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Abstract: Ultra-wideband technology has the merits of high temporal resolution and stability, and it
has been widely used for high-accuracy localization and tracking. However, most ultra-wideband
localization systems need multiple anchors for trilateration, which results in high system cost,
large messages overhead, and insufficient extraction of information. In this paper, we propose a
single-anchor localization (SAL) mehtod that achieves high-accuracy multi-agent localization with
high efficiency. In the proposed method, the anchor broadcasts the first two messages and then each
agent responds one message to the anchor (quasi-)simultaneously. Based on the received message
with superpositioned agent responses, the time-of-flight and angle-of-arrival information from all
agents to the anchor can be extracted altogether. We implement the localization system in two
indoor environments, and show that the proposed method can achieve decimeter-level accuracy for
multiple agents using three messages. Our method provides design guidelines for high-accuracy and
high-efficiency multi-agent localization systems.
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1. Introduction

Location-awareness technologies play an important role in many applications, such as logistics,
autonomous vehicles, medical care, and smart factories [1–4]. The Global Navigation Satellite System
(GNSS) is the most common position service provider, while its accuracy is affected by urban multipath
components (MPCs) and non-line-of-sight (NLOS) propagations in indoor environments. To meet
the demand for high-accuracy localization services, both the academia and industry are devoted to
developing an alternative indoor localization method [5–8].

Radio frequency (RF) signals are widely used for indoor localization, such as Bluetooth, Wi-Fi,
and radio-frequency identification (RFID)-based localization systems [9–12]. However, it is challenging
for these RF technologies to achieve sub-meter level accuracy and robust localization. Methods based
on the received signal strength indicator (RSSI) can cause meter-level localization errors [13]. On the
other hand, Bluetooth-based and Wi-Fi-based technologies generally determine the agents’ positions
by means of the location fingerprints (LF), which has low precision and high complexity. There is
also an angle-of-arrival (AOA)-based localization method using Bluetooth signals, but it has only
meter-level coverage [14].

The ultra-wideband (UWB) signal can enable high-accuracy localization considering its following
unique advantages [15]: (i) sub-nanosecond-level time stamps; (ii) strong resistance to MPCs; and
(iii) high throughput and transfer rate [16–19]. Most UWB indoor localization systems are based
on time-of-flight (ToF) and time-difference-of-arrival (TDOA) [20–23]. In such systems, many UWB
transceivers, often called anchors, are applied to multiple corners of a scene to create a large coverage.
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Generally, three or four anchors can realize two-dimensional or three-dimensional localization of
agents, respectively. The anchors allocate different time slots for different agents, and at each time
slot they measure the ToF or TDOA from one agent and calculate the agent’s position via trilateration.
This ToF- or TDOA-based localization method requires both high-cost system deployment and the
exchange of a large number of messages, resulting in high system complexity and complicated message
collision avoidance operations. Besides, the TDOA-based method requires strict clock synchronization
between the anchors.

Improved communication strategies can reduce the number of message exchanges. Multi-agent
localization technology is required in many scenarios [24–26], and it is also necessary to improve
the efficiency of multi-agent localization [27,28]. TDOA-based localization methods can reduce the
number of message exchanges between nodes while completing ranging and localization [29–32].
A passive extended double-sided two-way ranging method is proposed in [33], which is a passive
asynchronous localization strategy that uses extended two-way ranging to improve ranging accuracy.
The proposed method requires fewer messages through indirect distance measurement by passive
listening. Sequential TDOA is proposed in [34], where the anchors are triggered sequentially to send
periodic signals. This approach supports an unlimited number of agents as well as high update rates,
and it enhances covertness because agents are not “visible” as they do not send signals. In general,
these improved TDOA-based methods still require message collision avoidance techniques, which
leads to low time efficiency.

Responding (quasi-)simultaneously by multiple agents to the anchors can reduce the number
of message exchanges if the agent signals are orthogonal either in time or frequency. When the
agents send UWB signals to anchors, each anchor can extract the superpositioned responses in one
channel impulse response (CIR) estimate and further obtain all the arrival time-stamps from the
agents [35,36]. Since the order of the responses is determined in advance, we only need to calculate the
TDOA based on the time-stamps of the received peaks. For example, when all anchors send messages
(quasi-)simultaneously, an (unlimited) number of agents can use TDOA to estimate their positions.

