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Abstract: Fire rescue challenges and solutions have evolved from straightforward plane rescue to encompass 3D space due to the rise of high-rise city buildings. Hence, this study facilitates a system with quick and simplified on-site launching and generates real-time location data, enabling fire rescuers to arrive at the intended spot faster and correctly for effective and precise rescue. Auto-positioning with step-by-step instructions is proposed when launching the locating system, while no extra measuring instrument like Total Station (TS) is needed. Real-time location tracking is provided via a 3D space real-time locating system (RTLS) constructed using Ultra-wide Bandwidth technology (UWB), which requires electromagnetic waves to pass through concrete walls. A hybrid weighted least squares with a time difference of arrival (WLS/TDOA) positioning method is proposed to address real path-tracking issues in 3D space and to meet RTLS requirements for quick computing in real-world applications. The 3D WLS/TDOA algorithm is theoretically constructed with the Cramer-Rao lower bound (CRLB). The computing complexity is reduced to the lower bound for embedded hardware to directly compute the time differential of the arriving signals using the time-to-digital converter (TDC). The results of the experiments show that the errors are controlled when the positioning algorithm is applied in various complicated situations to fulfill the requirements of engineering applications. The statistical analysis of the data reveals that the proposed UWB RTLS auto-positioning system can track target tags with an accuracy of 0.20 m.
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1  Introduction

People are always eager to know their location information for one reason or the other, from a hike to travel, work to leisure. Individuals are interested in location information because it is a basic need rather than a lack of safety. Firefighters use location data to locate fire sites, while logistics businesses use telematic systems to guarantee driver safety and location. People are becoming increasingly dependent on wireless portable terminals due to modern mobile communication technology’s rapid improvement, and location-aware services are also taking on a more prominent role [1]. Anyone can use a mobile phone or wearable with positioning capabilities and civil non-high-precision positioning technology outdoors. The Global Positioning System (GPS), Beidou satellite navigation system, Galileo, and cellular localization are commonly used commercial systems that offer functions that assist users with daily travel and route tracking.

Current commercial positioning technologies, like GPS and Beidou, are best suited for location in open, outside spaces. Nevertheless, these technologies frequently struggle to provide comprehensive positioning in highly complicated situations. The GPS transmissions are not strong enough to penetrate the concrete walls of buildings. The GPS needs a clear line-of-sight (LOS) to orbital satellites for positioning accuracy, which is not always practical in a fire rescue scene, and this makes the GPS less favorable in non-line-of-sight (NLOS) application settings [2,3]. Without the real-time positions of all dispatched team members carrying out fire rescue in the building, it is difficult for the commander to make effective decisions in time. When a casual accident happens, the rescue dispatching could be delayed, resulting in casualties that could have been avoided. Current individual static/dynamic object tracking systems are called real-time locating systems (RTLS). Therefore, if an RTLS exists and the firefighter’s real-time positions are tracked for potential hazard monitoring, it can provide a reliable decision-making basis for the on-site commander and reduce the corresponding losses. When fire firefighters enter the scene, electromagnetic signals are blocked and shielded by buildings and affected by thermal radiation. Conventional wireless communication systems are often trapped. Ultra-wide Bandwidth technology (UWB) overcomes these problems and satisfies the need for high-precision real-time positioning in relatively short distances.

In our system design, the UWB modulation does not use the sinusoidal carrier to modulate data but uses nanosecond-level non-sinusoidal narrow-band pulses to reach a higher level quickly. This short duration of UWB pulses enables the identification of the main path when multipath signals exist. UWB has many appealing characteristics, such as high multipath resolution, low cost, and good confidentiality. Since its transmission power is low, which can be seen as the white noise of the surrounding communication system, it holds an excellent independent property and will not interfere with other wireless systems. Adding that the UWB operate on drastically different radio spectrum and signal type, the UWB is immune to interference from many other signals. Due to the promising high penetration capability (especially the low frequencies in the UWB spectrum), the UWB can work on NLOS occasions. However, the fire rescue is random in time, and the UWB system also holds the promising property of immunity to weather factors like fog, rain, or clutter. Reference [4] from the application perspective, UWB has been used in various aspects, such as vehicle pose estimation on construction sites [5], power interactive spatial augmented reality systems [6], and coal mine localization [7]. The IEEE 802.15.4a standard has also designated UWB as one of the preferred technologies for wireless positioning. The wireless positioning technology based on UWB has also received more attention from the industry.

Because the electromagnetic wave propagates in an NLOS manner, the TDOA estimation algorithm is adopted in this research work due to its performance. Aimed at cutting down the calculation complexity of the classic TDOA algorithm, a weighted least squares (WLS) method is attached, which can help generate the location of the target tag after two times of iterations without the requirement of the initial value. Note that the anchors are synchronized by fiber connections in the picosecond level, which eliminates the synchronization requirement between target tags and anchors and simplifies the system’s hardware design while meeting the locating needs. Thus, the WLS/TDOA algorithm can generate the target tags’ location in time while tolerating acceptable calculation complexity to meet the RTLS needs.

