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Localization is a fundamental problem in wireless sensor networks. Many ap-

proaches, including range-based and range-free techniques, have been proposed to de-

termine the optimal location for sensor nodes. This paper presents a simple range-free 

localization scheme that is based on received signal strength indicator (RSSI) geometric 

localization for wireless sensor networks. The node locations are computed by perform-

ing simple geometric calculations that rely on the specific approximate RSSI values with 

the position of a mobile beacon equipped with a global positioning system. The simula-

tion results showed that the proposed scheme is efficient, and that the node positions can 

be determined accurately. 
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1. INTRODUCTION 

Wireless sensor networks have wide application in fields such as home, industry, 

environmental observation, military monitoring, and disaster relief [1]. Recent advances 

in wireless communications and electronics have enabled the development of small 

low-cost sensor nodes that communicate over short distances. Wireless sensor networks 

are comprised of several sensor nodes that communicate via wireless technology. 

Each node can sense certain aspects of its environment and perform limited compu-

tations. Node volume, electrical capacity and data storage capability restrict node opera-

tion in wireless sensor networks. Localization is one of the important topics in wireless 

sensor networks research. An accurate localization scheme can support transmission of 

the sensor position information, routing and technology services. Recently, the Internet 

of Things (IoT) is a novel development that is rapidly gaining ground in the scenario of 

modern wireless telecommunications [9]. The WSN-based localization technique, as one 

fundamental component of the IoT, has attracted more attentions. 

So far, many localization methods have been presented that could be implemented 

using one or a few powerful nodes with Global Positioning System (GPS). GPS coordi-

nates are a good estimate of sensor position, but it is too expensive to equip each sensor 

with GPS. A feasible solution is to designate a small number of sensor nodes as anchor 

points or beacons and equip them with GPS. They can help other sensor nodes locate 

themselves using the information broadcast by the beacons. The localization algorithms 

generally fall into two categories: range-based and range-free schemes. 
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Range-based schemes are usually supported by additional sensor hardware that 

measures the node-to-node distances or inter-node angles of the signals being transmitted 

between the nodes. They require the use of infrared, X-ray or ultrasound techniques to 

calculate the distance or angle, and therefore are more complex and expensive but typi-

cally more accurate. Each node can estimate distance by Time of Arrival (TOA) [12], 

Time Difference of Arrival (TDOA) [13], or Received Signal Strength Indicator (RSSI). 

Under the TOA and TDOA approaches, we can calculate the distance between any two 

sensor nodes according to the signal propagation time between them. With Angle of Ar-

rival (AOA) [10], the sensor node usually equips directional antenna and estimates the 

relative angle with neighbors. The RSSI values can be used to infer the physical distance 

between sensor nodes [6], [7], [19]. After the relative distance is determined, it is simple 

to calculate the location of each node. The drawbacks of range-based schemes are easier 

to be interfered by multipath, fading, and noise and an additional hardware is required. 

On the other hand, range-free schemes avoid costly hardware and estimate the posi-

tions of the sensor nodes by network connectivity such as exploiting inter-node commu-

nication or the sensing range of the node to estimate the positions of the sensor nodes. 

Lately many range-free localization schemes have been proposed, such as Centroid [2], 

DV-HOP [11], and APIT [6]. Some area-based localization mechanisms are developed to 

narrow down the possible region for a sensor node [20]. The aforementioned approaches 

typically need a large amount of stationary anchor points involved a heavy computation 

for achieving higher accuracy. Besides, extensive communication among neighboring 

sensor nodes brings a high traffic load. 

However, the localization for mobile anchor nodes exploits moving beacons has 

been proposed recently [4][16]. A mobile beacon traverses a predefine route while peri-

odically broadcasting beacon packets to localize. Like a sensor node narrows down the 

possible region to estimate the location based on the mobile beacon message. Xiao pro-

poses another scheme using the arrival and departure overlap area, which is a possible 

area delimited by two circles with the same radius at different centers [21]. Ssu introduc-

es scheme [17] that the location of a sensor node is estimated using the intersection 

points of two perpendicular bisectors of the chords. Guo utilizes the geometric relation-

ship of a perpendicular intersection to compute node positions. Besides, many 

RSSI-based strategies [5][7][18] have been proposed for localization in range-free cate-

gory. 

Some RSSI-based schemes are proposed recently. The range-free schemes are not 

only rely on the connectivity measurements approaches but also retrieve the distance 

information by RSSI value. The comprehensive advantages of range-free and 

RSSI-based schemes are lower hardware cost and improve the estimated position accu-

racy efficiently. A sensor node receiving the packets can recognize that it is in the area 

around the mobile beacon and combined with the RSSI technique that possible locations 

of the unknown sensor node can be estimated. 