SAL is one of the current development trends due to its low infrastructure requirement. Localizing
agents using a single anchor are usually assisted by MPCs [37] or an antenna array [38] based on
time-of-arrival (TOA) and AOA measurements. In particular, the antenna array can be used to obtain
high-accuracy angle estimation based on phase-difference-of-arrival (PDOA) of the signals [39–42],
which translates to high-accuracy localization of the agents. The UWB based SAL system is developed
in [43], which can achieve decimeter-level localization accuracy with a three-element array. Moreover,
cooperation among agents can enable network localization by using a passive single anchor [44].
However, time efficient measurement protocols for SAL have not been well investigated, and such
protocols are essential for multi-agent localization with low latency and minimum infrastructure.

In this paper, we propose an efficient SAL method using UWB systems, where the anchor is
equipped with an antenna array for both range and angle estimations. In this method, the anchor
initializes the measurement process by broadcasting the Init and Sync messages, and then all agents
send the Resp messages (quasi-)simultaneously according to a preset order. The anchor can estimate
the agents’ TOAs and AOAs from a single CIR, thereby realizing multi-agent localization. Finally, we
implement the system on low-cost hardware, and the experimental results shows that our method can
achieve decimeter-level localization accuracy. The main contributions of this paper are as follows.

• We propose a high-efficiency SAL method which can determine the positions of multiple agents
within minimum transmissions of signals.

• We determine the time-stamps and phases of all the received peaks from different agents in the
CIR, which enables range and angle estimations of multiple agents.

• We implement the system on a low-cost platform in two indoor environments, in which
decimeter-level localization accuracy is achieved.
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The rest of this paper is organized as follows. Section 2 describes the signal model of our system.
Section 3 details the communication protocols and advantages of the proposed SAL method. Section 4
describes the TOA and AOA estimation method and the localization algorithm. Experiments and
result analysis are shown in Section 5. The conclusions are drawn in Section 6.

2. Preliminary

Consider a scenario where a single anchor serves Na single-antenna agents at the same time.
The anchor is equipped with an M-element circular antenna array and the antenna spacing is d.
The anchor position is known while the agent positions are determined by communicating with
the anchor through UWB signals. The anchor is denoted as the node 0, and the index set of the
agents is Na , {1, 2, · · · , Na}. Without loss of generality, we denote the position of the anchor as
p0 , [0, 0]T and the clock drift is denoted as ξ0. The positions and clock drifts of the nodes are denoted
as pi , [xi, yi]

T ∈ R2 and ξi, respectively. According to the IEEE 802.15.4 standard [45], the relationship
between the true time t and the estimated time at the node i, i.e., ti, can be modeled as

ti = ξit + bi, i = 0, 1, . . . , Na (1)

where ξi and bi are the clock drift and the clock offset between the estimated time and the true time,
respectively.

We next introduce the signal model and the proposed SAL scheme.

Signal Model

The UWB signals enable high-accuracy indoor localization. Currently, market-level UWB chips
are capable of recording the waveform of the received signal, i.e., the CIR. In an indoor complex
environment, the anchor receives signals from multiple agents, and these signals also received by the
anchor after reflection, which forms the MPCs caused by NLOS propagation. Even so, UWB signals
have the advantage of high time resolution, thus the MPCs have little effect on the first path reception.
During the receiving process of the anchor, the first path can be identified by the leading edge detection
algorithm embedded in the chip [46]. We consider that different antenna elements and different agents
are independent of each other. Thus, we model the CIR as

h(t) = ∑
i∈{Na,K}

aiδ(t− τi) + z(t) (2)

where K is the index set of the MPCs, ai represents the complex amplitude of the pulse, which is
transmitted from the ith agent and then recorded by the anchor. The Dirac function represents the CIR
of a UWB signal. τi denotes the propagation time of the UWB signal transmitted from the ith agent.
z(t) is the additive white Gaussian noise. The CIR is recorded in the register of the UWB chip and by
using the response detection method (detailed in Section 4), we can obtain the arrival time-stamp of
the signal. Furthermore, these time-stamps can be used to estimate the distance between the nodes,
and the details of the method will be shown in Section 3.

Since the anchor has multiple antenna elements for reception which are synchronized, the phase
of the signal from the ith agent extracted by the jth array element is expressed as

φji = φr −
2π fcdr

c
cos(θi − ϑj) + nji (3)

where φr is an unknown parameter representing the reference phase. We choose the center of the
circular array as a reference point. The index set of the array element is denoted byM , {1, 2, · · · , M},
thus j ∈ M. fc denotes the carrier frequency of the UWB signal. dr and c are the array radius and
the speed of light, respectively. θi denotes the angle of arrival of the ith agent. ϑj denotes the angle
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of the array element relative to the 0 degree in the coordinate system. nji ∼ N(0, σ2
p) is the observed

Gaussian white noise, where σ2
p is an unknown parameter. Then, the phase vector can be expressed as

Φ = [φT
1 ,φT

2 , · · · ,φT
Na
]T (4)

where

φi = [φ1i,φ2i, . . . ,φMi]
T (5)

in which i ∈ Na. With the observed phase vectorΦ in (4), the AOAs of all agents can be calculated based
on the phase difference of arrival (PDOA). We will introduce an algorithm based on the maximum
likelihood (ML) criterion in Section 4.

