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Abstract 

 
UWB-based indoor positioning technique presents superior performance but suffers from 
accuracy degradation caused by clock desynchronization in real situations. This paper 
proposes a TDOA-based multi-path communication mechanism (TDOA-MCM) to address 
this issue. One base station transmits the signal that arrives at the tag via two paths. One is the 
direct path, and the other is via a relay station. According to the time difference between the 
two signals, the tag calculates its position using the Gaussian-Newton algorithm. The Cramer-
Rao bound is used to evaluate the performance of the proposed TDOA-MCM. Due to an 
additional path from the transmitter to the relay, its performance is slightly worse than the 
ideal clock-synchronized TDOA which is not achievable in real situations. However, it 
outperforms the TDOA with clock drift or desynchronization, which is validated by simulation 
results. Using DW1000-based commercial positioning modules, single and multiple tag 
positioning experiments were conducted, achieving positioning errors of less than 10 cm. 
 
 
Keywords: UWB, Indoor positioning, TDOA positioning, multi-path communication, 
clock synchronization. 
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  1. Introduction 

The Internet of Things (IoT) is significantly changing people's way of life, bringing many 
smart and convenient services [1]. Location information for personnel or items plays an 
important role in intelligent services. For example in a restaurant's robot delivery system, 
robots rely on real-time location to compute the route from the kitchen to the customer's table. 
When multiple robots operate in the same environment, location information helps coordinate 
their actions to prevent collisions and interference. In such an indoor restaurant environment, 
global navigation satellite systems like Global Positioning System (GPS) and Beidou cannot 
provide precise positioning due to signal attenuation [2]. Signals are significantly weakened 
or blocked by walls, ceilings, and other structural elements of buildings, and multi-path 
interference also leads to inaccuracies. Besides, indoor environments cannot reach a clear line 
of sight to multiple satellites. The signals are too weak in basements, tunnels, or mines, to use 
satellite systems. Because of these limitations, alternative indoor positioning technologies, 
such as Ultra-wideband (UWB) are used to provide the high accuracy and reliability needed 
for indoor applications [3][4]. Compared to other indoor positioning technologies, UWB 
mainly offers the following advantages [5][6][7]. 
 High precision: UWB offers centimeter-level accuracy for positioning, which is 

significantly higher than the meter-level accuracy provided by Bluetooth, Radio-
Frequency Identification (RFID), and Wi-Fi. 

 High data rate: UWB supports higher data transfer rates than RFID, making it suitable 
for applications that require fast and efficient data exchange. 

 Low interference: UWB operates over a GHz-level frequency range, which reduces 
the likelihood of interference with other wireless technologies. This ensures more 
reliable communication and positioning in environments with multiple wireless 
systems. 

 Low power consumption: UWB is designed to consume less power than WiFi, which 
is more suitable for battery-operated devices and applications where energy efficiency 
is critical. 

 Secure communication: Its wide spectrum and low power spectral density make it 
more difficult to detect and intercept, offering better security for sensitive data 
transmission than other wireless technologies. 

Similar to satellite positioning, the UWB system also sets up several base stations indoors, 
where these base stations communicate with the tags to be located. Various UWB-based 
positioning methods have been proposed based on their communication mechanisms. 
 Angle of Arrival (AOA) [8]. The signal transmitted by the base station is received by 

an array of antennas at the receiving device (tag). The difference in arrival times of 
the signal at each antenna in the array is measured and used to calculate the angle of 
the signal's arrival, i.e., the base station. Since the locations of the multiple base 
stations are known during setup, the tag's position can be located. However, in indoor 
environments, signals often reflect off surfaces, causing multi-path interference, 
which can create errors in the angle calculation. It also requires complex antenna 
arrays, increasing the cost and difficulty of implementation in practical applications. 

 Received Signal Strength Indication (RSSI) [9][10]. In the RSSI mechanism, the tag 
measures the signal strength from multiple base stations. Generally, it assumes that 
stronger signals indicate closer proximity, while weaker signals suggest the tag is 
farther away. Then the distance between the receiver and each transmitter is estimated. 
By knowing the locations of the base stations, the tag is positioned by 
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triangulation/trilateration. RSSI is simple to implement, but its estimation is extremely 
sensitive to the signal transmission environment, and the positioning accuracy of RSSI 
is often unsatisfactory [11]. 