Besides the advantages mentioned above, the auto-positioning property, in particular, is vital to the fire rescue application. The traditional UWB system generally needs to determine the exact relative locations of the anchors to build up the relative coordinate when launching the system at a new site. Tools like Total Station (TS) must be utilized for measurement, though the setup process is not practical to repeat in a fire rescue scene. Nonetheless, the auto-positioning property can simplify the process and automatically generate the locations of the anchors to initialize the coordinate system for tracking. Therefore, the three-dimensional UWB RTLS auto-positioning system could be a reliable and feasible powerful supplement to the existing fire-fighting scene rescue facilities.

Most of the research in the literature only focuses on indoor/outdoor locating scenarios. In contrast, the originality of this research work comes from the fact that we address a more comprehensive and practically relevant fire rescue scene in which the electromagnetic wave needs to penetrate the concrete walls since anchors are deployed outside the building while providing location service for targets inside the building. This research aims to assess the feasibility and evaluate the performance of the 3D-UWB-RTLS auto-positioning system on fire rescue scenes while comparing it to the one without the auto-positioning enabled WLS/TDOA positioning algorithm proposed. This solves the problem of collecting accurate paths in three-dimensional space and fast computation in practical applications while meeting the requirement of RTLS. Comparative experiments are conducted to compare the location estimation accuracy for the anchors of the UWB RTLS system without auto-positioning. And then, under different environment settings, comparative experiments were conducted to validate the performance of the accuracy of the proposed 3-D UWB-RTLS for target tag locating. This paper deduces the CRLB of the 3-D TDOA algorithm to demonstrate its stability and stress on its accuracy and obtains the CRLB value of the proposed WLS/TDOA positioning algorithm. The rest of the research work is organized as follows. The literature review is presented in section two. The methodology of the proposed approaches is introduced in section three. The experimental studies and results based on comparing multi-story experiments are carried out in section four. Section five concludes this research work.

2  Literature Review

Radio Frequency (RF) based on the UWB technologies and protocols facilitates many types of algorithms to estimate the location of tags or sensors, which operates on relatively high bandwidth (spectrum > 500 MHz) [8]. As one of the most critical RTLS performance evaluation factors, accuracy is vital in determining the application domain of a typical technology. Table 1 compares the typical accuracies of different RTLS utilizing different technologies in the past decade in literature. They include popular technologies like UWB, radio-frequency identification (RFID), computer vision (CV), ultrasound, Bluetooth low energy (BLE), and GPS. Since UWB technology holds supreme accuracy, UWB technology is utilized in this study.
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For current UWB RTLS systems existing in the literature, a 2D tag-based UWB RTLS is proposed and evaluated in [14] in a Lab environment to conclude with an accuracy of around 0.28–0.38 m, a 2D grid-based UWB RTLS is proposed and evaluated in [15] in a Lab environment to show an accuracy of approximately 0.19 m, an indoor smart building wireless electric appliance control tracking system under BIM-based virtual environment is proposed and evaluated in [16] in a Lab environment to show an accuracy of approximately 0.21 m in a 2D scenario. And no comparable 3D-UWB-RTLS is found so.

2.1 Location Estimation Algorithm

Regarding target position estimation, the technical route of UWB is similar to the existing wireless positioning technology. It can be obtained from ranging and direction information [17]. The estimation strategies are mainly classified into five categories: estimation based on the angle of arrival (AOA), estimation based on received signal strength (RSS), estimation based on the phase difference of arrival (PDOA), and estimation based on time of arrival (TOA) or estimation based on TDOA. The estimation method of AOA needs the antenna array to collect the relative orientation of the signal received from the transmitting node [18], and the position of the target node can be generated through the data analysis of the same signal received by multiple nodes. Limited by the angular resolution of antenna equipment, the measurement accuracy of AOA decreases with the increase in distance, making it difficult to achieve consistent high-precision positioning. Moreover [19], though we see some wearable UWB Antenna come into being [20] since the antenna array significantly increases the receiver’s size and equipment cost, it is challenging to meet the needs of temporary construction, compactness, and portability. Therefore, the technology based on AOA is suitable for positioning in a small range regarding its accuracy. For the estimation method of PDOA, the phase difference between two antennas for a single signal is used to calculate the location, which is of the same challenge that the antennas are too complex. The estimation method of RSS needs to know the channel propagation model [21], which is uncertain and time-varying in fire rescue scenes, so it is not applicable either. Therefore, this paper starts with the time characteristics of signal transmission, analyzes the time difference of the signal arriving at different reference points, and calculates the position information of the target node. This method can improve positioning accuracy and reduce hardware complexity; moreover, it is one of the most widely used methods in practice.

2.2 Methods for Location Estimation Accuracy

Many calibration methods have been utilized in previous studies to calculate the location. Typically, a reference tag of known location and clear LOS with anchors are used for calibration in literature [22–24]. However, the method is unsuitable for a fire rescue scene since the clear LOS cannot be guaranteed, and configuring a reference tag is time-consuming.

Noise removal is a vital part of signal processing, and previous studies show the filtering method can enhance the accuracy to relatively 0.20 m [25]. The Kalman filter [24,25], max velocity [9], max step [26], and statistical filtering [22] are the filtering methods used to improve location accuracies. Nonetheless, the filtering methods must go over all the data, which significantly delays the location estimation and thus harms the RTLS on real-time efficiency.

