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ABSTRACT Localization has emerged as an attractive solution to enable new business models that rely on
location-based services in wireless networks for communication, sensing, and control. In particular, time
difference-of-arrival (TDOA) is one of the widely used localization models. However, the conventional
TDOA requires precise time synchronization between a target node and anchor nodes for measuring the
time difference, which leads to a large number of packets for communication. To reduce packet transmission,
we propose a model for measuring the time difference without time synchronization called ASync-TDOA.
Different from the conventional model, ASync-TDOA can measure the time difference in a one-way-based
ranging by introducing the reference node. Specifically, the time difference between the target node and
anchor nodes can be directly measured by the server based on the timestamps from the reference node.
After that, the target node is accurately located using least squares and brute force for the time difference.
We implement the ASync-TDOA model on a localization system with ultra-wideband signals to estimate
the localization of the target node, which is easy to operate in practical engineering. The experiments show
that the proposed ASync-TDOA is efficient in reducing the packet transmissions and improving the TDOA

measurement and localization precision.

INDEX TERMS Localization, time synchronization, time-difference-of-arrival (TDOA), timestamp.

I. INTRODUCTION

With the improvement of wireless technology, localization
is a key aspect of emergent applications in wireless sen-
sor networks and the internet of things [1]-[3]. One of the
important localization systems is GPS which has been widely
used in outdoor environments. However, such systems cannot
work well in indoor environments due to the signal attenua-
tion. Fortunately, ultra-wideband (UWB) has emerged as a
promising technique to address this issue. Numerical indoor
localization systems have been proposed by leveraging the
advantages of UWB, such as a nanosecond timestamp, low
power consumption, strong penetrability and a high transfer
datarate [4]-[6]. This paper focuses on an indoor localization
system based on UWB.

Indoor localization systems can be divided into two cat-
egories, range-based and range-free. The most commonly
used localization is the range-based system. Many meth-
ods for range-based localization have been proposed [7],
such as received signal strength (RSSI) [8], time-of-arrival
(TOA) [9], time-difference-of-arrival (TDOA) [10], and

direction of arrival (DOA) [11] to calculate the distance for
the signal from target node to the anchor nodes. As discussed
in [12], the accuracy of TOA and TDOA is better than that
of RSS-based localization. In TOA, all nodes should use
a common synchronous clock reference and participate in
the localization process. However, the TDOA-based local-
ization technique only needs time synchronization between
the anchor nodes. Thus, TDOA is the most popular method
with the high accuracy and low demand on the transmission
times. In the conventional TDOA method, a target node can
be located by a set of anchor nodes that measure the time
difference as shown in Fig. 1. The anchor nodes are first
synchronized with each other, and then the time difference
between a target node and different anchor nodes is measured
to locate a target node. Since the time difference measure is
affected by multiple factors such as the accuracy of synchro-
nization, harsh environments, the Non-Line-of-Sight (NLOS)
error and so on [10], [13], [14], it is hard to be measured
accurately via the conventional TDOA method. Among the
factors, the accuracy of synchronization is one of the main
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FIGURE 1. TDOA measurement requires synchronization between all
nodes or anchor nodes.

impact factors affecting the TDOA measurement. There are
many studies that focus on the time synchronization, such as
RBS [15], TPSN [16], FTSP [17] and GTSP [18]. However,
due to clock skew and drifting, none of the existing works has
approached synchronization problems perfectly [19]-[21].
Time synchronization is generally achieved by massive mes-
sage exchanges among a set of anchor nodes which can
result in a heavy network traffic. In addition, this significantly
increases the burden of network.

