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Abstract—Fractional frequency reuse (FFR) is an interference
coordination technique well-suited to OFDMA based wireless
networks wherein cells are partitioned into spatial regions with
different frequency reuse factors. This work focuses on evaluating
the two main types of FFR deployments: Strict FFR and Soft Fre-
quency Reuse (SFR). Relevant metrics are discussed, including
outage probability, network throughput, spectral efficiency, and
average cell-edge user SINR. In addition to analytical expressions
for outage probability, system simulations are used to compare
Strict FFR and SFR with universal frequency reuse based on
a typical OFDMA deployment and uniformly distributed users.
Based on the analysis and numerical results, system design
guidelines and a detailed picture of the tradeoffs associated with
the FFR systems are presented, showing that Strict FFR provides
the greatest overall network throughput and highest cell-edge
user SINR, while SFR balances the requirements of interference
reduction and resource efficiency.

I. INTRODUCTION

In multi-cellular systems, one primary problem affecting
the quality of service of users is the impact of interference.
Because of the use of Orthogonal Frequency Division Multiple
Access (OFDMA), the intra-cell users are assumed to be
orthogonal to each other and the primary source of interference
is inter-cell interference. Inter-cell interference coordination
(ICIC) is a strategy to improve the performance of the network
by having each cell allocate its resources such that interference
experienced in the network is minimized [1].

Fractional frequency reuse (FFR) has been proposed as
an ICIC technique in OFDMA based wireless networks [2].
The basic idea of FFR is to partition the bandwidth of the
cell so cell-edge users do not interfere with each other and
interference received by (and created by) cell-interior users
is reduced. The use of FFR in cellular networks leads to
natural tradeoffs between improvement in rate and coverage
for cell-edge users and overall network throughput and spectral
efficiency. This work provides a detailed picture of these
tradeoffs for various performance metrics which leads to FFR
system design guidelines.

A. Problem Definition

There are two common FFR deployments presented in the
literature: Strict FFR and Soft Frequency Reuse (SFR). FFR
can be considered in the uplink or downlink, but typically is
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Fig. 1. a) Strict FFR and b) SFR deployments with N = 3 cell-edge reuse
factor.

considered in the downlink because the complexity is reduced
and less global information is required.

Strict FFR is a modification of the traditional frequency
reuse used extensively in multi-cell networks. Fig. 1(a) illus-
trates a Strict FFR deployment with a cell-edge reuse factor
of N = 3. Users in each cell interior are allocated a common
sub-band of frequencies while cell-edge users’ bandwidth is
partitioned across cells based on a reuse factor of N . In total,
Strict FFR requires a total of N + 1 sub-bands. Interior users
do not share any spectrum with exterior users, which reduces
interference for both interior users and cell-edge users.

Fig. 1(b) illustrates a SFR deployment with a reuse factor
of N = 3 on the cell-edge. The same cell-edge bandwidth
partitioning strategy as Strict FFR is employed, but the interior
users are allowed to share sub-bands of edge users in other
cells. Because cell interior users share the bandwidth with
neighboring cells, they typically transmit at lower power
levels than the cell-edge users. While SFR is more bandwidth
efficient than Strict FFR, it results in more interference to both
cell interior and edge users.

B. Related Work and Contributions

Recent research on FFR has focused on the optimal design
of FFR systems by utilizing advanced techniques such as
graph theory [3] and convex optimization [4], [5] to maximize
network throughput. Additional work [6] considers spectral
efficiency and the authors find the optimal frequency partitions
in a two-stage heuristic approach. The novel aspect of this pa-
per is the consideration of a host of key metrics including net-
work throughput, resource allocation and spectral efficiency,
and average cell-edge user SINR, instead of optimizing the



design for only one metric. Additionally, this paper presents
an analytical framework used to evaluate outage probability
for cell-edge users in Strict FFR and Soft Frequency Reuse
systems, which is an important metric to consider since it
can have a large impact on cell-edge user QoS and when
combined with resource efficiency, can give an overall picture
of cell/network capacity.

II. SYSTEM MODEL

In a typical OFDMA cellular network, for a user y served
by base station x, the associated Signal to Interference Plus
Noise Ratio (SINR) is given as

SINRy =
PxhxyGxy

σ2 +
∑
z∈Z

PzhzyGzy

(1)

where Px is the transmit power of the base station, hxy is the
exponentially distributed channel fading power, and Gxy is the
pathloss associated with the channel between user y and base
station x, and σ2 is the noise power. The set Z represents all
the interfering base stations, i.e. base stations that are using
the same sub-band as user y. In this paper we consider only
the pathloss and small scale fading for simplicity, and in future
work this will be extended to consider large scale fading as
well. The pathloss factor Gxy between a base station and a
user is based on the simple exponential pathloss expression
Gxy = ‖x − y‖−α, where α is the desired pathloss exponent.