Therefore, it is essential to propose a UWB RTLS for fire rescue to satisfy the following requirements:

•   No reference tag requirement.

•   No extra measuring instrument like Total Station (TS) is needed.

•   Simple reinstall process.

•   Compact (without antenna array) and less expensive.

2.3 Shortcomings in the Related Work and Paper Contributions

According to the research, idealized circumstances call for UWB-positioning systems to have accuracy in the sub-decimeter range. However, the reported accuracy of the UWB location is just a few decimeters accurate in real-world operational circumstances. Some flaws can be found in the literature when carefully analyzed and contrasted. First, it is evident that most evaluations focus on the target location accuracy and not so much on anchor location accuracy when considering assessments carried out in realistic surroundings as opposed to simulations and simplified scenarios. Accurate anchor locations are more authentic than the initial derivation and are highly valued in the industrial sector. The accuracy of the target tags’ locating system comes in two-fold: the precision of the anchors, which were used as the reference axis, and the accuracy of the locating algorithm utilized to generate the locations. The essential thing is that, without a reliable reference, there will be no bases for optimizing the algorithm.

Second, most evaluations rely on a small number of reference target points to increase the target tags’ average accuracy while ignoring statistical differences in accuracy caused by external impediments. The system’s design then neglects to account for the installation component, which results in the system being unavailable for use and keeping it in the lab for so long during its development. Also, few works address computer complexity; thus, it is difficult to determine whether the output can satisfy real-time requirements. CRLB of the 3-D TDOA algorithm is also unavailable; we searched several databases extensively without success. Only 2D CRLB has been theoretically created in the literature, making it difficult to determine whether there is potential for improvement.

Hence, the following contributions from this study are intended to close the gaps that were found:

•   When the 3D-UWB-RTLS is reinstalled, a temporary Bluetooth network is launched to speed up the location-generation process, and a test experiment is to verify its accuracy. The four locations of the anchors are used for setting up the measuring coordinates to track the target tags further in a realistic industrial setting.

•   Auto-positioning is proposed when launching the locating system, while no extra measuring instrument like Total Station (TS) is needed.

•   With extensive lab experiments, a system with no reference tag requirements is developed to validate the accuracy of the WLS/TDOA, which originates from the classical TDOA with clear improvement in accuracy.

•   A novel idea is proposed for shifting the computing load from software to hardware for faster response, greater accuracy, and more robust performance. The computing complexity is reduced to a lower bond for the embedded hardware to directly compute the time differential of the arriving signals using the time-to-digital converter (TDC). When operating at the upper software level, the TDC can measure the time elapsed between the appearance of two or more signals at its input ports and output the time difference while reducing the time consumed for noise reduction; that is why it is referred to as real-time.

•   Our work theoretically develops the CRLB of the 3-D WLS/TDOA algorithm for the first time.

In conclusion, this paper is novel compared to the existing literature because it thoroughly addresses aspects of fast reinstallation and accuracy factors, such as anchor location and target tag location optimizations, among others, that were previously only marginally addressed or ignored. Furthermore, the CRLB derivation provides trackable evidence with algorithm performance and potential.

Thus, the following research aims to investigate the feasibility and evaluate the performance of the 3D- UWB-RTLS auto-positioning system on fire rescue scenes.

3  Methodology

In this study, we facilitate a system with quick and simplified on-site launching and generate real-time location data, enabling fire rescuers to arrive at the intended spot faster and correctly for effective and precise rescue. Auto-positioning with step-by-step instructions is proposed when launching the locating system, while no extra measuring instrument like TS is needed. Real-time location tracking is provided via a 3D RTLS constructed using UWB, which requires electromagnetic waves to pass through concrete walls. A hybrid WLS/TDOA positioning method is proposed to address real path-tracking issues in 3D space and to meet RTLS requirements for quick computing in real-world applications. The computing complexity is further reduced to the lower bound for embedded hardware to directly compute the time differential of the arriving signals using the TDC. It is worth stressing that the whole research work is built on top of a series of technologies and with careful modifications, which aims to solve the emerging challenge of tracking in fire rescue scenes. The originality comes from the fact that we spare in-depth investigation into a practical engineering issue and embrace the advances in algorithms and hardware, and the output is beneficial.

3.1 Use Case Definition

When a fire breaks, the fire brigade must rush to the scene to lay a waterway for rescue. The commander can only see the surrounding firefighters at the scene, and it is difficult to effectively track the real-time location of the fire rescue personnel entering the building on fire. Currently, the location information of the target fire rescue personnel can only be grasped through the active report of the intercom. The location updates are not only limited by the reporting frequency but also limited by the personnel’s subjective geographical perception. The location information is also at risk of interruption, which is not conducive to the overall planning of fire rescue and timely emergency rescue for firefighters facing danger at the fire scene. Significantly when firefighters on the fire scene accidentally inhale thick smoke, are injured by falling objects, or get lost, their rescue is often blinded and uncontrollable. It is not easy to accurately reach the target location to carry out the rescue in time. With the UWB RTLS for 3-D space, the location information obtained in real-time can direct the rescuers accurately and quickly to reach the target location, thus providing efficient and accurate rescue. When a fire breaks out in a high-rise city building, as shown in Fig. 1, firefighters must extinguish the fire on the periphery and enter the building to work. The on-site installation of the UWB RTLS ought to be deployed immediately and simultaneously with the standard fire rescue procedure.
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Figure 1: An example of a high-rise city building

