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Two-Dimensional Target Location Estimation Technique Using
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and Hiroyoshi YAMADA†† , Member

SUMMARY
This paper presents a target location estimation method
that can use a pair of leaky coaxial cables to determine the 2D coordinates
of the target. Since convention location techniques using leaky coaxial cables can find a target location along the cable in 1D, they have been unable
to locate it in 2D planes. The proposed method enables us to estimate target
on a 2D plane using; 1) a beam-forming technique and 2) a reconstruction
technique based on Hough transform. Leaky coaxial cables are equipped
with numerous slots at regular interval, which can be utilized as antenna arrays that acts both as transmitters and receivers. By completely exploiting
this specific characteristic of leaky coaxial cables, we carried out an antenna array analysis that performs in a beam-forming fashion. Simulation
and experimental results support the eﬀectiveness of the proposed target
location method.
key words: position detection, leaky coaxial cable, slot array, Hough
transform

1.

Introduction

Leaky coaxial cables [1]–[5] are used for wireless communication in tunnels, highway information broadcasting, train
communication [6], [7], and target detection sensors [8]–
[13]. In the application of target detection, a pair of leaky
coaxial cables is placed along the perimeter of a surveillance
area.
One cable transmits microwaves and another cable receives the waves scattered by the target as shown in Fig. 1.
The target detection is performed as follows:
1) Scattered waves from a target are identified by subtraction of the previous signals in time series.
2) The propagation delay time of the scattered wave is
utilized to determine the location, i.e., the distance
from the source point along the cable. The distance
is obtained by modulated signals such as pulse, chirp,
or coded signal.
It is known from the observations that:
3) Since the target distance is measured by propagation
delay time, the sensor cannot determine the target location by the distance information alone whether it is
from a point along the cables or across the cables.
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Fig. 1 Basic configuration of the system and intrusion detection
applications for leaky coaxial cables.

4) If two targets are measured as having identical power
and identical propagation delay time, the sensor regards them as the same target.
The purpose of this paper is to establish a 2dimensional (2D) target location estimation technique using
leaky coaxial cables and to experimentally show its availability. In this target location estimation, a beam-forming
technique using leaky coaxial cables is the most important
factor for 2D surveillance. The directivity of leaky coaxial cables and the frequency bandwidth have been studied
under several geometrical conditions assuming an infinite
length of leaky coaxial cable having infinite number of slots
[1]–[3]. However, in the experiment, we have to treat a finite length of leaky coaxial cable having finite number of
slots. Therefore we applied an array antenna analysis to find
the directivity of finite number of slots in leaky coaxial cable. The relation between the directivity and the operation
frequency of short leaky coaxial cable (50 m) are presented
by numerical simulation. Since the radiation angle changes
by frequency, the response property of scattered signal, e.g.
propagation delay time, changes according to frequency.
We propose a target location estimation technique using this frequency-dependent time delay property. This
technique determines a 2D target location from the responses of multiple frequencies by Hough transform. We
carried out a 2D imaging experiment to confirm the theory.
In this paper, we formulate the directivity of infinite
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leaky coaxial cables and the target response by leaky coaxial cables for transmitter and receiver in Sect. 2, and a 2D
target reconstruction method in Sect. 3. Section 4 provides
numerical verification of the method by comparing the properties of leaky coaxial cables of finite and infinite lengths.
In Sect. 5, the results of field experiments are presented and
discussed.
2.

Target Response by Leaky Coaxial Cables and Problem Formulation

u = [L1 exp(− jk d1 ) . . . LN exp(− jk dN )]T ,

Leaky coaxial cables transmit and receive microwaves by
slots milled in outer conductors at regular intervals P [1]–
[5]. While many milling slot patterns have been proposed,
the currently available leaky coaxial cables can be categorized into two types: surface wave and radiating wave. In
this paper we use the latter type.
The slot interval of basic leaky coaxial cables is associated with wavelength, as shown in Fig. 2(a). On the inclined
slot at angle φ, magnetic current Jm appears by the diﬀerence of magnetic potential on the slot. Since the magnitude
of Jm is dependent on the angle φ, φ is a factor related to the
antenna gain and the resultant coupling loss.
Since the eﬀective bandwidth of basic leaky coaxial cables is narrow, several configurations have been proposed to
expand the bandwidth by inserting subslots [1], [2], [5], [6].
We used 1/6, 1/2, and 2/3 subslots as shown in Fig. 2(b).
2.2 Directivity of Leaky Coaxial Cable
Consider the N slot array shown in Fig. 3. We assume that
narrow-band signal s arrives at the array from angle θ, and
that the source is located in the far field. Slot array output
Er is then
(1)

where a(θ) denotes the mode vector to a plane wave of unit
amplitude arriving from direction θ, n(t) is a vector of additive noise that represents the eﬀect of the undesired signal,

