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Time-Domain Reflectometry-
Theory and Applications

LEE R. MOFFITT, Hewlett-Packard Co., Colorado Springs, Colo.

Time-domain reflectometry (TDR) is a measure-
ment concept that is beginning to find great use-
fulness in the analysis and synthesis of wideband
systems. The art of determining the characteristics
of electrical lines by observing reflected waveforins
is not new. In fact, power-transmission engineers
have located discontinuities in power-transmission
systems for many years by monitoring reflections
from an electrical pulse.

This investigative technique is particularly use-
ful because the amplitude of the reflected signal
directly corresponds to the impedance of the dis-
continuity. Also, the distance to the reflecting im-
pedance can be determined from the time the pulse
takes to return. The limitation of this method is
the minimum system rise time. The total rise time
consists of the combined rise time of the driving
pulse and that of the oscilloscope that monitors
the reflections. For instance, if a transmission line
is excited by a square-wave generator with a 20-nsec
rise time and the reflections are monitored with a
50-Mc oscilloscope, the resulting rise time of the
system is about 21 nsec. A fast rise time allows identi-
fication of discontinuities that are close together.
The distance to a discontinuity is given by d = ct,/2
where ¢ is the speed of light and t, is the elapsed
time between generated and reflected pulses.
The distance between two discontinuities is

ct, — t,) ] :
d = ———— It becomes impossible to distinguish
between pulses when t, — 1, is half of the system rise
time t,. Thus, the minimum distinguishable dis-
tance between pulses is d = c1,/4 and a 21-nsec
rise time will give 1.57-meter resolution.
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In resolving reflections, the technique used is
analogous to any form of scanning. For instance, in
a television vidicon tube, the faster the rise time of
the scanner, the greater is its ability to resolve detail
in the subject scanned.

The recent advent of sampling oscilloscopes with
effective response beyond 4 Gc, and the develop-
ment of subnanosecond solid-state switching de-
vices, have made it possible to extend the reflec-
tometry method to give a resolution of less than 1/2
inch. For example, if a generator has a 50-psec rise
time and an oscilloscope has 100-psec rise time, the
resolution becomes

(3 x 10*m/sec)(V 25 + 100 x 10'sec)
4

= (.84 cm.

TDR BASICS

The TDR analysis begins with the propagation of
a step or impulse of energy into a system and the
subsequent observation, also at the point of inser-
tion, of the energy reflected by the system. Several
arrangements are possible, but the following pro-
cedure is used by the newer specialized reflecto-
meters. A fast step is developed in a generator that
is matched to a 50-ohm line. The incident step
passes through a feed-through sampler and is sent
into a coax cable that is attached to the circuit ele-
ment or antenna being tested. The oscilloscope is
attached to the feed-through sampler and the in-
cident step, along with the reflected waveform, is
displayed on its face. By analyzing the magnitude,
duration and shape of the reflected waveform, the
nature of the impedance variation in the trans-
mission system can be determined.



Resistive Loads
If a pure resistive load is placed on the output of
the reflectometer and a step signal is applied, a step
signal is observed on the CRT whose height is a
function of the resistance(Fig. 1). It is a good prac-
tice to separate the system under test from the TDR
unit by at least 8 inches of 50-ohm cable. This moves
the reflections away from the leading edge of the
step, such that overshoot and ringing are not super-
imposed on the observed signal. The magnitude of
the step caused by the resistive load may be ex-
pressed as a fraction of the input signal as given
R, — 50
%P R 750

Reactive Loads

For reactive loads, the observed waveform de-
pends upon the time constant formed by the load
and the 50-ohm source (Fig. 2).

r----RL -
—l-h - --RL » 50

o Ry = 50
101---- L=
I--—--R,__<5r|
— L—---R‘_ =0

FIG. 1—Step signal-height variations resulting from differ-
ent resistive loads.