Finally, the position of all agents can be calculated using the corresponding distance and AOA.
Note that our system model is suitable to any UWB signal and is not limited to the type of UWB chip
or device.

3. Single-Anchor Localization Method

This section describes the SAL method. We first introduce a variation of the conventional two-way
ranging algorithm and then detail the multi-agent (quasi-)simultaneous response method that enables
the SAL method.

3.1. Localization Protocol

We first introduce the localization protocol of the SAL method. As shown in Figure 1, the anchor
first broadcasts an Init message to agents and initiates the measurement process. In the payload of the
Init message, the anchor writes the fixed time delay tI

0 of the Init and Sync messages. At the same time,
the anchor assigns a fixed delay δi, i ∈ Na to agent i according to their device ID and writes them into
the payload. Then the agents can extract their respective delay based on their ID after receiving the
message. Note that δi means an extra delay and this delay is different for each agent. The purpose of
introducing δi is to distinguish different messages from different agents and since the width of each
UWB pulse is within 10 nanoseconds, then two MPCs with the arrival time more than 10 nanoseconds
can be discriminated from the CIR. Note that as the difference between the distances from multiple
agnets to the anchor increases, the interval also needs to be increased, otherwise there may be overlap.
Common ultra-wideband chips can achieve ranging over 100 m. After mathematical conversion, the δi
needs to be greater than about 600 nanoseconds. However, the length of the CIR register is 1016 ns,
and the allowable agent capacity will be less than three, which is a huge limitation for the proposed
protocol. However, the angle measurement error will increase as the distance between the agent and
the anchor increases. Therefore, in order to ensure high accuracy, the distance between the agent and
the anchor should not be too long. In the case where the coverage range of the anchor is 20 m, in order
to ensure that the messages of all agents do not overlap, the number of agents is less than about 7.
In practical, we can dynamically allocate delays so that the CIR can be better utilized. Thus, we set the
agent interval δi around tens of nanoseconds or even more than one hundred nanoseconds. Then, the
anchor will send a Sync message after a predetermined time. The agent i will send its Resp message
after a fixed delay ∆r and a delay δi since it received the Sync message. In the Resp message, the agent
i writes the clock drift and the delay tI I

i , ∆r + δi into its payload. Finally, after the anchor receiving
all the Resp messages, the measurement process completes.
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Figure 1. An illustration of the proposed SAL method. For brevity, we take the two-agent scenario as
an example, which can be extended to multi-agent cases. (a) The relationship between the anchor and
the agents. (b) The message exchange process.

The localization protocol of the SAL method is based on the work in [47]. As shown in Figure 2,
compared with the conventional ranging protocol (Figure 2a) that requires at least 2N + 1 UWB signals
for a N-agent system, the protocol in Figure 2b can determine all the TOAs within the minimum frames,
i.e., N + 2 UWB signals. Moreover, since the agents initial the measuring process in the conventional
protocol (Figure 2a), the unengaged agent transmission order will incur message conflict at the anchor
side. While for the protocol in Figure 2b, such conflicts can be avoided by broadcasting the response
order in the first two messages.

Anchor AgentAnchor Agent

(a)

Anchor AgentAnchor Agent

(b)

Figure 2. Comparison of two extended two-way ranging methods. (a) Traditional way of extended
two-way ranging methods. (b) Improved way of extended two-way ranging methods.

In addition, if we reverse the structure in Figure 2a (i.e., the anchor broadcast the Init message, the
agents return the Resp messages, and the anchor broadcast the Final message), it can also reduce the
number of signals to N + 2 and avoid conflicts. In this method, the distance measurement is obtained
at the agent side, so it is an agent-based architecture. However, since the anchor is equipped with an
antenna array, the angle measurement needs to be sent to the agent to achieve measurement fusion.
Therefore, our proposed algorithm is not suitable for agent-based measurement. In our method, the
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distance and angle measurements in Figure 2b is obtained at the anchor side, which is an anchor-based
architecture. Thus, the mentioned agent and anchor-based architectures are completely different. Last
but not least, with the protocol in Figure 2b, we will show that our SAL method can further enhance
the measurement efficiency by receiving concurrent agent responses from a single estimated CIR.

