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Abstract— In the IEEE 802.16j standard, the relay station
has been introduced to increase the coverage and the throughput
of WiMAX networks. The placement of the relay station plays
a critical role in the system performance and therefore draws
tremendous attention from the research community. In this paper,
we study the relay station placement problem in the WiMAX
network, with the cooperative communication as the relaying
strategy. In particular, given a base station and a set of subscriber
stations, we determine the location of a relay station, and the set
of subscriber stations using the relay station. The objective is
to minimize the maximum transmission power among all the
subscriber stations while satisfying the data rate requirements
of the subscriber stations. We develop a near-optimal algorithm
to solve this problem and prove that the maximum transmission
power computed by our algorithm is at most P opt + �, where
P opt is the maximum transmission power in the optimal solution
and � > 0 is an arbitrary constant. The experiments show that
we can dramatically reduce the maximum transmission power
by deploying the relay station according to our algorithm.

I. INTRODUCTION

WiMAX, short for Worldwide Interoperability for Mi-
crowave Access, is an emerging technology to provide high
speed broadband internet access. Based on IEEE 802.16 stan-
dard [2], a single WiMAX tower can blanket a radius of 30
miles with wireless access, outdistancing WiFi by miles. In
the basic WiMAX networks, there are two type of entities:
base stations (BSs) and subscriber stations (SSs). The BS
controls the channel usage and allocate resource to SSs. To
meet the growing capacity demand and further extend the
network coverage into the remote rural areas, relay stations
(RSs) were introduced in IEEE 802.16j [3]. A typical WiMAX
network with all three entities is shown in Fig. 1.

Since the RSs are involved in the transmission between the
BS and the SSs, relaying strategies are of interest. Coopera-
tive Communication (CC) is one of such advanced relaying
strategies. Exploiting the nature of broadcast and the relaying
capacity of other nodes to achieve the spatial diversity, CC
has been shown to have the potential to increase the channel
capacity between two wireless devices. In this paper, we
incorporate CC into the WiMAX networks. This incorporation
has been also considered in [1, 4–9, 11, 12].

While most previous studies related to RS placement only
consider the discrete RS placement (except [4, 12]), where
the RSs can be placed only at a set of candidate locations, we
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Fig. 1: An IEEE 802.16j WiMAX network

consider the continuous case, where the RSs can be placed
anywhere. In this paper, we study the RS placement problem
in a WiMAX network with CC as the relaying strategy.
Specifically, given a BS and a set of SSs, we need to determine
the location of an RS and the subset of SSs using the RS for
cooperative relaying, such that all the data rate requirements
of the SSs are satisfied and the maximum transmission power
among the SSs is minimized. This problem is very challenging
due to two facts: 1) the search space of the RS location is
continuous and the number of the possible locations is infinite;
and 2) the set of SSs exploiting the RS and the location of the
RS have to be jointly considered.

The main contributions of this paper are following:

∙ We study the RS placement in WiMAX networks, where
the RS can be placed anywhere in the region. The model
is more general compared with the previous studies on
the RS placement problem.

∙ We design a near-optimal algorithm to determine the
location of the RS and the set of SSs exploiting the RS
for CC.

∙ We show that the solution returned by our algorithm
is optimal if the granularity of the power adjustment is
given. In addition, our algorithm can be easily extended
to the general case, where forbidden areas are considered.

The rest of the paper is organized as follows. We briefly sur-
vey the related work on RS placement problem in Section II.
In Section III, we present the system model and define the
problem studied in this paper. In Section IV, we design an
approximation algorithm to solve the problem and prove its
near-optimality. We evaluate the performance of the proposed
algorithm through extensive experiments in Section V. In
Section VI, we conclude this paper.



II. RELATED WORK

There have been many studies on the RS placement in
WiMAX networks [1, 4–6, 8, 9, 12].