Dscilloscope e

Schematic:

(Note: Set up vertical gain for "unity’” =
height of step into 50-0hm load)

1007 y ctle
Length of line = e

where ¢ = speed of light in vacuum
€, = relotive dielectric constont of cable

FIG. 2—Both resistive and reactive impedances can be
calculated readily from TDR waveshapes.
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Consider the case of a coaxial cable terminated in
a resistive load. Because of the lead length in the
load, there is excess inductance. By use of TDR
(Fig. 3) we can determine quite simply:
a. The characteristic impedance of the cable
b. The degree of resistive mismatch in the ter-
mination
¢. The amount of excess inductance in the ter-
mination
d. The length of the cable

TDR IN PRACTICE

Time-domain reflectometry has many advantages
over conventional CW reflectometry. Discon-
tinuities in a system are clearly separated in time on
the CRT. Therefore, it is easy to see the mismatch
caused by a connector, even in the presence of a bad
discontinuity somewhere else in the system. It is
even possible to determine which connector is

T = time for 63%
of transition

Unit height

Series R-L 1P
. R-SO(,l_p)
1007
s =
P
® [ |~ ’“
Shunt R-C 1 + 0
R'su(l -p)
T
€= B0
© i
Shunt R -L
eg 1P
R=50 1-p
L=257(1+0)

®©

Series R-C (1 -p)

PR— 0

FIG. 3—~Complete line and load characteristics can be
determined easily from TDR waveshape.
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troublesome and in what way. Having determined
that a discontinuity appears in a waveform, it is
simple to locate it in the system, using the equation

ct

& 2Ve,

d

where €, is the relative dielectric constant of the
transmission system. A timesaving procedure is to
calibrate the system such that 1 cm on the horizontal
axis is the equivalent of the certain number of centi-
meters for the coaxial line. Again the limiting factor
is the system rise time. Thus, any discontinuities
spaced closer than

ct,
4Ve,

will appear as a single discontinuity.

The finite rise time also places a lower limit on
the size of the reactive impedance than can be dis-,
tinguished. For example, a small shunt capacity in
a 50-ohm system will cause the waveform to depart
from the ideal response (Fig. 4). The height of the
actual response, normalized to the step height, is
given by

a w

MCZ,
o =
2

in the case of a capacitor, or « = ML/2Z  for an
inductor, where M is the maximum slope of the
normalized incident step, measured at the point of
discontinuity. As an example of the nonideal re-
sponse, if M is 1.3 X 10' then o’s of 2 X 10 can
be observed. These are realistic values well within
the capability of modern TDR equipment. Equip-
ment with these capabilities can measure capaci-
tances down to 6.2 x 105 farads, or inductance to
1.5 x 10" henries.

The maximum observable line length is a function
of the repetition rate chosen. This determines the

Z=50
NI, iaia, SR
l I 1 50 - <
To = =
oscilloscope I
- SCHEMATIC Sl
4 FIG. 4—Small shunt
Unit : .
hulght capacity in system
degrades ideal re-
IDEAL RESPONSE sponse.

3----

Unit

(axis expressed in
fraction of unit height)

ACTUAL RESPONSE
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FIG. 5—Time-domain reflectometer unit shown plugged
into HP 1404 sampling oscillascope.

FIG. 6 —Dual-channel oscilloscope allows analyzing. of
both reflection and transmission characteristics.

140 z /
Z =50

R s m— = -

Oscilloscope " /

100
B ;s Y

Unit
height]

80 il /

[
I
M.

Impedance
(ehms)

40

=

—0.4 -0.2 0 +0.2 +0.4

P

FIG. 7T—Curve for the conversion of nermalized reflected
pulse height into system impedance.



duration of the pulse after its
rise. Since only the rising step is
observed, the oscilloscope is
blanked during the return step
and for a period thereafter long
enough to allow the falling step
to propagate, reflect and be
absorbed.

The upper limit on measuring
reactive elements is set mainly by
the inconvenience that results
from the time constants being so
long that successive steps over-
lap. If t,,,, is arbitrarily set to 0.8
psec and the system has a repe-
tition rate of 200 ke, then capac-
itances up to 0.016 uf or in-
ductances to 0.04 mh can be
measured. By observing the
fractional change in the voltage
waveforms per unit time, it is
possible to measure much larger
components. Using this techni-
que, it is possible to extend the
range of measurements to 5 uf
and 12 mh.

