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Abstract—In this paper, we introduce a new high-resolution
reflectometry technique that operates simultaneously in both the
time and frequency domains. The approach rests upon time-
frequency signal analysis and utilizes a chirp signal multiplied
by a Gaussian time envelope. The Gaussian envelope provides
time localization, while the chirp allows one to excite the system
under test with a swept sinewave covering a frequency band of
interest. This latter capability is of particular interest when testing
communication cables and systems. Sensitivity in detecting the
reflected signal is provided by a time-frequency cross-correlation
function. The approach is verified by experimentally locating
various types of faults, located at various distances, in RG 142 and
RG 400 coaxial cables.

Index Terms—Chirp signal, fault detection, fault location, reso-
lution, time-frequency cross-correlation function, time-frequency
domain reflectometry (TFDR).

I. INTRODUCTION

THE importance of aging electrical wiring and associated
faults in aircraft has been highlighted in [1]. This problem

is not limited to aircraft only but also includes systems where
complicated wiring is involved and high safety is required such
as the space shuttle, nuclear power plants and very tall build-
ings [2]. Thus, the detection and localization of faults with high
accuracy is required for diagnosis and maintenance of wiring
systems.

The state-of-art for wiring/cable fault detection can be catego-
rized by time domain analysis and frequency domain analysis.
In time domain analysis, time domain reflectometry (TDR) [3]
is used, whereas in frequency domain analysis, frequency do-
main reflectometry (FDR) [4] and standing wave reflectometry
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(SWR) [5] are utilized. Each methodology is based on the ap-
propriate analysis of the reference signal and reflected signal
either in the time or frequency domain only. However, in this
paper, detection and location of coaxial cable faults by the use
of joint time-frequency analysis is discussed.

TDR [6] and FDR are well-known conventional methods that
have been applied to various types of applications including the
cable test [7], network analyzer [8], and measurement of charac-
teristic impedance [9], [10], etc. Recently, modern TDR instru-
ments have been used for failure analysis and signal integrity
characterization of high speed circuit boards [11], wiring pack-
ages, sockets, connectors, cable interconnects, and even power
electronic devices [12], etc. However, the resolution and accu-
racy of the TDR and FDR are limited by the rise/fall time and
frequency sweep bandwidth, respectively. To enhance the accu-
racy in reflectometry, digital signal processing techniques, e.g.,
the “cepstrum,” has been suggested for TDR [13] and “cisoids”
have been applied to FDR [14]. Recently, the problem of TDR
waveform distortion has been investigated by the approximation
of the skin effect to enhance accurate localization of a fault in
cables [15]. However, the distortion of the TDR pulse is an in-
herent problem in TDR for accurate detection and localization
of a fault.

In this paper, we introduce a joint time-frequency domain
reflectometry (TFDR) technique which captures many of the
advantages of TDR and FDR aforementioned. The reference
signal is a (linear with time) chirp signal which allows one to
apply the RF power in the band of interest. To provide time lo-
calization, the chirp signal is multiplied by a Gaussian enve-
lope in the time domain. The time-frequency distributions [16]
of the reference signal and the reflected signals are calculated.
Then these two time-frequency distributions are cross correlated
in the time-frequency domain. The peak in the time-frequency
cross-correlation function allows one to estimate an accurate
round-trip propagation time and, hence, distance, as in classical
TDR. Yet, the experiment is carried in an RF band of interest
which is relevant for the particular wire/cable under test, as in
FDR. If frequency-dependent phenomena, such as dispersion,
lead to substantial distortion of the reflected signal, these ef-
fects can be mitigated by reducing the frequency bandwidth of
the reference signal.

