
Gateway Association Policy for Minimum Energy in Two-Tier Wireless 

Sensor Networks with Bandwidth Constraint  
 

Amorndej Chamswarng and Chaiporn Jaikaeo 

Intelligent Wireless Network Group (IWING) 

Department of Computer Engineering,  

Faculty of Engineering, Kasetsart University,  

50 Pahonyothin Rd., Chatuchak, Bangkok, 10900, Thailand  

Email: {g5065396, chaiporn.j}@ku.ac.th 

 
 

Abstract 
 

This paper presents a study of gateway association 

policies for two-tier wireless sensor networks. With 

simple policies focusing on minimizing energy 

consumption alone, random occurences of high-

bandwidth events will overload some gateways. We then 

propose a gateway association policy that minimizes 

energy consumption of sensor nodes while still meets 

bandwidth constraint, and formulate the problem as a 

binary integer program. Choosing an appropriate value 

for the bandwidth constraint parameter, however, is a 

nontrivial task as it immensely affects both solvability of 

the integer program and communication effectiveness. 

Therefore, we present the gateway association policy for 

minimum energy with bandwidth constraint (GAME-BC) 

algorithm which appropriately initializes and 

incrementally updates the value of bandwidth constraint 

until a feasible solution is found. Performance of GAME-

BC is evaluated and compared with other approaches via 

simulation. The results show that GAME-BC outperforms 

the other approaches in terms of data delivery while 

yielding good energy efficiency. 

 

Key Words: wireless sensor networks; two-tier 

architecture; minimizing energy; bandwidth constraints. 

 

1. Introduction 
A typical wireless sensor network (WSN) consists of 

two components, a base station (BS) and sensor nodes 

(SN). The base station serves as a sink for collecting 

WSN data to users. Sensor nodes are responsible for 

measuring, gathering, and relaying physical information 

from the environment to the base station. A multi-tier 

architecture [1] has been proposed to avoid the issue of 

overhead and unbalanced energy consumption. Less 

energy-constraint nodes, called gateways, are introduced 

as a second tier in the architecture. They serve as 

intermediate nodes between sensor nodes and a base 

station. 

Certain sensor nodes may be equipped with various 

types of sensors, such as a thermal sensor, a microphone, 

or even a video camera. Since these sensors produce 

sensing data at different rates, bandwidth requirement will 

vary greatly, depending on the type of events detected. 

This will cause some gateway to be occasionally 

overwhelmed with huge amount of data triggered by 

detected events, especially when sensor nodes and 

gateways are not uniformly distributed. Such bandwidth 

overload causes many collisions at a gateway, leading to 

higher packet drops and delay, which eventually results in 

losses of events. 

Load balancing is one of suitable solutions to avoid 

such problems. However, without taking distance between 

sensor nodes and gateways into account, some sensor 

nodes might be associated with distant gateways, leading 

to increasing of overall energy consumption. In this paper, 

we propose a novel gateway association policy for 

minimum energy with bandwidth constraint, called 

GAME-BC for short, which attempts to associate sensor 

nodes to the closest possible gateway without violating 

the gateway’s bandwidth capacity.  

The remainder of the paper is organized as follows. In 

Section 2, we summarize the related works. The system 

model used throughout our work is put in Section 3. In 

Section 4, the GAME-BC algorithm is described. 

Experimental results and discussion are placed in Section 

5. Section 6 then concludes our work with possible future 

plans. 

 

2. Related Works 
Numerous literatures have discussed efficiency of 

two-tier architectures in wireless sensor networks [1,2]. 

ART-WiSe [1] is a two-tier architecture that merges IEEE 

802.15.4 (Low-Rate Wireless Personal Area Network - 

LRWPAN) as the first tier and IEEE 802.11 (Wireless 

LAN) as the second tier. The authors pointed out many 

advantages of the two-tier architecture such as real-time 

performance guarantee, high reliability, scalability, and 

energy efficiency. In addition, networks comprising 
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multiple gateways were shown to have better performance 

than single-gateway networks, since the average load at 

each gateway is reduced. 