3.2. (Quasi-)simultaneous Response

In a common multi-agent measurement process [47], the anchor can only accept one message
each time the receiver is turned on. Thus, for an Na-agent localization system, the anchor needs to
open the receiver Na times to receive massages of all agents, which is time-consuming and inefficient.

We next introduce the concept of (quasi-)simultaneous response, which enables the anchor to
receive all the agents’ responses in one estimated CIR and is the key enabler of the proposed SAL
method. With the proposed method, the anchor only needs to open the receiver one time to serve
Na agents. The main advantage of the proposed method is that the anchor serves all the agents
simultaneously. For brevity, we introduce our method by taking the two-agent scenario as an example,
which can be extended to multi-agent cases. Note that our method is not limited to a specific type of
UWB chip or device, we only need to follow the corresponding manual to adjust the operating process.

As shown in Figure 1b, the anchor broadcasts the first two messages to initiate the measurement
process. In the payload of the Init message, the anchor writes the fixed time delay tI

0 between the
Init and Sync messages. The anchor also assigns a fixed delay δi, i ∈ Na to agent i and writes them
into the payload. The purpose of introducing δi is to distinguish messages from different agents.
Note that the capacity of the proposed SAL system is affected by δi, since δi represents an extra delay.
However, MPCs may overlap with subsequent responses, which requires us to assgin larger delays
and therefore limit the capacity of the system. In order to serve more agents in one waveform window
with no waveform overlapping, we take the value of δi in tens of nanoseconds considering the general
CIR register can receive a waveform with the period of 1016 nanoseconds [46]. An illustration of the
received CIR is shown in Figure 3.

The proposed (quasi-)simultaneous response has similar concepts to the work in [35], but has
different advantages. In [35], after multiple anchors send messages (quasi-)simultaneously, one agent
receives the responses in a single estimated CIR, and uses the TDOA to locate itself. Since the anchor
cannot know the agent’s location, this is an agent-based approach. In our method, by allowing agents
to respond (quasi-)simultaneously, a single anchor can complete measurement process of all agents,
thus the anchor can implement multi-agent localization, which is an anchor-based approach.

After receiving two messages, the agent can determine the clock drift ratio between its clock and
the anchor’s clock, given by

ξ0

ξi
=

tI
0

tI
i

. (6)

Then, the agent i sends a Resp message after a predetermined delay ∆r + δi, where the clock drift
ratio (6) and the delay tI I

i are written in the payload. When the anchor receives all the Resp messages,
the measuring process completes. We denote that the first response corresponds to i = 1. Thus, the

distance between agent 1 and the anchor is d1 = c tI I
0 −(ξ0/ξ1)tI I

1
2 . The distance between the agent i (i 6= 1)

and the anchor is given by

di = c
tI I
0 + ∆t1i − (ξ0/ξi)tI I

i
2

. (7)

In this way, the clock drift ratio can be estimated and the asynchronism effect can be mitigated,
which leads to a high-accuracy distance estimation. Note that the estimation of the clock drift ratio
is performed during each ranging process, which can reduce the effect of the clock drift in each
measurement. The main advantages of this (quasi-)simultaneous response method are as follows:
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• The anchor is able to extract the arrival time-stamp and phase of all agents in one CIR waveform,
which significantly improves the efficiency of the TOA estimation.

• Within a certain distance difference, the anchor can complete the data association between the
response and the agent. (Because the anchor assigns a different δi to each agent in advance.)

Note that high measurement efficiency means reducing the number of times that the anchor turns
on the receiver, and it also means that the measurement takes less time. For scenarios where there are
more than 2 agents, we only need to allocate different delays δ to different agents according to their
device ID, so that the agents’ responses do not overlap, and the measuring process can be achieved.

0 50 100 150 200
Times (ns)

0

0.2

0.4

0.6

0.8

1

1.2

A
m

pl
itu

de

CIR

Figure 3. An illustration of the received channel impulse response (CIR) at the anchor from two agents’
Resp messages. We introduce an individual delay δi so that the pulses can avoid overlap and avoid
strong multipaths. ∆t12 indicates the time-difference-of-arrival (TDOA) of two responses.

4. Localization Algorithm

In this section, we present a peak detection algorithm for the anchor to effectively determine the
Resp message. Then we introduce the phase of arrival estimation method to obtain phase observations,
and design an ML-based localization algorithm to achieve high-accuracy localization.

