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Abstract—This paper evaluates the downlink performance of
Fractional Frequency Reuse (FFR) in Long Term Evolution
(LTE) networks employing a metric combining throughput and
fairness, which we argue better depicts the effects of FFR. This
is as opposed to previous work, which focused on capacitybased metrics, evaluating only the mean, peak (95%), and edge
(5%) points of the capacity distribution. We evaluate FFR on a
multi-user setup combined with round robin and proportional
fair scheduling in a hexagonal grid scenario. We conclude
that, compared to traditional scheduling, FFR does not provide
tangible gains.

I. I NTRODUCTION
Fractional Frequency Reuse (FFR) is based on dividing the
cell area into a center part, named the Full Reuse (FR) zone,
where interference is lower and reuse-1 is employed, and an
outer part, named the Partial Reuse (PR) zone, where a higher
frequency reuse factor is employed, as shown in Figure 1 for
the case of a PR reuse factor of three. Thus, this co-channel
interference mitigation scheme aims at combining the high
spectral efficiency at cell center of a reuse-one scheme and the
better (comapred to reuse-one) spectral efficiency of higherreuse schemes.

The fractional frequency partitioning is accomplish by assigning a fraction βFR of the total available bandwidth to the
FR zones, while the remaining fraction (1 − βFR ) employs a
reuse-n scheme. In this work we consider reuse-3 in the PR
zone), as shown on Figure 1.
FFR performance is typically assessed in literature by means
of three Key Performance Indicators (KPIs). These KPIs,
which are derived from the throughput empirical cdf (ecdf)
and do not take into account the effects of scheduling [2–9],
consist of: (i) mean throughput, (ii) edge throughput, and (iii)
peak throughput. The terms “edge” and “peak” refer, as widely
employed in literature, to the 5% and 95% points of the User
Equipment (UE) throughput ecdf, respectively. These can be
interpreted as the performance of a UE at the cell edge and at
cell center, respectively.
However, just looking at these KPIs, skewed distributions
with seemingly all-improving results could be misinterpreted
as favorable results. Such a distribution could be easily caused
by an FFR configuration in which most of the throughput is
served to a handful of users which would then be making
up for most of the mean. Simultaneously a majority of users
would experience reduced throughput, which albeit low, could
be significantly higher than the original reuse-1 5 % percentile.
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Fig. 1.

FFR frequency partitioning of a sectorized cell.

In previous work [10], we argued that capacity is not a
suitable a metric for FFR partitioning, as capacity does not not
capture the fact that the Physical (PHY) resources the FR/PR
zones are distributed over the attached UEs and not assigned
to a single UE. Instead, we proposed a capacity density metric,
which is analogous to throughput assuming (i) that each UE
is be attached the reuse zone where it would achieve a higher
throughput (FR or PR), (ii) and assuming a homogeneous UE
distribution and PHY resource allocation.
Denoting as ρ the points (x, y) separating the FR and PR
areas and as βFR the ratio of the bandwidth dedicated to FR
(each PR gets 1/3 of the remaining), the capacity density c is
expressed as
(
cFR,ρ,βFR (x, y) if (x, y) ∈ FR
cFFR,ρ,βFR (x, y) =
, (1)
cFR,ρ,βPR (x, y) if (x, y) ∈ PR

where the capacity densities for the FR and PR zones for
a position (x, y) given a FR-PR boundary (ρ) and FFR
bandwidth partitioning (βFR ) are a function of the Shannon
capacity at (x, y):
βFR
log2 (1 + ΓFR (x, y))
AFR (ρ)
1 − βFR
cFR,ρ,βPR (x, y) =
log2 (1 + ΓPR (x, y)) ,
3 APR (ρ)
cFR,ρ,βFR (x, y) =

(2)
(3)

where for both the FR and PR zones, and indicated by the
corresponding subscript, Γ denotes the SINR at position (x, y),
and A denotes the area of the zone. The partition boundary ρ
is chosen such that cFR,ρ,βFR (ρ) = cPR,ρ,βFR (ρ). Thus, and as
shown in [10], cFFR becomes a function of just βFR and (x, y).
In [10], we maximized the average capacity density, denoted
as c̄ formulating the following optimization problem:
max
βFR

subject to

c̄FFR (βFR )