 Time of Arrival (TOA) [12]. TOA is based on distance measurement and 
triangulation/trilateration as well. The difference is that the tag measures the time it 
takes from transmitting to receiving, and the distance is calculated by multiplying the 
travel time by the signal's speed. However, this method relies on precise clock 
synchronization between the base stations and tags to ensure accurate distance 
measurements, which is a significant challenge in engineering applications [13]. 

 Two-Way Ranging (TWR) [14]. TWR determines the distance by measuring the 
round-trip time of a signal. When the tag receives the signal from the base station, it 
immediately sends a response back to the base. The signal's time of flight (TOF) is 
calculated by subtracting the signal processing time at the tag from the total time. This 
mechanism only requires relative time measurement instead of precise time 
synchronization between devices, and it is relatively simple to implement. However, 
errors can occur if the processing time at the tag is not accurately accounted for, and 
continuous sending and receiving of signals may increase power consumption. 

 Time Difference of Arrival (TDOA) [15]. TDOA is a method that measures the 
difference in arrival times of the signal at multiple, spatially separated receivers. 
Usually, the signal is emitted from the tag at an unknown location and received by 
base stations at known positions. Each base station records the exact time the signal 
arrives. Since the receivers are synchronized, they can measure the time difference 
between when the signal arrives at each base station. Then the time differences are 
used to calculate hyperbolic curves. Each pair of base stations defines a hyperbola on 
which the tag must lie. The intersection of multiple hyperbolas determines the position 
of the signal source, i.e., the tag. Calculating the relative time differences of signal 
arrival, TDOA eliminates clock drift and desynchronization of TOA. Although the 
cost and complexity of the system increase compared to TOA, it often provides better 
accuracy in environments with multi-path effects. Nevertheless, it still requires 
synchronization among the base stations, which is difficult to implement in 
engineering applications. 

2. Related Work 
Clock synchronization is crucial in TDOA positioning accuracy, and many works have 

addressed this issue. The elliptical A-TDOA positioning system uses the "receive and 
retransmit" strategy to achieve high accuracy [16][17]. The process begins when the 
positioning device sends out a UWB pulse, which is amplified and retransmitted after reaching 
the target. The receiver captures signals from both the positioning device and the target, 
eliminating the need for a synchronization mechanism. This avoids the issue of clock offset, 
but the system's complexity is high, and the update rate is relatively low. The time-difference 
positioning method proposed by Whistle [18] achieves high precision through double signal 
detection and sampling counting techniques. Reference [19] and [20] increase reference nodes 
to improve positioning accuracy. In Reference [19], researchers propose an async-TDOA 
positioning model based on the principle of asynchronous time difference of arrival to 
determine the target position. However, this model requires the reference node to send 
positioning signals periodically, making it difficult to ensure that the tag sends the signal 
between two signal transmissions of the reference node. Reference [20] proposes a differential 
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UWB positioning method, which involves comparing and processing signals received by 
multiple receivers, significantly increasing the computational complexity during positioning. 
In Reference [21], a reference-free asynchronous UWB-TDOA ranging method is designed to 
improve positioning accuracy, but the communication process is too complex. Reference [22] 
proposes a P-TDOA method that uses a polynomial model to describe the nonlinear and time-
varying TDOA measurements, providing instantaneous TDOA estimates. However, the P-
TDOA method requires data from multiple frames to estimate TDOA, which affects the real-
time performance of the algorithm and results in high computational complexity. Reference 
[23] presents a high-precision joint TDOA and FDOA positioning system. Although this 
method can improve positioning accuracy, the system's hardware and software design are 
relatively complex, and its computational complexity is high, making it highly dependent on 
hardware performance. Reference [24] utilizes artificial neural networks to estimate the TDOA 
to improve ranging accuracy. However, this method is limited by training data, has poor 
interpretability, and relies heavily on the computational power of servers. 

