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Abstract

:

The ultra-wideband (UWB)-based real-time localization system (RTLS) is a promising technology for locating and tracking assets and personnel in real-time within a defined indoor environment since it provides high-ranging accuracy. However, its performance can be affected by the underlying antenna delays of UWB nodes, which act as a source of error during range estimations. Usually, measurement of the antenna delays is performed separately as a dedicated standalone procedure. Such an additional measurement procedure makes the UWB-based RTLS more tedious with manual interventions. Moreover, the air-time occupancy during the transmission and reception of signaling messages for range estimations between UWB node pairs also limits the serviceable capability of these networks. In this regard, we present a novel simultaneous ranging scheme that requires limited air-time occupancy during range estimations between UWB node pairs and also compensates for the error from the antenna delays. This paper provides a detailed mathematical modeling, system design, and implementation procedure of the proposed scheme. The effectiveness of the proposed scheme for locating a mobile node in an indoor environment is validated through experimental analysis. The results show that, compared to the state-of-the-art two-way ranging (TWR) method, the proposed scheme eliminates the requirement of dedicated standalone antenna delay measurement procedures of the nodes, increases air efficiency through the provision of simultaneous ranging, and provides relative root-mean-square errors (RMSEs) improvement for range and position estimations of approximately   54.52 %   and   39.96 %  , respectively.
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1. Introduction


Location-based services play a vital role in modern society [1,2], and the applications of RTLSs have been gaining significant attention in recent years as a result of advancement in ubiquitous wireless connectivity with an escalation of communication devices [3,4,5,6]. The global positioning system (GPS) [7,8] is commonly used for localization and tracking applications as they provide global coverage. However, it is preferable for outdoor environments because of line-of-sight (LOS) requirements with the GPS satellites [9,10], and the localization accuracy is compromised to 1–5 m when using consumer-grade devices [7]. In this regard, the UWB-based RTLSs is gaining much attention for indoor localization and tracking applications since they provide high localization accuracy, better material penetrability, and scalable network coverage with low power consumption [11]. It was introduced in IEEE 802.15.4a [12,13] and included in the IEEE 802.15.4 UWB physical layer [14]. IEEE 802.15.4z-2020 standard was released recently in 2020 [15], which introduced new features to enhance the UWB standards, such as improved ranging, reduction in air-time occupancy, introduction to simultaneous ranging, and timestamp robustness.



UWB-based RTLSs consist of a reference positioning system of fixed position infrastructure nodes, called anchor nodes, for localization and tracking of mobile nodes within the coverage area [16,17]. A commonly used metric is time-of-flight (TOF), also known as time-of-arrival, which relies on UWB signals of high time resolution with nanosecond accuracy [18], and hence, relatively increases the accuracy compared to other techniques [19]. The TOF estimations between UWB nodes are done by TWR methods [14,20,21,22], which typically rely on the transmission and reception timestamps information of UWB signals. The TWR techniques described in literature [14,20,21,22] primarily aim to reduce the TOF errors from UWB nodes’ clock offsets that arise from physical clock oscillator imperfections [23]. The single-sided TWR (SS-TWR) was introduced in IEEE 802.15.4 [14] as an alternative to one-way ranging. Only two UWB signals are used by the SS-TWR throughout the ranging process, and the TOF is calculated from the signals’ round-trip times. It is significantly hampered, however, by the UWB nodes’ clock offset, which is proportional to the reply-time between the two UWB signals [24]. By applying reply-delay time constraints, the symmetric double-sided TWR (SDS-TWR) [20] and the asymmetric double-sided TWR (ADS-TWR) [21] significantly reduce the TOF estimation error caused by the clock offsets. While the ADS-TWR considers the final reply-delay time to be zero, the SDS-TWR demands that the two reply-delay time durations be equal. Such restrictions may not be feasible since the signals from different nodes may carry variable length data in a typical system [24]. Based on the performance comparison of the state-of-the-art TWR methods in [24,25], the alternative double-sided TWR (AltDS-TWR) [22] is the most preferred in real-world scenarios as it provides robustness against variation of reply-delay time and clock offsets. While the aforementioned techniques try to reduce TOF error caused by the clock offset, the necessity of several signaling messages between UWB node pairs during TWR tends to increase air-time occupancy and reduce the number of serviceable mobile nodes in RTLSs [26].



