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Abstract
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scheduling technique in a sectorized cellular network. Adjacent sectors from neighboring cells
form a cluster and each OFDMA resource block is allocated to the rate-maximizing sector. Com-
pared to a cellular network that uses conventional fractional frequency reuse (FFR) technique,
our proposed system requires only slightly more backhaul traffic while providing an apprecia-
ble performance gain. Intercell scheduling, which grants a resource exclusively to the rate-
maximizing cell within a cluster is a simple and powerful base station cooperation technique
that balances non-cooperation and full cooperation. We find out that a tri-sectored network is
particularly well-suited to applying inter-sector scheduling as each cluster is relatively isolated
from other clusters. We provide an option to adjust the load on backhaul traffic by adjusting the
granularity of the OFDMA resource under contention. We also provide an option to optimally
swap resources. Analysis on performance gain for a few configurations are given. Simulations
are provided to verify and illustrate the claimed performance gain.
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Abstract—We propose an intercell downlink orthogonal fre-
quency division multiple access (OFDMA) scheduling technique
in a sectorized cellular network. Adjacent sectors from neigh-
boring cells form a cluster and each OFDMA resource block is
allocated to the rate-maximizing sector. Compared to a cellular
network that uses conventional fractional frequency reuse (FFR)
technique, our proposed system requires only slightly more
backhaul traffic while providing an appreciable performance
gain. Intercell scheduling, which grants a resource exclusively to
the rate-maximizing cell within a cluster, is a simple and powerful
base station cooperation technique that balances non-cooperation
and full cooperation. We find out that a tri-sectored network
is particularly well-suited to applying inter-sector scheduling as
each cluster is relatively isolated from other clusters. We provide
an option to adjust the load on backhaul traffic by adjusting
the granularity of the OFDMA resource under contention. We
also provide an option to optimally swap resources. Analysis on
performance gain for a few configurations are given. Simulations
are provided to verify and illustrate the claimed performance
gain.

Index Terms—Inter-sector scheduling, improved FFR, oppor-
tunistic OFDMA

I. INTRODUCTION

To meet the ever-increasing transmission rate requirements,
base station cooperation is gaining traction as a candidate tech-
nology that shows substantial benefit over a non-cooperating
cellular network. Many base station cooperation techniques
treat the cellular network or the cooperative segment as an
augmented multiple antenna system where a group of base
stations cooperatively transmit data to a group of selected users
in the network [1]-[5]. This level of cooperation results in
significant performance gain at the expense of implementation
complexity. Since cooperating base stations need to share
channel state information (CSI) and data streams, the extra
requirement in backhaul traffic is nontrivial. Extra backhaul
traffic will likely be supported in future generations of wireless
standards but unlikely to be in the recent future.

Cooperating base stations sharing CSI but not data streams
is a more likely near-term base station cooperation possibility.
This way, each user is served by the same base station as when
base stations do not cooperate. Intercell scheduling, proposed
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in [6], is a technique whereby the entire available spectrum is
given to the rate-maximizing base station within a cluster. [6]
showed that such a scheme outperforms traditional frequency
reuse by an expanded multiuser diversity.

In this paper, we focus our attention in a tri-sectored
cellular downlink orthogonal frequency division multiple ac-
cess (OFDMA) network that uses fractional frequency reuse
(FFR). Multicell OFDMA resource allocation attracts a body
of literature (e.g. [7]) using various assumptions. In an FFR
system, mobile user equipment (UE) is categorized as either
a cell-center UE or a cell-edge UE. The available spectrum is
divided into two non-overlapping segments, one for serving
cell-center UEs and the other for cell-edge UEs. We then
apply inter-sector scheduling in the spirit of [6] where each
OFDMA resource block (RB) in the cell-edge segment is given
to the rate-maximizing sector without restricting, though it
is an option, to give the winning sector exclusive access to
the entire spectrum. Every sector serves its cell-center users
using cell-center RBs. We find that a tri-sectored OFDMA
network is particularly suited to apply our proposed scheme
since interference from neighboring clusters is substantially
mitigated by the sectorized architecture and the resource
allocation granularity that OFDMA provides. Moreover, only
the highest achievable data rates need to be shared for each
competing sector, which is normally available in schemes
without base station cooperation. No extra CSI feedback is
required from the mobile terminals beyond what is needed in
a non-cooperating system. These two properties make inter-
sector scheduling an attractive solution to improving any sec-
torized FFR based network with minimal change. Comparing
with [7] where every UE’s achievable rate on each RB is
made available to the scheduler, our proposed scheme trades
off a little performance for a significant reduction in backhaul
signaling. We further provide two variations to our scheme.
The first groups cell-edge RBs in a batch and the latter is
allocated to the rate-maximizing sector. This variation trades
off performance for even lower backhaul traffic. In the second
variation, three RB batches are assigned at a time, where each
sector is assigned exactly one RB batch. This ensures a level
of fairness at the sector scheduling level.