In Section II, the fundamental idea of TFDR is discussed.
The proposed signal design is based on the Gaussian envelope
chirp signal. This signal is characterized by four parameters:
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Fig. 1. Schematic comparison of TDR, FDR, and TFDR.

time duration, frequency sweep rate, center frequency, and time
center. Next the time-frequency distributions of the reference
and reflected signals are given. To detect and localize the fault
using TFDR, the time-frequency cross-correlation function of
the time-frequency distributions of the reference and reflected
signal is introduced. To verify and demonstrate the postulated
methodology, a set of 48 laboratory experiments is described in
Section III. Twenty-four TFDR experiments were carried out
using two types of coaxial cable (RG 142 and RG 400), three
types of faults (“open,” “short,” and “damage”) and four fault
locations (10, 20, 30, and 40 m). The 24 experiments were
then repeated (making a grand total of 48) using a commercial
TDR instrumentation for comparison purposes. The results are
described in Section IV. For the same experimental conditions,
the proposed TFDR resulted in somewhat better accuracy in
fault localization than the TDR. These experimental results lead
to the conclusion in Section V that TFDR is competitive with
TDR with respect to fault localization, yet offers the additional
advantage of placing RF energy in a frequency band of interest.

II. TFDR

In this section, the basic idea of TFDR is presented. To begin
with, let us compare this new reflectometry methodology with
traditional reflectometry methodologies. Fig. 1 schematically
depicts reference signals for TDR, FDR, and TFDR on a time-
frequency plane. As suggested in Fig. 1, TDR uses a pulse with
fixed time duration and compares the reference and reflected
signals in the time domain only. Therefore, TDR can not ana-
lyze the signal in the frequency domain because an ideal step
pulse has its energy spread over a wide range of frequencies at
the time instance of the step. On the other hand, FDR uses a set
of sinusoidal signals with fixed frequency bandwidth and ana-
lyzes the change of the signal in the frequency domain only. As a
result, it is difficult to analyze the signal in time domain by FDR
because a pure sinusoidal signal, which is a reference signal in
FDR, has, in principle, infinite time duration.

Therefore, instead of traditional TDR and FDR, we propose
a new type of reflectometry, TFDR. TFDR uses a linearly mod-
ulated chirp signal with a Gaussian envelope. The proposed ref-
erence signal is written as follows:

(1)

where , , , and determine the time duration, frequency
sweep rate, time center, and frequency center, respectively. The
Gaussian envelope localizes the reference signal in the time
and frequency domain while the instantaneous frequency of the
signal increases with time in a linear manner as depicted in
Fig. 1.

The appropriate determination of the four signal parameters
for a specific application is very important in TFDR. The de-
sign of the reference signal that fits the physical characteristics
of the RG type coaxial cable used in the experiments and post
processing of the reflected signal for detection and localization
will be addressed in the next subsections.

A. Design of Reference Signal

The central idea of TFDR is to design a reference signal that
“fits” the physical characteristics of the target wire or cable in
the time and frequency domain. Consider the proposed refer-
ence signal in (1). In (2)–(6) we describe several properties of
this signal given in [16]. For this signal, one can evaluate the
time center ( ) and the time duration ( ) as follows:

(2)

For convenience of calculation, assume that .
The Fourier transform of the chirp signal in (1) is obtained as

follows:

(3)

Similarly, the frequency center ( ) and bandwidth ( ) can be
evaluated in terms of as follows:

(4)

Consider the Wigner time-frequency distribution of the time
signal obtained by following transformation:

(5)

Then the Wigner distribution of the reference signal is

(6)
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Fig. 2. Frequency-dependent attenuation characteristics of RG 142 (dotted
line) and RG 400 (solid line) type coaxial cables in dB per 100 m. The frequency
region of interest is indicated by the two solid vertical lines: 400 MHz �

500 MHz.

Equation (6) indicates how the energy in the reference signal
is distributed over the time and frequency plane as indicated
schematically in Fig. 1.