Additionally, the antenna delay of UWB nodes has a significant impact on the accuracy of UWB-based RTLSs [27,28]. It occurs due to the underlying analog circuitry of the UWB nodes and introduces a quasistatic bias to the timestamps [28]. Hence, the reported timestamps by the UWB nodes are coupled with biases due to antenna delays. When compared to the actual timestamp values, the reported timestamps are typically different. Although these biases seem small and vary slightly from device to device, they still lead to significant errors in the estimated ranges and affect the accuracy by tens of centimeters in the UWB-based RTLSs since the signals under measurement are moving at the speed of light. Such performance inefficiency is unsuitable for indoor RTLS applications that usually require stringent localization accuracy [29]. Usually, the measurement of the antenna delay values is done as a dedicated standalone procedure. Several methods are available in the literature to determine the antenna delays of UWB nodes [28,30,31,32,33,34]. They typically differ in the TWR techniques used [14,20,21,22], as well as the number of ranging sessions carried out between each UWB node pair. However, the requirement of dedicated standalone antenna delay measurement procedures, which are often time-consuming and frequently include manual interventions, hinders the desirable plug-and-play functionality of UWB-based RTLS.



In this work, we propose a novel ranging scheme for simultaneous range measurements between a mobile node and anchor nodes without requiring any knowledge of the UWB nodes’ antenna delay values. We consider UWB-based RTLSs where the antenna delay values are usually node-dependent that need to be pre-measured to achieve accurate ranging. Then, we demonstrate through mathematical modeling that the proposed scheme is independent of such node-dependent constants. Hence, it simplifies the UWB-based RTLSs with no requirement for dedicated standalone antenna delay measurement procedures of the nodes. Further, the provision of simultaneous ranging makes the proposed scheme more air efficient and capable of performing multiple range estimations with a limited number of transmissions and receptions of signaling messages. We then provide a detailed discussion of the system design and its implementation procedures. Finally, we evaluate the proposed scheme for its effectiveness by an experiment considering RTLS application in an indoor environment and compare the results with other state-of-the-art TWR methods for different performance metrics. The following summarizes the primary characteristics of the proposed scheme.



	
A TWR session simultaneously measures the ranges between a mobile node and several anchor nodes,



	
knowledge or measurement of UWB nodes’ antenna delay values are not required for the range estimations,



	
relatively faster-ranging sessions with limited air-time occupancy, and



	
clock synchronization is not required between any of the involved UWB nodes.







2. Antenna Delay-Independent Simultaneous Ranging


This section provides a detailed mathematical modeling, system design, and implementation procedure of the proposed scheme. We design the system based on a characteristic of the reception time difference of two signaling messages sent by two UWB nodes. It provides simultaneous ranging in UWB-based RTLSs without having any knowledge or measurement requirement of UWB nodes’ antenna delay values.



2.1. Mathematical Modeling


Consider a wireless UWB network that comprises of anchor and mobile nodes, where each node can employ UWB signals to precisely extract timestamp information between the nodes with nanosecond accuracy. The anchor nodes are divided into two types: active anchor nodes that actively transmit packets during a TWR session and passive anchor nodes that only listen to packets during a TWR session. Suppose that the first and second packets during a TWR session, hereinafter referred to as sensing packets, are transmitted by a mobile node,  M , and an active anchor node,  A , respectively as shown in Figure 1. Let us consider the reception time difference of these two sensing packets at node i to be denoted as   P i  . Then, for any two UWB nodes in the network, i and j, we have [25]





   P i  −  P j  =  (  T  A ↔ i   −  T  A ↔ j   )  −  (  T  M ↔ i   −  T  M ↔ j   )  ,  



(1)




where   T  i ↔ j    denotes the TOF between node i’s antenna and node j’s antenna.



Suppose that the reception time difference was to be computed by a preferred clock, and without loss of generality, let the selected preferred clock be that of node  M . To make this calculation possible, allow node  M  to transmit the third sensing packet of the TWR session as shown in Figure 1. Then, the clock speed ratio of node  M  and node i is given by [25]


   r i M  =      1 ,     if  i = M          t  M   Tx ( 3 )   −  t  M   Tx ( 1 )      t i  Rx ( 3 )   −  t i  Rx ( 1 )     ,     otherwise ,       



(2)




where   t i  Tx ( k )    and   t i  Rx ( k )    respectively denotes the transmission and reception timestamp values of the k-th packet reported by node i. Observing the terms of (2) in Figure 1, we can see that   r i M   gives the ratio of node  M  clock speed over node i clock speed. It reflects the clock offset of node i with respect to the preferred clock of node  M . A value greater than one means that the clock of node i is running slower than that of node  M , smaller than one means that the clock of node i is running faster than that of node  M , and equal to one means that the clock of node i is running same as of node  M . Now, the derivation of the reception time difference for each node as if it was measured by the preferred clock of node  M  will be discussed herein. Consider   d i  Tx ( k )    and   d i  Rx ( k )    respectively denoting the transmission and reception timestamp biases due to antenna delay of node i for the k-th packet to comply with the following statement. The preferred clock-based timestamp, i.e., as referenced to the clock of node  M , at which the k-th packet arrives at node i’s antenna equals    τ i  Tx ( k )   +  d i  Tx ( k )     during transmission, and equals    τ i  Rx ( k )   −  d i  Rx ( k )     during reception, where   τ i  Tx ( k )    and   τ i  Rx ( k )    respectively denote the preferred clock-based timestamps coincident with   t i  Tx ( k )    and   t i  Rx ( k )   . Then, the reception time difference of nodes  M ,  A , and any passive anchor node   x n   from   X =  {  x 1  ,  x 2  , … ,  x N  }  , ∀ n ∈  { 1 , … , N }    in the UWB network can be computed by [25]


