
Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 02, June 2025     1 

Iranian Journal of Electrical and Electronic Engineering 02. (2025) 3650  

 

Feasibility Analysis of Indoor 3D Localization System with 
UWB Using Least Squares Trilateration 
Muhamad Naqib Mohd Shukri*, Syed Muhammad Mamduh Syed Zakaria**(C.A.), Ahmad Shakaff Ali Yeon*, 
Ammar Zakaria*, Latifah Munirah Kamarudin** 

 Abstract: Accurate 3D Localization is very important for a wide range of applications, 
such as indoor navigation, industrial robotics, and motion tracking. This research 
focuses on indoor 3D positioning systems using ultra-wideband (UWB) devices.  Two 
localization experiments were conducted using the Least Squares Trilateration method. 
In the first experiment, anchors were at the same height, while in the second, they were 
at varying heights. The lowest percentage errors in the first experiment were 0% at the 
x-axis, 0.21% at the y-axis, and 19.75% at the z-axis. In the second experiment, the 
lowest percentage errors in the experiment were 1.98% at the x-axis, 0.68% at the y-
axis, and 17.86% at the z-axis, demonstrating improved accuracy with varied anchor 
heights at the axis. This work shows the z-axis measurements are unreliable and noisy 
due to the limited intersection of signal waves of each anchor in a same height anchors 
setup. 
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1  Introduction 

N many applications, including monitoring, 
warehouse management systems, indoor navigation, 

and rescue operations, localization has grown in 
significance. These initiatives demonstrate how accurate 
location awareness is necessary to get the best outcomes. 
As a result, numerous methods and technologies targeted 
at precisely estimating target positions have undergone 
tremendous development [1]. Furthermore, there has 
been a significant convergence of technology with the 
sports and health industries in the domains of "smart 
sports" and "technological sports." Through this 
combination, high-tech solutions in the fitness and 
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competitive sports domains are integrated and 
digitalized, leading to advancements in localization and 
positioning [2]. Because there is a high demand for a 
system that is ideal and not dependent on environmental 
conditions, indoor positioning has always been of great 
interest. Both accuracy and power efficiency are 
important performance requirements for these 
positioning techniques, with the latter depending on the 
particular use case for example, because vehicular access 
systems are usually battery-powered and must function 
for prolonged periods of time without frequent 
recharging, they require low power consumption on the 
tag side (e.g., car keys) [3]. Range, another name for 
distance measurement, is a key element in localization. 
Accurate time-of-flight (ToF) and time-difference-of-
arrival (TDoA) measurements are difficult to obtain, 
though, for several reasons. Radio frequency signals 
must be timed with nanosecond to picosecond precision 
because they travel at the speed of light [13], [17]. 
Received-signal-strength (RSS), angle-of-arrival (AoA) 
[7], time-of-arrival (ToA) [8], [9], and time-difference-
of-arrival (TDoA) [10], [11] are examples of common 
parameters for localization [15]. While the AoA method 
has limited application and requires an antenna array at 
every anchor, the RSS method is not sensitive to the 
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channel environment. A sequence of time-stamp 
messages is exchanged between the anchor and the agent 
in the ToA and TDoA methods [16], [18]. By using time 
measurements, these time stamps enable the presentation 
of the ranging relationship between sensor nodes [20]. 
Nanosecond baseband narrow pulses are used in ultra-
wideband (UWB) positioning technology, which 
functions as a carrier-free communication system [1]. 
Centimeter-level positioning accuracy is made possible 
by the high time resolution of UWB signals, which also 
greatly reduces system complexity and power 
consumption. UWB is distinguished from other 
positioning technologies by its low power consumption, 
low system complexity, high multipath resolution, and 
improved system security when compared to Bluetooth, 
Wi-Fi, Ultrasonic, RFID, and GNSS. The UWB 
technology widespread use in indoor and outdoor 
positioning applications can be attributed to these 
benefits [4]. An infrastructure-based indoor localization 
system typically consists of a target transceiver that is 
attached to the object that needs to be localized and a 
network of anchor transceivers that are fixed in place. 
This configuration, which is frequently used with UWB 
devices, shows how UWB technology can be applied 
practically to achieve accurate and effective localization 
[14]. The UWB radio is well-suited for indoor 
communications due to several features, including high 
immunity against wireless network interference and low 
susceptibility to multipath interference [5, 10]. Installing 
a UWB module (tag) on a person or object allows it to 
send ranging requests to fix UWB nodes at 
predetermined locations, or anchors, to achieve 3D 
positioning. Next, using anchor positions and tag 
distance measurements, the tag's position is determined 
[5]. Nevertheless, achieving high localization accuracy 
in diverse environmental scenarios remains a significant 
challenge. Although the accuracy of UWB-based 
localization systems could be improved, the Least 
Squares Trilateration method has not gotten enough 
attention in the literature up to this point. It is possible to 
achieve notable improvements in high-precision 
localization in complex environments by implementing 
and evaluating this strategy. Furthermore, it is 
imperative to investigate the effects on the z-axis value 
when the anchor height is at the same level and the 
anchors with various levels of height, as this may have a 
major bearing on the precision of 3D positioning. In this 
study, the localization experiment was conducted using 
UWB tags and UWB anchors device to collect data. The 
location of the tag will measure using time of flight 
(ToF) [19]. The experiment is conducted indoors. A 
localization engine is used to calculate the position of 
the UWB tag x, y and z, using intersection radius of each 
anchor that detects the tag like in Figure 1. 

