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Abstract 

Due to its low implementation cost, the combination of the Received Signal Strength (RSS) with the 
Angle of Arrival (AOA) measurements is one of the solutions for Radio Frequency (RF) source 
localization, especially in a Non-Line of Sight (NLOS) environment. It is critical to determine the search 
space for a person who is lost in rural areas where the mobile network is unavailable due to a lack of Base 
Tower Stations (BTS) in order to reduce search time. In this paper, we introduce a new beacon-based 
approach for RF source localization, where the RF signal is received in NLOS after 1-bounce reflection, 
by combining the information coming from both the RSS-AOA sensors and the beacons, which are used 
as helpers- that move along a determined path. The proposed approach relies on determining the 
reflector’s pose first, after which the RF source is localized. The work has been verified in simulation and 
the Root Mean Square Error (RMSE) is used as a performance metric for RF source localization. Results 
show that our proposed approach has the lowest RMSE among localization methods mentioned in the 
literature under the same conditions.  

Keywords: Beacon-based approach, NLOS environment, RF source localization, Rural areas, Search and 
rescue missions 

 
 

Introduction 

Localization has broad civilian and military applications, such as search and rescue missions [1,2]. 
Nowadays, mobile phones have become a major medium of communications. Since they are used by 
everyone, then their known signals’ power can be used in target localization missions [3]. When a mobile 
phone is out of service, its signal drops out, and the classical mobile phone localization methods based on 
BTS towers such as the Enhanced-Lateration technique, introduced in [4], cannot be used. Therefore, 
researchers proposed new approaches for search and rescue missions in outdoor environments, based on 
the RF source’s signals, as introduced in [5,6]. In such cases, time is critical, and S&R missions may 
become worthless and futile [7].  

When the target’s signal is received directly, the localization can be performed using some methods 
such as Time of Arrival (TOA), Time Difference of Arrival (TDOA), Received Signal Strength (RSS) 
and Angle of Arrival (AOA). For instance, the authors in [8] show that 3 TOA receivers are enough to 
determine the target position in 2-D space in LOS condition, based on the tri-lateration method. 
Moreover, TDOA is used with the given that the receivers are synchronized, which is hard to implement 
[9,10].  

Due to the low implementation cost, RSS is widely used as one of the localization methods; it 
measures the strength of the coming signal, where the distance from the RF source to the receiver can be 
calculated, assuming the known signal’s frequency. Another method is DOA. It is based on the direction 
of the coming signal, wherein 2 receivers are needed to determine the intersection point from the bearings 
toward the target. Although the mentioned methods are used for LOS RF source localization with high 
accuracy, they are considered less efficient methods for an NLOS environment due to the errors coming 
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from the reflector(s) between the RF source and the receiver. As a result of the blocking of the LOS 
between the RF source and the receiver, this problem is regarded as a difficult one. The RF source 
localization in the NLOS environment is introduced in [11-14], in which the authors proposed many 
methods to handle the problem. For that issue, methods can be divided into 2 major categories. The first 
one is a combination of 2 or more traditional methods, such as the combination of AOA and RSS [15,16]. 
The other is shown in [16] where the authors propose a hybrid TOA/AOA cooperative localization for 
NLOS RF sources. 

Beacon-based approaches are the other category of localization methods, especially for the NLOS 
environment [17-21]. In localization missions, beacons act as helpers which are aware of their positions; 
they transmit signals with known power, used in comparison to the signal received from the RF source 
that should be localized. In such conditions, the number of beacons and their types should be determined, 
in addition to their placements if stationary, or their paths if moving.  

In recent decades, beacons have been widely used as helpers in localization problems, especially in 
the NLOS environment. For instance, each member of the rescue team can act as a beacon with a known 
position aware of an RF source helping in the localization of the target and reflector. The challenge is to 
minimize the number of needed beacons to localize both the reflector and RF source, with high accuracy. 
In addition, beacon placement should be taken into consideration due to the high number of beacons 
needed to cover a large search space. In some papers, authors propose a determined number of fixed 
beacons for localizing a target [19-21]. However, other dissertations propose the use of moving beacons 
[22-24]. For localizing a target using beacons, the type of needed beacons and their numbers are related to 
the area of the search environment. For instance, random beacons can be installed in a small search area 
or for indoor localization. However, for outdoor localization, the number of needed beacons grows 
exponentially. For small and indoor areas, Unmanned Aerial Vehicles (UAVs) that can be moving 
beacons cannot be easily used. 