In the case of Strict FFR, we assume equal transmit power
is applied, thus, Px = P for all base stations. Substituting this
into (1) gives the following SINR expression:

SINRy =
PhxyGxy

σ2 +
∑
z∈Z

PhzyGzy

(2)

In the case of SFR inter-cell interference no longer comes
from disjoint sets of interior and exterior downlinks, but can
come from either set and coarse power control is typical. To
accomplish this, a power control factor β ≥ 1 is introduced
to the transmit power Px to create two different classes,
Pint = P, Pext = βP , where Pint is the transmit power of the
base station if user x is an interior user and Pext is the transmit
power of the base station if user x is a cell-edge user.

The interfering base stations are also separated into two
classes: Zi, which consists of all interfering base stations
transmitting to cell interior users on the same sub-band as user
y (at power Pint) and Ze, which consists of all interfering base
stations transmitting to cell-edge users on the same sub-band
as user y (at power Pext). For a cell-edge user, the resulting
SINR expression is given as

SINRy =
PβhxyGxy

σ2 + P
∑

zi∈Zi

hziyGziy + βP
∑

ze∈Ze

hzeyGzey

(3)

Typical analysis of SFR uses values of 2 or 4 for β, although
this choice is usually based on heuristic results [7].
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Fig. 2. Percent of total sub-bands allocated as a function of the interior
radius.

III. CELL PARTITIONING AND RESOURCE ALLOCATION

One of the most important FFR system design parameters
is the interior radius rint, which determines the size of the
frequency partitions. Additionally, since the cell partitions are
based on the geometry of the network, knowledge of user
locations is important. One practical method to determine user
classifications is for each cell to use the average received
(SINR) of its users, which is usually a good indicator of the
distance of the user from its base station. The base station then
classifies users with average SINR less than a pre-determined
threshold as edge users, while users with average SINR greater
than the threshold are classified as interior users.

For both FFR systems, the resource allocation between
interior and cell-edge users is proportional to the square of
the ratio of the interior radius and the cell radius R. This
is optimal when user locations are assumed to be uniformly
distributed [8]. For Strict FFR, with Nband total sub-bands
available to the cell, the allocation of sub-bands for interior
users Nint and exterior users Next is given as

Nint =
⌈
Nband

(rint

R

)2
⌉

(4)

Next = �(Nband − Nint)/3� (5)

For SFR, the allocation of sub-bands is given as

Nint =
⌈
Nband

(rint

R

)2
⌉

(6)

Next = min (�(Nband)/3� , Nband − Nint) (7)

Fig. 2 compares the percent of subcarriers allocated by SFR
and Strict FFR with universal frequency reuse for a system
with 48 available sub-bands. SFR can achieve 100% allocation
at inner cell radii greater than 80% of the total cell radius
unlike Strict FFR due to the sharing of resources between
interior and edge users.
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Fig. 3. Outage probability of average cell-edge users with α = 3, θ = 1
dB, and SNR = 10 dB.

IV. OUTAGE PROBABILITY

This section presents outage probability expressions and
numerical results for the two FFR systems. In the context
of this paper, we define outage probability as the probability
that a user’s instantaneous SINR falls below a threshold θ
conditioned on the locations of the user and the serving and
interfering base stations:

P(outage|x, y,Z) = P(SINR < θ) = 1 − P(SINR > θ) (8)

In the case of Strict FFR, starting from (2) and (8), the
outage probability is given as (9). The third and last steps
of (9) result from the assumption that the channel fading
powers are independent and exponentially distributed with unit
mean, allowing the the desired SNR term of the expression
to be separated from the interference [9]. Note that this
expression is conditioned on the locations of the interfering
base stations which may be any arbitrary deployment. In the
case of typical analysis, however, base stations are assumed
to be on a hexagonal or rectangular grid, which allows these
expressions to be easily computed. Also, approximations using
the symmetric structure of the far-out tiers in the deployment
may be employed [10]. In the case of SFR the outage is based
on (3) but is expressed similarly in (10).

