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ORIGINAL PAPER

A study for 2-D indoor localization using
multiple leaky coaxial cables

JUNJIE ZHU,!

PENGCHENG HOU,! YAFEI HOU,!

SATOSHI DENNO' AND MINORU OKADA?

Indoor localization technology, which can provide the location information of the target object or stochastic things, is becoming
essential requirement for many applications and services such as Internet-of-Things (IoT), real-time control in the development
of Fifth-generation (5G) technology. Leaky coaxial cable which can be used as antennas is able to detect the location of the user
in a simple way due to its potential property. In this paper, we proposes a simple method to improve the localization accuracy of
2-D indoor localization using multiple LCX cables. In addition, we also evaluate the channel capacity loss due to the localization

error of the LCX-MIMO using our proposed method.

Keywords: Leaky coaxial cable, Capacity, MIMO

Received 30 June 2020; Revised 25 August 2020

. INTRODUCTION

Fifth-generation (5G) technologies provide the possibility
for the realization of networking vast numbers of mobile
and stationary devices, vehicles, user terminals, sensors, and
robots. These network interactions and communications
support the development of the Internet-of-Things (IoT)
[1] and real-time dynamic networks. Positioning technol-
ogy which provides the accurate location information of the
target object or stochastic things is becoming the necessary
and vital requirement for many applications and services
such as autonomous vehicles [2], health care [3], precision
agriculture [4], industrial and manufacturing automation,
and robotics [5]. All these applications with location-aware
technologies will significantly promote the penetration of
5G technology into our social life.

As the most commonly used positioning technology,
global positioning system (GPS) provides navigation and
localization service for almost global users. However, the
GPS positioning is not effective in the indoor applications
or harsh environments. Positioning technologies, which are
used for indoor environment without the requirement of
GPS or direct access to base station, have been researched
for years and can be roughly divided into two categories.
One is based on the analysis of the propagation charac-
teristics of the signal radio wave to estimate the location
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information. The most commonly used methods include
angle of arrival (AoA), time of arrival (ToA), time differ-
ence of arrival (TDoA), channel state information (CSI),
and received signal strength (RSS) [6-10]. The other cat-
egory is the methods based on other medium and exam-
ples include visible light [11], infrared [12], ultrasonic [13],
camera-imaging [14], etc. These methods provide more
solutions for positioning but need to add additional sensors
to the transmitter side or the receiver side with additional
power and cost requirements.

Leaky coaxial cable (LCX) which can be used as anten-
nas has been found that it can play an important role in
positioning for diverse application scenarios. Researches on
LCX have been for several years, and we find many poten-
tial advantages of LCX cable such as simple installation,
uniform wireless coverage [15], low interference between
cells, and available for wireless power transfer (WPT) [16].
In addition, LCX also can be designed and used for high-
frequency bands in [17, 18], and [19] shows the employ-
ment of LCX for train and the train ground communication
system. For positioning and location-awareness, compared
with other commonly used antennas such as monopole
antenna, LCX can easily detect the location of the user ter-
minal in its wireless coverage area. Previous researches have
developed several detection methods for LCX systems. Ref.
[20] shows the method based on ToA for 1-D location detec-
tion using LCX cable. Here, one LCX cable is treated as
only one antenna for usage. Researches in [21-24] show
that LCX cable has bi-directional property and one LCX
can be utilized as two antennas for 2-by-2 LCX multiple
input multiple output (MIMO) system. In addition, a 4-by-4
LCX-MIMO system has been proposed in [25]. From that, a
method based on TDoA using the time difference between
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the signal arrival at different ends of the LCX to detect the
user location has been proposed in [26, 27]. Other posi-
tioning methods such as designed pulse signal method are
studied in [28-31].

Most researches of LCX positioning usually use one LCX
or two placed in parallel for 2-D location detection. As the
positioning performance results in previous researches, we
find that the location positioning accuracy of the direction
perpendicular to LCX cable is worse than that of the direc-
tion parallel to the LCX cable. Based on this fact, in this
paper, we propose a LCX positioning method using two
LCXs perpendicular to each other to improve the position-
ing accuracy of the LCX system. The results show that the
positioning performance integrating both location infor-
mation from two LCXs perpendicular to each other is better
than that of conventional method. On the other hand, a
low-complexity power allocation method using user’s posi-
tion information for LCX-MIMO is proposed in [32]. This
paper will also evaluate the capacity performance of the
LCX-MIMO with the proposed positioning method.