The rest of this paper is organized as follows. Section
II details our system layout and basic assumptions. Section
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Fig. 1. Fractional frequency reuse layout for 3-sector cellular network.

IIT describes our opportunistic cell edge selection scheme.
Section IV provides some analytical insights into our proposed
scheme. Finally, section V validates our results with simula-
tions while section VI provides concluding remarks and future
directions.

II. SYSTEM SETUP

We consider a tri-sectored hexagonal cellular downlink net-
work where each sector is served by a base station with three
collocated directional antennas, each serving its respective
sector. Each sector is further partitioned into a sector center
region, which is geographically closer to the base station, and
a sector edge region, which is geographically further away
from the serving base station. An example architecture with
this set of assumptions is the FFR system. A sample spectrum
planning for a tri-sectored FFR system is shown in Fig. 1.
In a typical sectorized FFR setup, the available frequency
spectrum is divided into four non-overlapping bands: one band
for serving sector center UEs (center band) and three bands
for serving sector edge UEs (edge band). As inter-sector (same
cell and out of cell) interference for center region UEs is
relatively small, center band is reused in every sector. Edge
UEs experience more interference and thus edge bands are
mapped similar to a traditional frequency reuse system with
a reuse factor of three. As shown in Fig. 1, every cell uses
the entire spectrum either to serve its center UEs or to serve
its edge UEs in one of its three sectors. In an orthogonal
frequency division multiple access (OFDMA) system, the
available spectrum is divided into multiple mutually orthogo-
nal groups of subcarriers, often referred to as resource blocks
(RB). RBs are assigned to UEs in each cell in a way that no
intracell interference occurs. Typically neighboring sectors do
not use the same edge bands to reduce cell edge interference.

Let there be K UEs per sector and B base stations in the
entire network. There are 3B sectors in a tri-sectored network

and we number the sectors from 1 to 3B such that sectors
368 —2,33—1,30 belong to cell 3. We denote the sector that
UE £ resides in as sector b(k). Let there be C OFDMA RBs in
total. Let C. denote the number of cell center RBs per sector,
then there are C, = (C'— C..)/3 average number of edge RBs
per sector.

OnRB ¢,c=1,...,C, the input-output relationship for UE

k.k=1,..., K, has a baseband representation of
3B
vi = Hygpg + > HyI(b(k),c)zg +n5 (1)
b=1,b#b(k)

where y; is mobile k’s complex received symbol on RB ¢, H,
is the equivalent complex channel coefficient from sector b to
UE k on RB ¢, I(b, ¢) is an indicator function that maps to one
when sector b is scheduled to use RB ¢ and zero otherwise, xf
is the complex transmitted symbol from sector b’s transmitter
on RB ¢, and finally ny is the additive white Gaussian noise
(AWGN) experienced at mobile k. For each sector, we impose
the average power constraint of E(|z§|?) < P. Additive noise
is modeled as a complex circularly symmetric Gaussian ran-
dom variable, i.e. n§ ~ CN(0,1). We assume that the channel
coefficients Hy, are independent and identically distributed
(iid.) forb=1,...,3Band fork=1,..., K.

We further assume that each UE estimates the channel
coefficients H, forb=1,...,3Bandc=1,...,C perfectly.
A block fading channel model is adopted whereby the channel
remains constant for a transmission period and then inde-
pendently changes to another value in the next transmission
period. The existence of an errorless and zero-delay feedback
channel from each UE to its serving base station to feedback
CSI information is also assumed. CSI represents the channel
quality indicator (CQI), which consists of the SINR values
for each RB. Similar to current wireless cellular standards,
e.g. 3GPP Long-Term Evolution (LTE), a backhaul high-
rate wireline channel, referred to as Xs interface in 3GPP
LTE terminology, connects neighboring base stations. It is
implicitly assumed that such a backhaul traffic is errorfree,
and induces negligible delay.

