barred sub-carriers. Figures 4-7 present results for the Reuse-
1 case (RO = R1 = 0), while Figures 8-9 concern the case
when the collision zone is zero (R0 = R1 = CH/2). In all
figures, the arrival intensity increases along the x axis. In the
Reuse-1 case, when one of the service classes is elastic, the
blocking probabilities decrease (both without and with reuse
partitioning), but the mean number of collisions increases. This
is because in the presence of elastic traffic the average resource
utilization and the number of allocated sub-carriers increases.
With higher reuse it is possible to eliminate the collisions (both
with and without reuse partitioning) but at the expense of high
blocking rate. However, when reuse partitioning is used, the
blocking probabilities can be "brought back" to normal values,
if one of the classes tolerate some slowdown. Therefore, the
numerical results shown in Figures 8-9 are strong cases for
reuse partitioning.

Drastic

decrease of

collisions

(as compared to case 4)

—— Cases

Mean Collisions

Case 5 -

Rigid -

Traffic
Lo - == RT-Interior
2 e - ELA-Exterior
§“"‘3 k- = s RT-Interior
fo 4 =~ ELA-Exterior
8

Fig. 6. Coordinated sub-carrier allocation with reuse partitioning when all

service classes are rigid. Reuse partitioning does not decrease the blocking
probabilities (same as in Figure 4), but it helps reduce the mean number of
collisions (here to 0.45), (RO = R1 = 0).

IV. CALCULATING THE
SIGNAL-TO-INTERFERENCE-AND-NOISE RATIO

In this Section we are interested in analyzing the impact of
sub-carrier collisions on the signal-to-interference-and-noise-
ration (SINR). Such analysis is of interest on its own right,
because the SINR level is one of the important inputs to
link level analysis that aims to evaluate the packet, block and
symbol loss rates.

To understand the other important motivation for the SINR
analysis, recall that the reuse partitioning technique allows
interior mobile stations to collide, basically not considering
such collisions to be "real" collisions. Obviously, the impact
of collisions on the SINR, however, depends on at least two
factors: the location of the border line between the interior
and exterior areas and the assigned power levels to sub-carriers
when they are used for a mobile station within the interior or in
the exterior area. In this paper we will assume that no dynamic
power control is applied, but in the downlink different power
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44— Cases
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Fig. 7. Coordinated sub-carrier allocation with reuse partitioning when one

of the service classes in each cell is elastic. The blocking probabilities again
are the same as in the case without reuse partitioning (same as in Figure 5)
and the mean number of collisions increases somewhat as compared to the
rigid case (RO = R1 = 0). (But it is still much lower than without reuse
partitioning.)
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Lo + == RT-Interior
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Fig. 8. Blocking probabilities without reuse partitioning when R0 = R1 =

CH/2. The mean number of collisions is reduced to zero (not shown here),
since the collision zone is now 0. However, the blocking probabilities become
unacceptably high (over 30%) even when one of the service classes is elastic.

levels can be assigned to interior and exterior sub-carriers.
Therefore, a SINR analysis as a function of the location of
the colliding mobile stations and the assigned power levels
provides important input to the actual dimensioning of the
reuse partitioning technique.

Therefore, in this section we first present a simple path
loss model that will be useful for the SINR model. Then,
we summarize our finding in a proposition that states how the
probability that the SINR remains under a predefined threshold
depends on the location of the colliding mobile stations and
on the applied sub-carrier power levels.

A. Path Loss Model for the Downlink

In this subsection we develop a path loss model that is based
on the 3GPP technical report on propagation models [9]. The
path loss between the i*” mobile station and the serving base
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Fig. 9. Blocking probabilities with reuse partitioning when R0 = R1 =

CH/Q. The mean number of collisions is zero (not shown), and when one of
the service classes is elastic, the blocking probabilities decrease drastically;
to 5% (exterior sessions) and 1.5% (interior sessions).

station can be characterized as follows:
&i
w; =7t 1070,

According to this model, the path loss consists of two parts:
the first part only depends on the distance () between the
mobile and the base station; p is a channel model dependent
constant, typically between 2 and 4. The second part is due
to the shadowing; here v; is assumed to be a lognormally
distributed random variable of the form: v; = a-e+b-¢;; here
a and b are taken 1/ /2. Furthermore, ¢ and & are zero-mean
random variables: Ele] = E[e;] = 0, Var[e] = Var[e;] = o?
and « has to be known (model input).

