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Abstract—In this paper, we consider resource allocation
schemes in two-hop relaying WiMAX networks in order to
maximize cell throughput, while serving the subscriber stations
(SSs) in a fair manner. First we present two well-known schemes,
namely, orthogonal and overlapped, according to the frequency
reuse during the access zone intervals of downlink and uplink
subframes. We then propose a hybrid resource allocation scheme
to harmonize the orthogonal and overlapped schemes in orderto
improve the efficiency of resource utilization while minimizing in-
terference. We evaluate the performance of our proposed hybrid
scheme by comparing it with the optimal scheduling scheme as
well as the orthogonal and overlapped schemes, in terms of cell
throughput, outage rate, and computation time. The numerical
results show that the proposed hybrid scheme achieves a higher
throughput than the overlapped scheme while maintaining as
low an outage rate as orthogonal scheme. In addition, the
computational time is significantly less than the optimal scheme
at the expense of minimal throughput degradation.

I. I NTRODUCTION

The addition of relay stations (RSs) to a traditional WiMAX
network is seen as an attractive technology for provid-
ing throughput enhancement and coverage extension. IEEE
802.16j for WiMAX with RSs was published in 2009 [1].
Furthermore, multihop relaying is considered an essential
feature in the IEEE 802.16m standard [2] and 3GPP Long
Term-Evolution (LTE) Advanced standard [3]. According to
the IEEE 802.16j standard, two kinds of relay operation modes
are defined:transparent relay mode andnon-transparent relay
mode. The transparent RSs allow only throughput enhance-
ment, whereas non-transparent RSs can extend the coverage
and also increase the throughput. In this paper, we focus on
deploying non-transparent RSs for the purpose of coverage
extension, and a single tier of RSs since additional hops can
cause a higher delay and lower bandwidth efficiency. A non-
transparent mode frame structure consists of a downlink (DL)
and an uplink (UP) subframe, and each subframe includes two
zones, namely theaccess andrelay zones [1]. During the DL
access zone period, the base station (BS) and RSs can transmit
to the associated SSs simultaneously.

Due to the frequency reuse in non-transparent RS mode,
it is more complex and challenging to explore a scheduling
scheme that maximizes cell throughput while serving the SSs
in a fair manner. In this paper we assume Max-min fairness
[6], hence, none of active SSs can achieve more throughput
than other SSs without decreasing the throughput of other
SSs. Many researchers have recently proposed scheduling

schemes for OFDMA based WiMAX networks. The simplest
scheduling scheme is fixed assignment scheduling [4], in
which a BS allocates a fixed amount of bandwidth for every
RSs. In this simple scheduling scheme the system throughput
is significantly degraded due to inefficient resource utilization.
To enhance network performance, Park et al. [5] present two
scheduling schemes namedorthogonal and overlapped and
compare the performance of the two schemes. However the
boundary between access and relay zones was not dynamically
selected according to the traffic load but statically determined
for each scenario. We proposed an optimal scheduling scheme
in which the boundary is optimally determined to maximize
cell throughput in our previous paper [12]. However, the
optimal scheme may not be applicable for the practical system
due to the high computational time. In this paper we propose
a new scheduling scheme, named hybrid resource allocation
scheme that can significantly reduce the computational time
while preserving the efficiency of frequency reuse and outage
performance. Although we consider only the downlink analy-
sis, our scheme can be easily extended to include the uplink.

The rest of this paper is organized as follows. In the next
section, we present the system model. In Section III, we
propose a new hybrid resource allocation scheme. Numerical
results and analysis are shown in Section IV. Finally, Section
V concludes the paper.