To solve these issues with the synchronization of
TDOA measurement, many difference approaches have
been proposed to measure the time difference without
synchronization [22]-[31]. Localization approaches based on
acoustic signals with a speaker, a microphone, and some
forms of device-to-device communication were proposed
in [23] and [24], respectively. Since the complication of an
industrial environment creates many difficulties in transmit-
ting the signals and requires retransmission of lost pack-
ets, these approaches cannot be implemented. Reference [25]
exploits opportunistically signals and packets for the TOA
localization system, which relies exclusively on the measure-
ment of reception times. Though some approaches can obtain
a high accuracy of the TDOA measurement in [26]-[31],
they often need expensive equipment and rely on a combi-
nation of transmission and reception timestamps or require
their own protocols. This makes the high-accuracy localiza-
tion extremely challenging, especially for low-cost devices
in complicated industrial environments and with large-scale
wireless network localization.

In this paper, we propose ASync-TDOA, a model for
TDOA localization without time synchronization, which
achieves the time difference in a one-way-based ranging
by introducing the reference node. In the proposed ASync-
TDOA, anchor nodes first record timestamps that come from
the target node and the reference node, and then send them
to the server. By using an interpolation method, the server
can measure the time difference between the target node and
anchor nodes directly based on the timestamps from reference
node. Finally, the target node can be accurately located using
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the least squares and brute force for the time difference.
ASync-TDOA can receive more redundant information for
localization and thus, improves the accuracy of localization.
ASync-TDOA can also reduce the packet transmissions and
create high-accuracy localization in low-cost devices. In addi-
tion, ASync-TDOA is easy to be implemented in the practical
engineering.

The rest of this paper is organized as follows. In Section II,
we review the studies on TDOA localization related to our
work. Section III describes and analyzes the details of ASync-
TDOA. The implementation of our prototype system and the
performance are provided in Section IV. Finally, the conclu-
sions are drawn in Section V.

Il. RELATED WORK

In range-based localization systems, to achieve an accu-
rate measure for the transmission time of the signal, many
range-based localization models have been proposed which
can be roughly classified into two types: synchronous and
asynchronous.

A. SYNCHRONOUS

Generally, the accuracy of the time difference is influenced by
time synchronization among anchor nodes. In the literature,
some sutdies use a precise synchronization to measure the
time difference. Reference [32] uses radio frequency (RF)
and ultrasonic signals to measure the time difference with
their own CPU timestamps between difference anchor nodes.
Reference [33] proposed and validated a novel multi-user
TDOA-based localization system using wireless clock syn-
chronization based on IEEE 802.15.4a. Reference [34], [35]
design and implemented a digital receiver and transmit-
ter board called the SMart integrated Localization Exten-
sion (SMILE) with distributed a single frequency over the
network via Ethernet clocking. The clock offsets were deter-
mined in the SMIiLE boards for synchronization. While the
accuracy of these synchronous models is very good, the syn-
chronization method is not easy to be implemented and
increases the burden of network.

B. ASYNCHRONOUS

Although the time synchronization could improve the
measure precision, it also heavily increases the burden of
communication network. This is mainly because the time
synchronization technique requires a large amount of com-
munication bandwidth and a high network throughput. How-
ever, the communication links and the data transmission
are increasing. Some slightly different perspectives on the
problem of the time difference in asynchronous models were
addressed in [36]. Reference [37] measured the time differ-
ence between two signals from distinct transmitters arriv-
ing at the same receiver based on DTDOA. The received
signals should be in sequence to reconstruct the time dif-
ference, but the clock drift problem has not been over-
come. To calibrate the clock skews of the anchor nodes
in asynchronous networks, [31], [38], and [39] proposed the
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time-based localization strategies, which rely exclusively on
a combination of transmission and reception timestamps to
calculate the real distance between two nodes. However, the
node transmissions are bidirectional and increase the packet
transmission and the system complexity.

