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Frequency and Subcarrier Reuse Partitioning
for FH-OFDMA Cellular Systems

Yeonwoo Lee*, Kyung-Ho Kim'

ABSTRACT

One of the most serious factors constraining the next generation cellular mobile consumer communica-
tion systems will be the severe co—channel interference experienced at the cell edge. Such a capacity—de—
grading impairment combined with the limited available spectrum resource makes it essential to develop
more spectrally efficient solutions to enhance the system performance and enrich the mobile user’s appli—
cation services. This paper proposes a unique hybrid method of frequency hopping (FH) and subcarrier—
reuse—partitioning that can maximize the system capacity by efficiently utilizing the available spectrum
while at the same time reduce the co—channel interference effect. The main feature of the proposed method
is that it applies an optimal combination of different frequency reuse factors (FRF) and FH-subcarrier
allocation patterns into the partitioned cell regions. From the simulation results, it is shown that the
proposed method can achieve the optimum number of subcarrier subsets according to the frequency-reuse
distance and results in better performance than the fixed FRF methods, for a given partitioning
arrangement. The results are presented in the context of both blocking probability and BER performances.
It will also be shown how the proposed scheme is well suited to FH-OFDMA based cellular systems
aiming at low co-channel interference performance and optimized number of subcarriers

Key words: Reuse partitioning, FH-OFDMA, frequency reuse partitioning, reuse factor, subcarrier

cess (MBWA) and 4G mobile networks [1]. The

ability of these systems to support the increasing

1. INTRODUCTION

Drive towards providing multi-media services
over wireless links has accelerated in recent years
as a result of the rapid growth in the high data
rate and high quality packet data transmission
systems such as the wireless metropolitan area
network (WMAN), mobile broadband wireless ac—
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demands on packet data services for ubiquitous
Internet access relies heavily on the choice of a ro—
bust and flexible air-interface technique. Orthogonal
frequency division multiplexing (OFDM) is largely
viewed as a promising air-interface technique that
can meet such requirements due to its inherent
properties that are well suited to broadband trans—
mission [2]. The feasibility and suitability of OFDM
for high data rate transmission has been verified
with successful development and commercializa—
tion of several wireless systems including digital
video and audio broadcasting (DVB/DAB) as well
as wireless local area networks (WLANSs). Such
success has made OFDM a strong candidate as the
technique of choice f'or the next generation of
WLANS including the IEEE 802.16 based WMAN
and IEEE 802.20 based MBWA [3].

Among the hybrid multiple access schemes
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based on OFDM, frequency—hopping orthogonal
frequency division multiple access (FH-OFDMA)
combines the advantages of resilience to multipath
distortion, full exploitation of the available fre—
quency diversity and flexible resource granularity
[4,5]. The frequency hopping part of FH-OFDMA
based systems makes it possible to achieve fre—
quency diversity and interference averaging
through the dynamic allocation of subcarrier sub—
sets to the different users in a random manner.
Such a technique can average the interference dur-
ing several time-slots as well as reduce the proba-
bility that a specific user takes the full impact of
a deep fade. Frequency reuse partitioning (FRP)
has originally been proposed in [6] as a means to
further enhance the spectral efficiency of cellular
systems. Such a technique was shown to increase
the system capacity and reduce the higher interfer-
ence levels experienced at the cell’'s boundary. The
FRP technique applies different frequency reuse
factors into split smaller cell-areas. In contrast to
the fixed channel allocation schemes, the FRP
strategy was devised for enhancing poor spectrum
utilization in a dynamic fashion. Using this techni—
que, the system is able to allocate the available
channels to the mobile users more efficiently and
reduces the probability of experiencing higher in-
terference levels by mobile users at the cell’s
boundary. For a 3G LTE-advanced cellular system
adopting OFDMA without FH method, frequency
reuse techniques are proposed in previous works
[7.3].

