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There exists an electromagnetic shielding effect on radio signals in a tunnel, which results in no satellite positioning signal in the
tunnel scenario. Moreover, because vehicles always drive at a high speed on the highway, the real-time localization system
(RTLS) has a bottleneck in a highway scenario. Thus, the navigation and positioning service in tunnel and highway is an
important technology difficulty in the construction of a smart transportation system. In this paper, a new technology combined
downlink time difference of arrival (DL-TDoA) is proposed to realize precise and automated RTLS in tunnel and highway
scenarios. The DL-TDoA inherits ultra-wideband (UWB) technology to measure the time difference of radio signal propagation
between the location tag and four different location base stations, to obtain the distance differences between the location tag and
four groups of location base stations. The proposed solution achieves a higher positioning efficiency and positioning capacity to
achieve dynamic RTLS. The DL-TDoA technology based on UWB has several advantages in precise positioning and navigation,
such as positioning accuracy, security, anti-interference, and power consumption. In the final experiments on both static and
dynamic tests, DL-TDoA represents high accuracy and the mean errors of 11.96 cm, 37.11 cm, 50.06 cm, and 87.03 cm in the
scenarios of static tests and 30 km/h, 60 km/h, and 80 km/h in dynamic tests, respectively, which satisfy the requirements of RTLS.

1. Introduction

Smart highway integrates and applies advanced information
processing technology, sensing technology, and transmission
technology [1, 2]. These positioning technologies form an
open and common basic platform for monitoring vehicles.
Smart highway are aimed at being efficient, convenient, safe,
and green, combined with various open operation manage-
ment and service modes [3], and it provides reliable traffic
network service [4, 5] for the rapid transportation of people
and goods, provides free communication pipeline service
for the vehicle to vehicle [6] or vehicle to road interaction,

provides full-time responsive emergency service for emer-
gencies, and provides refined and independent travel service
for travelers.

The tunnel project shortens the road distance and
reduces the sloping road, so it significantly improves the traf-
fic capacity. Due to the natural electromagnetic shielding
effect of the tunnel on radio signals, there is no satellite
positioning signal in the tunnel. Therefore, the navigation
and positioning service in the tunnel has always been an
important problem in the construction of a smart highway.
To actively respond to the ideas and development strategy
of smart highway construction and improve the industry
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localization service, a new solution should be proposed to
solve the problem of navigation and positioning service in
the highway and tunnel without changing the terminals or
increasing the complexity of terminals.

Positioning technology in highway and tunnel is a recog-
nized difficulty in both the industry and academia. The exist-
ing positioning technologies mainly contain Bluetooth [7, 8],
Wi-Fi [9], Radio Frequency Identification (RFID) [10],
ZigBee [11], ultra-wideband (UWB) [12–14], infrared, ultra-
sonic, etc. Because the traditional UWB technology uses the
uplink request mode [15], there is a serious delay problem
when six channels are used in the system. This kind of delay
problem makes the traditional UWB not suitable for the pre-
cise positioning under high-speed driving or the common
precise positioning under the action of multiple vehicles.

To achieve the goal of accuratepositioning in thehigh-speed
tunnel and solve the problem of navigation and positioning in
the tunnel, this paper uses the downlink time difference of
arrival (DL-TDoA) technology based onUWBprotocol to con-
struct the real-time high-speed positioning system. According
to the difference of signal locating time to different monitoring
stations, the distance of the signal source can be determined.
The advantages of the proposed DL-TDoA system contain no
signal-coupling problem, low equipment complexity, and high
positioning accuracy. This edge computing system shortens
the response time, reduces network pressure, and provides an
improved user experience [16, 17].

There is no phase ambiguity in the proposed DL-TDoA
system, so the direction-finding baseline cannot be subject
to restrictions. The traditional direction-finding method
needs to calculate the azimuth angle by the phase, but the
phase measurement has the uncertainty of the 2π period.
Thus, these traditional methods often use the method that
the antenna baseline is smaller than the signal wavelength
to avoid the 2π period. However, the wavelength of the
high-frequency signal is short, which makes the test antenna
close to each other. This way, the high-frequency signal is
easy to produce a signal coupling that leads to measurement
error. In the proposed DL-TDoA system, each monitoring
station only needs one antenna, which fundamentally solves
the problem of signal coupling. In each DL-TDoA monitor-
ing station, the system only needs to configure the monitor-
ing antenna and receiver. The requirement of monitoring
stations for the antenna is low, even if different monitoring
stations use different kinds of antennas. Direction finding
antenna is a group of the antenna array, where each antenna
in the array is required to keep consistent. Inconsistent
antenna arrangement will affect the accuracy of direction
finding, which cause high system cost and interfere with
monitoring performance. In the DL-TDoA monitoring
station, the positioning accuracy depends on the accuracy
of time measurement and vehicle speed. To verify the accu-
racy of DL-TDoA, this paper uses the real-time kinematic
(RTK) system to measure the real vehicle trace. Through
using a series of comparative experiments, the errors of vehi-
cle speed are displayed in the experiment part. Finally, the
system shows that DL-TDoA has high accuracy on the high-
ways and tunnels and the mean errors of 11.96 cm, 37.11 cm,
50.06 cm, and 87.03 cm in the scenarios of static tests and

30 km/h, 60 km/h, and 80 km/h in dynamic tests, respec-
tively, which satisfy the requirements of RTLS.

