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Abstract: Time-frequency domain reflectometry (TFDR) based on electro-
magnetic theory is first introduced to measure air gap in cables. By using the
relationship between propagation velocity and permittivity in electromag-
netic theory, the new relationship between the air gap and the propagation
velocity in cables can be obtained. The proposed method adopts a chirp
signal as an incident signal and uses a normalized cross-correlation function
for deriving propagation velocity. To reduce signal distortion caused by cable
attenuation characteristics, a modified overcomplete wavelet transform is
applied. The air gap volume, which can be measured by the proposed
method, can be used as an indicator of poor contact between the cable and
connector. The performance of the proposed method is verified through
experiments.

Keywords: electromagnetic wave, signal restoration, permittivity measure-
ment, air gap detection, reflectometry

Classification: Electromagnetic theory

References

[1] S. J. Chang, et al.: “Condition monitoring of instrumentation cable splices
using Kalman filtering,” IEEE Trans. Instrum. Meas. 64 (2015) 3490 (DOI: 10.
1109/TIM.2015.2444260).

[2] C. K. Lee, et al.: “High resolution LFMCW radar system using model-based
beat frequency estimation in cable fault localization,” IEICE Electron. Express
11 (2014) 20130768 (DOI: 10.1587/elex.10.20130768).

[3] S. H. Lee, et al.: “Diagnostic method for insulated power cables based on
wavelet energy,” IEICE Electron. Express 10 (2013) 20130335 (DOI: 10.1587/
elex.10.20130335).

[4] K. S. Kwak, et al.: “Reduction of the blind spot in the time-frequency domain
reflectometry,” IEICE Trans. Electron. 5 (2008) 265 (DOI: 10.1587/elex.5.265).

[5] Y. Hayashi and H. Sone: “Fundamental measurement of electromagnetic field
radiated from a coaxial transmission line caused by connector contact failure,”
IEICE Trans. Electron. E91-C (2008) 1306 (DOI: 10.1093/ietele/e91-c.8.
13006).

[6] J. Cho, et al.: “Simple transmission line model suitable for the electromagnetic
pulse coupling analysis of twisted-wire pairs above ground,” IEICE Electron.
Express 13 (2016) 20160149 (DOI: 10.1587/elex.13.20160149).



http://dx.doi.org/10.1109/TIM.2015.2444260
http://dx.doi.org/10.1109/TIM.2015.2444260
http://dx.doi.org/10.1109/TIM.2015.2444260
http://dx.doi.org/10.1109/TIM.2015.2444260
http://dx.doi.org/10.1587/elex.10.20130768
http://dx.doi.org/10.1587/elex.10.20130768
http://dx.doi.org/10.1587/elex.10.20130768
http://dx.doi.org/10.1587/elex.10.20130768
http://dx.doi.org/10.1587/elex.10.20130335
http://dx.doi.org/10.1587/elex.10.20130335
http://dx.doi.org/10.1587/elex.10.20130335
http://dx.doi.org/10.1587/elex.10.20130335
http://dx.doi.org/10.1587/elex.10.20130335
http://dx.doi.org/10.1587/elex.5.265
http://dx.doi.org/10.1587/elex.5.265
http://dx.doi.org/10.1587/elex.5.265
http://dx.doi.org/10.1587/elex.5.265
http://dx.doi.org/10.1093/ietele/e91-c.8.1306
http://dx.doi.org/10.1093/ietele/e91-c.8.1306
http://dx.doi.org/10.1093/ietele/e91-c.8.1306
http://dx.doi.org/10.1093/ietele/e91-c.8.1306
http://dx.doi.org/10.1587/elex.13.20160149
http://dx.doi.org/10.1587/elex.13.20160149
http://dx.doi.org/10.1587/elex.13.20160149
http://dx.doi.org/10.1587/elex.13.20160149

E Lectronics
E X press

© IEICE 2017

DOI: 10.1587/elex.14.20161275
Received December 28, 2016
Accepted January 13, 2017
Publicized February 8, 2017
Copyedited March 10, 2017

IEICE Electronics Express, Vol.14, No.5, 1-7

[7] J. A. Fredenburg and M. P. Flynn: “A review of advances in dielectric and
electrical conductivity measurement in soils using time domain reflectometry,”
Vadose Zone J. 2 (2003) 444 (DOI: 10.2136/vzj2003.4440).