Unlike other clustering-based protocol such as 

LEACH [3], one fundamental difference between these 

works is that only certain nodes (i.e., PAN coordinator 

devices) can serve as gateways. The following paragraphs 

discuss some works that rely on the same assumption. 

In Genetic Algorithm – Optimized Topology Control 

(GA-OTC) [4], the authors proposed a gateway topology 

control mechanism to find the optimal solution for multi-

objective functions by using weight factor. GA-OTC 

shows better performance on balancing and minimizing 

energy consumption than the shortest distance based 

algorithm. 

In [5], the authors proposed an optimal clustering 

algorithm for two-tier wireless sensor networks to 

maximize the overall network life time while every node 

meets its bandwidth requirement. The algorithm yields an 

optimal solution when the sensor nodes are homogeneous. 

When the sensor nodes are heterogeneous, the authors 

presented two approximation algorithms to produce a 

network whose lifetime is within one half of the optimum. 

Their work assumes that gateways consume energy to 

send data within the clusters. The energy consumption of 

a gateway depends on the number of sensor node 

associations in the cluster. This is fundamentally different 

from our model where gateways have no power 

constraint. Hence, the energy consumption of the 

gateways can be disregarded. 

The approach proposed by Gupta and Younis [6] is 

closest to our method in spirit. The authors introduced a 

load balance clustering algorithm that minimizes the 

standard deviation of load between different gateways. 

However, this work assumes that each node produces data 

at the same rate.  Our approach, on the other hand, 

considers situations where certain nodes may produce 

data at higher rates than the other, e.g., when an event is 

detected in a certain area.  Hence, our algorithm takes into 

account the load at each gateway by determining 

bandwidth required by each sensor node. 

 

3. System Model 

3.1 Two-Tier Architecture 
 We assume a two-tier architecture for our model as in 

Fig. 1. The lower tier consists of IEEE 802.15.4 wireless 

sensor nodes, whereas the upper tier comprise of 

gateways and a base station that communicate via IEEE 

802.11 (or even IEEE 802.3), similar to ART-WiSe 

architecture. Gateways, serving as intermediate nodes 

between sensor nodes and the base station, are equipped 

with communication modules that support both standards, 

and are assumed to be no power-constrained. Once 

deployed, gateways are configured to choose different 

channels from their neighbors. Hence, it is guaranteed that 

no sensor node will get interfered by gateways it is 

currently not associated with, or by other sensor nodes 

associated with different gateways. All sensor nodes are 

homogeneous. However, some nodes may generate data 

at a higher rate than the others, depending on events 

detected. For instance, triggered voice sensors will 

generate data at a much higher than data generated by 

thermal sensors. We assume every sensor node is within 

communication range of at least one gateway. Both 

gateways and sensor nodes are stationary and are assumed 

to know their positions. All communications are assumed 

to be symmetric, i.e., if a sensor node can communicate 

with a gateway, then the gateway can communicate with 

that sensor node too. 

 
Figure 1.  Two-tier wirless sensor networks 

3.2 IEEE 802.15.4 

All communications in the lower tier are using IEEE 

802.15.4 Low-Rate Wireless Personal Area Networks 

(LR-WPAN) in 2.4 GHz range (channels 11-26). Each 

gateway forms its own PAN and takes the role of IEEE 

802.15.4 PAN coordinator. PAN coordinators will select 

appropriate channels and operate in the beaconed mode 

once the network is established. All sensor nodes are 

assumed to be end devices (i.e., reduced function devices, 

or RFDs), which do not allow other sensor nodes to 

associate with them. Each sensor node can only be 

associated with one gateway at a time. When a sensor 

node starts, it will passively scan channels starting from 

the lowest to seek beacon frames from PAN coordinators. 

The sensor node will attempt to associate with a PAN that 

currently allows association. According to the standard, 

choosing a suitable PAN is up to the application. 