To our knowledge there is no information avail—-
able in the open literature on applying the FRP
technique to FH-OFDMA systems and no at—
tempts have been made to provide an insight into
the physical characteristics of the OFDM orthogo—
nal subcarrier-subset reuse partitioning. Therefore,
in this paper we consider the application of sub-
carrier-subsets reuse partitioning in combination
with a suitable frequency-reuse scheme for FH-

OFDMA-based cellular systems. We aim to ana-—

lyze the proposed scheme’s spectral efficiency and
ability to reduce the higher co—channel interference
(CCD level normally incurred at the cell's boundary.
In this study, we partition the cell into a number
of regions where different FRFs are applied to the
different regions of the cell to alleviate the ex-
cessive interference at the cell’'s boundaries. Spe-
cifically, to reduce the interference effect to users
close to the cell's boundary large FRF values are
assigned to the FH-bands that are occupied by
those users. On the other hand, relatively smaller
FRF values are assigned to FH-bands used by
users in the inner regions of the cell closest to the
serving base-station. The optimum number of
subcarriers corresponding to each FRF value is se-
lected on the basis of improving the error perform-
ance and blocking probability of the entire system.

The rest of this paper is organized as follows.
The FH-OFDMA system model interference anal-
ysis with random frequency hopping pattern is de—
scribed in the next section. In Section III a detailed
discussion of the proposed hybrid frequency reuse
and subcarrier reuse partitioning method with the
optimized number of carriers is presented. In
Section IV the blocking probability and BER error
performance are demonstrated by simulation
results. Finally, concluding remarks are presented

in Section V.

2. FH-OFDMA SYSTEM MODEL WITH
RANDOM FREQUENCY HOPPING

2.1 System Model

The block diagram of the modulator and demod-—
ulator for this system considered in this paper is
depicted in Fig. 1. As can be seen from this figure,
the encoded user’s signals are passed through seri-
al-to—parallel (S/P) conversion to produce low bit
rate data streams. Each of these streams is then
passed to a random FH mapper in which the fre—
quency-hopped subcarriers /Ny are determined

and assigned to their corresponding user for a finite
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time-slot. In order to avoid the intra—cell interfer-
ence, the assigned frequency hopped subcarriers of
each of the intra—cell users must be orthogonal to
each other. The hopped subcarriers are baseband
modulated by the inverse fast Fourier transform
(IFFT) and converted back into serial data by a
parallel-to-serial (P/S) converter. Prior to RF
transmission, each symbol is appended with a cy—
clic-prefix guard interval (GI) in order to prevent
inter-symbol interference (ISI) and preserve the
OFDM orthogonality. At the demodulator, these
functional blocks are repeated in a reverse order.
The demodulator also includes the frequency do-
main equalizer (FDE) to compensate for independ-
ent frequency selective fading that each subcarrier
may experience. The FDE stage can coherently
combine the energy of the received signal scattered
in the frequency domain and undo any phase dis-

tortion imposed by the radio channel.

2.2 Signal-to-Interference Ratio (SIR)

In a multiple cellular system scenario, if we as—
sume that the total transmitted power from each

cell's base station (BS) using all the subcarriers

603

is set to P, then each BS sends P/Nuax trans-
mission power to each mobile station (MS), where
N,

m

ax 1S the maximum number of MS which the
system can support. The path-loss can be defined
as a function of the distance between the MS and
its supporting BS, e.g. the kth BS, I'(d,). Assuming
that the cell has N, active MS users, then the cell
load (CL) factor can be defined by:

Nu
CL=Q-= 1)
N

Without loss of generality and for simplicity of
analysis, the CL factor is considered the same in
every cell. In order to calculate the hit probability
of the used subcarriers, let us begin with the calcu-
lation of the occupied subcarriers by the BS of in-
terest (BS0). The number of subcarriers being
used for FH can be given by /NQ according to the
cell loading factor and total number of subcarriers
(N). Thus, the number of available, orunused, sub—
carriers can be shown to be N(1-Q).