[8] W. J. Chudobiak, er al.: “Recent advances in broad band VHF and UHF
transmission line methods for moisture content and dielectric constant
measurement,” IEEE Trans. Instrum. Meas. 28 (1979) 284 (DOI: 10.1109/
TIM.1979.4314833).

[9] 1. W. Selesnick and M. A. T. Figueiredo: “Signal restoration with overcomplete
wavelet transforms: comparison of analysis and synthesis priors,” Proc. SPIE
7446 (2009) 74460D (DOI: 10.1117/12.826663).

[10] K. Uehara, et al.: “Evaluation of resistance and inductance of loose connector,”
IEICE Trans. Electron. E96 (2013) 1148 (DOI: 10.1587/transele.E96.C.1148).

1 Introduction

As automobiles become increasingly automated, the safety of automotive systems
has become the most important issue. The main reasons for failure of automotive
electronics are cable faults and poor contact between cables and connectors. The
reflectometry method, which is nondestructive, is mainly used for diagnosing
problem with cables installed in automobiles because they are vulnerable to shock
without insulation. Reflectometry methods can be divided into time domain
reflectometry (TDR), frequency domain reflectometry (FDR), and TFDR [1, 2,
3, 4] depending on the reference signal type. TDR and FDR have been widely used
for cable diagnostics, because they are easy to implement. However, the signals of
TDR and FDR have characteristics in one domain. In contrast to TDR and FDR,
TFDR has robustness property against noise because TFDR signals have character-
istics in both time and frequency domains. The TFDR method, which is based on
radar theory, estimates an impedance discontinuity position using the time delay of
the reflected signal generated from the impedance discontinuity point. The time-
frequency cross correlation function, which is based on Wigner-Ville distribution, is
used to calculate the time delay of the reflected signal. Therefore, we introduce the
TFDR method to obtain the time delay, which can be converted to propagation
velocity.

There are many studies on the diagnosis of cable defects. However, there is
little research on poor contact between cables and connectors [5]. The study about
detection of contact failure [5, 10] uses the phenomenon that the contact resistance
is changed when there is a contact failure between the cable and the connector.
However, in the case of poor contact other than contact failure, since the contact
resistance changes every time the car moves, real-time resistance monitoring is
required and accurate resistance measurement is difficult due to noise. Poor contact
is more difficult to find because it occurs intermittently, owing to vibration that
occurs when automobiles move. Poor contact indicates that there is an air gap
between cable and connector. Therefore, the air gap volume can be used as an
indicator of poor contact. To measure air gap in cables, we use the relationship
between propagation velocity and permittivity in electromagnetic waves. The TDR
method based on this relationship is used to determine the soil-to-water ratio of soil
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Fig. 1. Equivalent circuit of the cable.

[6, 7, 8]. However, the TDR method, which is not robust to noise, has a lot of errors
when it is applied to automotive electronics in noisy environments. Since the TFDR
signal has characteristics in the frequency domain, it is possible to find the
frequency range in which the relationship between the propagation velocity and
the air gap appears well, and then we can design the incident signal which fits for
the frequency region. In addition, the cable used in automobiles has severe
attenuation characteristics, because the cable has no insulation layer. To reduce
the signal distortion due to this characteristic of cable, a modified regularization
method based an overcomplete transform [9] is proposed in this paper. Therefore,
we used the overcomplete transform for restoring the reflected signal. The air gap
in cable can be measured by analyzing the propagation velocity, which varies
according to the permittivity derived from the proposed method.