In order to apply the reference signal to the coaxial cables
used in the experiment mentioned in the Introduction and Sec-
tion III, the parameters of the signal are to be selected with con-
sideration of the attenuation characteristics of the coaxial cables.
The selection of the parameters take the following order:

• Step 1. Determine center frequency :
( )
• Step 2. Determine frequency bandwidth :
( )
• Step 3. Determine time duration : ( )

Step 1. Center Frequency: The center frequency of the
reference signal determines the degree of attenuation of the
reference signal through the cable, since attenuation increases
with frequency. Thus, one must consider a trade off, since
higher frequencies allow higher spatial resolution with shorter
wavelengths, but suffer more severe attenuation. Considering
the noise sensitivity of the experimental setup, we find we can
tolerate a round-trip attenuation of 24 dB. The maximum fault
distance in this set of experiments is 40 m, so the maximum
signal attenuation is 24 dB/80 m or 30 dB/100 m. From Fig. 2,
we see that the horizontal line of 30 dB/100 m intersects the
attenuation curves at approximately, 450 MHz, which we then
select as our center frequency of the reference signal. Obvi-
ously, in the general case, the procedure used to select the center
frequency will depend upon the the attenuation characteristics
of the system under test, or possibly other RF characteristics of
interest.

Step 2. Frequency Bandwidth: The experimental frequency
bandwidth of the chirp signal generation is limited to the perfor-
mance of the signal generator and circulator (100 MHz in this
paper) which isolates the signal reflected from the fault. As a

Fig. 3. Time-frequency distribution of the designed reference signal for RG
type coaxial cables. The top plot is the reference signal time waveform, and the
left hand plot is its corresponding energy spectrum.

result, the frequency bandwidth of the chirp signal is limited by
100 MHz so that the frequency range of interest is selected as

as indicated in Fig. 2.
Step 3. Time Duration: The performance of the signal gener-

ator in terms of rise/fall time and frequency sweep capacity limit
is 25 ns. in this paper. In order to meet the parameters (center
frequency and frequency bandwidth) selected above, the time
duration of the reference signal is selected to be 50 ns. We note
that in time-frequency analysis the uncertainty principle places a
constraint on the best time and frequency localization that can be
achieved simultaneously. Observe that the product of frequency
bandwidth and time duration in this experiment is equal
to and therefore does not violate the uncertainty principle
stated in [16].

In summary, the following parameters of the chirp signal (1)
will be applied to the coaxial cable as a reference signal.

• Center Frequency :
• Time Duration of Chirp : 50 ns.
• Frequency Bandwidth : 100 MHz (

)
• Frequency Sweep : Linear increasing (

)

In Fig. 3, the designed time-frequency distribution of the exper-
imental reference signal for RG type coaxial cable is provided.
Also shown at the top is the time waveform of the Gaussian chirp
signal and on the left its energy spectrum. As shown in Fig. 3, the
reference signal provides time localization within 50 ns while
the frequency is also localized between 400 and 500 MHz.

In this paper, the design of the reference signal is customized
for RG type coaxial cables up to 40 meters in length, however,
for longer distance testing, the time duration of the signal is to
be increased while the center frequency is to be decreased so
that the reference signal suffers less attenuation by the wire or
cable under test. If a longer testing distance is required, one can
design the reference signal in time-frequency domain by fol-
lowing the reference signal design procedures. The flexibility
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in designing a reference signal in TFDR also allows one to min-
imize frequency-dependent distortion of the reflected signal by
assigning a relatively narrower frequency bandwidth.

B. Detection and Localization by Time-Frequency
Cross-Correlation Function

For detection and localization of a fault in RG type coaxial
cable, it is necessary to model the propagation of the reference
signal in the media which allows one to determine the properties
of the signal reflected from the fault in the coaxial cable.

Consider the spatial propagation and reflection of the time-
frequency domain reference signal. As the signal propagates
along the media with spatial variable , the waveform will be
changed by the transfer function of the media . For
convenience of calculation, let the time center of the reference
signal be without loss of generality. Let be a
waveform that is observed at a distance, , for a given initial
condition, , then, the general solution of the

is,

(7)

where

(8)

and where is the transfer function of the medium which
is characterized by the frequency-dependent attenuation
and wave number [17]. Note that the frequency-dependent
attenuation is not to be confused with the parameter
in (1). In the following we assume linear frequency-dependent
attenuation, , and dispersion, . For the
latter case, note that both the phase ( ) and group velocities
( ) are both equal to and will, henceforth, be simply
denoted by , the velocity of propagation. The assumption of a
dispersionless media is particularly suitable for the coaxial cable
experiments considered later in this paper.