The interference incurred by the nth subcarrier
in the kth BS (BSk) is PI'(d,)/N if the kth BS is
using the same subcarrier, otherwise the interfer-

ence is zero. For the calculation of the averaged
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Fig. 1 A simplified block diagram of the modulator and demodulator of the FH-OFDMA system.
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hit probability and the SIR value, we need to aver-
age out the number of hit (overlapped) subcarriers
between the allocated subcarriers in BSO and
BSk.If two BSs perform independent random FH,
then the hit probability of the nth subcarrieris de-
fined by:

N -NQ\ (NQ\ /(N
p(i:n)z[ va ]x[n ]/[Ngj,izo,l,z,...,fvg (2)

/ =0
where (K

Eq.(2), now we can derive the average number of

if j< k& With this hit probability in

overlapped subcarriers as follows:
E{i} = NQO’ (3)
Thus, the average number of subcarriers being
used for active MS users /N, can be rewritten by
E{i} = NQ*/N, (4)
Assuming the transmitted power to each sub-
carrier from BSk is P/N and using (1) and (4), the
average interference caused by the kth BS to BS0O
can be derived as

PI(d,)Q* PI(d,)N,
N N}

u max

P i
E{——T(d,)}=
{NNu (d); (5)

Now, we can get the SIR as the desired signal
to the total sum of interference from Kother—cells.
This is:

P
—TI(d
S[R — max ( 0) — 1—‘(do)
; A S AR DO MICA) ©)

We can observe from equation (6) that the CL fac—
tor has an important impact on deciding the ach-
ievable SIR value. Specifically, the larger is the CL
factor the lower will be the SIR value that can be
achieved. Moreover, equation (6) can be regarded
as SIR when using FRF=1 since all the surround-
ing other-cells are considered. On the contrary to
FRF=3, the amount of total interference caused by
other—cells is three times lower than that given by
(6) for a given spectrum, which results in higher
SIR. However, the available spectrum (or sub-

No. of subcarriers allocated to 400 8 )
FRF=1 zone 500 4 Normalized radius of FRF=1 zone

Fig. 2. Average blocking probability as a function of
the number of subcarriers allocated to FRF=1
regon and the nomalized radius of FRF=1
zone with the offered 50 % SL.

carriers) is also reduced down to three times
smaller than that of FRF=1. This suggests to us
the very interesting point of how to allocate an ap-—
propriate number of subcarriers and FRF values
in order to achieve higher SIR as well as better
throughput performance. In the next section we
describe a unique frequency and subcarrier reuse
partitioning method that is designed to achieve
better control of the CL factor and improve the
system efficiency by optimizing the number of
subcarriers assigned to each frequency reuse fac-

tor as shown in Fig. 2.

3. HYBRID FREQUENCY AND SUB-
CARRIER REUSE PARTITIONING
DESIGN

3.1 Frequency and  Subcarrier Reuse  Parti-

tioning Design

In the proposed FH-OFDMA system the sub-
carriers are grouped into several subsets which are
then assigned different FRF values. The subset
with a small FRF value is then allocated to the in-
ner region of each cell while the subsets assigned
larger FRF values are allocated to the outer
regions. The number of subcarriers allocated to
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each cell region is optimally chosen on the basis
of minimizing the blocking probability. In order to
maximize the total system spectral efficiency, the
central regions with radius r;, utilize an FRF=1.
This is feasible to achieve because the amount of
co—channel-interference (CCI) from the neigh-
bouring base stations is relatively small in this
region. On the other hand, in the boundary regions
with radius r,,, the proposed scheme applies an
FRF=3 to reduce the CCI effect. By partitioning
each cell into only two zones, it is possible to main—
tain sufficient trunk efficiency. It is important to
note that the larger the number of partitioned re—
gions per cell the less the available number of
channels per zone and therefore the lower will be
the trunk efficiency. To further enhance the fre—
quency and interference diversity effect, the sub-
carriers within a frequency guard (FG) band
should be separated in the frequency domain rather
than using contiguous subcarrier subsets. The
more number of FH bands can be increased how—
ever the larger the number of partitioned zones can
be expanded and the better the control of the CCI
effect will be. In such cases the total spectrum is
divided into K-subcarrier subsets and a corre-
sponding set of FRP zones r,r,, - r;, with each
one having a different FRF value, eg. 1, 3, 4, 7,
- etc.