V. NUMERICAL RESULTS

Fig. 3 presents numerical results for the outage probability
for an average cell-edge user as a function of the interior
radius for universal frequency reuse, Strict FFR, and SFR.
The base stations are arranged in a hexagonal geometry with
pathloss factor α = 3. The interference-free SNR, and the
SINR threshold θ, parameters are fixed at 10 dB and 0 dB
respectively, which are typical LTE design parameters [2].
Four values of the SFR power control factor β (1, 2, 4, and
8) are chosen, corresponding to edge users gains of 0, 3, 6,
and 9 dB respectively.
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Fig. 4. Relative average network sum rate.

Intuition for these results can be seen from the form of (9)
and (10). Since the probability is degraded multiplicatively
by the interfering downlinks, the number of sources of inter-
ference drives the outage. From Fig. 1(a), we see that only
33% of the base stations causing downlink interference to
edge users under universal frequency reuse are active on the
same resources under Strict FFR. Also from the geometry of
the network, we see that the dominant interfering downlinks
originate from the first tier of base stations surrounding a
cell, and under Strict FFR, none of these base stations are
contributing interference. Thus the actual interference is from
the second tier of base stations, and their impact is mitigated
by the exponentially decaying nature of the pathloss. However,
SFR allows adjacent base stations to serve interior users on
the same sub-bands used by adjacent edge users, and with-
out power control provides the same outage performance as
universal frequency reuse. The outage performance improves,
intuitively, as the power control factor β increases. In fact, for
a very high β = 8 the outage performance is almost identical
to that of Strict FFR.

Figs. 4-6 present the results of Monte Carlo simulations
comparing Strict FFR and SFR with universal frequency reuse.
A total of 48 sub-bands are available to uniformly distributed
users over a 12-cell network with cell radius R = 1000 m,
full traffic load, and pathloss factor α = 3. The interior radius
of the FFR systems is varied from .3 to .95 of the cell radius
which represents 9% and 90% of the users being classified
as interior users respectively. The metrics of average network
sum rate, average cell-edge user SINR, and average network
spectral efficiency, defined as the network sum rate normalized
by the available bandwidth, are evaluated as a function of the
ratio of the interior radius to the cell radius. For the SFR
simulations, the values of the SFR power control factor β are
the same as in the previous section.

Fig. 4 shows the network sum rate of the three systems,
normalized by the average rate of the universal frequency
reuse system. Strict FFR is able to achieve the highest overall
throughput, at an interior radius of .65 times the cell radius,



P(outage|x, y,Z) = 1 − P

⎛
⎜⎜⎝ Phxy ‖x − y‖−α

σ2 + P
∑
z∈Z

hzy ‖z − y‖−α
> θ

⎞
⎟⎟⎠

= 1 − E

[
P

(
hxy >

θ

P ‖x − y‖−α

(
σ2 + P

∑
z∈Z

hzy ‖z − y‖−α

) ∣∣∣ Z
)]

= 1 − E

[
exp

(
−θ

P ‖x − y‖−α (σ2 + P
∑
z∈Z

hzy ‖z − y‖−α)

)]

= 1 − exp
( −θσ2

P ‖x − y‖−α

)
E

[∏
z∈Z

exp

(
−θ

hzy ‖z − y‖−α

‖z − y‖−α

)]

= 1 − exp
( −θσ2

P ‖x − y‖−α

) ∏
z∈Z

1

1 + θ ‖z−y‖−α

‖z−y‖−α

(9)

P(outage|x, y,Z) = 1 − P

⎛
⎜⎜⎝ βPhxy ‖x − y‖−α

σ2 + βP
∑

ze∈Ze

hzy ‖ze − y‖−α + P
∑

zi∈Zi

hzy ‖zi − y‖−α
> θ

⎞
⎟⎟⎠

= 1 − exp
( −θσ2

βP ‖x − y‖−α

) ∏
ze∈Ze

1

1 + θ ‖ze−y‖−α

‖x−y‖−α

∏
zi∈Zi

1

1 + θ
β

‖zi−y‖−α

‖x−y‖−α

(10)
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Fig. 5. Average cell-edge user SINR.

which corresponds to allocating 58% of resources to cell-edge
users. SFR with no power control for edge users (β=1) also
acheives its maximum sum rate at the same interior radius, and
is the only SFR system able to outperform universal reuse. For
FFR systems with interior radii of .5 times the cell radius and
below, the improved SINR the interference avoidance provides
does not outweigh the reduction in potential rate from not
allocating all available sub-bands.

