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Abstract—In UWB-based indoor positioning, it is important 

to observe the ranging performance of the UWB module to 

prevent positioning errors. Ranging is the initial process in 

computing positioning. This research aims to observe the 

ranging accuracy and precision of the ESP32 UWB Pro with a 

Display module and analyze its performance in indoor 

positioning using TDoA and Trilateration. The ranging method 

was held using the SS-TWR which is the basic ranging used 

generally in UWB. ESP32 Pro is a module consisting of ESP32 

and OLED display which is integrated with Decawave DW 

1000. Analysis of 6750 ranging error data is carried out to 

determine the appropriate method to increase accuracy. The 

convergence of error ranges that occur leads to the use of 

regression as an error mitigation method for Decawave on the 

ESP32 UWB Pro with Display module. Increasing the accuracy 

of ranging regression can reduce the error from MAE of 

79.98cm to only 5.05cm. It’s applied to positioning to obtain 

the accuracy and precision performance of the TDoA and 

Trilateration positioning.  The resulting MAE values are 

7.47cm for X and 10.49cm for Y in TDoA Positioning. 

Meanwhile, in Trilateration, the MAE was 8.15cm for X and 

8.47cm for Y. Our findings indicate that an increase in ranging 

accuracy with regression had an impact on positioning 

accuracy. However, the spread of error positioning shows that 

it’s still weak in precision.  

Keywords—Accuracy Improvement; Ranging Error; ESP32 

UWB Pro with Display; Regression; Indoor Positioning. 

I. INTRODUCTION  

Indoor Positioning is a process for estimating the 

position of a device in the form of a stationary object or a 

moving object indoors. The tag installed on the device emits 

a signal or sends a message to be captured by a group of 

anchors to estimate the tag's position. An anchor is a device 

that is placed in a certain position and its position is known. 

The anchor is used as a reference to estimate the tag 

position. In indoor positioning, GPS cannot be used to 

estimate positioning because there is a reduction in the 

power of the GPS signal due to the complexity of the indoor 

environment, so the GPS becomes inaccurate [1]. 

Position estimation information is needed for various 

implementations. Many IoT-based applications currently 

use position information for tracking [2][3][4][5][6] and 

navigation [7]. The need for position information also 

occurs in the industry[8], industrial robot tracking [9], 

warehouse [10], and positioning systems in static and 

mobile cases in the industry [11]. Indoor positioning also 

applies in underground mining [12][13].  

Various sensors were introduced by researchers to carry 

out positioning [14], including using signals such as RF [15] 

[16], Bluetooth [17][18][19], RFID [20][21][22], WiFi 

[23][24], and UWB [25][26][95]. The use of other sensors 

such as the Inertial Measurement Unit (IMU) [12][27][28], 

camera [29][30], and Visible Light Positioning (VLP) 

[31][32][33] is also proposed by researchers for positioning 

indoors. 

The choice of UWB signal in this research is supported 

by promising research trend data on indoor positioning and 

mobile anchors [34]. UWB is a form of radio signal used for 

positioning which is famous for its accuracy. Fig. 1 is a 

comparison of the parameters of each signal based on 

accuracy, noise resistance, cost, power consumption, and 

coverage [35][7][36]. As shown in Fig. 1, UWB has 

advantages in almost all parameters, so UWB is very 

reliable for indoor positioning. However, this accuracy 

problem is still a challenge for researchers. The factor 

causing position error is the complex measurement 

environment because there are many obstacles.  

 

Fig. 1. UWB Performance among other signals  

UWB is a signal for positioning that has a very wide 

bandwidth ranging from 3.1 GHz to 10.6 GHz with a power 

level below 41.3 dBm/MHz based on ITU-R SM.1757-0 

[37]. The wide bandwidth means that UWB is also reliable 

against narrowband signal interference [38]. Based on the 

paper [35], UWB is a signal with accuracy ranging from 
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meters to centimeters for use in indoor positioning. Even 

though UWB has high accuracy, the complexity of the room 

or Non-Line of Sight (NLOS) due to obstacles can cause 

signal propagation to be disrupted [35][39][40]. Attenuation 

caused by obstacles such as reflection and refraction can 

cause a reduction in positioning accuracy. Various methods 

for preventing errors in complex environments, either using 

machine learning or statistics, continue to observe position 

measurement results in the LOS environment. It is important 

to observe the performance of the indoor positioning system 

in the LOS environment before used in the NLOS 

environment. The comparison of error performance in LOS 

and NLOS environments can determine the next method 

that will be used to mitigate ranging errors in NLOS 

conditions. 

