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Abstract: This paper presents a novel frequency reuse scheme that reduces the effects of co-channel interference and in-
creases the capacity of orthogonal frequency division multiplexing (OFDM) systems. To increase the capacity
of a system, the frequency reuse factor should be close to 1. In general, reduction of co-channel interference
(CClI) is achieved at the cost of cell capacity. Our virtual frequency reuse (VFR) targets to mitigate such
tradeoff. In VFR, the type of a cell is determined by the order of sub-channel assignment. And users in a
cell are assigned sub-carriers among sub-channels by a specific regulation. Probabilistic interference analysis
and simulation results show that the proposed virtual frequency reuse improves the performance of an OFDM
system for both uniform and non-uniform distributions of traffic load.

1 INTRODUCTION DCA, channels may be assigned to cells during a spe-
cific time duration and the assignment changes dy-

To support the emergence of new wireless app“_ namically. It reflects the traffic condition of each cell
cations and the proliferation of multimedia ser- and manages the spectral resources efficiently. Since
vices, broadband wireless access (BWA) has been re-DCA causes unexpected interference to neighboring
searched (A. Jamalipour and Yamazato, 2005). Duecells, interference avoidance algorithms are required.
to limited spectral resources, next-generation wireless Combining FCA and DCA, borrowing channel as-
networks require some techniques to utilize frequency Signment (BCA) is proposed (Jiang and Rappaport,
spectrum efficiently. The orthogonal frequency divi- 1996). A cell in high traffic condition can borrow
sion multiplexing (OFDM) is considered as one of the channels from neighboring cells to accept incoming
best solutions to satisfy this requirement (M. Sternad calls. BCA improves the performance of FCA and
and Brunstrom, 2007), (M. Bohge and Meyer, 2007). reduces the overhead caused by exchange of channel
In OFDM, the parallel transmission of data symbols assignmentin DCA.
deceases the effect of intersymbol interference (ISI),  Inwireless cellular systems, the frequency reuse is
which is appropriate for BWA. employed to reduce the effects of co-channel interfer-
To increase the spectral efficiency in OFDM, spec- €nce (CCl) and to increase the capacity of a system.
tral resource management is necessary. Many Chan_The reuse factor should be close to 1 to increase the
nel assignment techniques are proposed to managéystem CapaCity. But, the reduction of CCl is achieved
spectral resources efficiently in OFDM systems. Ba- at the cost of cell capacity. To mitigate such tradeoff,
sically, channel assignment techniques are classifiedSOme techniques such as reuse partitioning and frac-
into fixed channel assignment (FCA) and dynamic tional frequency reuse (FFR) have been studied (Chu
channel assignment (DCA). FCA assigns a set of and Rappaport, 1997), (Forum, 2006). Reuse parti-
channels to each cell permanently. So, FCA is simple tioning uses multiple reuse factors. Overlaid cells are
and shows reasonable performance. However, if a cellimplemented to reduce the CCI in reuse partitioning.
has high traffic load and the other cells have low traffic FFR has constraints on a usable set of channels in
load, the spectral resources may not be managed efficells to balance the tradeoff between the cell capac-
ciently in FCA. To improve the shortcomings of FCA, ity and the interference.
DCA is proposed (S. Anand and Sivarajan, 2003). In  In this paper, we propose a new virtual frequency
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reuse (VFR) to increase the capacity of OFDM sys-
tems. FFR has heavy constraints on sub-channels sets
used in each cell. It tends to limit the spectrum ef-
ficiency of a system. VFR, however, allows that all
sub-channel sets can be flexibly assigned to each of
cells, and it may have constraints on the order of sub-
channel sets used in each cell. Each sub-channel setin @ ®
our VFR is assumed to have the same size, and staticF. ] N

. . . igure 1: An example of frequency partitioning in FFR, (a)
reusg set management 1S aPp“ed- Asa Su,b'camer al'frequency partitioning with the cluster size of 3, (b) fre-
location algorithm, both static and dynamic schemes quency partitioning with the cluster size of 7 is the
can be employed in VFR. The remainder of this paper common sub-channel ang,~F; are the dedicated sub-
is organized as follows. Section Il describes FFR and channels.
VFR. In Section lll, the system model is introduced
and the simulation results are presented and analyzed.
Finally, we conclude in Section IV.