In [1], Chang et al. proposed a relay deployment mechanism
that determines the deployed locations of the RSs so that the
data rate requirements of the SSs can be satisfied while the
network throughput can be significantly improved. It is noted
that the proposed mechanism cannot provide any performance
guarantee. In [8], Lu et al. jointly considered the BS and the
RS deployment problem with the objective to maximize the
system capacity. They formulated this problem via an integer
linear programming (ILP) model and proposed a two-stage
heuristic algorithm. Later on, they studied the RS placement
problem under the deployment budget constraint [9]. They
formulated this problem into an ILP, proved its NP-hardness,
and proposed a greedy heuristic to provide a sub-optimal
solution to it. In their system models, they assumed that the
number of candidate RS locations is finite, which enabled
them to formulate the problems into ILPs. Their model is
fundamentally different from the model in this paper, where
we consider a continuous space.

None of the above works considered CC for relaying
strategy. In [4], Lin et al. tackled the task of RS placement
and relay time allocation to maximize the system capacity
in WiMAX networks, by incorporating cooperative relaying
technologies. They formulated the problem into an optimiza-
tion problem. However, the running time for solving this
optimization problem is not guaranteed to be polynomial.
Along this line, they proposed a dual-relay architecture, where
the communication is relayed via two available RSs coopera-
tively [5]. The goal of their work was to deploy a minimum
number of RSs at a set of predefined candidate locations such
that the data rate requirements of the SSs can be satisfied.
They formulated the problem and solved it through a two-
phase heuristic algorithm. In [6], they studied the problem
of joint RS placement and bandwidth allocation, where the
RSs can only be deployed at certain candidate locations.
They formulated the problem as a mixed integer nonlinear
programming problem and proposed Genetic Algorithm based
heuristics. Allowing the RSs to be deployed anywhere, Yang
et al. [12] considered the RS placement problem to satisfy the
data rate requirements of all SSs using a minimum number
of RSs. They proved the NP-hardness of the problem and
proposed efficient approximation algorithms.

III. SYSTEM MODEL AND PROBLEM DEFINITION

In this paper, we consider a static network consisting of
three types of entities: the Base Station (BS), the Relay Station
(RS) and the Subscriber Stations (SSs). In the network, one
BS B and a set S = {s1, s2, ⋅ ⋅ ⋅ , sn} of n SSs are given
and fixed. All the SSs and BS are located on a 2D Euclidean
plane. Each SS si ∈ S has a data rate requirement ci ≥ 0. Let
c = (c1, c2, . . . , cn) denote the data rate requirement vector.
Let Pi denote the transmission power of si and Pr denote
the transmission power of the RS. We assume different SSs
can access the BS at their assigned channels with Orthogonal
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Fig. 3: Multi-SS Cooperative Communication

Frequency-Division Multiple Access (OFDMA) technique.
The channel propagation model can be modeled as follows.
Let N0 denote the abient noise. When a node u transmits a
signal to node v at power Pu, the signal-to-noise ratio (SNR)
at node v, denoted as SNRuv , is

SNRuv =
Pu

N0d(u, v)�
, (1)

where d(u, v) is the Euclidean distance between nodes u and
v and � is the path loss exponent which is between 2 and 4 in
general, depending on the characteristics of the communication
medium.

For transmission model, we first present a simple model
without Cooperative Communication (CC).
Direct Transmission When the source node directly transmits
to the destination, the achievable data rate from s to d is

CDT (s, d) =W log2(1 + SNRsd). (2)

where W is the bandwidth of the channel.
For each si ∈ S, let PTi denote the minimum transmis-

sion power required to satisfy CDT (si) ≥ ci, i.e., PTi =

N0d(si, B)�
(
2
ci
W − 1

)
. Without loss of generality, we as-

sume that
PT1 ≥ PT2 ≥ . . . ≥ PTn . (3)

For CC strategy, we consider decode-and-forward (DF)
mode in this paper. DF mode can be best described with
a well-known three-node example in Fig. 2, where s is the
source node, r is the relay node and d is the destination node.
Decode-and-Forward (DF) For decode-and-forward mode,
the relay node decodes and estimates the signal transmitted
by the source node in the first time slot and then transmits the
estimated data to the destination in the second time slot. The
achievable data rate from s to d is

