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A COMPARISON OF PHASE REFLECTOMETRY METHODS
FOR LOCATION FAULT IN TELECOMMUNICATION CABLES

Abstract. Aging wiring in buildings, transportation systems, consumer products and industrial machinery is
among the most significant potential causes of catastrophic failure and maintenance cost in these structures. Smart wire
monitoring can therefore have a substantial impact on the overall health monitoring of the system.

Well known reflectometry is commonly used for locating faults on wires and cables for a long time. This paper compares
Time domain reflectometry (TDR), frequency domain reflectometry (FDR), mixed signal reflectometry (MSR), sequence time
domain retlectometry (STDR), spread spectrum time domain reflectometry (SSTDR) in terms of their accuracy, convenience,
cost, size, and ease of use. Advantages and limitations of each method are outlined and evaluated for cables. The results in this
paper can be extrapolated to other types of wire and cable systems
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K.JI. TOPSLIEHKO, O.E. 3EMJISIHChKUI

XMenbHUIBKUI HalliOHAIBHUI YHIBEPCHUTET, Y KpaiHa

HOPIBHSHHSI ®A30BUX PE®JEKTOMETPIMHUX METOIIB
JJ11 BUSABJEHHSA NOIIKO/OKEHD B EJTJEKTPOKOMYHIKAINIMHUX KABEJIAX

CmapinHs enekmponpogodKu 8 6y0ie/s1x, mMpaHCNOPMHUX CUCIeMAx, CNOXCUSYUX MO8APAX MA NPOMUC/A08UX MAWUHAX € OOHIEI0
3 Haligaxcaugiwux nomeHyiliHux hpuvyuH kamacmpogiuHux 360i6 ma eumpam Ha 06C/ay208y8aHHS 6 Yux cmpykmypax. Yimkuil
MOHIMopuHa nposodie Modice Cymmeso enauHymu Ha 3a2aabHuUll MOHIMopuH2 CMaHy cucmemu.

/Jlobpe gidoma pedaekmomempisi 3a3suvail 8UKOpUCMOBYEMbCS 04151 8U3HAYEHHS HecnpasHocmell Ha npogodax i Kabesasix
npomsizom mpugasozo uacy. Y yiti po6omi nopieHwoemuocs pegpaiekmomempis uacogozo nosicy (TDR), pedsekmomempisi yacmomHoi
oonacmi (®/P), 3miwaHa cuecHaabHa pedaekmomempisi (MSR), pekaekmomempis uacogozo domeHy nocaidosHocmi (STDR),
pedrekmomempis yacosozo nosicy poscissHozo cnekmpa (SSTDR) 3 mouku 30py ix mouHocmi, 3pyyHocmi, eapmocmi Po3mip i npocmoma
sukopucmaHHsl. Ilepesazu ma o6MesxceHHSI KOXCHO20 Mmemody HasedeHi ma oyiHeHi 045 kabesis. Pesyabmamu 8 ybomy 0OKyMeHmi
MOCYyMb 6yMu eKcmpanoAbo8aHi HA iHWi munu dpomogux ma KabeabHUX cucmem

Katouosi cnosa: enekmponposodka; Pegpaekmomempis; Hespylinosana oyinka; TexHiuHe 06c/1y208y8aHHS AIMAIbHUX anapamis.

1. Introduction

Aging electrical systems are prevalent in today's society. A full scale evaluation of the problem is difficult.
Wiring was not normally considered in lifecycle maintenance. Over 90% of home fires are attributed to electrical fires,
although it is not clear how many are due to installed wiring and how many to faulty plug-in consumer devices. In
addition to the safety problem, aircraft wiring systems are a maintenance burden. For example known that between 1
million and 2 million man-hours are required at the operational level to troubleshoot and repair wiring system
problems in the U.S. Navy alone each year. Highly trained technicians trouble shoot wiring problems using
diagnostics methods that are many years old.

Visual inspection, the most common traditional method, was determined to be insufficient to find fault.
Especially hard to find faults in hidden wires. Time domain reflectometry (TDR), another traditional method for
locating faults, was fond to be enough accurate but difficult to use [1, 2, 3].

High voltage test systems are able to locate even small faults, however they are very large and expensive.
Also, high voltage testing methods are able to reduce lifetime of wires or even create new faults [1, 2, 3]. That’s
why new methods are needed, and development funds have led to the emergence of a number of different
techniques. In article described wire test methods that are suitable for handheld and compares their advantages
and disadvantages.