Many difference approaches have been proposed to mea-
sure the time difference without synchronization to reduce
complexity. A new TDOA model was proposed in [26], which
can measure the time without the synchronization to over-
come the disadvantages of TDOA. However, it needs to
know the initial coordinates of the target first. The initial
coordinates are hard to ensure in practice. Reference [27]
proposed Whistle, a novel TDOA localization without time
synchronization, which achieves high accuracy by two tech-
niques: Two-signal sensing and sample counting. This model
is implemented with a high computation performance and a
wide bandwidth. Reference [30] proposed a procedure to esti-
mate the pseudo-ranges between the target and anchor nodes
by measuring the time between the participating nodes. The
method proposed in [40] uses DTDOA in conjunction with
oscillator frequency offset compensation in large-scale asyn-
chronous WLAN:S. It needs to be amended with other devices
capable of hardware timestamping IEEE802.11b frames.

With the cooperation of GPS-enabled mobile terminals,
an approach to opportunistic positioning based on timing
measurements was presented by [28], proposing that the
asynchronous radio transmissions from fixed stations and
from mobile GPS-equipped nodes are jointly exploited to
cooperatively localize a blind node. Reference [29] proposed
an approach to compensate the GPS synchronization offset
with DTDOA in the operating environment (e.g.. indoors).
These ideas were combined with TDOA or DTDOA methods
and require additional infrastructures.

Ill. LOCALIZATION MODEL

TDOA-based localization needs to measure the time dif-
ference between the target and any pair of anchor nodes.
In this contribution, we present a localization model, namely,
ASync-TDOA, to measure the time difference by introducing
a reference node that does not require time synchronization
between anchor nodes.

A. STRUCTURE OF THE ASYNC-TDOA APPROACH

In the proposed ASync-TDOA, we choose a UWB signal
with nanosecond accuracy for sample-based timestamps, and
a reference node was introduced which could emit a UWB
signal lasting for a specified period. A few anchors were
designed to receive the UWB signal form target and ref-
erence nodes. In ASync-TDOA, we assume that the target
node can emit a UWB signal to demonstrate its existence,
the localization of all anchor nodes and reference node are
known.

The basic idea of ASync-TDOA is as follows: An anchor
node needs to record timestamps that come from the target
node and the reference node, and then send them to the
server. According to the record, the server can locally detect
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FIGURE 2. TDOA measurement without synchronization.

the interval of the arrival time of these two signals. By using
an interpolation method, the server calculates the mapping
values, without referring to the clock of any other anchor.
The server can measure the time difference between the target
node and anchor nodes directly based on the mapping values,
still without any time synchronization. Finally, the target node
can be accurately located by the least squares and brute force
for the time difference.

We use a simple scenario to illustrate the ASync-TDOA
model as shown in Fig. 2. The target node could send local-
ization signals at any time and its position is denoted by
Xs = [xy, ys]. The reference node sends the signal period-
ically, where its position is denoted by Xg = [x,, y,]. The
anchor nodes receive signals from the target node and the
reference node, and these positions can be denoted by X4y =
[Xan, Yan]. During the measurement process, all anchor nodes
record the timestamp and take turns passing parameters to a
central server to execute the computation tasks. Ignoring the
measurement noise, the distance between the target node and
the ith anchor node can be computed by

dANi =CTAN,- = ”XS_XAN,-”v fori = 1,....M (1)
where c is the signal transmission speed, T4y, is the transmis-
sion time between the target node and the ith anchor node, |- ||
denotes the L2 norm, and X4y; is the localization of the ith
anchor node. The time difference between AN; and AN; can
be given as

Tan;; = Tan; — Tan;
I Xs = Xan | — 11 Xs — Xan; |l )

c

With multiple TDOAs as well as locations of anchors,
we can deduce the location of the target node. It is notable
that to locate the target, we need to solve a set of equations
for TDOA measurements such as Equation (2). Obviously,
the solution of the TODA measurement affects the precision
of the localization. Therefore, ASync-TDOA concentrates on
how to accurately measure the TDOA values between any
pair of anchors.
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FIGURE 3. ASync-TDOA to measure TDOA.