Normally sensor nodes will end up choosing a lowest 

channel allowed for association. 
 

3.3 Sensor Nodes’ Energy Model 

Energy model used in our work is derived from Gupta 

and Younis’s work [6]. We assume that computation, idle 

listening, and receiving energy dissipation can be omitted. 

Since gateways are assumed to be no power-constrained, 

only transmission energy dissipation of sensor nodes is 

taken into account. The key energy parameters for 

transmission in this model are energy per bit consumed by 

the transmitter (��), and energy dissipated in the op-amp 

(����). Assuming a 1 ��⁄  path loss model, where d is the 

distance from the sender, the amount of energy consumed 

is: 



 
���� � ��� � �������,                   (1) 
where 
���� is the minimum energy required to 

sucessfully send one bit over the distance d. TABLE I 

summarizes the meaning of each term and its typical 

value. 

TABLE I.  PARAMETERS FOR THE TRANSMISSION ENERGY 

Term Meaning 

��  

Energy dissipated in transmitter electric per bit  

(typical value: 50 nJ/bit). ����  
Energy dissipated in transmitter amplifier  

(typical value: 100 pJ/bit/m3). � Distance that message traverses (m). 

4. Association Policy Design 
 In this section, we formally describe the problem of 

minimizing energy consumption with bandwidth 

constraints. We first show the results of a preliminary 

experiment we conducted to find the optimal bandwidth 

constraint for the gateways. Then, we present the gateway 

association policy to minimize energy consumption with 

bandwidth constraint (GAME-BC), which is a centralized 

algorithm for finding the association policy for gateways 

to assign to surrounding sensor nodes. 

 

4.1 Problem Formulation 

Suppose the sensor network consists of a set of � 

sensor gateways,  , and a set of � sensor nodes,  �. Each 

sensor node �� has a bandwidth requirement of �� (uplink 

only), and is located at distance ��,� away from the 

gateway ��. To be able to communicate, the distance 

between sensor node �� and gateway ��  must not exceed 

communication range ���� . All gateways have 

bandwidth capacity  ����  to support all sensor nodes in 

the same PAN. Let � be an � � � matrix describing 

gateway association where ��,� � 1 if the sensor �� is 

associated to gateway �� , and ��,� � 0 otherwise. From the 

sensor node’s energy model in (1), we can find energy 

consumption of sensor nodes �� to gateway �� to be  ��� � ������,�� �. Since energy consumption grows 

monotonically with ��,� . So, we can say that minimizing ��,� will have the same effect as minimize energy 

consumption. We then formulate the problem of 

minimizing sensor nodes’ energy consumption with 

bandwidth constraint as the following integer program 

(IP): 

  (2) 

subject to constraints 

 
                          (3) 

(4) 

(5) 

(6) 

4.2 Solving with Binary Integer Programming 
 To solve the above problem, we reformulate it into a 

binary integer program (BIP) to which we can apply 

branch and bound algorithm [7] to find the optimal 

solution. A binary integer program is of the form: 

  (7) 

 

For our problem,   is an �� � 1 vector that will hold 

a solution for gateway association. ! is an �� � 1vector 

containing the coefficients for the objective function, 

representing the distance between each sensor node and 

each gateway. " is an  � ��� matrix containing the 

coefficient of inequality constraints " ·  $ %, 

representing the bandwidth load from the sensor nodes. % 

is an � � 1 vector corresponding to the right-hand side of 

the inequality constraints, representing gateways’ 

bandwidth capacity. "&' is an �� � 1 � �� matrix 

containing the coefficients for the equality constraints "&' ·  � %&'. "&' is divided in to two parts. The first 

part is an � � �� matrix used to ensure that each sensor 

node must associate with exactly one gateway, and the 

second part is a 1 � �� matrix used to ensure that each 

sensor node must be associated with a gateway within its 

communication range. %&' is an �� � 1 � 1 vector 

containing two constants of equality constraints number 

of gateway per sensor node and number of sensor nodes. 