In this paper, we present a simple range-free protocol which is RSSI-based geomet-

ric localization scheme called RGL. The mobile beacon is a self-propelled device 

equipped with GPS. After the mobile beacon traverses a predefined route, each sensor 

node can estimate its location by simple distributed computations. Each sensor node re-
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ceives the messages but does not interact with other nodes for localization. 

We review the related work on RSSI observation in WSN in Section 2. The pro-

posed localization scheme and the simulation results are presented in Sections 3 and 4. 

Conclusions are discussed in Section 5. 

2. THEORETICAL RSSI MODEL 

The RSSI-based localization schemes are very popular because of the fact that RSS 

measurements can be obtained with minimal cost. Recently, most of the proposed locali-

zation schemes are based on RSSI technique but the RSSI signal propagation models 

easily suffer from outer uncertain influences, such as signal fading, non-uniform spread-

ing, and reflections. An RSSI-based approach therefore needs more data than other 

methods to achieve higher accuracy.  

Assume that a sensor network consists of N nodes in total. Based on the path-loss 

model, the RSSI measured in dBm (decibels and referenced to 1mW) unit Pij for the sig-

nal transmitted from node i to node j can be expressed as 

 ,log10 100 ijijij vdPP  
          

(1) 

for 1  i  N , 1 ≤ j ≤ N, and i  j, where P0 is the RSSI measured in dBm at one meter 

distance, dij is the distance between node i and node j (dij ≥ 1m), and the parameter α is 

distance–power gradient also known as pathloss exponent [22]. The independent and 

identically-distributed random variables νij ~ N(0, σν
2
) represent log-normal shad-

ow-fading effects in complex multipath environments, whereas the value of standard 

deviation (STD) σν depends on the characteristics of the specific environment. In the lit-

erature, pathloss measurements are usually considered to be reciprocal, i.e., Pij = Pji for i 

= j, when the transmit powers are identical. 

3. DESIGN OF THE RGL SCHEME 

This section explicitly details the processing of the proposed received signal 

strength indicator RSSI-based geometric localization (RGL) scheme. Specific problems 

regarding error analysis and approaches to avoiding obstacles are examined, and the 

proposed scheme is refined. 

 

3.1 Preliminaries 

 

Assume that the transmission range of each sensor node is a circle with radius r. 

Because real environments tend to be irregular, a minimal bounding rectangle (MBR) is 

adopted to implement the proposed scheme. Assume that the sensor nodes are deployed 

in a square with side Range (Fig. 1). The coordinates of the upper-left corner are set at (0, 

0), and those of the lower-right corner at (Range, Range). 
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In the proposed RGL scheme, the mobile beacon is an anchor point with an accu-

rately known position. Additionally, it is a self-propelled device that is equipped with a 

global positioning system (GPS). The beacon adopts a predefined trajectory to traverse 

the deployed area.  

Next, as the beacon moves along a line toward a sensor node, it periodically broad-

casts packets containing its localization information and current path number. The path 

number is recorded the identity path with the same path number from a boundary side to 

the other destination. Besides, the path number is critical for accurately identifying its 

position when it meets obstacles. In addition, the sensor nodes are assumed capable of 

receiving an RSSI signal from the beacon, and converting the value of the signal into an 

estimated distance value. 

 
 

Fig. 1. The coordinator plane of RGL scheme. 

 

3.2 Mobile Anchor Path Planning 

 

In [8], two path-planning schemes were proposed for a mobile anchor node in a lo-

calization scheme, namely H-SCAN, V-SCAN and DOUBLE SCAN. In SCAN, the mo-

bile anchor node traverses a single dimension (e.g., the x- or y-axis). However, the col-

linearity of the beacon degrades the accuracy of the localization results. In DOUBLE 

SCAN, the collinearity problem is resolved when the mobile anchor moves in both the x- 

and the y-directions, but the energy overhead increases accordingly. An alternative path 

planning scheme named TRIANGLE was proposed for the mobile anchor node based on 

the trilateration localization scheme. The anchor node traverses the trajectory of an equi-

lateral triangle. The main advantage of the triangular trajectory is that it solves the col-

linearity problem. 