4.1. Reliable Response Detection

Due to the limitations of the UWB chip, the CIR we obtained was sampled in nanoseconds
[46]. We find that nanosecond time resolution can bring distance errors of more than ten centimeters.
In addition, the chip has an embedded TOA estimation algorithm [46], which can estimate the TOA of
the first response before the nanosecond sampling, so the TOA estimation of the first path given by the
chip is more accurate, i.e., the time resolution is 15.65 ps. Thus, we directly estimate the TOA with the
algorithm embedded in the devices [46]. Then, we use the interpolation technique to improve the time
resolution of the observed CIR, and get more accurate TOA estimates for other responses. In practice,
we use the sinc function for interpolation.

We calculate the amplitude of the complex CIR, and denote it as r(n∆d), where ∆d is the original
time resolution and ∆d = 1.0016 ns. Then we use the sinc function to interpolate the original sequence
r(n∆d). The interpolation result r(t) is given by

r(t) =
+∞

∑
n=−∞

r(n∆d)
sin((t− n∆d)

π
∆d
)

(t− n∆d)
π
∆d

. (8)
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In general, we extend the the time resolution by 64 times using interpolation technique so that
the time resolution of r(t) is similar to 15.65 ps. Next, we extract the timestamp corresponding to
the largest amplitude as the improved TOA estimation. TOA estimation after interpolation is more
accurate than TOA estimation directly on the raw CIR.

Note that the largest Na peaks in the CIR are not necessarily the line-of-sight (LOS) MPCs of
Na agents, since the NLOS MPCs can be stronger than the LOS MPC. However, the direct-path of
each agent Resp message is generally stronger than its multipaths, so we can search for the largest
amplitude of the i-th (i > 1) agent’s first path near δi − δ1 after the first response in a CIR.

After we obtain the TOA estimation of the Na responses from the agents, we can calculate the
TDOA of a certain response and the first arrival response. Then the distance estimation can be
calculated using (7).

4.2. Phase Estimation

The off-the-shelf UWB chip can provide the first path position within the CIR determined by
the algorithm embedded. We can calculate the signal phase of arrival using the complex sample
corresponding to the position. Since the CIR sampling interval is about 1 nanosecond, and the time
resolution of the first path position given by the chip is sub-nanosecond, we take the mean of the
phases near the first path position as the estimation of the first-path phase.

Since there are multiple responses in a single estimated CIR and the chip does not give the
phase estimations of other responses, we design a simple and practical threshold detection method to
estimate the phase of arrival. We first normalize r(n∆d) as

r̃(n∆d) =
r(n∆d)

max r(n∆d)
. (9)

Then we introduce a threshold ratio γ to detect the rising edge of a response where the phase
can be extracted. Since the approximate time interval between responses are known in advance, we
estimate the maximum amplitude of the noise using the partial CIR in the middle of any two responses,
which is denoted by nmax. To avoid mistakenly treating noise as responses, we let γ > nmax. The rising
edge of a response usually lasts for less than 3 ns, so the number of sampling points on the rising
edge is usually less than 4. In order to avoid missing detection of the sampling points on the rising
edge, we try to make the threshold smaller. Besides, since each response will follow some large MPCs,
we usually start detecting backwards at the middle of the responses to avoid false detections. When
we find the sampling point whose amplitude first exceeds the threshold, the phase of the sample is
considered the arrival phase of this signal.

4.3. ML-Based Localization Algorithm

After acquiring the measurement information, we can obtain the ranging and phase information
of all agents. Then we use the observed phase to estimate the AOA of the agent relative to the anchor
and calculate the position by using the propagation delay.

For the agent i, we estimate the propagation delay τ̂i and the arrival phase φi from the signals.
We calculate the AOA by solving the optimization problem as follows

{θ̂i, φ̂r} = arg min
θi ,φr

M

∑
j=1

[φji − φr +
2π fcdr

c
cos(θi − ϑj)]

2 (10)

where θ̂i and φ̂r are the AOA of agent i and reference phase estimations, respectively.
Finally, we use the geometric relationship to calculate the coordinates of agent i by

(x̂i, ŷi) = (cτ̂i cos θ̂i, cτ̂i sin θ̂i). In the 3D scene, we introduce the estimation of the elevation
angle βi [43]. Accordingly, the expression of agent coordinates becomes (x̂i, ŷi, ẑi) =

(cτ̂i cos θ̂i cos β̂i, cτ̂i sin θ̂i cos β̂i, cτ̂i sin β̂i).
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5. Experiment and Analysis

In this section, we evaluate the performance of the proposed SAL method by conducting
experiments in an indoor circular hall environment and an indoor lab classroom environment based
on our UWB system. Specifically, we first introduce the experiment settings. Then, we evaluate the
performance of the system. The experiment results show that our system can achieve decimeter-level
localization accuracy.