The deployment scenario of on-site UWB RTLS for a high-rise building is complicated but practical. Since we seek to track the location in 3-D space, at least four anchors are needed for trilateration. The three directional receiving antennas/anchors numbered 2 to 4 are deployed in three corners of the building on the ground. Another omnidirectional antenna/anchor, numbered one, is lifted by a fire ladder or drone to the sky on the fourth corner. The installation diagram is in Fig. 2. With all four anchors’ locations known, the target tags’ locations can be generated accordingly. Nonetheless, the accuracy of the generated locations is closely tied to the areas of the four anchors; the deviation of the location estimation of anchors will impact the target tags’ location accuracies. Note that all four antennas/anchors are wired to the base station, and optical fibers are wrapped in fire-resistant and heat-resistant materials. They can provide real-time online spatial location tracking services for target firefighters wearing positioning tags. However, measurement instruments like TS are needed to generate the locations of the four antennas/anchors, which is not always accessible and inconvenient. Thus we design and propose the auto-positioning function to generate the four locations and speed up the reconfiguring process to help launch the UWB RTLS.
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Figure 2: The on-site installation diagram

3.2 Auto-Positioning

The two-way communication between the anchors is enabled to facilitate the auto-positioning function; that is, a temporary network based on Bluetooth is launched when reinstallation of the UWB RTLS to help simplify the process of generating the locations. The four locations of the anchors are used for setting up the measuring coordinates to track the target tags further.

The mechanism of the auto-positioning is illustrated in Fig. 3. Anchor 1 initiates its location as (0, 0, h), and the auto-positioning function is turned on. Thus, the origin can be derived accordingly as (0, 0, 0), which is the projection of Anchor 1 on the ground. Next, the deployment locations of Anchor 2 and Anchor 4 are adjusted to form a right angle on the same altitude (predefined by the bracket as h0 with a limited short adjusting range) concerning the origin. Anchor 2 has the same X axis as Anchor 1, Anchor 4 has the same Y axis as Anchor 1, while Anchor 2 and Anchor 4 have the same Z axis h0. After measuring the mutual distances between Anchor 1 and Anchor 2 through UWB, the Y axis of Anchor 2 is obtained. And the X-axis of Anchor 4 can be obtained accordingly. Then, the deployment location of Anchor 3 is determined regarding the X axis of Anchor 4 and Y axis of Anchor 2. Finally, the O-XYZ 3-D coordinate is formed accordingly.
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Figure 3: The mechanism of auto-positioning

To successfully launch the UWB RTLS with auto-positioning, a number of procedures are required:

•   Entering the auto-positioning function in the base platform and turn on the Bluetooth of the Anchors.

•   Choose the initiator anchor (Anchor 1) and adjust the deployment location of Anchor 2 and Anchor 4 as directed.

•   Generate the location of Anchor 1 and form the origin on the virtual geographic map.

•   Measure the mutual distance between Anchor 1 and Anchor 2 and generate the location of Anchor 2 accordingly.

•   Measure the mutual distance between Anchor 1 and Anchor 4 and generate the location of Anchor 4 accordingly.

•   Generate the location of Anchor 3 according to Anchor 2 and Anchor 4, and form the O-XYZ 3-D coordinates to track the target tags further.

3.3 Location Estimation Algorithm

The general composition of a typical 3-D UWB RTLS includes reference anchors and target tags. The target tag emits omnidirectional UWB pulses to reach the reference anchors, and there exists a time difference when arriving due to the diverse deployment location of the anchors. Because the anchors do not move once deployed, the distance difference between any two anchors is fixed, which meets the definition of the hyperboloid. In the 3-D locating scenario, by deploying at least four anchors spatially, the three hyperboloids’ intersection is the estimated location. This section makes modifications to the traditional TDOA algorithm to improve the estimation accuracies.

To derive the algorithm for further general application, we expand the number of anchors from four to M while assuming the number of tags as N. we assume the actual location of the nth tags as Nn (xn′,yn′,zn′)and the location of the ith anchors as Ani (xi,yi,zi). The actual mutual distance between Nn and Ani is riand the propagation time is Ti. Thus the relation can be expressed as


ri2=(xi−xn′)2+(yi−yn′)2+(zi−zn′)2(1)

The actual distance between the nth tag to the first reference anchor An1 and the nth tag to the ith reference anchor Ani can be calculated as


ri,1=ri−r1(2)

And the estimated distance difference r^i,1 can be calculated as


r^i,1=ri,1+(Ti−T1)⋅c=ri,1+Ti,1⋅c(3)

If we ignore the impact of the propagation error, we have


ri,12=(ri−r1)2=ri2−2rir1+r12(4)

And we can further rewrite the equation as


ri,12+2rir1−2r12=ri2−r12(5)

Then by plugging (2) into (5), we have


ri,12+2ri,1r1=ri2−r12(6)

where,


ri2−r12=((xi−xn′)2+(yi−yn′)2+(zi−zn′)2)2−((x1−xn′)2+(y1−yn′)2+(z1−zn′)2)2(7)

