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ALGORITHM FOR ESTIMATION OF MULTIPLE 
FAULTS ON A TRANSMISSION LINE OR 

WAVEGUIDE 

RELATED APPLICATIONS 

[0001] This Application claims rights under 35 USC § 
119(e) from US. Application Ser. No. 60/536,886 ?led Jan. 
15, 2004, and US. Patent Application Ser. No. 60/536,977 
?led Jan. 15, 2004, the contents of Which are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to frequency domain re?ec 
tometers and more particularly to a doWn-conversionless 
system employing the use of a multi-port junction in com 
bination With an Inverse Fourier Transform. 

BACKGROUND OF THE INVENTION 

[0003] It Will be appreciated that faults in RF transmission 
lines and Waveguides require detection so that the distance 
to the fault may be calculated. Moreover, the ability to detect 
and locate multiple faults that oftentimes result in ghosts that 
resemble faults requires sophisticated techniques to elimi 
nate the need for skilled technicians. 

[0004] NoWhere are re?ectometers more desirable than in 
aircraft applications in Which long lengths of cable or 
Waveguides are used, both for the control of the aircraft and 
for the electronics devices such as radar or communication 
systems carried by the aircraft. Additionally, civilian use of 
re?ectometers ?nds application in cable systems in Which 
faults are detected based on the distance from a cable plant. 

[0005] Likewise, for satellite and terrestrial-based com 
munications, RF transmissions lines and Waveguides can 
become faulty, especially at the interface betWeen tWo cables 
as at a connection, and the ability to identify and locate the 
fault is a paramount concern. 

[0006] A fault is anything that causes a change of imped 
ance in the material properties of the cable or Waveguide that 
causes some of the energy that is being transmitted through 
the transmission line to be re?ected. Typically the faults 
occur at the interface betWeen tWo cables, for instance, if a 
connection is not torqued properly or the connectors are old. 
If there is no good interface there Will be a difference in 
material properties at the interface so that When one is 
sending a signal doWn the transmission line, at the interface 
some of the energy Will be re?ected. Thus, cable disconti 
nuities or faults can be the result of interface problems 
betWeen the cables or When a cable is bent and tWeaked 
enough, the material properties Will change at the bend that 
cause a re?ection. Also, if the shielding to the cable is 
damaged in any Way, part of the cable may couple to, for 
instance, the body of an aircraft, causing an impedance 
mismatch. 

[0007] Thus, in the past, Whether it be for military appli 
cations so that one does not have to tear into a large amount 
of cabling in an aircraft in order to locate a fault, or Whether 
one is testing cell toWer base stations to locate faults in 
transmission lines for the cell toWers, or if one is using a 
distance-to-fault (DTF) detector for satellite ground termi 
nals, there is a need to be able to automatically and accu 
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rately identify the fault, to ?nd its severity and to obtain the 
distance to the fault, especially in a multi-fault environment. 

[0008] There are tWo primary methods of determining 
faults in any transmission line. The ?rst is based on time 
domain re?ectometry and the other is based on frequency 
domain re?ectometry. In time domain re?ectometry one can 
simply place a pulse on a transmission line and measure the 
time it takes for a return pulse to be received. Propagation 
time Within the cables therefore determines the distance of 
the fault to a measuring plane. Thus, by knoWing the 
velocity of propagation of the speci?c cable, one can convert 
the time that the re?ected pulse comes back to a distance to 
knoW hoW far aWay the fault is. 

[0009] It is noted that time domain re?ectometry is par 
ticularly Well adapted for loW frequency applications 
because one can easily create a system that produces short 
duration pulses that are narroW enough to resolve fault 
locations With acceptable accuracy. HoWever, When one 
starts to get into high frequency applications exceeding for 
eXample 1 GHZ, obtaining a physical system to produce an 
impulse that is of short enough duration is very dif?cult to 
realiZe in hardWare. Moreover, even if one can create such 
a short pulse, the shape of the pulse is hard to control. 

[0010] It is noted that those employing time domain 
re?ectometry do not obtain information on spectral charac 
teristics. With frequency domain re?ectometry one has full 
control of the spectral characteristics. Thus, the other tech 
nique for re?ectometry, Which has proved to be quite useful, 
involves frequency domain re?ectometry in Which a couple 
of very different approaches have been used. 