2 Cable air gap measurement based on electromagnetic wave
theory

The proposed air gap measurement method consists of two main parts. The first part
is an air gap detection method using TFDR based on combining radar and
electromagnetic theory. After the first step, the signal restoration process is needed
to recover from the signal distortion caused by cable attenuation characteristics. In
electromagnetic theory, the phase velocity of an electromagnetic plane wave can be
derived as follows:

o )

VP BT IR ¥ jol) (G + jol)

where B is a phase constant, L is the line inductance in series with a resistance R, C

)

is the capacitance of the transmission line per unit length, and G is the transmission
line conductance in Fig. 1. In a transmission line with losses caused by a dielectric,
the conductance term in (1) cannot be neglected and thus the phase velocity of the
signal is derived as follows [5]:
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where €, is the real part of the relative permittivity, € is the imaginary

permittivity due to molecular relaxation, €, is the permittivity of free space, y, is
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the relative magnetic permeability, and o, is the direct current equivalent electrical
conductivity. The propagation velocity of waves in dispersive media is affected by
permittivity. The apparent permittivity K, is a function that is affected by electrical
conductivity [o4./(weo]; it is represented as follows:

K, =

(e U+ (€ + Gac/ o)) /€))7 ) @

The incident signal, Gaussian linear chirp signal, is represented as follows:

A e—at2/2+j(0.5§t2+wt)’ t=0<t<T
s(t) = [ 4)

0, otherwise.

where 7'is the duration of the incident signal, 4 is the amplitude, & is the normalized
angular frequency sweep rate, and o is the normalized angular frequency. The
incident signal used in this paper is a chirp signal composed of many frequencies.
For this reason, it is difficult to apply the incident chirp signal to (3). However, for
materials with low ionic conductivity, the chirp signal is also applicable to (3) as
a single frequency signal [5]. By using the relationship between the propagation
velocity and the permittivity, the change in permittivity due to the air gap can be
detected. The reflected signal generated from the cable termination is expressed as
follows:

rt)=1n-A o2+ J0.5&t—dY* +a(t—d)+¢) 5)

where 7 is the magnitude of the reflection coefficient at the cable termination, and d
is the time delay of the reflected signal. The normalized cross-correlation between
the incident signal and the reflected signal is used to detect the reflected signal from
the cable termination. This may be expressed as follows [1]:

5k @ s

Co) = ; JET (6)
where Ej is the energy of the incident signal in Wigner-Ville distribution, £, is the
energy of the reflected signal, and ) is the correlation operator. Through the
normalized cross-correlation process, the time of arrival in the target cable and the
propagation velocity can be derived. The propagation velocity of signals in cables
under various environments can be obtained in order to observe the air gap in the
cable.

3 Signal restoration using the overcomplete wavelet transform

A target cable installed in car has no insulation layer. According to this property, the
attenuation of the signal is very severe and the part of signal is induced by the
adjacent cable, so called coupling effect. Therefore, a signal restoration algorithm
is essential for analyzing the relationship between the air gap and the propagation
velocity. The measured reflected signal is distorted as follows:

7(t) = Heapte ® 1(t) + n (7
where H..p. represents the transfer function of the cable attenuation characteristic,
® 1is the convolution operator, and # is the white Gaussian noise. 7(¢) is the signal
to be measured. H .. is a known transfer function, which can be derived by a




E Lectronics
E X press

© IEICE 2017

DOI: 10.1587/elex.14.20161275
Received December 28, 2016
Accepted January 13, 2017
Publicized February 8, 2017
Copyedited March 10, 2017

IEICE Electronics Express, Vol.14, No.5, 1-7

Cable Guard Teflon jacket

Air Gap

Conductor

Fig. 2. Air gap experimental setup.
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Fig. 3. Air gap measurement system diagram.

network analyzer. The variational approach to signal restoration uses an objective
function, which consists of a data fidelity term and a regularization term. The
restoring signal 7y is based on minimizing the objective function as follows:

JEA(®) = 7)) = FOII5 + 4ROl (®)

where 7(¢) is the estimated signal of r(¢), and the first term, ||7(¢) — ﬁ(t)ll%,
represents the measurement error between the measured signal and the estimated
signal. The second term, ||4A7(?)]|;, is called the regularization term or the penalty
term, and is £;-norm. The parameter A is the regularization constant, and we control
the speed of regularization using this parameter. An algorithm for minimizing the
analysis-prior objective function, (9), is given by the Chambolle algorithm [7].

. N | .
b =04 — (7 =) ©9)

‘ , ‘ , 20 ;
2D = (29 + AP - 4'27)) / (A 1477 + c>
AU — p) _ g1+ 1)

where the superscript i is the iteration index. In this paper, the restoration signals are
based on the bandpass coefficients from the target cable transfer function. For this
reason, the regularization term and the optimal signal for minimizing the analysis-
prior objective function can be solved through overcomplete wavelet transforms.