B. MEASURING TDOA BY MAPPING VALUES

Without time synchronization between anchor nodes, the
conventional TDOA cannot exactly express the TDOA value
directly. Here, we describe how to accurately measure TDOA
values by the ASync-TDOA model. The symbols used in our
approach are defined in the notation list:

e i ;: The transmission time when node k emits the signal

at ;.
. t,’:”i: The reception time of the packet that is sent by node
k to node m at ¢;.

o t;"": The time difference between node k to node m and
node n.

o d;": The distance between node k and node m.

o d;"": The distance difference between node k to node m
and node n.

« c: The signal transmission speed.

To measure the time difference between asynchronous
anchors, we introduce the reference node to calculate the
mapping values, without referring to the clock of any other
anchor.

Fig. 3 shows a typical time sequence for all nodes. The
target node S sends a localization signal at zg ;. Anchor nodes
A and B receive the reference signals at t?’ J tf’ I respectively.
The TDOA value between receiver A and B, denoted by
T4, is expressed with (tg" ;i t&) if both anchors are time
synchronized. The reference node R sends reference signals
at tg; and g i+ ar. Then, reference signals arrives at anchor
node A at t;e‘,i and tfe‘,i a7 and that receives at anchor nodes
B at tg, ; and tg’ i+aT> tespectively. For all nodes, the TDOA
is measured by the nodes’ CPU timestamps, and there is no
identical timestamp in a short time. Hence, tg" j is in the range
of g and 1g ; ap, 1 ; is in the range of 7, and 15, 7.

We define the mapping values on the reference node, that
the time of the anchor node receives the localization signal.
We denote the mapping values of tg‘y. and tgy j by W4_,.g and
Wp_, g, respectively. Then, the TDOA between A and B using
mapping values is modeled by

A B mapping
Tap = (ls,j - ts,j> =" Wor—Vpr ()

sync
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Clearly, we only need to calculate W4_,g and Wp_,g to
measure the TDOA value. Moreover, the mapping value of
a receiver can be obtained by the reference node, without
any synchronization with the others. With the help of the
reference node, we develop a method to measure the TDOA
by the mapping values. Thus, we use Equation (3) to measure
the TDOA between two anchors.

C. CALCULATING MAPPING VALUES

To calculate the mapping values, we introduce the time of
IR>A,« and g, g g. In Fig. 3, we assume that reference node
R sends a signal at g, and fg.p g, and then anchor
nodes A and B receive these signals at t?, J tg’ I respectively.
We assume that g, 4  and g, g g are the send time, denoted
by A(0),A(1),---, A (m), and tg‘,j, tgj are the correspond-
ing reception time, is denoted by ® (0), ® (1), - -, D (m),
respectively. Suppose the corresponding relationship between
the send time A and the corresponding reception time &
is existing, but too complex to evaluate efficiently. We can
achieve the comparison expression @ to calculate 7z, 4 o and
IR~B,B-

By using the interpolation method, a few known data points
from the original function can be used to create an interpo-
lation based on a simpler function. Now, we take anchor A
as an example. At the time of 6, Ag is the send time from
R to A and @ (Xp) is the corresponding reception time of A.
We construct yp (A) as a special n-th-order polynomial that
meets the requirement:

Yo (ho) = - =9 (hg-1) =0
Vo (hg) = 1
Yo hog1) ==y (Ap) =0 4)
Obviously, Yo (o), -, ve (ho—1),vo (Aog1), -+,

vo (M) are the null point of yy (1). Then,

Yo M) =Ag(A—2g)--- (A —Ag—1) (A—RAgp1) - (A — Ap)

Q)
According yp (Lg) = 1, Ap can be calculated by
1
Ap=—— ©)
[1 (v =)
j=0
J#0

According to equation (5) and (6), we obtain equation:

yo 0) = 22° B it @)

yp (M) is a special n-th-order polynomial, Ay is the
send time, and ® (Ag) is the corresponding reception time.
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By using the interpolation method, the comparison expres-
sion ® (A) can be given as:

DM =) v Dy ®)
6=0

To determine the function of ® (1), we construct the poly-
nomial P,, = ag + aix + axx® + - - - 4+ apx™, Py (xp) = Pp,

where § =0, 1, -- - , m. &y can be calculated by
ap + ajxo + ~-~amx6” = g
ap +a1xy + - apx’ = &

®

ao + a1x, + - - apx);y = Oy

The coefficient determination of the Equation (8) is

1 x xg Xy
1 x x12 ey
D= . : . L= 1_[ (xo —x) (10
: : : : : 0<izhem
1 x x,%l ceeox

D is a Vandermonde determinant. As xy # x;, D # 0,

= O0,1,---,m),j = (0,1,---,m), the coefficient of
Equation (9) has only one solution (ag, a1, - - - , an,). Accord-
ing to Equation (10), ® (A) can be regarded as a linear
function with a unique solution at A:

Do) =D (o) M Lo M
Ao — M A — A
That is
@ () — P (o) _ ()~ D (ko) "
A — Ao A—Xo

Thus, we can achieve the time of 7, 4.« and g, p g With
equation (12):

A A A _ A
IRivar —TRi  Isj— IR

IRi+AT — IR,i IR~A,0 — IR,i

B B B _ (B

IRivar —IRi  lsj IR (13)
IR,i+AT — IR, IR-B,p — IR,

Recall that on the reference node, W4_,r is the mapping
values of tS and Wp_, g is the mapping values of tg In other
words, R sends a signal at tg, 4o and tg-p g, and receives it
at Wa_, g, Wp_, R, respectively. Hence, the distance between
reference node R and anchor node A or B can be written as:

di = (VAR — IR-A)
d¥ = (VR — IR-B.p) (14)
In the ASync-TDOA model, the reference node and anchor
nodes are stationary, whose localizations are known. The

distance between reference node R and anchor node A or B
can be written as:

di = Xk — Xall =/ (r — 5% + (v — ya)?

dB = |Xg — Xgl = 0 —)? + Gr —yp)? (15)
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According to Equation (14) and (15), the distance differ-
ence of the reference node R to anchor node A and B is bound
by:

A,B A B

dp” =dg —dg = || Xg — Xall — | Xr — X8|l

=c[(Wasr — (Vg —trs-B,p)]  (16)

As aresult, W4, and Wp_, g can be calculated by g, 4 o
and g, g. According to Equation (3) and (13), the time
difference T4p between A and B satisfy the following relation:

A,B
Ir>-B, + RT (17

Note that if such model of ASync-TDOA is used, the time
difference will be measured in a one-way-based ranging with-
out the transmission of synchronization packets.

fR>A,a) -

Taop =VYasgr — VB R =IRsAq —

IV. IMPLEMENTATION AND EXPERIMENTS

In this section, we introduce the architecture of ASync-TDOA
in hardware first, and then give an example of how
ASync-TDOA works. We evaluate the performance of
the ASync-TDOA model and the localization accuracy of the
ASync-TDOA-based localization system.

A. SYSTEM ARCHITECTURE

To evaluate our proposed model, we designed a system
based on the ASync-TDOA model, which can overhear IEEE
802.15.4 signals, and mark the captured messages with a
timestamp accurately. As shown in Fig. 4, the system can
estimate the localization of the target node by measuring
the time difference between the target node and any pair of
anchor nodes in real time. The system is comprised of five
main components, a target node, a reference node, anchor
nodes, a gateway and a server.

In the ASync-TDOA-based localization system, we use the
DecaWave DW 1000 as radio transceivers, which is compliant
with the IEEE802.15.4-2011 standard as shown in Fig. 5. The
controlling framework of transmitting or receiving the times-
tamp was actualized by an STM32f105 chip with Contex-
M3 as shown in Fig. 6.

We integrated these nodes into a low-speed industrial
wireless multi-hop network. The network not only enlarged
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the system coverage scope but also greatly improved the
flexibility of system networking. The gateway adopted our
industrial sensor network protocol, which had the features of
high density, anti-interference, high efficiency, low consumer
and so on.

