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Abstract

A new generation of high-resolution TDR instrumefustesting cables will be discussed. The
major advance in precision obtained with this néWRTis the result of the utilization of a TDR
test signal, which does not undergo dispersionhange shape during transmission on lossy
dispersive transmission lines.
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I ntroduction

A new generation of high-resolution Time Domain IBetometer (TDR) instruments for testing
cables is being developed in our laboratdtyThe major advance in precision obtained with this
TDR is the result of the discovery and utilizatmira non-sinusoidal signal that does not undergo
dispersion or change of shape during transmissiotossy dispersive transmission linég.
This special signal is employed as the test puishis new type of TDR. This paper describes
this signal and its remarkable behavior during pggtion on long lossy metal cables.

This special waveform, in its simplest form is dseuhaving a leading edge that is a positive
exponential. The signal is referred to as “Speediery” (SD).

The time of flight (TOF) of the SD test signal teéimg down and back from a cable fault is
measured by obtaining equal voltage threshold orgssmes of the input pulse and of the
resulting reflected pulse propagating back froninamedance change at a fault in the cable. This
process is repeated for a large number of threshaltdges and averaged to obtain the estimated
TOF of the test signal to and from the locatiorth&f impedance change which caused the signal
reflection.



Since the leading exponential edge of the testasigmintains its shape during transmission
down the cable as well as after being reflectek bache input, all these (typically 100) TOF
values obtained from 100 voltage threshold crosBings are essentially equal. These individual
threshold TOF measurements are then averageddamdabée estimated TOF of the SD test pulse.
The result is a remarkable accuracy improvemersignal delay measurements obtained with
this SD/TDR when compared with current state-ofdhiecable TDR technology.

The detailed description of the SD signal delaylhais is discussed next, followed by an
example of measurements on a lossy dispersive TaMhe. These experimental measurements
illustrate the shape preserving transmission naititbe SD pulse on cables and the remarkable
SD/TDR resolution. Finally a preliminary study dfet SD/TDR resolution vs. extended cable
lengths (up to 400m) is presented.

Delay Analysis of the SD Waveform
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Figure 1: The Shape of the Leading Edge of thedetfd SD Waveform is unchanged after
200m Propagation on Coaxial Cable (SD/TDR Measungme

Figure 1 shows the applied and reflected SD wawefon an unterminated 100m cable. The
waveform on the right is the reflected pulse. Téeding edge of this pulse keeps its shape as it
propagates 200 meters (down and back) along tHe.ddbte the loss of signal amplitude of the
reflected waveform and the dispersion of the tathes pulse. However, the leading edge of this
pulse keeps its shape. This is illustrated in g2y where the applied wave is translated in time
so that the front edges of the two pulses coincide.

Figure 3 is a close-up of these overlapped pulsewisg the precision of fit of the leading edges
of the applied and reflected waves.



M easur ement of SD Signal Delay

Figure 4 illustrates the method used to measuresi§ial propagation delay. The time intervals
between the crossing times of applied and reflestestes at equal threshold voltages are
measured. 100 threshold voltage levels are selecstdle a voltage interval, (e.g. 0.15 to 0.45
Volts). Since the shapes of the SD signal's leadddges are identical for the applied and
reflected waves, the threshold crossing time imtisnat each voltage level are theoretically
equal. These measured time intervals are averagettain the estimated delay or TOF of the

propagating pulse.
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Figure 2: Reflected SD Waveform Preserves its Sh#ipe 200m Propagation
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Figure 3: Reflected SD Waveform Preserves its Shftpe 200m Propagation
on Coaxial Cable (close up showing applied inpterafanslation)
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Figure 4: Measurement of SD Signal Propagationyela

0.1

Figure 5 shows measurements of equal-voltage T@Fvals vs. threshold voltage plotted on the
horizontal axis. The average of 100 constant veltlyel TOF values was obtained between
0.15 volts and 0.45 volts. The histogram of the®@& Teasurements is shown in the Figure 5.
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Figure 5: Measurement of SD Signal Propagationyela




The three histogram buckets, in Figure 5, are Z)@part. 200 ps is the sample period of the 5
Giga Sample/ second digital oscilloscope used tasme these waveforms. This process of
averaging a large number of equal threshold TOFsomrements to obtain the TOF of the signal
results in an enhanced accuracy for the basic T[@2Rsnrement, i.e. total propagation delay of
the test signal.