For the sake of a concise notation, let αi=xi2+yi2+zi2. We can further rewrite (7) as


(ri,1+Ti,1⋅c)2−αi−α12+rir1+xn′⋅(xi+x1)+yn′⋅(yi+y1)+zn′(zi+z1)=0(8)

By defining an unknown vector μa=[μpT ,r1]T , and μp=[xn′,yn′,zn′]T , we form linear equations regarding (8) as


χ=e−Cμa(9)

where,


C=[x2−x1y2−y1z2−z1r2−r1x3−x1y3−y1z3−z1r3−r1⋮⋮⋮⋮xM−x1yM−y1zM−z1rM−r1](10)


e=12[r2,12−α2+α1r3,12−α3+α1⋮rM,12−αM+α1](11)

For more accurate location estimation of the target tag Nn, since r1 and (xn′,yn′,zn′) are correlated μa with reference to (1), we further define the error scalar of the target tag Nn as


ε=RTc+12c2T × T(12)

where R=diag{r2,r3,⋯,rM}, T=[T2,1,T3,1,⋯,TM,1]T  and the operator ‘×’ represents the direct product. Nonetheless, from the application perspective, the minterm is always eliminated. Then we have the approximation of the error vector


ε=RTc(13)

And accordingly, we have the covariance matrix of the locating errors for TDOA as


ψ=E[εεT ]=c2RQR(14)

where Q is the covariance matrix for TDOA measurement and


Q=diag{σ2,12,σ3,12,⋯,σM,12}(15)

And σi,12 is the variance of the measured location of ith reference anchor and that of the first reference anchor. To solve the matrix R, by performing a weighted least squares (WLS) operation on (14), we have


μa=(CT ψ−1C)−1(CT ψ−1e″)(16)

Since the value of Ψ in (16) is unknown, Eq. (16) cannot be solved. In turn, we calculate the maximum likelihood by replacing Ψ in (16) with Q in (15) to obtain the Eq. (17).


μam=(CT Q−1C)(CT Q−1e″)(17)

Thus, the estimation value of R can be determined as follows


R^=[(x1−μam(1,0,0))2+(y1−μam(0,1,0))2+(z1−μam(0,0,1))2(x2−μam(1,0,0))2+(y2−μam(0,1,0))2+(z2−μam(0,0,1))2⋮(xM−1−μam(1,0,0))2+(yM−1−μam(0,1,0))2+(zM−1−μam(0,0,1))2](18)

Note that by plugging (10), (11), and (14) into (16), we have the results for the first WLS operation. By utilizing the value of μa, the new matrix R can be generated. And by performing a second WLS operation, we have the modified estimated target tags’ locations.

It is worth emphasizing here that μa is assumed to be independent of other elements in the above derivations, which is not a fact, as we have mentioned earlier that r1 and (xn′,yn′,zn′) are correlated. We further modify the estimation of the target tags’ locations. And we have the covariance matrix of μa as


cov(μa)=(C′ψ−1C′)−1(19)

To solve the equation, approximate C′ by C, we have ψ′=4Q′⋅cov(μa)⋅Q′, and Q′=diag(μa(1),μa(2),μa(3)). After performing two times of WLS, the new error vector μa′ can be expressed as


μa′=(C′T ψ′−1C′)−1(C′T ψ′−1e′)(20)

where,


e′=[μa2(1)μa2(2)μa2(3)μa2(4)](21)

and,


C′=[100010001111](22)

Thus, the estimated location of the nth target tag is (μa′(1),μa′(2),μa′(3)).

3.4 Cramer-Rao Lower Bound

The CRLB expresses a lower bound on the variance of unbiased estimators of a deterministic parameter. However, the variance of any such estimator must be as high as the inverse of the Fisher information [27]. The approaches can be categorized into four proximity-based [28], trilateration-like based [29], triangulation-based [30], or angle of arrival (AOA), and pattern recognition-based [31]. To demonstrate the stability and stress on the accuracy limit of the proposed WLS/TDOA positioning algorithm, the CRLB is deducted and obtained. In the TDOA model, the time measurement error associated with the receiver is often modeled by adding Gaussian white noise. However, in the actual engineering environment, this error is related to the distance between the transmitter and the receiver. Thus, the approximation introduces heteroscedasticity to the data processing, which helps determine the error bound. Illuminated by the derivation of the two-dimensional CRLB value of the TDOA algorithm in [32,33], a similar method is used to extend the CRLB value to 3-D scenarios.

Fig. 4 shows the entire process of the established system. At the beginning of system design, computing complexity is shifted to the lower bond; hence the operation of the system making the embedded hardware computes the time differential of the arriving signals for TDOA information. The use of the embedded system speeds up complex computations as compared to the use of the software. The main contribution of the time differential error is allowing only discrete-time readings as required by the TDC.
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Figure 4: The TDOA localization based on the time differential