Specifically, the major contributions include the following:

(1) In the proposed edge computing system, our method
not only focuses on the structure of the accurate posi-
tioning system but also on the frequency and errors
the system requires and the DL-TDoA brings, respec-
tively. Based on the DL-TDoA concept, this paper
provides the edge calculating equations that were
used in the system and experiment

(2) Some bridge nodes, anchor nodes, and devices for
highway positioning and tunnel positioning are
introduced. These devices are used in commerce
and gain great effects

(3) To evaluate the performance of our approach, we
implement all approaches in a true ground, Xishatun
test ground. The experimental results show that our
approach achieves higher accuracy and efficiency as
well as the baseline result of RTK

This paper is organized as follows. In Section 2, some
related work is introduced. In Section 3, the proposed DL-
TDoA system and how to process data are described. In
Section 4, the experiment devices and scenario analysis are
presented. We analyze the performance of the experiment
results using the proposed DL-TDoA technology and the
reference technology, RTK. Section 5 concludes this paper.

2. Related Work

For outdoor real-time positioning, technologies, such as GPS,
Beidou [18], inertial navigation, wheel ranging, and ground
pseudo base station, have been developed already perfectly.
This kind of technology can be combined with a real-time
kinematic (RTK) system and can be applied to vehicle naviga-
tion and automatic driving in the outdoor environment.
However, the research [19] shows that the above-mentioned
technology does not apply to the precise positioning and nav-
igation under the high-speed driving conditions in a closed
environment such as a tunnel. The cost of some technologies
such as inertial navigation is expensive, which is not suitable
for the construction and implementation of large-scale
projects. To solve the problem of precise positioning in this
special case, an indoor real-time high-speed positioning tech-
nology is needed.

Bluetooth is a kind of radio technology that supports
short-distance communication (generally within 10m) of
equipment. It can exchange wireless information among
many devices including mobile phones, wireless headset,
and notebook computer. The transmission distance of
Bluetooth is 10 cm to 10m [20]. The Bluetooth connection
process involves multiple information transmission and ver-
ification processes, repeated data encryption, and decryption
process and authentication process for each connection [21].
This process is a great waste and delay for device computing
resources, which cannot meet the needs of real-time posi-
tioning. Moreover, the security of the encryption algorithm
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used in the process of Bluetooth data transmission also needs
to be improved.

Radio Frequency Identification (RFID) is a kind of auto-
matic identification technology. It can realize noncontact
two-way data communication through radio frequency and
read and write the recording media (electronic tag or radio
frequency card) by using radiofrequency mode. RFID is used
in access control, parking control, production line automa-
tion, and material management. RFID technology has some
disadvantages: the technology maturity is not enough and
the security is not strong enough [22]. RFID technology
appeared a short time ago and is not mature in technology.
The RFID tag has the characteristics of retroreflection, which
makes it difficult to apply in metal, liquid, and other com-
modities. The security problems faced by RFID technology
are mainly manifested in the illegal reading and malicious
tampering of RFID electronic tag information.

ZigBee is a wireless network protocol with low speed and
short-distance transmission. The main features of ZigBee are
low speed, low power consumption, low cost, supporting a large
number of network nodes, supporting a variety of network
topologies, low complexity, fast, and reliable [23]. The combina-
tion of 802.15.4 standardmakes its products have the character-
istics of low power consumption, easy networking, and short
distance interconnection. Therefore, its application in sensor
networks or the Internet of things has considerable advan-
tages, but its security and anti-interference performance are
lower than those of similar technologies. Despite its excellent
performance, ZigBee is also limited by distance.

Infrared communication technology is suitable for low-
cost, cross-platform, point-to-point high-speed data connec-
tion, especially for embedded systems. Infrared transmission
is wireless and cannot transmit too far. There must be no
obstacles in the middle, that is to say, it cannot pass through
the wall, almost unable to control the progress of informa-
tion transmission.