Ranging is a process of estimating the distance between 

the anchor and the tag before calculating the position 

estimation. The estimated ranging value is then used to 

calculate the estimated position of the tag relative to the 

anchors. Ranging using UWB signals is carried out on a 

time-based basis, namely Time of Flight (ToF) [41][42] or 

Two Way Ranging (TWR) [43][44][45]. As shown in Fig. 

2, Ranging is the initial process for measuring the distance 

between the anchor and tag which can produce errors. Errors 

that occur are then reduced to improve accuracy and prevent 

errors in positioning. The results of the mitigated ranging 

are then implemented in the positioning process to produce 

the X and Y positions of the tag using several approaches 

such as TDoA, Trilateration, or Multilateration [46].  

 

Fig. 2. Positioning process 

Accuracy in ranging values greatly influences the 

accuracy of positioning estimation results [47][48]. Errors 

that occur in the ranging process can cause larger errors in 

positioning because ranging is used to compute the 

positioning in geometry.  Positioning errors can have a big 

impact, especially in implementation cases that require high 

accuracy such as automated industrial robots in the form of 

drones, asset tracking, and automatic control systems in 

vehicles.   

Unfortunately, in some cases, there are still ranging 

errors that cause higher errors in the positioning process due 

to the performance of the UWB module. There are different 

performance parameters between each kind of UWB 

module, especially in accuracy and precision.  Antonio 

Ramon et al [49] observed 3 UWB modules, namely 

Ubisense, Be Spoon, and Decawave. A comparison of 

ranging estimation precision is carried out to compare the 

performance of the three modules in an experiment and test 

them in the same environment. From the experimental 

results, different ranging errors precision were produced 

between each module. Likewise, Tommaso et al compared 

the performance of the DW1000 and DW3000. The research 

results show that both have the same precision for ranges 

above 1 m, but the DW3000 has better precision 

performance for shorter distances [50].  This shows that 

each module has a different performance, and it is important 

to observe the module performance to be used for 

positioning. If an error occurs in ranging, accuracy 

improvement is needed to reduce errors in the ranging 

process [51].  

Several studies were proposed by researchers to increase 

the accuracy of the ranging process as detailed in Table I. 

Barbara et al [49], in their research, increased the accuracy 

of the Pozyx and Decawave modules by applying the 

filtering method. This method is implemented in static and 

dynamic positioning. Static positioning results in a 

reduction in error to 32 cm for the Pozyx module and 25 cm 

for the DecaWave Module. Meanwhile, Antonio et.al [51] 

improved the accuracy of the Decawave UWB MDEK1001 

module by applying the Gaining Access to Multiple Range 

method. This method succeeded in increasing positioning 

accuracy to produce an error of 0.2m. 

In other research, Sidorenko et al [52] proposed an error 

correction ranging method for TWR using the DecaWave 

DW1000 module. This method is quite reliable for TDoA 

positioning and produces precision of up to 0.221m. 

However, the resulting ranging error is still relatively high 

at the decimeter level. The method proposed in this paper is 

regression using DW1000.DW1000 is a decawave module 

that has the best accuracy and precision performance 

between Ubisense and Be Spoon. Therefore, this research 

uses ESP 32 UWB pro with display which contains a DW 

1000 Decawave chip. This regression method succeeded in 

reducing the ranging error to 5.05 cm for 1-10 meters. 

TABLE I.  RECENT STUDY IN IMPROVING ACCURACY UWB MODULE AND PROPOSED METHOD 

Paper Improvement Accuracy Method UWB Module 
Error Ranging 

Result 
Implementation 

Barbara et al [49] 
Median Filter, Arma Filter, 

Kalman Filter 

Pozyx and 

Decawave 
Not mention 

Static and Dynamic Triangulation. 
Pozyx 32 cm 

Decawave 25 cm 

Antonio et al [51] Gaining Access to Multiple Range MDEK1001 Average error 2.3 cm 
Multilateration 

0.2 m 

Sidorenko et al 

[52] 
error corection ranging twr decawave DW1000 Not mention TDoA MultiLateration 

Proposed method Regression Decawave DW1000 MAE 5.05 cm 
Positioning TDoA and trilateration 0.08m-

0.1m 
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In this research, an analysis was carried out on the 

ranging error and precision produced by the ESP 32 

DW1000 pro with display module. Accuracy improvement 

using regression is carried out to reduce the resulting 

ranging error and then applied to positioning using the 

TDoA and Trilateration methods to determine the 

performance of positioning accuracy and precision. Based 

on the results of the error analysis, regression was decided 

to be used to mitigate ranging errors.  