For a concise notation, we define the distance difference between an arbitrary target tag Nn to an arbitrary reference anchor Rm as


c⋅TNn,Rm=(xNn−xRm)2+(yNn−yRm)2+(zNn−zRm)2=‖rNn−rRm‖(23)

where, the vector rNn represents the vector (x, y, z) in Cartesian coordinate system. Since the time differential of arriving is measured in the TDOA system, we have


c⋅ΔTRi,Rj=(xNn−xRi)2+(yNn−yRi)2+(zNn−zRi)2−(xNn−xRj)2+(yNn−yRj)2+(zNn−zRj)2 =‖rNn−rRi‖−‖rNn−rRj‖(24)

where, i,j∈M, i≠j and rNn denote the actual location of the target tag Nn while r^Nn denoting the estimated location. Thus, the actual distance difference between the target tag Nn and the reference anchor Rj is


ΔR1,j=‖rNn−rR1‖−‖rNn−rRj‖(25)

the error from the reference anchor error can be expressed as


β^1,j=ΔR^1,j=‖rNn−rR1‖−‖rNn−rRj‖+υ1−υj(26)

where j=2,3,…,M. Accordingly, the cumulative error is β^=[ΔR^1,2,ΔR^1,3,…,ΔR^1,M]T. Since the time measurement error υi/j of the time-to-digital converter utilized in the system is normal distribution without loss of generality, we further assume that it has a zero mean. That is, N (0,σi/j) and N (0,σi2+σj2)=N (0,σΔυ2). Thus, the probability of obtaining the measurement estimation error is


p(ΔR^i,j)=12πσΔυ2exp⁡(−(ΔR^i,j−ΔRi,j)22σΔυ2)(27)

Then, the conditional joint probability distribution function is


p(ΔR^i,j|xNn,yNn,zNn)=∏i=1;j=2Mp(ΔR^i,j)=p(β^|rNn)(28)

Thus, the Fisher Information Matrix (FIM) can be defined accordingly as


I(rNn)=E{∂ln⁡(p(β^|rNn))∂rNn⋅(∂ln⁡(p(β^|rNn))∂rNn)T}(29)


I(rNn)=I(xNn,yNn,zNn)=[IxxIxyIxzIyxIyyIyzIzxIzyIzz]=[I11I12I13I21I22I23I31I32I33](30)

Because the variance of the unbiased position estimation of the lower bound of CRLB is not smaller than the inverse of the FIM, we have the following relations:


cov{r^Nn}=E{(r^Nn−rNn)⋅(r^Nn−rNn)T}≥I−1(rNn)(31)


σNn2(r^Nn)=var(x^Nn)+var(y^Nn)+var(z^Nn)≥trace(I−1(rNn))(32)

Then, we define a subfunction to simplify the FIM


SxRi=xNn−xRi‖rNn−rRi‖(33)

FIM can be rewritten as


Ist=1σΔυ2⋅∑i=1;j=2M⁡(Ssi−Ssj)⋅(Sti−Stj)(34)

where s,t∈{x,y,z}. Concerning Cramer’s rule, the inverse of the FIM can be calculated as (35). The information determinant of the matrix I≠0.


I−1=[I11I12I13I21I22I23I31I32I33]−1=1det(I)[I22I33−I23I32I13I32−I12I33I12I23−I13I22I23I31−I21I33I11I33−I13I31I13I21−I11I23I21I32−I22I31I12I31−I11I32I11I22−I12I21](35)

The CRLB of the location of the target tags in the 3-D UWB RTLS is


ε=σNn2(r^Nn)≥trace(I−1(rNn))=I11−1+I22−1+I33−1(36)

4  Experimental Studies and Results

To further verify the algorithm accuracy and engineering application reliability of the proposed 3-D UWB RTLS, we have built a three-dimensional experimental platform in the laboratory and strive to simulate the real application scene and environment as much as possible. The experimental platform was modeled as shown in Fig. 5, located in Qingdao, China, based on a previous fire outbreak that ruined the 7th floor of the building. Through collaborative efforts with the local fire department, possible solutions were generated. Lab C1503 is located at the University of Electronic Science and Technology administration building, Qingshuihe campus, Chengdu, China. The laboratory experiments were conducted in a controlled environment alongside a comparative experiment. This research aims to assess the feasibility and evaluate the performance of the 3-D UWB RTLS auto-positioning system on fire rescue. Since the auto-positioning itself brings error, the accuracy of the auto-positioning function is illustrated and assessed first. And then, the proposed WLS/TDOA algorithm is utilized to perform an estimation of the location of the target tags. At the same time, comparative experiments are conducted to compare the location estimation accuracy of the UWB RTLS system with auto-positioning under different environment settings.

[image: images]

Figure 5: Lab test experiment environment

The ATMD-GPX manufactured by Acam is the primary system utilized, and the time-to-digital converter (TDC) is set at 25 ps due to the limitation of the electron components. This benefits the strictly determined pulse propagation time through the logic gates in the TDC. The steps are as follows:

•   The incoming signal triggers the time measurement.

•   Rectangle pulse propagation through the logic gate with known propagation time.

•   Hold measurement to receive incoming signal and read the number of logic gates the signal has passed through.

•   Measure the time difference between the incoming signals.

The time difference is directly proportional to the number of logic gates that the pulse has traveled through between the start and stop events.

The 3-D experimental platform consists of three parts:

•   A 10-story building model.

•   Positioning calculation systems and reference anchors are distributed around the building and the base station.

•   Mobile target tags are placed inside the building.