The difference between our proposed approach and other methods, such as the method introduced in 
[25], is that we have only 1 receiver, and the RF source is localized using 1 observation. However, in that 
paper, the authors supposedly used 3 receivers to localize the RF source.  

The main contribution of this paper is to propose a new RF source localization approach for the 
NLOS environment, using a single receiver and 2 moving beacons. By using a stationary receiver that 
rotates to determine the RF source signal’s bearing, the distance from the RF source to the receiver is 
determined based on the information coming from the RSS sensor, assuming an appropriate path loss 
model. In such a scenario, the search space is determined, in which its perimeter is a circle with the 
receiver’s pose as its center, and the distance from the receiver to the RF source as its radius. Two moving 
beacons are needed in which their paths are determined w.r.t the search space, as described in the 
localization approach section. When beacons move, there exist unique positions in which they should be 
received by the same receiver in the same angle of arrival as the RF source’s signal, assuming that no 
reflectors/obstacles exist between the RF source and beacons. 

The rest of the paper is organized as follows. In section 2, we introduce the NLOS RF source 
localization issue in an outdoor environment. Then, we propose a new beacon-based approach for 
determining the search space for R&S missions. Section 3 shows our localization approach in detail in 
which the beacons’ paths are determined. In the result section, we evaluate our proposed method, 
comparing it with existing methods, and finally, we present a conclusion of our findings. 

 
Problem formulation 

We consider that an RF source’s signal is received in NLOS condition, after 1 bounce reflection, 
through an unknown reflector in an outdoor area. The known power of the RF signal is received by an 
RSS receiver, in which the signal’s bearing is determined using an AOA sensor. From RSS, the distance 
to the RF source is determined, assuming a proper path loss model. Hence, the distances from the RF 
source to the receiver and the AOA of the received RF’s signal are now known. To decrease the search 
time, the determination of the search space is the first step of the search mission to locate the lost person 
(through the equipped RF source’s signal) as fast as possible.   

In the 2-D space, the RF source and the receiver are described by 𝐗�𝑅𝐹 = (𝑥�𝑅𝐹 ,𝑦�𝑅𝐹)𝑇 and 𝐗𝑟𝑒𝑐 =
(𝑥𝑟𝑒𝑐 ,𝑦𝑟𝑒𝑐)𝑇  respectively. Based on the calculated distance from the RF source to the receiver noted by 
�̂�𝑟𝑒𝑐−𝑅𝐹, the search space is determined; it is a circle of center 𝐗𝑟𝑒𝑐 and radius �̂�𝑟𝑒𝑐−𝑅𝐹. For the extremum 
conditions, i.e., when the reflector is near the receiver or the RF source, which is approximately a LOS 
condition, the RF source is supposed to be at the perimeter of the search space. Nevertheless, with the 
reflector noted by 𝐗�𝑟𝑒𝑓 = �𝑥�𝑟𝑒𝑓,𝑦�𝑟𝑒𝑓�

𝑇
, the RF source is inside the search area as seen in Figure 1. 
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Table 1 Important notations used in this paper. 

Symbol Definition  

X�𝑅𝐹 The RF source’s position 

X�𝑟𝑒𝑓 The position of the reflector that reflects the RF source’s signal 

X𝑟𝑒𝑐 The receiver’s position/sensor 

α The RF signal’s bearing received by the receiver 

𝜃� The reflector’s orientation 

�̂�𝑟𝑒𝑐−𝑟𝑒𝑓 The distance between the receiver and the reflector that reflects the RF’s signal 

�̂�𝑟𝑒𝑓−𝑅𝐹 The distance between the reflector and the RF source 

X𝑏𝑒𝑎1 The first beacon’s position 

X𝑏𝑒𝑎2 The second beacon’s position 

∅ angle of diffraction of the RF source’s signal in rad 
 
 
 Here, using beacons, the RF source can be localized. The challenge is to determine the needed 
beacons and their positions (if stationary) or their paths (if moving), where they act as helpers aware of 
their positions; the proposed approach is introduced in the third section. 