Ultra-wideband (UWB) is a new type of wireless com-
munication technology, initially used for military purposes.
UWB mainly uses a very short pulse signal to transmit
data, which can ensure high-speed communication, but
the transmission power is very small [24]. UWB does
not need to use the carrier of the traditional communica-
tion system but transmits and receives very narrow pulses
with nanosecond or below to transmit data, so it has the
bandwidth of GHz order. The main advantages of UWB
include low power consumption, insensitive to channel
fading, strong anti-interference ability, no interference to
other equipment in the same environment, strong penetra-
tion (positioning in the environment penetrating a brick
wall), high security, low system complexity, and accurate
positioning. Therefore, UWB technology can be applied
to indoor static or moving objects and human positioning,
tracking, and navigation and can provide very accurate
positioning accuracy.

Download time difference of arrival (DL-TDoA) is a new
patented technology of downlink broadcast ultra-wideband.
It is a method of positioning by using time difference [25].
The distance of the signal source can be determined by mea-
suring the time when the signal arrives at the monitoring sta-

tion. The advantage of DL-TDoA is that there is no phase
ambiguity, so the direction-finding baseline can be unlimited.
DL-TDoA has the characteristics of low complexity, for
TDoA monitoring station only needs to configure the moni-
toring antenna and receiver, and the requirements for the
antenna are not high, even if different monitoring points use
different antennas. The positioning accuracy of the TDoA
detection station depends on the accuracy of time measure-
ment. Through the optimized algorithm, the calculation error
of time difference is in the order of 100ns. Comparingwith the
other positioning algorithms, likeMDS-MAP [26], DL-TDoA
outperforms at high-speed calculating.

From the aspect of positioning technology, no matter the
positioning accuracy, security, anti-interference, power con-
sumption, etc., the combination technology based on Beidou,
DL-TDoA, and visual positioning is one of the most ideal
precision positioning and navigation technologies under
high-speed driving.

To verify the accuracy of DL-TDoA, an ultrahigh-precision
positioning technology is needed for comparison. RTK is a
commonly used high-precision GPS measurement and posi-
tioning technology. RTK can obtain centimeter-level ultra-
precision outdoor positioning results [27]. Through the carrier
phase dynamic real-time difference method, the accuracy of
positioning and measurement is greatly improved. The
RTK method is less affected and limited by visibility, climate,
season, and other factors and can implement high-precision
positioning in complex terrain areas [28]. Therefore, this
paper uses RTK as a comparative reference technology.

3. Automated RTLS Using DL-
TDoA Technology

This section describes the proposed automated location solu-
tion using a DL-TDoA technology for precise vehicle posi-
tioning under highway and tunnel scenarios. The designed
architecture of the system is briefly introduced in Sections
3.1–3.3. Section 3.4 introduces the scenario constructions of
highway and tunnel. Section 3.5 describes the hardware
devices such as tags, anchors, and applications in detail.

3.1. The Comparison with DL-TDoA and Traditional UWB.
The main advantages of traditional UWB are low power
consumption, insensitive to channel fading, strong anti-
interference ability, no interference to other equipment in
the same environment, especially when facing lots of vehicles
on channel highways, strong penetration (positioning in the
environment penetrating a brick wall), and high positioning
accuracy. DL-TDoA inherits the excellent features of UWB
and develops its new features of real-time positioning. As
shown in Figure 1, tradition UBW utilizes the time difference
algorithm to calculate the distances between the vehicle and
bridge nodes. The UWB router transfers the time differences
to the location computing server to calculate the position.
DL-TDoA relies on edge computing to reduce the server cal-
culating pressure. In the DL-TDoA framework, the sensor
owns edge computing ability to calculate the distances
between anchor nodes and the positioning sensor. The sensor
transmits the position data to the bridge node with a 4Hz
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upload and download frequency. Then, the router and server
just transfer and save the date and the server avoids com-
puting any positioning information. In DL-TDoA, the
computing work is assigned to every vehicle to calculate
its position, in which way, only one bridge node uploads
data while traditional UWB has more than one bridge
node. Anchor nodes use the broadcasting protocol, which
avoids the time of network verification and save the fee
of the public network. Highway and tunnel positioning
systems require real-time data so DL-TDoA is better than
the traditional UBW to satisfy the real-time requirement
and provides a smart mesh network to reduce the comput-
ing for the server.