5.1. Experiment Settings

The anchor is equipped with a circular antenna array and multiple Decawave UWB chips [46]. To
verify the lowest performance of single anchor localization, the antenna number is set as 3 in order
to realize omnidirectional angle measuring. In particular, all antennas are utilized for receiving the
Resp messages while only one antenna is used to send the Init and Sync messages. According to the
IEEE 802.15.4 UWB channel standard [45], the pulse repetition frequency (PRF) is set as 64 MHz, the
preamble symbol length is set as 128, and the preamble code index is set as 9 both for transmitting
and receiving and the channel 1 is adopted. An illustration of the scenario with three agents and one
anchor is shown in Figure 4.

Anchor

Agent 1

Agent 2

Agent 3

Figure 4. Experimental environment illustration. Three agents and a single anchor are shown as an
example in an indoor environment.

We conduct two experiments: one is in an indoor hall environment E1 and the other is in an indoor
lab classroom environment E2, where the CAD maps are shown in Figures 5a and 6a, respectively.
The E1 is a circular area with the inner and the outer ring radius of 7 m and 15 m, respectively.
In E1, there are various reflection objects and scattering objects which have a negative impact on the
results, such as walls, tables, chairs, indoor plants, and walking people, and the walking people will
normally pass into the experimental environment, but will not block the LOS propagation. Besides,
there are no more than three people in the scene at the same time. E2 is a rectangular room with a
6 m × 8 m = 48 m2 rectangular area. There are also many reflectors and scatters in the area, such as
desks and chairs. In both environments, the anchor, represented by the red ring, is placed nearly in the
center of the environment in order to provide better service for the agents. Both the anchor and the
agents are placed at the height of 1.3 m, so that they are on the same two-dimensional plane. The root
mean squared error (RMSE) and the Euclidean Distance are chosen as the performance metrics, and
the Euclidean Distance between position p1 and p2 is given by ||p1 − p2||.
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Figure 5. Localization results in E1 and the cumulative distribution function (CDF) comparison. (a)
The mean localization results (blue plus sign) and the root mean squared error (RMSE) (black circles
for SAL-Normal, and magenta circles for the proposed SAL method) on each selected test point (black
cross). (b) The CDF comparison of the two localization methods in E1.
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Figure 6. Localization results in E2 and the CDF comparison. (a) The mean localization results (blue
plus sign) and the RMSE (black circles for SAL-Normal, and magenta circles for the proposed SAL
method) on each selected test point (black cross). (b) The CDF comparison of the two localization
methods in E2.

5.2. Performance Evaluation

We randomly selected Nt = 20 test points in E1 and Nt = 14 test points in E2 to evaluate the fixed
point localization performance, and each test point has Nm = 1000 measurements. Then we select
a fixed trajectory in E2 to evaluate the tracking performance. The localization accuracy of the static
agents and the moving agents are evaluated under fixed points and trajectories, respectively.

5.2.1. Static test point

We first evaluate the performance of the proposed SAL method under static scenarios in E1.
Figure 5a also shows the results of the localization of the agents at different positions. We randomly
select Nt = 20 test points and performed Nm = 1000 measurements at each test point. We compare our
proposed method with the normal SAL method (SAL-Normal) without any filtering algorithm [43],
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where the anchor locates each agent in order, and compare the performance under different number
of agents. We first let Na = 1 and place one agent on all test points in turn to collect the localization
results. Then, for Na = 2, we randomly select 10 pairs of test points from all test points, and place two
agents at each pair of test points at the same time for testing. For Na = 3, we randomly select 3 test
points from all test points to place agents every time. For simplicity, we analyze the results of Na = 3
and present other results in the final table (Tables 1 and 2). In practice, due to the electromagnetic
coupling between the antenna elements, there is a different bias for different angles of arrival. Thus,
we use polynomial regression method [48] to reduce the fixed bias, and then the array will have a
near-unbiased AOA estimation. Similarly, we also calibrate the ranging results, so that the ranging
error is less than 10 cm.

An illustration of the received CIR is shown in Figure 7. We randomly put three agents in the E1
environment (named Agent 1, Agent 2, and Agent 3, respectively), and set δ1 = 0 ns, δ2 = 150 ns, and
δ3 = 300 ns, which means that Agent 2 will wait for an additional 150 ns before responding, and Agent
3 will wait for an additional 300 ns before responding. Note that the response of Agent 3 appears at
the front of the CIR. This is because the CIR is the accumulation of the correlation results, and the part
that exceeds the current window will be moved to the front [46].