     P M     =  (  τ  M   Rx ( 2 )   −  d  M   Rx ( 2 )   )  −  (  τ  M   Tx ( 1 )   +  d  M   Tx ( 1 )   )           =  (  τ  M   Rx ( 2 )   −  τ  M   Tx ( 1 )   )  −  (  d  M   Tx ( 1 )   +  d  M   Rx ( 2 )   )           =  (  t  M   Rx ( 2 )   −  t  M   Tx ( 1 )   )  −  (  d  M   Tx ( 1 )   +  d  M   Rx ( 2 )   )  ,     



(3)






     P A     =  (  τ  A   Tx ( 2 )   +  d  A   Tx ( 2 )   )  −  (  τ  A   Rx ( 1 )   −  d  A   Rx ( 1 )   )           =  (  τ  A   Tx ( 2 )   −  τ  A   Rx ( 1 )   )  +  (  d  A   Rx ( 1 )   +  d  A   Tx ( 2 )   )           =  (  t  A   Tx ( 2 )   −  t  A   Rx ( 1 )   )   r  A  M  +  (  d  A   Rx ( 1 )   +  d  A   Tx ( 2 )   )  ,     



(4)




and


     P  x n      =  (  τ   x n    Rx ( 2 )   −  d   x n    Rx ( 2 )   )  −  (  τ   x n    Rx ( 1 )   −  d   x n    Rx ( 1 )   )           =  (  τ   x n    Rx ( 2 )   −  τ   x n    Rx ( 1 )   )  +  (  d   x n    Rx ( 1 )   −  d   x n    Rx ( 2 )   )           =  (  t   x n    Rx ( 2 )   −  t   x n    Rx ( 1 )   )   r   x n   M  +  (  d   x n    Rx ( 1 )   −  d   x n    Rx ( 2 )   )  , ∀ n ∈  { 1 , … , N }  .     



(5)







Note that the transmission and reception timestamp biases due to antenna delay in (3)–(5) are specifically dependent on the node, and are caused mainly by their underlying analog circuitry [28]. Then, as in [32],   d  i   Tx ( k )    and   d  i   Rx ( k )    can be treated as node i’s specific constants and independent of packets. Therefore, the aggregate timestamp biases due to antenna delay conditioned on the first two sensing packets for nodes  M  and  A , i.e.,    d  M   Tx ( 1 )   +  d  M   Rx ( 2 )     in (3) and    d  A   Rx ( 1 )   +  d  A   Tx ( 2 )     in (4), can be treated as a node specific constant called aggregate antenna delays, denoted as   d M   and   d A   respectively. Similarly, the aggregate timestamp bias due to antenna delay conditioned on the first and second packets for node   x n  , i.e.,    d   x n    Rx ( 1 )   −  d   x n    Rx ( 2 )     in (5), can be considered zero. Hence, (3)–(5) can be rewritten as


     P M     =  (  t  M   Rx ( 2 )   −  t  M   Tx ( 1 )   )  −  d M  ,     



(6)






     P A     =  (  t  A   Tx ( 2 )   −  t  A   Rx ( 1 )   )   r  A  M  +  d A  ,     



(7)




and


     P  x n      =  (  t   x n    Rx ( 2 )   −  t   x n    Rx ( 1 )   )   r   x n   M  , ∀ n ∈  { 1 , … , N }  .     



(8)







The reception time difference can then be calculated locally by each node using (6)–(8), and the results may be gathered into a computing unit for further processing. Moreover, from (8), we note that the reception time difference is independent of the timestamp bias due to antenna delay in the passive anchor nodes. Since there are N number of passive anchor nodes in the UWB network, then for any distinct pair of passive anchor nodes,    (  x i  ,  x j  )  ∈  {  x 1  ,  x 2  , … ,  x N  }    and   i ≠ j  , we can construct    N ( N − 1 )  2   number of independent equations based on (1) such that


   P  x i   −  P  x j   =  (  T  A ↔  x i    −  T  A ↔  x j    )  −  (  T  M ↔  x i    −  T  M ↔  x j    )  .  



(9)




Rearranging the terms in (9), we obtain


   T  M ↔  x i    −  T  M ↔  x j    =  (  T  A ↔  x i    −  T  A ↔  x j    )  −  (  P  x i   −  P  x j   )  .  