Similar to "&', %&' is divided into two parts, � � 1 and 1 � 1 matrices. All these matrices are constructed as 

follows: 

  (8) 

(9) 

  (10) 

  (11) 

  (12) 

 

  (13) 

min� ∑ ��,� � ��,�,-.�,/0.1 , 

2��,� � 1, 3��  ;�
�56

 

��,� . 70,18 ; 
2��,� � �� $ ���� , 3��  ;9
�56

 

��,� � 0, 3�� , 3��: ��,� ; ���� 

min !<   such that C         " ·  $ D,"&' ·  � %&',       E� FE�G�H.J 

!���K6L�,6 �  ��,�       
            where E � 1,2, … ,�, R � 1,2, … , �.      
"S,T �  U��      if  W X Y � ��R X 1,0     otherwise,                  J 
            where Y � 1,2, … ,� , W � 1,2, … ,��.   
%S,6 � ���� , 
   where Y � 1,2, … ,�. 

"&'9L6,���K6L� � U1       if ��,� $ ���� ,0       otherwise, J 
 where  E � 1,2, . . , �, R � 1,2, … , �. 
%&'T,6 � U1     if W $ �,�     otherwise,J 
  where  W � 1,2,… , � � 1. 

"&'S,T � U1     if   ��Y X 1 � 1 $ W $ �Y,0         otherwise,                            J 
 where Y � 1,2, … , � , W � 1,2, … ,��. 



A feasible solution   can be interpreted as follows: 
  (14) 

 
Finally, the association matrix � is calculated as: 

  (15) 

4.3 Optimal Constraint of Gateway’s Capacity 

From (10), gateway capacity  ����  is the constraint of 

our integer program. If ���� is too high, each sensor 

nodes will associate itself to the nearest gateway since the 

gateway’s total bandwidth load will never exceed ���� . 

However, the actual capacity of the gateway may be much 

lower, leading to packets getting delayed and dropped. 

And eventually some events will be lost. On the other 

hand, setting  ����  to be too low, though a feasible 

solution may still exist, will cause gateways to reject 

some sensor nodes’ association in order to keep the total 

bandwidth load under the capacity constraint. 

Disassociated sensor nodes will be associated with further 

gateways, causing higher energy consumption. Therefore, 

choosing an appropriate gateway’s capacity constraint is 

very crucial to overall network performance.  

To search for an appropriate gateway’s capacity 

constraint, we conducted a preliminary experiment using 

a star topology of IEEE 802.15.4 network [8] simulated 

on Network Simulator version 2 (ns-2) [9]. Our purpose is 

to investigate the maximum load a gateway can take 

before the throughput gets saturated. Our topology 

comprises a PAN coordinator surrounded by end devices. 

Each end device generates constant bit rate (CBR) packets 

destined to the PAN coordinator. In our experiment, the 

CBR packet rate varied from 5 to 280 packets per second, 

the packet size from 52 to 127 bytes, and the number of 

end devices from 1 to 9 nodes. For each scenario, the total 

load is computed from packet size, packet rate, and 

number of end devices, and the throughput is then 

measured at the PAN coordinator. Total load and 

throughput from all scenarios produce the scattered plot 

shown in Fig.2. The plot evidences that, on average, the 

PAN coordinator starts getting saturated at the point 

where the total load is around 60 kbps. We hence choose 

this value as an appropriate gateway capacity constraint,  ���� .  

  
4.3 GAME-BC Algorithm 

Although the preliminary results allow us to determine 

an appropriate gateway’s bandwidth constraint, there is 

still a problem. If total bandwidth required by sensor 

nodes is near or exceed the chosen capacity, the binary 

integer program (7) will become infeasible. 