The server ran on a PC, which could estimate the localiza-
tion of the target node by measuring the time difference and
pushing the result to the Web. We could see the localization
and the trajectory on the Web.

B. MEASUREMENT SETUP
Herein, we give an example to show the working process of
the ASync-TDOA.

In the localization process, the target node and refer-
ence node periodically broadcasts packets. First, all anchor
nodes were connected to the server by an industrial wireless
multi-hop network. Second, the server starts to send a com-
mand to the anchors and determines the number of activity
nodes by counting the ACK messages replied from these
anchors. After successfully connecting, as the anchor has
received the packet from the target or reference, it retransmits
the packet. The packet contains the information of all nodes,
such as the types of the nodes, the IP of the anchor, the ID of
the target, and so on. This information can be collected and
managed by the server. Finally, the server receives and stores
all the data, and estimates the localization as follows:

(a) Find the mapping interval in the original data.

(b) Measure the time difference between the target node
and any pair of anchor nodes by the mapping value.

(¢) Use the TDOA values to estimate the localization of the
target node by least squares and brute force.

(d) Store the localization of the target node in the database,
and display it on the Web in real-time.

C. EXPERIMENT SCENARIO

We performed extensive experiments to examine the feasibil-
ity of ASync-TDOA working for localization in a large-scale
wireless network. As shown in Fig. 7, we used a laboratory to
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simulate the factory environment. For the sake of simplicity,
we considered a 2D localization model to compare with other
models. We measured the time difference and estimated the
localization in this environment to evaluate the proposed
model.

We tested the performance of the proposed model in
a 9.6x%4.8 m? areas in an indoor lab space. The imple-
mented system is consisted of four anchor nodes and a refer-
ence node. Evaluation measurements were conducted at two
scenes, which had different layouts as shown in Fig. 8(a)
and Fig. 8(b), respectively. The coordinates of anchor nodes
were A = (9.6m,0), B = (0,0), C = (0,4.8m), D =
(9.6 m, 4.8 m). The coordinates of the reference node were
Ry = (4.8m,2.4m) in scene 1 and Ry = (9.6 m,2.4m)
in scene 2. The theoretical coordinate of the target node was
(2.1 m, 2 m) in scene 1, and (2.1 m, 2.2 m) in scene 2. In all
experiments, the target node was static and transmitted a
packet every 300 ms. The localization of each was conducted
many times. The reference node and target node sent broad-
cast signals.

D. PACKET TRANSMISSION

The conventional TDOA model requires anchor nodes to be
synchronized. Generally, this is the main reason for increas-
ing the packet transmission between anchor nodes.

Fig. 9 shows the number of packets for a single target node
located in the conventional TDOA model and ASync-TDOA
model., respectively. The system needs at least 3 anchor nodes
to estimate the localization of the target in a 2-Dimensional
area. At the beginning of the test, the conventional TDOA
model needed 7 groups of packets, but ASync-TDOA only
needed 3 groups of broadcast packets. The reason is that
the conventional TDOA-based localization needs to syn-
chronize first and then estimates the localization. While
ASync-TDOA-based localization only needs two broadcasts
to measure the time difference and estimate the localization.

After the test began, the number of packets increased in the
conventional TDOA model in Fig. 9. However, the number of
packets did not increase in ASync-TDOA. With the increase
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of the anchor nodes, the synchronization packets increased
in the conventional TDOA model. The number of packets is
increased by (2n — 2) than ASync-TDOA model, n is number
of anchor nodes.

Fig. 10 shows the overall number of packets transmit-
ted in a certain moment. The number of packets transmit-
ted between the anchor nodes increased in the conventional
TDOA model; however, it was constant in the ASync-TDOA
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model. The reason is that when the synchronization failed,
the synchronization packets needed to be retransmitted.
ASync-TDOA can use the historical data to measure the time
difference. Thus, the number of retransmitted packets was
significantly reduced compared to the conventional TDOA
model. As aresult, packet transmission was much lower when
compared with the conventional TDOA model.