(10)




Now, when we multiply both sides of (10) with the speed of light, we obtain


   R  ( M ,  x i  )   −  R  ( M ,  x j  )   =  R  ( A ,  x i  )   −  R  ( A ,  x j  )   −  β  (  x i  ,  x j  )   ,  



(11)




where   R  ( i , j )    is the range between node pair i and j, and   β  ( i , j )    is calculated from the reception time difference of nodes i and j. In (11), the values of all three components on the right-hand side are obtained from computation and can be considered as a known constant. Hence, we obtain a system that consists of    N ( N − 1 )  2   independent equations and N unknown variables, where the least-squares method can be used to simultaneously estimate the ranges between the mobile node and passive anchor nodes, i.e.,    R  ( M ,  x n  )   , ∀ n ∈  { 1 , … , N }   .




2.2. System Design and Implementation


We design the system to simultaneously estimate the ranges between node pairs, a mobile node and passive anchor nodes, in a UWB network after a single measurement process. The system is configured to operate as follows. The system setup consists of an active anchor node,  A , a set of N passive anchor nodes,   X = {  x 1  ,  x 2  , … ,  x N  }  , and a mobile node,  M . All transmissions to and from these nodes are transmitted and received over the air. The mobile node is positioned at a fixed unknown point, while the anchor nodes are situated at fixed   N + 1   known positions. Actual distances between anchor node pairs, active and passive, have been measured and are known. A complementary UWB node, known as the master node, is also a part of the system. It is used to initiate TWR sessions, gather session-data (the reception time difference values) from all passive anchor nodes, and send the session-data to a PC using a serial UART. The mobile node is the preferred clock’s chosen node during a TWR session, and it sends the first and third sensing packets. The active anchor node transmits the second sensing packet, and the passive nodes listen to all three sensing packets. The gathered sets of session-data are analyzed at the PC once a predetermined number of TWR sessions have been completed, and the least-squares method is used to simultaneously estimate the ranges between the mobile node and passive anchor nodes.



The following is the order in which the simultaneous ranging measurement operation proceeds.



	Step 1:

	
Place each powered anchor node in its corresponding fixed, well-known position.




	Step 2:

	
Identify an active anchor node,  A , and passive anchor nodes,   X = {  x 1  ,  x 2  , … ,  x N  }  , and measure the distances between them.




	Step 3:

	
Place the powered mobile node,  M , in an arbitrary location.




	Step 4:

	
Session-data collection.



	Step 4.1:

	
Upon the PC’s request, the master node issues the command to begin a TWR session. It then assigns M to transmit the first and third sensing packets, A to transmit the second sensing packet, and  X  to listen to the packets.




	Step 4.2:

	
Upon completion of a TWR session,  X  computes their corresponding reception time difference based on (8).




	Step 4.3:

	
After a successful TWR session, the master node gathers and stores the session-data of respective nodes as a log file into the PC.




	Step 4.4:

	
The Step 4.1 through Step 4.3 processes is continued for 1000 sets of log files.








	Step 5:

	
The processing of the collected log files is performed at the PC, where the ranges between M and  X  are simultaneously estimated by the least-squares method.







According to the above-discussed cooperation, the system’s entities are implemented. The UWB nodes in our system are DW1000 UWB transceivers from Decawave [35], which adhere to IEEE 802.15.4-2011 specification [14]. Segger Embedded Studio [36] was used as an integrated development environment for C programming to implement the operations on these UWB nodes. Python programming was used to carry out the task on the PC.





3. Numerical Results


3.1. Air-Time Occupancy


The number of packets transmitted during a ranging session in a UWB network of fixed infrastructure nodes is used in this evaluation to measure the air-time occupancy of the proposed scheme. The higher number of required packets increases the air-time occupancy and leads to an increment in the total time duration for the completion of each ranging session. Suppose the network consists of an active anchor node and N number of passive anchor nodes that serve the same coverage area. Then, as detailed in Section 2.2, the proposed system requires only three sensing packets between a mobile node and an active anchor node to simultaneously estimate ranges between the mobile node and all the passive anchor nodes. For comparative analysis with other state-of-the-art TWR schemes, we analyze the required number of sensing packets needed to achieve ranging between a mobile node and N number of passive anchor nodes. The three ranging schemes, SS-TWR [14], SDS-TWR [14], and AltDS-TWR [22], require dedicated ranging sessions performed between the mobile and each of the anchor nodes to estimate their corresponding ranges. In this regard, SS-TWR requires two sensing packets per N number of ranging sessions. While SDS-TWR and AltDS-TWR require three sensing packets per N number of ranging sessions. Note that the alternative double-sided TWR with passive ranging (AltDS-TWR&PR) [37] was proposed as an enhancement over AlTDS-TWR taking into account reducing the number of packets over the air. Here, the ranging between a mobile node and passive anchor nodes can be achieved simultaneously as in the proposed scheme. The implementation of a ranging session in AltDS-TWR&PR, however, is not flexible enough to support a range of RTLS applications because it must be initiated by an active anchor node, and thus requires a total of four sensing packets.