This paper provides a TDOA-based multi-path communication mechanism, TDOA-MCM, 
that does not require clock synchronization or extra devices for clock calibration. The 
communication mechanism is simple, cost-effective, easy to deploy, and offers positioning 
accuracy comparable to traditional TDOA methods. The positioning performance is evaluated 
using the Cramer-Rao lower bound. Simulations and indoor experiments validate the 
theoretical analysis. 

Focusing on clock synchronization issues, this study did not consider non-line-of-sight 
propagation or noise interference [25][26], although they are also important for positioning 
accuracy. 

3. TDOA-based Multi-path Communication Mechanism 

3.1 Principle of the basic TDOA 

 
Fig. 1. Geometric diagram of the two-dimensional TDOA positioning on a plane. 

 
Fig. 1 shows the geometric diagram of the two-dimensional TDOA positioning on a plan [21]. 
Assume that the base stations are clock-synchronized, with known coordinates of 
𝐴𝐴𝑖𝑖(𝑥𝑥𝑖𝑖,  𝑦𝑦𝑖𝑖),  𝑖𝑖 = 1,2,3, and the tag is at an unknown position 𝑇𝑇𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦). If the tag sends a signal 
at time zero, the base stations will receive it at time 𝑡𝑡𝑇𝑇𝑇𝑇, respectively. Then the tag should be 
on a hyperbola with 𝐴𝐴𝑖𝑖 and 𝐴𝐴𝑗𝑗 as foci and a constant distance difference of 𝑐𝑐 ⋅ �𝑡𝑡𝑇𝑇𝑇𝑇 − 𝑡𝑡𝑇𝑇𝑇𝑇� [27], 
i.e., 

�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖� − �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑗𝑗� = 𝑐𝑐 ⋅ �𝑡𝑡𝑇𝑇𝑖𝑖 − 𝑡𝑡𝑇𝑇𝑗𝑗� , 𝑖𝑖 ≠ 𝑗𝑗 (1) 
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where ‖·‖  calculates the Euclidean distance, 𝑐𝑐  is the speed of electromagnetic wave 
propagation, 3 × 108𝑚𝑚/𝑠𝑠 , and the subscript 𝑖𝑖 ≠ 𝑗𝑗 means 𝐴𝐴𝑖𝑖  and 𝐴𝐴𝑗𝑗  are two different base 
stations. As on a plane, two sets of such hyperbolas can determine the tag's position, and at 
least three base stations are required. However, solving the tag's position can result in 
significant deviations when the base station clocks are not synchronized exactly in a real 
situation. Increasing the number of base stations is a common choice to improve positioning 
accuracy, but it cannot solve the problem fundamentally. 

3.2 Principle of the TDOA-MCM 
To address the clock synchronization issue, we propose a TDOA-based communication 
mechanism that involves multi-path propagation as illustrated in Fig. 2. It consists of a 
transmitter base station 𝐴𝐴1 , several relay base stations 𝐴𝐴𝑖𝑖, 𝑖𝑖 = 1,2,3, and the tag 𝑇𝑇𝑎𝑎𝑎𝑎  to be 
located. After a signal is emitted by 𝐴𝐴1, the tag receives it and records the moment it arrives. 
The relays operate the same way and forward the signal immediately after receiving it. 
Basically, the direct path from the transmitter 𝐴𝐴1 to the tag and the multi-paths via the relay 
station form a triangle. Since the sum of any two sides of a triangle must be greater than the 
third side, the signal from 𝐴𝐴1 on the direct path always arrives earlier than the forwarded signal 
on the multi-path. 

 
Fig. 2. Geometric Path of Signal Transmission in TDOA-MCM. 

 
Fig. 3. Timing diagram of signal transmission in TDOA-MCM. 