TheVirtual Instrument SD/TDR Hardwar e

The SD signal is used as the test signal in théec@8/TDR. The virtual instrument type of
TDR constructed in our Iaborato[ﬂ/is illustrated in the following figure. The hardigaused to
implement the SD/TDR consists of a laptop computerdigital oscilloscope (500 MHz
Bandwidth, 5GS/s) and an Arbitravwyaveform Generator (AWR) with 80 MHz Bandwidth. The
applied waveform shown in Figure 4 generated byAW&S is applied to the cable.
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Figure 6: The Virtual Instrument SD/TDR Hardware

SD/TDR Resolution
Introduction to SD/TDR Software used to demonstr ate the resolution of the SD/TDR

TDR measurements were made on a RG-58/U cablel(ACoapproximate 300ft (100m) long)
using the "Speedy Delivery" signal as the testgaulfhe average (“Mean 1” see Figure 7) of 30
SD signal delay measurements on the unterminatad vas obtained and then a short length of
the cable was cut off. Then 30 more delay measuremeere made on the slightly shortened
cable to obtain a second average of 30 TOF valiwsan 2" see Figure 7).

When the TDR instrument finished these measuremeits second SD signal delay mean
(Mean2=968.662 ns), obtained from 30 TOF measur&sradter the cut was subtracted from the



mean cable delay before the cut (Mean1=968.721 Hs¢. TOF difference (59.6ps) was divided

by 2 (two-way signal travel on the cut piece of lealand then divided by 131.3 ps/in. (our

calibrated SD signal delay/ length for this cablé)e result obtained was the predicted length of
the cut fragment (“Equivalent distance”: see Fighyef cable, 0.227in. (5.77mm), displayed on

the SD/TDR computer monitor.
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Figure7: SD/TDR Faceplate Computer Screen of iMdBR Production Software

Caliper measurements of the length of the cut affie piece were also made by two observers
of the experiment: 0.205in. (5.21mm) and 0.202;m13mm). The differences between the
SD/TDR estimated cut-off length and the two calipgrasurements were .022in. (0.56mm) and
.025in. (0.64mm) respectively, which when divideg 8600in. (300ft./100m) resulted in a
6.1ppm and 6.9ppm discrepancies or estimates oSD/@DR relative spatial resolution. The
corresponding experimental estimates of the absapatial resolution were 0.022in. (0.56mm)

and 0.025in. (0.64mm).

Figure 7 also contains the reproduced digital wsmbpe display showing the transmitted and
reflected pulse on the cable. In Figure 8, the mnemk waveform data is re-plotted by the
demonstration software for both applied and redléctignals. The region in this demonstration



chosen for the threshold voltages used to measDie data was between 25% and 75% of the
peak voltage WR) of the reflected wave. (Refer to Figurevis =0.25,wc =0.75)

Applied and Reflected Signals for 300 # (100m) of RG 58 U Coax
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Figure 8: Applied and Reflected Signals along 800®0m) of unterminated RG-58 U Coax.
(VRIis the peak voltage of the reflected signal.)

The measured waveforms of both applied and refllesignals have the same SD wave shape
(V(t) = De™), which become linearlf(D)+at) in the natural log plots of the applied and
reflected signals vs. time shown in figure 9.
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Figure 9: Natural Log of Applied and Reflected 8Bltages on the RG-58/U Coax



Time of Flight (neec)

)
o
il

©
=)
=]

@9
=)
o

T T T
x «
- =
%
% <
s ¥
%

L e, %Xxxf Al
C I I I I ! 7]
01 02 03 04 05
Threshold Yoltage “olts
Histograrm of Tirmes of Flight in 5D Region
F T T T T T T T T —
| | | | |
988.3 9654 9B8.5 988.7 968.8 969 989.1 989.2

Time of Flight {nsec)

Figure 10: Histogram of Equal Voltage Times ofjfliin SD Region Averaged
for a Single TOF Measurement

The top graph in Figure 10 shows the TOF measuresmen threshold measurement voltage.
The bottom graph in Figure 10 is the histogram @® Times of Flight values obtained from
threshold voltages inside the signal voltage raf@d5v to 0.45v) defined by faceplate
parametersvs and wc (see figure 7).
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Figure 11: Histogram for 30 sample TOF measuremieefore and after CUT and the 99.9%
confidence intervals of the two mean TOF (Meand iean 2, see Figure 7) measurements.

