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Mixed-Signal Reflectometer for Location
of Faults on Aging Wiring

Peijung Tsai, Student Member, Chet Lo, Member, You Chung Chung, Senior Member, and
Cynthia Furse, Senior Member

Abstract—Location of faults on aging cables is of great interest
to maintainers of aircraft, cars, power distribution systems, com-
munication systems, etc. One class of methods for locating faults
is frequency domain reflectometry (FDR), using sine waves as the
forcing function. A new frequency domain method called mixed-
signal reflectometry (MSR) is described in this paper and com-
pared to data from phase detection FDR (PDFDR) methods. The
MSR is less expensive and smaller than the PDFDR and has very
similar performance. A prototype system using the 100-200-MHz
bandwith with 256 40-kHz steps is shown to have a resolution of
about 10 cm, very similar to a PDFDR in the same frequency band.

Index Terms—Nondestructive evaluation, reflectometry, wire
fault location.

1. INTRODUCTION

GING aircraft wiring has been identified as an area of

critical national concern [1]. Since the wiring for most
planes was intended to last the lifetime of the plane, it was not
designed to be replaced or even to be easily inspected, which
makes maintaining wiring a daunting and expensive task. Safety
is, of course, a concern after the crashes of TWA 800 and Swis-
sair 111, in which arced wiring was implicated [2].

Several methods are available for locating faults on wiring.
End-to-end connectivity and/or resistance checking and visual
inspection are the most common methods in practice today [1].
While these methods are certainly useful for detecting faults,
actually locating where on the wire they occur can be very diffi-
cult. Several methods have recently emerged or are emerging to
help locate faults on wires. Virtually all of these methods simply
rely on measuring the distance to the end of the wire and/or the
impedance or load at the end. If this has changed over time or
is not what it is “expected” to be, then a fault is assumed to be
present at the “end” of the wire. These methods can locate only
“hard” faults (open or short circuits), not frays, chafes, bends,
etc., since these small anomalies are too small to measure with
any of the methods described below.
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Capacitance sensing (for open circuits) and inductance
sensing (for short circuits) is perhaps the simplest of the test
methods [3]. The capacitance or inductance per unit length
is known, from which the length of the wire can be found.
This method has advantages over the reflectometry methods
described below in that it is more accurate for very short (less
than 1 ft) lengths of wire than reflectometry methods. It can
also be used for long lengths of wire with good accuracy. It
cannot, however, be used on any type of branched network,
and the inductance sensing for short circuited wires tends to be
very sensitive (and, therefore, prone to errors) for some types
of unshielded wires.

Reflectometry, which sends a high-frequency signal down the
wire and measures the reflected return, is commonly used for lo-
cating faults on wiring. Time domain refelctometry (TDR) uses
a voltage step or pulse as the test signal [4]-[6]. The location is
determined by the time delay between the step and its reflected
echo. TDR, the “granddaddy” of reflectometry methods for wire
testing, is accurate for locating faults, but it is expensive and re-
quires professional experience to interpret the results. It also is
not easily built in a small, low-power system.

Sequence and spread spectrum reflectometry (S/SSTDR) use
a digital pseudonoise (PN) pulse train or sine-modulated PN
code to locate faults on wires [7], [8]. These sensors are capable
of locating faults on wires that are live, since the test function
can be detected even when it is well below the noise margin of
the signal already on the wire. This gives S/SSTDR a significant
edge over all other reflectometry systems, because they can lo-
cate intermittent wiring faults potentially in flight. There are a
number of applications where this level of complexity and ca-
pability may not be needed, however, and this is the application
space that simpler methods such as frequency domain reflec-
tometry address.