 
To illustrate this process in detail, Fig. 3 shows the timing diagram of the signal transmission, 
in which 𝑡𝑡1𝑖𝑖 and 𝑡𝑡1𝑇𝑇 represent the flight time of the signal from the transmitter 𝐴𝐴1 to the relay 
𝐴𝐴𝑖𝑖 and the tag 𝑇𝑇𝑎𝑎𝑎𝑎, respectively. 𝑡𝑡𝑖𝑖𝑖𝑖 represents the flight time of the forwarded signal from 𝐴𝐴𝑖𝑖 
to 𝑇𝑇𝑎𝑎𝑎𝑎. Then, we can get ‖𝐴𝐴𝑖𝑖 − 𝐴𝐴1‖ = 𝑐𝑐 · 𝑡𝑡1𝑖𝑖, �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖� = 𝑐𝑐 · 𝑡𝑡𝑖𝑖𝑖𝑖, and �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴1� = 𝑐𝑐 · 𝑡𝑡1𝑇𝑇. 
But note that their clocks are not supposed to be exactly synchronized. As all the time is based 
on their local clocks, the time difference between sending and receiving that we obtain is not 
the accurate flight time but includes clock errors. It means we cannot know the exact distances 
of direct or indirect paths. However, we can get the distance difference, as the subtraction will 
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offset the clock errors of the two paths. 
𝛿𝛿𝑑𝑑1𝑖𝑖 = ‖𝐴𝐴𝑖𝑖 − 𝐴𝐴1‖+ �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖� − �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴1� = 𝑐𝑐 · �𝑡𝑡1𝑖𝑖𝑇𝑇 − 𝑡𝑡𝑝𝑝𝑖𝑖 � (2) 

where 𝑡𝑡𝑝𝑝𝑖𝑖  the time that relay 𝐴𝐴𝑖𝑖  forwards the signal, which is easy to get if the signal is 
forwarded twice. The first time is for the start time of the forwarding process, while the second 
time is for the end time. 𝑡𝑡1𝑖𝑖𝑇𝑇  represents the time between the tag receiving the signal from 𝐴𝐴1 
and the tag receiving the signal from 𝐴𝐴𝑖𝑖.  

In equation (2), only the tag's coordinates 𝑇𝑇𝑎𝑎𝑎𝑎  are unknown variables, and they can be 
solved if the number of base stations is sufficient in the positioning system. For example, the 
number is three for a two-dimensional positioning on a plane. 

Using the distance difference to solve the tag's coordinates eliminates the need for clock 
synchronizations. However, in a real positioning system, the errors are mainly caused by the 
placement of the devices, the hardware factors, and environment noise, which cannot be 
ignored. The first two factors result in constant errors, and the environment noise follows a 
Gaussian distribution [28]. 

Assuming the Gaussian error 𝑛𝑛𝑖𝑖 ∼ 𝑁𝑁�0,𝜎𝜎𝑖𝑖2� , equation (2) becomes a system of 
Diophantine equation (3), and the Gauss-Newton method, a nonlinear iterative algorithm, is 
used to solve the problem. 

‖𝐴𝐴𝑖𝑖 − 𝐴𝐴1‖+ �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖� − �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴1�+ 𝑛𝑛𝑖𝑖 = 𝑐𝑐 ⋅ �𝑡𝑡1𝑖𝑖𝑇𝑇 − 𝑡𝑡𝑝𝑝𝑖𝑖 � (3) 
Moving terms involving 𝑇𝑇𝑎𝑎𝑎𝑎 to one side and let 𝑐𝑐 ⋅ �𝑡𝑡1𝑖𝑖𝑇𝑇 − 𝑡𝑡𝑝𝑝𝑖𝑖 � − |𝐴𝐴𝑖𝑖 − 𝐴𝐴1| = 𝑟𝑟1𝑖𝑖𝑖𝑖, equation 

(3) is simplified to 
�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖� − �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴1�+ 𝑛𝑛𝑖𝑖 = 𝑟𝑟1𝑖𝑖𝑖𝑖 (4) 

The solution is considered optimal when the sum of squared residuals in equation (5) is 
minimized. 