Our goal is to design a communication scheme where the
backhaul allows each base station in a cluster to share only one
value for each edge RB, and allocate each edge RB to only
one base station in the cluster, similar to the conventional FFR
scheme. Opportunistic cell edge selection, as we discuss in the
next section, is the basis of our proposed scheme.

III. OPPORTUNISTIC CELL EDGE SELECTION
A. Background

Intercell scheduling is a simple and versatile form of base
station cooperation [6]. Instead of pre-assigning each cell with
a fixed fraction of the available spectrum, intercell scheduling
dynamically allocates the entire spectrum to the rate max-
imizing UE within a cluster. As [6] shows, the expanded
user diversity, resulting from an expanded user selection pool,
yields a sum rate growth of \/log(K). This significant gain
is a result of the larger channel variation due to shadowing
effects, compared to the well known growth rate loglog(K)
on a Rayleigh channel [8].
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Fig. 2. Cluster in a sectorized cellular layout.

A disadvantage of the scheme in [6] is the possibility that
neighboring clusters simultaneously schedule adjacent cells
to transmit, thereby effectively reducing the reuse distance
compared to the FFR scheme. Fortunately, this disadvantage
is substantially mitigated in a sectorized OFDMA cellular
network, as interference is largely localized to originate from
neighboring sectors of different cells and OFDMA provides
finer resource allocation granularity.

B. Opportunistic Cell Edge Selection Algorithm

We define a cluster as three neighboring sectors from three
neighboring cells, as shown in Fig. 2. Note that, similar to
every cell, every cluster uses all of the available frequency
bands. Since UE k has perfect knowledge of Hg(k)k and

SIB wv(y [ Hip? for ¢ = 1,...,C, it calculates the SINR

for each RB ¢ by
. ‘Hc k|2
SINR;, =

. 2)
Zb 1,b#b(k) | H g |?
For center band RB ¢ and for center UE k, (2) gives the
actual operational SINR since every sector reuses RB c.
From here on, we focus on edge RB c. In our proposed
selection scheme, (2) underestimates the actual SINR when
the system is in operation since two-thirds of the sectors will
not be transmitting using RB ¢ in operation. Without a priori
knowledge of which sectors will be chosen to transmit on
RB ¢, mobile £ must estimate this interference. Note that
any interference estimate that is a monotonically increasing
function of Zifu) Zb(k) |H, |? will result in the same sector
selection outcome (which we will detail shortly) and thus will
not affect the performance.

Define K (b) = {k|b(k) = b} to be the UE set that sector
b serves, and C(b) = {Sector ¥’ : b’ in the same cluster as b}
as the group of sectors belonging to the same cluster as b.
Sector b determines the UE with the highest reported SINR
on RB ¢ and the SINR value by

k.(b) £ argmax SINR, 3)
kEK (D)

SINR,(b) & SINR¢, 4

-(b) (nax 3 4)

forc=1,...,3C,. The 3C, SINR values for each sector b are
shared with other sectors in C'(b). This information sharing can
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Fig. 3. Sample cellular scheduling layout on an edge RB.

be achieved by either having every sector submitting its SINRs
to a central cluster scheduler over the X5 interface or by having
the mobile terminals directly send their SINRs to the other two
sectors over the air interface.! These two approaches will result
in the same scheduler outcome. Knowing the SINRs of the
three sectors in the cluster for each edge RB, the scheduler al-
locates each RB to the rate-maximizing sector; i.e., for cluster
C(b), edge RB c is assigned to sector argmax SINR.('). The
bec(d
other two sectors in C(b) will not use edge iii% c. Fig. 3 shows
an example of the cellular scheduling layout on a particular
edge RB. As shown in the figure, it is possible that neighboring
sectors of the same cell simultaneously schedule to use the
same RB. This is analogous to the scheduling problem in [6].
Fortunately, due to the directional antenna orientation in a
sectorized network, interference is somewhat localized to a
cluster.