[0011] As illustrated in US. Pat. No. 4,630,228, What is 
described is a frequency difference method in Which a sWept 
source is applied to a device under test (DUT) and the 
re?ected Wave is miXed doWn and measured. Then the 
distance to the fault is determined by the difference fre 
quency. 

[0012] Another approach is illustrated in US. Pat. No. 
5,068,614, Which is the automation of a manual distance to 
fault or DTF technique that uses a spectrum analyzer and an 
offset tracking generator to ?nd the distance to a fault. The 
output of the tracking generator is miXed With the return 
from the device under test. The tracking generator offset 
frequency is then adjusted to maXimiZe the poWer displayed 
on the spectrum analyZer, With the distance to the fault 
calculated from the offset frequency. Note that this system 
also employs a frequency difference method. 

[0013] As illustrated in US. Pat. Nos. 5,949,236 and 
5,994,905, the systems employed are not frequency differ 
ence systems. Rather they measure the re?ection coef?cient 
of the device under test as a function of frequency. The 
re?ection coef?cient varies as a function of frequency. This 
variation is based on the location of each fault and the 
percent of energy re?ected from each fault. If a device under 
test contains a single fault the re?ection coefficient Will vary 
as an exponentially decaying sinusoid across frequency. The 
method employed is to use an Inverse Fourier Transform or 
IFT to obtain an impulse or time domain response that is 
then used to determine the distance to the fault. 

[0014] The problem With the methods described in these 
tWo patents is that they only measure the amplitude of the 
re?ection coefficient, not the phase. This introduces non 
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linearities that generate harmonics and intermodulation 
products in the impulse response. These undesirable 
responses do not occur if there is only one fault. HoWever, 
the number of spurious responses increases exponentially 
With multiple faults. These spurious responses are some 
times called ghosts. 

[0015] In short, there are an extremely large number of 
spurious responses When a device under test contains several 
faults and removing them all becomes both cumbersome 
and, in some cases, impossible, at least by visual inspection 
of the results of an Inverse Fourier Transform (IFT). 

[0016] To make matters someWhat Worse, When one seeks 
to measure distance to fault over a Wide operating frequency 
range, typically in the past the measured signals are doWn 
converted to a single frequency range from Which Inverse 
Fourier Transform measurements are obtained. DoWn-con 
version adds its oWn set of problems and involves many 
local oscillators and miXers. 

[0017] Additionally, When multiple faults are involved, 
the energy transmitted through the ?rst fault Will be of 
considerably loWer amplitude When it reaches a subsequent 
fault. Thus, the apparent re?ection from a subsequent fault, 
Which may be more highly re?ective than the ?rst, often 
times has a magnitude much less than the amplitude of the 
peak associated With the ?rst fault due to the attenuation of 
the signal that gets by the ?rst fault, and also due to line 
attenuation. The result is that one may fail to recogniZe a 
subsequent stronger fault. Thus, those systems that do not 
adjust for prior faults are incapable of distinguishing, in 
subsequent faults, the severity of the fault. 

[0018] The result is that it takes an extremely skilled 
technician to be able to recogniZe that a certain peak is the 
result of a fault, especially When the peaks start to fall into 
the noise level due to the amplitude attenuation associated 
With the line itself. Secondly, those systems that use an 
inverse amplitude attenuation function to compensate for 
attenuation tend to mask the faults at greater and greater 
distances. 

[0019] There are some frequency domain re?ectometers 
that rely on phase shifts to determine the distance to a fault. 
HoWever, those systems that measure phase shift only Which 
are based on real phase shifts, have no attenuation informa 
tion. While they do take into account phase shifts per unit 
length of transmission line, they fail to take into account 
attenuation per unit length of transmission line. 

[0020] Finally, those systems that use an Inverse Fourier 
Transform Without further processing are incapable of sub 
tracting out the effect of previous faults When trying to 
identify or locate peaks useful in determining distance to a 
fault; or in determining the severity of a fault. 