0 200 400 600 800 1000
Times (ns)

0.2

0.4

0.6

0.8

1

1.2

A
m

pl
itu

de

CIR

Figure 7. An illustration of the received CIR at the anchor from three agents’ Resp messages.
We introduce an individual delay δ1 = 0 ns, δ2 = 150 ns, and δ3 = 300 ns so that the pulses can
avoid overlap and avoid strong multipaths.

As shown in Figure 5a, The black cross indicates the true position of the test points, the blue plus
sign indicates the mean of the actual localization results, the black circle represents the RMSE when the
anchor locates three agents using the SAL-Normal, and the magenta circle represents the RMSE when
the anchor locates three agents using the proposed SAL method. As expected, the estimated position of
the agents is close to the ground truth, and the Euclidean distance between the mean of the localization
result and the ground truth is less than 10 cm. Moreover, the localization RMSE when the anchor
locates three agents using the proposed SAL method is greater than the localization RMSE when using
SAL-Normal. The reason is that when using the proposed SAL method, the anchor can obtain delay
and phase observation of multiple agents in a single CIR estimation. The phase of arrival of the first
path estimated by the UWB chip is more accurate than other phase of arrival estimations. It can be
expected that as the number of agents increases, the localization accuracy will decrease more and
more slowly. The reason is that only the first responding agent has high-precision phase observation.
However, the CIR of the anchor is only 1016 nanoseconds long, thus the number of agents that can be
simultaneously localized is limited in order to avoid overlap of the responses of different agents.
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To quantify the overall localization performance of the system, we analyze the statistical
characteristics of the localization error based on the CDF. Figure 5b shows the performance comparison
when using SAL-Normal and the proposed SAL method with Na = 3. When using SAL-Normal, the
system can reach a 90% error of 20.6 cm and a median error of 10.3 cm. When using the proposed SAL
method, a 90% error and median error of 23.4 cm and 10.5 cm are achieved, respectively. The results
show that the performance of the proposed method can almost reach the traditional method.

In order to validate our localization system in other environments, we have selected a smaller lab
classroom (E2) with a CAD map shown in Figure 6a. The size of the room is about 6 m × 8 m = 48 m2,
with more desks, cabinets, chairs, and other reflection objects and scattering objects. As shown in
Figure 6a, we randomly selected Nt = 14 test points and performed Nm = 1000 measurements at each
test point. As in the previous experimental approach, we evaluate the performance of the system using
SAL-Normal and the proposed SAL method, respectively. The results show that the estimated position
is close to the ground truth, and the performance is better when using SAL-Normal. Figure 6b shows
the CDF comparison when using different localization methods in E2. When using SAL-Normal, a 90%
error of 13.8 cm and median error of 6.7 cm are achieved. When using the proposed SAL method, the
90% error is 16.8 cm and the median error is 7.5 cm. The conclusion of the experiment is similar to that
in E1. The results also show that the performance in the lab classroom is better than in the hall. This is
because the test points we select in the classroom are closer to the anchor, and the localization error
caused by the AOA estimation error is smaller. In addition, the increase in reflectors and scatterers has
little effect on the localization performance, thanks to the existence of LOS propagation.

To further analyze the source of the localization error, we analyzed the ranging error and angle
estimation error of three agents in both scenarios. Specifically, the mean of distance measurement
error is less than 10 cm, the standard deviation of the distance measurements is 3.2 cm, the mean of
angle estimation error is less than 2 degrees, and the standard deviation of the angle measurements is
3 degrees. Therefore, when the agent is far away from the anchor, i.e., 2 m away, the angle estimation
error is the main source of localization error. As the distance increases, the angle estimation error will
introduce a larger localization error, which can be improved by increasing the antenna number.

To evaluate the localization performance for different number of agents, we employ Na = 1, 2, 3
agents in both E1 and E2. The 90% and median localization error with different agent number in the
two test environment is shown in Tables 1 and 2. In both tables, the results show that when using
SAL-Normal, the overall localization performance does not increase with the number of agents. When
using the proposed SAL method, the localization accuracy will decrease slightly with the increase of
the agent number. Also, we find that the localization accuracy of two agents and three agents is similar
when using the proposed SAL method, which shows our method will not be fragile in multi-agent
scenarios. In general, our method is a little bit worse than the normal method in terms of positioning
accuracy, but it can achieve decimeter-level localization accuracy, which is enough for practical use.

Table 1. Localization error comparison in E1.