In the proposed scheme, the subcarrier subsets
with FRF equal to 1 are used in the inner region
marked as A (FRF=1 zone) with radius r;, and the
subsets with FRF equal to 3 are used in the outer
regions marked Bl, B2, and B3 (FRF=3 zones) with
radius r,,. When the inner zone is expanded above
a normalized reuse distance (ry, / r,,) of 0.5, there
exists a trade-off between the subcarrier subsets
allocation and the reuse distance. As a consequence
of this, if more than 50% of the channels (or sub-
carrier subsets) satisfying the required SIR level
are allocated to the FRF=1 zone, then the FRF=3
zone must use less than 50% of the channels of
a given spectral bandwidth. Note that the FRF=3

zone plays an important role for guaranteeing the
suppression of CCI by proper usage of the sub-
carrier subsets with FRF=3. The proposed scheme
in this paper is designed to provide an optimal sol-
ution for this trade—off with the optimized FH-
subcarrier subsets allocation with respect to the
normalized radii of the FRF=1 zone. This results
in maximizing the resource utilization and enhan-
ces the frequency reuse partitioning.

If we divide the CL factor into two regions such
as Q4 and Qpz which are respectively defined by
Nys/Npy and N, /Ny, where N,=N, 1+ N,z
then we can define the SIR of the proposed scheme
SIRppr-a3 as:

I'd,)

SIR =
FRF =(1,3) QA zk r(dk) + QB Zj’ r(d/)

(7)

where the first term in the denominator is the con-
tribution of the A-region from K other-cells and
the second term is from the same B-regions (BI,
B2, or B3, i.e. FRF=3 zone), and ] is approximately
equal to K/3 other—cells in(6). It is noticeable that
SIR can be controlled by appropriately allocating
the active MS users, i.e. assigning the number of
subcarriers according to each FRF zone. As men-
tioned before, there exists a trade-off between the
optimized number of subcarriers (i.e. resource
channel) and the FRF zone. The insight on block—
ing probability and BER are discussed and com-—
pared by introducing a new cost function (7) and
using the simulation study in the following

sections.

3.2 Optimization of the Number of Subcarriers

Assuming that the same number of active MSs
are uniformly distributed in each cell and that they
arrive according to a Poisson process with an ar-
rival rate, A (call/cell), the offered traffic load at
each zone can be defined by p,=A,/u and p,=A,/u
where z is the mean call duration and the new call
arrival rates in each zone are A A:)L(r%-n/ ., and
Ay=A— A respectively. Let C, and C, be the
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number of channels allocated to the A and B re-
gions respectively; then, we have the constraint
C,+3Cy < M where M is the total available chan-
nels in a cellular system, given by: the total number
of subcarriers / number subcarriers per user. Thus,
the cost function can be given in terms of an aver-

age blocking probability [9] as:

Cy Cy
mln % (p,gu) ZCA' +ﬂ’75 (pBCB ZCB' (7)
Zk;opfi Tkl Zk:opB /!

To obtain an optimized FRF value and the cor-

responding optimized number of subcarriers to al-
locate to each region, we need to find C, and Cy
that minimize the cost function in (7). However,
the cost function in (7) is highly nonlinear and
therefore we determine C, and C, by relying on
a numerical method. For the numerical analysis of
(7), we assume that each cell has a 300 m radius,
with a total of 512 subcarriers allocated to the sys-
tem, and each FH consists of 16 subcarriers Npy
(i.e. M=512/16 = 32). The loading for all base sta—
tions is the same on average. Let the system load
(SL) be the total number of subcarriers used by
the active users per cell over the total available

subcarriers per system:
SL :(CA +CB)/M (8)

where the SL factor is half of the CL factor since
the later considers the total spectrum of the sys—
tem, whereas the former takes only the allocated
spectrum of the cell into account. For the proposed
FRF=(1, 3) system, only half of the total spectrum
is used in each region. Based on these parameters
for the 50% offered SL (thus, 100% offered CL),
the average blocking probability of the proposed
scheme as a function of the number of subcarriers
allocated to FRF=1 zone and normalized radius of
FRF=1 zone is shown in Fig. 2.