The rest of paper is structured as follows. In Section II,
we introduce the structure and the propagation property of
LCX cable. Then the proposed LCX positioning method will
be shown in Section III. We introduce the concept of MIMO
channel capacity with power allocation methods in Section
IV. The experiment and the comparison results of posi-
tioning and capacity performance will be shown in Section
V. The paper will be ended with simple conclusion in
Section VI.

. LCX STRUCTURE AND
RADIATION PROPERTY

The LCX cable used for wireless communication usually has
a four-layer structure as Fig. 1 shows. As the characteristic of
the LCX, the outer conductor has many slots placed at equal
distances and radio wave will be received and radiated from
these slots. We assume that the plane perpendicular to the
traveling direction of the radio wave propagating through
the LCX is o degree, the radiation angle of the radio wave
O can be given as

0,, = sin™" <Je_r+ n%) , (m=—1,—2,...) ()

where m is the harmonic order, P is the period of slots, and
€, is the LCX’s relative insulator permittivity. A is the wave-
length related to the frequency band. m is set as -1 to avoid
radiated harmonics. It is possible to change the main radia-
tion angle of the LCX cable by adjusting the direction of the
slot and the value of P.

Figure 2 shows the bidirectional radiation property of
the LCX when inputting signals to both side of the cable
without the terminating resistor [21]. Two different peak
directivities are obtained and the crossing angle is about
26_, degree, their radiation characteristics have low corre-
lation with each other. 2-by-2 and 4-by-4 LCX-MIMO are
proposed with this radiation property [25].
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Fig. 1. The structure of LCX cable.
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Fig. 2. Bi-directional radiation property of LCX.
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Fig. 3. Proposed LCX-MIMO system.

. PROPOSED LCX SYSTEM AND
POSITIONING METHOD

A) Proposed LCX-MIMO system

Figure 3 shows the LCX-MIMO system proposed in this
paper. Different from placing the LCXs in parallel in pre-
vious research, two LCXs with maximum radiation angles
of 6,, 0, are set perpendicular to each other. The main idea
of the method is based on the fact that the location posi-
tioning accuracy of the direction perpendicular to the LCX
cable is worse than that of the direction parallel to the LCX
cable [27]. The proposal adds an additional LCX to improve
detection accuracy of single LCX in the vertical direction.
We set the X-axis as the direction along the LCX1 and
the Y -axis as the direction along the LCX2. The mobile
user is arranged in the overlapping wireless coverage area
of the two LCXs. It is assumed that the propagation path
of the signal radio wave in the space is a straight line when
the signals transmitted from the user terminal reach both
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ends of each LCX. We use the LCX1 as the example to show
the relationship between signal arrival time, radiation angle,
and location coordinate of the user terminal. The path of
the signal from the user to one end of the LCX1 include two
parts: propagation in the air and propagation in the cable.
Therefore, the arrival times can be calculated as

, X, 4y, tan 6,
=2y BTNERA )

ccosb, m.c

A L, —x +y tan6,
L, = % + % > (3)

ccosb, Vic

where v, is the shortening coefficient of signal wavelength in

LCX1and cis the speed of light. L, is the length of the LCX1.

Then the location of the user over X-axis can be calculated

as

|t1 B t2| Vi€ + Ll
. .