(4)

0 ≤ βFR ≤ 1
c5%,FFR ≥ c5%,reuse1 ,

(5)
(6)

capacity density gain over reuse−1 [%]

which aims at maximizing the mean capacity density constrained to no loss of edge capacity density (denoted as
c5%,FFR ) with respect to the reuse-1 case (c5%,reuse1 ). The
results, which were obtained considering the same hexagonal
cell setup as in this paper (see Section III), are shown on
Figure 2.
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TABLE I
S IMULATION PARAMETERS EMPLOYED FOR THE LTE FFR SIMULATIONS .

Simulation length
Traffic model
Scheduling algorithm

+61.85%

60

resource allocation, which is the allocation performed by a
round robin scheduler. The proportional fair simulations are,
on the contrary, aimed at evaluating whether any potential
gains with proportional fair scheduling are also present with
a more realistically-employed scheduling algorithm. In both
cases, an independent scheduler is employed for the FR and
PR zones, effectively having two schedulers per cell.
We used a hexagonal grid layout and employed the simulation parameters listed in Table I. Note that shadow fading was
omitted in order to be able to characterize the cell boundary
ρ by means of an SINR threshold Γthr , resulting in a layout
similar to that depicted on Figure 11 .
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Fig. 2. FFR mean, edge, and peak capacity density gains relative to reuse-1,
as found on [10]. A sectorized hexagonal grid with an 8◦ electrical tilt is
considered.

III. T HROUGHPUT- AND - FAIRNESS - BASED M ETRIC AND
E MPLOYED S YSTEM MODEL
In order to evaluate performance in terms of throughput, the
Vienna LTE system level simulator [11] has been extended to
support FFR. Simulations employing both round robin and
proportional fair scheduling have been carried out.
The round robin simulations provide a scenario analogous
to that in [10], where capacity density is employed through
an assumption of a constant UE density and equal UE PHY

As in LTE the total transmission bandwidth is partitioned
in individually-schedulable units of 180 kHz, termed Resource
Blocks (RBs), the employed values for βFR range between
0.01 and 1, with a 0.03 step, representing a range between
1 and 100 LTE RBs. The SINR threshold Γthr ranges from
-2 dB and 22.5 dB (a 0.25 dB step is considered), which
represent the extreme values found on the cell. For each of
the two scheduling algorithms, this yields a total of 3 366 FFR
configurations being tested, each one of which is evaluated by
means of a system level simulation.
The initial intention aimed at showing whether the gains
seen in the capacity density-based results directly applied to
throughput. However, after application of the link abstraction
model and a more detailed review of the throughput distribution of the UE results, it was realized that throughput
1 The employed antenna pattern (KATHREIN 742212) has been extensively
used in our simulations to depict a more realistic pattern than those in [12].
Although it could have changed for a newer pattern corresponding to an
XX-Pol panel, for consistency, it is also used in this context, although it
corresponds to an XX-Pol panel.
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Fig. 3. UE throughput distribution for (βFR = 0.31, Γthr = 18 dB). Left: UE
throughput ecdf. Right: UE throughput over wideband SINR (Γ). According to
the throughput KPIs, overall gain is obtained, despite the obvious undersirable
distribution: Mean UE throughput of 3.66 Mbit/s (+11.15 % compared to
reuse-1), edge throughput of 1.28 Mbit/s (+73.04 %), and peak throughput
of 12.91 Mbit/s (+75.28 %).