II. SYSTEM MODEL

We consider a WiMAX network enhanced with non-
transparent RSs, with each cell consisting of a BS, RSs, and
SSs. We assume that every node has a single omni-directional
antenna, hence, no terminal can transmit and receive simulta-
neously. The cell radius, 1200m, is determined by the condi-
tion that the cell coverage probability under Rayleigh fading
channel is greater than 90% [7], [8]. For the path loss model,
we use the Erceg-Greenstein model, which is recommended
by the IEEE 802.16 working group [7]. Depending on the
link quality, a variety of modulation and coding schemes
(MCS) are supported in WiMAX networks. Table I shows
the achievable data rates denoted asd1, d2, ..., d7 and the
corresponding MCS; the last column represents the minimum
required threshold values of signal to interference and noise
ratio (SINR), γm, computed by bit error rate expression for
M-QAM [9] when bit error rate is10−6. With the assumption
of a Rayleigh fading channel, the received SINR,γ, is an



TABLE I
SINR THRESHOLDSET

MCS
Downlink
Data Rate
dm[Mbps]

Spectral
Efficiency
[bps/Hz]

SINR
Threshold
γ
m

[dB]
QPSK 1/2 5.25 1.0 9.1
QPSK 3/4 7.87 1.5 11.73

16 QAM 1/2 10.49 2.0 13.87
16 QAM 3/4 15.74 3.0 17.55
64 QAM 2/3 20.99 4.0 20.86
64 QAM 3/4 23.61 4.5 22.45
64 QAM 5/6 26.23 5.0 24.02

exponential random variable [10]. Therefore, the probability
that a transmitter can achieve data ratedm can be expressed
as:

p(dm) =

∫ γm+1

γm

1

γ∗
exp

(

−
γ

γ∗

)

dγ, (1)

where γ∗ is the average SINR. Consequently, the average
achievable data rate,ds, can be computed by:

ds =

7
∑

m=1

dm · p(dm). (2)

The relay data rate of an SS via an RS can be influenced by
both hops involved. LetdBS−RS anddRS−SS be the average
achievable data rate of links from BS to RS and from RS to
SS respectively. The relay data rate of an SS will be expressed
as:

1

dBS−SS

=
1

dBS−RS

+
1

dRS−SS

. (3)

Figure 1 shows a coverage extension scenario with three
RSs: the BS is located at the center of the cell and three RSs
are deployed at the edge of the BS’s transmission range to
extend the cell’s coverage. All RSs and the BS are referred to
as service nodes in the rest of this paper. Each contour line
in Fig. 1 represents the achievable average data rate of an SS
according to its location inside a cell. However, the actualdata
rate of an SS varies according to its current SINR value.

III. R ESOURCEALLOCATION SCHEMES

In this section we first present two scheduling schemes:
orthogonal and overlapped schemes in a two-hop relaying
scenario. We then introduce our proposed hybrid scheduling
scheme. Due to the fact that the original tile (two-dimensional
time×frequency) scheduling problem is NP-hard [11], we shall
not deal with multiuser resource allocation over the frequency
domain. In other words, we do not consider frequency se-
lectivity, thus the entire spectrum is allocated to each node
whenever they are allowed to transmit, i.e., scheduling is done
by assigning time slots to every node.

A. Orthogonal Scheme

The essential consideration in the orthogonal scheduling
scheme is to avoid interference by restricting transmission
opportunities to one service node at a time during the access
zone period [5]. However, by precluding frequency reuse, the
radio resource efficiency can be significantly reduced. In the
general case, whenR RSs are deployed andN SSs are active
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Fig. 1. A coverage extension scenario with three RSs and the achievable
data rates in the cell.

in a cell, in the orthogonal scheme each SS will be served
only by the service node that has the highest link capacity
to the SS. We denote withS0, S1, ..., SR the set of SSs
served by theBS, RS1, ..., RSR respectively. The number
of active SSs in the setSi is denoted byni. Although there
is no interference between service nodes in the orthogonal
scheme, some of the active SSs may encounter outage due to
Rayleigh fading channels, hence, the summation ofni is less
than or equal toN :

n0 + n1 + ...+ nR ≤ N. (4)