For the detection of the fault, the correlation of the time-fre-
quency distribution of the the reference signal and reflected
signal is utilized. Denote the reflected signal as and its
Wigner distribution as , and as the Wigner
distribution of the reference signal . Then one can evaluate
a time-frequency cross-correlation function as follows:

(9)

where

(10)

(11)

where the time integrals are carried out over the duration of
the reference signal or reflected signal, as appropriate. The de-
nominators and play the role of normalization factors so
that the time-frequency cross-correlation function is bounded
between 0 and 1.

Considering the transfer function of the coaxial cable, the
time-frequency distribution of the reference signal is given by

Fig. 4. Experimental setup for TFDR.

(6) and that of the reflected signal can be obtained as
follows:

(12)
Then the time-frequency cross-correlation function of the re-
flected signal is

(13)

Therefore, the existence of the reflected signal is to be detected
by a quantitative number between 0 and 1. From examination of
the time-frequency cross-correlation function in (13), it
is clear that it will be a maximum (local peak time) at ,
as expected. The first term on the RHS decreases because, as the
reflected signal travels farther, its high frequency content will
be attenuated more, and thus the reflected signal will be less
correlated with the reference signal.

In Sections III and IV, the local peak time of the time-fre-
quency cross-correlation function will be utilized to accurately
measure the propagation delay of the reflected signal, which is
then to be converted into the fault location with knowledge of
the velocity of propagation.

III. EXPERIMENTAL SETUP

To demonstrate the ability of TFDR to detect and locate var-
ious types of faults in RG 142 and RG 400 type coaxial cables,
an experimental TFDR system is organized as shown in Fig. 4.
The system consists of a circulator, an arbitrary waveform gen-
erator (Tektronix, AWG 610) and an oscilloscope (Agilent In-
finium) which are connected to a computer with GPIB cable for
automatic control of the instruments. The computer controls the
arbitrary waveform generator (AWG) to produce the Gaussian
envelope chirp signal which propagates into the target cable via
the circulator. This reference signal is reflected at the fault lo-
cation and back to the circulator. The circulator redirects the re-
flected signal to the digital oscilloscope. The computer controls
and synchronizes the arbitrary waveform generator and digital
oscilloscope, calculates the time-frequency distribution of the
reference signal and reflected signals, and executes the time-fre-
quency cross-correlation algorithm.

The purpose of the experiment is to verify the feasibility of
TFDR. Furthermore, the performance is to be compared with a
commercial TDR. The experiment is carried out for two types
of coaxial cables, i.e., RG 142 and RG 400 types. Various dis-
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Fig. 5. Time series of the reflected signal in (a) and corresponding time-
frequency cross-correlation function for detection and estimation of the
“damage” fault in (b) for a fault at 10 m in RG 142 type coaxial cable. (The
first peak of correlation is at 96.5 ns. and the second one is at 191.0 ns.).

tances and types of faults are considered. The actual location
of the faults varies from 10, 20, 30, and 40 m while the types
of faults are classified as “open,” “short,” and “damage.” The
“damage” of the coaxial cable is emulated by a failure of the ex-
ternal shields so that the internal dielectric material is exposed
over 1 cm. Thus a total of 24 experiments (2 types of cables 4
fault distances 3 types of faults) are carried out. To evaluate
the performance of TFDR in fault detection and localization,
the same 24 experiments are repeated using a commercial TDR
system which has a rise time of 300 ps.

IV. RESULT AND ANALYSIS

As indicated in Section III, we have carried out several exper-
iments in which we compare the ability of TFDR and TDR to lo-
cate various types of faults at various distances in coaxial cable.
For a fair comparison between TFDR and TDR, we use the same
velocity of propagation, , which was ob-
tained experimentally for both types of cables. Also note that
the sampling rates for reflected signal acquisition of the TFDR
is 4 GHz while that of the TDR is 12 GHz in this experiment.

