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Abstract — In this paper, a new signal processing based methodology
is suggested in order to measure the load impedance with high accu-
racy and resolution. This methodology is characterized by a chirp
signal with Gaussian envelope which enables one to achieve time
localization and to assign energy in the frequency band of interest.
A normalized time-frequency cross correlation function is utilized to
evaluate the reflection coefficient, and a cross time-frequency distri-
bution function is used to acquire the phase difference between the
input and the reflected signals. In this paper, the real experiments
are achieved on a coaxial cable which is the typical transmission line
in the electrical wiring system by using the time-frequency domain
reflectometry (TFDR) system and terminal resistors to verify the per-
formance of the suggested methodology. The experimental results of
the TFDR based impedance measurement are compared with those of
the commercial time domain reflectometry (TDR) system.
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Normalized Time-Frequency Cross Correlation Function, Cross Time-
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I. INTRODUCTION

The state-of-the-art TDR systems in commercial instru-
mentation and measurement engineering are oriented to the
application to the high speed electrical circuits, which are
designed to operate in the typical characteristic impedance.
However, the accuracy of impedance measurement in the TDR
based measurement is limited within the close neighborhood
of the characteristic impedance only. Nevertheless, an accurate
measurement of impedance in wide range of load impedance
is required for the applications to the contemporary high-speed
and high performance circuits [1].

In order to enhance accuracy and resolution in the classical
TDR or frequency domain reflectometry (FDR), TFDR
methodology has been proposed for the detection and lo-
calization of the wiring integrity [3]. As an extension of
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TFDR application, a new evaluation methodology of the load
impedance based on the TFDR [2] was suggested in order to
resolve the accuracy limitations in classical reflectometry. The
TFDR systems is characterized by a chirp signal with Gaussian
envelope which enables one to achieve time localization and to
assign energy in the frequency band of interest, a normalized
time-frequency cross correlation function to evaluate the
magnitude of reflection coefficient, and a cross time-frequency
distribution function to acquire the phase difference between
the incident and the reflected signals.

This paper is organized as follows: In Section II, an
evaluation methodology of the load impedance is discussed.
The discussion in Section II will be focused on the mea-
surement of complex reflection coefficients by use of the
normalized time-frequency cross correlation function and the
cross time-frequency distribution function. In Section III,
the real-world experiments are achieved on a coaxial cable
which is the typical transmission line in the electrical wiring
system in order to verify the feasibility and accuracy of the
proposed methodology. The experimental results of the TFDR
based impedance measurement are compared with those of
the commercial TDR system. The conclusion of this paper is
given in Section IV.

II. EVALUATION OF THE LOAD IMPEDANCE
In order to evaluate the load impedance (Z ) of the trans-
mission line with reflectometry, it is necessary to determine
the characteristic impedance (Z) and the reflection coefficient
(T"). The load impedance is defined as follows [7]:
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As shown in equation (1), the measurement of the load
impedance requires estimations of the magnitude and phase
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difference between the input and the reflected signals.

In TDR, a step pulse signal is used for an input signal,
whereas the reflected signal arising at the impedance mis-
matched point in cable is analyzed to evaluate impedance by
comparing the energy ratio between input and reflected sig-
nals [1]. The edge of the TDR input signal has a tendency to
be smeared owing to the frequency-dependent attenuation of
the transmission line so that one cannot obtain precise energy
ratio between the input and the reflected signals. Also, com-
plex impedance can not be measured via TDR, only the state
of “open” or “short” is determined.

However, in the TFDR, the input signal is designed as a time
localized chirp signal whose frequency band is selected by the
attenuation characteristics of the cables [3]. Hence, the time-
frequency characteristics of the input and reflected signals are
utilized in order to estimate the complex load impedance. For
the evaluation of the reflection coefficient in the TFDR, the en-
ergy ratio and the phase difference between the input and the
reflected signals are required.