For the convenience of readers, the notations used in this paper are summarized in Table 1. In that 
table, some symbols are known a priori, however, the other variables that should be determined are noted 
with “^” above them. The subscripts of the distances noted by 𝑑𝑖−𝑗 describe the distance from i to j, 
respectively. 

 
 

 
Figure 1 Since the LOS between the receiver and the RF source is blocked due to the existence of an 
obstacle, the signal coming from the RF source (X�𝑅𝐹) is received by the receiver sitting at X𝑟𝑒𝑐 through 
the reflector X�𝑟𝑒𝑓 (after 1-bounce reflection), which is considered a perfect reflector. The angle of 
observation of the RF source’s signal is α, and the angle of the reflector is θ. The distance between the RF 
source and the receiver (i.e., �̂�𝑟𝑒𝑐−𝑅𝐹.) is divided into 2 parts (�̂�𝑟𝑒𝑐−𝑟𝑒𝑓. and  �̂�𝑟𝑒𝑓−𝑅𝐹.), thus, the search 
space, in which the target is in, is the circle of center X𝑟𝑒𝑐 and radius �̂�𝑟𝑒𝑐−𝑅𝐹. 
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Localization approach 

For a known power of the RF source’s signal, the difference between the received power and the 
transmitted one leads to the signal losses is determined by: 

 

𝑃𝑡 − 𝑃𝑟 = 𝐿𝑜𝑠𝑠𝑡𝑜𝑡𝑎𝑙 (1) 
 
in an NLOS environment, the RF signals are under multipath and shadowing influences, in which they 
propagate after reflection, diffraction, penetration, and scattering. In these conditions, the receiver 
receives different signals from different orientations at different times. All these losses are introduced in 
[5,26] and the total loss can be determined by: 
   

𝑠𝑠𝑡𝑜𝑡𝑎𝑙 = 𝑃𝐿 + 𝑃𝐷 + 𝑒(𝜎) (2) 
 
where PL is the path loss, DL is the diffraction loss, and 𝑒(𝜎) can be modeled as a Gaussian random 
variable with normal standard deviation 𝜎 to approximate the effects of shadowing, multipath fading and 
penetration.  
 
For path loss (𝑃𝐿), many models are proposed [27], one of them is: 
 

𝑃𝐿 = 32.45 + 20log(f) + 20log(�̂�𝑟𝑒𝑐−𝑅𝐹)     (3) 
 
in which  f  is the frequency of the transmitted signal in MHz, and �̂�𝑟𝑒𝑐−𝑅𝐹 is the distance from the RF 
source to the receiver in km. Due to the effects of reflection model,  |ψ| can be added to (3); it describes 
the signal absorption value; it is from 0 (if the signal is totally absorbed) to 1 (if the signal is fully 
reflected):  
 

𝑃𝐿 = 32.45 + 20log(f) + 20log(�̂�𝑟𝑒𝑐−𝑅𝐹)  - 20log|ψ| (4) 

 
the model of DL can be determined from [5]: 
 

𝐷𝐿 = 6.9+ 20log(�(𝑏 − 1)2 + 1+b-1)    (5) 

 
in which 

𝑏 = 2.583∅�
𝑓�̂�𝑟𝑒𝑐−𝑟𝑒𝑓�̂�𝑟𝑒𝑓−𝑅𝐹

�̂�𝑟𝑒𝑐−𝑅𝐹
 (6) 

  
in Eq.(6), ∅ is the angle of diffraction in rad, �̂�𝑟𝑒𝑐−𝑟𝑒𝑓 describes the distance from the receiver to the 
reflector and �̂�𝑟𝑒𝑐−𝑅𝐹 is the distance from the reflector to the RF source, in which: 

 
�̂�𝑟𝑒𝑐−𝑅𝐹 = �̂�𝑟𝑒𝑐−𝑟𝑒𝑓 + �̂�𝑟𝑒𝑓−𝑅𝐹 (7) 

 
the diffraction angle ∅ (in rad) depends on reflector height, it is calculated by: 
 