In the traditional UWB system, the data from the posi-
tioning tag or sensor is calculated by the server so there is
some uploading time. When the car opens the navigation
system in the tunnel, the positioning tag has to request the
position data from the server so there is some downloading
time. The delay of upload and download prevents the tradi-
tional UWB system from becoming a real-time positioning
system. However, the proposed DL-TDoA uses the edge
computing mechanism to obtain a real-time position without
any more delay. Moreover, DL-TDoA also uploads the posi-
tion data to the server for mobile monitoring and analysis.
DL-TDoA utilizes the frequency of 1/2/4Hz to upload, which
can be configured by needs, while the USB frequency for DL-
TDoA edge computing and navigation can reach 26Hz with-
out uploading. Traditional UWB cannot serve the navigation
applications. Due to the edge computing and the release of
server consumption in DL-TDoA, the capacity of the anchor
nodes and bridge nodes has no limitations while that of tra-
ditional UWB is usually less than 300 vehicles. DL-TDoA
uses the anchor nodes and bridge nodes to form the ad hoc
network, which utilizes the local network and requires a
low price compared with the station using the public net-
work. Therefore, the real-time and low price DL-TDoA
solves the problems that the highway and tunnel real-time
positioning bring.

3.2. Automated Highway RTLS Overview by Using DL-TDoA.
As described in Figure 2, the proposed automated location

solution mainly contains 6 groups of devices, including
various tags, anchor or bridge nodes, exchangers, routers,
networks, and RTLS server. Several common tags are listed
in the bottom part of the figure, such as sensor tag, badge
tag, asset tag, and a positioning unit. These tags are con-
nected to the wireless infrastructure network (IPV6 mesh),
which consists of massive anchor and bridge nodes. The data
collected by tags are uploaded to the exchanger through the
infrastructure network. When these data continue uploading
from the exchanger to the router, their transmission range is
converted from a personal domain network to a public
domain network. After these data arrive at the RTLS through
the network, a series of applications, software, information
broad, report, and network services use these data to display
locations and analyze results.

According to the mathematical principle, the locus of a
moving point whose distance difference from two fixed
points is constant is a hyperbola. To determine a point in
three-dimensional space, at least three distance differences
and four observation points are needed. Therefore, there
should be at least four observation stations for positioning.

In the DL-TDoA edge computing tag, the practicability
of the localization algorithm affects the result of localiza-
tion. Assume that the coordinate of the target, a vehicle,
is ðx, y, zÞ. Now, the DL-TDoA system has at least M + 1
anchor nodes, and one of these nodes is the main station
S0 while the others are the substation Si, and the coordi-
nates are ðxi, yi, ziÞ, i = 0, 1, 2, 3,⋯,M. Suppose that the
time of electromagnetic radiation from the target to each
station is ti, i = 0, 1, 2, 3⋯M. The time difference between
the arrival times of each substation and that of the main
station can be written as πi, i = 1, 2, 3,⋯,M. By multiply-
ing the time difference of arrival by the speed of light, the
distance difference between the vehicle and each substation
to the terminal can be obtained:

Δri = cπi, ð1Þ

where c represents the theoretical speed of light. The
distance difference can also be obtained directly from the
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Figure 1: The difference between DL-TDoA and UWB.
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distance between the target and the main station minus
the distance between the target and the substation:

Δri = ri − r0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xið Þ2 + y − yið Þ2 + z − zið Þ2

q

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − x0ð Þ2 + y − y0ð Þ2 + z − z0ð Þ2

q
:

ð2Þ

In equation (2), the part of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx − x0Þ2 + ðy − y0Þ2 + ðz − z0Þ2

q

equals r0; the next equation is obtained:

Δri + r0ð Þ2 = r2i = x − xið Þ2 + y − yið Þ2 + z − zið Þ2: ð3Þ

Since r0 is an unknown parameter, the inequality is reduced
to a linear equation and r0 is eliminated. Subtract r20 from
both sides of the formula:

Δr2i + 2Δrir0 = 2 x x0 − xið Þ + y y0 − yið Þ + z z0 − zið Þ½ �
+ x2i + y2i + z2i
� �

− x20 + y20 + z20
� �

:
ð4Þ

Let di represent the distance of each station, d2i = ðx2i +
y2i + z2i Þ, then

Δr20 + 2Δrir0 = 2 x x0 − xið Þ + y y0 − yið Þ + z z0 − zið Þ½ � + d2i − d20:

ð5Þ

It can be sorted out:

Δrir0 +
Δr2i − d2i + d20

2 = x x0 − xið Þ + y y0 − yið Þ + z z0 − zið Þ,
ð6Þ

where i = 1, 2, 3,⋯,m of the above equation represents the
number of anchor nodes and x, y, z are the unknown
numbers, so the above equation is rewritten as the follow-
ing matrix:

x0 − x1 y0 − y1 z0 − z1

⋮ ⋮ ⋮

x0 − xm y0 − ym z0 − zm

2
6664

3
7775

x

y

z

2
6664

3
7775

=

Δr1

⋮

Δrm

2
6664

3
7775r0 +

Δr21 − d21 + d20
2
⋮

Δr2i − d2i + d20
2

2
6666664

3
7777775
:

ð7Þ

The matrix of formula (7) can be divided into

A =
x0 − x1 y0 − y1 z0 − z1

⋮ ⋮ ⋮

x0 − xm y0 − ym z0 − zm

2
664

3
775, ð8Þ
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Figure 2: The architecture of the proposed automated location solution using DL-TDoA.
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B = Cr0 +D =
Δr1

⋮

Δrm

2
664

3
775r0 +

Δr21 − d21 + d20
2
⋮

Δr2i − d2i + d20
2

2
666664

3
777775
: ð9Þ

According to the linear properties of linear equations,
the solution set of AX = B is the sum of the solution sets
of AX = Cr0 and AX =D. When m = 3, A is a square
matrix. According to the Cramer rule, its solution can be
expressed as

xij =
Aj

�� ��
Aj j , ð10Þ

where Aj is the determinant obtained by replacing the jth
column element in a with a constant term. The new equa-
tion can be obtained:

x = a1r0 + b1,
y = a2r0 + b2,
z = a3r0 + b3,

8>><
>>:

ð11Þ

where ai is the solution set of AX = C and bi is the solu-
tion set of AX =D. Then, replace the x, y, z variables of
equation (12) with those in equation (11):

r20 = x − x0ð Þ2 + y − y0ð Þ2 + z − z0ð Þ2, ð12Þ

r20 = a21 + a22 + a23
� �

r20 + 2r0 a1b1 + a2b2 + a3b3 − a1x0 − a2y0 − a3z0ð Þ
+ x0 − b1ð Þ2 + y0 − b2ð Þ2 + z0 − b3ð Þ2:

ð13Þ
Suppose α = ða21 + a22 + a23Þ, β = ða1b1 + a2b2 + a3b3 − a1

x0 − a2y0 − a3z0Þ, and γ = ðx0 − b1Þ2 + ðy0 − b2Þ2 + ðz0 − b3Þ2
, then the final equation is

r0 =
−β ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 − 4αγ

p
2α : ð14Þ

When r0 has two solutions, two positioning results are
obtained, that is, the positioning is fuzzy, so the observation
station needs to be added. When r0 has a solution, the tar-
get position can be uniquely determined. When r0 has no
solution, the position cannot be determined. After r0 is
obtained, x, y, z can be found in equation (11). Through
the edge calculation of the positioning tag on the vehicle,
the position information returned by the DL-TDoA algo-
rithm is calculated in the tag to carry out accurate position-
ing processing.

3.3. RTK and DL-TDoA Data Format Processing. RTK
positioning system (high-precision GPS measurement and
positioning technology), as a comparative technology, DL-
TDoA data should be transformed into RTK format in the
same coordinate. The original longitude and latitude of

RTK data are transformed as international format: degrees,
minutes, and seconds. Since the original RTK data collection
is based on the geodetic coordinate system, the WGS-84
ellipsoid datum algorithm transforms the coordinate system
of the data from the geodetic coordinate system to a x, y, z
plane coordinate system. In this case, the origin of the coor-
dinate system is not the origin specified by the test site, so it
is necessary to translate the data to the coordinate system
centered on the specified origin. The data on the other side
is DL-TDoA data. The data of DL-TDoA is the data of the
plane coordinate system, but the data needs to be rotated to
the same x, y, z direction the same as RTK data. Since the
uplink DL-TDoA frequency is 4Hz, while the RTK upload
frequency is 26Hz, it is necessary to use the difference com-
pensation method to find the missing values, to achieve the
same frequency as RTK. As the RTK and DL-TDoA antenna
cannot be fixed at the same position on the vehicle, there is a
physical error to compare the traces. Therefore, the data from
DL-TDoA should manually minus the error distance. Now,
the RTK and DL-TDoA data are in the same coordinate,
and no outside errors do not come from algorithms.

3.4. Highway and Tunnel Scenario Setup. As shown in
Figure 3(a), the highway simulation environment is selected
in the Xishatun test ground. The green area is the test area,
and the two ends are the start point and the endpoint, respec-
tively. At this time, the area is a straight barrier-free road, and
there is no signal occlusion. The test area is described
(Figure 3(b)). First of all, the acceleration part and decelera-
tion part of the vehicle are green areas, and the green area
is not included in the data analysis plan, because the main
test of DL-TDoA is still focused on driving at a constant
speed. The total length of the test area is 130-150m, and
the length of the DL-TDoA positioning test area is 100m.
Nodes are set in the gantry area as shown in the test
(Figure 3(c)). Due to the natural conditions of the test area,
the distance between the gantries is not the same. The inter-
val is about 8m or 30m. To increase the positioning effect,
the test area requires some artificial anchor points, which
may not be fixed on the gantry because the number of gan-
tries is fixed. Therefore, temporary anchor points for tripod
support are added on both sides of the road in Figure 3(d)
(green anchor points are temporary anchor points while
red ones are fixed anchor points fixed on gantry). Anchors
7 and 8 are bridge nodes, which link to the public network
to upload the positioning track. The accuracy of DL-TDoA
on the highway is verified to determine whether it can per-
form well in the tunnel.