For a general UWB network scenario, Table 1 compares the air-time occupancy of the proposed scheme to SS-TWR, SDS-TWR, AltDS-TWR, and AltDS-TWR&PR. According to the proposed scheme and AltDS-TWR&PR, the number of sensing packets needed for ranging between a mobile node and passive anchor nodes is not dependent on the number of anchor nodes in the network. Additionally, as shown in Table 1, the proposed scheme is relatively the most air efficient and requires the least number of sensing packets in a ranging session.




3.2. Experimental Evaluation


In this section, we discuss the experimental evaluation findings of the proposed scheme taking into account an indoor UWB-based RTLS application. The experiments were performed in an open hallway with provision of LOS between all the UWB nodes as shown in Figure 2a. Although several non-LOS (NLOS) mitigation techniques are available in literature [38,39,40], the estimated TOFs from NLOS conditions are not able to provide LOS-equivalent results. Therefore, to ensure that TOFs from NLOS conditions are rarely utilized, such a positioning of the UWB nodes was taken into consideration for the experimental evaluation of the proposed scheme’s ranging accuracy. In order to carry out the experiment, the setup included a PC and seven UWB nodes: a master node, a mobile node, and five anchor nodes, where one anchor node was identified as an active anchor node and the remaining four were chosen as passive anchor nodes. Here, the master node was used to command the beginning of a TWR session, gather session-data from all relevant nodes, and log them to the PC using a serial UART. All of the UWB nodes were based on Decawave’s DW1000 UWB transceivers [35], which adhere to the IEEE 802.15.4-2011 specification [14].



Now, we localize a mobile node utilizing the proposed scheme with the anchor nodes at a number of test points in LOS coverage and assess its accuracy. In this regard, let the address identification of the active anchor node be   A 1  , and the four passive anchor nodes be    x 1  ,  x 2  ,  x 3  ,   and   x 4   as shown in Figure 2b. These nodes were mounted above ground-level on separate pillars in an open hallway with pre-measured position coordinates (unit: cm):    A 1  =  ( − 120 , 1130 , 200 )  ,  x 1  =  ( 440 , 530 , 200 )  ,  x 2  =  ( 440 , − 120 , 200 )  ,  x 3  =  ( − 120 , − 120 , 200 )  ,   and    x 4  =  ( − 120 , 530 , 200 )   . The mobile node was to be localized at a set of 20 ground-level test points, labeled as T1, T2, …, T20 as shown in Figure 2b. At each test point, a mobile node was placed, and 1000 sets of log files containing session-data of ranging sessions were collected. The data in those log files were processed using least-squares method to simultaneously estimate the ranges between the mobile node and the four passive anchor nodes. Finally, the RMSEs of the estimated ranges were calculated to analyze the accuracy of the proposed scheme by comparing them with the results from two cases of the AltDS-TWR scheme: AltDS-TWR (w/Antenna Delay), where the antenna delay values of each node were pre-measured and used during range estimations, and AltDS-TWR (w/o Antenna Delay), where the antenna delay values of each node were not considered during range estimations.



3.2.1. Range Estimation


The values of the RMSE (unit: cm) of the estimated ranges for the mobile node using AltDS-TWR (w/o Antenna delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme are given in Table 2. For the estimated ranges in Table 2, the maximum RMSEs are 21.92, 8.68, and 10.35, while the minimum RMSEs are 16.37, 2.78, and 5.92 for AltDS-TWR (w/o Antenna delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme, respectively. For all the test points, RMSEs for AltDS-TWR (w/Antenna Delay) and the proposed scheme are significantly reduced within the same order of magnitude in centimeter-level accuracy when compared to those of AltDS-TWR (w/o Antenna Delay). The average RMSEs for all the test points in Table 2 from the three schemes are 18.93, 6.03, and 8.61, respectively, which indicate an average improvement of 12.9 and 10.32 over AltDS-TWR (w/o Antenna Delay). These results are plotted in Figure 3, which compares the RMSEs of the estimated ranges from the three ranging schemes. It shows that the ranging performance of AltDS-TWR (w/Antenna Delay) and the proposed scheme are of the same order of magnitude and provides comparatively better range estimations than that of AltDS-TWR (w/o Antenna Delay). When compared to AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay) has an average RMSE reduction of approximately   68.19 %   and the proposed scheme has an average RMSE reduction of approximately   54.52 %  . Notably, these results demonstrate the usefulness of the proposed scheme for estimating ranges in applications where knowledge or measurement of the UWB nodes’ antenna delay values is not acquired.