The methods compared are the time domain refleclomeler (TDR), frequency domain reflectometer
(FDR), mixed signal reflectometer (MSR), sequence time domain reflectometer (STDR), spread spectrum time
domain reflectomeler (SSTDR) [4, 5, 6, 7].

2. Test methods
2.1 Time domain reflectometry

One of the most known method — Time domain reflectometry (TDR). TDR is most commonly used method
for testing wires. use a high frequency electrical signal down the wire, where it reflects from any impedance
discontinuity. The reflection coefficient gives a measure of how much signal is returned.

The time or phase delay between the incident and reflected signals tells the distance to the fault, and the
observed magnitude of the reflection coefficient tells what the impedance of the fault.

Faults like open or short are observable by TDR without any problems. But soft faults like damaged
insulation, etc. are generally founded not so easy. The height of the peak relative to the maximum peak height
gives the reflection coefficient.
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The delay between the incident and reflected voltages shows up in the location of refiectometry peaks. The
distance L is the velocity of propagation divided by the time delay. The velocity of propagation in typical aircraft
cables ranges from 0.5 to 0.8 depending on the type of cable. It is therefore very important to know the type of wire
being tested. The veiocily is dependent on the size and shape of the conductors, and therefore also depends on
the distance between conductors.

Common problems of TDR are the 0.5 B e ; !
inability to see small reflections and errors Mismatch between
in the velocity of propagation are sources of 04" SSTDR and Wire C_sp00
errors. Other sources of errors in TDR are '
hardware errors — classical measurement

error, where some variation in measurements
is seen, even without making any changes to
the wire under test, its connection, etc.

For the reflectometry methods
described below, this is generally less than
1%. Another error is connection error.
Since the reflectometer must be connected
to a wide variety of cables, it is not
generally so easy to match the impedance
of the reflectometer output with the wire.
This means there will always be a -0 i T '
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reflection between the measuring board and Distance (feet)

the wire being tested. The test-lead, . . .

comnectos, adapters, ctc. all_add to this i1 pread spectrm e domaln llectomeey SSTOI) rspones o
reflection in different ways. The physical  amplitude is proportion to reflection coefficient. Other reflectometry methods
connection to the wire is not always  will have the same relative peak magnitudes, but different shapes of the pulses
identical, and this difference gives an error of about 30 sm with 10 meters long wire.

Another significant source of error in reflectometry methods that is quite important to testing wires is the
so-called "blind spot" for wires that are very short. This is caused by the reflected signal overlapping the incident
signal, because the time delay between generating short pulse and measuring of reflections is so small.

This makes it difficult to identify the reflected signal. Two methods can be used to reduce this problem.

Correlation Amplitude (V)

One is to use a longer tgst lead to connect 20 feet  C. Short
the reflectometer to the wire under test. This Circuit
would effectively delay the reflected signal Test A 25 feet B
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for embedded applications.
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TDR requires a fast rise time pulse -0.2; = o -0.8; % 5
generator and fast sampler. It is difficult to Distance in Feet Distance in Fest
control the problem of "blind spots" with by

this method, except by adding a length of Fig. 3 (a) Network topology, (b) Reflectometry test signals of network shown (a)
cable to the test lead. But must be noted with TDK, FDR (MSR7 SWR), STDR, SSTDR [1, 2, 3].

parameters of cable must be exactly equal to wire to be tested. Also this method has limited application on wires that are
used. If the wire is carrying a low frequency signal (400 Hz power, for instance), it is feasible to use TDR to test the
wire while it is live. The TDR signal would need to be small enough to be below the noise margin of the signals. This
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creates a measurement problem for the TDR, as any noise (which may be as large as or larger than the TDR signal) will
corrupt the TDR trace. TDR is therefore not optimal for testing wires that are live.

TDR may be used for testing wires with multiple branches. The limitation of this (and all) reflectometry
methods is that the junctions and ends of the branched network all result in reflections and multiple reflections that
show up in the reflectometry trace, but it is difficult to extract the network topology from the reflectometry trace.

2.3. Frequency domain reflectometry (FDR)

Frequency domain reflectometry (FDR) sends a set of stepped-frequency sine waves down the wire. There are
three types of frequency domain reflectometry that are commonly used in radar applications that are distinct in that
they each measure a different sine wave properly (frequency, magnitude, phase) in order to determine distance.
Related methods are also found in wire testing. These are Frequency Modulated Continuous Wave (FMCW) systems
(which measure frequency shift), Phase Detection Frequency Domain Reflectometry (PD-FDR) systems (which
measure phase shift), and Standing Wave Reflectometry (SWR) systems (which measure amplitude or nulls of the
standing wave).