The arrangement of anchor nodes and bridge nodes on
both sides of the tunnel is shown in Figure 4. Because there
are rocks and walls on both sides of the tunnel, it is more
effective to arrange joints on the wall. Anchor nodes and
bridge nodes are arranged alternately to obtain a better ad
hoc network.

3.5. Anchor and Tag Devices. To solve the time-consuming
and labor-consuming problem of coordinate measurement
in the anchor node, the self-positioning module of the anchor
node is developed in this paper. After the installation of the
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equipment, the system can automatically measure the coordi-
nates of anchor nodes, which establish a coordinate system
and simplify the construction process. Figure 5 displays three
common anchor node devices, including wall-mounted
anchor nodes, roof anchor nodes, and three defense anchored
nodes. The wall-mounted anchor node in Figure 5(a) can be

hanging fixed on the vertical wall. The roof anchor node in
Figure 5(b) is always fixed with clamps or screws on indoor
ceilings. The three-defense anchor node in Figure 5(c) adopts
a screw fixation method that can be installed in both indoor
and outdoor environments. All three kinds of anchor nodes
are powered by PoE supply.

Overall lenght 130~150 m Road width
15 m

35 m
30 m

8 m

8 m8 m
8 m 8 m

4

1

7

X
X

X
1 3

5

6

7
9

10

11

12

8

42
X

X
X

Temporary test
anchor nodes

Connect
network

Connect
network

Fixed test anchor nodes

(d)

Figure 3: Anchor and bridge node deployment for the DL-TDoA highway test. (a) Test area: Xishatun test ground. (b) The test area
includes three parts: the acceleration zone, the test area, and the deceleration zone. (c) Gantry distances. (d) The distribution of anchor
and bridge nodes.
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Bridge node
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1
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Figure 4: The distribution of anchor and bridge nodes in the tunnel test.

(a) (b) (c)

Figure 5: Three common anchor node devices adopted in the proposed solution. (a) Wall-mounted anchor node. (b) Roof anchor node. (b)
Three-defense anchor node.
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In the proposed solution, the wireless network connects
the anchor nodes, where each anchor node only needs PoE
power. About 15% of anchor nodes in the network need to
be connected to the switch. In the construction process of
the proposed solution, all wireless networks make the
deployment of anchor nodes easier and the construction cost
is greatly reduced. Based on the calculation of the same
number of base stations, the cost of construction and auxil-
iary materials of our solution will be saved by about 70%.
Moreover, because most anchor nodes need power supply
tightly, they will be more flexible in the location selection
of base stations.

The DL-TDoA algorithm proposed in this paper can use
the tag to calculate the location information, making the
capacity of the network theoretically unlimited. In the actual
application scenario, it is enough to support a large number
of tags. Based on wireless communication technology,
anchor nodes automatically form an IPv6 mesh network,
which has very flexible scalability. If there exists a deployed
base station under the environment, the newly installed base
station will automatically join the existing mesh network if
the location area needs to be increased.

Figure 6 displays seven common tags and positioning
units, including badge tag, asset tag, general tag, sensor tag,
safety vest, positioning unit, and V7 development board. In
Figure 6(a), the badge tag is always used for tracking person-
nel. The device owns one button with an alarm function.
When the alarm is triggered, the device makes a sound, its
LED stroboscopic alarm, and its electronic screen display.
The device is wearable and with a single rechargeable lithium
battery. Figure 6(b) displays an asset tag that is always
used to track assets or objects with low moving frequency.
The device can be fixed on objects, which also contains
one alarm button and an LED stroboscopic alarm. The
general tag in Figure 6(c) is always used to track vehicles
or people, which can be fixed to objects or carried by peo-

ple. The device owns an LED stroboscopic alarm with a sen-
sor interface. The sensor tag in Figure 6(d) integrates a
positioning module that can collect and upload sensor data
with time and space labels. The device supports integration
in the third party to design personalized products. The safety
vest as shown in Figure 6(e) owns a wearable positioning
label with light prompt and alarm function. It is suitable for
the production environment of various industries: lithium
battery (rechargeable) power supply. The positioning unit
in Figure 6(f) contains complete core positioning functions,
the firmware is preloaded, and the development of various
application interfaces is supported. Support the design of
personalized labels or other products on the third-party
PCB. The PCB of the V7 development board in Figure 6(g)
integrates a positioning module that provides multiple inter-
faces for the third party. Its external power supply is required
as no more than 3.6V through the USB power supply.