3.2.2. Position Estimation


Here, the proposed scheme’s accuracy is assessed by employing it to localize a mobile node under LOS coverage with the four passive anchor nodes at the test points as illustrated in Figure 2b. The mobile node’s positions are calculated as Taylor series least-squares (TSLS) solutions from the range values obtained using the three ranging schemes in Section 3.2.1. Figure 4 shows estimated positions of the mobile node from AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme. From Figure 4b,c, we can see that the estimated positions from AltDS-TWR (w/Antenna Delay) and the proposed scheme are fairly close to the ground-truths (which indicates the test points) as compared to AltDS-TWR (w/o Antenna Delay). Moreover as seen in Figure 4b,c, the localization performance of the proposed scheme is comparatively similar to that of AltDS-TWR (w/Antenna Delay). Table 3 provides a summary of the localization errors for the three schemes.



The RMSEs (unit: cm) of the estimated xyz-coordinates and positions of the mobile node from AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme are provided in Table 3. For AltDS-TWR (w/o Antenna Delay), the maximum RMSEs of the estimated xyz-coordinates are 18, 19.83, and 23.6, and the minimum RMSEs of the estimated xyz-coordinates are 2.05, 2.9, and 10.83. For AltDS-TWR (w/Antenna Delay), the maximum RMSEs of the estimated xyz-coordinates are 11.24, 8.59, and 11, and the minimum RMSEs of the estimated xyz-coordinates are 0.91, 0.28, and 0.35. For the proposed scheme, the maximum RMSEs of the estimated xyz-coordinates are 14.6, 10.84, and 11.63, and the minimum RMSEs of the estimated xyz-coordinates are 1.98, 1.96, and 3.88. The average RMSEs of the estimated xyz-coordinates for all of the test points in Table 3 from AltDS-TWR (w/o Antenna Delay) are 11.28, 9.24, and 17.2, from AltDS-TWR (w/Antenna Delay) are 5.47, 5.81, and 6.07, and from the proposed scheme are 7.99, 6.97, and 8.36. These analyses of the data enable us to conclude that the proposed scheme and AltDS-TWR (w/Antenna Delay) display an acceptable performance improvement for estimating all three coordinates of the mobile node positioned at the test points.



Moreover, from Table 3, the maximum RMSEs for estimated positions are 27.34, 12.87, and 16.2, while the minimum RMSEs are 11.89, 7.14, and 9.75 for AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme, respectively. The RMSEs of AltDS-TWR (w/Antenna Delay) and the proposed scheme are significantly reduced compared to AltDS-TWR (w/o Antenna Delay) for all the test points. Here, the average RMSEs of all test points in Table 3 from the three schemes are 23.43, 10.73, and 14.07, respectively, which indicate an average improvement of 12.7 and 9.36 over AltDS-TWR (w/o Antenna Delay). When compared to AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay) has an average RMSE reduction of approximately   54 %   and the proposed scheme has an average RMSE reduction of approximately   39.96 %  . These findings show that AltDS-TWR (w/Antenna Delay) and the proposed scheme can effectively localize the mobile node positioned at the test points. Furthermore, from the results in Figure 4 and Table 3, the significance of the proposed scheme is noticeable as it can achieve comparable performance improvement over AltDS-TWR (w/o Antenna Delay) despite no knowledge of the UWB nodes’ antenna delay values.



From these analyses of the test results, we can conclude that the proposed scheme can effectively estimate the range and position of mobile nodes within centimeter-level accuracy in UWB-based RTLSs without the requirement of dedicated standalone antenna delay measurement procedures. This provision would be desirable to exploit the plug-and-play features of ideal UWB-based RTLSs to expand the service to new mobile nodes entering the networks without the necessity to carry out their antenna delay calibration. Moreover, the proposed scheme is shown to be relatively the most air efficient as it requires a limited number of signaling messages during ranging, and through the provision of simultaneous ranging, it can further increase the serviceable capability of the RTLSs. Finally, in Table 4, we summarize and compare the proposed scheme with other state-of-the-art TWR schemes in terms of some basic desirable features of UWB-based RTLSs.






4. Conclusions


In this paper, we propose a novel ranging scheme for UWB-based RTLSs that performs simultaneous range measurements of a mobile node with several anchor nodes while also compensating for the error due to the antenna delays. The provision of simultaneous ranging requires limited air-time occupancy and makes the scheme more air efficient. Further, the ranges between UWB node pairs are estimated without requiring the knowledge or measurement of antenna delays, which simplifies the UWB-based RTLS. From an experiment to compare the localization accuracy of a mobile node at test points, we show that the proposed scheme can achieve performance within the same order of magnitude compared to that of the state-of-the-art TWR method (where antenna delay values of each UWB node were pre-measured and used during range estimations). The numerical results from the experiment also show that the proposed scheme, when compared to the state-of-the-art TWR method (where antenna delay values of each UWB node were not considered during range estimations), provides relative RMSEs improvement for range and position estimations of approximately   54.52 %   and   39.96 %  , respectively. It signifies that the proposed scheme provides comparable performance in range and position estimations while eliminating the requirement of dedicated standalone antenna delay measurement procedures of UWB nodes. The findings demonstrate that the proposed scheme can simplify the measurement procedures while also maintaining an effective UWB-based RTLS.