Here, the costfunction is demonstrated as a
function of the number of subcarriers allocated to
FRF=1 zone (C,N,y,), while (M—C )Ny, /3 sub-
carriers are allocated to the FRF=3 zone. The fixed
FRF=3 plane as shown in Fig. 3 with the normal-
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Fig. 3. Average blocking probability — comparison

of the fixed FRF=3 and the proposed
FRF=(1, 3) with the optimized number of
subcarriers as a function of the normalized
radus of FRF=1 zone (r/r,) for various
offered SL.

ized reuse distance (r3,/ r,, ) set to 0 indicates the
conventional fixed FRF=3 scheme since there is no
FRF=1 region. On the other hand, r;,/r,,=1
stands for the conventional fixed FRF=1 scheme
(i.e. fixed FRF=1 plane as shown in Fig. 3). In
terms of blocking probability versus number of al-
located subcarriers, it is observed that the fixed
FRF=3 is less sensitive to the allocated number of
subcarriers, whereas the fixed FRF=1 has global
minimum point. This leads us to an optimization
problem as to how many number of allocated sub-
carriers is needed to both FRF=1 zone and FRF=3
zone in the proposed FRF=(1, 3) scheme.

Fig. 2 shows that with the optimized number of
subcarriers based on minimizing the costfunction
(i.e. the minimum points) of the proposed scheme
can outperform the fixed FRF cases and guarantee
the lowest blocking probability throughout the en—
tire cell area. This is done by allocating the number
of subcarriers used at different FRF zones and ad-
justing the maximum radius of the FRF=1 zone (.e.
frequency reuse distance) according to the traffic
variation. To help more understand this, Fig. 4
shows the average blocking probabilities of the

fixed FRF=3 with the maximum number of sub-
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Fig. 4. Average blocking  probability  comparison

of the proposed FRF=(1,3) and others as
a function of the number of allocated
subcarriers to FRF=1 zone.

carriers (MN,,,/3),when C,=0 compared to the
proposed FRF=(1,3) design scheme with the opti—
mized number of subcarriers, as a function of the
normalized radius of FRF=1 zone (r,,/r,,) for vari-
ous offered SL values. The solid lines of Fig. 3
show the minimum cost function when using the
optimized number of subcarriers according to the
normalized radius of FRF=1 zone for the 50% of-
fered SL. As shown in Fig. 3, the proposed FRF=
(1,3) design scheme can guarantee lower average
blocking probability than that of the fixed FRF=3
for every offered load condition and various nor-
malized radius of FRF=1 zone. It is noticed that
when the FRF=1 zone expands, the plentiful sub—
carrier resource available in the FRF=1 zone can
ensure the lowest blocking probability of the over—
all system.

The impact of the number of subcarriers allo—
cated to FRF=1 zone on the average blocking prob—
ability performance for each design scheme is
shown in Fig. 5. Note that for the fixed FRF=3 de-
sign, the actual number of allocated subcarriers is
given by the total 512 subcarriers - number of allo-
cated subcarriers to the FRF=1 zone. We can see
that the larger number of allocated subcarriers to
the FRF=1 zone (thus, the smaller number of sub—

/ FRF(1,3), average

1 - = FRF=1
/ — FRF=3
10-3 L i 1 i 1 T T T
01 02 03 04 05 06 07 08 09 1

Normalized distance between user and BS

Fig. 5. Bit error rate of the proposed scheme, FRF=
(1, 3), as a function of the normalized
distance between the wusers and BS (d,,)
for  different  normalized radi  of FRF=1
zone (r,/ 1,,) and the fixed FRF.