The results of measuring estimated ranging against real 

ranging are made into a regression model to be embedded in 

the ranging process for positioning. The ranging results 

from regression mitigation are then used in positioning to 

analyze the precision of the positioning estimation results 

after ranging mitigation.  

The objectives of this research are (i) to increase 

accuracy by applying a regression method based on error 

ranging analysis produced by the ESP32 UWB Pro with 

display module and (ii) to implement ranging regression 

results in indoor positioning using TDoA and Trilateration 

and observing the performance of accuracy and precision.  

The contributions of this research are: 

1. Propose a ranging error improvement accuracy method 

for the ESP32 UWB Pro with a display module using a 

regression approach at the centimeter level.  

2. Provide an improvement of accuracy and precision 

indoor positioning using TDoA and Trilateration using 

regression ranging method. 

II. MATERIAL AND METHOD 

A. ESP32 UWB Pro with Display Module 

The module used in this research is the UWB DW 1000 

Pro with display. This module is an integration between 

ESP 32, DW1000, and Oled Display. This module has 4MB 

Flash and 8MB with a physical appearance as in Fig. 3. This 

module is produced by Makerfabs and is equipped with a 

Lippo battery charger and connector so that this module can 

work separately using a PSRAM battery [53].  

As shown in Fig. 3, this module uses the DW1000 which 

is a single-chip CMOS radio transceiver IC with the IEEE 

802.15.4-2011 ultra-wideband (UWB) standard. The 

DW1000 works on channels 5 and 6 of the UWB 

bandwidth. The datasheet claims that the DW1000 has a 

ranging accuracy of around 10 cm using ToF [54][55]and 

TWR [56][57].    

 

Fig. 3. ESP32 UWB Pro with display module 

B. Method 

As shown in Fig. 4, the research method begins with 

ranging measurements using SS-TWR. Ranging 

measurements are carried out at each meter for actual 

distances ranging from 1m to 15 meters. Ranging 

measurements were carried out for 50 seconds and produced 

estimated ranging data of around 450 data in each meter. 

Next, the Mean Absolute Error (MAE) and Mean Squared 

Error (MSE) values are calculated to determine accuracy. 

The error between estimated ranging and actual ranging is 

analyzed using the normal distribution and Q-Q Plot to 

analyze whether the error is systematic or random. The 

resulting systematic error determines the use of regression 

as a method to increase ranging accuracy in the next step. 

The new ranging resulting from regression is then 

implemented in indoor positioning using TDoA and 

Trilateration. Performance analysis of accuracy and 

precision is carried out on ranging and positioning results. 

1) Ranging Measurement 

The ranging process is carried out using the Two-Way 

Ranging (TWR) technique to estimate the distance between 

the anchor and the tag without time synchronization 

[58][59]. SS-TWR (Single Side-TWR) is a ranging 

technique used in this experiment as shown in Fig. 4.  

Ranging is a process of calculating the estimated 

distance between the anchor and the tag. TWR is a time-

based ranging technique that computes distance by 

measuring the signal travel time from anchor to tag or vice 

versa. The TWR technique is shown in Fig. 5. If the 

message is sent at time 𝜏𝐴𝑇𝑋  from device 1 and arrives at 

device 2 at time 𝜏𝐵𝑅𝑋, then the signal propagation time from 

device A to device B is Ttof, then the distance between 

device 1 and device 2 can be calculated using the formula 

(1). 

𝑟 = 𝑐𝑥𝑇𝑡𝑜𝑓 (1) 

𝑟 is the distance between device A and device B (meter), 

𝑐 is the velocity of light 3×10^8 m⁄s, and 𝑇𝑡𝑜𝑓 is the time of 

signal propagation from device A to device B (second). 