Another typical trajectory that can be adopted for the mobile beacon is the random 

waypoint model (RWP) [3]. The beacon randomly selects a destination in the sensor field, 

and then moves to that location at a constant velocity. When the beacon arrives, it con-

tinues traversing to the subsequent destination at a constant speed by rotating its trajec-

tory angle. In a normal state, RWP model is the typical trajectory route of a mobile bea-

con in RGL scheme. In Section 4, the five paths planning, H-SCAN, V-SCAN, DOU-

BLE SCAN, TRIANGLE and RWP, are employed to perform the comparison and evalu-

ate the results in our simulations. 
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3.3 Processing of the RGL Scheme 

 

The sensor nodes within the transmission range of the beacon receive and record the 

packet information into local memory. The beacon periodically broadcasts packets con-

taining at least two main fields (i.e., current path number and position) as it traverses at a 

constant velocity v. The beacon transmission interval time between two consecutive 

beacon messages is denoted as t. In each phase, the beacon moves a fixed distance d, 

which implies d = vt. 

As shown in Fig. 2, the sensor node’s real position is p3. When the beacon traverses 

a straight line, the largest RSSI value received by the sensor node corresponds with the 

point on the line that is closest between the beacon and sensor node. Theoretically, this 

point should be the projection of the node along the line. As the beacon is at position p2, 

the sensor node identifies the largest RSSI value by comparing with others receiving 

RSSI having the same path number from its local storage, and this position is denoted 

RSSIMAX. Furthermore, position p1 (i.e., the position preceding p2, denoted PreRSSIMAX) 

must also be acquired. Subsequently, h indicates the distance from p2 to p3, which is de-

rived from the maximal RSSI value, and d is the moving distance of mobile beacon from 

p1 to p2. In an ideal model, RSSIMAX (i.e., p2) is assumed as the perpendicular intersection 

point of d and h. Thus, a right triangle can be constructed based on d, h, p1, p2, and p3 

(Fig. 2). 

 

 
Fig. 2. Processing of a mobile beacon locating the sensor node. 

 

Points p1(x1, y1), p2(x2, y2), and p3(x3, y3), and distances d and h can be expressed as 

the following bivariate quadratic equations: 
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In (2), the values of (x1, y1), (x2, y2), d, and h, are known, whereas the values for (x3, 

y3) are unknown. Thus, the solution for p3 can be computed by (2), which obtains the two 

values (x3, y3) and (x3', y3'), one of which is the correctly estimated position of a sensor 

node. 
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Fortunately, the real solution can be determined by referencing another path that the 

mobile beacon has traversed. If a sensor node falls within range of the beacon range 

twice but with different path numbers, the exact estimated position can be identified. 

Consider the scenario of a sensor node p (Fig. 3). Four solution s1, s2, s3, and s4 can be 

obtained by solving two related quadratic equations. Points s1 and s2 can be used to con-

struct an isosceles triangle, as can s3 and s4. Theoretically, these two isosceles triangles 

intersect the real position of the sensor node. 

A pair of solutions can be acquired by minimizing the comparison of the distances 

of any two solutions in (3), which would provide two possible estimated positions. 

      ,  ,  ,　  42324121 ssssssssMin 
         

(3) 

Finally, the mean values of the two possible estimated positions, s2 and s3, are 

adopted in the pair solution as the real position of a sensor node. Consequently, an accu-

rate RSSIMAX implies that the sensor node closest to the beacon would reduce the esti-

mated position error. The RGL scheme is detailed as follows. 

 

Algorithm: RSSI-based Geometric Localization scheme 

Input: the path number and the position, (xb , yb), of the beacon. 

Output: the estimates position pi of nodei 

1: while received packets from a mobile beacon 

2:  if the same path no. and RSSI is greater than the last 

3:   RSSIMAX ←The position of the current largest RSSI 

4:   PreRSSIMAX ←The previous beacon position of RSSIMAX. 

5:  else if the RSSI is maximum 

6:   k ←convert RSSI value to distance at position RSSIMAX.  

7:   d ←the distance between PreRSSIMAX and RSSIMAX.  

8:   Calculate( i , d , PreRSSIMAX , RSSIMAX , k ) 

9:   if beacon passing the sensor for the first time 

10:      pos1[1]← Sol_A ; pos1[2]← Sol_B 

11:   else if beacon passing the sensor for the second time 

12:      pos2[1]← Sol_A ; pos2[2]← Sol_B 

13:      Find the shortest distance between  

pos1[m] and pos2[n], where m, n = 1~2 

14:      Estimated position P ← ( pos1[m] + pos2[n] ) / 2  

15:   else if  

16:      P’←find the new estimated position if necessary   

17:      Real estimated position pi of nodei ← (P + P’ ) / 2  

18:   end if 

19:  end if 

20: end while 

21: Calculate ( i , d , x1 , y1 , x2 , y2 , h ) 

22:   Solve Bivariate Quadratic Equation 
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23:   Sol_A =(x3 , y3); Sol_B =(x3' , y3') 

24: End Calculate 
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Fig. 3. Solution by twice moving passing of a mobile beacon 
 

 

3.4 Refinement and Obstacle Avoidance 

 

In the proposed scheme, certain conditions could decrease the localization accuracy. 