X, =

(4)

Then, we can calculate the location over Y -axis using x,,
arrival time t,, and radiation angle 6, as

_ (Ctz - ((Ll - xl)/vl))vl Cos 91

v, + sin 6, s)

1

(%1, y1) s the location detected by LCX1 and with the same
process we can estimate the location detected by LCX2 as

|t3 - t4|v2c+L2

)’22 >
2

(6)

_ (Ct4 - (L, — yz)/Vz))Vz cos 0,

v, + sin 6,

()

where v, is the shortening coefficient of signal wavelength
in LCX2. L, is the cable length. It should be noted that in the
positioning process of the LCX2 placed vertically, the Y-axis
coordinate y, is first calculated from the time difference of
arrival, and then the X-axis coordinate x, is calculated. Then
we can get the y coordinate as

:)/1+)’z

2 (8)
and the x can be calculated by
L — (ot — ety ) 4 x,
x= " : (9)

B) Arrival time estimation by MUSIC method

The MUtiple SIgnal Classification (MUSIC) method is a rel-
atively simple and efficient eigenstructure method of DOA
estimation. The method estimates the noise subspace from
available samples and searches for steering vectors that are
as orthogonal to the noise subspace as possible. This is nor-
mally accomplished by searching for peaks in the MUSIC
spectrum.

In this paper, we use the MUSIC method to estimate the
arrival time of the signal from user terminal to cable end.
Here, we assume the receiving signal, x(n), consisting of

s complex exponentials in the presence of Gaussian white
noise to be

N
x(n) =Y Aie T+ w(n),

i=1

(10)

where A; is the amplitude of the signal and f; is the
frequency. w(n) is the Gaussian white noise. Given an M x
M autocorrelation matrix as

M
Rx = Z d,'ll,‘lllH, (11)
i=1

the d; is the eigenvalue, u; is the eigenvector correspond-
ing to the eigenvalue. We use the superscript H to represent
the Hermitian transpose. If the eigenvalues are sorted in
decreasing order, the eigenvectors corresponding to the s
largest eigenvalues span the signal subspace. The remaining
M — s eigenvectors span the orthogonal space, where there
is only noise. Therefore, the matrix R, can be composed of
two parts as

s M
Rx = Z()‘i +o2)uul + Z oluul.

i=s+1

(12)

i=1

Here, 1, is the eigenvalue of the correlation matrix consist-
ing of signal only and o,, is the variance of white noise. The
estimation function for MUSIC can be defined as

1

lulle(r)|”’

8(1) = —3; (13)

Zi:s+1

where e(t) is known as the steering vector and can be
expressed as

e(r) = [1, e AT eTPThT e_jZ”fo]T , (14)

(15)

T, is the time resolution of MUSIC method. Nj is the
number of elements in pseudo spectrum, and NgT, is the
maximum observation time for signal arrival. The orthog-
onality between the noise subspace and the steering vectors
will minimize the denominator equation (13) to o value.
However, it is a small value in practice because of the noise.
As a result, it will give rise to peaks in g(7) in equation (13).
The largest peak corresponds to the signal arrival and then
we can estimate the ToA.

t=nl,,(n=0,1,2,..., Ny —1).

V. LCX-MIMO CHANNEL CAPACITY
WITH LOCALIZATION ERROR

A) LCX-MIMO and channel capacity with
power allocation method
As introduced in the previous section, when signals are fed

to both sides of the LCX cable, the intersection angle of the
two radiation directions will be 20_, degree. Their radiation
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characteristics have low correlation with each other and we
can obtain a good 2-by-2 LCX-MIMO channel. In addition,
we can realize a 4-by-4 LCX-MIMO channel by using two
LCX cables with different radiation property.

MIMO channel capacity named as Shannon ergodic
capacity shows a fundamental property and limitation of
MIMO system [33]. The channel capacity can be described
under two conditions. One is that the channel state infor-
mation (CSI) is unknown for the transmitter side. It usually
uses the equal power (EP) allocation method by allocating
power to each stream equally to obtain promising channel
capacity. The EP allocation method can be expressed as

¢

Cgp = EH|:10g2 (det[I + NHHH]>:| (16)

Here, we assume that the CSI H is only known at receiver
side and ¢ is the average signal-to-noise ratio (SNR). N and
I are the antenna number at transmitter and the identity
matrix. The superscript H represents the Hermitian trans-
pose. In the other condition, if the CSI is known, we can
get the optimal capacity by water-filling (WF) algorithm
method [34]. The channel capacity with WF method can be
expressed as

N
Cwr = EH[ > log, (1 + A,P,)] (17)

i=1

Here A, is the corresponding eigenvalue of CSI matrix. P; is
the power allocated for the ith MIMO eigenchannel as

1 +
Pi= M_)\,_ >
1

where x™ means the result of max(x, o) and u is water-fill
level. The WF algorithm fill each eigenchannel with power
to the level u iteratively and the MIMO channel capacity is
represented as

(18)

N
Cwr =Egy |: Z(logz ()Liﬂ))+:|~ (19)

Equations (16) and (19) above are normalized by bandwidth.