The 200-kc repetition rate per-
mits the use of TDR devices with
up to 1000 ft of air dielectric
cable or 670 ft of polyethylene
dielectric coax.

RANGE AND RESOLUTION
OF IMPEDANCE MEASUREMENTS

Assuming Z, = 50(), resistors
between 0.025() and 100k may
be measured. Because the re-
sistance is directly a function of
the step height, by using a pre-
calculated transparent overlay,
the resistance may be determined
directly.

One common use of TDR is
the analysis of the coaxial cable,
The amount of impedance varia-
tion that can be detected in a long
section of cable is a function of
the flatness of the top of the
incident step function. If this
step is flat within + 1/2 percent,
impedance variations of 1/2 ohm
along the cable can be detected,
corresponding to a l-percent
check on cable impedance. Thus,
irregularities in cable makeup
resulting from vibrations in the
braiding process or tightness of
the insulating jacket show up
clearly. For short sections of

f

cable, impedance variations of
much less than 1/2 percent can
be observed.

Practical Hardware

The HP Model 1415A is a unit
that illustrates the attainable
capabilities of a TDR. The unit
contains a pulse generator, sam-
pling channel and associated
circuitry (Fig. 5).

It is often desirable to incor-
porate sampling circuits to pro-
vide analog signals for an X-Y
recorder. Where a large number
of records must be kept, for
proof of performance or later
comparison, X-Y records are less
costly than oscilloscope photos.
Their large size also makes meas-
urement more convenient.

For applications where the out-
put of a test system is of interest,
a dual-channel sampling oscil-
loscope can be used in a TDR
configuration to display both the
input and transmission charac-
teristics of the system (Fig. 6).

TIPS ON TDR TECHNIQUES
Preparation and Calibration

The generator is connected 10
the sampler channel and an ac-
curate 5H0-ohm termination is
connected to the output. For the
initial setup, however, this ter-
mination can be a 1-percent film
resistor_with short lead lengths.
The vertical gain is adjusted to
give a 10-cm step, and the 50-
ohm termination is removed and
test system is connected.

The magnitude and location of
reflections can be viewed more
closely by choosing an appro-
priate time scale and verticle
magnification. Calibration of the
horizontal deflection allows rapid
physical location of points of
interest. Calibration of the verti-
cal axis in terms of reflection
coefficient allows interpretation
of results directly in terms famil-
iar to engineers who have been
using the conventional VSWR
measurements.

With the instrument calibrated,
cable impedance can be deter-
mined from the height of the
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reflected step. The graph shown
in Fig. 7 may be used to translate
step heights into impedance.

For balanced systems, it is
convenient to use a balun trans-
former consisting of a length of
coaxial cable wound around a
ferrite toroid (Fig. 8). One unit
of this configuration, the HP
H10-185B matches a 200-ohm
balanced system, with an output
pulse that is flat within 10 per-
cent for 2 usec.

TOR unit |

FIG. 8—Balun transformer couples
pulses into balanced systems.

For a system with a large num-
ber of bad mismatches, great
care must be taken to avoid con-
fusion because of rereflections.
These rereflections usually can
be separated and identified by
deliberately ~ worsening  each
known mismatch in turn and ob-
serving the change in reflected
waveform. Disturbances caused
by rereflections will increase
when the primary mismatches
are worsened. Often the best
procedure, when faced with a
complex situation such as this,
is to start at the input end of the
test system and clean up the dis-
continuities  successively from
that end. The ability to interpret
the signals physically, as in the
TDR system, makes this a com-
paratively simple procedure.

I
Step Test - Camoler o 50
enarator system e Load
- < 2

FIG. 9—Block diagram for time-
domain transmission testing.
Auxiliary Techniques

If the purpose of the system
being analyzed is primarily to
transmit a signal without dis-
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tortion, it may be helpful to work
on the basis of time-domain
transmission in addition to TDR.
After the system has been opti-
mized at the input port by reflec-
tometry, the system is connected
between the step generator and
the sampler (Fig. 9). Here a ter-
minating oscilloscope is equally
useful unless the system’s own
load must be included in the
observation. The transmitted
step is observed and checked for
overshoot, rise time and other
criteria that may apply.