[0021] By Way of further background, in order for some of 
the prior systems to be able to obtain a Wide operational 
frequency bandWidth, some prior systems use a stepped 
frequency approach and doWn-conversion, in Which one 
transmits a sine Wave at a set number of frequency points 
Within the de?ned bandWidth. At each frequency point one 
is radiating a sine Wave and one seeks to be able to measure 
the amplitude and phase of the returned sine Wave. In so 
doing, one obtains a discrete frequency response of the cable 
or Waveguide. If one then performs an Inverse Fourier 
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transform one obtains a temporal response, at Which point 
one can obtain the same results as time domain re?ectome 
ters. 

[0022] The trouble is that for a Wide bandWidth, the prior 
art systems use doWn-convert, doWn-miX or heterodyning 
circuits, employing a local oscillator to doWn-miX to a signal 
that one can sample. One then needs to sample at one 
frequency range and then step through the remainder of the 
frequency ranges to obtain the Wide bandWidth. For a Wide 
bandWidth system it Would be desirable to eliminate oscil 
lators and doWn-converters and to eliminate a great many 
stepping functions. 

[0023] More particularly, When one utiliZes doWn-conver 
sion, one Wants to measure a vector voltage. In other Words, 
one Wants to measure the phase and amplitude. This is a 
relatively easy task at a single frequency, but the problem is, 
as soon as one starts trying to do it over a Wide range of 

frequencies, devices become non-ideal and they are hard to 
calibrate. Thus, measuring a device over a Wide frequency 
range is very dif?cult. In order to be able to do so, one 
doWn-converts to a single frequency and makes the mea 
surements at this frequency. 

Ghosts 

[0024] As mentioned above, in multi-fault scenarios, prior 
frequency domain re?ectometers suffer from ambiguities or 
ghosts, With ghost faults appearing at distances that are 
multiples of the actual distance betWeen each fault. Ghosts 
can also appear if the re?ectometer measures only the 
magnitude of the re?ection coef?cient. In the ?rst case if one 
has a cable With multiple faults, one is going to get some 
energy re?ected at the ?rst fault, Which is passed back to the 
receiver. Some energy propagates through the ?rst fault and 
then is re?ected from the second fault, With that energy 
passing all the Way back to the receiver through the ?rst 
fault. It is noted that there are also an in?nite number of 
bounces betWeen the tWo faults and each time some of the 
energy leaks back to the receiver. What one sees, therefore, 
are these delayed versions of the fault so that When one looks 
at the display one sees all of the ghost faults. In the second 
case, if one has a cable With multiple faults one Will see 
faults at the sum and difference distances of those true fault 
locations. This occurs because the magnitude of the re?ec 
tion coefficient does not contain enough information to 
resolve the actual locations therefore ghosts appear. 

[0025] In the past, the processing philosophy Was to ?rst 
address the biggest fault, Which Was assumed to be the 
closest fault, and the ?X it. Thereafter, one Would test the 
cable or Waveguide for the rest of the faults. 

[0026] In short, both types of ghosts eXist primarily by not 
measuring the amplitude and phase of the compleX re?ection 
coef?cient at each frequency and or by not compensating for 
multiple re?ections When determining fault locations. This 
results in false alarms that do not re?ect Where the fault is 
or even Whether or not there is a fault. 

[0027] There is therefore a requirement to provide a 
system that can measure the amplitude and phase of the 
re?ection coefficient at each frequency for the transmission 
line under test and can identify the main peak for the ?rst 
fault, the main peak for the second fault, et cetera. One could 
then see, identify and ignore reduced peaks at the sum and 
difference frequencies from Which the actual peaks can be 
distinguished. 
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[0028] What is therefore required is a Wideband frequency 
domain re?ectometer that has easily con?gurable frequency 
coverage, that has automatic fault location for multiple 
faults, that discriminates against ghosts, that has accurate 
Fault Return Loss estimation and employs a quick initial 
calibration process. The re?ectometer should also have the 
ability to test multiple different interconnected cables. 

SUMMARY OF INVENTION 

[0029] Rather than having to design hardWare that is 
complicated With oscillators, mixers doWn-converters and 
even fairly high-speed analog-to-digital converters, in the 
subject system one uses a doWn-conversionless frequency 
domain re?ectometer involving a multi-port junction, poWer 
detectors and a digital signal processor that employs an 
Inverse Fourier Transform. 

[0030] The subject system improves on the operation of 
prior frequency domain re?ectometers by utiliZing a com 
plex value of the re?ection coef?cient rather than its absolute 
magnitude to be able to detect and remove one source of 
ghosts and uses a means for estimating multiple faults to 
remove the second source of ghosts as described herein 
above. 