∅ =
ℎ𝑿𝑟𝑒𝑓  −  ℎ𝑿𝑅𝐹

�̂�𝑟𝑒𝑓−𝑅𝐹
+
ℎ𝑿𝑟𝑒𝑓  −  ℎ𝑿𝑟𝑒𝑐
�̂�𝑟𝑒𝑐−𝑟𝑒𝑓

  (8) 

 
in which ℎ𝑿𝑟𝑒𝑓 is the height of reflector, and ℎ𝑿𝑅𝐹 and ℎ𝑿𝑟𝑒𝑐  are the heights of the RF source and the 
receiver, respectively. 
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For 1 bounce reflection, where the RF signal is received after a single reflection, the distance from 
the receiver to the RF source, i.e., �̂�𝑟𝑒𝑐−𝑅𝐹, can be concluded using (4). Thus, the reflector should be 
placed along the observation line for a moving beacon that moves along the perimeter of the search space 
(as shown in Figure 2, the search space is the circle of center X𝑟𝑒𝑐 and radius �̂�𝑟𝑒𝑐−𝑅𝐹), and it should be 
received by the same receiver X𝑟𝑒𝑐 in the same direction of the RF source. When the beacon’s signal is 
received, its position is determined (X𝑏𝑒𝑎1). Another beacon moves along a circle with the same center 
(i.e., X𝑟𝑒𝑐) but a different radius, let’s say 𝑅 =  �̂�𝑟𝑒𝑐−𝑅𝐹 + 𝑑, where 𝑑 is chosen randomly. The same 
receiver detects the other beacon in another position, i.e., X𝑏𝑒𝑎2. Therefore, the line formed by these 
beacons intersects with the observation line and leads to the true position of the reflector. 

 

 

 
Figure 2 When the beacons 𝑋𝑏𝑒𝑎1 and 𝑋𝑏𝑒𝑎2 signals are received by the same receiver 𝑋𝑟𝑒𝑐, the reflected 
line is determined. The intersection of the reflected line with the observation line leads us to determine 
the reflector pose. Since there is a 1-bounce reflection, the RF source is localized, assuming that its 
distance from the receiver is determined using a proper path loss model. 

 
 
The observation line is determined by the position of the receiver and the angle of arrival of the RF 

source’s signal, in which its equation is described in (9): 
 
𝑙𝑟𝑒𝑐−𝑟𝑒𝑓:𝑦 = tan(𝛼) 𝑥 + 𝑦𝑟𝑒𝑐 − 𝑥𝑟𝑒𝑐 tan(𝛼)      (9) 
 
the line formed by the 2 beacons is the reflected line, and described by: 
 
𝑙𝑟𝑒𝑐−𝑟𝑒𝑓:

𝑦 − 𝑦𝑏𝑒𝑎1
𝑦𝑏𝑒𝑎2 − 𝑦𝑏𝑒𝑎1

=
𝑥 − 𝑥𝑏𝑒𝑎1

𝑥𝑏𝑒𝑎2 − 𝑥𝑏𝑒𝑎1
            

(10) 
  
in which X𝑏𝑒𝑎1 = (𝑥𝑏𝑒𝑎1,𝑦𝑏𝑒𝑎1)𝑇  and  X𝑏𝑒𝑎2 = (𝑥𝑏𝑒𝑎2,𝑦𝑏𝑒𝑎2)𝑇  are the coordinates of the 2 beacons 
when received by the receiver in the world frame. 

 
As shown in Figure 2, the intersection of  𝑙𝑟𝑒𝑐−𝑟𝑒𝑓 and 𝑙𝑟𝑒𝑐−𝑅𝐹 leads to the reflector’s placement. In 

that figure, for 1-bounce reflection, the reflector is along the observation line. The 𝑅𝐹 source 𝑅𝐹1, 𝑅𝐹2 
and 𝑅𝐹3 are examples of possible positions of the true RF source, where all these RF sources’ positions 
satisfy the conditions of the AOA’s RF signal (i.e., 𝛼) and the total distance between the RF source and 
the receiver (i.e., �̂�𝑟𝑒𝑐−𝑅𝐹). Suppose that the true position of the RF source that should be localized is 𝑅𝐹3, 
then the beacons at positions X𝑏𝑒𝑎1 and X𝑏𝑒𝑎2 that are received in the same direction as the RF source 
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form a line (the red line in Figure 2). Thus, the reflector X�𝑟𝑒𝑓 is determined by the intersection of the 
reflected line and the observation line. Knowing the reflector leads us to localize the RF source using Eqs. 
12(a) - 12(b). 