 

Fig. 4. Experiment and Analysis 

Two Way Ranging (TWR) is one way to eliminate clock 

synchronization between devices. There are 4 types of TWR 

techniques including Single-Side TWR (SS-TWR), 

Symmetric Double side TWR (DS-TWR), and Asymmetric 

Double TWR (ADS-TWR) [43], [44], [45]. SS-TWR can be 

seen in Fig. 5 where the signal is sent from device A at time 

𝜏𝐴𝑇𝑋  and arrives at device 2 at time 𝜏𝐵𝑅𝑋. Device B sends a 

reply signal to device A. This is done to eliminate the time 

synchronization process between device A and device B. 
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Device B takes time to send a reply signal during t (reply 

B). Device B sends a reply signal at time 𝑡𝐵𝑇𝑋 and is 

received at device A at time 𝑡𝐴𝑅𝑋 . The signal propagation 

time from device A to device B and then back to device A is 

𝑡𝑟𝑜𝑢𝑛𝑑𝐴 which can be calculated based on formula (2.2). 

𝑡𝑟𝑜𝑢𝑛𝑑𝐴 can also be calculated with 𝑡𝑟𝑜𝑢𝑛𝑑𝐴=𝑡𝐴𝑅𝑋-𝑡𝐴𝑇𝑋. 

From formula (2), 𝑇𝑡𝑜𝑓 can be calculated using formula (3) 

so that the distance between devices can be calculated using 

formula (1). 

𝑡𝑟𝑜𝑢𝑛𝑑 𝐴 = 2. 𝑇𝑡𝑜𝑓 + 𝑡𝑟𝑒𝑝𝑙𝑦 𝐵 (2) 

𝑇𝑡𝑜𝑓 =
1

2
( 𝑡𝑟𝑜𝑢𝑛𝑑 𝐴 − 𝑡𝑟𝑒𝑝𝑙𝑦 𝐵) (3) 

 
(a) 

 
(b) 

Fig. 5. Ranging Process: a) SS-TWR ranging Process and b) Ranging 

Experiment using UWB Module 

The ranging experiment is shown in Fig. 6 using 2 UWB 

modules by measuring the distance between anchors and 

tags at certain distance intervals ranging from 1m to 15 m. 

The results of the ranging error analysis confirm that the 

regression method can be used to mitigate ranging errors. 

The ranging measurement environment is shown in Fig. 6. 

Ranging measurements are carried out in an LOS 

environment without any obstacles between the anchor and 

tag with the antenna direction facing each other. 

 

 
(a) (b) 

Fig. 6. Ranging experiment: (a) 1m (b) 15m 

2) Ranging Error Analysis 

Calculation of accuracy from ranging estimates to actual 

distance is carried out using MAE with the formulas shown 

in formulas (4) and (5). This accuracy value will then be 

compared with the accuracy of the ranging estimate after 

increasing the accuracy using regression. 

𝜀 =
∑ |�̂�𝑖 − 𝑦𝑖|𝑛

𝑖=1

𝑛
 (4) 

Determining the type of error and precision are 

determined through error analysis using a normal 

distribution based on standard deviation or STD from the 

normal distribution graph. Precision error is determined by 

calculating the standard error using formula (5).  Variable n 

is the total number of observations, and 𝜎 is the standard 

deviation or standard error which is calculated from the 

RMS value and the mean of 𝜗. 

𝜎2 =
1

𝑛
∑(𝜗𝑖 − �̂�)2 (5) 

 The ranging error dataset was tested for normality based 

on skewness and kurtosis introduced by D'Agostino et al 

(1990). Kurtosis means the curvature or degree of taper of a 

distribution. If the P value is greater than 0.05 then the data 

is normally distributed[ ]. The results of this normality test 

are one of the considerations why regression was chosen as 

a method for increasing ranging accuracy. (D agostinos 

formula). 

 One approach to increasing accuracy is to apply an error 

correction model. Regression is an error correction model 

that is usually used to handle linear errors and convergent 

errors. Linearity can be proven using a Q-Q Plot or normal 

Probability Plot. The Q-Q (quantile-quantile) plot and the 

normal probability plot are essentially the same type of plot. 