Each tag has its computing power and can calculate the
location information independently. Considering the real-
time requirement in RTLS, our tags can compute the location
information by themselves, to achieve almost zero delays. For
scenes with high real-time requirements, such as anticollision
and unmanned driving, the proposed system has great advan-
tages. The proposed solution has realized the active control of

(a) (b) (c)

(d) (e) (f) (g)

Figure 6: Seven common tags and units adopted in the proposed solution. (a) Badge tag. (b) Asset tag. (c) General tag. (d) Sensor tag. (e)
Safety vest. (f) Positioning unit. (g) V7 development board.

Table 1: Device list used in test.

No. Device name Count No. Device name Count

1 Bridge node 2 7 Router 1

2 Anchor node 16 8 Distance meter 2

3 Location server 1 9 Total station 1

4 PoE exchanger 1 10 Laptop 2

5 Network cable 200m 11 PoE extender 2

6 V7 general tag 4
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a forklift and other machinery in the storage field and has
made a lot of technical reserves for unmanned driving.

4. Experiments and Scenario Analysis

The verification experiment of this paper is divided into two
application scenarios: highway and tunnel internal test. The
devices used in the experiment are listed in Table 1. We use
2 bridge nodes, 16 anchor nodes, 1 location server, 1 PoE
exchanger, 4 V7 general tags, 1 router, 2 distance meters, 1
total station, 2 laptops, and 2 PoE extenders. Moreover, a
200m network cable is used in the experiment.

4.1. Scenario 1: Highway Static Test. Before the test, the
devices and sensors are fixed on gantries and connected to
the IPV6 network and local network. As shown in
Figures 7(a) and 7(b), the anchor and bridge nodes are fixed
on gantries. To verify that the proposed DL-TDoA is
accurate enough, first of all, the static position comparative
experiments are needed. Testers prepare a triangle bracket
(Figure 7(c)), where the RTK positioning sensor and DL-

TDoA positioning sensor are alternated. The fixed position
of the triangle bracket guarantees the same position for both
two positioning sensors so there are no sensor physical posi-
tion errors. Testers choose several positions to collect the
position data for future comparisons. Figure 7(d) shows that
the positioning sensor connects the laptop directly in the
static test scenario. Static test data is collected by local
USB transmission.

The RTK data obtained after the fixed-point test will be
converted into a plane coordinate system (using WGS-84
ellipsoid datum). It is easy to transform the RTK from the ori-
gin of the plane coordinate system to the coordinate system
with the fixed point of the test field as the origin. For the data
of DL-TDoA, the plane coordinate system is used as the north
direction of the y-axis, and the original coordinate system
adopted by DL-TDoA is rotated. Because the sensor positions
of RTK and DL-TDoA are the same, the position difference
between RTK and DL-TDoA antenna is removed and the
coordinates are corrected. Finally, the distance difference
between RTK and DL-TDoA is calculated point to point,
and the average value of the distance difference is calculated

(a) (b) (c) (d)

Figure 7: Scenario was set up. (a) Installing anchor nodes. (b) Fixed nodes. (c) Testing in different positions. (d) Collecting data.
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to get the final result. Figure 8(a) shows the RTK and DL-
TDoA data in the same rectangular coordinate system. Black
points represent RTK while the white points present the DL-
TDoA data. As shown in the figure, the majority of the tested
positions is overlapped and provides excellent accuracy. For
some point, only the DL-TDoA data can be seen, which
proves RTK and DL-TDoA data is full the same under the
millimeter unit. Figure 8(b) shows the error under static posi-
tioning. It is seen from Figure 8(b) that the maximum error is
less than 200mm and the minimum error is close to 0mm.
The maximum distance error is 193.12mm, and the mini-
mum distance error is 14.43mm. The average error of RTK
and DL-TDoA was 119.64mm.

4.2. Scenario 1: Highway Dynamic Test. For the dynamic test,
RTK and DL-TDoA sensors are fixed on the top of the vehi-
cle. As shown in Figure 9(a), there is a 20 cm distance
between two kinds of antennas, which causes the deviation

when tracing the trajectory of two motions. Therefore, com-
paring with the static test, when processing the data, testers
are required to manually modify the deviation, by simply
subtracting 20 cm. Another problem is that RTK transmits
the data with a 26Hz frequency while the frequency of DL-
TDoA is only 4Hz. Tester manually finds the same position
in the same frame. These two problems are the main differ-
ences between the static and dynamic tests. Figures 9(b)
and 9(c) are the start and end positions for the dynamic test.
Then, the vehicle goes through the gantries, which are fixed
with DL-TDoA anchor nodes and bridge nodes. The overall
distance of the dynamic test is 100m.