As shown in Figure 2, the orientation of the reflector, i.e.,𝜃�, can be determined when the reflected 
line’s orientation is determined (𝛽). The reflected line’s orientation is deduced from the bearing of the 
line stretching along the 2 beacon’s points, with respect to the x-axis, where 𝛽 = 180 − (2𝜃� − 𝛼), then: 
 

𝜃� =
180 − (𝛽 − 𝛼)

2
 (11) 

 
thus, the position of the RF source is determined by: 
 
𝑥�𝑅𝐹 = 𝑥𝑟𝑒𝑐 + �̂�𝑟𝑒𝑐−𝑟𝑒𝑓 cos(𝛼) + �̂�𝑟𝑒𝑓−𝑅𝐹cos (𝛽)  
 

     (12a) 
 

𝑦�𝑅𝐹 = 𝑦𝑟𝑒𝑐 + �̂�𝑟𝑒𝑐−𝑟𝑒𝑓 sin(𝛼) + �̂�𝑟𝑒𝑓−𝑅𝐹sin (𝛽)       (12b) 
 
with �̂�𝑟𝑒𝑐−𝑟𝑒𝑓 = �(𝑥�𝑟𝑒𝑓 − 𝑥𝑟𝑒𝑐)2 + (𝑦�𝑟𝑒𝑓 − 𝑦𝑟𝑒𝑐)2 is the distance from the receiver to the reflector, and 
�̂�𝑟𝑒𝑓−𝑅𝐹 = �̂�𝑟𝑒𝑐−𝑅𝐹−�̂�𝑟𝑒𝑐−𝑟𝑒𝑓 is the distance from the reflector to the RF source.  
 

It is important to notice that the fading of the RF signal is due to multiple reflections. However, the 
proposed approach can be used for multiple reflections issues, in which the distance between the RF 
source and the beacon is determined. The same localization concept is applied, but the reflectors cannot 
be localized. The distance and the orientation of the RF source w.r.t the beacons are determined, and the 
RF source is localized. 
 
Results and discussion 

In the simulation, our measurements are the angle of arrival of the signal, i.e. α taken from the AOA 
sensor, and the distance between the RF source and the receiver, i.e.  �̂�𝑟𝑒𝑐−𝑅𝐹 which is determined from 
the path loss model described in Eqs. (1) - (6). The values of the measurements are chosen randomly and 
the standard deviations 𝜎𝑑�𝑟𝑒𝑐−𝑅𝐹 and 𝜎𝛼 for �̂�𝑟𝑒𝑐−𝑅𝐹  and α, respectively, are performed differently for 
each run.  

Because of the complicated terrain of rural areas, the RSS and AOA measurements are assumed to 
be inaccurate enough. However, the main idea of the work is to determine the distance between the RF 
source and the receiver and the AOA of the RF signal. Hence, the noises of the RSS and AOA 
measurements are applied in the distance and angle calculations. Considering 0 mean Gaussian noises 
with variances  𝑣(�̂�𝑟𝑒𝑐−𝑅𝐹) and 𝑣(α): 

 
α = α + 𝑛𝛼 
 

     (13a) 
 

�̂�𝑟𝑒𝑐−𝑅𝐹, =�̂�𝑟𝑒𝑐−𝑅𝐹 + 𝑛𝑑�𝑟𝑒𝑐−𝑅𝐹 ˆ
ˆ ˆ

rec RF
rec RF rec RF d

d d n
−

− −= +       (13b) 

 
where 𝑛𝑑�𝑟𝑒𝑐−𝑅𝐹 = 𝑁(0, 𝑣(�̂�𝑟𝑒𝑐−𝑅𝐹)) and 𝑛𝛼 = 𝑁(0, 𝑣(𝛼)). 
 

The Root Mean Square Errors or RMSEs of the RF source, assuming noisy measurements for both 
the distance from the RF source to the receiver and the angle of arrival of the signal, are shown in Figures 
3 and 4, respectively. In Figure 3, the distance from the RF source to the receiver is between 2 and 20 km 
(to mimic a real rescue mission). Furthermore, Figure 4 described the angle of arrival, in which it is 
assumed to be from 20 to 70° (to prevent the full absorption of the signal due to the limited angle of 
reflection for RF signals, based on the reflector’s type). For these measurements, Gaussian noises with 0 
means and random standard deviations are applied, and the RMSE of each value is calculated after 100 
runs. Figure 4 shows that, based on our proposed approach, the maximum RMSE when locating the RF 
source for a distance 20 km from the RF source to the receiver is 0.46 km. 
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Figure 3 The RMSE of the RF source versus the distance from the RF to the receiver, assuming multiple 
standard deviations for different values of distances. 