 
Fig.1. The Intersection radius of each anchor for tag 

detection [5] 

2 Methodology 

2.1 UWB Hardware 
The experiment was conducted based on indoor mode in 
the research lab. The location of anchors was measured 
using a measuring tape. The tag was mounted on a 
tripod. The position of the tag varies for each experiment 
run, where each position is measured using a measuring 
tape to obtain its actual position. The number of tags 
used in each experiment is one tag. The tag and the 
anchor used in this work are shown in Figure 2. The one 
of the anchors (main anchor) is connected to a laptop via 
USB to enable data collection using a flutter-based 
software. The software was used to collect the time of 
flight (ToF) data of between each anchor with the tag. 

(a)                             (b) 

Fig.2. Figure (a) is the UWB Tag [8] meanwhile (b) is the 
UWB anchor [8] used to transmit and receive signal to 

detect tag radius. 

The UWB Tag in Figure 2(a) can be used for person and 
object tracking using long range UWB technology that 
operates outside congested wi-fi bands signal. It utilizes 
UWB radio bands, operating in 3 to 7 GHz range, 
compliant with the IEEE 802.15.4a standard. The UWB 
tag is powered by 500mAH LiPo battery. The device has 
accuracy for indoor localization within 20 centimeters 
(cm). In general, for indoor environments, the maximum 
measuring range is 30 meters at 6.8Mbps. In an obstacle 
filled environment, the UWB radio signals can penetrate 
the obstacles, allowing for a true 3D tracking 
environment across an entire building. However, the 
experiments in this work were set up to specifically 
minimize the effects of signal degradation by obstacles 
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where the anchors and the tag were place inside a room 
with minimal human interference. The UWB radio also 
ensures a reliable connection, serving as a data backhaul 
for bi-directional secured communication, and it 
operates on globally permitted unoccupied frequencies 
outside the Wi-Fi spectrum. [8] 

The UWB Anchor, system is infinitely scalable for large 
deployments and operates wirelessly, using globally 
allowed frequencies that are outside congested Wi-Fi 
band signals. The UWB Anchors incorporates a Qorvo 
UWB radio operating in the 3 to 7 GHz range, compliant 
with the IEEE 802.15.4a standard, it provides indoor and 
outdoor localization with an accuracy of less than 10 cm. 
The typical outdoor range for the UWB system extends 
up to 300 meters at 6.8 Mbps and have special 
electronics to enhance the sensitivity and selectivity of 
the radio transceiver. The UWB radio ensures a reliable 
connection, serving as a data backhaul for bi-directional 
communication, and operates on globally permitted 
'unoccupied' frequencies outside the Wi-Fi spectrum. [8] 

2.2  Experiment with Same Anchors Height 
In this experiment, all anchors will be arranged in their 
designated positions while maintaining the same height. 
This setup will evaluate the performance of the 
localization engine using the Least Squares Trilateration 
method when the z-axis remains constant.The 
illustration arrangement of the anchor’s location and 
tag’s location is shown in Figure 3, for Experiment 1 tag 
position at (2000,1600,1650) Experiment 2 tag position 
at (3000,3300,525) and Experiment 3 tag position at 
(1500,5800,1000). 