A frequency domain reflectometer (FDR) [9] is accurate for
finding the distance to hard faults (open/short) and less expen-
sive than TDR or S/SSTDR. It is more expensive than capaci-
tance sensing but is capable of locating faults on branched net-
works, whereas capacitance sensing is not. FDR sends out a
sinusoidal wave or set of sine waves and analyzes the phase
and/or magnitude of the reflected wave. There are several mem-
bers of the frequency domain reflectometry family. Phase de-
tection FDR (PDFDR) [9] (which measures the phase differ-
ence between the waves) requires a voltage controlled oscil-
lator, two directional couplers, and a mixer to measure the phase
shift between the incident and reflected wave and, hence, the
length of the line and location of fault. Standing wave reflectom-
etry (SWR) [10], which measures the magnitude of the standing
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wave produced by the superposition of the incident and reflected
waves, requires a high-frequency system for measuring mag-
nitude. Frequency-modulated continuous wave (FMCW) sys-
tems use a set of high-frequency sine waves with frequencies
that are ramped up in time, usually linearly. By measuring the
difference between the frequency of the reflected wave and the
new (ramped up) frequency of the incident wave, the elapsed
time, and, hence, the length of the cable can be determined. This
method has not been used for wire testing, to our knowledge.

This paper describes a new member of the frequency domain
reflectometry family, mixed-signal reflectometry (MSR). Un-
like PDFDR, the two signals do not need to be separated by ex-
pensive, large directional couplers. Unlike SWR, it does not re-
quire a high-frequency voltage measurement device. MSR uses
the sum of two sine waves, one incident and the other reflected,
squares the sum, and analyzes the DC voltage extracted from
the square of the sum.

II. MIXED-SIGNAL REFLECTOMETRY

An MSR contains a voltage-controlled oscillator (VCO) and
a mixer, as shown in Figs. 1 and 2 (an attenuator, with attenua-
tion factor A, may be added to prevent overloading the mixer;
however, it is not required theoretically). The VCO sends out a
sinusoidal wave into the wire under test. When the sinusoidal
wave reaches the end of the wire, it reflects back and is su-
perimposed on the incident wave. If the transmitted sinusoidal
wave is sin(wt), then the reflection at the point of transmis-
sion is a(7)T'sin[w(t + 7)]. Where w is the VCO frequency,
a(T) is the attenuation due to the length of returning path, T’
is the reflection coefficient at the point of impedance disconti-
nuity, and 7 is the time it takes for the signal to go round trip.
This combination of the incident and reflected waves then goes
through the attenuator which reduces the amplitude of the signal
to prevent overloading the mixer. The attenuated signal is now
Alsin(wt)+a(7)T sin(w(t+7))] and feeds into both the LO and
RF inputs of the mixer simultaneously. The output of the mixer
is the square of the sum of the incident and reflected signals

{Afsin(wt) + a(r)Tsin(w(t + 7))]}?
— A2 { |:%(1 + QZ(T)FQ) + a(T)F COS((.UT):|

— %[COS(%}IS) + o (1)T? cos(2w(t + 7))

+ 2a(7)T cos(2wt + wT)]} .

This contains the second harmonic (2w) of the sine wave and
a DC value A2%[(1/2)(1 + a?(7)T'?) + a(7)T cos(w)]. The
mixer output goes into an analog to digital converter, which au-
tomatically filters out the high-frequency component (typical
low-frequency A/D converters do not respond quickly enough
to read high frequencies and effectively average them out) and
records the DC value and sends it to a computer. The computer
controls the VCO and increments the frequency. The measure-
ments are repeated until 256 DC values have been collected. The
recorded DC values as a function of VCO frequency are then a
sinusoidal wave whose angular speed is linearly proportional to
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Fig. 1.

MSR system diagram.

Fig. 2. Prototype MSR circuit. The electronics for this prototype are from
MiniCircuits, Inc [11]. The VCO part number is JTOS200, the attenuator is
LAT15, and the mixer is ADE-1ASK.