𝑇𝑇𝑎𝑎𝑎𝑎 = arg min
𝑥𝑥
���𝑟𝑟1𝑖𝑖𝑖𝑖 − �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴𝑖𝑖�+ �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝐴𝐴1��

2

𝑖𝑖

� (5) 

It requires an appropriate initial value and then iterates to approximate the global optimal 
solution. According to Reference [29], the 𝑘𝑘-th iteration is calculated as equation (6), 

𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘+1 = 𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘 −𝑾𝑾𝑘𝑘�𝑟𝑟𝑖𝑖 − �𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘 − 𝐴𝐴𝑖𝑖� + �𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘 − 𝐴𝐴1�� (6) 

where 𝑾𝑾𝑘𝑘 = �𝑯𝑯𝑘𝑘
𝑇𝑇𝑯𝑯𝑘𝑘�

−1𝑯𝑯𝑘𝑘
𝑇𝑇, 𝑯𝑯𝑘𝑘 = 𝜕𝜕��𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘 −𝐴𝐴𝑖𝑖�−�𝑇𝑇𝑎𝑎𝑎𝑎𝑘𝑘 −𝐴𝐴1��

𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎
 and 𝑯𝑯 is the Jacobian matrix. 

Note that the tag does not emit signals throughout the process, which is so-called "passive". 
Theoretically, if there are multiple tags in the positioning system, they can operate 
independently without affecting each other. Another advantage of the passive mechanism is 
its invisibility which protects the privacy of tag users. 

3.3 Performance of the TDOA-MCM 
To verify the TDOA-MCM proposed in this paper, the Cramer-Rao Lower Bound (CRLB) is 
cited as a metric to evaluate the positioning accuracy of 𝑇𝑇𝑎𝑎𝑎𝑎. CRLB is the lower bound of the 
variance of unbiased parameter estimates [16], here, written as 

𝑣𝑣𝑣𝑣𝑣𝑣�𝑇𝑇𝑎𝑎𝑎𝑎� ≥ CRLB = 𝐺𝐺�𝑇𝑇𝑎𝑎𝑎𝑎�
−1 (7) 

 

where 𝐺𝐺(⋅) is the Fisher information matrix. 
In the positioning scenario, the coordinates of the 𝑇𝑇𝑎𝑎𝑎𝑎  are determined by the distance 

measurements between base stations and the tag, in which the main error arises. Since the 
environmental noise follows a Gaussian distribution, the distance measurement vector 𝑟𝑟 
follows a Gaussian distribution as well. Denote 𝑟𝑟 ∼ 𝑁𝑁(𝑹𝑹,𝑸𝑸), and the Fisher information 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 19, NO. 1, January 2025                        333  

matrix can be written as equation (8) [30]. 

𝐺𝐺�𝑇𝑇𝑎𝑎𝑎𝑎� = �
𝜕𝜕𝑹𝑹
𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎

�𝑸𝑸−1 �
𝜕𝜕𝑹𝑹
𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎

�
𝑇𝑇

(8) 
 

where 𝑹𝑹 is the mean of the measurement vector and 𝑸𝑸 is the covariance matrix of error. 
Denote 𝑟𝑟𝑖𝑖𝑖𝑖 as the distance measurement between device 𝑖𝑖 and 𝑗𝑗, and T is the subscript for 

the tag. For a typical two-dimensional TDOA positioning in Fig. 1, 𝑟𝑟𝑇𝑇1, 𝑟𝑟𝑇𝑇2, 𝑟𝑟𝑇𝑇3 should be 
measured to obtain the distance difference vector 𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = [𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇2, 𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇3]𝑇𝑇. Obviously, 
𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 follows a Gaussian distribution 𝑁𝑁(𝑹𝑹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝑸𝑸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇), where 𝑹𝑹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is the mean of the 
vector [𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇2, 𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇3]𝑇𝑇  and 𝑸𝑸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = diag[𝜎𝜎𝑟𝑟𝑇𝑇1−𝑟𝑟𝑇𝑇2