2.3.1 Frequency modulated carrier wave (FMCW)

FMCW systems vary the frequency of the sine wave very quickly, generally in a ramp function, and measure
the frequency shift between incident and
reflected signals, which can be converted to
time delay knowing the speed at which the
frequency is stepped. This has not been ] . L
implemented for wire testing, because of vco "
limitations on speed at which the frequency
can be swept and the accuracy at which the
frequency shift can be measured [8].

2.3.2. Phase detection frequency Mixer ®= P & r\l/‘\/lrr:: Under
- est

domain reflectometry (PD-FDR)
Phase Detection Frequency

Directional
Coupler

) Directional
Domain reflectometry (PD-FDR) measures + Coupler
the phase shift between incident and
reflected waves. A voltage controlled DC Mixer
oscillator (VCO) provides the sinusoidal Output
signal that is stepped over a given Fig. 4 PDFDR block diagram

bandwidth (fi,i,-fimax) With a frequency step size Af. Reduced by a -10 dB sample of the incident sine wave is seal
to the mixer, and the remainder is sent to the cable. The incident signal travels down the cable and reflects back
from the load. The reflected wave is isolated from the incident wave by the second directional coupler and is
sent to the mixer. The mixer "multiplies" the two sine waves, which gives signals at the sum and difference of
their two frequencies. When they are at the same frequencies as they are in FDR, this difference is at zero
frequency (DC). This DC voltage at the mixer output is the signal that the computer will detect and use to
determine the length and load on the line. An analog-to-digital (A/D) converter used to read the mixer output
effectively acts as a low-pass filter and removes the higher frequency components.

The number of periods (“frequency”) of the DC voltages collected over the injected frequency band is
linearly dependent on the wire length. The Fast Fourier transform (FFT) of this collected waveform will give a
Dirac delta function (single spike) at a location we will call Peak. The location of Peak in the FFT response is
proportional to the length of the wire. The length is found from this peak index by:

I 2Lm{Peak - Peak(O)j _ l(Peak - Peak(O)J{ N, -1 J"p )
rrer =1 2 N —1 fz_fl

where  Peak — location of the Dirac delta peak in the FFT (an integer value), Peak index for corresponding
length in FFT;

v, - velocity of propagation in the cable (m/s);

f, — start frequency of the FDR (Hz);
/> — stop frequency of the FDR (Hz);

(fz _fl)

N .y — number of frequencies in the FDR = integer[T ;

Af — frequency step size for FDR (Hz)

L. —maximum length shown below

N pp —number of points in the FFT (an integer value, generally 1024, 2048, 4096 or 8192)
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The resolution (accuracy) of the measurements (AL) is given by [4]:
|4

N af)

) that can be measured on an ideal wire is limited by the frequency step size

(€)

The maximum length (L,

and the Nyquist criterion:

14
Lmax = . (4)

4Af

This DC value is the same as for the PD-FDR, such as shown in Fig. 5. The mixer output goes into a digital to
analog converter, which automatically filters out the high frequency component The DC values as a function of
frequency are a sinusoidal wave whose frequency is linearly proportional to the wire length, virtually identical to the
FDR responses shown in Fig. 5. The MSR is more accurate than the S WR for small reflections, however this advantage
has not been found to have practical application, as it still cannot analyze the very small anomalies associated with
frays or chafes. MSR is less expensive and smaller than PD-FDR, since it does not require the directional couplers.
For branched networks, the MSR response includes the multiple reflections plus their sums and differences, which
makes its response more complex to calculate than the PD-FDR branched network response. Limitations on the
use of MSR for live wires and short length wires are virtually identical to those for PD-FDR.

The MSR system is less expensive than either the PD-FDR or SWR. It requires only a voltage controlled
oscillator (VCO), mixer, and related control circuitry. It is feasible to integrate this system into a single chip and
imbed it directly into the wiring system.

2.4. STDR/SSTDR
Block diagrams of Sequence Time Domain Reflectometry (STDR) (Furse, Smith, Safavi and Lo 2005) and
Spread Spectrum Time Domain Reflectometry

(SSTDR) are shown in Fig. 7 (Furse, et ai 2005, Smith Wire Under Test

2003). STDR uses a pseudo noise (PN) code as the test

signal, as shown in Fig. 8a (Furse, et al. 2005, Smith ]

2003). The PN signal can be very, very small compared

with the aircraft signal on the wire (-20 dB down, for PN Y I]elay

instance) and is well below the allowable noise floor of Code

the aircraft signal shown in Figs. 8a and 8b (Furse, et al.