Note that, the synchronization process of the conventional
TDOA model is occupied bandwidth. Channel conflicts could
occur and result in the loss of localization packets when the
number of targets and anchors increased. In a large-scale area
with a plenty of anchor nodes and target nodes, ASync-TDOA
can reduce the cost to the network and bandwidth.

E. MEASUREMENT PERFORMANCE

For a localization system, the TDOA measurement is an
important factor affecting the localization accuracy. Through
the experiments, we examined the performance of the
ASync-TDOA model.

To analyze the accuracy of the time difference, we obtained
the TDOA; j between the target node and any pair of anchor
nodes in scene 1 and scene 2. Substituting TDOA; ; into the
Equation (2), we can computed the distance difference d; ;.
We compared the Root Mean Square Error (RMSE) of the
distance difference with different periods of the reference
signals and plotted RMSE in Fig. 11 and Fig. 12. The RMSE
was calculated as:

2
RMSE — 2?21 (dmeasure,i - dmodel,i) (18)
n

where, n is the times of the measurement, dyeqsure. i 1S the mea-
surement value and djoq.1,; 15 the theoretical value. To com-
pare the performance of the ASync-TDOA and TDOA, we set
the synchronization frequency of the conventional TDOA
as 5 HZ. In Fig. 11 and Fig. 12, we can see that the RMSE
of the ASync-TDOA closely approximates the conventional
TDOA. We found that the RMSE decreased as the refer-
ence node sent signals more frequently. Our experiments, for
instance, showed that there exists a close relationship between

34185



IEEE Access

Y. Xue et al.: Model on Indoor Localization System Based on the Time Difference Without Synchronization

~0.15 ; ~0.18 ; 0.16 ;

g wASync-2HZ | E +ASync-2HZ A Sync-2HZ
0,141 -=Sync-SHZ &=0.16+ -=Sync-SHZ -=-Sync-SHZ
Eﬁ ASync-SHZ E ASync-SHZ 0.14 ASync-SHZ
2013 +ASyne-10HZ)| 5 14 ~+ASync-10HZ ~+ASync-10HZ

Distance difference
= £
= =
Distance difference
S = i
o —

S
—
%)

;

Distance difference RMSE (m)

o \9__—l
\M\ 0.08
0.09 - - - 0.06 0.06 - - -
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Time Time Time
(a) (b) ©
FIGURE 11. Distance difference RMSE in scene 1. (a) RMES ¢4 g. (b) RMES ¢4 . () RMES ¢4 p.
~0.18 T 0.16 : 0.16 ‘
é -*ASync-2HZ —*ASync-2HZ -+ASync-2HZ
g 0.16 -=-Sync-SHZ 0.14% -=Sync-SHZ 014 -=Sync-SHZ
s ASync-SHZ ASync-SHZ . ASync-SHZ
& 0141 +ASync-10HZ, ~+ASync-10HZ ~~ASync-10HZ

£ £
= =
0. 7
2 =
& &
8 20.12 20.12
oz : + B
& £ 0.1 £ 0.1
S 0.1 ] b
g g g
2008t £ 0.08 .- 0.08
20.06 . . . R0.06 . . . 20.06 . . . r
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Time Time Time
(a) (b) (©)

FIGURE 12. Distance difference RMSE in scene 2. (a) RMES ¢4 g. (b) RMES ¢4 . () RMES ¢4 p.

TABLE 1. TDOA measurement error.

Types Scene Mean(m)  Standard Deviation(m)
AB scene 1 0.0678 0.0861
scene 2 0.0674 0.0856
AC scene 1 0.0711 0.0891
scene 2 0.0770 0.0940
AD scene 1 0.0699 0.0834
scene 2 0.0668 0.0897

the TDOA measurement and the sending frequency of the
reference node. In other words, if the reference node sends
signals more frequently, the time difference is more accurate.