[0031] Moreover, a modi?ed Inverse Fourier Transform is 
used that takes into account not only the phase shift per unit 
length of transmission line but also the attenuation per unit 
length of transmission line to accurately measure the mag 
nitude of each fault in a multi-fault environment. 

[0032] In a further embodiment, in order to reduce com 
putational complexity, a simple Inverse Fast Fourier Trans 
form is performed ?rst, folloWed by a process that re?nes 
fault locations derived from the Inverse Fast Fourier Trans 
form. The re?nement process utiliZes the modi?ed Inverse 
Fourier Transform, Which operates on many feWer data 
points than those associated With the Inverse Fast Fourier 
Transform. Moreover, the re?nement process compensates 
for granularity by calculating the modi?ed Inverse Fourier 
Transform distances for not only a candidate fault distance 
but also for a set of distances to either side of each detected 
peak. 

[0033] Additionally, the system compensates for the effect 
of prior faults and ?lters out faults beloW a predetermined 
threshold to ?lter out noise, secondary re?ections and small, 
insigni?cant faults. 

[0034] Moreover, in order to make using a multi-port 
junction easy, the re?ectometer utiliZes internal calibration 
Which uses factory measured scattering parameters and a 
number of internal calibration loads. Since the characteris 
tics of the passive multi-port junction do not vary after 
manufacture, the transfer function of the multi-port junction 
is measured at the factory. Thereafter, in a second step, the 
subject system uses one of tWo calibration procedures to 
characteriZe both the variability in the RF source output 
poWer and the variability in the detection circuitry charac 
teristics across frequency Whose response can drift after 
factory calibration. The ?rst calibration procedure involves 
using a number of calibration loads internal to the re?ecto 
meter in conjunction With signal processing for computing 
gain and offset for each frequency and each port, While the 
other calibration procedure involves a matched load and a 
bank of sWitchable attenuators in conjunction With an alter 
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native signal processing system for computing gain and 
offset for each frequency and each port. Regardless of Which 
calibration procedure is used, neW offsets and gains are 
generated to be substituted for the gains and offsets in the 
process that estimates the complex re?ection coef?cient 
used in the re?ectometer. 

[0035] As a result of the above techniques, an accurate 
estimate of the complex re?ection coef?cient frequency 
pro?le can be measured. Also, because the Inverse Fourier 
Transform operates on a complex value of the re?ection 
coef?cient after calibration, ghosts due to the multiple faults, 
non-linearities are eliminated. This is unlike prior Inverse 
Fourier Transform systems, Which operate on the absolute 
magnitude of the re?ection coef?cient that does not take into 
account that the re?ection coef?cient is complex. Since it is, 
one can take advantage of this fact to correctly model the 
transmission line and therefore eliminate one source of 
ghosts. 
[0036] Secondly, because the modi?ed Inverse Fourier 
Transform takes into account line attenuation, the modi?ed 
Inverse Fourier Transform accurately calculates the ampli 
tudes of the re?ection coefficients, thus to permit reliable 
detection and location of faults in a multi-fault environment. 
Calculation of the associated return losses or percent re?ec 
tion is also made possible through the use of the modi?ed 
Inverse Fourier Transform. Moreover, in one embodiment 
computational complexity is greatly reduced by ?rst doing a 
simple and fast Inverse Fast Fourier Transform and then 
processing only a subset of the data points operated on by 
the ?rst transform With the modi?ed Inverse Fourier Trans 
form. 

[0037] As noted above, the multi-port junction eliminates 
the necessity for doWn-conversion and results in an ultraW 
ide bandWidth re?ectometer. 

[0038] Finally, a calibration technique makes it convenient 
to use the multi-port junction in the ?eld, With the calibration 
involving generating revised offset and gain parameters 
across frequency that account for the variability in the RF 
source poWer and variability in the detector circuitry. These 
estimated gains and offsets are then used in conjunction With 
detection circuitry output poWer measurements for estimat 
ing the complex re?ection coef?cient of the transmission 
line under test. This complex re?ection coefficient frequency 
pro?le is then used by the rest of the signal processing chain 
to estimate the location and return loss of each fault in the 
transmission line. 