The transmitted signal may be
checked at any point within the
system by using a resistive divider
probe that minimizes circuit
loading. This is connected by a
cable to the input of the sampler
channel and used to trace the
step through the system. This is
an alternative to reflectometry
that is often useful.

Analyzing Connectors
And Terminations

Departures from 50 ohms in a
connector or termination can
cause large reflections in a pulse
system, or a large VSWR in a
system that carries primarily
sinusoidal signals. Unfortu-
nately, even the best connectors
cause reflections or a varying
VSWR because of human errors
in the assembly process. There-
fore, it is not sufficient to rely
on buying expensive connectors
to insure freedom from un-
wanted reflections. In this
respect, TDR relieves this worry
by rapidly showing where the
mismatches are, how bad they
are and if they are capacitive or
inductive, series or shunt. Fig.
10 shows a step being propagated
from a section of RGYA/U into a
load. The connectors on the load
and cable are the General Radio
Type 874. Four different cases
are shown with varying loads,
thus illustrating how the con-
nection and the load can be
analyzed by using the TDR.
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Cable Impedance

The most convenient method
of making precise measurements
of cable impedance on the re-
flectometer is to connect a sec-
tion of air line with precisely
determined impedance between
the test cable and the TDR unit.
The step height through the air-
line section sets the 50-ohm level.
Variations from this level in the
test cable are noted, and the
cable’s impedance is calculated

All photos: Horiz 0.4 nsec/cm
Vert 1/2%/em

(Fig. 11). In this test, the imped-
ance level of the test line is

I
za=501+

P where p is the re-

flection coefficient of the re-
flected mismatch. The change in
amplitude shows p to be +0.03,

1.03
so Z, = 50(—--—-) = b’ .
so Z, o7 53 ohms

The impedance of a long sec-
tion of cable would be exactly
Z, if the cable were completely
lossless. However, most cables

FIG. 10—Waveforms resulting from using different loads. The loads are (a)
precision high-frequency load. Positive spike indicates slight inductance in con-
nector. Drop of 1 percent indicates 51-ohm cable. (b) High-frequency connector
with 1.5-percent spike indicating 0.1-mh inductance within connector. (c) Transi-
tion from GR-N adapter (male) through N (female) back to GR874 connector and
into 50-ohm load. (d) Ringing resulting from improperly mated connectors.

Heriz 0
Vert

FIG. 11—=0scillograph of step from

air line into test cable.

Horiz 10 nsec/em
Vert 1%/em

FIG. 12—Trace of cable shows con-
struction irregularities and increasing
sr'ries re.sfs."am‘t.’.



have a small series loss and a
negligible shunt loss. This series
resistance adds to Z, and causes
the impedance level, as observed
from one end of a cable, to in-
crease as longer sections of cable
are observed. The slope on the
step height that results from the
increasing impedance is evident
in Fig. 12.

Other applications where the
TDR method of analysis can be
used effectively are the compo-
nent characteristic analysis and
antenna analysis. The compo-
nents can be placed in an appro-
priate jig and the TDR method
used to determine their shunt
capacity and series inductance
(Fig. 13).

In investigating antennas, the
TDR pattern will not be a simple
one, but instead will present a
complex reactive profile (Fig. 14).
Once the proper profile for a
particular antenna is determined,
any improper construction de-
tails can be detected and the
proper corrective action deter-
mined (Fig. 15).

Pellet resistor

Vert 5 percent/cn
Heriz 0.2 ns

Capacitive pip due
to pellet resistor

FI1G. 13— Pellet resistor checked for
shunt capacity using special jig.

L-—-Q—o—-—h—.-i-—c—-—--—-a-——

L

Horiz 10 nsec/cm
Yert 20%/cm

s
)

F1G. 14—S8cope trace of antenna with
(a) 50-ohm feedline, (b) 75-ohm an-
tenna, (c) short at end of antenna and
(d) rereflections.