We also denote withλs1 , ..., λsN andλR1
, ..., λRR

the time
fractions allocated toSS1, ..., SSN in the access zone and
time fractions allocated toRS1, ..., RSR in the relay zone
respectively. Thus, the summation of access and relay zone
time fractions should be equal to 1 (for full frame utilization):

N
∑

i=1

λsi +

R
∑

j=1

λRj
= 1. (5)

Let us also denote withds1 , ..., dsN and dR1
, ..., dRR

the
achievable data rate ofSS1, ..., SSN with its service node
and the achievable data rate ofRS1, ..., RSR from the BS.
The throughput of each node should be equal for fairness and
the incoming data from the BS to an RS should be equal to the
outgoing data from the RS to the associated SSs as follows:

ds1λs1 = ... = dsNλsN =
dR1

λR1

n1

= ... =
dRR

λRR

nR

. (6)

Using (5) and (6), the time fraction of one of the SSs can be
expressed as:

λs1 =
1

1 +
ds1

ds2

+ ...+
ds1

dsN

+
n1ds1

dR1

+ ...+
nRds1

dRR

. (7)

Once the time fraction for an SS is computed by (7), the rest
of the time fractionsλi can be easily calculated by (6), hence,
the cell throughput can be computed by:

Cell Throughput =
N
∑

i=1

dsiλsi . (8)
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Fig. 2. (a) A sample scenario with three RSs and four SSs. (b) apossible
orthogonal resource allocation in the sample scenario (a).

B. Overlapped Scheme

In contrast to the orthogonal scheme, the focus of the
overlapped scheme is to fully reuse radio resources during
the access zone interval [5]. On one hand, the cell throughput
is likely to be increased, but, on the other hand, outage events
are also increased due to significant interference. The cell
throughput and outage probability for the overlapped scheme
vary according to the selection of the active service nodes,as
not every service node has to be active during the access zone.
We assume that the set of active service nodes is selected to
maximize the number of served SSs. Three different objectives
of determining the set of active service nodes are introduced in
[12]. By using the same example scenario shown in Fig. 2(a)
with an assumption that every SS has different achievable data
rates from its service node(ds3 > ds1 > ds2), one possible
resource allocation for the overlapped scheme is shown in Fig.
3. Every RS can be active simultaneously to serve associated
SSs during the access zone period, however theSS4 can not
be served due to strong interference. Another unique aspectof
the overlapped scheme is that there may be wasted resources
due to fairness. If we denote withλ0 the fraction time allocated
to the entire access zone, (5) will be rewritten as:

λ0 + λR1
+ · · ·+ λRR

= 1. (9)

Let us also denote withdij and λi
j the achievable data rate

of the jth active SS (j = 1, ..., ni) with its service node and
the time fraction allocated to thejth active SS in the setSi

(i = 0, ..., R) respectively. The SSs in the same setSi have
to share the access zone, i.e.,λ0 ≥ λi

1 + λi
2 + ... + λi

ni
. In

each setSi, the throughput of each node should be equal for
fairness:

di1λ
i
1 = di2λ

i
2 = ... = dini

λi
ni
, i ∈ {0, 1, ..., R}. (10)

We define the average data rate (Hi) of each setSi as the
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Fig. 3. Overlapped resource allocation example for the sample scenario in
Fig. 2(a).

sum of the throughput of active nodes inSi divided by the
total time duration of the access zone:

Hi =
nid

i
1λ

i
1

λi
1 + λi

2 + ...+ λi
ni

, i ∈ {0, 1, ..., R}. (11)

Using (10), we can eliminate timesλi
j in (11):

Hi =
ni

1

di
1

+ 1

di
2

+ · · ·+ 1

di
ni

, i ∈ {0, 1, ..., R}. (12)

The throughput per node (Hi/ni) in each setSi varies since
each set has a different number of SSs and different link
capacities. Therefore, it is necessary to control the throughput
per node in each set for global fairness. LetHx andnx be the
average data rate and the number of active SSs of the set that
has minimum throughput per node. Only this set can fully use
resources during the access zoneλ0, while the rest of the sets
excludingS0 are constrained by the data transferred from the
BS to RSs,dRi