[0039] As a result, a ?eld calibratable frequency domain 
re?ectometer in one embodiment has a Wide operating 
frequency from 10 MHZ to 18 GHZ that is the result of a 
doWn-conversionless system having a high dynamic range, 
greater than 70 dB. This means that faults can be detected at 
longer ranges, With the ability to detect, classify and locate 
multiple faults in a single transmission line. The use of the 
six-port junction in combination With a modi?ed Inverse 
Fourier Transform is capable of handling a single series of 
connected transmission lines With multiple different propa 
gation characteristics. Moreover, the system uses both phase 
and attenuation, thus eliminating the necessity for compen 
sating for transmission line attenuation With an inverse 
attenuation characteristic that is ineffective. Thus, in the 
modi?ed Inverse Fourier Transform, attenuation per unit 
length is part of the equation such that the use of phase shift 
alone is avoided. 
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[0040] In summary, an algorithm is provided for a fre 
quency domain re?ectometer Which takes into account both 
attenuation per unit length of transmission line and phase 
shift per unit length of transmission line in a modi?ed 
Inverse Fourier Transform that converts a frequency domain 
complex re?ection coefficient into a more accurate time 
domain re?ection coef?cient so that the distance to a fault 
can be readily determined. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0041] These and other features of the subject invention 
Will be better understood in connection With a Detailed 
Description, in conjunction With the DraWings, of Which: 

[0042] FIG. 1 is a block diagram illustrating a frequency 
domain re?ectometer utiliZing a multi-port junction in com 
bination With an Inverse Fourier Transform to calculate 
distance to a fault, to calculate the return loss of the fault and 
to display the results; 

[0043] FIG. 2 is a diagrammatic illustration of the utili 
Zation of a six-port junction coupled to a frequency source 
and a cable under test to determine the distance to a fault and 
estimate the magnitude of the fault by detecting the poWer 
at four of the output ports of the six-port junction, also 
illustrating the utiliZation of a modi?ed Inverse Fourier 
Transform; 

[0044] FIG. 3A is a block diagram illustrating the multi 
port junction of FIGS. 1 and 2 coupled to a module for 
estimating the complex re?ection coef?cient based on output 
poWer from four ports of the junction, and applying a 
modi?ed Inverse Fourier Transform to take into account 
attenuation per unit length of transmission line, also shoW 
ing a system for ?ltering out faults beloW a predetermined 
threshold so as to present on a display real faults and the 
magnitude of the faults; 

[0045] FIG. 3B is a diagrammatic representation of the 
utiliZation of a complex value of the re?ection coef?cient to 
reduce ghosts, and the utiliZation of an expression to Which 
e is raised Which takes into account attenuation per unit 
length; 

[0046] FIG. 4A is a block diagram illustrating the cali 
bration of the re?ectometer by setting gain and offset in the 
re?ection coef?cient estimator, also utiliZing the measured 
multi-port scattering matrix, and performing a modi?ed 
Inverse Fourier Transform to generate one complex re?ec 
tion coefficient for each distance, folloWed by identifying 
candidate faults, calculating fault magnitudes compensating 
for prior faults, and ?ltering out faults beloW a given 
magnitude; 

[0047] FIG. 4B is a block diagram illustrating ?rst per 
forming an Inverse Fourier Transform on each complex 
re?ection coef?cient for each frequency, identifying candi 
date faults and re?ning fault locations using a modi?ed 
Inverse Fourier Transform, thus to reduce computational 
complexity; 

[0048] FIG. 5 is a block diagram of the module in FIGS. 
4A and 4B that takes measurements, illustrating detection 
circuitry for detecting output poWer on four output ports of 
a six-port junction, thus to output four voltages for each 
frequency; 
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[0049] FIG. 6 is a block diagram of the estimation of the 
re?ection coef?cient associated With the four voltages gen 
erated in FIG. 5 in Which the calibration of FIGS. 4A and 
4B is accomplished in tWo stages, the ?rst to re-calculate 
offset and gain based on measurements in the ?eld, and the 
second to apply a six-port calibration involving a pre 
measured scattering matrix for the six-port junction; 

[0050] FIG. 7 is a diagrammatic illustration of the module 
in FIG. 4A that performs a modi?ed Inverse Fourier Trans 
form on complex re?ection coef?cients; 