C. Resource Contention Granularity

To some cellular networks, sharing C. SINR values can
put too much strain on the backhaul. Our scheme can address
this by grouping multiple RBs in a batch and only share the
sum-achievable-rate for the batch. The entire batch of RBs
is scheduled to the winning sector. Let there be nrp edge
RBs in a RB batch, 1 < ngp < C.. It is possible to have
C. < ngp < 3C¢, but the performance of such a scheme can
be inferior to FFR as it is more restrictive than an FFR scheme.
The special case of ngrp = 3C, corresponds to the case where
only one sector in a cluster monopolizes all the cell-edge
resources of that cluster. Then the additional backhaul strain
over the conventional FFR system is 3C./ngp SINR values
per cluster when a central scheduler is used, and 6C./ngp
SINR values per cluster when each sector broadcasts its SINR
values to the other two sectors.

D. Fairness
Any scheduling scheme that selects the rate-maximizing
UE requires extra mechanisms to prevent resource starvation

'Note that both approaches are plausible from a standardization point of
view and have their pros and cons.



to the weaker UEs. In this paper, we define RB,x as the
maximum number of RBs to assign to any given UE in a
single scheduling period. As we assume a homogenous UE
distribution, this mechanism is suitable for ensuring long term
fairness.

As we restrict our attention to schemes where base stations
can only share one value per edge RB batch, the independence
between each edge RB batch no longer holds for finite RB .«
and the rate-maximizing allocation scheme is not known. For
simplicity, we use a greedy procedure and explain it assuming
nrp = 1. Sector b shares max.—1, . 3c, SINR.(b) with other
sectors in C'(b) and the sector with the largest reported SINR
receives the RB allocation. Note that the three sectors may
report three SINR values for three different RBs. Only the
winning RB is allocated. Each sector then finds the rate-
maximizing RB from the remaining RBs, and the process
continues until all RBs are allocated, or if all UEs receive
RBax RBs.

E. RB Rotation

In this variation, three batches of RBs are assigned at a
time. The rate-maximizing allocation where each sector gets
exactly nrp RBs is chosen. In this way, fairness is built-in and
every sector will get exactly C, edge RBs for each scheduling
period. Note that the backhaul requirement of RB rotation is
identical to the scheme where each edge RB is assigned to the
rate-maximizing sector.

When nrpp = C,, the scheduler finds the rate-maximizing
band rotation. Note that since sectors have already adhered
to the RB,x constraint when reporting SINRs to the central
scheduler, the scheduling outcome will automatically satisfy
the RBax constraint.

IV. PERFORMANCE ANALYSIS

For mathematical tractability, we only consider RB,,,x = oo
in the analysis, i.e., there is no constraint on the number of
RBs that can be assigned to a particular UE. For a > 0, define
the cumulative distribution function (CDF)

Foces(a) £ P(SINRocgs < a)

and
Frrr(a) £ P(SINRggr < a),

where SINRocgs and SINRppr are the SINR values on a
given edge RB using the proposed opportunistic cell edge
selection scheme and FFR, respectively. As interference is
largely localized within clusters due to sectorization and as-
suming a balanced traffic among cells and sectors, it intuitively
follows that the distributions of the FFR scheme and the
proposed opportunistic scheme can be approximated through
the relationship

Foces(a) ~ Frrr(a)®. (5)

Note that (5) holds even for ngp > 1.

Next we study the RB rotation policy. The exact analy-
sis is quite cumbersome, so we provide the analysis for a
greedy-based suboptimal simplification. Again, we assumme

nrp = 1 for the purpose of this analysis, the extenstion
to larger RB batch sizes being trivial. Each scheduler has
available nine reported SINR values which consist of reports
on each of the three RBs from each of the three sectors
in the cluster. The scheduler ranks them in a decreasing
order SINR() > .. > SINR() (For simplicity, we define
SINR(® = oo and SINR(1®) = ). Table I(a) shows one such
ranking of the nine SINR values, where the entries are the
rankings. For simplicity, we assume these nine SINR values
to be independently and identically generated. Note that for a
given sector, the SINRs for different RBs may exhibit strong
correlation due to frequency selectivity. In the first step, sector

(a) (b)

RB1 | RB2 | RB3 RB1 | RB2 | RB3
Sec 1 8 3 2 Sec 1 8 3 2
Sec 2 6 4 1 Sec 2 6 4 1
Sec 3 9 5 7 Sec 3 9 5 7

Sec 1
Sec 2
Sec 3

TABLE I
GREEDY SCHEDULER FOR A SAMPLE SINR ORDERING.