They both serve as graphical tools for assessing whether a 

dataset follows a normal distribution or some other 

theoretical distribution.  Q-Q plot is a quantile graph that 

provides an overview of a normally distributed data set 

formed from observation values with their standard normal 

quantile values. If the points are obtained from a straight 

line, it can be concluded that the data tends to be normally 

distributed. QQ plot is one of the graphs used to guarantee 

that an estimation model is a regression [60].  

3) Ranging Improvement Accuracy 

 The normality obtained from ranging error analysis 

strengthens the determination of regression as a method to 

reduce error values and increase accuracy in ranging. The 

regression formula is shown in formula (6). 

𝑌 =  𝛼 + 𝛽1𝑋1 + ⋯ + 𝛽𝑘𝑋𝑘 + 𝜀 (6) 

The ranging results after regression are then applied to 

the ESP32 UWB Pro with a display module. Comparisons 

were made to range estimates before and after improving 

accuracy. To validate the ranging mitigation results, the 

ranging results after mitigation with higher accuracy are 

applied to positioning using 2 approaches, namely TDoA 

and Trilateration. The positioning results from both methods 

are analyzed and compared based on accuracy and 

precision.  



Journal of Robotics and Control (JRC) ISSN: 2715-5072 855 

 

Gita Indah Hapsari, Accuracy Improvement for Indoor Positioning Using Decawave on ESP32 UWB Pro with Display and 

Regression 

Algorithm 1 : Positioning with Ranging Regression 

1. Define the coordinat anchor for TDoA and Trilateration 

• TDoA 

∀𝟏= (𝟏. 𝟖𝒎, 𝟎. 𝟖𝒎) 

∀𝟐= (𝟕. 𝟖𝒎, 𝟎. 𝟖𝒎) 

• Trilateration 

∀𝟏= (𝟏. 𝟖𝒎, 𝟎. 𝟖𝒎) 

∀𝟐= (𝟕. 𝟖𝒎, 𝟎. 𝟖𝒎) 

  ∀𝟑= (𝟒. 𝟖𝒎, 𝟏𝟎. 𝟖𝒎) 

2. Define distance of anchor TDoA:  

𝒅 = 𝟔𝒎 

3. Measure and calculate ranging from tag to each anchor as 𝒓 : 

𝒓𝒏 = 𝒄𝒙𝑻𝒕𝒐𝒇 

4. Calculate ranging regression as �̂� : 

�̂�𝒏 = 𝟎. 𝟗𝟖𝟏 − 𝟎. 𝟔𝟔𝟐𝟏𝒓 

5. Calculate tag position 𝑿𝒔 𝒅𝒂𝒏 𝒀𝒔  using :  

• TDoA 

𝑿𝒔 = 𝒃. 𝐜𝐨𝐬 𝜶 = �̂�𝟏 ∗ (�̂�𝟏
𝟐 + 𝒅𝟐 − �̂�𝟐

𝟐 𝟐 ∗ �̂�𝟏 ∗ 𝒅⁄ )                                                                                 

𝒀𝒔 = 𝒃. 𝐬𝐢𝐧 𝜶 = �̂�𝟏 ∗ √𝟏 − 𝒄𝒐𝒔𝟐𝜶 =  𝒚𝟏 ∗ √𝟏 − (�̂�𝟏
𝟐 + 𝒅𝟐 − �̂�𝟐

𝟐 𝟐 ∗ �̂�𝟏 ∗ 𝒅)⁄          

• Trilateration 

 𝟐 [
𝑿𝒄 − 𝑿𝒂 𝒀𝒄 − 𝒀𝒂
𝑿𝒄 − 𝑿𝒃 𝒀𝒄 − 𝒀𝒃

] [
𝑿𝒔
𝒀𝒔

] = [
(�̂�𝟏

𝟐 − �̂�𝟑
𝟐) − (𝒙𝐚𝟐 −  𝒙𝐜𝟐) − (𝒚𝐚𝟐 − 𝒚𝐜𝟐)

(�̂�𝟐
𝟐 − �̂�𝟑

𝟐) − (𝒙𝐛𝟐 − 𝒙𝐜𝟐) − (𝒚𝐜𝟐 − 𝒚𝐜𝟐)
]     

 

4) Implementation Ranging in Indoor Positioning 

 Ranging with improved accuracy is then implemented in 

indoor positioning to observe its accuracy and precision 

performance. Positioning is implemented using TDoA and 

Trilateration techniques. TDoA uses 2 anchors to estimate 

the position of the tag [61][62][63][64]. TDoA relies on 

calculating the angle and distance between the two anchors 

as shown in Fig. 7. The S Tag position calculation can be 

calculated using formulas (7) and (8). Meanwhile, 

Trilateration uses 3 anchors to calculate the tag position [65] 

as shown in Fig. 8. The position of Tag S is determined 

based on the ranging value between anchors A, B, C and 

Tag S. The formula for calculating the position of tag S is 

shown in equation (9). 