 
Fig.3. Project setup for fixed anchors position with same 

height for Experiment 1 is tag position at (2000,1600,1650) 
Experiment 2 tag position at (3000,3300,525) and 
Experiment 3 tag position at (1500, 5800,1000). 

During each experiment, the tag transmitted its ToF 
measurement from each anchor every 5ms and received 
by the main anchor for data collection. It takes 80ms to 
complete 1 cycle of ToF measurement from all 8 
anchors. Each experiment was conducted for 3 minutes 
and data that is not in the range of 0 to 6000 mm is 

discarded. The localization method uses the Least 
Squares Trilateration method as the localization process 

2.3 Experiment with different Anchors Height 

This experiment involves changing the arrangement of 
the anchors and tag to see the performance when the tag 
is far from anchor than before. Varying their heights of 
anchors to assess whether differing the z-axis leads to 
any improvement in the results. Figure 4 show the 
illustration arrangement of the anchor’s location and 
tag’s location for this experiment. There is three 
experiments with fixed position of anchors with variable 
tag positions. Experiment 1 tag position at (2200,4950,0) 
Experiment 2 tag position at (2200, 3300,1000) and 
Experiment 3 tag position at (4400,-500, 0). 

 
Fig.4. Project setup for fixed anchors position with 
different height, for Experiment 1 is tag position at 
(2200,4950,0) Experiment 2 tag position at (2200, 

3300,1000) and Experiment 3 tag position at (4400,-500, 0).
  

Each experiment will repeat 3 times to ensure reliable 
and accurate results, experiments are repeated to identify 
anomalies, minimize the impact of random errors, and 
establish a stronger statistical foundation for drawing 
conclusions. 

2.4 Least Squares Trilateration Method 

Using localization engine, which is Least Square 
Trilateration method the information needed is the 
location of each anchor and the distance of each anchor 
with tag. From ToF value data from UWB devices, the 
Eq. (1) below is used to convert ToF to distance value. 
[9] D is distance, C is speed of light but in this work, C 
is replaced by manufacturer provided ToF to distance 
conversion coefficient value which is 4.617. Each 
experiment was conducted for 10 minutes torecord more 
data and data that is not in the range of -600mm to 6000 
mm is discarded, with this range the negative data also 
can be collected. 
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𝐷𝐷 = 𝑇𝑇𝑇𝑇𝑇𝑇 × 𝐶𝐶      

 

Find the unknown parameters x, y, z, and r using 
trilateration equation as shown in Eq. (2): 

 

(𝑥𝑥 − ax)2 + (𝑦𝑦 − ay)2 + (𝑧𝑧 − az)2 = d2 

where: 

x, y, z: The unknown coordinates of the tag being 
localized. 

ax ,  ay ,  az: known coordinates of an anchor. 

d: The measured distance between the tag and the 
anchor. 

 

Optimization Using Least Squares in Eq. (3): 

 

𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = ∑ (�𝑥𝑥 − 𝑎𝑎𝑥𝑥,𝑖𝑖��𝑦𝑦 − 𝑎𝑎𝑦𝑦,𝑖𝑖��𝑧𝑧 − 𝑎𝑎𝑧𝑧,𝑖𝑖�)2𝑛𝑛
𝑖𝑖=1   

where: 

n: The number of anchors involved in the calculation. 

ax,i , ay,i , az,i: The coordinates of the i-th anchor. 

𝑑𝑑𝑖𝑖: The measured distance to the i-th anchor. 

x, y, z: The unknown tag coordinates. 

 

Calculate the error value Eq. (4): 

 

𝜖𝜖 = 𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐴𝐴𝐴𝐴      

where: 

- ALE is average coordinate for x, y, or z that resulted 
from localization engine. 