Errors Methods Na = 1 Na = 2 Na = 3

90% error SAL-Normal 20.4 cm 20.8 cm 20.6 cm
Proposed SAL method 21.3 cm 23.0 cm 23.4 cm

Median error SAL-Normal 9.3 cm 9.3 cm 10.3 cm
Proposed SAL method 10.1 cm 10.9 cm 10.5 cm
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Table 2. Localization error comparison in E2.

Errors Methods Na = 1 Na = 2 Na = 3

90% error SAL-Normal 14.0 cm 13.6 cm 13.8 cm
Proposed SAL method 13.6 cm 16.0 cm 16.8 cm

Median error SAL-Normal 6.8 cm 6.5 cm 6.7 cm
Proposed SAL method 6.5 cm 7.3 cm 7.5 cm

5.2.2. Tracking Performance

In the previous experiment, we evaluated the agents’ localization performance at the selected test
points. To further evaluate the performance of the localization system in a dynamic scenario, we let
the agents move along a preset route in E2 (see Figure 8). In practice, we hold the UWB device and
walk at a near-constant speed along the preset route. In addition, we make the agent and anchor close
in height to better achieve two-dimensional localization. In the experiment, we employ three agents
(agent 1, agent 2, and agent 3) as an example to evaluate the performance of our system. As shown in
Figure 8, we let the three agents go straight along the three sides of the rectangle, respectively. The
red circle represents the anchor, the semi-rectangular blue line is the preset route, the red cross sign is
the tracking result of agent 1 starting from the left bottom, the magenta cross is the tracking result of
agent 2 starting from the left top, and the green cross is the tracking result of agent 3 starting form
the right top. The results show that the trajectory estimation of the three agents can well follow the
preset route. Since it is not easy to relate the real-time position estimation to the ground truth, real-time
localization errors cannot be counted. Note that the localization results are raw data, which means
we do not use any filtering algorithms. The experimental results verify the potential of our system in
practice application.
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Figure 8. The tracking results of three agents (red cross, magenta cross, and green cross) moving on the
preset route (blue line).

5.2.3. Time Consumption

In Table 3, we count the time taken to complete measurements for Na agents when using different
methods. The results show that the elapsed time of SAL-Normal increases linearly with increasing
agents and the elapsed time of the proposed SAL method does not change as the agent number
increases. In SAL-Normal, the anchor serves each agent one by one, so all agents are located
in turn. However, in the proposed SAL method, all agents send Resp messages to the anchor
(quasi-)simultaneously, and the anchor can estimate the TOA and AOA of the agents in a single
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estimated CIR. We find that the efficiency of measurement increases as the number of agents increases
when using the proposed SAL method. Therefore, our method can improve measurement efficiency in
multi-agent localization scenarios while ensuring decimeter-level localization accuracy. Note that the
actual workflow can be further optimized, so the time consumption of the two method can be further
reduced. The table is intended to illustrate the overall difference in time consumption between the two
methods.

Table 3. Elapsed time comparison.

Methods Na = 1 Na = 2 Na = 3

SAL-Normal 3.4 ms 6.8 ms 10.2 ms
Proposed SAL method 3.4 ms 3.4 ms 3.4 ms

6. Conclusions

In this paper, we proposed a high-efficiency SAL method, which serves multiple agents based
on the single-anchor UWB system with minimum exchanges of signals. In such systems, the anchor
equipped with an antenna array achieves localization of multiple agents by using range and AOA
estimations. During the measurement process, the anchor only needs to turn on the receiver once to
complete the measurement of all agents, which improves the measurement efficiency. We implemented
our method on a single-anchor UWB system and evaluated the localization accuracy and measurement
efficiency in two indoor environments. The results show that our system can achieve decimeter-level
localization accuracy and the measurement time does not increase with the number of agents, within a
certain number of agents.

There are still several issues to be further studied, such as the effect of multi-path and NLOS
propagation for the proposed SAL system. In future work, we will also conduct sufficient experiments
in more complex environments, and design algorithms to improve system capacity and localization
accuracy.
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Abbreviations

The following abbreviations are used in this manuscript:

SAL single-anchor localization
GNSS Global Navigation Satellite System
MPC multipath component
NLOS non-line-of-sight
RF radio frequency
RFID radio-frequency identification
RSSI received signal strength indicator
LF location fingerprints
AOA angle-of-arrival
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UWB ultra-wideband
CIR channel impulse response
ToF time-of-flight
TDOA time-difference-of-arrival
TOA time-of-arrival
PDOA phase-difference-of-arrival
ML maximum likelihood
LOS line-of-sight
RMSE root mean squared error
CDF cumulative distribution function
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