2 has the highest SINR ranking on RB 3 and is scheduled as
shown in Table I(b). Among the unassigned RBs and UEs,
sector 1 has the highest SINR ranking on RB 2 as shown in
Table I(c). Lastly, sector 3 is scheduled with the remaining
RB 1 as shown in Table I(d).

We now derive the CDF of the SINR according to the RB
rotation policy, i.e. Frpro(a) £ P(SINRgpor < @), in two
steps. First, we compute the probability that, given nine i.i.d.
SINRs, the fixed scalar a satisfies SINR(™ > g > SINR(" 1)
for n =0,...,9. For each n, this probability is binomial

ga(n) = <3> Frrr(0)27™(1 — Feer(a))™ ,n =0,...,9. (6)

Next, we find the probability for a sector to be assigned a RB
with SINR(™), and we denote this probability as 7(n). Through
careful combinatorial analysis, we summarize the values of
r(n) in Table II. We combine g,(n) and r(n) to get

9 9
FRB,rOt(a) = Zga(n) Z T(k)
n=0 k=n-+1

=Frrr(a) ) (2) Frer(a)®™™(1 — Ferr(a))"R(n), (7)

n=0

£5(a)

TABLE II
VALUES OF r(n) AND R(n).

n r(n) R(n) n r(n) R(n) n r(n) R(n)
1 173 2/3 4 | 11/126 | 37/126 7 1/18 1/9
2 1/6 172 5 | 43/630 | 71/315 8 1/18 1/18
3 | 5/42 | 8/21 6 | 37/630 1/6 9 | 1/18 0




R KL
(B RSR0D 202 242 R
LR
o SRR
EGRIE (a2 = =02 IR EHR
DEIRIEIR i RO
KA AL AL
o.‘o;,(o),(oxo‘
RS

Fig. 4. 19-cell simulation environment with wrap around.

where we define R(n) = Zzan r(k) (values shown in
Table II). v(a) from (7) is the probability gain over the FFR
scheme by performing greedy RB rotation. When Fgegr(a) =
0.5, v(a) = 0.55. Hence, the median SINR « for FFR is
exceeded by 1 — 0.5 % 0.55 = 73% of the SINR values in the
RB rotation.

Furthermore, note that the analysis on RB rotation can be
applied for ngp > 1 by replacing all instances of Fgggr(a) by
the CDF of the aggregate performance metric of each RB batch
reported to the central scheduler. Hence, the median point for
the aggregate performance metric for FFR is also exceeded by
~ 73% of the same aggregate performance metric for the RB
batch rotation.

V. SIMULATION RESULTS

In this section, we illustrate the performance of the proposed
opportunistic cell edge selection scheme and compare its
performance to the more conventional FFR scheme. Fig. 4
shows the layout of the system that we simulate. K users are
dropped uniformly in each of the shaded sectors of the 19
cells in the center. We replicate the selection pattern in each
of the six directions of the center 19-cell group to simulate
interference. Performance statistics are collected for the center
19-cell group only. Other relevant simulation parameters are
summarized in Table III.

Fig. 5(a) and Fig. 5(b) compare the SINR distributions of
edge and center RBs respectively, under FFR, opportunis-
tic cell edge selection, and the band rotation policy when
RB,.x = 00. Observe that the SINR distributions over center
RBs are identical for each scheme, which satisfies intuition
as our proposed schemes only operate on edge RBs. When
K increases from 6 to 12, the performance of all schemes
improved by about 5 dB. On the other hand, we see that the
opportunistic cell edge selection scheme outperforms the band
rotation scheme by about 7 dB, which in turn outperforms

TABLE III
SIMULATION PARAMETERS.