In Fig. 5 both Strict FFR and universal reuse SINR curves
decrease linearly as the interior radius increases with slopes of
6.5 dB and 7.5 dB respectively. This results in a minimum 12
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Fig. 6. Relative average spectral efficiency.

dB SINR boost for cell-edge users under Strict FFR. All four
SFR systems are median performers which decrease faster than
linearly and this decrease is more severe for lower values of β.
SFR with 9 dB gain for edge users provides the best SINR for
edge users, while performance of SFR without power control
for edge users converges to universal frequency reuse at large
interior radii.

Additionally, Fig. 6 shows the spectral efficiency of the
systems relative to universal reuse. At high traffic loads,
the interference reduction benefits of FFR come at a cost
of potentially not being able serve all users. However, SFR



without power control for edge users slightly exceeds uni-
versal frequency reuse in terms of spectral efficiency for an
interior radius greater than 80% of the total cell radius, which
corresponds with the radius at which SFR fully allocates all
the sub-bands.

VI. DESIGN GUIDELINES

Systems under various traffic loads and channel conditions
may have different priorities in regards to which metrics are
most important. For example, networks experiencing high
traffic loads may wish to optimize spectral efficiency, how-
ever in another circumstance, providing peak data rates for
interference-limited edge users may be the desired goal. Since
optimizing one metric for FFR systems usually leads to sub-
optimal performance in regards to the other metrics, designers
may additionally consider a hierarchy for the tradeoffs, by
fixing thresholds for multiple metrics and optimizing the
remaining ones in order to compromise between improving
throughput and maintaining resource efficiency. This section
gives system design guidelines with respect to these tradeoffs.

Outage Performance. From the shape of the curves in Fig.
3 it is noted that the outage probability of cell-edge users for
SFR with no or small power control is much more sensitive
to change over a range of potential interior radii than Strict
FFR. For example, changing the interior radius from .6 to .7
times the cell radius results in an increase in outage probability
of 5 percent under SFR with no power control and with
β = 2. This is contrasted by the Strict FFR and SFR with
β = 8 case which results in an increase of 2 percent under
the same conditions. As a result, system designers attempting
to determine an appropriate interior radius which balances
desired outage probability with other metrics like spectral
efficiency or network throughput, may have less flexibility
when using SFR compared to Strict FFR or may have to
use a higher power control factor to achieve the desired
performance.

Cell-edge user performance. For SFR, the power control
factor β does have a critical impact on SINR. High β systems
somewhat mitigate the fast decay of the edge user SINR
and are less sensitive to change in the interior radius than
SFR without power control for edge users. Designers should
weigh the benefit a high power control factor provides poor
performing edge users with the potential to hurt the overall
network throughput and spectral efficiency due to increased
interference to interior users as evidenced in Fig. 4.

Sum rate. Fig. 4 indicates that allocating more resources
to edge users than interior users is optimal from a sum rate
perspective. Although this is initially surprising and different
from prior analysis which suggested the opposite [5], [6], it
is intuitive since if users are distributed uniformly, a smaller
interior radius equates to classifying more users as cell-edge
users, which provides them with the benefits of interference
avoidance via FFR.

Spectral efficiency. However, in terms of spectral effi-
ciency, under high traffic loads, interference avoidance does

not outweigh the cost of reserving bandwidth for the parti-
tioning structures of the FFR systems, especially in the case
of Strict FFR. Reduction in resource efficiency additionally
hurts the peak throughput of the cell, since users with high
rate requirements may not be able to be allocated sufficient
number of sub-bands. One benefit of SFR is the ability to
balance the SINR gains experienced under Static FFR while
utilizing more of the available sub-bands in every cell. For
example at an interior radius of .8 times the cell radius, SFR
with β = 4 fully allocates all the sub-bands, doubles edge user
SINR, and provides 14% greater spectral efficency than Strict
FFR.

VII. CONCLUSION

This paper has presented a detailed picture of the tradeoffs
associated with Strict FFR and SFR systems in comparison
with universal frequency reuse. These results show that Strict
FFR provides the best outage probability and is less sensitive
to the interior radius selection than SFR. However, an SFR
system can improve its outage performance by increasing the
cell-edge user power control factor. While Strict FFR provides
the greatest overall network throughput and highest cell-edge
user SINR, SFR balances the requirements of interference
reduction and resource efficiency. This work motivates future
research on strategies using base station cooperation to allow
FFR to be implemented dynamically alongside resource allo-
cation strategies to adapt to different channel conditions and
user traffic loads in each cell.
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