B) LCX-MIMO channel capacity with user
location

In addition to EP allocation method and WF allocation
method, the research in [32] has proposed and evaluated a
low-complexity transmission power allocation method for
LCX-MIMO channel using the position information (PI) of
the user. The results show that the proposed power alloca-
tion method using user PI can improve the channel capacity
with almost the same low computational complexity as the
EP method. The main idea of the method is adjusting the
power over receiver side in consideration of the known con-
stant power loss in the LCX cable. We use Fig. 4 to show
the method, user U with two antennas is set in the wireless

L
N . S P2
L ’ |
_____________/ ___________
P LCX
U correct user position x[m]

/' mis-detected user position (0,0

Fig. 4. The power allocation method with user location.

coverage of the LCX power is allocated to each port accord-
ing to the ratio of the distance between the user and both
ends of the cable. The equation of the method in 2-by-2
LCX-MIMO can be given by

P=P +P,, (20)

P, p,
L/2+x Lj2—x
where P is the total power, L is the length of the cable. x is
the X-axis coordinate of the user.

On the other hand, it is impossible to obtain the perfect
location of the user and usually localization error will occur
due to many factors such as localization algorithm error
and noise in the process, etc. As the Fig. 4 shows, U’ is
the mis-detected user position due to localization error and
channel capacity can be worse with the power allocation
method using the wrong PI (x',y’). This paper will also
investigate the capacity performance of LCX-MIMO with
our proposed positioning method.

(21)

V. EXPERIMENT AND RESULTS

A) Experiment configuration

In the experiment, we measured the channel matrix
between the monopole antennas (receiver) and the LCXs
(transmitter) with a multi-port vector network analyzer
(VNA) in an anechoic chamber. The measurement fre-
quency was set at 2.4 GHz band. As Fig. 5 shows, we place
two LCXs perpendicular to each other in the experiment
environment and define the intersection as the origin point
of the coordinate. LCXs are set with over 1m height from
the ground of the anechoic chamber. We set 25 measure-
ment points in the wireless coverage area with the X-axis
range from 1 to 3m and the Y -axis range from 1 to 3m.
The equal interval between the measurement points is set
as o.5m. All the measurement points are set at the same
height as the LCX. Receiving antennas will be placed at
these points and LCX system will detect the location of
the receiver terminal with the estimation of signal arrival
time using MUSIC method. The distance between the two
adjacent monopole antennas was set as 6 cm, which is half
wavelength of the signal for 2.4 GHz band. Antenna gain of
conventional monopole antenna is 1 dBi. Voltage Standing
Wave Ratio (VSWR) is 1.1 for both LCX.
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Fig. 5. Experiment configuration.
Table 1. Experimental specifications
LCX cable type V-type for both
Shortening coefficient v,, v, 0.6403 for both
Maximum radiation angle [deg] 25 for both
Cable loss [dB/m] 0.4 for both
Coupling loss [dB] 60 =+ sat1.5m

7 for both
2403.9-2420.1
2403.9-2440.15
2403.9-2480.15
16.25, 36.25, 76.25

Cable diameter [mm]
Frequency range [MHz]

Frequency bandwidth B [MHz]

Frequency interval [kHz] 312.5
Number of noise space elements N 52,116, 244
Time resolution in MUSIC T, [ns] 5,0.5, 0.1

As the time resolution of the estimation in equation (15),
T, can be set to infinitesimal. However, the value of T, has
a limitation in real-time estimation, and we should set the
value considering the actually measured MUSIC spectrum.
For comparison, we set three values for T, as 5, 0.5, 0.1ns.
N; in equation (15) will be set as a suitable value to ensure
that the signals arrive within the maximum observation
time. We evaluated the localization accuracy over three fre-
quency bands, and Table 1 shows the specifications of the
experiment. N is the number of noise space elements which
depends on the number of measured samples in frequency
domain.