A. Calculation of Magnitude

The magnitude of the complex reflection coefficient can be
evaluated by the energy ratio. In the TFDR, the energy ra-
tio of the reflected signal to the input signal can be obtained
by the normalized time-frequency cross correlation function
between the input and the reflected signals. The normalized
time-frequency cross correlation function [3] is defined as fol-
lows:
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where the T’ is the time duration of the TFDR input signal,
the W, (t,w) is the Wigner distribution of the reference signal
s(t), and W,.(t,w) is the Wigner distribution of the reflected
signal r(t). The denominators E, and E, (t) are defined for
the normalization of the time-frequency cross correlation
function as follows:

t'=t+T,
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If the frequency-dependent attenuation characteristics of
the cable (Ay) is available, which is typically provided by the
manufacturer of the cable, the absolute value of the reflection
coefficient(I") is calculated as follows:

)

B. Calculation of Phase

The another factor of the complex impedance, i.e., the phase
difference 0 is also evaluated by the accurate localization of the
input and the reflected signals. The phase difference 6 is ob-
tained by using the cross time-frequency distribution function

Fig. 1. Terminal resistors

between the reference and the localized reflected signals. The
cross time-frequency distribution function [6] is defined as fol-
lows:
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where O,.(t, w; ¢) is the time-frequency phase information be-
tween the reference signal s(¢) and the localized reflected sig-
nal r(¢).

The time-frequency localized phase difference 6 is obtained
by the substitution of center time (¢, ), average value for each
time center of the reference and the localized reflected signals,
and center frequency (w,), average value for each frequency
center of the reference and the localized reflected signals, in
equation (8).
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Hence, the complex reflection coefficient I' can be calculated
by equation (1) with knowledge of the evaluated magnitude of
reflection coefficient |I'| and a phase difference 6.

III. EXPERIMENTAL SETUP AND RESULTS

To demonstrate the feasibility of the suggested methodol-
ogy for the measurement of the load impedance in a coaxial
cable, a set of experiments is achieved with terminal resistors,
the TFDR system [4] and the TDR instrument.

Fig. 1 shows terminal resistors. In Fig. 1, the left one ex-
hibits the terminal resistor itself, and the right one indicates the
connection with the target cable. Generally, a terminal resistor
is used for absorption of the transmission signal in the end of
the cable to get rid of reflection. The load impedance is imple-
mented through using of these terminal resistors which have
the arbitrary values(10, 20, 30, 40, 50, 60, 70€2) with an error
of less than 10 percent.

To verify the suggested methodology, we employed the
TFDR system. The employed TFDR system is shown in Fig. 2
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Fig. 2. The TFDR System

and composed of PXI instruments () PXI Chassis, (2) Power
Supply, 3 PXI Embedded Controller, (3 100M S/s Digital
Storage Oscilloscope(DSO), 5 100MS/s Arbitrary Wave-
form Generator(AWG), (6) Circulator, and (7) Target cable).

To compare the accuracy of the suggested methodology, we
use a commercial TDR instrument. In these experiments, 10C-
FBT is selected as a target cable, which is typically used for
the image data transmission between a broadcasting station and
subscribers. The 100[m] length of the target cable is decided
after considering the blind spot of the used TFDR system.

In the real experiments, the reference signal which has
time duration 700[ns] and frequency bandwidth 10-20MHz
is used. Even though the frequency attenuation property per
unit length of the target cable is provided by the manufacturer,
the measured value for the center frequency of the reference
signal is applied for accurate experiment. Because the fre-
quency attenuation property for the interest frequency is not
provided. The real measured value (A ) for the 15MHz is
5.0376 x 10~1/100[m].

Fig. 3 exhibits the experimental results for 100m target ca-
ble with terminal resistor 10€2. Fig. 3-(a) is the acquired signal
from DSO in the TFDR system when the load impedance is
10€2. In the TFDR system, the AWG module generates the de-
signed signal. It is transmitted to a circulator. The first wave-
form from the left side in the Fig. 3-(a) is the input signal. The
input signal is reflected from the terminal resistor at the end of
the cable and acquired in the DSO via the circulator. It repre-
sents the second waveform from the left side in the Fig. 3-(a).
Fig. 3-(b) shows the normalized time-frequency cross correla-
tion between the reference signal s(¢) and the reflected signal
r(t).

In the real experiment, the detailed procedure for acquiring
of the reference signal s(t) can be described as follows: The
first, the time center of the first waveform from the left side
in the Fig. 3-(a) is selected approximately by sight. The sec-
ond, approximated reference signal is obtained by extracting
the first waveform with wider time duration than 7’5 around
that time center, and the exact time center of the reference sig-
nal is calculated by taking a mean of the approximated refer-
ence signal in the time axis. Finally, the exact reference signal
is obtained by extracting this approximated signal with time
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Fig. 3. TFDR waveform in (a) and corresponding normalized time-frequency
cross correlation function in (b) with load impedance Z;, = 102

duration 7’5 around the renewed time center.