In this paper we propose, as previously mentioned, that a
performance metric combining throughput and fairness allows
for a better performance evaluation of FFR.
Fairness rates how equally a resource (in this case throughput) is distributed over N users, and is defined in [18] as
P
2
N
i=1 xi
J (x) =
,
(7)
PN
N i=1 x2i
where x is a vector of length N , containing the throughput
obtained by each of the N users. Graphically, a fairness of one
would be visualized on the results in Figure 3 as a throughput
ecdf with a pendent of one and a flat SINR-to-throughput
plot, while a minimum fairness would produce a step function
ecdf and a single non-zero throughput point in the SINR-tothroughput plot.
IV. S IMULATION R ESULTS
In this section, simulation-based results are presented. For
each scheduling algorithm, range of βFR and Γthr values listed
in Table I has been simulated, taking as performance metrics
the mean UE throughput, edge UE throughput, peak UE
thorughput, and fairness.
Among the complete set of FFR configurations, the region
where the obtained FFR fairness (denoted as JFFR ) is bigger
or equal than that obtained with reuse-1 (denoted as Jreuse1 ) is
considered.
In sections IV-A and IV-B, the simulation results for the
round robin and proportional case scheduling scenarios, respectively, are detailed.
A. Round Robin Results
Figure 4 depicts the simulation results for the round robin
scheduling scenario, where results are shown over the βFR
range (x-axis) and the Γthr (y-axis).
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Fig. 4.
FFR results with round robin scheduling. Top-left: mean UE
throughput. Top-right: edge UE throughput. Bottom-left: peak UE throughput.
Bottom-right: fairness..

For each of the (βFFR , Γthr ), each of the points depicted in
the plots represents, from left to right and top to bottom, the
mean, edge, peak, and fairness result for the corresponding
FFR configuration. For each case, the upper-rightmost corner
represent a reuse-3-equivalent setup (βFR = 0 and Γthr set up
so as to assign the whole area to the PR zone), while the lowerleftmost corner represents a reuse-1-equivalent setup (βFR = 1
and Γthr set up so that the FR zone spans the whole cell).
The considered results set is constrained to the FFR configurations where JFFR ≥ Jreuse1 , for which we want to evaluate
the trade-off between mean throughput gain and fairness. For
this purpose, a graphical representation such as that in Figure 5
is more suitable.
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distributions such as those shown on Figure 3 are common
when applying FFR. These skewed distributions, although
good if only the traditional KPIs are taken into account, are
however not desired in network deployments, as mentioned in
Section I
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Fig. 5. Round robin scheduling trade-off between fairness and mean UE
throughput. Marked red are the optimum mean-throughput-to-fairness tradeoff FFR configurations.
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In this subsection we consider the more realisticallyemployed proportional fair scheduler, and apply the same evaluation methodology shown in Section IV-A to this scenario.
In Figure 7, the relation between fairness and mean throughput for the proportional fair case is shown. While similar in
shape to the round robin results in Figure 5, the throughput
values indicate that FFR cannot increase fairness without
sacrificing mean throughput.
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B. Proportional Fair Results
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improves fairness to 0.94 at the cost of a 14% loss in mean
throughput, a 131% gain in edge throughput, and a 45% loss
in peak throughput.
However, round robin scheduling is known to be Pareto
sub-optimal [19]. It achieves lower throughput and fairness
compared to more optimal scheduling algorithms such as
proportional fair [17, 20, 21], which are hence more commonly
used.
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In Figure 5, each of the points in the scatterplot depicts
the mean throughput and fairness of an FFR configuration for
which a fairness higher than that of reuse-1 has been achieved.
Constraining JFFR ≥ Jreuse1 ensures that throughput is spread
among users at least as equally as in the reuse-1 case, and
thus avoids skewed distributions.
The red dots mark the optimum mean-throughput-to-fairness
trade-off FFR configurations, i.e., the points where fairness is
maximum relative to the throughput gain.
An equivalent depiction of the edge and peak UE throughput
results is shown in Figure 6.
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Fig. 6. Round robin scheduling edge (top) and peak (bottom) throughput
vs. mean UE throughput for the FFR configurations where a fairness gain is
achieved. The marked dots correspond to the same marked configurations in
Figure 5.