For channel capacity performance evaluation, we calcu-
late the capacity of our 2-by-2 LCX-MIMO using user’s
location under three conditions that the user location is
perfect, user location is detected by single LCX, and user
location is detected by our proposed method. For compar-
ison, the capacity results with EP method and WF method
will be also provided.

B) Experimental results

We calculate the direct distance from the user correct posi-
tion to the detected user position as the localization error.
Figure 6 shows the comparison result of the localization
error with conventional method and proposed method. Fre-
quency range is from 2403.9 to 2420.1 MHz with bandwidth
as 16.25 MHz, Time resolution T, is set as 0.5 ns. From the
result, our proposal performs better than the conventional
method, the maximum error of proposed method is with 1.5

=== Conventional method
= Proposal

0.8

0.6

CDF

0.4/

0.2}

0 0.5 1 1.5 2
Localization Error|m]

Fig. 6. Results of LCX localization accuracy (B =16.25MHz, N=s2,
T, = 0.5ns).
1 .
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Fig. 7. Results of localization accuracy with different N.

m, the minimum error is within 0.5 m. In addition, we take
the average value of all errors as the localization accuracy.
Our proposed method has the accuracy as about 0.8 m and
the conventional method is 1.15 m.

Figure 7 is the results of Localization accuracy with dif-
ferent N values. When N is 52, the minimum error is small,
but the maximum error is large. As N increases, the range
of error distribution shrinks. When N is 244, all measured
localization errors with proposed method are within 1m
and the minimum error is about 0.6 m. We also provide
the result of the conventional method for comparison, and
our proposed method is better than conventional method
in general.

Figure 8 shows the results of the localization error with
different time resolution T,. It can be found that large value
of T, will reduce the localization accuracy as the spatial
resolution becomes worse. On the other hand, when T, is
set as small as 0.1ns, the localization accuracy is not much
improved than the result with T, as 0.5 ns.

Figures 9 and 10 are the channel capacity results of 2-by-2
LCX-MIMO over 2.4 GHz frequency band. The SNR is set
as 6 and 10 dB. The PI method has promising capacity when
using proposed positioning method and is better than that
using conventional method. In addition, LCX system with
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Fig. 8. Results of localization accuracy with different time resolution 7.
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Fig. 9. CDF of the capacity results (2.4 GHz band, SNR = 6 dB).
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Fig. 10. CDF of the capacity results (2.4 GHz band, SNR = 10 dB).

proposed PI method can have a good capcaity even with
localization errors.

We did these measurements in the anechoic chamber
as the experimental environment, and this will make the
accuracy of the ToA estimation higher. In real environment,
interference from noise and other radio wave may deterio-
rate the ToA estimation. For higher localization accuracy in
real environment, we can measure multiple times and take

the average of the distribution of the measurement results
to reduce the estimation error. In addition, we can use more
than two LCX cables with different length and radiation
angles, it can also improve the localization accuracy.

VI CONCLUSION

In this paper, we propose a LCX positioning method using
two LCXs perpendicular to each other. Compared with
conventional method, the proposal adds an additional LCX
to make a compensation for the lack of detection accuracy
of single LCX in the vertical direction. The results show
that the positioning performance integrating both location
information from two LCXs perpendicular to each other
is better than that of conventional method. In addition,
we also evaluate the channel capacity of the LCX-MIMO
with three power allocation methods. The capacity using PI
method using our proposed positioning method is promis-
ing.

As the future researches, we will evaluate the localiza-
tion performance in real environment and optimize the
localization algorithm to reduce errors. In this paper, the
measurements were done over 2.4 GHz band. We think
that the frequency band also gives effects on the perfor-
mance of the LCX. We will also evaluate the localiza-
tion accuracy over different frequency bands as our future
works.
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