For example, if a sensor node is proximal to the boundary, a localization error could eas-

ily occur. In Fig. 4(a), the sensor node cannot acquire the real RSSIMAX because the per-

pendicular intersection of RSSIMAX falls outside of the deployed range. Here, a localiza-

tion error would occur when the mobile beacon reaches the boundary and changes direc-

tion. Fig. 4(b) shows an identical scenario except it is PreRSSIMAX that falls outside of the 

boundary. These results would seriously reduce the estimated position accuracy.  

However, these problems can be solved by expanding the deployed region by a val-

ue equal to radius r (Fig. 4(c)). The mobile beacon can move across the boundary into the 

expanded region, and then traverse to the subsequent destination. Thus, the sensor nodes 

proximal to the boundary would continue receiving the RSSIMAX or PreRSSIMAX positions. 

The RGL scheme is not only performed under a normal condition, but also in a zone 

with obstacles. Because the beacon is equipped with a GPS, it can traverse the original 

path, and create a new path number within a subsequent transmission packet if it en-

counters any obstacles. If a sensor node p determines that PreRSSIMAX and RSSIMAX posi-

tions are using a new path number, p would calculate a new PostRSSIMAX to replace the 

previous PreRSSIMAX position. These points could then form a new right triangle to cal-

culate the estimated position (Fig. 5). 
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Fig. 4. Outside issues (a)RSSIMAX (b)PreRSSIMAX (c)Expanding zone. 

 

The RGL scheme is not only performed under a normal condition, but also in a zone 

with obstacles. Because the beacon is equipped with a GPS, it can traverse the original 

path, and create a new path number within a subsequent transmission packet if it en-

counters any obstacles. If a sensor node p determines that PreRSSIMAX and RSSIMAX posi-

tions are using a new path number, p would calculate a new PostRSSIMAX to replace the 

previous PreRSSIMAX position. These points could then form a new right triangle to cal-

culate the estimated position (Fig. 5). 
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Fig. 5. The analysis of obstacles avoidance. 

 

3.5 Error Analysis 

 

This section analyzes the estimated error effect to the RGL scheme, and evaluates 

the maximal position error. These errors include 1) the mobile beacon’s GPS causing an 

error egps, 2) the RSSI signal causing a distance conversion error, denoted erssi, and 3) 

computing the distance at the RSSIMAX position for a path, denoted edist (Fig. 6). If the 

moving distance of the mobile beacon is d, a sensor node P that is located on a line that is 

perpendicular to the path at the d/2 position would produce a maximal estimated position 

error. Fig. 6 shows that the mobile beacon position B correct RSSIMAX of the sensor node 

from the beacon is h. But the mobile beacon just stays the position A and C by moving 

distance d, not position B. So the real RSSIMAX is position C, the PreRSSIMAX is position A 

and the converted distance h instead of h
’
. Thus, the right triangle AP

’
C is constructed 

based on A, P
’ 
and C, not APB as shown in Fig. 6. 

 

 
 

Fig. 6. The analysis of the maximum position error. 
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The related RSSIMAX distance would be computed as follows: 

. 
2
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hh                

(4) 

Therefore, the maximal position error can be expressed as  
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Finally, (5) is simplified into the following equation 
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(6) 

The maximal estimated position error of the sensor node is then given by  

emax = egps + 2 × ( erssi +edist )= egps + 2 × ( erssi +  
2

2
2

2

2

2
2

2










d
hh

d
h ).

    
(7) 

From (7), it is evident that reducing d and h between the sensor node and the beacon at 

RSSIMAX position would reduce the localization error. 

4. PERFORMANCE EVALUATION 

This section verifies the accuracy and reliability of the proposed scheme through 

simulation and comparison of the performance with several well-known schemes.  

 

4.1 Simulation Environment 

 

Using the RSSI scheme, the distance between the sensor node and a mobile beacon 

is measured by virtue of the received signal strength depends on the distance.  

To determine the RSSI path-loss model for our simulation, we employ the theoreti-

cal RSSI model in (1) to calculate the receiving power. Then the converted distance in 

meters with the receiving power is obtained by the following equation from the IEEE 

802.15.4. 






