The building model used in this experimental platform is a multi-story structure modeled on a typical single high-rise city building. The building is made up of ten floors with a floor spacing of 0.20 m, and each floor is a 2.00 m square large flat floor. The transparent tempered glass material is equivalent to the actual building, and the reinforced concrete columns are simulated by thickened stainless steel. Various blocks of different sizes and materials are randomly placed on each floor as obstacles to test the penetrating ability of the signal.

The reference anchors distributed around the building consist of two parts, one is an air reference anchor deployed on the ceilings of the laboratory at the height of 2.85 m above the ground, and the other is three ground reference anchors located at the height of 0.50 m from the ground, as shown in Fig. 6. Note that the experimental area is measured with a high precision TS on ± (5 mm + 5 ppm) level to generate the actual locations for anchors and tags.

[image: images]

Figure 6: The reference anchors: (a) air reference anchor; (b) ground reference anchors

The accuracy of time differential measurement is essential for the overall system accuracy of TDOA-based RTLS. The computing complexity is minimized to the lower bond for the embedded hardware to directly compute the time differential of the arriving signals using the TDC. The TDC can measure the time elapsed between the appearance of two or more signals at its input ports and output the time difference.

4.1 Auto-Positioning Accuracy Assessment

The four anchors Anchor 1, Anchor 2, Anchor 3, and Anchor 4 (numbered clockwise as shown in Fig. 3), are configured and deployed at a fixed location in the experiment platform. The auto-positioning, as illustrated in Section 3.2, is performed 100 times to generate the locations of the four anchors. The TS experiment is also conducted 100 times under the same settings. The mean radial spherical error (MRSE) is used as the assessment metric to compare the accuracies of auto-positioning to the TS. Table 2 shows the statistical result of the accuracy comparison of auto-positioning and total station. Table 3 shows the average positioning error of auto-positioning of anchors at each coordinate separately. Note that the building model is temporarily moved outside the experiment region when conducting the comparative experiment to avoid NLOS impact on the locating accuracies. Concerning the mechanism of auto-positioning, it is worth emphasizing that the building model does not deteriorate its accuracy.
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As can be inferred from Table 2, the average MRSE is 0.097 m for auto-positioning and 0.068 m for total station, which results in a difference of 0.029 m. With the auto-positioning mechanism and its simplicity, the location estimation accuracy is within 0.10 m for all the scenarios, as shown in Table 3. The results indicate that sub-meter-level accuracy is met and available for future application. Thus, the auto-positioning scheme is practical and suitable for sub-meter-level accuracy requirement use cases under the current settings.

4.2 The Location Estimation Accuracy Assessment

In this section, experiments are conducted to verify the algorithm accuracy and engineering application reliability of the proposed 3-D UWB RTLS in terms of the accuracy of the estimated target tags’ locations. This research presents and assesses five complex environments to model the fire rescue scene better. The five complex environments are based on the building model and are appended with extra obstacles generally seen in the fire scene.

•   Basic building model: glass cabinet with base stainless steel metal frame (I)

•   Basic building model with multiple wooden block obstacles (II)

•   Basic building model with electronic devices at work (III)

•   Basic building model with multiple stationary impenetrable objects (IV)

•   Basic building model with multiple moving impenetrable objects (V)

To validate the location estimation accuracy of the system, we place the target tag at four known typical locations with actual coordinates (1.50,1.40,0.80), (2.60,2.80,1.20), (1.90,2.10,1.60) and (1.30,1.70,1.80). For each scene, the positioning system performs 20 times estimation for each target tag respectively, and the sliding mean is obtained as the positioning coordinates for the estimated locations. Table 4 shows the experiment results.

[image: images]

From the results in Table 4 above, it can be inferred that different environmental settings influence positioning accuracy to different degrees. The location estimation accuracy in the worst scenario is within 0.20 m, which equals the floor spacing setting of our platform.

As can be inferred from Table 4, as the position of the target point becomes high, the value of the z-axis increases, and the error increases. The reason behind this phenomenon is that there is only one air reference anchor. Since the obstacles introduced are impenetrable to electromagnetic waves in environments IV and V, their locating accuracy is further impacted. In environment V, the occlusion probability is reduced because of the moving properties of impenetrable obstacles, which has a certain effect on reducing the error, but the effect is not significant.

Although the values on the z-axis have relatively large errors, only floor information is needed in application practice. Thus, the accuracy of the RTLS is furtherly improved. Therefore, it can be concluded that the proposed UWB RTLS auto-positioning system can reach 0.20 m accuracy, which is supreme to other similar positioning systems listed in Table 1. And since the CRLB of the proposed locating algorithm is 0.05, which is just a quarter of our accuracy. The reason for comparing the estimation accuracy with CRLB is that we cannot find a similar comparative 3-D RTLS which can penetrate the walls to provide locating service in the literature. The comparison also demonstrates that there still exists room for upgrading our system, and the major task of future research is enhancing the auto-positioning accuracy.

The performance of the estimator is assessed by the lower bound on the MRSE estimation error. Based on the proposed lower error bound of 0.05 m [34–37], the MRSE achieved based on the proposed method, auto-positioning and the total station were both greater than 0.05 m. The results of the auto-positioning based on the proposed algorithm were compared with the results of the total station. The proposed algorithm performed well based on the accuracy and difference of the MRSE.