CDF (s, r, d) =
W

2
min{ log2(1 + SNRsr),

log2(1 + SNRsd + SNRrd)}.(4)

Now we turn to consider the case where the RS is shared by
multiple SSs. A simple example is shown in Fig. 3. We denote
SR as the set of SSs exploiting the RS, called sharing set.
Since the object of deploying an RS instead of a BS is to lower
the deployment cost, it is reasonable to assume that RS is not



as powerful as a BS, in the sense that it cannot communicate
with all the SSs simultaneously. In this case, we assume that
the RS equally provides service to all the SSs in SR. This can
be achieved for example by using a reservation-based TDMA
scheduling. The RS serves each SS in a round-robin fashion.
Each frame is dedicated to a single SS for CC. Each SS gets
served every ∣SR∣ frames. Therefore, the average achievable
capacity for each SS si ∈ SR is CDF (si,r,B)

∣SR∣ . Hereafter, we
omit r and B in the capacity expression. Thus we have

C(si) =

{
CDF (si)
∣SR∣ , if si ∈ SR,

CDT (si), otherwise.
(5)

Given the location r = (xr, yr) of the RS and the sharing set
SR, let Pi(r,SR) denote the minimum transmission power of
si required to satisfy C(si) ≥ ci according to (5).

We study the Relay Station Placement for Power Minimiza-
tion (RSPPM) problem, which is defined as follows.

Definition 1 (RSPPM(B,S, c)): Given a BS B, a set S of
SSs, and a data rate requirement vector c, the RS placement for
power minimization problem, denoted by RSPPM(B,S, c), is
to determine the location r = (xr, yr) of an RS and the sharing
set SR, such that maxsi∈S Pi(r,SR) is minimized. □

Let P opt denote the value of maxsi∈S Pi(r,SR) in the
optimal solution to RSPPM(B,S, c).

IV. A NEAR-OPTIMAL APPROXIMATION ALGORITHM

The RSPPM problem consists of two main components:
the sharing set determination and the RS placement. In this
section, we first study the RS placement problem for a given
sharing set, and then discuss how to choose the sharing set.
Finally, we present our algorithm for the RSPPM problem.

A. RS Placement for A Given Sharing Set

Given a sharing set SR ⊆ S , let PR(SR) denote the
optimal value of maxsi∈SR Pi(r,SR) by placing the RS,
i.e., PR(SR) = minr=(xr,yr) maxsi∈SR Pi(r,SR). The RS
placement problem for a given sharing set is defined as:

Definition 2 (RSPSS(B,SR, c′)): Given a BS B, a shar-
ing set SR of SSs, and the corresponding data rate requirement
vector c′, the RS placement for the sharing set problem, de-
noted by RSPSS(B,SR, c′), is to find a location r = (xr, yr)
of an RS such that maxsi∈SR Pi(r,SR) is minimized. □

Assume that the transmission power Pi of each si ∈ SR
is given. Plugging (4) into (5) and considering the rate
requirement CDF (si) ≥ ci, we have⎧⎨⎩

W
2∣SR∣ log2

(
1 + Pi

N0d(si,r)�

)
≥ ci,

W
2∣SR∣ log2

(
1 + Pi

N0d(si,B)� + Pr
N0d(r,B)�

)
≥ ci,

(6)

for each si ∈ SR. After performing some simple algebraic
manipulations, we have⎧⎨⎩
d(si, r) ≤ ir(Pi)= �

√
Pi

N0(4ci∣SR∣/W−1)
,

d(r,B)≤iB(Pi)= �

√
Pr

N0

(
4ci∣SR∣/W− Pi

N0d(si,B)�
−1

) , (7)

for each si ∈ SR. In other words, given Pi, the RS must be
placed at a location such that (7) is satisfied for each si ∈ SR.