The top graph of Figure 11 shows the histogranhef30 SD signal delay measurements made
before the cut (e.g. a small 5mm section was cub fthe 100m cable length) that were averaged



to obtain Meanl (968.721 ns) shown in Figure 7. middle graph of Figure 11 is the histogram
of the 30 delay measurements made after the cahdetiimmed. These measurements were
averaged to obtain Mean2 (968.662 ns) shown inrBiguThe bottom graph of Figure 11 shows
Meanl and Mean2 and a bar-diagram of their 99.@fsttibution confidence intervals for the
means of the 30 delay measurements.

Comparison with Spatial Resolution of Conventional TDR
In conventional TDR theory for high resolution @ithe minimum spatial resolution is a

function of the rise time of the applied TDR tesige and the dielectric constant of the metal
interconnect being measured. This minimum spagsblution is:

tc
P

2

Where:| is the length of the minimum spatial resolutienis the speed of light in vacuuny, is
the rise time of the applied test pulse, aad is the relative dielectric constant of the
interconnect.

Comparison of the SD/TDR Resolution with the Minimum Spatial Resolution of a Conventional
TDR

The spatial resolution estimates obtained from SB¥TDR measurements on the cable were
0.022in (0.56mm) and 0.025in (0.64mm), the value &pf for the coaxial cable was 2.3.

Conventional TDRs with these spatial resolutionsi@equire test pulse rise times,

t _1*2Je, _(0.56*10°)*2/2.3

=5.66ps
' C 3*10° P
and
_(*2Je. (0.64*10°)*2/2.3_
t = P 3 10° =6.47ps

A test pulse with either of these rise times apmpbg a TDR would contain such high frequency
energy that the leading edge of the propagatingepused to estimate the signal TOF would be
unresolvable by the TDR after traveling 200m os fRG-58/U coaxial cable.

Comparison of Equivalent Electrical Length (EEL) with Caliper Measurement

Statistical comparisons of the SD/TDR estimate (liZglent Distance” see Figure 7) of the cut
cable fragment length compared with the measuresnanthis fragment length using a caliper
are discussed below.

The Equivalent Electrical Length (EEL) of the calipneasurement of the cut cable fragment
from a 300ft (100m) RG-58/U cable (Coil 4) is alsmmpared graphically with the measured
SD/TDR signal TOF before and after the cut in FegL2.



10

Histogram of Times of Flight befare CUT

@

er of Instances
= o
T T

MNumb
~
T

=]

1 1 1 | 1
960.62 960.64 968.66 968,68 968.7
Histogram of Times of Flight after CUT

MNumber of Inslances

a o A @ o

1 L 1 L
968 68 968.7 96872 968.74 96876
Confidence Intervals for the Means of TOF
T T T T T T T

i EEL =53.8ps : |— J ; ;

{ EEL =53ps : :

| | \ i | I i i I i
968 62 96564 968,66 968 63 968.7 968.72 968,74 968.76

e
Figure 12: Equivalent two-way Electrical Length (BE
of two cut Fragment Caliper MeasurementeW®F for Coil 4 (100m)

The caliper measurements of the length of the ffytiece made by two observers were: 0.205
inch (0.64mm) and 0.202inch (0.56mm). Their equmal Electrical Lengths (in ps) are
computed as shown below:

Two Way Equivalent Electrical Length 1 or EEL 1 (ps) = 0.205(inch) x 131.3(i:sh)x2 =53.8ps

Two Way Equivalent Electrical Length 2 or EEL2 (ps) = 0.202(inch) x 131.3(%) x2 =53ps

These Equivalent Electrical Lengths are addedgioré 11 and shown as Figure 12 above. Note
the close comparison of the EEL of the cut caldgrrent corresponding to the length measured
by a caliper with the equivalent difference in me&D/TDR TOF cable measurements before
and after the cut.