Type Order of sub-channel
allocation

. 2 {513

2 el

2 PROPOSED VIRTUAL ()
FREQU ENCY REUSE |<—Tota| Sub-Channel —>|
o e
2.1 Fractional Freguency Reuse (it Ardrer-- it 11

sub-carrier

Mobile WIMAX proposes FFR to accomodate more Figure 2: Proposed Virtual Frequency Reuse (VFR), cluster
subscribers (Forum, 2006). FFR is a technique that sizeM = 3.

has constraints on usable sub-channel sets for each ]

cell. The conventional frequency reuse techniques ¢an be allogateq to users in every cell. But the cells
have the similar constraints. In addition, FFR has the @re categorized inthl types by a virtual reuse factor.

common sub-channel set that is commonly assignedEach cell follows a specific regulation to allocate sub-
to all cells. channels by its cell type. All sub-carriers are indexed

In FFR, a frequency partitioning scheme deter- ?n a sequential manner, and then t_hey are partitioned
mines the usable sub-channel sets for each cells. Figinto M sub-channelsets by performing moduéop-
1 shows an example of frequency partitioning in FFR. erations on their index numbers. So each sub-channel
Each cell has the common sub-channel set and dedi-Set is represented as follows:
cated sub-channel set that is assigned to specific cells. Fn={filkmodM =m, 1 < k < N},
The ratio of the number of sub-carriers in common 0<m<M-_1 (1)
sub-channel set to the number of total sub-carriers - =
is determined by the sub-channel allocation schemes.wherefy is thekth sub-carrier andl is the number of
And sub-channel sets are managed statically or dy-total sub-carriers. L€E, denote the type of cei|] and
namically by the reuse set management algorithm.0 < T; < M —1. In each cell type, sub-channels are
Although the common sub-channel set increases theallocated sequentially to users by a specific order as
capacity of a system, there is a limit on usable sub- follows:
channel sets since each cell is allowed to use only the Tt F E
dedicated sub-channel, i.e., part of whole bandwidth. = FymodM — F(t+1)modM
For example, in Fig. 1(a), cell 1 is allowed to use only — ... = Feym-1modm-

the dedicated sub-chanrtglamongF;~Fs. Fig. 2 shows the frequency partitioning of VFR.

) The system has the virtual frequency reuse factor of
2.2 Proposed Virtual Frequency Reuse M = 3. Each sub-channel set is representeBoaf;

andFR,. For each cell type, sub-channels are allocated

We propose VFR as a novel frequency reuse tech-sequentially as follows:
nique to increase the capacity of OFDM systems. In .
VlgR, each cell has the rpeuseyfactor of 1 gnd the vir- i=0h-h-F
tual reuse factor o1, whereM is the size of a clus- Ti=1:Fh—-FR—hk,
ter. Hence, all sub-channels(sub-carriers) in a system T=2:F—F—F.
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For Type O cell, when a new call is arrived, prefer- PIE) — 3\i—2 (5)
entially sub-carriers irfkg are assigned to users in a 3\

random manner. If all sub-carriers gy are assigned And the conditional probabilities,

to users, sub-carriers i/, are allocated to users for

incoming calls. It starts to allocate sub-carriersn P[Iiojl|F(i)] = 0, (6)
after all sub-carriers ifkg andF; have been allocated él :

to users. For Type 1 and Type 2 cells, the same strat- P“i,] Al = 1 (7)
egy is applied except the ordering of allocation of sub- p[|i0,_1||:2i] = 3\ -1 (8)
channel sets. )

Therefore,
2 . .
3 PERFORMANCE EVALUATION PIYY = k;P[ISlek']P[Fk']
3.1 Interference Estimation NG 1>(33;\)_“ 2N 9)

To compare the performance of VFR, we consider two In a similar manner, the interferences of VFR,
FFR schemes. FFR1 is a conventional FFR schemeFFR1 and FFR2 from each type of cells can be found
which does not have the ordering of sub-channels al- as a function oA; andA;. Fig. 3 shows the probabil-
location. FFR2 is the same as FFR1 except that it jty, p[ %111, under varying traffic load wheg = A

H 1 i I,] ! o . I
has the_ordenng of sub—channels_ allocation. In FFR2, vER decreases the probability of interference occur-
the dedicated sub-channels are first allocated to usersyences to the other type cells. In the same type cells,
The ratio of the number of sub-carries in the common the probability shows increase. However, since the
sub-channel set to the number of total sub-carriers is same type cell§ are located at 2-tier of céll the total

0.7 in FFR1 and FFR2. And the cluster size is 3 in gffects of interference is not significant indeed. This

FFR1, FFR2 and VFR. The traffic loads of cednd s validated in our simulation in the following section.
cell j are defined ah;, A;. In FFR2 and VFR, some critical points can be ob-
NUse Nuse served. Since two schemes adopt the ordering of sub-
Ai ! ) (2) channel allocation, at the boundary of sub-channel al-

YCE! Ai = Ntotal . T.T

! ] location,P[l;j | Ti = Tj] may converge to 1.
whereN{® and N are the number of sub-carriers _ _
used in celi andj, andN!®® andNi®® are the num- 3.2 Simulation
ber of total sub-carriers for cdlland j, respectively.