Geometrically, let Di(ir(Pi)) denote the disk centered at si
with radius ir(Pi) and DB(iB(Pi)) denote the disk centered
at B with radius iB(Pi). The RS then must be placed in the
intersection of Di(ir(Pi)) and DB(iB(Pi)) for all si ∈ SR.

Based on the above observation, we can find the
value of PR(SR) using bisection method within the range
[PSRmin, P

SR
max], where PSRmin is the maximum value among the

roots of the following equations
ir(Pi) + iB(Pi) = d(si, B), for all si ∈ SR, (8)

and PSRmax = maxsi∈SR P
T
i . Intuitively, on one hand, PR(SR)

should not be less than the transmission power of any SS
si ∈ SR if si exclusively employs the RS. On the other
hand, PR(SR) should not be more than the maximum of
the minimum direct transmission power of all SS si ∈ SR.
Otherwise, it is against the original intention of deploying
the RS. For each value P ∈ [PSRmin, P

SR
max], we set Pi to P

and check if the disks Di(ir(Pi)) and DB(iB(Pi)) for all
si ∈ SR have an intersection. Note that assuming that the
SSs have the same transmission power does not change the
maximum transmission power. The algorithm for the RSPSS
problem is presented in Algorithm 1.

Algorithm 1: RSPSS(B,SR, c′)
A ← the intersection of disks Di(ir(P

SR
max)) and1

DB(iB(P
SR
max)) for all si ∈ SR;

if A is empty then return (−∞,−∞) and ∞;2

L← PSRmin, U ← PSRmax;3

while L+ � < U do4

P ← L+U
2 ;5

A ← the intersection of disks Di(ir(P )) and6

DB(iB(P )) for all si ∈ SR;
if A is nonempty then7

U ← P apxR (SR)← P ;8

(xr, yr)← any point in A;9

else L← P ;10

end11

return (xr, yr) and P apxR (SR)12

Lemma 1: For any given � > 0, Algorithm 1 computes a
location (xr, yr) and P apxR (SR) that is at most PR(SR) + �,
in O(n3(logPSRmax + log 1

� )) time. □
Proof: In Line 3, we compute Pmin, which can be finished
in O(n) time. The while-loop (Line 4 to Line 11) executes at

most log P
SR
max−P

SR
min

� = O(logPSRmax + log 1
� ) times. For each

execution, Line 6 dominates the running time, which can be
finished in O(n3) time using the algorithm in [10]. Therefore
the running time of Algorithm 1 is O(n3(logPSRmax+ log 1

� )).
We next prove that P apxR (SR) ≤ PR(SR) + �. Since L

is the lower bound of PR(SR), PR(SR) ≥ L. Therefore
P apxR (SR) = U ≤ L + � ≤ PR(SR) + �, considering the
stopping condition of the while-loop.

B. Sharing Set Determination
In order to determine the sharing set, we first intro-

duce three lemmas showing a few properties of the prob-



lem. Given a sharing set SR ⊆ S, let P (SR) =
max{PR(SR),maxsi∈S∖SR P

T
i }. We assume that there exists

at least one SS si ∈ S, such that PR({si}) < PTi .
Lemma 2: There exists an optimal sharing set SoptR , which

is of the form {s1, s2, . . . , sk−1, sk}, for some 1 ≤ k ≤ n. □
Proof: Assume that an optimal sharing set SR is not of the
form {s1, s2, . . . , sk−1, sk}. There must exist at least one
SS sj ∕∈ SR, such that PTj ≥ PTk . Let j be the smallest
value satisfying this condition. We construct a new sharing
set SoptR ⊆ SR by removing the SSs {sj+1, sj+2, . . . , sk}. It
is clear that we have PR(SoptR ) < PR(SR). Therefore, we
have max{PR(SoptR ), PTj } ≤ max{PR(SR), PTj }. We prove
that SoptR is also an optimal sharing set, which is of the form
{s1, s2, . . . , sj−2, sj−1}.