𝑋𝑠 = 𝑏. cos 𝛼 (8) 

𝑌𝑠 = 𝑏. sin 𝛼 (9) 

2 [
𝑋𝑐 − 𝑋𝑎 𝑌𝑐 − 𝑌𝑎
𝑋𝑐 − 𝑋𝑏 𝑌𝑐 − 𝑌𝑏

] [
𝑋𝑠
𝑌𝑠

]

= [
(�̂�1

2 − �̂�3
2) − (𝑥a2 − 𝑥c2) − (𝑦a2 − 𝑦c2)

(�̂�2
2 − �̂�3

2) − (𝑥b2 − 𝑥c2) − (𝑦c2 − 𝑦c2)
] 

(10) 

  

Fig. 7. TDoA positioning 

 

Fig. 8. Trilateration positioning 

III. RESULT AND DISCUSSION 

A. Error Ranging Analysis and Regression 

Ranging error analysis was carried out on the error 

values resulting from anchor and tag distance measurements 

using the ESP32 UWB pro with Display module. Ranging 

measurements start from 1 m to 15 m with an increase in 

distance of 1 meter for each measurement. Ranging 

measurements were carried out for 50 seconds and produced 

estimated ranging data of around 6750 data in each meter. 

The actual position is measured using a SNDWAY laser 

meter which has a tolerance of 2mm based on the datasheet 

so ground truth position will be ±2mm.  Fig. 9 shows an 

analysis error ranging graph sample of 15 m which consist 

of 450 data. The average (mean) of the error-ranging data is 

0.8174 m and the standard deviation is 0.0179 m. The 

boxplot in Fig. 9(b) shows that the average value of 0.8174 

m is still around the median of 0.82 so the skewness is 

slightly towards the left. The boxplot also shows the lowest 

and highest margin values for ranging errors, namely 0.78 

and 0.87. There are 2 outliers in the boxplot, but these are 
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ignored compared to the total number of measurement data 

which reaches 450 data. 

Normality testing is carried out to determine the 

distribution of ranging errors that occur. Normality testing is 

carried out graphically using the Normal Probability Plot 

graphic plotting as in Fig. 9(c). Based on this figure, the 

error values follow the confidence line and almost all of 

them are plotted in the confidence interval area. This shows 

that the error ranging data is included in the normal 

distribution. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Error Ranging Analysis Sample of 15 m: (a) The Histogram of 

distribution, (b) Boxplot, and (c) Normal Probability Plot 

Normality was also tested based on skewness and 

kurtosis to strengthen the proof of normality in the error-

ranging data. The p-value produced using D'agostinos is 

0.69. This value is greater than 0.05 so that the ranging error 

data falls into a normal distribution. The results of the 

Normal Probability Plot and P-value plotting show linear 

data and lead to the use of regression as a method of 

increasing accuracy. There are several outliers in each 

measurement section per meter in the Normal Probability 

plot, but they still have a pattern that is in the same direction 

as the confident line on the graph so that the plot results still 

lead to linearity. 

The regression equation is built from the results of the 

average ranging estimated value for each meter of actual 

distance. The estimated average ranging value per meter is 

plotted against the actual distance value to produce a blue 

graph as shown in Fig. 10. This graph has a parallel 

relationship with the red ideal graph of ranging 

measurements x=y. This strengthens the basis for choosing a 

regression approach to increase ranging error. The resulting 

regression equation is shown in Equation (11). 

𝑦 = 0.981 − 0.6621𝑥 (11) 

The regression equation is then embedded in the ranging 

program on ESP32 UWB Pro with Display and 

measurements are carried out again with the same scenario 

to see the results of the improvement accuracy after the 

regression is applied. Measurements of ranging were carried 

out again to prove the reduction in error after regression. 