To compare the system performance with current existing similar systems present in the literature review section, the 3D-UWB-RTLS proposed in this research work made significant progress in accuracy to reaching a compelling 0.20 m, adding that the competing innovation proposal of auto-positioning is also a contribution to the field of discipline. Though this research work initially aims to tackle the problem of fire rescue, the scope of application is not limited to it; the system can further benefit the construction site, intelligent manufacturing, etc. And the limitation of the system is straightforward when it requires precise locating while the accuracy is limited, which calls for innovation either on algorithms or hardware or both.

5  Conclusions

As a unique upgrade to 3D-UWB-RTLS based on TDOA for application practice, the auto-positioning scheme was proposed and validated in this research work. With the auto-positioning function to generate the locations of four anchors and set up the measuring coordinates, the hassle of measuring with extra measurement instruments like the total station is eliminated. The comparative experiment demonstrates that the auto-positioning scheme is practical and suitable for sub-meter-level accuracy requirement use cases. The experiment proves that the 3D-UWB-RTLS with auto-positioning has high stability and positioning accuracy. The CRLB value of the proposed positioning algorithm is obtained, which is supreme to other algorithms in the literature. And the anchor location estimation accuracy is within 0.20 m in the worst scenario. A WLS/TDOA locating algorithm is proposed to improve the location estimation accuracy of the target tags, together with the derivation of its CRLB. The statistical summary of the results shows the proposed UWB RTLS auto-positioning system can reach 0.20 m accuracy for target tag tracking, which is approximate to the algorithm’s CRLB (0.05 m). This research work facilitates the simple and quick installation of the UWB RTLS to deploy with the standard fire rescue procedure simultaneously; even though the auto-positioning scheme almost doubled the MRSE of the anchor location estimation, it provides a helpful direction for launching the UWB RTLS in application practice. Adding more air anchors cloud helps with increasing the estimation accuracies on the Z coordinate. Nonetheless, the location estimation accuracy for target tracking still reached a relatively high 0.20 m value compared to similar tracking systems listed in Table 1 (UWB 0.30 m). At the very beginning of system design, computing complexity was shifted to the lower bond, making the embedded hardware directly compute the time differential of the arriving signals for TDOA information. Future works would look at designing the system to solve the problem of dense target-setting scenarios.
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Table 1: Typical accuracy values of different RTLS technologies in the literature

Technology Accuracy (m) Test settings
UWRB [9] 0.30 Field test
RFID [10] 2.80 Lab test
CV[11] 0.66 Field test
Ultrasound [12]  0.97 Lab test
BLE [4] 2.00 Lab test

GPS [13] 1.10 Field test
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Table 3: Average positioning error of auto-positioning of anchors

Reference anchor X (m) Y (m) Z (m)
Anchor 1 0.00 0.00 —0.049
Anchor 2 0.00 0.086 0.00
Anchor 3 0.093 0.086 0.00
Anchor 4 0.093 0.00 0.00
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Table 4: Comparison between the actual location and estimated location of the target tags

Environment settings Actual location (m)

Estimated location (m) MRSE (m)

Average MRSE (m)

(1.50, 1.40, 0.80)
(2.60, 2.80, 1.20)
(1.90, 2.10, 1.60)
(1.30,1.70, 1.80)

(1.53, 1.44, 0.85)
(2.63, 2.85, 1.25)
(1.94, 2.06, 1.54)
(1.36,1.76, 1.77)

0.071
0.077
0.082
0.093

0.081

(1.50, 1.40, 0.80)
(2.60, 2.80, 1.20)
(1.90, 2.10, 1.60)
(1.30,1.70, 1.80)

(1.54, 1.4, 0.85)
(2.64,2.82, 1.26)
(1.95,2.07, 1.54)
(1.33,1.76, 1.74)

0.075
0.075
0.084
0.090

0.081
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(1.50, 1.40, 0.80)
(2.60, 2.80, 1.20)
(1.90, 2.10, 1.60)
(1.30,1.70, 1.80)

(1.47, 1.44, 0.85)
(2.64,2.76, 1.25)
(1.95, 2.16, 1.54)
(1.24,1.76, 1.87)

0.071
0.075
0.098
0.110

0.885

(1.50, 1.40, 0.80)
(2.60, 2.80, 1.20)
(1.90, 2.10, 1.60)
(1.30,1.70, 1.80)

(1.45, 1.46,0.70)
(2.58,2.71, 1.31)
(2.04, 2.08, 1.52)
(1.37,1.79, 1.94)

0.127
0.144
0.162
0.181

0.154

(1.50, 1.40, 0.80)
(2.60, 2.80, 1.20)
(1.90, 2.10, 1.60)
(1.30,1.70, 1.80)

(1.46, 1.44, 0.69)
(2.66, 2.87, 1.30)
(1.97, 2.17, 1.50)
(1.38,1.77,1.91)

0.124
0.136
0.141
0.153

0.139
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Table 2: Accuracy comparison of auto-positioning and total station

u (m) o (m) Max (m) Min (m)
MRSE (Auto-positioning) 0.097 0.052 0.151 0.077
MRSE (Total station) 0.068 0.039 0.136 0.054

Difference of MRSE 0.029 0.013 0.015 0.023
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