Fig. 13 plots the distribution of the distance difference error
Error; ; between the measurement values and theoretical val-
ues in different scenes. The frequency of the reference node
sends signals was 5 HZ . It is obvious that there were only very
few poor values for most configurations. The Error;; was
less than 0.2 m in different configurations. Table. 1 shows the
distance difference measurement error results, including their
mean error and standard deviation. These deviations mainly
resulted from the error in calculating the mapping values, and
the localization of the reference node or anchor nodes were
inaccurate.

It can be clearly seen that the proposed model can offer
better performance and the higher precision of the distance
difference measurement. Overall, ASync-TDOA can achieve
relatively high accuracy on the time difference.
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F. LOCATION ESTIMATION USING ASYNC-TDOA

By collecting the related information about the localization
with wireless measurement technology, we can obtain the
localization of the target by estimation technology. Based on
the model of ASync-TDOA, the method is essential to obtain
the intersection point of a set of hyperbolas. Here, the local-
ization of the target node was calculated by the least squares
and brute force to improve the accuracy of localization.

Each coordinate contains rational X and Y. These numbers
represent horizontal and vertical coordinates. We compared
the coordinate error calculated by ASync-TDOA in scene
1 and scene 2. We plotted the distribution of the coordinate
error Errorcoordinate, scene 11 Fig. 14. The graph shows the error
of the coordinates in two scenes. It is clearly seen that for two
scenes with different configurations, most of the results of the
coordinate error were less than 0.1 m.

Fig. 15 summarizes the cumulative distribution func-
tion (CDF) of localization errors in the ASync-TDOA-based
system and TDOA-based system. Obviously, the CDFs of the
localization errors increased rapidly, and the ASync-TDOA-
based system had higher performance than the conventional
TDOA-based system in 2- Dimensional area. The reason
is that ASync-TDOA can reduce packet transmission and
receive more redundant information instead of using the pro-
cess of synchronization. The localization of the target node
is calculated by the least squares and brute force to improve
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the accuracy of localization. Similar to the observations on
the mean error, the ASync-TDOA-based model achieved sim-
ilar performance in scene 1 and scene 2. The localization
error was less than 0.25 m. The result of the localization
was a precision of 50% within 0.05 m and more than 90%
within 0.15 m. The main reasons for the error were the error
of the distance measurement, and the absolute accuracy of the
reference node and anchor nodes could not be determined.
In addition, we compared the proposed model with some
existing indoor UWB localization systems proposed and
the results are summarized in Table. 2. Compared with the
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TABLE 2. Comparison with the existing platforms.

Technique System Accuray Test Area Complexity
TDOA [41] 0.3 m 8 m*6 m High
A-TDOA [42] 021 m Sm*5m Medium
TD2S [27] 0.29 m 9 m*9 m Low
ASync-TDOA  This work 021 m 9.6 m*4.8 m Low

existing platforms, the implemented ASync-TDOA platform
can offer better performance with a compact structure and low
fabrication cost.

Based on the above results, we can conclude that, first,
the localization of the target node can be correctly estimated
with the ASync-TDOA model. Second, during the same
period of time, ASync-TDOA can receive more redundant
information for localization and thus, improve the accuracy
of localization.

V. CONCLUSION

In this paper, we presented the ASync-TDOA model for the
time difference measurement between the target node and
anchor nodes without time synchronization and implemented
it on a platform with UWB signals, which is easy to operate
in the practical engineering. In the TDOA-based localization,
the accuracy of synchronization affected the precision of the
localization, and the process of time synchronization between
anchors used more bandwidth. Compared with the existing
literature, we investigated the feasibilities of ASync-TDOA
for UWB system by extensive experimentation. The results
showed that ASync-TDOA can measure the time difference
by introducing the reference node and provide available accu-
rate measurements. During the process of the localization,
ASync-TDOA can reduce packet transmission with plenty of
nodes active and obtain more localization information to esti-
mate the localization in real time to improve the localization
precision.
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