2 − 𝜎𝜎𝑟𝑟𝑇𝑇1−𝑟𝑟𝑇𝑇3
2 ] . 𝜎𝜎𝑟𝑟𝑇𝑇1−𝑟𝑟𝑇𝑇2

2  and 
𝜎𝜎𝑟𝑟𝑇𝑇1−𝑟𝑟𝑇𝑇3
2  are the covariance of 𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇2 and 𝑟𝑟𝑇𝑇1 − 𝑟𝑟𝑇𝑇3, respectively. For the TDOA-MCM 

proposed in this paper, the distance difference vector 𝑟𝑟𝑀𝑀𝑀𝑀𝑀𝑀 = [𝑟𝑟12 + 𝑟𝑟2𝑇𝑇 − 𝑟𝑟1𝑇𝑇 , 𝑟𝑟13 + 𝑟𝑟3𝑇𝑇 −
𝑟𝑟1𝑇𝑇]𝑇𝑇, follows a Gaussian distribution 𝑁𝑁(𝑹𝑹𝑀𝑀𝑀𝑀𝑀𝑀,  𝑸𝑸𝑀𝑀𝑀𝑀𝑀𝑀). 

 

𝑹𝑹𝑀𝑀𝑀𝑀𝑀𝑀 = −𝑹𝑹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + [𝑟𝑟12, 𝑟𝑟13]𝑇𝑇   (9)
𝜕𝜕𝑹𝑹𝑀𝑀𝑀𝑀𝑀𝑀
𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎

= −
𝜕𝜕𝑹𝑹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎
+
𝜕𝜕[𝑟𝑟12, 𝑟𝑟13]𝑇𝑇

𝜕𝜕𝑇𝑇𝑎𝑎𝑎𝑎
(10)

𝑸𝑸𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑸𝑸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑[𝜎𝜎122 ,𝜎𝜎132 ] (11)

 

 

where 𝜎𝜎122 ,𝜎𝜎132  are the covariance of the measured 𝑟𝑟12 and 𝑟𝑟13, respectively. 
Observing equations (9)-(11), the proposed TDOA-MCM has additional terms about 𝑟𝑟12 

and 𝑟𝑟13 compared to the ideal clock-synchronized TDOA. This is because the TDOA-MCM 
positioning mechanism has an additional path from 𝐴𝐴1  to 𝐴𝐴𝑖𝑖 . The terms appear to have 
deteriorated the positioning performance, but considering that the path is irrelevant to the tag, 
the impact of the terms is slight. Besides, the ideal clock synchronization in TDOA is not 
achievable in real situations. Each additional communication for clock compensation or 
calibration will aggravate the effects of noise. 

4. Experimentation 
This section presents MATLAB simulations and indoor experiments to demonstrate that the 
proposed TDOA-MCM is insensitive to clock desynchronization by discussing positioning 
errors in detail. 

4.1 Simulation 
Set four base stations located at the vertices of a rectangle with coordinates (0, 0), (0, 10), (10, 
10), and (10, 0) with the unit in meters, respectively. Five positioning points are uniformly 
distributed in the rectangular area surrounded by the four base stations, which are top left (2.5, 
7.5), top right (7.5, 7.5), bottom left (2.5, 2.5), bottom right (7.5, 2.5), and middle (5, 5). 
Gaussian noise with an average value of 0 and a standard deviation of 0.01 was added to 
simulate environment noise in all simulations. Each point is located 1000 times by ideal TDOA, 
TDOA with clock desynchronization, and TDOA-MCM. The clock desynchronization 
consists of a fixed clock difference and a random clock drift. Using the Tag's clock as a 
reference, the fixed clock differences of the four base stations are +1 ns, +0.5 ns, -1 ns, and -
0.5 ns, respectively, and the random clock drift ranges from 0 to 1 ns. Simulation results are 
shown in Fig. 4. 
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Fig. 4. Simulation results for the ideal TDOA, TDOA with desynchronization, and the proposed 

TDOA-MCM. 
 

The positioning results are all close to the real locations. The errors of ideal TDOA are 
minimal, and the results of the TDOA with desynchronization have a relatively consistent 
offset due to the fixed clock differences between base stations and the Tag. Specifically, all 
errors are statistically represented in Fig. 5, displaying errors of five points, respectively, in 
the box-and-whisker plot. The box represents the interquartile range, which covers the data 
from the first quartile (Q1, 25% of the error falls below this point) to the third quartile (Q3, 
75% of the error falls below this point), i.e., the box contains the middle 50% of the data. The 
middle line in the box (Q2) represents the median of all the errors. The results show that: 

As expected, the accuracy of the ideal TDOA is the highest, as it assumes the clocks are 
fully synchronized and the amount of communication is minimal. All the errors are below 7.7 
cm, and the median errors are 2.5 cm, 2.8 cm, 2.9 cm, 2.9 cm, and 2.6 cm, respectively. 
However, it is impossible to achieve in real situations. 

