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Abstract— Radio frequency allocation is of great importance
in the multihop cellular network, because some extra resources
(frequency or time slot) seem to be allocated to the relay station.
Generally, the tradeoff must be made between the frequency
reuse factor and the inter-cell interferences during establishing
frequency allocation scheme. A “pre-configured and fixed
(PreF)” frequency allocation scheme has been proposed in [1].
In this paper, the concept of “soft frequency reuse (SFR)” in [2]
is first borrowed, and applied to the multihop cellular network.
After that, the improvement is made to the SFR scheme, and
a more efficient “modified SFR (MSFR)” frequency allocation
scheme is proposed. Through the simulations, it is demonstrated
that, almost the same cell throughput can be achieved in the
PreF and SFR schemes for the uniform traffic distribution, and
the MSFR scheme can provide nearly twice cell throughput as
large as that in the aforementioned two schemes. Moreover, the
SFR and MSFR schemes both outperform the PreF scheme for
the non-uniform traffic distribution because of the support to
dynamic frequency resource allocation in the proposed schemes.
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I. INTRODUCTION

A large amount of attentions have been plunged into the
study of the 4G communication system, which is confronted
with the objectives for high data rates [3], high spectral
efficiency and ubiquitous coverage [4]. This will introduce
extreme challenges to the conventional cellular network. To
resolve these problems, major modifications in the wireless
network architecture need to be carried out. As a result, a
promising cooperative transmission technology based on mul-
tihop cellular network emerges [5], such as the standardization
work in the 802.16j and the WINNER project, which can
provide with system capacity enhancement and cell coverage
expansion in a cost-efficient way.

Orthogonal frequency division multiplex access (OFDMA)
has been proposed as the most promising physical layer tech-
nology for future broadband wireless system, but inherently
it can’t achieve interference mitigation as what code division
multiple access (CDMA) can do. So radio frequency allocation
is of great importance in system planning. Furthermore, it
is even more serious in OFDMA-based multihop cellular
network because some extra resources seem to be allocated to
the relay station. Generally, tradeoff must be made between the
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frequency reuse factor and the inter-cell interferences during
establishing frequency allocation scheme. H. Hu has pro-
posed a “pre-configured and fixed (PreF)” frequency allocation
scheme in [1], which can achieve range extension without
any capacity penalty. But a bit large frequency reuse factor
of four and pure application to uniform traffic distribution
become its obvious limitations. A “reuse partitioning” scheme
in [6][7] divides the whole frequency resources into three
subsets which cannot overlap, and each subset corresponds
to each link among the base station (BS), relay station (RS)
and mobile station (MS). This scheme can be applicable to
non-uniform traffic distribution by adjusting the proportion of
the three subsets. But it is wasteful to use different frequency
bands between the BS-RS and RS-MS link.

In this paper, OFDMA is considered as the multiple access
mode, which is prone to frequency resource scheduling. Based
on this, the concept of “soft frequency reuse (SFR)” in
[2] is first borrowed, and applied to the multihop cellular
network. The SFR scheme can efficiently improve cell edge
performance, which can obtain frequency reuse factor between
one and three. Thereafter, the improvement is made to the
SFR scheme, and a “modified soft frequency reuse (MSFR)”
scheme is proposed, which is a better tradeoff between the
frequency reuse factor and the inter-cell interferences.

In the simulations, the same total frequency bands is as-
sumed, and it is observed that, almost the same cell throughput
can be achieved in the PreF and SFR schemes for the uniform
traffic distribution, and the MSFR scheme can provide nearly
twice cell throughput as large as that in the aforementioned
two schemes. Moreover, the SFR and MSFR schemes both
outperform the PreF scheme for the non-uniform traffic distri-
bution because of the support to dynamic frequency resource
allocation in the proposed schemes.

The remainder of this paper is organized as follows. Sec-
tion II briefly introduces the system model and frequency al-
location schemes. Simplified interference analysis is presented
in Section III. Simulations and discussions will be exhibited
in Section IV. Finally we conclude in Section V.