 

Fig. 10. Ranging regression 

Ranging measurements after regression are carried out 

with the same scenario as before. For each meter of 

measurement, an average ranging estimate is calculated. 

This value is plotted on a red graph and compared directly 

with the blue y=x graph in Fig. 11. The two graphs coincide 

with each other and through the coefficient of determination 

test the resulting R2 value is 0.9999. This shows that almost 

all estimated ranging values can represent actual ranging 

values. 

MAE ranging calculations are carried out on each meter 

of ranging measurements before and after regression. The 

MAE value from ranging before regression produced a high 

value reaching 75.78 cm. Meanwhile, after regression, the 

MAE value was only 5.30 cm. This shows that accuracy has 

increased quite significantly from the decimeter to 

centimeter level after regression implemented in ranging. 

The comparison of MAE values is described in Fig. 12. This 

shows that error improvement using regression is quite 
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effective in reducing errors on the ESP32 UWB PRO with 

display module with an increase in accuracy of around 70 

cm. 

 

Fig. 11. The result of ranging estimation after regression 

 

Fig. 12. Mean Absolute Error Before and After Mitigation  

B. Positioning Performance with Ranging Mitigation Using 

TDoA and Trilateration 

Ranging with better accuracy is then implemented in 

indoor positioning using TDoA and Trilateration techniques. 

TDoA is a positioning method that uses only 2 anchors to 

position a tag. Testing was carried out in a meeting room 

with an area of 8.4m×13.8m as shown in Fig. 13 and Fig. 

14. Anchors are placed at the front of the room with a 

distance between anchors of 6 meters. Tags are positioned 

according to certain positions whose coordinates have been 

measured on ground truth. Ground truth coordinate 

measurements were carried out manually using a laser meter 

and measuring tape.  

In TDoA positioning, 2 anchors are installed parallel to 6 

meters at coordinate positions (1.8m, 0.8m) and (7.8m, 

0.8m) as shown in Fig. 15. In addition, 19 coordinate 

positions were determined as ground truth which were 

marked with red round markers. Position data recording is 

carried out at each tag placement at a ground truth position 

point. The total number of position estimation 

measurements at 19 ground truth points was 950 data. 

From the recorded data, each position is then compared 

with the actual ground truth position and calculates the 

mean absolute error that occurs. This value shows the 

accuracy performance of TDoA positioning by using 

regression ranging. The results of TDoA positioning are 

shown with a blue triangular marker and it is shown in Fig. 

16. 

There are quite large deviations from the ground truth 

position at several points. The biggest error occurs when the 

tag is at the front. This can be caused by the direction of the 

antenna not being in the same direction and facing each 

other between the tag and anchor. 

 

 

 

Fig. 13. Positioning test room area 
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Fig. 14. Installation of anchors at the front of the room 

 

Fig. 15. Position estimation with TdoA 

Fig. 16 (a) and (b) show the error analysis graph 

produced using the TDoA method. The position error value 

spreads around 0.01m to more than 1.5 m on the X-axis. 

Meanwhile, the error spreads around 0.01m to 1.5 m on the 

Y-axis. 

The graph shows that there is a wide distance from the 

mean on both the X and Y axes, which indicates low 

precision. There are also outliers that reach an error above 

1.5 m. This lack of precision can be caused by the number 

of anchors which only consists of 2 anchors, the antenna 

directions not facing each other, and the presence of 

obstacles (furniture and wall) which can cause NLOS 

condition. 

 
(a) 

 
(b) 

Fig. 16. Error Distribution TDoA Positioning: (a) X coordinates, (b) Y 

coordinates 
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 Trilateration positioning testing uses 3 anchors [65]with 

anchor placement as shown in Fig. 17. Anchors 1 and 2 use 

the same coordinate position as TDoA positioning with an 

anchor distance of 6m. The coordinates of anchor 1 are 

(1.8m, 0.8m) and anchor 2 is at coordinates (7.8m, 0.8m). 

Meanwhile, the third anchor position is placed at the 

coordinate position (4.8m, 10.8m). 

 

Fig. 17. Position Estimation with Trilateration 

Just like TDoA positioning, in trilateration positioning 

19 positions are also determined as ground truth which are 

marked with red round markers. The measured trilateration 

positioning is plotted on the green rectangular marker. In 

Fig. 17 it is shown that deviations occur but are still close to 

the position in ground truth. 