 

 
(a) Ideal TDOA   (b)  TDOA with clock desynchronization 
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   (c)  Simulation errors displayed in box-and-whisker plots 

Fig. 5. Simulation errors displayed in box-and-whisker plots. 
 

When clock desynchronization is added to the ideal TDOA, the positioning errors increase 
significantly. Most of the data in the box is distributed between 30 and 40 cm, with a maximum 
value of 51.7 cm. The median errors are 30.5 cm, 36 cm, 38 cm, 33.8 cm, and 32.2 cm, 
respectively, quite larger than the ideal TDOA. 

The proposed TDOA-MCM also involves fixed clock difference and clock drift. The errors 
are all below 12.5 cm, with Q3 below 6.4 cm. The median errors are 3.1 cm, 2.8 cm, 4.5 cm, 
3.7 cm, and 3.5 cm, respectively. Its performance is slightly worse than the ideal TDOA 
because of the additional path, but it is much better than TDOA with clock desynchronization. 
The simulation results are consistent with the CRLB calculated in Subsection 2.3. 

4.2 Indoor experiments 
UWBMini3s shown in Fig. 6 are used as base stations and tags for indoor positioning 
experiments. It’s a DW1000-based commercial positioning module, controlled by an 
STM32F103T8U6 processor. DW1000 is a radio frequency (RF) chip that receives and 
forwards information frames. 

 
Fig. 6. Positioning module, UWBMini3s. 

4.2.1 Single tag positioning 
As shown in Fig. 7, three modules were arranged in a classroom of 6×8 m2 to send and relay 
positioning signals as base stations. Another module was set as the tag node to receive the 
signals without relaying them, achieving passive positioning. All the modules were located at 
the same height, 1.8m, to ensure they were on a plane. 
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Fig. 7. Scenario of the single tag positioning. 
 

Three base stations were set at (0, 0), (6, 0), and (0, 8), and the tag node was moved to five 
places Without loss of generality: upper left (1, 6), upper right (5, 6), lower right (5, 2), lower 
left (1, 2), and center (3, 4) in meters. Each location was measured 2500 times. The positioning 
results are visualized in Fig. 8, where the star markers represent the actual reference point 
locations, and the dots indicate the positioning points obtained through the multi-path 
positioning method. 

 

 
Fig. 8. TDOA-MCM positioning results of the single tag. 

 
It can be observed that the positioning results are very close to the real locations of the tags, 

indicating good positioning performance. Again, the errors are statistically represented in a 
box plot of Fig. 9. All the errors of the five points are less than 10 cm except for some bad 
points, and most of the deviations are converged within the range of 2 cm to 6 cm. This 
demonstrates that multi-path positioning achieves high accuracy in practical positioning tasks. 
Furthermore, the compact shape of the box plot suggests that the errors are not highly dispersed, 
further confirming the stability and reliability of the multi-path positioning method. 
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         Fig. 9. Box plot of the positioning errors. 

 
As in the real situation, the positioning error is mainly caused by the placement of the 

devices, the hardware factors, and environment noise, in which the first two factors result in a 
constant error, and the environment noise follows a Gaussian distribution [25]. The constant 
error can be compensated, and the Gaussian distribution of environment noise is the main 
source of the uncertainty in the positioning process. Fortunately, it can be suppressed by 
Gaussian filtering. Fig. 10 shows 3000 points of raw data, where we can see the errors greatly 
converged after filtering. Theoretically, the errors will converge to a straight line, but in the 
real situation, there are still some fluctuations, which may be caused by temperature changes 
and clock drift of the chip itself [31][32]. 

 

 
Fig. 10. Gaussian filtering to environment noise. 