λRi
(i = 1, ..., R):

Hxλ0

nx

=
dR1

λR1

n1

=
dR2

λR2

n2

= ... =
dRR

λRR

nR

. (13)

Only S0 is not constrained by the relay zone transmissions
since every SS inS0 is directly connected with the BS.
Therefore, unlessS0 has a minimum throughput per node, the
active SSs inS0 can achieve higher throughputs since they
can fully use resources duringλ0. If we use (13) to substitute
for λRi

in (9), λ0 can be expressed as:

λ0 =
1

n1

nx

Hx

dR1

+ n2

nx

Hx

dR2

+ · · ·+ nR

nx

Hx

dRR

+ 1
. (14)

After determiningλ0 from (14), the time fractionsλR1
, ...,

λRR
can be easily computed using (13). Consequently, the

cell throughput can be computed by:

Cell Throughput = H0λ0 +

R
∑

i=1

dRi
λRi

. (15)

C. Hybrid Scheme

The main goal of the proposed hybrid scheme is to combine
the orthogonal and overlapped schemes in order to improve
performance in terms of the cell throughput and outage rate,
while preserving a low computational complexity. To achieve
more throughput than the orthogonal scheme, the resources
should be utilized by allowing the service nodes to be active
simultaneously, but at the same time, the outage events due
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Fig. 4. Hybrid resource allocation example for the sample scenario in Fig.
2(a).

to interference should be avoided. In other words, the hybrid
scheme performs like an overlapped scheme when there are
no active SSs affected by interference, however, when outage
events occur, the resources are orthogonally allocated to those
SSs. Therefore, the number of active SSs in each setSi are
divided into two groups denoted asSor

i andSov
i : one is served

as in the orthogonal scheme, and the other is served as in the
overlapped scheme. Letnor

i andnov
i be the number of active

SSs that are served orthogonal, and overlapped respectively,
i.e.,ni = nor

i +nov
i . If we denote withK the total number of

SSs that are served orthogonally, (4) can be rewritten as:

K + nov
0 + nov

1 + ...+ nov
R ≤ N. (16)

By using the same example scenario in Fig. 2(a), one possible
resource allocation for the hybrid scheme is depicted in Fig. 4.
The access zone time fraction is divided into two subsections:
the orthogonal and overlapped subsections are denoted byλor

and λov. The summation of time fractions allocated to the
active SSs that are served orthogonally is equal toλor, i.e.,
λor = λs1 + ... + λsK . To ensure fairness, the orthogonally
served SSs should also achieve equal throughput as minimum
per node throughput and the service nodes have to relay more
data to support them, thus (13) can be modified as:

Hov
x λov

nov
x

=
dR1

λR1

nor
1 + nov

1

=
dR2

λR2

nor
2 + nov

2

= ... =
dRR

λRR

nor
R + nov

R

=

= ds1λs1 = ds2λs2 = ... = dsKλsK ,

(17)

whereHov
x andnov

x be the average data rate and the number
of active SSs of the set that has minimum throughput per
node among the setSov

i . In a manner similar to that of
the overlapped scheme, the time fraction allocated to the
overlapped section can be expressed as:

λov=
1

nor
1

+nov
1

nov
x

Hx

dR1

+...+
nor
R
+nov

R

nov
x

Hx

dRR

+1+ Hx

nov
x ds1

+...+ Hx

nov
x dsK

.

(18)

Consequently, the cell throughput from the hybrid scheme can
be computed by:

Cell Throughput = Hov
0 λov +

Hov
x λov

nov
x

(

R
∑

i=1

ni − nov
0

)

.

(19)

D. Optimal Scheme

Optimal scheduling scheme determines the time duration
of the transmissions for each SS and RS in the access and
relay zones in order to maximize cell throughput under the
max-min fairness constraint. It is neither wasting resources
nor allowing for outage due to interference. To determine
the optimal schedule, all the possible combinations of active
service nodes should be considered. The detail formulation
can be found in [12].