[0051] FIG. 8 is a diagrammatic illustration of the iden 
ti?cation of candidate faults in FIGS. 4A and 4B in Which 
candidate faults are identi?ed utiliZing peak detection algo 
rithms; 
[0052] FIG. 9 is a diagrammatic illustration of the module 
in FIGS. 4A and 4B Which calculates fault magnitudes 
compensating for prior faults, illustrating the algorithm used 
therefor; 
[0053] FIG. 10 is a diagrammatic illustration of the mod 
ule in FIGS. 4A and 4B that ?lters out faults beloW a 
predetermined magnitude using a thresholding circuit, uti 
liZing the magnitude of candidate faults from the unit that 
calculates magnitudes compensating for prior faults; 

[0054] FIG. 11 is an algebraic expression relating to the 
operation of a six-port junction, de?ning six-port netWork 
parameters and the associated re?ection coef?cients; 

[0055] FIG. 12 is an algebraic expression illustrating that 
in a re?ection coef?cient equation certain components 
thereof are related to attenuation per unit length of trans 
mission line, With other components relating to rotation; 

[0056] FIG. 13 is a block diagram illustrating the utiliZa 
tion of calibration standards sWitched to the cable test port 
of a multi-port circuit having the poWer output thereof as an 
input to a digital signal processor for determining offset and 
gain; 
[0057] FIG. 14 is a block diagram of a calibration circuit 
utiliZing calibration loads in the form of attenuators 
sWitched betWeen an RF source and a multi-port circuit, With 
a digital signal processor providing offset and gain param 
eters; 

[0058] FIG. 15 is a ?oW chart for the calibration of the 
frequency domain re?ectometer of FIG. 13 in Which tWo 
calibration loads are sequentially coupled to the test port of 
the re?ectometer and in Which measured responses are 
compared With model circuit responses, thus to permit the 
calculation of gain and offset using a least square estimate; 

[0059] FIG. 16 is a ?oW chart illustrating the calibration 
procedure for the re?ectometer of FIG. 14 utiliZing calibra 
tion loads in the form of attenuator in Which offset and gain 
are calculated by a comparison of measured data With model 
data and in Which a least squared estimate is used to provide 
gain; 
[0060] FIG. 17 is a diagrammatic illustration of an RLC 
circuit Which can be sWitched as a calibration load to the test 
port of the re?ectometer of FIG. 14; and, 

[0061] FIG. 18 is a schematic diagram of loads con?gured 
in accordance With FIG. 17 that can be sWitched to the test 
port of the re?ectometer prior to sWitching the test port to the 
cable under test. 
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DETAILED DESCRIPTION 

[0062] Prior to describing the subject system in detail, a 
theoretical discussion of the subject system is presented. 

[0063] It is a feature of the subject invention that since the 
output measurements from the six-port junction involves 
scaled versions of an RF source plus the returned signal from 
the cable under test, one can use these measurements to 
generate a complex re?ection coef?cient l“(f) of the entire 
transmission line, be it a cable or Waveguide. This complex 
re?ection coef?cient is then used to derive the scattering 
parameters of the individual faults themselves. Once one has 
derived the scattering parameters, the distance and severity 
of a fault can be ascertained. 

[0064] As the frequency is stepped or sWept, the complex 
re?ection coef?cient of the cable is modi?ed by the fault. If 
it is a perfect cable, then the cable has an impedance that is 
matched to the measuring circuit. Therefore, all of the 
energy propagates through the cable to ground and nothing 
gets re?ected. In this case the l“(f) Would be 0 across the 
entire test frequency range for a perfect cable. 

[0065] HoWever, if one has a fault, at every frequency that 
fault imparts an attenuation and phase shift to the signal. If 
one mathematically models the physics of the cable, one can 
derive What the amplitude and the phase pro?le looks like. 
Thus, in an imperfect cable, one Will have a non-Zero 
complex F at every frequency. The F is complex in that it is 
the result of an amplitude and phase shift of the outgoing 
signal. Using a number of poWer measurements from the 
multi-port junction, one is able to derive or estimate l“(f) for 
each frequency in the test range. 