Horiz 1 nsec/em
Vert 2%/ em

Horiz 1 nsec/em
Vert  2%/cm

FIG. 15—Complex reactive profile of
{a) good antenna and (b) antenna that
has had one of its dipoles lengthened
2 inches.

CONCLUSION

Time-Domain  Reflectometry
can be a powerful tool in the
design and subsequent produc-
tion and analysis of wideband
transmission systems. It can re-
veal sources of trouble and op-
portunities for improvement that
have not been previously ap-
parent. Used with swept Fre-
quency-Domain  Reflectometry
methods, it can contribute to
rapid achievement, and proof, of
performance levels not pre-
viously attainable.

Application Note 75
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TRANSMISSION LINE PULSE REFLECTOMETRY

Lawrence S. Kreyer

Edgerton, Germeshausen & Grier, Incorporated
Las Vegas, Nevada

SUMMARY

Pulse reflection measurement techniques
are widely used in nuclear weapon diagnostics
to measure coaxial transmission line electrical
lengths and to examine them for gross discon-
tinuties.
ments are discussed in this report, and the im-
pact of the sampling oscilloscope on these
measurement techniques is described. A samp-
ling scope/digital XY recorder with outputs suit-
able for automatic machine data processing is
described, and computer plots of such data are
shown.

Background

One of the recurrent problems in weapons
tests at the Nevada Test Site is the laying of the
coaxial cable from the detector to the recording
station. In order to give as great a range of
detector sensitivities as possible, very sensitive
detectors must be placed up against the bomb
case and coaxial cables run to the recording
station, The times to be measured are very
short, and the signals generated cannot be trans-
mitted over open wires or by radio.

Further, we must know the relative time
differences of our coaxial cable runs to less than
a nanosecond, in order to make a meaningful
alpha measurement. These cable runs are nor-
mally 3000 nanoseconds to 5000 nanoseconds and
comprise of a variety of impedances and velocity
constants.

Transmission Lines

Because they are comparatively easy to work
with, coaxial cables are very widely used to
transmit signal information between these non-
adjacent locations. However, electrically they
are composed of distributed elements as opposed
to the lumped elements of familiar electrical
circuits. They work very well for steady-state
signals, or signals whose frequency components
lie below a few megacycles per second. Un-
fortunately, by the very nature of distributed
systems, coaxial cables inherently introduce
distortion in nonsteady state signals with frequency
components extending above a few megacycles per
second. This distortion occurs because certain
physical parameters of the cable are subject to

02572-1

The techniques for making such measure-

frequency effects and therefore change their
values as the frequency of the transmitted signal
changes.

The characteristic impedance of a line is the
ratio of the voltage to the current in an individual
wave at any point on the line; it is also the im-
pedance of a line that is infinitely long or the
impedance of a finite length of line when the load
impedance equals the characteristic impedance
(Z;, =2Z,). Toa TEM wave the characteristic
impedance is a pure resistance and its value is
independent of frequency.

The £, of a coaxial transmission line is a
function of the log of the ratio of the outside
diameter of the inner conductor (d) to the inside
diameter of the outer conductor (D).

Figure 1.

DIELECTRIC
MEDIUM

%o ™ _\/J-Bﬁ- Logio D
c d

e = Dielectric Constant
=1 in Air

It is easy to see that the line must stay con-
centric if the characteristic impedance is to re-
main the same. Any bends, dents or deviations
from the dimensions dictated by the ratio between
the conductors results in unwanted reflections by
perturbing the symmetry of the TEM wave. These
discontinuties, as they are called, do not allow a
true picture of the input to be reproduced, and
hinder data reduction greatly.
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Reflections are generated whenever a signal
traveling in a transmission line strikes a dis-
continuity or a gradual change in dimension
(diameter of the coax line) or impedance. At the
reflection point some (or all) of the incident
energy is reflected back to the source and some
(or none) is transmitted in the orignal direction.

In most cases, reflections due to moderate changes
in dimension of the line are of minor consequence.
So we will consider only impedance discontinuities.