(3)

where the sign of L0 is positive if slot angle φ ≥ 0, and
negative if slot angle φ < 0, as depicted by black and white
dots, respectively.
Thus the radiation pattern is obtained by
2
1
D(θ, f ) = uT a(θ) ,
(4)
2
where
 2π f
T
2π f
2π f
a(θ) = e− j c d1 sin θ e− j c d2 sin θ . . . e− j c dN sin θ , (5)
c is wave the velocity in free space, and f is the center frequency.
2.3 Target Response by Leaky Coaxial Cables
Consider two leaky coaxial cables located in parallel, as
shown in Fig. 4. The signal radiated from the transmitting
leaky coaxial cable is scattered by the target. For simplicity,
we assume the target is an isotropic object since the location
estimator described later is not aﬀected by receiving magnitude, under the condition that signal noise ratio (SNR) is
suﬃcient.
Since a(θ) denotes the mode vector of a plane wave, we
replace it by propagation vector p associated with the location of both the target and each slot (9). Ignoring some coefficients, incident signal from the transmitting leaky coaxial
cable to the target can be written by
Ei = uT pE0 = pT uE0 ,

(a)

(b)
Fig. 2 Configuration of leaky coaxial cables: (a) basic configuration: (b)
wide bandwidth configuration with subslot.

(2)

where Ln is the nth coupling loss factor between elements
and subsequent amplification, k is the wave number in the
leaky coaxial cable, and dn is the distance from the reference
point depicted in Fig. 3 to the nth slot.
Now, |Ln | = L0 . Under the configuration of leaky coaxial cable describing in Fig. 3, vector L is then
L = [L0 L0 −L0 −L0 L0 · · · ]T ,

2.1 Configuration of Leaky Coaxial Cables

Er = uT a(θ)s + uT n(t),

and (·)T denotes the transpose. u is a weight vector defined
by

Fig. 3

Slot array model of leaky coaxial cable.

(6)
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frequency response E s ( f ) of the target given by (8), the time
domain response is written by
T s (t) = FFT −1 [E s ( f )],

(10)

where FFT −1 [·] denotes the inverse fast Fourier transform.
The propagation delay time of the target response can be
discriminated by the peak of the time response.
Consider propagation delay time in geometrical terms.
The property of radiation angle θ associated with frequency
is needed. For the periodic structure of leaky coaxial cables,
ignoring some coeﬃcients, the field can be written by [1],
[5],
Fig. 4



E = E p (ςr)e− jk z ,

Analysis model for target response.

where E0 is an input signal to the transmitting leaky coaxial
cable.
The target response by the receiving leaky coaxial cable is then
E s = w qET ,
T

E s = w qS p uE0 ,
T

T

(8)

where S is the scattering coeﬃcient. For simplicity, the polarization is ignored because the SNR influenced by the polarization does not aﬀect the estimator, under the condition
that the SNR is adequate.
We define rT as a position vector of the target, rnt is
the nth slot position vector of the transmitting leaky coaxial
cable, and rm
r is the mth slot position vector of the receiving leaky coaxial cable. Propagation vectors p and q are
expressed by
p = [D1t exp(− jkR1t )/R1t · · · DtN exp(− jkRtN )/RtN ]T ,
q = [D1r exp(− jkR1r )/R1r · · · DrM exp(− jkRrM )/RrM ]T , (9)
where k is the wave number in free space,


Rnt =  rT − rnt  and


Rm =  r − rm  ,
r

T

r

where Dnt is the directivity at the direction of the nth slot on
the transmitting cable toward the target, and Dm
r is that of
the mth slot on the receiving cable.
Equation (8) holds for an arbitrary form of leaky coaxial cables. However, for problem simplicity we consider
straight forms of leaky coaxial cables with regular intervals.
3.

where ς 2 = k2 − k2 is the wave number in the radial direction, E p is the periodic function of z that can be expressed
in Fourier series as
E p (ςr) =

Two-Dimensional Target Location Method

One method for obtaining target response in the time domain
is the Fourier transform of target frequency response. Using

∞


E pu (ςu r)e− j

2uπ
P z

.