4 Experimental results

The experiments for verifying the performance of the proposed method is con-
ducted. The poor contact situation means that the connection section between cable
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Table I. Estimation results of propagation velocity.

5 cores 8 cores 11 cores 14 cores
propagation 24-10% 2.2-108 1.9-10% 1.8-108
velocity m/s m/s m/s m/s

and connector can be intermittently separated by vibration. The fact that it can be
separated by vibration indicates that the connection section is loose and that part
contains a lot of air gap in cable. The experiments were designed to show the
relationship between air gap and propagation velocity. The cable guide called
corrugated tube and teflon wires which has teflon jacket were used to quantitatively
control the amount of air gap. The cable guide was filled with the bunch of teflon
wires, and the propagation velocity was measured every three strands removed in
Fig. 2. The Fig. 3 shows the air gap measurement system diagram which consists
of digital phosphor oscilloscope, arbitrary waveform generator, and signal process-
ing unit. The propagation velocity was measured by the conventional TDR and
TFDR, respectively, and the results of comparative analysis are shown in Fig. 4.
The conventional TDR results according to number of teflon wire are illustrated in
Fig. 4(a). As shown in Fig. 4(a), there is little change in the propagation velocity
depending on the number of cores. The conventional TDR waveforms except 5
cores have no difference in propagation velocity when viewed from the part where
the waveform is raised, around 50 ns, due to the reflected signal returned from the
cable end. In TFDR case, we selected parameter of incident signal which is
designed to fit for target cable length and the operational frequency range as
follows: (center frequency: 54 MHz, bandwidth: 100 MHz, time duration: 30ns).
The distorted signal due to cable attenuation property and restored signal by
modified overcomplete wavelet transforms based on the target cable transfer
function are compared and analyzed in Fig. 4(b). The restored TFDR waveforms
according to number of cores are shown in Fig. 4(c). Like the TDR waveforms, the
waveforms in Fig. 4(c) cannot indicate the propagation velocity.

To derive the propagation velocity, we performed the cross correlation process
with acquired the TFDR signals and the results of cross correlation are shown in
Fig. 4(d). As shown in Fig. 4(d), the first peak indicates the starting point of cable,
the second peak means the cable end, and the signal reflected two times appears as
the third peak. There are multiple connectors in automotive electrons. The proposed
method should be applied even in the presence of multiple connectors. The
proposed method based on radar theory can detect multiple target and multiple
reflection from same object. As shown in Fig. 4(d), the distance between first peak
and second peak is same as the distance between second peak and third peak, in
each correlation graph respectively. This means that the multiple reflection from
same object can be detected and the multiple reflection can be distinguished from
other reflection. The cross correlation graph was drawn assuming the propagation
velocity is 1.8 * 108m based on the propagation velocity of 14 cores. The
propagation velocities of target cable are derived from Fig. 4(d) as following
Table I. The number of cores in cable guard indicates the volume of air gap in
cable guard. Therefore, the propagation velocity according to the number of cores
means the relationship between the air gap in cable and the propagation velocity. In
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Fig. 4. (a) TDR results depending on the number of cores, (b) The
distorted signal and the restored signal, (c) The restored TFDR
waveforms depending of number of cores, (d) cross correlation
results depending on number of cores.

future work, vibration is applied to derive a state in which contact failure occurs
intermittently. And then, based on the derived relationship between the propagation
velocity and air gap volume, the threshold of propagation velocity of poor contact
between the cable and connector can be obtained. Using the derived threshold
value, the proposed method can be applied to actual automotive electrons which
has multiple connectors.

5 Conclusion

In this paper, we first proposed the TFDR method based on electromagnetic theory
and modified overcomplete wavelet transform to measure air gap in cable. Using
the relationship between the permittivity and propagation velocity, the new relation-
ship between the air gap volume between the propagation velocity can be derived.
To obtain the exact propagation velocity, we introduced the normalization cross-
correlation method based on the Wigner-Ville energy distribution. The modified
overcomplete wavelet transform was applied to restore the distorted signal due to
cable attenuation property. Through the experiments, the performance of the
proposed method is verified.
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