[0066] From microWave circuit theory, the complete trans 
fer function betWeen each combination of ports of a multi 
port junction can be de?ned by the circuit’s complex scat 
tering parameters (S-parameters), also referred to as a 
scattering matrix (S-matrix), across the circuits entire oper 
ating frequency. In general, there is a complex scattering 
parameter denoted Snm(f) for each frequency “f” and each 
combination of ports “nm”. Each scattering parameter 
describes the attenuation and phase shift imparted on a 
sinusoid of frequency “f” that is sent into port “m” and out 
of port “n”. In the subject invention one is concerned With 
tWo junctions. One is the transmission line under test, Which 
is a single port junction, and the other is the multi-port 
junction that is used to measure the transfer function of the 
transmission line under test. Because the transmission line is 
actually a single port junction it can be completely describe 
by its S11(f) parameter. This is knoWn as the complex 
re?ection coef?cient of the transmission line across fre 
quency and is denoted as In the subject invention one 
uses the multi-port junction in conjunction With an RF signal 
source, poWer detector and a digital signal processor to 
measure the re?ection coefficient of the transmission line. 
Therefore, one must knoW the entire N><N scattering matrix 
de?ned across the entire operating frequency of the multi 
port junction to correctly measure l“(f) of the transmission 
line, Where N is the number of ports in the multi-port 
junction. As described in the calibration section hereinafter, 
the scattering parameters of the multi-port junction are 
measured in the factory using a netWork analyZer and are 
stored in the digital signal processor memory to be used 
When calculating the re?ection coef?cient pro?le l“(f) for a 
device under test. 
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[0067] More particularly, in order to characteriZe a cou 
pler, passive device, splitter or some other piece of hard 
Ware, one can characteriZe the device using What are called 
scattering parameters. Thus, the transfer function of the 
device is characteriZed by the scattering parameters. In 
general, scattering parameters are denoted by the letter S so 
that S11 is the transfer function from When one sends a Wave 
into port 1 and obtains a Wave re?ected from the same port. 
In general, S11 Will be the re?ected Wave divided by the 
incident Wave and it is a complex number, meaning that it 
has both phase and amplitude. Determining the scattering 
parameters determines the transfer function of the fault, With 
the scattering parameters de?ning What happened at the 
fault. It has been found that, in a six-port junction in Which 
one measures poWer at four different ports, one can use the 

four measured poWers to solve equations that Will yield the 
complex re?ection coef?cient frequency pro?le of the trans 
mission line. Using this complex re?ection coefficient fre 
quency pro?le one can detect faults and determine their 
location and severity. 

[0068] Multi-port junctions in general and the six-port 
junction speci?cally are described in an IEEE Transaction 
on MicroWave Theory and Techniques, Vol. 45, No. 12, 
December 1997, in an article entitled “A Historical” RevieW 
of the Six-Port Measurement Technique” by Glenn F. Engen. 
It is noted that multi-port junctions are not and have not 
priorly been used to determine distance to a fault. 

[0069] In this paper Engen describes a quantity F1 that is 
determined by q3, D2/A2, and P3/P4. It is therefore desirable 
to measure P3 and P4 and one knoWs q3. D and A are the 
result of calibration so that one can solve for the re?ection 
coef?cient I“. From F derived from the multi-port junction as 
a function of frequency, one performs in an Inverse Fourier 
Transform and uses the result to determine the distance to 
fault and the magnitude of the fault. 

[0070] Heretofore, six-port junctions have not been used 
to determine distance to fault, primarily because the cali 
bration techniques required Were exceptionally cumber 
some. They involved carting around as many as six or eight 
heavy calibration cables and to calibrate the device at each 
of the frequencies to be used. Thus, While the six-port 
junction could be used in a laboratory for measuring the 
transfer function of various devices, it Was not suitable for 
use in characteriZing transmission lines, cables or 
Waveguides in a non-laboratory setting. 

[0071] It is noted that the transfer functions are critically 
dependent upon the calibration procedures used. This means 
that the quantities D and Ain the six-port equation described 
in Engen Were not easy to ascertain. Nor Was it easy to 
ascertain q3, Which is de?ned as —B/A. Note that A, B and 
D are six-port netWork parameters, With C being set to 0. 