WAVE TRAVELING TO WAVE TRAVELING TO

RIGHT JUNCTION | LEFT JUNCTION Il
TRANSIT TIME=T
=
Rg /
Yo \

i +

-—

v

D

q

L
b :
[

v 1 -k
—

ve* e KA

[ s =
SOURCE TRANSMISSION LINE LOAD
Figure 2. Transmission Line Voltage

and Current Distribution
Showing Traveling Waves.

Pulse Reflection Measurement

Impedance discontinuties can be located and
measured most easily by applying the pulse re-
flection measurement technique.

The pulse reflection measurement technique
is the observation of reflections along a trans-
mission line when a step function is applied to
the sending end. This observation is usually
made at the sending end with an oscilloscope.

The portion of incident energy which is reflected
back to the sending end is added to the energy of
the outgoing step. We compare the magnitude of
the reflection to the magnitude of the incident
pulse in order to evaluate the nature of the dis-
continuity. Further, we measure the time-history
of the transmission line from the sending end to
the receiving end. Each discontinuity is evaluated
for magnitude and sign of reflected energy, and
time of occurrence. This time of occurrence is
related to distance along the line for trouble
shooting applications, but we are mainly inter-
ested in measuring the time at which these dis-
continuities occur.

Pulse Generator/Oscilloscope Technigque

In the past we have made these measure-
ments by the combination of a pulse reflection

12
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measurement technique and a time interval
measurement technique. The pulse reflection
measurement technique consisted of conventional
pulse generator/oscilloscope combination operated
as described earlier. The raster oscilloscope
display was used for improved time base reso-
lution. The resolution of this display was still
quite low, only location of gross discontinuities
could be made to the nearest hundred feei, due

to the limited band pass of this system.

Figure 3.

Raster Display of Transmission
Line Reflections, 100 ns Time
Marks.,

A second measurement was introduced in
order to make accurate cable electrical length
measurements. This measurement technique
congisted of a lay line oscillator made up of a
pulse generator and the transmission line. The
frequency of this oscillator was measured on an
electronic counter, as shown in the diagram
below.

TRIGGER
INPUT | PULSE AR r) )
GENERATOR ) S
3
ELECTRONIC
COUNTER
Figure 4.

The electrical length of the cable being
measured is one half the reciprocal of the fre-
quency read on the electronic counter minus the
loop time of the pulse generator circuit.
Measurements made using this technique are ac-
curate to one or two nanoseconds on long cable
runs, as long as gross discontinuities do not exist
in the transmission line.

Sampling Oscilloscope Technique

Recently, we have been using the sampling
oscilloscope to make this measurement because
of its greater bandwidth and better time resolu-
tion. The sampling oscilloscope has the added
advantage of a manual scan, which allows the
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generator to operate low frequency recording
equipment from the sampling head, thus elimi-
nating the CRT and deflection amplifiers.

We have built one experimental system, which

converts the output from the sampling oscillo-
scope into a format suitable for direct process-
ing by a computer.

HP185B DSE Paper
188A DAS24PT Tape
Plug In Punch
Figure 5.

This technique has important applications in
the measurement of the relative electrical lengths
of a large number of long transmission lines.
High resolution is maintained by programming
the computer to compare the rise fronts of the
two pulses under study for a comparison of
arrival times at 50% levels.

An example of this technique is shown in
Figure 6, an XY plot of an HP 215 pulse genera-
tor output pulse.

Figure 6.

This XY plot was made from a CDC 165-2
digital incremental plotter. Compare this with
Figure 7, an XY plot of the same pulse taken
from a analog XY plotter.

02572-1

Figure 7.

Time interval measurements are made
using this technique, as shown in Figure 8. The
upper trace shows the signal arrival times at the
A and B channels on an HP 185B sampling os-
cilloscope.

Figure 8.