- Ac is actual coordinate for x, y, or z that measured that 
use measuring tape 

 

Next, Eq. (5) the positioning error (||є||) to evaluate the 
localization performance [6]:  

 

||є|| = �𝜖𝜖𝑥𝑥2 + 𝜖𝜖𝑦𝑦2 + 𝜖𝜖𝑧𝑧2    

where, 𝜖𝜖𝑥𝑥 , 𝜖𝜖𝑦𝑦 , 𝜖𝜖𝑧𝑧 are represent error at average of x, y, 
and z. 

 

Calculate the error value using percentage error 
formula in Eq. (6): 

 

𝑝𝑝𝑝𝑝 = | 𝐴𝐴𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴

× 100|  

where: 

- pe is percentage error that always positive value 

- Avc is average measure coordinate for x, y, or z  

- Ac is actual coordinate for x, y, or z  

 

3 Results 

3.1 Result Experiment with Same Anchors Height 
This section will show the result data from the location 
engine that used Least Square Trilateration that 
calculates the value of x, y, and z coordinates for 3 static 
localizations for 3 minutes.  Figure 5 and Figure 6 show 
the result from experiment 1, Figure 5 is 2D for x vs y 
axis and Figure 6 in 3D for axis x, y, z. The actual 
position is (2200, 1600, 1650) mm plotted in Figures in 
X symbol. Table 1 shows the actual value to compare 
with average coordinate at Table 2. From Figures 5 and 
6, it can be observed that the measured values are spread 
lower than the actual coordinates across the x, y, and z 
axes. The average coordinates in Table 2 provide 
evidence supporting this observation, showing that the 
plotted values are consistently lower than the actual 
coordinates in Table 1. 

 

 
Fig.5. 2D plot result experiment 1 with actual value at 

(2200, 1600) mm. 
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Fig.6. 3D plot result experiment 1 with actual value at 

(2200, 1600,1650) mm.  

 

Table 1. Actual coordinate experiment 1 

Actual Coordinate (mm) 

x y z 

2200.00 1600.00 1650.00 

 

Table 2. Average coordinate experiment 1 

Average Coordinate (mm) 

x y z 

1971.69 1455.53 1266.60 

 

In Figure 7 and Figure 8 shows the result from 
experiment 2, Figure 7 is 2D for x and y axis and Figure 
8 in 3D resulted in x, y, z axis. The actual position is 
(3000, 3300, 525) mm plotted in Figures in X symbol. 
Table 3 shows the actual coordinate value and the 
average coordinate in Table 4. From the Figure 7 and 
Figure 8 the measure plot result is spread closer to the 
actual value, in Table 4 show the average coordinate is 
close to the actual coordinate as shown in Table 3, 
except for z axis with over 300mm different. 

In Figure 9 and Figure 10 shows the result from 
experiment 3, Figure 9 is 2D for x and y axis and Figure 
10 in 3D resulted in x, y, z axis. The actual position is 
(1500, 5800, 1000) mm plotted in Figures in X symbol. 
Table 5 shows the average coordinate value and the 
actual value in Table 6. Figure 9 show measure plot is 
closer to the actual plot with a small difference around 
10 mm for axis x and y. Figure 10 shows all the measure 
plot is plotted higher than actual plot at the z axis with 

difference around 190 mm. Table 6 show the average for 
x and y axis have only small differences than actual 
coordinate in Table 5, meanwhile average for z axis have 
high different with 197.49mm higher than actual value. 

 
Fig.7. 2D plot result experiment 2 with actual value at 

(3000, 3300) mm. 

 

 
Fig.8. 3D plot result experiment 2 with actual value at 

(3000, 3300,525) mm. 

Table 3. Actual coordinate experiment 2 

Actual Coordinate (mm) 

x y z 

3000.00 3300.00 525.00 
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Fig.9. 2D plot result experiment 3 with actual value at 

(1500, 5800) mm. 

 
Fig.10. 3D plot result experiment 3 with actual value at 

(1500, 5800,1000) mm. 