(12)

u=−∞

(7)

where ET is the scattered signal of the target, w is a weight
vector of the receiving leaky coaxial cable, and q is a propagation vector associated with p.
Using (6) and (7), target response ES becomes

(11)

Thus
E=

∞




E pu (ςu r)e− jku z ,

(13)

u=−∞

√
where ku = k +2uπ/P, k = εr k, εr is relative permittivity.
The wave number of the uth harmonic in the radial direction
is written by

(14)
ςu = k2 − k 2u .
When ςu is real, the leaky coaxial cable acts in a radiation mode, and frequency bandwidth in the uth harmonic
is
−u fL ≤ f ≤ −u fH ,
(15)
√
√
where fL = c/P( εr + 1) and fH = c/P( εr − 1). If we
use the range of fL < f < 2 fL , then only the −1th harmonic
occurs. However the range of 2 fL < f yields unwanted multiple beams. Since the unwanted beams generate multiple
target responses in each target, interfering with the identification of the individual target response, we use a single
radiation mode for the 2D target location estimation.
Radiation angles θu are determined by
√
θu = sin−1 (− εr − uλ/P),
(16)
where λ = c/ f is the wavelength.
Here, we use the −1th angle θ = θ−1 . The round-trip
path is depicted by arrows in Fig. 5. To derive propagation
delay time easily, we assume that the interval between transmitting and receiving cables is much smaller than the spatial
resolution defined by the observing bandwidth. The transmission delay time t1 in the leaky coaxial cables and the
propagation delay time t2 in the free space are respectively
defined using the target location (zT , rT ) as follows:
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√
t1 = tz + t2 εr sin θ,
t2 = tr / cos θ,

(17)
(18)

√
where tz = zT /c , tr = rT /c, c (= c/ εr ) is the wave velocity in the cable. The propagation delay time is written
as
T = 2(t1 + t2 ).

(19)

Using, (17), (18), we can obtain,
√
T = 2[zT /c + rT ( εr tan θ + 1/ cos θ)/c].

(20)

T is a function of observation frequency f because θ is the
function of f .
Assuming θ  1, then we obtain tan θ ≈ sin θ and
1/ cos θ ≈ 1. Equation (20) can be simplified to
T ≈ b + a f −1 ,

Hough transform is usually used for finding straight lines,
we apply it to obtain the parameter field of a function T ( f ) =
b + a f −1 .
Using (21), the transform equation from the parameter
field to the target’s coordinate field is expressed as
 
 

(κP/2)(1/κ − κ) κc/2
a
zT
=
.
(22)
rT
κP/2
0
b
This target reconstruction technique assumes an infinite length of leaky coaxial cable, because (16) assumes an
infinite leaky coaxial cable. However, in general case, cable
length is not infinite. Sometimes short leaky coaxial cables
are needed. Therefore, verifying the eﬀects of finite length
of the leaky coaxial cable is important.
4.

Numerical Example

(21)
4.1 Directivity of Leaky Coaxial Cables

where
a = 2rT /κP and
b = 2(zT /κ + rT − rT /κ2 )/c,
√
where κ = 1/ εr is the contraction rate in the leaky coaxial
cable.
Target location rT = (zT , rT ) can be obtained by solving the simultaneous equation of (21) using two frequencies,
if the number of targets is one. We propose a target reconstruction technique for multiple targets in three steps:
1) We measure target response with multiple frequencies
to create a frequency versus time response plane (f-t
plane);
2) We project the f-t plane to a parameter field associated
with T = b + a f −1 using Hough transform;
3) To estimate the target location, we transform the parameter field to the target’s coordinate field and detect
the peak points in it.