Let Sk denote the set of SSs of the form {s1, s2, . . . , sk}.
Correspondingly, let ck denote the data rate requirement vector
of Sk. Lemma 2 implies that it suffices to consider Si for
1 ≤ i ≤ n to find an optimal sharing set. To simply the
notation, we use ℙi to denote PR(Si). It is clear that we have

ℙ1 < ℙ2 < . . . < ℙn. (9)

Now P (Si) = max{ℙi, PTi+1}. Searching sequentially for
the optimal value of k takes O(n) time. Bisection method
can improve the time complexity to O(log n). Lemma 3 and
Lemma 4 guide the search direction during bisection.

Lemma 3: For any 1 < k ≤ n, if ℙk > PTk , then
P (Sk−1) < P (Sk). □
Proof: We prove this lemma by showing that
max{ℙk−1, PTk } < max{ℙk, PTk+1}. By assumption, we
know that PTk < ℙk. By (9), we have ℙk−1 < ℙk.
Therefore we have P (Sk−1) = max{ℙk−1, PTk } < ℙk ≤
max{ℙk, PTk+1} = P (Sk).

Lemma 4: For any 1 ≤ k < n, if ℙk < PTk and ℙk+1 ≤
PTk+1, then P (Sk+1) ≤ P (Sk). □
Proof: By (3), we have PTk+2 ≤ PTk+1. Thus we have
P (Sk+1) = max{ℙk+1, P

T
k+2} ≤ PTk+1 ≤ max{ℙk, PTk+1} =

P (Sk).

C. Algorithm Details

Having studied the RSPSS problem and the sharing set
determination problem, we are ready to present our algorithm
for the the RSPPM problem, which is shown in Algorithm 2.

The time complexity and the performance of Algorithm 2
can be guaranteed by the following theorem.

Theorem 1: For any given � > 0, Algorithm 2 computes
a sharing set Sr and a location (xr, yr), which guarantee
the maximum transmission power at most P opt + �, in
O(n3 log n(logPT1 + log 1

� )) time. □
Proof: To prove the running time, it suffices to note that
the while-loop dominates the running time and will execute
at most log n times, since it is based on bisection method.
In addition, Algorithm 1 is called during each iteration.
Based on Lemma 1, the running time of Algorithm 2 is
O(n3 log n(logPT1 + log 1

� )).
We assume that P apx = max{ℙapxt , PTt+1} is the maximum

transmission power computed by Algorithm 2 and P opt =

Algorithm 2: RSPPM(B,S, c)

L← 1, U ← n;1

while L < U do2

k ← L+U
2 ;3

(xr, yr,ℙk)← RSPSS(B,Sk, ck);4

if ℙk > PTk then5

U ← k − 1;6

else7

(xr, yr,ℙk+1)← RSPSS(B,Sk+1, ck+1);8

if ℙk+1 ≤ PTk+1 then L← k + 1;9

else break;10

end11

end12

SR ← ∅;13

if L = U then14

(xr, yr,ℙL)← RSPSS(B,SL, cL);15

if ℙL ≤ PTL then16

SR ← SL;17

Pi ← max{N0d(si, r)
�
(
4ci∣SR∣/W − 1

)
,18

N0d(si, B)�
(
4ci∣SR∣/W − Pr

N0d(r,B)� − 1
)
},

∀si ∈ SR;
end19

end20

Pi ← PTi , ∀si ∈ S ∖ SR;21

return (xr, yr), SR, and Pi for all si ∈ S22

max{ℙl, PTl+1} for some 1 ≤ l ≤ n. Obviously, we have
t ≤ l. We prove the performance for two cases.

Case 1: t = l. If ℙapxt ≥ PTt+1, we have P apx = ℙapxt ≤
ℙl + � ≤ max{ℙl, PTl+1} + � = P opt + �, where the first
inequality follows from Lemma 1. If ℙapxt < PTt+1, we
know that P apx = max{ℙapxt , PTt+1} = PTt+1 = PTl+1 ≤
max{ℙl, PTl+1} = P opt. Therefore we have P apx = PTt+1 =
PTl+1 = P opt.