System cabling prevents our having absolute
simultaneous pulses at these inputs, therefore it
is necessary to subtract the upper trace from the
lower in order to measure the real time differ-
ence. A program has been written for the CDC
1604 computer which allows the automatic com-
parison of 50% levels between any two pulses,
irrespective of the rise times involved. This is
shown in Figures 9 and 10. Both figures are the
time difference plots between 3324, 6 nanosecond
of 7/8" 100 ohm styroflex and 3730. 9 nanosecond
of 7/8" foamflex. Although the velocities of these
two cables are quite different, relative time
measurements can be made in the order of pico-
seconds by a careful analysis of their rise fronts
and by the computational accuracy of the digital

13



computer. Figure 9 is a plot of the data prior to
smoothing. On this particular test, radio fre-
quency interference was quite pronounced at
2500 Mec.

i,
2,
3.
Figure 9.
4.
The data was smoothed as shown in Figure
10 by programming a notch filter response, thus
eliminating this interference.
5.
6.
T,

Figure 10,

CONCLUSIONS

The sampling oscilloscope has made a sig-
nificant advance to pulse reflection measurement
techniques. It is now possible to measure cable
discontinuities which were masked by the low
resolution of other instruments. Time difference
measurements can be made on transmission lines
to at least an order of magnitude better precision,
because of the resolution of the sampling scope/
XY recorder system and the computational ac-
curacy of the digital computer.
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MECHANICAL SCALING ENHANCES TIME DOMAIN REFLECTOMETRY USE

Howard Poulter
Hewlett-Packard Company
1501 Page Mill Road, Palo Alto, California

SUMMARY

Time Domain Reflectometry (TDR) isa relatively
new tool for the microwaveengineer. As with any new
measurement technique it takes time to learn how to
use it effectively. This paper reviews briefly the as-
sumed capabilities of TDR today. Inaddition, it shows
how the designer can use mechanical scaling in con-
junction with TDR to extend the effective measurement
frequency.

INTRODUCTION
Advantages of TDR

Time Domain Reflectometry, referred to as
TDR from here on, is still a new tool for the micro-
wave engineer. Even so, it has already earned the
reputation of a "'best buy" in test equipment. With
further emphasis on precision coaxial connectors to
18 GHz its importance will continue to grow.

TDR has the advantage of being able to display
impedance discontinuities with time substituted for
distance. Thus, TDR performance is not limited by
comnnector performance, slottedline residual or slope,
or directional coupler directivity. Thebad connector
will be separated intimefrom the small reflection one
wishes to observe.

Apparent Limitations of TDR

The predominant limitation to date has been as-
sumed tobe in microwave measurements above 2 GHz.
Another limitation has been the ability to resolve
closely spaced discontinuities. This relates to fre-
quency range, also, because two equal discontinuities
of opposite sign spaced one inchapart have essentially
no net reflection at 500 mHz., However, at 3 GHz the
reflections will add on a VSWR measurement. With
TDR they will not be visible.

As with most goodtools, a little ingenuity on the

users part can overcome the apparent limitations.
The rest of this paper will be devoted to that end.

THE MEASUREMENT SYSTEM

The following discussion is built around the per-
formance of the 1415 TDRplug-inforthe hp 140 scope.
This is the most readily available, easily usablepiece
of test equipment especially designed for this purpose.
Increasedperformance can be obtained at substantially
higher costand measurement system complexity. The
important performance parameters are a system rise
time of 150 picoseconds and a maximum calibrated
sensitivity of 5 millivolts per centimeter. The step
generator puts out a step of 1 volt amplitude and 50
picoseconds rise time.
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CURRENT MEASUREMENT CAPABILITIES
Reactive Measurement Capabilities

The principal measurement limitation has been
in the measurement of small shunt capacities or series
inductances. It is just such elements that cause the
greatest trouble in microwave device matching. As-
suming one centimeter deflection, this system can
measure elements as small as 100 picohenries or

0. 04 picofarad. 1,2 This corresponds to a VSWR of

1.025 at 2 GHz.

As indicated earlier there is increasedinterest
in coaxial devices up to 18 GHz. To make measure-
ments to VSWR's = 1, 01 reactive at 18 GHz requires
at least twenty times increase in performance.