  ,8m  d for             

  8md for                  

d
rt

rt

PP

PP

33

)5.58(

20

)2.40(

108

10
           (8) 

where Pt is the transmit power and Pr is the receive power. The length of 8m is the long-

est length at which there is no reflection of a signal where has no walls and no obstacles 

[23].  
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The simulation was built using a MATLAB simulator. The collisions are not dis-

cussed under the assumption that they can be solved using MAC layer protocols, and the 

signals can be received only in LOS propagation. In our simulation, we derived a trans-

mit power value by a real distance in (8) and we can obtain a simulated distance by ap-

plied this transmit power value in (1). Each node was forced to remain active during the 

localization. The sensor nodes were deployed in an effective 300 × 300 m area that was 

free from obstacles, and 100 sensor nodes were randomly deployed as a Gaussian distri-

bution. In addition, the degree of irregularity (DOI) in the radio propagation model was 

applied in the simulation to determine whether the proposed scheme would be practical 

[15]. 

 

4.2 Simulation Parameters 

 

The simulation parameters for the mobile beacon were the transmission radius r, 

constant velocity v, and interval between beacon transmissions t. To obtain various re-

sults, the four path-planning traversing trajectories adopted for the simulation were 

SCAN, DOUBLE SCAN, TRIANGLE, and RWP.  

 

4.3 Metrics 

 

The following metrics were employed to evaluate the performance of the proposed 

localization scheme. 

 

A. Average localization error 

 

Average localization error was estimated based on the mean error (ME). ME is de-

fined as the mean difference between estimated location (x
’
, y

’
) and actual location (x, y) 

for all sensor nodes  

,

)'()'(
1

22

N

yyxx

M

N

i






             (9) 

where N denotes the total number of sensor nodes.  

 

B. Average execution time 

 

Average execution time was defined as the time required to localize all sensor nodes, 

as follows: 

 ,1

N

t

T

N

i

i


         

(10) 

where ti denotes the time required for node i to identify its location, and N denotes the 

total number of sensor nodes. 
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C. Average throughput 

 

Average throughput is defined as the total number of packets transmitted by the 

mobile beacon and received by all nodes  

 ,1

N

p

P

N

i

i


         

(11) 

where pi denotes the number of packets received by node i, and N denotes the total num-

ber of sensor nodes. 

 

D. Average energy consumption 

 

Most of the energy was consumed by the sensor node computations. The average 

energy consumption was defined as the total time for each node to compute its position, 

as follows: 

 ,1

N

e

E

N

i

i


              

(12) 

where ei denotes the time required for node i to compute its location, and N denotes the 

total number of sensor nodes. 

 

4.4 Simulation Results 

 

The simulation results are discussed based on the following three factors: 1) steady 

state; 2) parameter observation; and 3) DOI affection. 

 

A. Steady state  

 

Based on identical test conditions, 10 tests were randomly selected and conducted 

using different data sets and four path-planning schemes. Table 1 shows the experimental 

results. The MEs varied slightly for each test. Furthermore, the observed variation among 

the path-planning schemes were minor; thus, the RGL performed well, exhibiting high 

stability. 

 

B. Parameters observation 

 

Here, the various effects among the three parameters in Section 4.2 are discussed. 

First, the results are examined for the average localization error versus moving distance d 

= 3, 6, 9, 12, and 15 m, where r = 15 m, and RWP was adopted with various DOI values 

(Fig. 7(a)). In Fig. 7(a), DOI = 0 represents an ideal environment without DOI. The re-

sults showed that the average localization error of the RGL scheme was less than 1 m 

when d < 6 m. This shows that increasing the moving distance d to its maximal value 

results in fewer RSSI signals being detected, thereby reducing the localization accuracy.  
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Table 1. The average localization errors by different path planning. 

 H-Scan V-Scan Double Scan Triangle RWP 

1 0.869 1.058 0.802 1.739 0.783 

2 0.882 1.089 0.852 1.648 0.951 

3 0.910 0.844 0.805 1.619 0.813 

4 1.046 0.823 1.085 1.780 0.777 

5 1.068 0.818 0.825 1.636 0.752 

6 0.864 0.859 0.852 1.776 0.708 

7 0.991 1.092 0.804 1.773 0.743 

8 0.914 0.847 0.985 1.619 0.868 

9 0.915 0.840 0.935 1.675 0.791 

10 0.916 0.963 0.868 1.671 0.991 

Ave 0.937 0.923 0.881 1.694 0.818 

 

Subsequently, the simulations were examined regarding average localization errors 

versus the transmission radius r = 10, 15, 20, 25, and 30 m (d = 3 m, RWP was adopted 

with various DOI values; Fig. 7(b)). The results showed that the average localization 

error gradually increased in conjunction with r. This shows that increasing the transmis-

sion radius to the cover maximal area increases the probability of RSSI errors, thereby 

reducing the localization accuracy.  