 

Table 5. Actual coordinate 
experiment 3 

Actual Coordinate (mm) 

x y z 

1500.00 5800.00 1000.00 

Table 6. Average coordinate 
experiment 3 

Average Coordinate (mm) 

x y z 

1500.66 5812.33 1197.49 

The percentage error for each coordinate (x, y, and z) 
was calculated to determine which axis had the highest 
or lowest error in each experiment, providing a basis for 
discussing the results. Table 7 shows that in experiment 
1, the highest percentage error occurs when the actual 
coordinates are at (2200, 1600, 1650) mm. This may be 
due to the tag's position being close to only one anchor, 
while the other anchor is farther away, introducing noise 
during signal transmission. In Experiment 2, with actual 
coordinates at (3000, 3300, 525) mm, the percentage 
error is acceptable because the tag is positioned roughly 
in the middle of all the anchors. However, the z-axis has 
a higher percentage error, possibly because the tag's 
height is lower than the anchors, which are positioned at 
a height of 1200 mm. Experiment 3 which coordinate at 
(1500, 5800, 1000) mm shows the lowest percentage 
error for the x, y, and z coordinates compared to the 
other experiments. This can be attributed to the tag being 
near multiple anchors and the anchors' height of 1000 
mm being relatively close to the tag height of 1200 mm. 

Table 7. Percentage error each axis x, y, and z 

Experiment 
Percentage Error (%) 

x y z 

1 10.38 9.03 23.24 

2 0 0.65 65.82 

3 0.04 0.21 19.75 

 

Positioning error is ranging based results typically refers 
to the difference between the estimated position of a tag 
and its actual location. The results from Table 8 proof 
that the lowest positioning error is at experiment 3 when 
the difference between average coordinate and actual 
coordinate at x, y, z is smallest.  

Table 8. Positioning error every 
experiment 

Experiment Positioning Error /||є|| 
(mm) 

1 1139.10 

2 367.25 

3 198.01 

 

Table 4. Average coordinate experiment 2 

Average Coordinate (mm) 

x y z 

3000.00 3321.54 870.54 
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3.2  Result Experiment with different Anchors Height 
This section presents the results of the localization 

experiment conducted with anchors arranged at varying 
heights and a new configuration of anchors and the tag, 
where the distance between the tag and the anchors is 
greater than in previous setups. The experiment was 
repeated three times, as shown Run in the tables and 
each run lasted 10 minutes. 

Table 9 presents the three Runs of results for 
Experiment 1, where the actual coordinates are (2200, 
4950, 0) mm. The average measured coordinates across 
all versions are very close to the actual values, 
demonstrating the reliability of the data. For the x and y 
axes, the measured values are near the true coordinates, 
but the z-axis shows a significantly high negative value. 
Figure 11 illustrates the data spread around the actual 
coordinates on the x and y axes, while Figure 12 shows 
the z-axis data spreading further into negative 
coordinates for Experiment 1. 

 

Table 9. The average coordinate 
Experiment 1 with actual value (2200, 4950, 

0) mm. 

 Average Coordinate (mm) 

Run x y z 

1 2123.01 4916.32 -171.66 

2 2110.06 4913.73 -181.23 

3 2113.24 4919.18 -182.95 

 

 
Fig.11. 2D plot result experiment 1 with actual value at 

(2200, 4950) mm. 

 

 

 
Fig.12. 3D plot result experiment 3 with actual value at 

(2200, 4950,0) mm. 

 

Table 10 presents the three Runs of the average 
measured coordinates for Experiment 2, where the actual 
coordinates are (2200, 3300, 1000) mm. All versions are 
consistent with each other, making the data suitable for 
analysis. Table 7 show the x and y values are close to the 
actual coordinates, while the z-axis shows an average 
value approximately 270 mm lower than the actual 
coordinate. Figure 13 illustrates that the measured 
coordinates for Experiment 2 are close to the actual 
coordinates, with the data for the x and y axes slightly 
lower than the actual values. Similarly, the z-axis data, 
shown in Figure 14, also trends lower than the actual 
coordinate. 

 

Table 10. The average coordinate 
Experiment 1 with actual value (2200, 3300, 

1000) mm. 