Case 2: t < l: It is clear that t+ 1 ≤ l. We have

PTt+1 < ℙapxt+1 ≤ ℙt+1 + � ≤ ℙl + �, (10)

where the first inequality follows from Lemma 3, the second
inequality follows from Lemma 1 and the third inequality
follows from (9). In addition, we have

ℙapxt ≤ ℙt + � < ℙl + �, (11)

where the first inequality follows from Lemma 1 and the
second inequality follows from (9).

Combining (10) and (11), we get

P apx = max{ℙapxt , PTt+1} ≤ ℙl + �

≤ max{ℙl, PTl+1}+ � = P opt + �.

This completes the proof.
Remark 1: According to the IEEE 802.16j standard [3],

the power level adjustment unit is 0.25dB. Therefore Algo-
rithm 2 can compute an optimal solution to the RSPPM
problem by setting � equal to the corresponding power value.

Remark 2: Algorithm 2 can be easily extended to the
general case, where forbidden areas have to be considered,
for example, lakes, rivers and roads.
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Fig. 4: Experiment results

V. EXPERIMENTAL RESULTS

A. Experiment Setup
We consider a set of SSs randomly distributed in a square of

size 2000×2000. The BS is located at (0, 0). We set W = 10
MHz and N0 = 10−9 W. The data rate requirement is uni-
formly distributed over [1, 10] Mbps. The transmission power
of the RS is 20 W [3] and � = 2.5 for most experiments. For
each setting, we ran 1000 instances and averaged the results.
For all the experiments, the performance metric include the
maximum transmission power and the power improvement,
defined as PTmax−P

apx

PTmax
, where PTmax = maxsi∈S P

T
i .

To the best of our knowledge, our work is the only one on
the RSPPM. Hence, we present a random algorithm, denoted
as Random, for the sake of comparison. In Random, the
location of the RS is first randomly selected within the square.
The sharing set is then chosen randomly until no SS can be
added without introducing any SS transmission power higher
than its minimum direct transmission power.

B. Result Analysis
Comparing with Random: Fig. 4(a) shows the comparison

between RSPPM and Random. As expected, we see that
RSPPM dramatically outperforms Random, with the power
improvement ranging from 84.2% to 91.6%.

Impact of the number of SSs: We varied n from 5 to 30 with
the step of 5. Fig. 4(b) shows the results of the experiments.
We can see that the power improvement decreases with the
increase of n. The reason is that the number of SSs in the
sharing set is limited and does not increase with the increase
of n. However, with the increase of n, the gap between PTmax

and max{ℙt, PTt+1} is narrowed.
Impact of the transmission power of the RS: To check the

impact of Pr, we varied it from 10 to 20 with step of 2. We
tested two cases, where n = 5 and n = 10. Fig. 4(c) shows
the results of the experiments. We observe that the power
improvement remains almost the same for different values of
Pr. This observation shows that the bottleneck of the power
improvement is the SS, not the RS.

Impact of �: We also conducted experiments on different
values of �. The results are shown in Fig. 4(d). We observe
that when the environment is relatively clean (free of noise),
deploying an RS does not improve the maximum transmission
power. Only when the path loss is severe to certain extent (� =
2.5) can the maximum transmission power be dramatically
reduced by deploying an RS. In addition, if the environment
becomes nosier, the power improvement decreases.

VI. CONCLUSIONS

In this paper, we have studied the RS placement problem
in the WiMAX network. We incorporated the cooperative
communication into the relaying strategy. In particular, given
a BS and a set of SSs, we determine the location of an RS and
the subset of SSs using the RS. The objective is to minimize
the maximum transmission power among all the SSs while
satisfying the data rate requirements of the SSs. We have
developed a near-optimal algorithm to solve this problem and
have proved that the maximum transmission power computed
by our algorithm is at most P opt + �, where P opt is the
maximum transmission power in the optimal solution and
� > 0 is an arbitrary constant. The experiments showed that
we can dramatically reduce the maximum transmission power
by deploying the RS according to our algorithm.
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