Let ¢ £ g9 — 1, then the path loss ratio between two
colliding base stations being at 7y and r; distance from a
given mobile station can be calculated as follows:

Yo _ (@)”10501;51 - (@)M 10759 (7;0)“.10%
®1 ™ 1 1

10)
It follows from the definition that ¢ is assumed to be a zero
mean Gaussian random variable with standard deviation v/2a:

N(0,V2a).

B. Calculating the SINR Level in Case of Collisions for the
Downlink

e~ N(0,0%) =

Proposition 1: Let 8 be a predefined threshold and let
= 7@ be a random variable representing the ratio between
the mobile station distances from its serving and disturbing
base station respectively. Then, the probability that the SINR
remains under this threshold is as follows.

Po/eo

g(x) = ;erfc< — ﬁ . (};;;L;)[dm).

where fe(x) is the probability density function of &.
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Proof:

( Py /o
P /o1 + No

Sen( ey

NPT(?O<5” i )

<0):P (];0<g7 P+ o N0>

! 'P1—|—(p0-No> ~

where

n= 10705 - {/ P, = Random varible as a function of €.

1/p
Furthermore, let M £ (5") . Then,

Py/vo

Pr(m < 9) = Pr(% < f“-n”) =

:Pr(M<£-n). (11)

The probability that the multiple of two random variables
exceeds a predefined value is straightforward to calculate:

PT(M e n) ) /OMaw[z] (fz(ff) /Z fn(y)dy>dx.
L

Focusing on the part within the underbrace:

Pr(n > %) Pr(lOlOu . > ( )}L)

be
—Pr<+ logP1>f log Py +
I

10
+% ~log(%> —log x) =

M) :Pr<5>T).

e (12)

10
= Pr(e > ?log

AT

This means that we seek the probability that a Gaussian
random variable exceeds a predefined value:

Pr(e > T) lerfc(\fa2 -T) =

1 5 xte
= ——-1 = .o
2erfc( o OgPO/Pl) g(z). (13)
Substituting back to (11) completes the proof:
Pr (M <€ 77) =
Maz[g] M
:/0 (fg(x)Pr(n> I))daz:
Mazx[€]
- [ (fe@@) s
0
|
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Fig. 10. A special case to calculate the density function of the £ random
variable. We choose a random point along the direct line between the two base
stations within the cell under study, then the density of & takes the form of
1++)2~N’ where the IV normalization constant depends whether we consider
the case without reuse partitioning or interior or exterior collisions in the case
of reuse partitioning.
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Fig. 11. Reference case: no reuse partitioning. Along the = axis we increase
the 6 threshold value; the y axis is the probability that the SINR value is
below this value. The different curves correspond to different p values in the
path loss model (2...4.5). With greater p the collision has less impact on
the SINR.

C. Numerical Examples for Downlink Traffic

Equation (11) is useful, because it provides an easy means
to calculate the probability that the SINR remains under a
certain threshold if one knows the density function of £ = :—‘1)
This f¢(x) depends on the user distribution over the coverage
area of the two cells that we are studying. In practice, the
fe(x) could come from simulation and/or measurements. To
illustrate the impact of the parameters of the reuse partitioning
method on the SINR given that a collision occurs, let us use an
fe(z) as illustrated by Figure 10. The normalization constant
that guarantees that the f¢(x) is indeed a probability density
for the three cases are: for the case without reuse partitioning:
N = 1; for the case with reuse partitioning and choosing a
point randomly in the inner circle: N = sg; and for the case
when we choose a random point in the exterior area of the
cell: N = 1 — sg. The results for the reuse partitioning are
shown by Figures 12-13 (mobile station under study in the
exterior area) and Figures 14-15 (mobile station under study
in the interior area).

Figures 12-13 shows results for the case when the mobile

1-4244-0476-2/06/$20.00 ©2006 IEEE.

station in the cell under study is in the exterior area of the
cell. The neighbor base station uses the same sub-carrier for a
mobile station in the exterior area in its cell, and therefore the
the power allocated for the colliding sub-carriers is the same.
When sg is small, the SINR becomes a little worse than in the
reference case (no reuse partitioning). This is because when
so is small, there is still a high chance that the mobile station
in the cell under study is close to its serving base station.
In contrast, as indicated in Figure 13, the SINR is severely
degraded when s is greater, because in this case, the mobile
station is far from its base station and the interfering base
station is closer. From the previous sections we know that
greater sop means a greater interior and thereby a greater Reuse-
1 area, which indicated the trade-off between the effective
reuse and the SINR distribution for exterior mobiles.