2005, Smith 2003). Although the PN code magnitude is Sum

small, it is relatively long (1023 bits, for example) and )

has a distinct and recognizable pattern. The correlation

responses of STDR and SSTDR are shown in Figs. 8(c) Uutput:

and 8(d) (Furse, et al. 2005, Smith 2003). lngh=.. [< [ length

The S/SSTDR is capable of being miniaturized Correlation

into a mixed signal IC, which will make it very small . T : .
. . Fig. 7 Sequence (STDR) Test System. For SSTDR, the input signal

and likely the least expensive reflectometry system is a sine wave modulated PN code

available. It is very feasible to consider imbedding this
system in the wiring system. S/SSTDR is capable of analyzing branched networks, with the same limitations as FDR
and TDR, that the network topology must be extracted from the multiple peaks in the reflection data.

3.1. Conclusions

As a result, TDR is a most hardest in hardware realization. TDR require high quality pulse generator, high
speed AD convertor for measuring of wear signals. Problems of connections between measuring device and wire
leads to mismatch between result for the same wire and cables.

On other hand we have FDR methods. Measuring device based on FDR technology can be produced with
use of less comprehensive electronics, so it can be done with several low-frequencies IC. For FDR, removing the
expected incident pulse using signal processing and increasing the resolution of the Fourier transform used to analyze
the FDR data reduce the minimum measurable length. For all of the reflectometry systems, it is possible to tell that
there is a reflection within the minimum length, which is generally on the order of 2 feet, but not to determine
accurately within this distance where the fault occurs.

The biggest problems of FDR are:

1) Result of FDR can be received as a result of FFT proceeding of some data from measuring process.

2) All existing FDR methods do not allow eliminating "blind spots" at all. To eliminate "blind spots"

FDR still require additional physical wire before wire to test.

3) FDR methods based on measuring of so-called standing waves. But there is no answer how to use

those standing waves (their frequencies, magnitudes and phases) in complex.

The answer based on understanding of reasons why we receive all those standing waves. And at the same
time we need to proceed not signal envelope but signal states in predefined times.

An important ability of the reflectometry systems is the ability to run on live systems to detect intermittent
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faults. For FDR is possible to use predefined range of waves to test. For TDR this can be done only with filter.

Frequency domain reflectometry systems are limited to low frequency circuits, as they would interfere with
the higher frequency lines. Even for the low frequency circuits, their signal tn noise ratio is not as good as the STDR.
The same holds true for TDR. S/SSTDR systems are therefore the best for locating intermittent faults or for real time
testing of live circuits.

Another important aspect of reilectometry systems for which solutions arc just beginning to emerge is analysis
of branched networks, since many of the power distribution systems that are of prime importance to test are
extensively branched.

All of the reflectometry systems have the potential to locate faults on branched networks, since individual peaks
or steps will be seen in their response for each reflection point. Reflectometry responses from branched networks are
often too complex to interpret by hand.

Some aspects of networks will always be impossible to resolve with a single point measurement. For
instance, when one of two identical arms breaks, it will be possible to tell how far away the break is, but it will not
be possible to tell which arm is broken. When an open and short circuit occur at the same distance from the test
system, the reflections cancel each other out and appear completely invisible. In cases such as these, multiple test
points on the same system will be needed, which will in turn require the coordination and communication of data for
analysis.

Smart imbedded test systems for wiring hold the promise of revolutionizing the way large wiring systems
arc designed and maintained. The ability to precisely identify and locate wiring faults remotely enables monitoring,
diagnosis, control, and potentially even prognosis of degrading systems. Critical elements including sensors that are
small enough to be imbedded, that are capable of locating faults on live systems, and that can be used on branched
networks are all rapidly emerging and are showing excellent results.

Not all network analysis can be completed from a single test point, which means that multiple sensors need
to communicate and work together. The complexity of today's wiring systems means that there could be potentially
thousands of distributed sensors in the highly lossy, highly niultipath communication environment of a building or
plane. Communication can be efficiently done on the wires being tested, in some cases potentially with the same sensors
that are used to test the wires, but if the wire breaks, then critical information would be lost.
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