We verify the directivity of (4) for the finite length depicted
in Fig. 2(b) compared to that of (16) for infinite length. Using (4), the specification of leaky coaxial cables is shown in
Table 1. The directivity of finite length is depicted as gray
lines in Fig. 6, whereas that of infinite length is indicated as
dashed lines.
As shown in Fig. 6, the finite length of the leaky coaxial
cable yields the same pattern as an infinite cable at u = −1.
The radiation modes of u = −2, −3, −4, and −6 are eliminated due to the eﬀect of the subslots. A half pitch subslot
eliminates the 2u mode beam, and a 1/6 pitch subslot eliminates the 3u mode beam. This subslot expands the single
mode bandwidth. Therefore the advantage of using (4) at u
Table 1

Leaky coaxial cable specifications for numerical simulations.

The Hough transform yields the parameters of lines or
circles in a binary image [14], [15]. A point in the f-t plane
is projected to the parameter field as a curved line. After
projecting from all points of the f-t plane, the parameter of
the curved line is obtained by searching for the peak point in
the parameter field. Since there is no noise, the number of
peaks equals the number of the curves. However, since the

Fig. 5

Analysis model.

Fig. 6

Computation results of directivity of leaky coaxial cables.
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= −1 can be recognized.
4.2 Target Response by Leaky Coaxial Cable
We simulated target responses to verify the former’s availability comparing (20) with (10). We assume that the target
is an isotropic scattering object smaller than the spatial resolution and the target reflection coeﬃcient is 1.
A leaky coaxial cable, whose specifications are shown
in Table 1, is set parallel at 1 m intervals. Target locations
are (zT , rT ) = (20, 1) and (20, 5) [m], respectively.
To obtain multi-frequency target responses, we compute the responses using (8) whose center frequency ranges
from 250 to 400 MHz. The radiation angle changes from
5.2 to −21.2 degrees respectively. To calculate the propagation delay time to generate f-t plane, (10) is carried out with
60 MHz bandwidth.
The simulation results of the f-t plane are shown in
Fig. 7. The horizontal axis is the frequency range, and the
vertical axis is the propagation delay time. Normalized
power density is depicted in grayscale. In Fig. 7(a), the target is close to the leaky coaxial cable, and the diﬀerence
of propagation delay time is small at each radiation angle.

(a)

Hence the time response is nearly flat all over the entire frequency range. In Fig. 7(b), since the target is distant from
the leaky coaxial cables, it is illuminated at various radiation angles. Hence the time response varies with frequency.
Theoretical delay time using (20) is indicated in a
dashed line on the grayscale density image. These results
demonstrate the availability of using (20) as an infinite cable. Since we usually assume that cable length is longer than
this case, (20) is available in most situations.
5.

Experimental Results of Two-Dimensional Target
Location Estimation Using Leaky Coaxial Cables

5.1 Configuration of Experimental Test Circuits
A simplified multi-frequency microwave transceiver, shown
in Fig. 8, is connected to the leaky coaxial cables using
approach cables. Transmitting frequency of the oscillator
(OSC) is controlled by the Digital Signal Processor. Generated continuous wave is radiated from the transmitting leaky
coaxial cable, and direct and reflected waves are received
by the receiving leaky coaxial cable. Terminators are connected at the end of the leaky coaxial cables to absorb the
co-coupling signals. To obtain the scattered signal from the
target, the received signal is subtracted from the initial value
previously measured.
The specifications of the leaky coaxial cable are shown
in Table 1. They are arranged on dry ground, as shown
in Fig. 9, in nearly identical configuration as in Fig. 5.

Fig. 8

Construction of field test circuits.

(b)
Fig. 7 Simulation results of observation frequency versus delay time of
targets: (a) (zT , rT ) = (20, 1), (b) = (20, 5) [m].

Fig. 9 Validation system of two-dimensional target location by leaky
coaxial cables.
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Fig. 10

Experiment target.