The localized reflected signal r/(t) can be obtained by the
normalized time-frequency cross correlation between the ref-
erence and the reflected signals. The localized reflected signal
r’(t) is calculated by extracting the second waveform in the
Fig. 3-(a) with time duration T'; around the second peak time
of Fig. 3-(b). When the terminal resistor connected with the
cable is 1012, the calculated energy of the reference signal, F g
and that of the localized reflected signal ,F,. are 4.6447 x 10°
and 6.5462 x 104, respectively. The reflection coefficient I" can
be calculated by putting known A ¢, E, and E, to equation (5)
as shown in equation (10).

1 6.5162 x 102
U= 5376 101 =\ Zoaar < 105 — 07492 (10)

The phase difference between the reference and the
localized reflected signals can be calculated by the cross time-
frequency distribution function. The cross time-frequency
distribution between the reference and the reflected signals
is obtained by substituting the reference signal s(¢) and
the localized reflected signal 7/(¢) in the equation (6). The
time-frequency phase information 6(t,w;¢) between the
reference and the localized reflected signals by placing the
result of equation (6) to equation (8). To evaluate the phase
difference between the reference and the reflected signals,
we must know the ¢y and wg,.. The tg. and the wy, are
calculated by following procedures. The Wigner distributions
(Ws(t,w)), Wy (t,w) of the reference signal (s(t)) and the
localized reflected signal (r'(¢)) have to be calculated. The
second, mean time ¢, and mean frequency w, are obtained
by taking average of each time center and frequency center
index in the Wigner distributions (W (¢, w) and W, (¢, w)).

When the terminal resistor is 102, the phase spectrum for
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Fig. 4. The phase spectrum for TFDR with load impedance Z;, = 1092

tsr is depicted in Fig.4. In case frequency is w, the acquired
phase value implies the phase discrepancy between the input
and the reflected signals. When the terminal resistor is 10£2
the phase difference 6 is obtained as 2.0065[rad).

In Table I, the experimental results are provided for the
different values of the load impedance by using the TFDR
and TDR under the same experimental conditions. The
measurement error based on the TDR is accurate in the
neighborhood of the characteristic impedance, however,
the accuracy degrades as the value of the load impedance
decreases. However, the measurements of the load impedance
via the TFDR based methodology show smaller error than
the TDR based methodology. This limitation of the accuracy
is an inherent problem of the TDR reference signal where
the dc step pulse contains a wide (theoretically infinite)
frequency bandwidth. The attenuation of the high-frequency
components results in a rounded reflected pulse. However, in
the TFDR, the instantaneous energy is allocated in narrower
frequency bandwidths so that the distortion of the incident
waveform is reduced. In addition, the inevitable distortion by
the frequency-dependent attenuation is compensated by the
estimation of the frequency offset of the reflected waveform.
Therefore, higher accuracy of impedance measurement can be
achieved via TFDR over a wider frequency range.

IV. CONCLUSIONS

In this paper, TFDR-based impedance measurement
methodology proposed in [2] is implemented. TFDR allows
one to compensate the error of impedance measurement
caused by distortion in transmission line by measuring phase
difference and local frequency offset between the input and
the reflected signals. The implemented experimental system
is composed of the TFDR as a main framework and terminal
resistor as load impedance. The experimental results imply
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TABLE1
EXPERIMENTAL RESULTS OF TFDR AND TDR

TFDR TDR
2 | Dim] | Oulrad) | T | Zi[Q] | Z1[2
10 99.9940 2.0065 | 0.7452 | 10.5105 | 16.906
20 100.0083 | 2.0259 | 0.5515 | 20.8118 | 25.813
30 99.9542 2.0057 | 0.3938 | 31.3136 | 34.906
40 99.8740 2.0032 | 0.2708 | 41.3101 | 44.000
50 99.7227 1.9775 | 0.1626 | 51.8553 | 53.375
60 | 995500 | 1.9424 | 0.0702 | 62.5604 | 62.906
70 || 100.7405 | 0.0696 | 0.0229 | 68.7704 | 72.406

that it is possible to acquire more accurate complex impedance
with comparatively lower performance instruments than those
of the conventional commercial TDR.
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