 
 

 
Figure 4 The RMSE of the RF source versus the angle of arrival of the RF’s signal, assuming multiple 
standard deviations for different values of α. 
 
 

In Figure 4, the distance between the RF source and the receiver was fixed at 20 km, but the angle 
of arrival of the RF source’s signal was tested for different values and different standard deviations. The 
results show that although the distance is at the maximum (20 km), the RMSE of this case is lower than 
the case shown in Figure 3 (the maximum RMSE shown in Figure 4 is 0.3 km), which means that the 
proposed approach is resistant to the noisy AOA measurements.  
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Figures 3 and 4 show that although there exist noises while determining the AOA of the received 
signal, and the distance from the RF source to the receiver, the RF source and the reflector can be 
localized with good and acceptable precision in ambiguous areas, instead of unique positions.   

A real scenario is proposed in Figure 5: Based on the RF source’s signal, received from a lost 
person, the distance from the RF source to the receiver is calculated, �̂�𝑟𝑒𝑐−𝑅𝐹 = 5 km, and the angle of 
arrival of the RF source’s signal is 𝛼 = 45°, when the receiver is sitting at the origin of the world frame.  

 
 

 
Figure 5 A scenario of finding an RF source using 2 beacons that move along the desired paths when the 
RF source’s signal is received after 1-bounce reflection. The angle of arrival of the signal is 45° and the 
distance calculated from the RF source to the receiver is 5 km. The perimeter of the search space is shown 
as the black-dotted circle, and the determined position of the RF source (assuming noisy measurements) 
is shown as the blue star, instead of the red star. 

 
 
As shown in Figure 5, it is clear that due to the noises in measurements, the direction of the 

reflected line (the line lying along the beacons’ positions) shifted a little, and caused a drift in the position 
of the reflector. Thus, the position of the RF source, that depends on the reflector’s orientation and 
position, is determined in an ambiguous area around its true position (the determined position of the RF 
source is nearly 100 m away from its true position, for a distance of 5 km from the RF source to the 
receiver), due to the error emanating from the localization of the reflector. 

 
 

Table 2 Comparison of RMSE of our proposed approach against some methods introduced in other 
papers, for the same distances between the RF source and the receiver, in NLOS environment. 

Methods 𝒅�𝒓𝒆𝒄−𝑹𝑭 in km RMSE(𝑿�𝑅𝐹) in km 
Simultaneous target localization and obstacle [28] 10 - 20 1.18 - 1.49 
Beacon-based method introduced in [5] 9 - 15 0.175 - 0.66 
RSS/DOA combination method used in[6] 3 - 10 0.18 - 0.69 
SLUS method introduced in [26] 10 1.1016 
Our proposed approach 3 - 20 0.144 - 0.52 
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Table 2 shows a comparison in RMSE of the RF source position between different methods used 
for RF source localization, assuming the same distances between the RF source and the receiver for 
NLOS environment. The results show that our proposed approach has a lower RMSE for a distance up to 
20 km, with its performance validated through simulation. 

 
Conclusions 

In this paper, we introduced a novel beacon-based approach for localizing an RF source when its 
signal is received by a single stationary receiver in an NLOS environment after a 1-bounce reflection. The 
method relies on determining the search space in which the RF source is, and the search paths for the 
beacons to localize both the reflector and the RF source. By receiving the signals coming from the 2 
beacons (that act as helpers, which can be elements of the Search and Rescue team) that move along 
determined paths, the reflector is localized, and the bearing of the RF source and its position are 
determined. Although some assumed parameters may have impacts on the localization approach, it is 
confirmed that our proposed approach is able to localize an RF source with an acceptable boundary of 
error. We evaluated the performance of our proposed approach in simulation, considering the RMSE of 
the RF source’s position as the performance metric, and compared the results with other localization 
approaches. The presence of reflectors and obstructions between the RF source and the beacons should be 
analyzed in the future. Additionally, we intend to test the proposed approach in a real-world scenario to 
demonstrate its efficacy in search and rescue missions. 
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