 Average Coordinate (mm) 

Run x y z 

1 2112.38 3179.07 724.88 

2 2112.48 3181.24 727.45 

3 2118.79 3182.97 730.5 
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Fig.13. 2D plot result experiment 1 with actual value at 

(2200, 3300) mm. 

 
Fig.14. 3D plot result experiment 3 with actual value at 

(2200, 3300,1000) mm. 

Table 11 presents the average measured coordinates 
for Experiment 3, where the actual coordinates are 
(4400, -500, 0) mm. All Runs in Table 11 are consistent 
and close to each other, indicating that the data is 
reliable for analysis. The average coordinates for the x 
and y axes are close to the actual values, while the z-axis 
is significantly lower, with a difference of approximately 
-200 mm. Figure 15 shows that the measured 
coordinates for the x and y axes are spread closer to the 
actual values. However, Figure 16 reveals that the 
measured values for the z-axis are spread negatively, 
deviating from the actual value of 0 mm in Experiment 
3. 

Table 12 shows the percentage error calculated from 
the average Run results of each experiment for the x, y, 
and z coordinates. The percentage error for the x and y 
axes is highly acceptable due to the low error values. 

Table 11. The average coordinate 
Experiment 1 with actual value (4400, -500, 

0) mm. 

 Average Coordinate (mm) 

Run x y z 

1 4327.4 -547.04 -198.4 

2 4305.73 -545.7 -255.1 

3 4305.43 -547.09 -228.92 

 

 
Fig.15. 2D plot result experiment 1 with actual value at 

(4400, -500) mm. 

 

 
Fig.16. 3D plot result experiment 3 with actual value at 

(4400, -500, 0) mm. 
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Table 12. Percentage error each axis x, y, and z 

Experiment 
Percentage Error (%) 

x y z 

1 3.84 0.68 17.86 

2 3.88 3.6 27.24 

3 1.98 9.32 22.75 
 

Furthermore, given the 10-minute experiment duration, 
some noise over time is expected. Data for z-axis 
coordinate, the percentage error is also acceptable as the 
error values are small and measured in millimeters. 
However, the higher percentage error on the z-axis can 
be attributed to specific conditions. In experiments 1 and 
3, the tag position on the z-axis is 0 mm, while the 
lowest anchor height is 405 mm, making it difficult for 
the anchor signals to accurately optimize the tag’s real 
value. Similarly, in experiment 2, the tag position on the 
z-axis is 1000 mm, while the nearest anchors are 
positioned at 405 mm and 2000 mm, which also 
complicates signal optimization for determining the tag’s 
true value. 

Positioning error is ranging based results typically refers 
to the difference between the estimated position of a tag 
and its actual location. The results from Table 13 proof 
that the lowest positioning error is at experiment 1 when 
the difference between average coordinate and actual 
coordinate at x, y, z is smallest.  

Table 13. Positioning error every experiment 

Experiment Positioning Error /||є|| (mm) 

1 200.45 

2 309.25 

3 248.01 
 

4 Conclusions 

The experiments demonstrate the critical role of anchor 
configurations in determining the accuracy of range-
based positioning systems. The experiments which is 
conducted with anchors at the same height, the 
percentage error was influenced by the relative positions 
of the tag and anchors. Experiment 1 exhibited the 
highest error, attributed to the tag being close to only 
one anchor, causing uneven signal distribution. 
Experiment 2 showed acceptable errors, with the tag 
positioned near the center of the anchors, though the z-
axis error was higher due to the tag's lower height 
relative to the anchors. Experiment 3 achieved the 
lowest errors across all axes, benefiting from a closer 

alignment of tag and anchor heights. In experiments with 
varied anchor heights, the x and y axes consistently 
produced low errors, while the z-axis errors were higher 
due to challenges in optimizing signals when the tag 
height significantly differed from the anchors. To 
improve accuracy, future studies should incorporate 
anchors at diverse heights and setup the height of 
anchors in closer range of tag’s height. Next, apply noise 
filtering techniques, and explore alternative localization 
methods. These findings underscore the importance of 
strategic anchor placement and advanced signal 
processing in achieving reliable and precise localization 
results. 
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