Finally, the simulation results for the path-planning schemes were observed. The 

simulation was run to test the average localization error versus the traversing trajectories 

H-SCAN, V-SCAN, DOUBLE SCAN, TRIANGLE, and RWP (r = 15 m, d = 3m, various 

DOI values as shown in Fig. 7(c). The result revealed that the TRIANGLE trajectory was 

less accurate than the others. The reason is the probability of the sensor nodes receiving 

the packets from the beacon decreasing when the TRIANGLE trajectory is applied.  

 

C. DOI affection  

 

Section 4.1 shows that the DOI model was practical. The simulations were per-

formed for the average localization error versus the parameters and traversing trajectories, 

where DOI = 0.0, 0.2, 0.4, 0.6, and 0.8 (Figs. 7(a)–7(c)). No obvious difference was ob-

served among the various DOI values. This occurred because the RSSI in the irregular 

region was temporarily missing, although a referable RSSI could be acquired if the sig-

nals fell into the regular region. Therefore, the DOI is incremental, and the ME is not 

obviously greater. 

 

4.5 Scheme Evaluation and Comparison 

 

In this section, the scheme performance is evaluated, and the proposed RGL scheme 

is compared with several well-known RSSI-based schemes that have been cited fre-

quently in studies on sensor localization; specifically, TRI [7], ML [18], and Guo’s 

scheme [5].  
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Table 2. Performance for different moving speed ( r = 15m, RWP and DOI=0 ). 

Moving speed (m/sec)  3 6 9 12 15 

Beacon interval (sec)  1 1 1 1 1 

Average 

location 

error (m) 

TRI 1.71 1.92 1.95 2.06 2.27 

ML 1.13 1.47 1.75 *1.82 *2.04 

Guo 1.54 2.53 3.82 8.56 10.25 

RGL *0.82 *0.96 *1.74 2.32 3.65 

Average 

execution 

time (sec) 

TRI 7871 4384 3493 3214 2734 

ML 7788 4291 3292 2323 2278 

Guo *5067 *3048 *2040 *2040 *1032 

RGL 7460 4290 3756 4405 5416 

Average 

throughput 

TRI 47.21 23.73 21.86 20.32 17.26 

ML 50.73 24.95 20.03 16.52 15.86 

Guo *17.92 *10.46 *6.97 *6.92 *3.21 

RGL 46.93 22.85 21.72 27.53 30.44 

Average 

energy 

consumption 

TRI 15.84 16.53 12.12 11.55 11.76 

ML 12.46 12.84 12.44 10.96 10.64 

Guo *6.72 *6.29 *6.39 *6.45 *6.28 

 
RGL 9.48 11.72 13.11 14.24 15.36 

* is the best value 

 

In TRI [7], the beacon information from the three vertices of the locating virtual 

triangle in which the node resides was used to calculate the location. A maxi-

mum-likelihood (ML) estimation method was applied to calculate the position of a target 

by minimizing the differences between the measured and estimated distances. ML esti-

mation of a target’s position can be obtained using the minimal average square error 

(MMSE) [14], which requires three or more sensor nodes to determine the target’s posi-

tion. Guo proposed a scheme for estimating the position of a target by comparing the 

RSSI values on a sensor node, and exploiting the geometric relationship between the 

node and the trajectory of the mobile beacon. All three schemes employed a mo-

bile-assisted localization approach.  

 

The simulation results in these schemes were evaluated based on the four metrics 

discussed in Section 4.3, and then compared with various parameters discussed in Sec-

tion 4.4. Table 2 shows the effect of the metrics where d = 3, 6, 9, 12, and 15 m (r = 15 m, 

RWP was adopted where DOI = 0). Table 3 shows the effect of the metrics when r = 10, 

15, 20, 25, and 30 m (d = 3 m, RWP was adopted when DOI = 0). Table 4 shows the ef-

fect of metrics on the traversed trajectories SCAN, DOUBLE SCAN, TRIANGLE, and 

RWP). Guo’s scheme adopted the TRIANGLE only. 

 

A. Effect of the average localization error 
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Fig. 7. Average location error versus metrics with different DOI (a)moving distance d  

(b)radius r (c)traversing trajectory. 
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The simulations were performed for these schemes to determine the average locali-

zation errors (Tables 2, 3, and 4). The simulation results showed that the RGL scheme 

nearly outperformed the other schemes based on the average localization error.  