II. SYSTEM MODEL AND FREQUENCY ALLOCATION

SCHEME

A. System model

The downlink of an OFDMA-based multihop cellular sys-
tem is considered. In each cell, as shown in Fig. 1, a BS and
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Fig. 1. Cell layout of the considered multihop cellular network

six RSs are respectively located at the cell center and edge, and
each RS is on the line that connects BS and cell vertices. Users
can be served directly by the BS through a one-hop link, or
alternatively, establish a two-hop link from a RS, which can
be decided by a SINR-based selection algorithm, and refer
to [8] for other route selection algorithms. In addition, all
transceivers in the system are assumed to be equipped with
omni-directional antennas.
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Fig. 2. Simplified time slot structure of the considered system

In this paper, the duplex mode is selected to be time division
duplex (TDD), and Fig. 2 exhibits the simplified time slot
structure of the considered system. Especially for the two-hop
transmission, an original time slot is split into two equal parts.
That is to say, the BS-RS and RS-MS link during one two-
hop transmission are allocated in the same frequency band, but
different in time slots, which can save the precious frequency
resources and increase the spectral efficiency.
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Fig. 3. The SFR frequency allocation scheme

B. The SFR Frequency Allocation Scheme

The concept of “SFR” is first derived from [2], for the
purpose that this scheme can efficiently improve cell edge data
rates and adapt to the non-uniform traffic distribution. In the
SFR scheme, the whole cell is divided into the inner zone
and outer zone, in which non-overlapped frequency bands are
respectively employed. The frequency reuse factor is between

one and three, which means that, the inner zone frequency
bands can be reused in each cell, but the outer zone frequency
bands in neighboring cells must be orthogonal.

The borrowed SFR scheme is applied to the considered
system, as shown in Fig. 3, in which three cells are included
in one cluster, and the whole frequency bands are divided
into four portions marked by A, B, C and D. The inner zone
frequency bands A, which can be reused in each cell, are
only employed for BS-MS link, and the outer zone orthogonal
frequency bands B, C and D are used for BS-RS and RS-
MS link. Of course, the BS-RS and RS-MS link during one
two-hop transmission are allocated in the same frequency
band, but different in time slots, which can increase the
spectral efficiency. In each cell, frequency bands are allocated
between the inner zone and outer zone according to the traffic
distribution because of the facility for frequency resource
scheduling in OFDMA-based system, furthermore, the outer
zone frequency bands are also dynamic allocated between the
six relay stations. The drawback of the SFR scheme is that,
the outer zone frequency reuse factor is still a bit large, so
we make some improvement and propose a new frequency
allocation scheme in the following.

C. The Modified SFR Frequency Allocation Scheme

In the SFR scheme, although the inner zone spectral effi-
ciency is high, the frequency reuse factor of the outer zone is
still not small enough. To further increase the system spectral
efficiency, a modified version of the SFR scheme is proposed,
as shown in Fig. 4, in which the frequency reuse factor of one
can be achieved both in the inner and outer zone.
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Fig. 4. The MSFR frequency allocation scheme

In the MSFR scheme, the whole frequency bands are
divided into two portions, one of which is used in inner
zone marked by A, the same as the SFR scheme, and the
other portion of the frequency bands in outer zone are further
divided into six small equal parts marked by B1 to B6,
and they can be reused in neighboring cells. In this way,
the inter-cell interferences of outer zone is a bit larger than
that in the SFR scheme, but instead, the system spectral
efficiency can be greatly increased. In another word, under
the assumption that the total frequency bands is a constant,
the cell throughput of the MSFR scheme is much larger
than that of the SFR scheme because the allocated frequency
bands per cell in the MSFR scheme is twice as many as
that in the SFR scheme. Furthermore, in each cell, frequency



bands are allocated between the inner zone and outer zone
according to the traffic distribution, the same as that in the
SFR scheme, and the subsequent simulations also demonstrate
that, more benefits can be obtained by the aforementioned two
proposed schemes under the non-uniform traffic distribution
in comparison with the PreF scheme, in which the frequency
resources are allocated in a fixed way.

III. SIMPLIFIED INTERFERENCE ANALYSIS

In the considered system, the signal-to-interference and
noise power ratio (SINR) of users is of great importance in
evaluating the system performance. In this section, simplified
user SINR analysis is provided with the aforementioned two
proposed frequency allocation schemes, as well as the PreF
scheme in [1]. First of all, several assumptions are made as
follows:

• The system is fully loaded.
• MS follows the same distribution in all cells.
• The effect of the small-scale fading is omitted.
• The path-loss model for any link with transmitter-receiver

distance d is:

PL(d) =
(

4πd0

λ

)2

·
(

d

d0

)γ

(1)

where, wave length λ = fc/c0, carrier frequency fc = 2GHz,
speed of light c0 = 3 · 108m/s, reference distance d0 =
10m, and γ = 3.76 is the path-loss exponent.