The Modi?ed IFT (Incorporation of Attenuation) 

[0072] Having ascertained that one can actually do a 
legitimate distance to fault determination using a six-port 
junction because one can suf?ciently calibrate it With a 
relative degree of ease using an internal calibration scheme, 
it is important that When one performs the Inverse Fourier 
Transform on the complex re?ection coefficient frequency 
pro?le l“(f) one takes into account both phase shift per unit 
length of transmission line and attenuation per unit length of 
transmission line. 
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[0073] More speci?cally, it is important to be able to 
accurately locate peaks Without errors related to the ampli 
tudes of prior faults. As mentioned hereinabove, prior art 
techniques have sought to compensate for transmission line 
attenuation by an approach involving multiplying the output 
of the Inverse Fourier Transform With an inverse attenuation 
function. All this does is to mask the peaks because, as 
mentioned before, as the distance to the fault increases, the 
amplitude of the effect can be lost in the noise. Thus one 
cannot apply an inverse attenuation Without amplifying the 
effects of the noise in the measurements. 

[0074] The reason that the inverse attenuation function 
does not Work is that, ?rst of all, existing frequency domain 
re?ectometers utiliZe an inappropriate transform, mainly a 
simple Inverse Fourier Transform. The simple Inverse Fou 
rier Transform does take into account the phase shift per unit 
length of the transmission line, but does not take into 
account the attenuation per unit length of the transmission 
line. To make up for this lack, the prior art systems apply a 
gain that attempts to compensate for the transmission line 
attenuation. This is applied after the transform and does not 
correctly take out the line attenuation, as it is an approxi 
mation. 

[0075] In the subject invention, in order to take into 
account the transmission line attenuation, one modi?es the 
transform itself so that it takes attenuation into account in the 
body of the transform. The result is that one obtains a more 
accurate distance to fault determination and a more accurate 
fault re?ection coef?cient magnitude. 

[0076] By using the modi?ed Inverse Fourier Transform 
one can obtain the magnitude of the re?ection of the fault 
commonly referred to as the return loss at the fault in the 
multi-fault environment that usually exists. 

[0077] Note that the usual Inverse IFT has a term e_je, 
namely the phase shift, Which is different for every fre 
quency. 

[0078] HoWever, the poWer to Which e is raised must be 
complex in order to not only take into account phase shift 
but also attenuation. Note that While phase shift is real, the 
addition of attenuation makes the re?ection coef?cient a 
complex number. 

[0079] The practical effect is that knoWledge of the attenu 
ation of the cable is subsumed in the transform. This is 
shoWn in the folloWing equations. Note that Equation 0.1 
shoWs the mathematical node under test and refers to the 
re?ection coef?cient of the cable, referenced to the DTF 
tester test port: 

Where 

[0080] Note that in Equation 0.1, otx/fk is the attenuation 
per unit length. Here both v (speed of light in transmission 
line) and a are normaliZed by the frequency. 
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[0081] In the above equation, M is the number of faults. I“k 
is the measured quantity, so it is knoWn. YK is knoWn, since 
it depends only on the type of cable and the frequency. m is 
the index of the current fault. p is the index of the prior 

faults. M, dm, S11”, 512m, and S21)rn are unknoWn. To solve 
for drn and S11”, 

mil (0.2) 

Let Sm = SlLmn Sl2,pS2l,p 
p:l 

[0082] One assumes that the faults are Wide band (to 
simplify the equations). This means that their S parameters 
do not vary over the sWept frequency range. Substituting in 

(0.3) 

[0083] Next, one processes this l“(f) data With something 
similar to an Inverse Fourier Transform. This is the subject 
modi?ed IFT, herein called the “Taylor transform.”. It differs 
from an IFT in that the exponent in the summation is 
complex, and therefore takes into account the loss of the 
cable, in addition to the phase shift. Note that hrn is the 
complex re?ection coef?cient for the distance In 

K M (0.4) 

[0084] RealiZe that if there is no fault at location dn, then 
Sn=0, so that the only locations that have an impact on hrn 
are locations drn Where actual faults exist. Given h(dm), one 
solves for Srn 

[0085] since the only term that doesn’t approximately 
integrate out in the equation above is When dn=dm. One then 
needs to solve for Sum. Previously it Was noted that: 

hm (0.8) 
mil 

[0086] but one does not knoW S12? and SZLP. If one 
assumes a reciprocal junction, then S12)p=S21)p, and there 
fore 
