Table 2 shows that identical results were obtained for all schemes; specifically, the 

average localization error gradually increased in conjunction with the moving distance. 

However, the proposed RGL scheme outperformed the other schemes when d < 9 m. By 

increasing d, fewer RSSI values were received from the beacon, thereby reducing the 

localization accuracy. Guo’s scheme obtained similar results to those of the RGL. The 

TRI and ML schemes were less likely to be affected because both were more sensitive to 

the error caused RSSI value generally. For Guo’s scheme, when similar values were ap-

plied to d and r, the errors increased rapidly. 

Table 3. Performance for different transmitting radius (v = 3m/sec, t = 1sec, RWP). 

Radius range (m) 10 15 20 25 30 

Average 

location 

error (m) 

TRI 1.47 1.71 2.6 3.24 4.02 

ML 1.04 1.13 1.43 1.62 2.87 

Guo 1.63 1.54 1.65 1.67 1.62 

RGL *0.87 *0.82 *0.95 *1.14 *1.56 

Average 

execution 

time (sec) 

TRI 10978 7871 4627 6070 5400 

ML 11488 7788 4518 5645 5042 

Guo *6546 *5067 *3478 *2932 *2660 

RGL 10209 7460 4482 5537 4680 

Average 

throughput 

TRI 35.76 47.21 66.74 89.23 116.73 

ML 36.23 50.73 65.12 85.48 99.75 

Guo *10.54 *17.92 *21.37 *27.71 *37.07 

RGL 34.91 46.93 64.86 85.38 90.12 

Average 

energy 

consumption 

TRI 15.39 15.84 12.78 14.91 15.63 

ML 13.76 12.46 14.36 14.08 12.14 

Guo *6.28 *6.72 *6.78 *6.86 *6.96 

RGL 10.72 9.48 9.52 

 

10.2 10.76 

* is the best value 

 

The simulation results in these schemes were evaluated based on the four metrics 

discussed in Section 4.3, and then compared with various parameters discussed in Sec-

tion 4.4. Table 2 shows the effect of the metrics where d = 3, 6, 9, 12, and 15 m (r = 15 m, 

RWP was adopted where DOI = 0). Table 3 shows the effect of the metrics when r = 10, 

15, 20, 25, and 30 m (d = 3 m, RWP was adopted when DOI = 0). Table 4 shows the ef-

fect of metrics on the traversed trajectories SCAN, DOUBLE SCAN, TRIANGLE, and 

RWP). Guo’s scheme adopted the TRIANGLE only. 

Finally, Table 4 shows that all of these schemes obtained identical results; specifi-

cally, the average localization error was less likely to be affected by the any traversing 

trajectory except for TRIANGLE. Because Guo inherently adopts the TRIANGLE tra-
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jectory, the other three trajectories were ignored. The proposed RGL scheme was less 

accurate than Guo’s scheme for the TRIANGLE trajectory because the probability of the 

sensor nodes receiving packets from the beacon is lower; consequently, the accuracy was 

lower. However, when adopting the TRIANGLE scheme, the average localization error 

of the RGL scheme is comparable with that of Guo’s scheme. 

 

B. Effect of the average execution time 

 

Tables 2, 3, and 4 show the average execution time simulation results for all 

schemes. The TRIANGLE trajectory is inherently the shortest route; hence, the average 

execution time of Guo’s scheme is less than that of the other schemes. However, the av-

erage localization error is not the minimal relatedly. Otherwise, TRI, ML and RGL ob-

tained similar average execution times, although those for RGL are more accurate.  

Table 4. Performance for different moving trajector (v = 3m/sec, t = 1sec and r = 12m). 

Moving trajectory H-SCAN V-SCAN DOUBLE TRI RWP 

Average 

location 

error (m) 

TRI 1.29 1.28 1.27 2.56 1.38 

ML 1.04 1.1 1.42 1.56 1.45 

Guo NA NA NA *1.38 NA 

RGL *0.93 *0.92 *0.89 1.49 *0.88 

Average 

execution 

time (sec) 

TRI 11181 11181 23762 3360 9752 

ML 11181 11181 23762 3360 10324 

Guo NA NA NA 3360 NA 

RGL *11181 *11181 *23762 *3360 *9637 

Average 

throughput 

TRI 48.97 48.97 98.14 14.71 40.54 

ML 48.96 48.96 97.92 14.69 38.89 

Guo NA NA NA 14.66 NA 

RGL *48.57 *48.57 *97.14 *14.64 *38.01 

Average 

energy 

consumption 

TRI 20.16 20.16 43.41 9.26 20.04 

ML 15.72 15.72 31.58 14.06 12.86 

Guo NA NA NA 6.68 NA 

RGL *14.44 *14.44 *29.52 *6.6 *12.64 

* is the best value 

 

Table 2 shows that increasing the constant velocity increases, the average execution 

time decreases. When the beacon packet transmission interval is fixed and the speed var-

ies, the mobile beacon traverses a fixed distance to broadcast the packets.  