4.2.2 Multiple tag positioning 
To validate the capability of multi-tag positioning of the proposed TDOA-MCM, another two 
tags were added based on Single tag positioning, and the three tags were tested simultaneously 
as shown in Fig. 11. Their coordinates are set as Tag1 (3, 4), Tag2 (1, 2), and Tag3 (5, 2), 
respectively. Using a multi-path positioning algorithm, the positioning results of 5000 
continuous measurements are visualized in Fig. 12 and their errors are statistically in Fig. 13. 
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Fig. 11. Scenario of the three tags operating simultaneously. 
 

 
Fig. 12. Positioning results of the three tags operating simultaneously. 

 

 
Fig. 13. Errors of the three tags operating simultaneously. 

 
When the number of tags increases to three, the multi-path positioning system still keeps 

its performance. The errors are converged between 2 cm and 6 cm, with the means of 3.656 
cm, 3.864 cm, and 4.2 cm, respectively, and a maximum of less than 10 cm except for some 
bad points. Besides, Fig. 14 shows the cumulative distribution function of the root mean square 
errors (RMSE) for the three tags, where x represents the RMSE values, measured in meters, 
and F(x) represents the cumulative probability of RMSE being less than or equal to x. The 
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curves present a similar trend for the three tags, indicating similar performances of different 
tags. The difference between the curves is basically a constant in the main section and can be 
attributed to tag locations. This demonstrates that the multi-path positioning method can 
handle multiple tags simultaneously while maintaining high positioning accuracy and good 
stability in real positioning scenarios, and makes it suitable for multiple terminals or heavy 
load conditions such as staff/stuff tracking within hospitals, factories, or underground mines. 

 

 
Fig. 14. Probability density distribution of the errors. 

 
Table 1 presents a comparison with other TDOA-based positioning methods, including their 

experimental setup, clock synchronization, complexity, and positioning errors. Note that the 
complexity is defined by the number of data transmissions required to complete a single 
positioning operation. It shows that our TDOA-MCM has the highest accuracy but lowest 
transmission count among the mechanisms with clock correction. 

 
Table 1. Comparison with existing positioning 

 

Ref Method Implementa
tion Test Area Synchronization Complexit

y 
Errors 
(cm) 

[33] TDOA/S
DS-TWR Simulation 

9m one-way 
distance 

measurement 
Synchronized 6 <25 

[34] EDTDO
A Experiment 16m×5.6m Clock correction Far greater 

than 9 <30 

[21] UWB-
TDOA Experiment 5m×6m Clock correction 8 <15 

[17] A-TDOA Experiment 6m×6m Clock correction 9 <15 

[31] F-AltDS-
TWR Experiment 12m×12m Clock correction 9 <11 
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Ours TDOA-
MCM Simulation 10m×10m Clock correction 5 <6 

Ours TDOA-
MCM Experiment 6m×8m Clock correction 7 <10 

 5. Conclusion  
The ideal clock-synchronized TDOA provides superior accuracy for UWB-based indoor 

positioning. However, clock drift or desynchronization can greatly reduce the positioning 
performance. This paper proposes a TDOA-based multi-path communication mechanism, 
TDOA-MCM, to address this challenge. We use one base station as the signal transmitter, and 
the signal arrives at the tag via both direct path and multi-path. Calculating the time difference 
between the two paths, there is no need for clock synchronization between the base stations 
and the tag. The performance is analyzed by the Cramer-Rao bound. It was demonstrated that 
each additional communication for clock compensation aggravated the effects of noise 
compared to the ideal TDOA. The proposed TDOA-MCM only adds one path between the 
stations (irrelevant to the tag), achieving positioning errors of less than 10 cm in real indoor 
experiments. Multiple tags are allowed in one positioning system as they do not transmit 
signals, and the passive mechanism can also protect the privacy of tag users. 

In future research, we will incorporate machine learning methods to compensate for the 
clock drift and optimize the system for better accuracy. We will also consider improving 
positioning accuracy from other aspects, such as non-line-of-sight conditions, and hardware 
temperature compensation. 
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