We first estimate the interference of VFR proba- We assume thak; is Gaussian random variable to
bilistically from neighboring cells to roughly capture model the traffic load of cell, which is a neigh-
the amount of interference. We consider the cluster boring cell of celli, and compare the performance
sizeM = 3. The probability of the event that a sub- Of each frequency reuse technique under uniform and
carrier in use in cell is also used in cel| is repre-  nhon-uniform distribution among cells. The mean of
sented as a function af andA;. LetP[F}], P[Fj]and  A;j is the same as that dfi. We consider mobile
P[Fi] be the probability that arbitrary sub-carrier used WIMAX systems. The link level parameters are set
in cell i is in sub-channel sdf, F; andF,, respec-
tively. And the probability that a sub-carrier is used :
in cell i is also used in neighboring cedllis defined 00

as P[IiTij’Tj]. P[IIJ-’TJ] is represented in different forms
according to the ranges &f andAj. For example, o
the probability of the event that sub-carrier used in o
cell i which is Type 0 is also used in cdl] which is Fo
Type 1, is calculated as follows. Férg Ai<1and 03
sshi<s . =

PRy - L, @)

) 1' Figure 3: The probabilityD[IIj’T‘] that a sub-carrier used in
PIF]] = O (4) celli is also used in a neighboring cgl{T; = 0, Tj=0, 1 or
! 2,Ai=Aj, p=0.7).
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Table 1: MCS table for modulation and coding scheme. model (D. S. Baum and Salo, 2005).

Modulation Code Rate  SIR PL(d) =31.81+40.5logd). (10)
8!§§E 11//182 ggg _Fig. 4 sh_ows the t(_)tal_ thr_oughput_ of cellUnder
QPSK 176 —1‘65 uniform traffic load d|str|put|on (_var|ance=(_)), VFR_
OPSK 174 0'13 has better performance in medium and high traffic

: load. Under non-uniform traffic load distribution
QPSK 1/3 151 (variance=0.1), VFR improves the throughput perfor-
QPSK 1/2 4.12 mance significantly in high traffic load and has the
QPSK 2/3 6.35 maximum spectrum efficiency of 1.7 bps/Hz. There
16QAM 172 9.50 are two critical points in the plot of VFR with vari-
16QAM 213 12.21 ance 0. At each critical point, VFR improves the
64QAM 172 13.32 cell capacity significantly. Especially, VFR improves
64QAM 213 16.79 the throughput performance about 30% compared to
64QAM 5/6 20.68 that of FFR2 under the condition that the offered load

(mean) and variance are 0.33 and 0, respectively. In
FFR1 and FFR2, the total throughput of a system is
saturated at 154 MSs since the dedicated sub-channel
sets for specific cells limit the overall spectral re-
sources. Fig. 5 shows the average throughput of
users. It presents the similar trend as in Fig. 4. When
the number of MSs is 154, the average throughput
improves 36% (variance=0) and 34% (variance=0.1)
over FFR2. In Fig. 6, the effect of traffic load distribu-
! . tion is also shown. In low traffic load (mean=0.267),
as the traffic load distribution becomes more uniform,
our VFR shows more improved average throughput.
Fig. 7 shows the outage probability of each of fre-
quency reuse techniques. The outage probability can

_____

A FFRI(variance:
O FFR2(var
O VFR(vari
—A— FFR1(va
—@— FFR2(variance:

—®— VFR(variance:0.1)

Total Throughput (kbps )

Figure 4: Total throughput of ceil

wl e be obtained as follows:
Poutage(SIRo) = P[SIR< SIR] (11)
ngo SRO 1 - - 2
5 = exp| x ;nS'R) Jdx
2 100 0 \/E[O-S R 203 R
80 S RO —m
: = 1-QE =R,
o Qoo a OS R
whereS R, is an SIR threshold. It demonstrates
Figure 5: Average throughput of MS in ceélfor varying that an OFDM system using VFR as a frequency reuse
number of MSs. scheme can support quality of service (QoS) require-

ments of mobile stations. The simulation results in-
dicate that VFR mitigates the tradeoff effect between

as foll . carrier f ency = 2.3 GHz, samplin .
s TOS ner frequency 4, sampiing the system capacity and QoS.

frequency = 10 MHz, FFT size = 1024, the number

of used sub-carriers = 864, the number of data sub-
carriers = 768, the number of pilot sub-carriers = 96
and the symbol rate = 9.76 ksymbols/sec. Modulaton 4 CONCLUSIONS

schemes and error correction codes are determined by

the reported SIR. Table 1 shows the modulation and We have proposed a novel frequency reuse technique,
coding scheme (MCS) table for FFR and VFR. The VFR. We have analyzed the system performance by
number of cells is 19 considering interference from 2- probabilistic estimation of interference and compared

tier cells. The distance between base stations is 1kmwith other FFR techniques. Both analysis and sim-

and the transmission power at base station is 20 W. ulation results demonstrate that VFR improves the

Considering the carrier frequency and the cell radius, throughput and outage performance under both uni-
COST-WI urban micro model is applied as a channel form and non-uniform traffic conditions among cells.
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Figure 6: Average throughput with the effect of non-
uniform traffic load distribution.
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Figure 7: Outage Probability (variance=0= 0.7).

In this paper, static sub-carrier allocation scheme is
considered. VFR, however, allows both static and dy-
namic sub-carrier allocation, which is under investi-

gation for future work.
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