Table 3 shows that all of these schemes obtained identical results; specifically, the 

execution time gradually decreased when the transmission radius increased. This oc-

curred because a larger radius covers a greater area; thus, more sensor nodes received the 

localization information.  
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Similarly, Table 4 shows identical results for all schemes. Because the V-SCAN, 

H-SCAN, DOUBLE SCAN, and TRIANGLE trajectories have a fixed traversing time, 

the only remarkable difference was observed for RWP. Collectively, the simulation re-

sults in Tables 2, 3, and 4 show that the average execution time for the RGL scheme was 

superior to that of all of the other schemes except Guo. 

 

C. Effect of the average throughput 

 

Tables 2, 3, and 4 show the average throughput simulation results for the discussed 

schemes. Among the schemes, Guo’s scheme obtained the lowest average throughput 

(again, because it adopts only the TRIANGLE trajectory), although the average localiza-

tion error is not the minimal relatedly. 

Otherwise, TRI, ML and RGL obtained similar average throughput results, although 

the RGL is superior for localization accuracy. Table 2 shows that when v increases, the 

average throughput decreases, implying that the beacon traverses a greater distance to 

broadcast the packets; consequently, the sensor nodes receive fewer packets.  

Table 3 shows that all of these schemes obtained identical results; specifically, the 

throughput gradually increased in conjunction with the transmission radius. Again, this is 

attributed to the larger transmission coverage allowing a greater number of sensor nodes 

to receive packets from the mobile beacon.  

Table 4 shows that all of these schemes obtained similar results for all the trajecto-

ries except for RWP because the paths of the other trajectories are predefined. The simu-

lation results in Tables 2, 3, and 4 show that the average throughput of the proposed RGL 

was superior to the others schemes except Guo. 

 

D. Effect of the average energy consumption 

 

Finally, Tables 2, 3, and 4 show the simulation results for the average energy con-

sumption. Most of the energy was consumed by the sensor nodes computing the estimat-

ed position. However, all of these schemes employ quadratic equations to calculate the 

estimated position. Consider a complete localization estimation as a single operation. To 

provide an objective comparison, energy consumption is based on the number of refer-

ence nodes that are required to calculate a known position for every operation. For a sin-

gle operation, the TRI scheme requires three reference nodes to calculate one operation, 

whereas the ML scheme requires eight reference nodes when a node was passing four 

times with different path numbers by a mobile beacon.  

The results in Table 2 show that the energy consumption of the TRI and ML meth-

ods gradually decreased as the moving distance increased (both schemes require only a 

few reference nodes). Conversely, the RGL scheme is difficult to localize and requires 

more time as the moving distance increases, thereby increasing the probability of the 

sensor node repeating localization.  

Table 3 shows that increasing the transmission radius appears to exert no effect on 

energy consumption because the greater coverage allows the sensor nodes to be com-
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pletely localized, thereby slightly improving the time-efficiency, while causing a minor 

increase in error estimation.  

Tables 4 shows that among the trajectories, TRIANGLE achieved the fastest execu-

tion time; thus, the energy consumption is lower. Tables 2, 3, and 4 show that Guo ob-

tained superior energy consumption results. However, if the RGL scheme adopts the 

TRIANGLE trajectory, the results are comparable (Table 4).  

This discussion shows that the performance and localization accuracy of the pro-

posed RGL scheme were superior. 

5. CONCLUSIONS 

In this paper, an efficient RGL scheme was presented for locating sensor nodes and 

achieving fine-grained accuracy by employing range-free and RSSI-based localization 

schemes. All computations were performed locally; thus, the mechanism is distributed, 

scalable, effective, and energy-efficient. The proposed technique is supported by a mo-

bile beacon with a GPS. The beacon moves along a specific trajectory and periodically 

broadcasts current information. Each sensor node receives the packets without interacting 

with other nodes for localization information. The distributed computation of node posi-

tion involving elementary operations allows the system to operate while consuming 

minimal power. The experimental results were based on various parameters (e.g., locali-

zation error, execution time, system throughput, and energy consumption), showing that 

the performance of the proposed RGL scheme outperforms well-known RSSI-based lo-

calization schemes. 
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