A. Experimental Result

In Fig. 5, we consider the case of RG 142 type coaxial cable
which has a damage-type fault located 10 meters away from
the source of the reference signal. Fig. 5(a) is the acquired time
series of the reflected signal at a 4-GHz sampling rate while
Fig. 5(b) is the time-frequency cross correlation between the
time-frequency distributions of the reference signal and the
reflected signal. In Fig. 5(a) and (b), the reference signal and
the first reflected signal from the fault are observed around
100 and 190 ns, respectively. The remaining peaks in the time-
frequency cross correlation are caused by multiple reflections.
Note, however, as shown in Fig. 5, the waveform caused by
multiple reflections can be accurately detected and localized
by the time-frequency cross-correlation function, while the
multiple reflections are a potential problem in TDR.

Fig. 6. Time series of the reflected signal in (a) and corresponding time-
frequency cross-correlation function for detection and estimation of the
“damage” fault in (b) for a fault at 30 m in RG 400 type coaxial cable. (The
first peak of correlation is at 96.3 ns. and the second one is at 379.7 ns.).

The time-frequency cross correlation provided in Fig. 5(b)
can be interpreted via (13): with increasing propagation distance

, the peak value of the time-frequency correlation function ex-
ponentially decays for the reason described previously, while
the time spread of the time-frequency correlation function is in-
versely proportional to the frequency bandwidth of the refer-
ence signal as indicated in (4) and (13). The second local peak
of the time-frequency cross-correlation function indicates the
presence of the reflected signal which enables one to determine
the round-trip propagation time. The estimated time of the first
peak, which is the reference signal itself is 96.5 ns, while the es-
timated time of the second peak is 191.0 ns. With the obtained

of the RG 142 coaxial cable (2.10 ), the location of
the fault can be estimated to be 9.92 m.

The example provided in Fig. 6 presents a sample case for RG
400 type coaxial cable which has a damage-type fault located
30 m away from the source of the reference signal. In Fig. 6(a),
the signal that occupies the time duration between 50 and 150 ns
is the reference signal, and the signal component located in the
time interval between 350 and 400 ns (which is difficult to see in
the time domain) is the reflected signal from the damage to the
cable. Fig. 6(b) is the time-frequency cross correlation between
the reference signal and the reflected signal time-frequency dis-
tributions: the first peak (estimated time : 96.3 ns) of the corre-
lation function in Fig. 6(b) reveals the existence of the reference
signal itself, and the second peak (estimated time: 379.7 ns) in-
dicates the presence of a fault. The location of the fault is eval-
uated to be 29.76 m.

In order to compare the performance in accuracy between
TDR and TFDR, the same coaxial cable with the same fault is
tested using a commercial TDR instrument. Fig. 7 is acquired
by the TDR instrument under the same conditions as the exper-
iment corresponding to Fig. 6. TDR detects the fault through a
step change of the reflected signal, and estimates the time of ar-
rival from the time the step-change occurs. However, as shown
in Fig. 7, the ideal step of the reference signal is smeared in the
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Fig. 7. A screen snapshot of the TDR for the detection and estimation of the
fault location for a fault at 30 m in RG 400 type coaxial cable. (The first marker
is at 23.5 ns. and the second one is at 304.5 ns.).

TABLE I
COMPARISON OF TDR AND TFDR ESTIMATES OF FAULT LOCATION FOR

FOUR FAULT LOCATIONS, AND THREE TYPES OF FAULT FOR RG 142
TYPE COAXIAL CABLE

reflected signal so that it is not always easy to measure accu-
rately the arrival time of the reflected step. The location of the
fault is measured to be 29.51 m.