Figures 14-15 consider the case when the mobile station
under study is within the interior area of the cell. Here we
focus on the case when this mobile station collides with a
sub-carrier in the neighbor cell that is used for a mobile in the
exterior area of that cell and therefore the interfering power
is significantly greater than the power allocated to the interior
mobile station under study. However, when sg is small (not
shown in Figures), the SINR level is not seriously affected
by collisions, since the mobile station is close to its base
station, even in the worst case when this distance is sg and
the interfering base station is 2 — sg away.

In Figures 14-15 the radius of the inner circle is greater and
therefore the SINR level is seriously affected by collisions,
especially in the case when the interfering sub-carrier’s power
level is 6 times that of the mobile station’s under study. It is
clear that the radius of the interior area should not be chosen
too great in order to protect the weaker inner mobile stations
from the impact of collisions.

Prob[SINR<theta]
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°
2
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&

Fig. 12.  SINR level at the mobile station under study when it is in the
exterior area of the cell and sp is small (1/3). The interfering sub-carrier
from the neighbor cell has the same power level. The SINR performance is
either somewhat worse or somewhat better than without reuse partitioning
depending on the p parameter of the path loss model (1 = 2...4.5).

V. CONCLUSIONS

This paper basically consists of three tightly inter-related
parts that together give insight into the trade-offs inherent in
a simple reuse partitioning scheme applicable for frequency
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Fig. 13.  SINR level at the mobile station under study when it is in the
exterior area of the cell and sg is large (2/3). The interferer sub-carrier from
the neighbor cell has the same power level. The SINR performance is much
worse than without reuse partitioning and it depends much on the p parameter
of the path loss model (u = 2...4.5).
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Fig. 14. SINR level at the mobile station under study when it is in the
interior area of the cell and sq is large (2/3). The interferer sub-carrier from
the neighbor cell has 3 times as high power level. The SINR performance
compared to the reference case now depends on the p parameter: when it
is high (the interfering signal "fades away" faster), SINR is better than in
the reference case, (i.e. no reuse partitioning, Figure 11) otherwise it is now
worse than in the reference case.

divided systems. The first part evaluates the expected number
of colliding sub-carriers given that the number of sub-carriers
in the cell under study and in the dominant interfering cell is
known. First, reuse partitioning significantly reduces the mean
number of collisions if by collisions one only means the ones
that have a noticeable impact on the SINR performance of the
cell under study (that is collisions between mobile stations
in the exterior area of the respective cells). Second, reuse
partitioning increases the sub-carrier utilization since now all
sub-carriers can be allocated (although some of them only to
mobile stations in the interior area of the cell). The second part
considered the case when sessions arrive according to a Pois-
son process at the cells and they may get blocked if the system
cannot support their class-dependent resource requirements. In
this dynamic setting, without reuse partitioning, the blocking
probabilities become high (we considered an example where
they were around 35%), but with reuse partitioning, especially
in the presence of elastic traffic, the blocking probabilities
are acceptable without increasing the expected number of
collisions. In order to take advantage of the reuse partitioning
policy, one needs to determine the border line between the
interior and exterior cell areas and the proper power levels
for sub-carriers must be determined. This issue was studied in
the third part of the paper, where we proposed a methodology

1-4244-0476-2/06/$20.00 ©2006 IEEE.
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Fig. 15. SINR level at the mobile station under study when it is in the
interior area of the cell and sq is large (2/3). The interferer sub-carrier from
the neighbor cell has 6 times as high power level. The SINR performance
compared to the reference case is always worse than in the reference case
(i.e. no reuse partitioning, Figure 11), irrespective of the p.

that can be used to study the tradeoff between the size of the
interior cell and the SINR performance of mobile stations in
the interior and exterior areas given that there is a collision
with the dominant interferer cell.

From the static model it is clear that reuse partitioning
increases the number of allocatable channels and reduces
the mean number of collisions, both under the random and
coordinated allocation policy. In the dynamic case these effects
are even more pronounced: reuse partitioning can drastically
reduce the class-wise blocking probabilities as compared to a
non-partitioned system, especially in the presence of elastic
traffic. However, reuse partitioning requires some design pro-
cedures to determine the partition borders and the assigned
power levels on the down-link; we have provided a means to
study the impact of these on the SINR performance of the
system.
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