carriers to FRF=3), the higher average blocking
probability. This means that not enough sub-
carriers allocation to the users causes more fre-
quent call blocks in the outer zone. On the other
hand, for the fixed FRF=1, the minimum blocking
probability performance is achieved at a specific
number of allocated subcarriers. It is shown that
the proposed FRF design scheme can guarantee the
lowest blocking probability. This implies that the
combination of a well designed subcarrier alloca—
tion scheme, which considers the traffic load, and
the appropriate frequency reuse partitioning and its
corresponding zone decision can accomplish the
best blocking performance.

As stated before, the proposed design delivers
the global minimum points at every allocated sub-—
carrier and offered load conditions. For the traffic
aware system, the mapping table function of the
optimized number of subcarriers and FRF=1 zone
radius should be built up for all varying traffic
situations. Note that these numerical results show
that the proposed scheme can deliver the lowest
blocking probability, but the CCI effect at the cell
boundary on the system performance is not taken
into account. Therefore, there still exists a

trade—off between the blocking probability and the
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practical bit error rate (BER) performance. This
impact is taken into account by carrying out phys-—
ical-layer simulation study which will be discussed

in the following section.

4. PHYSICAL
RESULT

LEVEL SIMULATION

In this section we assess the efficiency of the
proposed method in terms of the bit error perform-
ance of the OFDMA system illustrated in Fig. 1.
The subcarriers allocated to each FH group are
randomly chosen within those having the same
FRF assignment in every symbol time. In other
words, the OFDMA system considered employs
fast FH with random hopping sequences. The
OFDMA system employs QPSK modulation at
each subcarrier with 1/2 rate convolutional coding.
The assumed total system bandwidth is 20MHz
and the noise spectral density is -174dBm/Hz with
8dB noise figure. The transmitting power from the
BS is set to 33dBm with 18dBi antenna gain. The
pathloss is considered to have a Log-distance
model with the pathloss exponent=4 and a
Lognormal fading variance of 8dB. In addition, a
3-tap delay-line pedestrian channel model [10] is
used to simulate the frequency selective fading.

The BER evaluation of the proposed scheme is
shown in Fig. 5 as a function of the normalized
distance between the users and the BS d,; for dif-
ferent normalized radii of the FRF=1 zone and
compared to the fixed FRF cases. We can observe
that the proposed hybrid subcarrier allocation and
FRP can achieve significant reduction in the CCI
effect and improve the BER performance especially
close to the cell edge, compared to that of the fixed
FRF=1. This will always be true when r;,/ r,,; is
larger than d,,,, otherwise, it is only better than
that of the fixed FRF=1 and slightly worse than
the fixed FRF=3. Thus, considering the results of
Fig. 2, 3, 4 and 5 together, it is clear that the pro-

posed scheme can provide a minimum blocking

probability along with a reduced CCI level at the
cell boundary. Therefore, an overall system per—
formance improvement can be achieved when dif-
ferent FRFs are used for the different zones and
FH-subcarrier subsets allocation that minimize the

cost function.

5. CONCLUSION

This paper has discussed the application of
FH-subcarrier subset reuse partitioning and fre-
quency reuse partitioning to FH-OFDMA mobile
consumer communication systems. From the nu-
merical and simulation results, it was shown that
a high spectral efficiency and CCI level suppression
can be obtained when assigning the optimized
number of random FH-subcarriers and corre-
sponding frequency reuse distance. It was also
shown that the FH-OFDMA system with the pro-
posed FRF design scheme is a promising multiple
access option employing strong FH feature to
tackle the fading effect and provide higher spectral
efficiency. The proposed design can be further ex-—
panded to a multiple frequency reuse partitioning
approach at the cost of some trunk efficiency and

error performance.
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