For future work, the current experimental setup could be extended to access the performance of the proposed scheme in NLOS conditions. Suitable NLOS mitigation techniques available in literature [38,39,40] should be studied and applied during TOFs estimation to maintain LOS-equivalent performance and robust ranging in such conditions.
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Figure 1. Schematic diagram of a TWR session. Mobile node M transmits the first and third sensing packets, active anchor node A transmits the second sensing packet, and all passive anchor nodes   x n   from   X =  {  x 1  ,  x 2  , … ,  x N  }  , ∀ n ∈  { 1 , … , N }    listen to the three sensing packets.   t i  Tx ( k )    and   t i  Rx ( k )    respectively denotes the transmission and reception timestamp values of the k-th packet reported by node i, and   P i   denotes the reception time difference of node i. 
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Figure 2. (a) Experimental environment. (b) Experimental layout (unit: cm). The positions of the active and passive anchor nodes, and the test points for the mobile node. 
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Figure 3. Comparison of RMSEs of the estimated ranges from the three ranging schemes. 
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Figure 4. Estimated positions of the mobile node for the three ranging schemes: (a) AltDS-TWR (w/o Antenna Delay), (b) AltDS-TWR (w/Antenna Delay), and (c) Proposed. 
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Table 1. Comparison of the proposed ranging scheme’s air-time occupancy for N passive anchor nodes in a UWB network.
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	Ranging Scheme
	Air-Time Occupancy

(Sensing Packets)
	Required Number of

Sensing Packets (for N = 4)





	SS-TWR
	   2 N   
	8



	SDS-TWR
	   3 N   
	12



	AltDS-TWR
	   3 N   
	12



	AltDS-TWR&PR
	4
	4



	Proposed
	3
	3
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Table 2. RMSEs comparison of the estimated ranges from AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay), and proposed scheme.
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Test Point

	
RMSE (cm)




	
AltDS-TWR

	
AltDS-TWR

	
Proposed




	
(w/o Antenna Delay)

	
(w/Antenna Delay)






	
T1

	
18.96

	
5.66

	
8.79




	
T2

	
20.03

	
5.42

	
10.35




	
T3

	
20.44

	
8.11

	
9.9




	
T4

	
20.07

	
7.99

	
8.1




	
T5

	
21.92

	
7.18

	
9.76




	
T6

	
18.07

	
4.96

	
7.02




	
T7

	
18.15

	
6.75

	
9.94




	
T8

	
18.39

	
4.71

	
8.57




	
T9

	
20.78

	
8.68

	
10.07




	
T10

	
21.55

	
8.14

	
8.91




	
T11

	
18.2

	
4.48

	
7.67




	
T12

	
20.12

	
6.38

	
7.53




	
T13

	
17.88

	
4.89

	
7.98




	
T14

	
16.61

	
5.97

	
9.54




	
T15

	
20.08

	
7.03

	
9.43




	
T16

	
18.91

	
6.9

	
8.85




	
T17

	
16.61

	
6.82

	
9.82




	
T18

	
16.37

	
2.78

	
5.92




	
T19

	
17.83

	
3.83

	
7.25




	
T20

	
17.82

	
3.82

	
6.86




	
Maximum

	
21.92

	
8.68

	
10.35




	
Minimum

	
16.37

	
2.78

	
5.92




	
Average

	
18.93

	
6.03

	
8.61
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Table 3. Comparison of RMSEs of the xyz-coordinates and position estimations of the mobile node from AltDS-TWR (w/o Antenna Delay), AltDS-TWR (w/Antenna Delay), and the proposed scheme.
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Test Point

	
RMSE (cm)




	
AltDS-TWR

	
AltDS-TWR

	
Proposed




	
(w/o Antenna Delay)

	
(w/Antenna Delay)