The users in the central cell are considered, which can be
a direct transmission with the BS or a two-hop transmission
through a RS. Denote PB as the transmit power of BS, PR

as that of RS, Lb, Lr, LB , LR as the distance between the
considered users and their served BS, RS, and rij , Di, dij as
the distance between the considered users and the dominant
interfering BS, RS.
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Fig. 5. Interference case for PreF frequency allocatoin scheme

For the PreF scheme, in which a RS reuses the frequency
bands of its neighboring cell BS, the interference case is
as shown in Fig. 5 (the repetitious distances are omitted),
where the one-hop user served by the BS is interfered by
the surrounding six BSs and four RSs (red points), while the

interferences of the two-hop user come from six RS interfering
sources and four BS interfering sources (green points). Then,
the user SINR is expressed as follows, and refer to [9] for
details of interference analysis for the PreF scheme.

Γbs(Lb, r1i) =
L−γ

b
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11 + (r−γ
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r
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Fig. 6. Interference case for inner zone users

Now we come to the interference analysis of the two our
proposed frequency allocation schemes. First the inner zone
one-hop user is considered, as shown in Fig. 6, and the
interference case of users in inner zone is almost the same for
the SFR and MSFR schemes. Then, the SINR of inner zone
users can be expressed as follows, where the most dominant
six interfering BS in the inside track cells are considered only.

ΓBS(LB ,Di) =
PB/PL(LB)∑6
i=1 PB/PL(Di)

=
L−γ

B∑6
i=1 D−γ

i

(4)
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Fig. 7. Interference case for outer zone users

Next, the interference case of the outer zone two-hop users
for the two proposed schemes is enormously different, as
shown in Fig. 7. For the SFR scheme, the frequency reuse
factor of outer zone users is three, which means that the
considered user (beside the pink point in Fig. 7) is interfered
by the RS in the non-neighboring cells (the light green points).



But for the MSFR scheme, outer zone frequency reuse factor
is one, so the most dominant six interfering RS is in the
neighboring cells (the heavy green points). Now the SINR
of outer zone user for the two frequency allocation schemes
ΓRS(LR, d1j) and ΓRS(LR, d2j) can be expressed as follows:

ΓRS(LR, d1j) =
PR/PL(LR)∑6

j=1 PR/PL(d1j)
=

L−γ
R∑6

j=1 d−γ
1j

(5)

ΓRS(LR, d2j) =
PR/PL(LR)∑6

j=1 PR/PL(d2j)
=

L−γ
R∑6

j=1 d−γ
2j

(6)

Provided the SINR of the user is got, the throughput can be
calculated by the following formula:

T = B · log2(1 + β · Γ) bps (7)

where, B is the frequency bandwidth of the user, and β is a
constant for the user’s BLER requirement BLERthreshold,
which is specified as [10]:

β =
1.5

−ln(5 · BLERthreshold)
(8)
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Fig. 8. SINR CDFs under the cell radius of 500m

In order to compare the three frequency allocation schemes,
their SINR CDFs are plotted in Fig. 8, in which the cell
radius is 500m. It is observed that, for the one-hop user, the
SINR performance of the PreF scheme obviously outperform
the other two schemes, because the inner zone frequency
reuse factor is one both in the SFR and MSFR schemes
which can induce higher inner zone interferences. And for
the two-hop user, the SFR scheme has visible superiority
due to its orthogonal outer zone frequency allocation. To
sum up, the PreF and SFR scheme have almost the same
SINR performance, while the MSFR scheme introduces more

interferences to the system, instead, it can reduce the frequency
reuse factor so as to enhance the system spectral efficiency.
Subsequent simulations also demonstrate that, under the same
total frequency bands, almost the same cell throughput can be
achieved in the PreF and SFR schemes for the uniform traffic
distribution, and the MSFR scheme can provide nearly twice
cell throughput as large as that in the other two schemes.