The measuring frequency band ranges 220 to 430 MHz at
0.25 MHz intervals. The analysis bandwidth for the Fourier
transform is 60 MHz. Therefore, the frequency band of the
f-t plane is from 250 to 400 MHz.
We used a vehicle (1.96 × 1.69 × 4.68 m) as a target
shown in Fig. 10. Since this target size nearly equals spatial resolution, we decide to use the vehicle because this big
target generates large scattering signals easily.
5.2 Experimental Results of Target Response
We experimented with two target locations. One is location
estimation when it is changed to the leaky coaxial cable direction, and the other is when the target location is changed
to a vertical direction of the leaky coaxial cables. In the first
experiment, target positions were (zT , rT ) = (10, 1), (30, 1),
(50, 1) [m]. The origin is the middle of two leaky coaxial cable tips, which are the sides connecting the transceiver
with approach cables. The target’s origin is the center of the
vehicle’s front bumper.
The experimental results of the f-t plane are depicted
in Fig. 11 as normalized power density. The dashed line in
Fig. 11 is the theoretical result using (20).
These results show that the theoretical lines approximately agree with the experimental results. However, two
or three peaks appear at some frequency range in the f-t
plane, because the target’s radar cross section is not constantly associated with the incident wave angle determined
by the frequency. The uncertainty of this response probably
influences target location estimation accuracy.
Figures 12(a), (b), and (c) show the target reconstruction images by Hough transform associated with Fig. 11. To
show the peak clearly, we emphasize the grayscale level
grater than that of 0.95 in Fig. 12. The peak points of
Figs. 12(a), (b), and (c) are (zT , rT ) = (11.0, 1.5), (28.5, 1.0),
and (48.5, 1.5), respectively, whereas the points of the target were (zT , rT ) = (10, 1), (30, 1), (50, 1). The maximum
error in these experiments was 1.5 m. This accuracy is suﬃcient for the application since the error was smaller than the
spatial resolution. The spatial resolution is 2.5 m, which is
determined by observation band width of 60 MHz. Further-

Fig. 11 Experimental results of delay time distribution with respect to
frequency of the target: (a) (zT , rT ) = (10, 1), (b) = (30, 1), and (c) = (50,
1) [m]; dashed line is theoretical delay time.

more, since two or three peaks appear in the f-t plane, the
number of peaks in the reconstruction image is one. Thus
the reconstruction method accurately estimates the number
of targets.
We define the increment rate of the propagation delay
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Fig. 12 Reconstruction image based on Hough transform of target: (a)
(zT , rT ) = (10, 1), (b) = (30, 1), and (c) = (50, 1) [m].

Fig. 13 Experimental results of delay time distribution with respect to
frequency of the target: (a) (zT , rT ) = (20, 1), (b) = (20, 3), and (c) = (20,
5) [m]; dashed line is theoretical delay time.

time:
δ=

ΔT
,
ΔzT

(23)

where ΔT is increment rate of delay time of scattered signal,
ΔzT is the distance to the target. The increment rate δ can
be calculated using the least square method from the results

depicted in Fig. 12. As a result of calculation, it is found to
be δ = 3.7286 nsec/m. While contraction rate κ is described
as κ = 1/cδ, the contraction rate is determined to be 0.894.
This result is close to the specifications in Table 1. Furthermore, 0 m oﬀset became 19.25 ns, which corresponds to the
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the density image as a dashed line. These results show that
the theoretical lines approximately agree with experimental
results. Using these measured results, the target reconstruction images associated with Fig. 13 are calculated as shown
in Fig. 14 respectively. We emphasize the grayscale level
as in Fig. 12. The peak points of Figs. 14(a), (b), and (c)
are (zT , rT ) = (21.0, 0.6), (21.5, 2.7), and (22.0, 5.2), respectively. Target location is estimated within an accuracy
of 2.5 m. In addition, the number of peaks in the reconstruction image is one in this case too. These experimental
results demonstrate that our proposed target reconstruction
technique based on Hough transform can estimate a target’s
two-dimensional location with high accuracy.
6.

Conclusion

We used a pair of leaky coaxial cables as array antenna system and discussed the time-domain response of the target.
We proposed a two-dimensional target location estimation
technique based on Hough transform. Target location can
be estimated from the multiple-frequency response of the
target, which is used for finding the curved line parameters
that can transform target location parameters using Hough
transform.
The proposed method was verified with both numerical simulations and experiment. The results of a twodimensional target location estimation technique showed
that the locations were estimated within 2 m accuracy under 250–400 MHz bandwidth measurements.
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