	
Coordinates

	
Position

	
Coordinates

	
Position

	
Coordinates

	
Position




	
x-

	
y-

	
z-

	
x-

	
y-

	
z-

	
x-

	
y-

	
z-






	
T1

	
6.83

	
14.95

	
20.15

	
26

	
4.98

	
5.11

	
6.41

	
9.59

	
6.38

	
10.63

	
8.37

	
14.96




	
T2

	
15.24

	
17.99

	
13.28

	
27.06

	
3.68

	
8.59

	
7.4

	
11.92

	
7.14

	
1.96

	
10.08

	
12.51




	
T3

	
17.87

	
12.37

	
14.61

	
26.19

	
4.86

	
6.57

	
7.34

	
10.98

	
9.68

	
7.64

	
9.6

	
15.63




	
T4

	
12.68

	
10.37

	
20.87

	
26.53

	
7.17

	
7.18

	
5.33

	
11.46

	
9.73

	
6.6

	
8.97

	
14.79




	
T5

	
17.27

	
9.25

	
15.59

	
25.04

	
9.39

	
5.71

	
4.32

	
11.81

	
10.08

	
5.93

	
10.39

	
15.64




	
T6

	
3.41

	
19.83

	
18.46

	
27.31

	
2.37

	
7.07

	
6.71

	
10.03

	
10.27

	
9.91

	
7.5

	
16.12




	
T7

	
6.12

	
8.32

	
23.6

	
25.76

	
6.94

	
0.28

	
5.53

	
8.88

	
12.4

	
6.68

	
8.01

	
16.20




	
T8

	
2.05

	
4.47

	
10.83

	
11.89

	
3.05

	
6.14

	
6.67

	
9.57

	
14.6

	
3.17

	
3.88

	
15.44




	
T9

	
10.43

	
9.24

	
20.03

	
24.4

	
0.91

	
6.61

	
11

	
12.87

	
8.04

	
8.63

	
7.04

	
13.74




	
T10

	
14.35

	
8.42

	
19.69

	
25.78

	
6.68

	
8.48

	
6.83

	
12.77

	
7.31

	
4.47

	
9.97

	
13.15




	
T11

	
14.68

	
8.82

	
14.3

	
22.31

	
11.24

	
2.3

	
5.25

	
12.62

	
5.46

	
8.51

	
11.63

	
15.41




	
T12

	
12.27

	
3.55

	
20.92

	
24.51

	
8.5

	
6.84

	
2.26

	
11.14

	
9.44

	
8.61

	
6.93

	
14.54




	
T13

	
9.5

	
4.41

	
19.07

	
21.76

	
1.96

	
7.16

	
9.22

	
11.84

	
8.74

	
4.67

	
8.44

	
13.02




	
T14

	
9.79

	
2.9

	
17.5

	
20.26

	
3.62

	
5.83

	
5.9

	
9.05

	
6.7

	
6.13

	
9.22

	
12.94




	
T15

	
13.14

	
5.59

	
22.53

	
26.67

	
5.57

	
8.34

	
3.76

	
10.71

	
9.39

	
8.51

	
6.64

	
14.31




	
T16

	
18

	
10.68

	
12.39

	
24.32

	
8.22

	
4.08

	
6.97

	
11.52

	
4.1

	
10.84

	
8.44

	
14.34




	
T17

	
4.81

	
10.4

	
10.95

	
15.85

	
8.13

	
4.23

	
0.35

	
9.17

	
3.08

	
7.85

	
4.89

	
9.75




	
T18

	
3.04

	
4.85

	
11.28

	
12.65

	
2.85

	
4.79

	
4.46

	
7.14

	
1.98

	
9.37

	
7.19

	
11.98




	
T19

	
16.76

	
10.6

	
18.29

	
26.98

	
6.4

	
5.7

	
7.11

	
11.14

	
8.07

	
4.8

	
9.14

	
13.1




	
T20

	
17.48

	
7.69

	
19.57

	
27.34

	
3.02

	
5.19

	
8.5

	
10.41

	
7.12

	
4.55

	
10.94

	
13.82




	
Maximum

	
18

	
19.83

	
23.6

	
27.34

	
11.24

	
8.59

	
11

	
12.87

	
14.6

	
10.84

	
11.63

	
16.2




	
Minimum

	
2.05

	
2.9

	
10.83

	
11.89

	
0.91

	
0.28

	
0.35

	
7.14

	
1.98

	
1.96

	
3.88

	
9.75




	
Average

	
11.28

	
9.24

	
17.2

	
23.43

	
5.47

	
5.81

	
6.07

	
10.73

	
7.99

	
6.97

	
8.36

	
14.07
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Table 4. Comparison of the proposed scheme to other state-of-the-art TWR schemes in terms of some basic desirable features of UWB-based RTLSs.






Table 4. Comparison of the proposed scheme to other state-of-the-art TWR schemes in terms of some basic desirable features of UWB-based RTLSs.





	Ranging Scheme
	Clock

Synchronization
	Air Efficient
	Simultaneous

Ranging
	Signaling Messages

(Constrained Reply-Delay Time)
	Antenna Delay

Calibration





	SS-TWR
	Not required
	No
	No
	No
	Required



	SDS-TWR
	Not required
	No
	No
	Yes
	Required



	AltDS-TWR
	Not required
	No
	No
	No
	Required



	AltDS-TWR&PR
	Not required
	Yes
	Yes
	No
	Required



	Proposed
	Not required
	Yes
	Yes
	No
	Not required
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