Also for the FFR configurations where JFFR ≥ Jreuse1 , edge
(top) and peak (bottom) UE throughput are plotted against
mean throughput loss. Marked red are the same optimum
mean-throughput-to-fairness trade-off points marked in Figure 5, thus showing the edge and peak throughput performance
of the FFR configurations of interest.
The results depicted in Figures 5 and 6 show that, by means
of applying FFR, it is possible to: (i) improve mean (+16.2%),
edge (+62.4%), and peak (+13%) throughput without a fairness
loss, thus proving the main point in [10], and (ii) achieve maximum optimum fairness-to-mean-throughput trade-off which
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Fig. 7. Proportional fair scheduling trade-off between fairness and mean UE
throughput. Marked red are the optimum mean-throughput-to-fairness tradeoff FFR configurations.

While in the round robin case, up to a 16% gain in mean
UE throughput could be achieved without reducing fairness,
the relative gains seen in the rightmost part of Figure 7 indicate
that is not able improve mean throughput over the reuse-1 case
in this fairness-constrained case (JFFR ≥ Jreuse1 ).
A similar behavior is observed of the relation between edge
and peak UE throughput and mean UE throughput shown in
Figure 8.
As opposed to the round robin case, the results in Figure 8
show that a fairness optimization does invariably imply a
reduction in peak throughput (bottom plot). Additionally edge
throughput gains (top plot) are more difficult to extract, as seen
from the range of FFR configurations with edge throughput
gain compared to the round robin case.
From the simulation results, it is concluded that, when
applied on top of proportional fair scheduling, FFR cannot
introduce a gain in average throughput if fairness is to be
maintained.
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Fig. 9.
Fairness trade-off over mean UE throughput: round robin and
proportional fair scheduling.
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Fig. 8. Proportional fair scheduling edge (top) and peak (bottom) throughput
vs. mean UE throughput for the FFR configurations where a fairness gain is
achieved. The marked dots correspond to the same marked configurations in
Figure 7.
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Fig. 10. Edge UE throughput vs. mean UE throughput: round robin and
proportional fair scheduling.

C. FFR Performance gain
The combined results of round robin and proportional fair
scheduling are shown in Figure 9. For each of the scheduling
algorithms, the plot depicts the envelope marked in Figures 5
and 7. Results show that, unless a fairness is to be completely
prioritized independent of throughput degradation (J > 0.9),
proportional fair always outperforms round robin.
As seen from the results shown in Figure 9, FFR can
increase the throughput without decreasing fairness only in the
case of round robin scheduling, although the gain vanishes if it
is employed on top of proportional fair scheduling. However,
tweaking the FFR parameters does allow for a flexible tradeoff between fairness and throughput. Two operating points
of interest for network deployments have been evaluated: (i)
maximum mean throughput without fairness loss, and (ii)
maximum achievable fairness while maintaining an optimum
mean-throughput-to-fairness trade-off, which are marked in
Figures 9–11 as (i) and (ii), respectively.
In Figures 10 and 11, analogous plots are shown for the
relationship of the mean UE throughput vs. edge and peak
UE throughput, respectively. As expected from the relationship

imposed between mean, edge, and peak throughput by the
fairness constraint, the same effects seen in Figure 9 are seen
in Figures 10 and 11.
The most desirable situation would be that of a “free” gain
also for the proportional fair scheduler, where the throughput
accomplished in target (i) is higher than that of the reuse-1 case
or when in (ii), higher fairness values can be achieved without
decreasing throughput. However, as seen from the results in
Figures 9–11, this is not possible.
V. C ONCLUSIONS
In this paper we evaluate FFR performance when applied
to LTE networks. We employ a combined metric taking into
account throughput and fairness, which aims at a more suitable
metric than prior capacity-based ones. Scenarios combining
FFR with two different scheduling algorithms (round robin
and proportional fair) have been considered, employing in both
case a hexagonal cell layout. Results show that if the fairness
of the UE throughput distribution is to be maintained, FFR
offers no gain if proper scheduling is employed.
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Fig. 11. Peak UE throughput vs. mean UE throughput: round robin and
proportional fair scheduling.

All data, tools and scripts will be available online in order
to allow other researchers to reproduce our results [1].
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