IV. N UMERICAL RESULTS AND ANALYSIS

In this section we evaluate the performance of the proposed
hybrid scheme by comparing it with the orthogonal, over-
lapped, and optimal schemes. Fig. 5 shows all performance
results for the four different scheduling schemes. The upper
three graphs are the cell throughput, outage, and computation
time results as a function of the number of active SSs in a
cell when three RSs are deployed, and the lower three graphs
are the results when the number of RSs vary from one to six
when there are 25 active SSs in a cell. To obtain the average
cell throughput value, the simulation is repeated 10,000 times
for each scenario withN active SSs randomly placed within
a cell. We computed the 95% confidence intervals, but do not
show them as they are very small and would clutter the graphs.

As shown in Fig. 5(a), when the number of active SSs
increases, the cell throughput achieved by orthogonal scheme
decreases because it is more likely to have SSs with low
link capacities consuming large fractions of the time in order
to preserve fairness. In contrast, the cell throughput for an
optimal scheme grows as the number of active SSs increases,
since the optimal scheme maximizes frequency reuse, while
minimizing co-channel interference in order to avoid outage.
The cell throughput of our proposed hybrid scheme is only
4 to 7% lower than that of the optimal case (the higher the
number of SSs, the lower the difference.) Fig. 5(b) shows that
the outage rate from proposed hybrid scheme is identical to
the results from the optimal and orthogonal schemes, whereas
the outage rate for the overlapped case continues to rise
significantly as more SSs join the cell because the number of
active service nodes also increases leading to an insufficient
SINR for many SSs. Although there is no interference between
service nodes for the rest of the schemes, about 6% of active
SSs still encounter outage due to the Rayleigh fading channels.
This result shows that the cell coverage probability under
Rayleigh fading channel was improved from 90% without RSs
to 94% with three RSs in addition to coverage extension.

Figures 5(d) and (e) show the throughput and outage results
as a function of the number of RSs. When more RSs are
deployed at the edge of the transmission range of the BS in
a circular manner, the outage probability of the overlapped
scheme gradually deteriorates, whereas the outage rates from
the rest of the schemes decrease as the addition of relays
increases the chance of at least one good link to one of them.
The difference between optimal and hybrid throughput results
is less than 4% in the case of up to three RSs, and then the
gap increases as the number of RSs increases since more
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Fig. 5. Cell throughput, outage rate, and computation time results as a function of the number of active SSs and RSs repectively for different scheduling
schemes.

resources are used orthogonally to avoid outage events. In
general, however, deploying more than four RSs having the
same transmission power and antenna gain as the BS is not a
desirable scenario from the cost effective perspective.

Figures 5(c) and (f) show that the computational time of
an optimal scheme is substantially higher than the rest of
the schemes and increases exponentially with the number of
RSs, while the three suboptimal schemes have relatively low
computation times. The computational times of the orthogonal
and hybrid schemes are always less than 1ms regardless of
the increase in the number of SSs and RSs in a cell; however
the computation time of the overlapped scheme increases with
the number of RSs since it has to go through the process of
determining the set of service node before allocating resources.
The reported times are based on Matlab computations, not a
particularly fast language.

V. CONCLUSION

In this paper we studied the resource allocation problem
in 802.16j based two-hop relaying networks. We proposed
a hybrid resource allocation scheme that combines advan-
tages from both the orthogonal and overlapped schemes in
order to improve the efficiency of resource utilization, while
minimizing the interference. The outage rate of the proposed
hybrid scheme is always as good as the orthogonal scheme,
but a higher cell throughput can be achieved with a hybrid
scheme than in the overlapped case. We also compared our
proposed scheme with the optimal scheduling scheme, which
can optimally allocate resources by using linear programming.

Our numerical results show that the computational time of
hybrid scheme is significantly lower than the optimal scheme
at the expense of the small amount of throughput degradation.
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