IV. SIMULATIONS AND DISCUSSIONS

In the simulations, the downlink of a OFDMA based
multihop cellular system is considered, which consists of 19
omni hexagonal cells. In each cell, a BS and six RSs are
respectively located at the cell center and edge, and each
RS is on the line that connects BS and cell vertices, and
2/3 away from the BS. The total system frequency bands
are assumed to be 40MHz, which means that, for the PreF
and SFR schemes, the frequency bands per cell is 20 MHz,
while the MSFR scheme has the cell frequency bands of
40MHz duo to its efficient frequency reuse factor. The system
is assumed to be fully loaded with 40 users per cell. The
transmit power of BS and RS are assumed to be 20w and 1w,
respectively. The passloss model is expressed in formula (1),
and a lognormal random variable with a standard deviation
of 8dB is for shadowing effects capture. Finally, the noise
power spectral density is expressed in N0 = K0 · T , where
K0 is a constant of 1.38 · 10−23J/K, and T = 300K is the
environment temperature.

To further increase the system throughput and to extend
the high data rate coverage, the adaptive modulation and
coding (AMC) is introduced into the considered system.
The combinations of three modulation schemes (QPSK, 16-
QAM, 64-QAM) and several code rates are considered,
which are “QPSK, rates 1/3 1/2 2/3”, “16-QAM, rates
1/2 2/3 3/4”, “64-QAM, rates 2/3 3/4 6/7”. In this pa-
per, the users’ BLER requirement is considered as 0.1,
which corresponds to the SINR thresholds as ΓSINR =
[3.5, 5, 8, 11, 13.5, 15, 19, 21, 24] dB.

The non-uniform traffic situation is also considered, and a
traffic load factor α is introduced, which is defined as the
number of inner zone users divided by the outer zone user
number. For example, “α = 1” means the uniform traffic
distribution, and “α = 4” means 32 users locate in the outer
zone, while 4 users in the inner zone.

A. Cell throughput under uniform traffic distribution

Cell throughput is a significant guideline to the system level
simulation, and Fig. 9 gives the cell throughput vs. different
cell radius for the uniform traffic distribution. As can be
observed that, a slight superiority can be achieved by the PreF
scheme in comparison with the SFR scheme under the small
cell radius because of a bit larger inner zone interferences
induced by the SFR scheme, but both have almost the same
performance when the cell radius becomes large, because at
this situation the interferences reduce to the noise level which
can be neglected. Another attractive thing is that, the MSFR
scheme provides nearly twice cell throughput as large as that



in the other two schemes even though it introduces larger
interferences into the system, because under the same total
frequency bands, the per cell frequency bands allocated in the
MSFR scheme can be twice more than that in the other two
schemes in virtue of its highly efficient frequency reuse factor.
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Fig. 9. Cell throughput for uniform traffic distribution
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Fig. 10. Cell throughput vs. different traffic load factor

B. Cell throughput under non-uniform traffic distribution

In most cases, the cell with non-uniform traffic distribution
is more realistic, and a traffic load factor α is introduced to
reflect this situation. Figure. 10 shows the cell throughput
vs. different traffic load factor α under the cell radius of
500m. It can be observed that, when the traffic load factor
is more than one (“α = 1” corresponds to the uniform
traffic distribution which is expressed in Fig. 9), the cell
throughput of the SFR and MSFR schemes outperforms the
PreF scheme all the while because of the support to dynamic

frequency resource allocation in our proposed schemes. And
as the traffic load factor increases, the cell throughput of the
PreF and MSFR schemes decrease obviously, the reasons of
which can be explained, respectively, the fixed way to allocate
frequency resources in the PreF scheme and larger outer zone
interferences in the MSFR scheme. Moreover, the SFR scheme
is not sensitive to the different traffic load factor.

V. CONCLUSIONS

Two spectral efficient frequency allocation schemes for the
multihop network are proposed in this paper. The concept of
“soft frequency reuse” in [2] is first borrowed, and applied to
the multihop cellular network. Then, the improvement is made
to the SFR scheme, and a modified SFR frequency allocation
scheme is proposed, which is a better tradeoff between the fre-
quency reuse factor and the inter-cell interferences. Although
the MSFR scheme brings a bit more interferences into the
system, it can highly improve the system spectral efficiency.
Through our simulations, it is demonstrated that, almost the
same cell throughput can be achieved in the PreF and SFR
schemes for the uniform traffic distribution, and the MSFR
scheme can provide nearly twice cell throughput as large
as that in the other two schemes. Moreover, the SFR and
MSFR schemes both outperform the PreF scheme for the non-
uniform traffic distribution because of the support to dynamic
frequency resource allocation in the proposed schemes.
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