B. Analysis and Discussion of Results

To compare the fault location accuracy of TFDR and TDR,
the location of the faults vary from 10, 20, 30, to 40 m. In
each location, three types of faults are considered: “open,”
“short,” and “damage” as described in Section III. The overall
experimental results are summarized in Tables I and II for the
RG 142 and RG 400 type coaxial cables, respectively. Note
that the experimental results provided in the tables are obtained
from several trials for each case. The TFDR experimental
determination of propagation time was repeatable within to

, which corresponds to . As
one can see in Tables I and II, TFDR yields a smaller error
than TDR for all types and locations of the faults. The errors
for TDR vary from 0.31 to 0.74 m while the errors of TFDR
range from 0.08 to 0.28 m, for all cases. Note that in TFDR,
the detection and localization process is completely automated
based on identifying the peaks of the time-frequency correlation
function; however, the operation of the TDR involves adjusting

TABLE II
COMPARISON OF TDR AND TFDR ESTIMATES OF FAULT LOCATION FOR

FOUR FAULT LOCATIONS, AND THREE TYPES OF FAULT FOR RG 400
TYPE COAXIAL CABLE

Fig. 8. Comparison of the fault location percentage error for TFDR and TDR
for RG-142 coaxial cable for four different fault locations. (10, 20, 30, and 40 m)
and for three different faults (damage, open, and short).

Fig. 9. Comparison of the fault location percentage error for TFDR and TDR
for RG-400 coaxial cable for four different fault locations (10, 20, 30, and 40 m)
and for three different faults (damage, open, and short).

markers on the smeared edges in the reflected signal as shown
in Fig. 7, and is thus subject to human judgement.

For a more graphical comparison of the results, the corre-
sponding percentage error for each cable type is evaluated and
plotted in Figs. 8 and 9. As one can see in these figures, TFDR
yields a smaller percentage error than TDR for all locations of the
fault: the errors for TDR are between 0.3% and 0.8% while the er-
rors of TFDR are under 0.4% for all cases. Both TDR and TFDR
show a tendency for the error rate to increase with distance.
As the length of the cable increases, the energy of the reflected
signal will decrease exponentially, which results in a lower SNR
for both TDR and TFDR. The experimental results suggest that
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TFDR is capable of fault detection with a performance com-
parable to that of TDR. Yet the ability to design the reference
signal for a particular cable or system being tested is a powerful
advantage. To put it another way, TFDR possesses many of the
advantages of TDR, while at the same time permitting one to
consider the frequency-domain properties of the system under
test. Thus, one possibility is to consider TFDR as being comple-
mentary to TDR in that TFDR is relatively easy to implement
by adding an arbitrary waveform generator and digital signal
processing unit to calculate the time-frequency cross-correlation
function of the sampled reference and reflected waveforms.

V. CONCLUSION

In this paper, we introduce joint TFDR, which incorporates
many of the advantages of time domain and frequency domain
reflectometry. Faults on wires and cables are located from
knowledge of the propagation time and velocity of propagation
as in TDR. However, the use of a chirp signal with a Gaussian
envelope enables one to effectively use a swept frequency ref-
erence signal as in FDR. This latter capability is very important
when testing wires/cables used for communication purposes.
The use of time-frequency cross-correlation function of the
respective time-frequency distributions of the reference and
reflected signals has proven to be a sensitive detector of weak
reflected signals (see Fig. 6, for example). The experimental
work involving two types of coaxial cable, three types of faults,
and four fault lengths, indicates that the new TFDR locates
faults with an accuracy comparable (actually, slightly better
in our experiments) to TDR and, therefore, suggests that joint
TFDR offers much promise as a new wire and cable diagnostic
tool, especially in the communication area.

The contribution of the TFDR to the existing reflectometry
field can be summarized as follows:

1) Accurate and sensitive detection and localization of the
reflected signal via time-frequency cross correlation.

2) Flexibility of reference signal design depending on the
physical characteristics of system under test. For example,
one can place the RF energy in the frequency band of
interest.

3) Successful detection and localization of multiple reflec-
tions, even very weak reflections.

4) Minimization of the distortion of the reference signal by
limiting the frequency bandwidth, where necessary.

Clearly, additional work must be done to explore the promise
of TFDR including: application of TFDR to faults in wiring
other than coaxial cable; consideration of noise, particularly in
the case of very weak reflected signals; consideration of the ef-
fects of dispersion where appropriate; the identification of those
factors affecting the accuracy of fault location; and a detailed
comparison of TFDR with TDR, FDR, and SWR in order to
fully elucidate the advantages and limitations of TFDR.
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