Various combination circuits containing four similength RG-58/U cable coils (“Coil2”,
“Coil3”, “Coil4” and “Coil5") were used in a seriesf SD/TDR resolution studies by repeating
the series of measurements previously discussethersingle coil (“Coil4”). The following
figures (analogous to Figure 12 for Cable 4) sunmeathese measurements for various
combinations of circuits formed from the seriesregtion of the four cables.
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Summary Study of SD/TDR Resolution Results Obtained Over a Range of Extended Cable

Lengths from 100m to 400m
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Figure 13: Equivalent two-way Electrical Length (BE
of a cut Fragment Caliper Measurement&$OF for Coil 2 (100m)
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of a cut Fragment Caliper MeasurementA$SOF for Coil 5 (100m)
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Figure 16: Equivalent two-way Electrical Length (BE
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Connected in Series (200m)
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Figure 17: Equivalent two-way Electrical Length (BE
of a cut Fragment Caliper MeasurementA$OF for Coil 2, Coil 3 and Coil 4
Connected in Series (300m)
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Figure 18: Equivalent two-way Electrical Length (BBf a cut Fragment Caliper
Measurement vsATOF for Coil 2, Coil 3, Coil 4 and Coil 5 ConnectedSeries (400m)

The summary of these SD/TDR resolution measuremggtdlected in Table 1 below.
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Table 1: Summary of Results of Extended SD/TDRoRe®n vs. Cable Lengths

TDR Resolution vs Distance
Estimated .
Mean Mean : Relative
Est. . TOF |TOF aftet "TOF Length of | Caliper . Resolutio
Cable| Call before U Cut _ Differencet Cut Measure-| Resolution (Relative
Length "e o " ("Equivalen{ ment
("Meanl")"Mean2 . " Error)
Distance")
m nsec nsec psec in. (mm) in. (mm) in. (mm) pp
100 Coil2 | 975.444 975.383 61.4| 0.234 (5/0448 (6.300.014 (0.36) 3.9
. 0,108 (2.740.006 (0.15) 1.7
100 Coil3 | 961.518 961.488 29.8| 0.114 (2 %3 (2-11410-031 0.79) 86
. 0205 (5.210.022 (0.56) 6.1
100 Coil4 | 968.721 968.662 59.6| 0.227 (5 0202 (5.13).025 (0.64) 6.9
100 Coil 5 | 964.401 964.346 54.7| 0.208 (5,806 (5.230.002 (0.05) 0.6
Coil2 and
200 | Coil3in |{1909.975 1909.92 53.7 | 0.205 (5.20)192 (4.88)0.013 (0.33) 1.8
Series
Coil 2,
300 Cé)(;lifﬁgd 2851.592 2851.49 104.7 | 0.399 (10.18BB72 (9.450.027 (0.69) 2.5
Series
Coil2,
Coil3,
400 | Coil4 and|3791.617 3791.5 116.9 | 0.445 (11.30p9 (14.999.145 (3.68) 10.1
Coil5in
Series

The SD/TDR Resolution vs. Cable Length and SD/TD#aive Resolution vs. Cable Length
results obtained in these experiments are plottedrigure 19 and Figure 20 below. This
demonstrates that the SD/TDR has a much highelutesothan conventional cable TDRs.

Resolution Plot vs. Cable Length
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Figure 19: Summary of TDR Resolution Results vsl€akngths
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Relative Resolution Plot vs. Cable Length
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Figure 20: Summary of SD/TDR Relative Resolution@able Lengths
Conclusions

The application of the SD signal in a virtual imstrent version of a TDR (SD/TDR) was
discussed. Experimental results obtained with tistfrument measuring electrical lengths of
coaxial cables were presented. Remarkable spasalution (~10 ppm) of electrical length
measurements (Signal Delay) was obtained with I BR pulses on cables ranging from 100
m to 400 m in length. The practical applicatiorttig result is that we can measure total signal
delay on cables with an accuracy far surpassingotcommercial cable TDRs.
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