 
Figure 2.  Scattered plot showing correlation between throughput and 

total load 

To solve this problem, we propose the GAME-BC 

algorithm. GAME-BC is a centralized algorithm running 

periodically. Necessary information for the calculation 

such as sensor nodes’ bandwidth load and positions are 

regularly piggyback with data packets sent to the 

gateways. Since the size of such information is relatively 

small and piggybacking is done at a low frequency, extra 

transmission time can be ignored. Algorithm 1 initializes ���� with ��9�� obtained from the last subsection (i.e., 

around 60 kbps). Then, GAME-BC attempts to solve the 

binary integer program (7). The algorithm will terminate 

when a feasible solution is found. If not, it will repeatedly 

increase ���� by  �,�`� until a feasible solution comes out. 

 

 

 

 

 

 

 

 
 

 

5. Experimental Results 
 In order to evaluate the performance of GAME-BC, 

we implemented the algorithm in the Network Simulator 

version 2 (ns-2). We then compare our method with other 

approaches in terms of throughput, average delay, and 

packet delivery ratio observed at the base station, as well 

as transmission energy consumption per successful bit.  

To study the performance of our gateway association 

policy, we compare it with two other approaches. The 

first one is the original IEEE 802.15.4 association, where 

each sensor node scans all channels and selects the 

gateway with the lowest channel number allowing 

association request. Gateways in the original IEEE 

802.15.4 will accept all association requests if they can 

allocate an address for the requesting sensor node. The 

second approach is the minimum-distance-based 

association, denoted by MINDIST, where each sensor node 

 ���K6L�,6 � a 1     if sensor node R have to           associate with gateway E,0     otherwise.                           J 
                 where  E � 1,2, . . , �, R � 1,2, … , �.      
��,� � e���K6L�,6 
      where  E � 1,2, . . , �, R � 1,2, … , �. 

Algorithm 1 GAME-BC 
 

Input: All necessary matrices and vectors from (8) to (14) 

1: ���� f ��9�� 
2: repeat 

3:      Compute binary integer programming (7) 

4:      if  infeasible 

5:           ���� f ���� � �,�`�   
6: until feasible solution is found 

7: Update gateway policy with the result  



selects the closest gateway from it in order to minimize 

transmission energy. 

 

5.1 Simulation Environment 

Our simulated network consists of 96 sensor nodes 

randomly placed in a 100 � 100 m2
 terrain with a 

condition that there is at least one sensor node or gateway 

in every square meter. Four gateways are fixed at 

coordinates (33,33), (33,66), (66,33), and (66,66)... 

Transmission range of each sensor node is set to 60 

meters. Each sensor node is equipped with a thermal 

sensor and a microphone. The thermal sensor generates 

CBR traffic at 0.2 packet per second with data size of 70 

bytes. Sound-producing events, ranging from 1 to 6 

events, are generated at random positions, each of which 

will cause four sensor nodes to record and send the 

recorded sound to gateways. The sound data are encoded 

with 8,000 kHz, 16 bit, mono PCM, which requires 15 

kbps of bandwidth, equivalent to transmitting 27 packets 

per second with 70 bytes data size. For GAME-BC’s 

parameters,  ��9��  and �,�`� are set to 60 kbps and 2 kbps, 

respectively. The simulation runs for 800 seconds per 

scenario.  Each scenario gets repeated 10 times with 

different random seeds. 

 

5.2 Simulation Results 

5.2.1 Gateway’s Throughput 

Fig. 3, compares overall throughput from GAME-BC, 

MINDIST, and the original IEEE 802.15.4. As the number 

of events increases, throughput from GAME-BC and 

MINDIST increases steadly, with GAME-BC yielding 

more and more significantly higher. This is due to the fact 

that GAME-BC tries to avoid the violation of gateways’ 

bandwidth constraint, leading to fewer collisions than 

MINDIST. The original IEEE 802.15.4, in contrast, is 

incapable of handling more than one event due to the fact 

that sensor nodes having more than one choice of 

gateways always choose the one with the lowest channel 

number. This leads to the lowest-channel gateway being 

overcrowded and causes a huge amount of collisions. 

Moreover, compared to the other two methods, GAME-

BC performs more consistently under multiple 

experiments, as evidenced by the smaller confidence 

intervals. 