Intersite distance (ISD) 500 m
Carrier frequency 2 GHz
Sampling frequency 15.36 MHz
FFT size 1024
Bandwidth 10 MHz
Occupied subcarriers 600
Subcarriers per RB 12
Center RBs C'. 26
Edge RBs Cl 24
Min. UE-BS distance 35 m
Path-loss model -34.53 - 38 log((d)[dB], d in [m]
Shadowing std. dev. 8 dB

12 (mdeg) ,20dB

&

Vehicular A [9, Sec. 4.2]
200 m from center

Horizontal antenna pattern | A(6) = — min

Antenna boresight
Fading model
Cell center boundary

Center RB transmit power 10 dB
Edge RB transmit power 15 dB
Thermal noise power -175 dB

Edge RB performance
T

T
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0.9 = + = Opp. Edge Sel., K=6
— % — Band Swap, K=6
0.8 —se— FFR, K=12

—— Opp. Edge Sel., K=12
—#— Band Swap, K=12

0.7

0.6

CDF
o
”

0.4

0.3

0.2

0.1

od
-30
SINR (dB)

(a) Cell edge RBs SINR distributions.

Center RB performance
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(b) Cell center RBs SINR distributions.
Fig. 5. Edge and center RB SINR distributions with 6 and 12 users per

sector with RBmax = o0.
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Fig. 6. Edge RB SINR distributions with 6 and 12 users per sector with
RBmax = 6.

FFR by about 4 dB. This is encouraging for a relatively small
modification to the original FFR architecture. Note that when
a = 10 dB, Fgpr(a) ~ 0.69 and Focgs(a) ~ 0.693 = 0.33.
Note also that when the number of UEs doubles from 6 to 12,
performance for all three schemes improved by about 5 dB.

Fig. 6 compares the SINR distributions of edge RBs under
conventional FFR, opportunistic cell edge selection, and the
band rotation policy with RBp.x = 6. We skipped the
plot for the SINR distributions of center RBs as they are
again, identical. The opportunistic cell edge selection scheme
outperforms the band rotation scheme by about 3 dB, which
in turn outperforms FFR by about 3 dB. The reduction in
performance gain is attributed to the RB, .« restriction. The
latter forces each sector to select users with less favorable
channels, who generally have smaller range of fluctuations
and leads to reduced performance gain. It is noteworthy
that the band-rotation scheme still appreciably outperforms
conventional FFR while incurring minimal backhaul cost.

Lastly, Fig. 7 compares the conventional FFR, the proposed
opportunistic scheme for ngpg = C., and the band rotation
scheme when RB,.x = oco. The x-axis measures the total
rate of each edge band normalized by the number of sub-
carriers within the edge band. Note that relationship (5) still
holds when comparing the FFR scheme and the opportunistic
scheme with ngp = C.. This is because for a given edge band,
the three aggregate achievable rates from the three sectors
in a cluster are statistically independent. On the other hand,
relationship (7) only approximately holds when comparing
the FFR scheme and the band rotation scheme. The rate of
1 bps/Hz/subcarrier is the median rate for the FFR scheme.
This rate is surpassed by about 64% in the band swapping
scheme, less than the 73% predicted. The main reason for this
discrepancy is insufficient frequency selectivity. As the band
rotation scheme attempts to exploit frequency selectivity, it is
intuitive that performance suffers when frequency selectivity
is insufficient.

Normalized edge band rate
1 T T

0.9
0.8}
0.7
0.6

LDL 0.5

g0
041
0.3
0.2 —»— FFR

—+— Opp. Edge Sel. nRB:Ce
01 —#— Band Swap
0 2 4 6 8 10
Rate (bps/Hz/subcarrier)
Fig. 7. Normalized edge band rate with K = 6 and RBnax = oo.

VI. CONCLUSIONS

In this paper, we proposed an opportunistic cell edge
selection scheme in a sectorized cellular OFDMA downlink
network. In this selection scheme, each RB is assigned to the
rate-maximizing UE within a predefined cluster. Our proposed
scheme results in a performance gain due to expanded mul-
tiuser diversity. Simulations show that the opportunistic selec-
tion scheme appreciably outperforms traditional FFR. We also
proposed a backhaul-friendly variation by grouping RBs. As
simulation shows, the band-rotation scheme also outperforms
traditional FFR. As the proposed scheme requires relatively
low overhead cost and decentralized operation, compared to
other full base station cooperation strategies, it provides an
attractive low-cost alternative solution for short-term imple-
mentation in next generation wireless cellular networks.
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