the time delay 7 and, in turn, the wire length. After removing
the mean value (A?/2)(1 + o?(7)I'?), the DC value will be-
come A?a(7)T cos(w) [please note that, for a given wire, T is
a constant, and so is «(7)], and the Fourier transform of the DC
value will show a peak at the corresponding delay. For different
impedance discontinuity, I has different values. The peak has a
magnitude dependent on the value of I', as shown in Fig. 4. Also
from Fig. 4, it is shown that the peak magnitude decays expo-
nentially, a function (1), as the distance from the impedance
discontinuity increases. So, «(7) gives a good indication about
the maximum length of a wire that MSR can measure. Small
frays, bends, etc., may also be thought to produce additional
reflections that could interfere with the MSR measurement, but
their impedance discontinuities are so small (generally less than
0.1% reflection) that these reflections are negligible [12].
Notably, if there are sources of additional reflections on the
wires, such as from a branched network, additional frequencies
will also be observed, corresponding to the distance to each re-
flection point and the magnitude of the reflection coefficient
seen at that point. The combined signal is a linear combina-
tion of the sinusoidal waves with corresponding frequencies and
phase shifts. The output from the mixer after removing the mean
becomes A? 3. a(7;)I; cos(wT;). The Fourier transform of the
DC value will show a sequence of peaks corresponding to the
combination of delays as shown in Fig. 3. The analysis of these
responses can become very complex for branched wire networks
where many, possibly overlapping, reflections can be observed.
Methods to resolve the network topology have been addressed
separately [13] and are beyond the scope of this paper.

III. MEASUREMENT RESULTS

The MSR gives results that are very similar to a PDFDR [9].
Fig. 3 shows the DC voltage of the PDFDR and the MSR for
three wires of lengths 94.4, 457.2, and 711.2 cm. The wire is
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Fig. 3. MSR and PDFDR DC mixer output comparison for wires of length
91.44, 457.2, and 711.2 cm from top to bottom, respectively. All data is
normalized to a maximum of 1.0.
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Fig. 4. Fourier transforms of the MSR and FDR responses for wire lengths of
91.44, 457.2, and 711.2 cm.

twisted shielded pair aircraft wiring, with a velocity of propa-
gation of 0.61 times the speed of light. The MSR and PDFDR
give very similar data for long wires. For short wires, the MSR
gives less distortion in the signal than the PDFDR.

MSR (and all other reflectometry methods) have an
impedance discontinuity where the board attaches to the
wire, which produces a reflection corresponding to near zero
length. This introduces a low-frequency sinusoidal signal
superimposed with the higher frequency signal from the end
of the wire. If the wire being tested is long, the reflected
energy is relatively small due to attenuation in the wire, and
the amplitude is relatively small compared with the amplitude
from the reflection at the connection to the board. Thus, the
low-frequency (zero length) peak may dominate, giving an
incorrect length measurement. This problem can be reduced
by using signal processing to remove the low-frequency noise
from the data.

Fig. 4 shows the 2048-point Fourier transform of the MSR
response of the different wire lengths from Fig. 3 after removing
the low-frequency signal. As expected, the location of the FFT
peak is linearly proportional to wire length, and the amplitude
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of the FFT is an exponential curve a(7), the attenuation due to
small loss on the wires.

The location of the peaks from Fig. 4 show the calculated
length of the wire compared to the actual length for the MSR
and PDFDR. The maximum error for these methods is about
10 cm for this example. Note that the error is relatively constant
over the lengths tested (0 to 800 cm). This is typical of all but the
most lossy wires (such as “filter wire” that is designed with in-
ternal loss to attenuate high-frequency signals). Even though the
peaks in Fig. 4 are smaller for longer wires because of attenua-
tion and dispersion, they are still sufficiently large that the mea-
surements are accurate. The error is mostly associated with the
ability to identify the exact location of the peak from the Fourier
transform (Fig. 4) data. This is independent of wire length. Ad-
ditional sources of error, such as not knowing the wire type and
its resultant velocity of propagation or linear fit (as in Fig. 4),
would create an additional source of error that would be pro-
portional to wire length, typically on the order of 10% error. In
our measurements, we have assumed that wire type is known.

IV. SUMMARY

The performance of a MSR was compared to a PDFDR. The
MSR can be built for less cost than the PDFDR, without sacri-
ficing performance. The MSR has less distortion in the observ-
able sinusoid and, therefore, less error when translating into the
Fourier transform and wire length. For longer wires, the MSR
has more error from the low-frequency response at the connec-
tion to the board, probably due to the lower magnitude of the
signal sent down the wire.
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