5.2.2 Average Delay 
Fig. 4 gives the delay comparison between GAME-BC 

and MINDIST, while the results from the original IEEE 

802.15.4 are omitted due to incomparably higher values 

(in the range of 100 – 400 ms). When the number of 

events is increasing, delay from both methods also 

increases, with average of around 8 ms yielded by 

GAME-BC and a sudden increase after four events. In 

contrast, MINDIST experiences sudden delay increase at 

only two events, which seems to imply that some of the 

gateways are already overcrowded. GAME-BC is more 

adaptive as it avoids this situation with the bandwidth 

constraint. 

5.2.3 Packet Delivery Ratio 
From Fig. 5, packet delivery ratio yielded by the 

original IEEE 802.15.4 association suddenly drops to 37 

percent when there are only two events in the area, and 

keeps dropping as the number of events increases. This 

means that many event data will be lost. In the scenarios 

with one event, packet delivery ratio of GAME-BC and 

MINDIST are almost identical. With more events, 

MINDIST's packet delivery ratio begins to drop, 

confirming our last explanation that some of the gateways 

begin to be overloaded. 

5.2.4 Energy Consumption per Useful Bit. 

Using the energy consumption model described by 

(1), we measure efficiency of different methods in terms 

of how much energy is used to successfully transmit one 

bit. In Fig. 6, we compare the results from GAME-BC 

and the MINDIST, we found that results from both 

approaches are not significantly different. GAME-BC has 

a little bit higher energy consumption per useful bit than 

MINDIST because some of the sensor nodes are not 

associated with the closest gateway. The results from the 

original IEEE 802.15.4 are again omitted as they go off 

the chart (around 2-7 microjoules per useful bit). This is 

due to a huge amount of wasteful transmissions that 

mostly end up with collisions.   

 
Figure 3.  Comparison of base station’s throughput for different 

approaches with 95% confidence interval 

 
Figure 4.  Comparison of average delay for different approaches with 

95% confidence interval, with results from IEEE 802.15.4 omitted 



 

Figure 5.  Comparison of packet delivery ratio for different approaches 

with 95% confidence interval 

 
Figure 6.  Comparison of energy consumption per useful bit for 

different approaches with 95% confidence interval, with results from 

IEEE 802.15.4 omitted 

From all results, we can conclude that GAME-BC’s 

behaviors are similar to MINDIST when there are  small 

number of events. When the number increases, GAME-

BC’s adaptive behavior helps maintain the 

communication effectiveness while still keeping energy 

efficiency on par with MINDIST. 

 

6. Conclusion 
 This paper presents a study of gateway association 

policies in two-tier wireless sensor networks. The study 

found that, with trivial association policies, random 

occurrences of events that trigger generation of high-rate 

data will make some gateways overloaded.  We then 

formulated the problem of gateway association for 

minimizing energy consumption of sensor nodes without 

violating bandwidth constraints as a binary integer 

program. However, we observed that  the value of 

bandwidth constraint parameter immensely affects both 

solvability of the integer program and communication 

effectiveness. Therefore, we investigated an appropriate 

initial value for the bandwidth constraint and presented 

the GAME-BC algorithm which iteratively increases the 

constraint value until a feasible solution is found. Using 

this technique, GAME-BC will be adaptive for various 

scenarios with different event patterns. From our 

simulation results, GAME-BC outperforms the original 

IEEE 802.15.4 and the minimum-distance heuristic 

(MINDIST) in terms of overall throughput, average delay, 

and packet delivery ratio. In addition, the energy 

efficiency is quite similar to the minimum-distance 

approach. 

Our future work includes investigation of many 

interesting questions that have not been addressed in the 

paper. For examples, how often the GAME-BC is 

reexecuted; and what is an appropriate increment of 

bandwidth constraint parameter when no feasible solution 

is found. We will also look into a distributed approach 

which will be more practical for multi-hop wireless sensor 

networks.  
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