In the dynamic test, three comparative experiments are
set to speeds of 30, 60, and 80 km/h, respectively. For the
dynamic data format, due to the deviation between RTK
and DL-TDoA antenna, testers are supposed to minus the
distance of that error on the coordinate. Another problem
this paper has mentioned is that the uploading frequency of

DL-TDoA
antenna

RTK satellite
antenna

RTK 4G
antenna

(a)

(b)

(c)

Figure 9: Dynamic scenario was set up.
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RTK and DL-TDoA is different so testers need to manually
find the same frame that both RTK and DL-TDoA have
uploaded the data for the future comparisons and analysis.
Figure 10 shows the comparisons of 30, 60, and 80 km/h,
respectively, and the initial positions are found by testers so
there might be some incorrect initial points. However, what
we need to focus on is the trend of the lines, whether it is con-
sistent with the RTK of the comparison sample. For the first
and second figures of Figure 10 of 30 km/h, DL-TDoA has
the same trend with RTK so the tester might not find the cor-
rect point but the results are still good. As for the third figure
of Figure 10 (1), of 30 km/h, the DL-TDoA data nearly over-
laps the RTK data but with a little fluctuation. Thatmeans tes-
ters find the correct initial point, and within the speed of
30 km/h, DL-TDoA performs as well as RTK. In the figures
of 60 km/h in Figure 10, (1) shows that RTK has more lag
fluctuation than DL-TDoA while the other two ((2) and (3))
show the DL-TDoA performs well. As for (1) of 80 km/h of
Figure 10, it is obvious that the testersfind awrong initial posi-
tion of DL-TDoA. However, compared with 30 and 60 km/h,
the DL-TDoA positioning algorithm under the speed of

80 km/h performs worst. In conclusion, the higher the speed
of the vehicles, the lower the accuracy of the test.

Table 2 proves that when the speed of vehicles goes up,
the maximum errors and mean errors increase. However,
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Figure 10: The comparisons of RTK and DL-TDoA with the speed of 30, 60, and 80 km/h, respectively.

Table 2: Maximum, minimum, and mean of errors of 30, 60, and
80 km/h, respectively.

Speed (km/h)
Maximum
error (mm)

Minimum
error (mm)

Mean
error (mm)

30

742.81 101.25 355.03

775.68 117.57 418.85

623.41 7.13 246.60

60

1126.77 45.41 961.23

647.23 20.96 302.65

845.97 52.01 205.75

80

1958.08 405.62 1306.81

1496.90 53.26 951.28

1493.73 62.79 789.23
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the minimum errors do not depend on speed. To ensure the
safety and accurate positioning, the maximum errors are the
most important data this paper needs to focus on. In conclu-
sion in Table 3, when the vehicle goes through the test area with
30, 60, and 80km/h, the mean errors are 37.11, 50.06, and
87.03 cm, respectively, which give an acceptable and useful
result for future tunnel positioning without RTK comparison.

4.3. Scenario 2: Tunnel Test. In Figure 11, testers set up the
scenario in a tunnel and use the same devices and sensors
in the dynamic test. One driver drives the car and goes

through the tunnel. Due to the unavailable RTK service, the
data only comes from the DL-TDoA system. After convert-
ing the data to lines drawn on Figure 12 and checking with
the real driving route, the detected trace is nearly the same
accuracy as the highway dynamic test.

5. Conclusions

This paper proposed a DL-TDoA technology inherited from
UWBwireless protocol to realize accurate vehicle positioning
systems in highway and tunnel scenarios. Compared with

Table 3: The average mean of errors of 30, 60, and 80 km/h, respectively, and delay.

Test scenario Average mean error comparing with RTK (cm) Positioning frequency (Hz) Delay (ms)

Static 11.96 10 <50
30 km/h 37.11 26 <50
60 km/h 50.06 26 <50
80 km/h 87.03 26 <50

Figure 11: The tunnel scenario was set up.

Figure 12: Tunnel test result by using DL-TDoA.
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traditional positioning technology, the most important
advantages of DL-TDoA technology are its high time effi-
ciency and strong anti-interference capability during data
transmission. Without a cumbersome connection process,
DL-TDoA utilizes simple devices and distributed processing
methods to realize a reliable, large capacity, and scalable
wireless network. As shown by the test results in two scenar-
ios, regarding RTK as the standard reference position, the
location accuracy from DL-TDoA is less than 1 meter and
frequency keeps stable at 4Hz, 26Hz. Also, the coverage rate
of the DL-TDoA system achieves 100% in the tunnel
scenario, which means all areas of the tunnel will be covered
by the signals. In the tunnel scenario, the positioning accu-
racy of centimeter level can be obtained and the dynamic
return can be achieved even when the vehicle system is driv-
ing at high speeds. In the future, other kinds of complex road
scenes will be tested by the proposed DL-TDoA system.
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