When compared with TDoA, the deviation from ground 

truth that occurs in trilateration is smaller than with TDoA. 

This is due to the use of a larger number of anchors. The 

anchor antenna from the third anchor facing each other with 

the first anchor and the second anchor causes the ranging 

measurement to have a smaller error because the direction 

of the tag antenna can be accommodated by the three tags. 

The trilateration positioning error distribution graph in 

Fig. 18(a) and Fig. 18(b) shows the error value is centered 

around 0.001m to greater than 1.2 m on the X-axis. 

Meanwhile, on the Y-axis, the error value is centered around 

0.004m to 0.78m. The highest distribution value on the X 

axis Trilateration is quite far from the median value so it 

indicates low precision. The same thing happens with the Y 

axis Trilateration which shows the width of the error data 

distribution that occurs. 

 
(a) 

 
(b) 

Fig. 18. Error Distribution Trilateration Positioning: (a) X coordinates, (b) 

Y coordinates 

 A comparison of precision performance between TDoA 

and Trilateration in Boxplot form is shown in Fig. 19. When 

compared with TDoA positioning, the error distribution in 

trilateration positioning is more convergent. This can be 

seen from the outliers that occur in the boxplot of the X and 

Y coordinates in TDoA more than in Trilateration. Apart 

from that, the outliers that occurred in TDoa were more 

spread out, reaching almost 1.6m compared to the outliers 

that occurred in Trilateration. This shows that the precision 

of trilateration positioning is better than TDoA positioning. 

Trilateration Positioning provides more reliable accuracy 

performance. Fig. 20 shows a graph of the MAE values of 

the X and Y coordinates that accumulated from 19 ground 

truth position points for TDoA and Trilateration positioning. 

In TDoA positioning, an average MAE value was produced 

for 19 position points at X of 7.47 cm and Y of 10.49 cm. 

Meanwhile, the MAE of Trilateration positioning of X is 

8.15 cm and Y is 8.5 cm. 

The results of the implementation of positioning using 

TDoA and trilateration show good accuracy on the X-axis, 

namely producing errors in centimeter ranges. However, 

there is a difference in performance accuracy regarding the 

Y-axis. In TDoA positioning the error produced is in the 
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decimeter range, namely 10.49 cm, while in Trilateration 

positioning the error produced is in the centimeter range, 

namely 8.5 cm. This can be caused by the number of 

anchors and anchor placement. In TDoA, only 2 anchors are 

used which are placed on one side of the room which covers 

more of the X-axis area compared to the Y-axis. Meanwhile, 

in Trilateration there is one anchor on the other side of the 

room so that it can cover more of the Y-axis area. The 

direction of the antenna can also influence the magnitude of 

the error that occurred. During TDoA positioning, the 

direction of the Tag antenna is always towards the two 

antennas, whereas during Trilateration Positioning, 

sometimes the Tag antenna is facing away from the anchor 

on the other side.  

 

Fig. 19. Error Distribution TDoa and Trilateration Box Plot 

 

Fig. 20. MAE of TDoa and Trilateration for each ordinate 

IV. CONCLUSION 

 Based on ranging experiments using the ESP32 UWB 

Pro with Display, it was found that there was a ranging error 

of 75.68 cm. Analysis of the ranging error data showed 

normality, so regression was decided as the method used to 

increase accuracy and succeeded in reducing the error to 

5.05 cm. 

 Based on the resulting MAE value and the error 

distribution, the implementation of regression on ranging in 

trilateration positioning has more reliable accuracy and 

precision performance compared to TDoA positioning. The 

MAE values that occur in Trilateration and TDoA 

influenced by the number of anchors, the placement of the 

anchors and the position of anchor and Tag Antena 

Positioning show that regression can be applied to 

positioning with accuracy in the Decimeter and Centimeter 

range using TDoA or Trilateration if the anchor antenna and 

tag are facing each other and is carried out in rooms with 

low obstacle complexity. However, it is still low in terms of 

precision due to the wide error distribution. 

 Experimental measurement data can be supplemented in 

the future with data on the direction of the tag antenna 

towards the anchor to accommodate the real process of 

NLOS indoor positioning. It is necessary to carry out more 

experiments in the use of ranging regression on the 

influence of the number of anchors, more varied anchor 

placement locations to obtain more complete reliability 

performance. 
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