There does not appear to be any practical limi-
tation on the measurement of small resistive changes
except for the one of spacing. With a one millivolt
sensitivity one can measure resistance changes of 0. 1
ohms. Contrast this to the best alternative readily
available, a 40 db directivity coupler. Such a coupler
hasanambiguity of 1 ohm at an arbitrary phase angle
in a 50 ohm system.

Resolution of Closely Spaced Discontinuities
The otherhigh frequency limitation is the ability

to resolve two closely spaced discontinuities. 3,3 With
the present system to completely resolve two discon-
tinuities they must be separated by the velocity of
propogation in the medium times the rise time. For
air dielectric this corresponds to 4. 5 centimeters.
Figure 1 illustrates the response of two equal capaci-
tivediscontinuities spaced 5, 2. 5, and 1. 0 centimeters
apart in air line. The inked trace is the system rise
time.

EreEEREL

- -

Figure 1. Resolution of Two Discontinuities

MECHANICAL SCALING EFFECTS

Effect on Characteristic Impedance

What happens to characteristic impedance in
TEM lossless systems when one scales all dimensions

17



by the same factor? It is almost second nature to a
microwave engineer that impedance is unchanged by
a scaling of all dimensions. However, consider the

equation
_ | L

L = Inductance per unit length
C = Capacitance per unit length

Consider a one centimeter length of line with induct-
ance Land capacitance C. Now double all dimensions
including length. The energy stored in the electric
and magnetic fields is given by

2
ELECTRIC ENERGY STORED =J_€__E dVOL
vor? @
2
MAGNETIC ENERGY STORED =(_*2 avoL
vor2 ®

Now electric energy storage is directly related to
capacitance and magnetic energy storage to induct-
ance. Since all dimensions are doubled the total

volume is increased by 8. However, the spacing be-
tween inner and outer conductors is only doubled so
that the electricfield E is reduced to one half. Since

electric energy storage is relatedto E2 times volume,
the tofal electric energy and hence the capacitance
varieslinearly with the scaling factor. By a similar
reasoning the inductance also varies linearly with
dimensional scaling.

Since characteristic impedance varies as the
ratio of L to C it remains unchanged by a scaling of
all dimensions.

Effect on Discontinuity Capacitance and Inductance

What is the effect of sealing of dimensions on
discontinuity inductance or capacitance? At a change
in the transverse dimensions in a coaxial structure

higher order waves are excited. 94 As above, the
electric fields will be decreased by the scaling factor.

However, the volume occupied by these fields goes
as the scaling factor cubed. As before, using equa-

tion (2), the total discontinuity capacitance is increased
by the scaling factor,

COMBINING MECHANICAL SCALING WITH TDR
Derivation of Scaling Factor

From the foregoing the advantages of mechani-
cal scaling become readily apparent. The most im-
portant is that one can build a larger model and thus
scale up the discontinuity capacitance until it becomes
measurable. The scaling also separates successive
discontinuities in distance. This increases our ef-
fective resolution by the same scaling factor.

How does one determine the necessary scaling
factor? Assume that one has a coaxial device that
one wants to match up tofrequency F. Assume that

the maximum reflection that can be allowed is P 1

As mentioned earlier, the minimum capacitance one
can measure with the 1415 is

18
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Cvin »

The reflection from a small reactive shunt disconti-
nuity is given by
Z -7
0

p = L

0. 04 picofarad (4)

JuC x %o (5)

ZL+Z0 9

Assuming the reflection Pl is capacitive,the capaci-

tance we want to measure is

2| Ay

27Fy ZO

n

¢, ®)

The mechanical scaling we must use is the ratio of
the capacitance we want to measure to the minimum
we can detect. This is just the ratio of equations (4)
and (6) giving

2wF.C zZ

| Fu] 2

Application to Directional Couplers

SCALING FACTOR =

A problem in high performance directional
couplers is to maintain the proper impedance in all
regions of the coupler. The other problem here is
one of being able to resolve the different regions of
the coupler on TDR.

One requirement that was set on the measure-
ment problem was that of being able to detect a reac-
tive discontinuity giving a PI = 0.005 at 8 GHz.

Substituting these values into equation (7) gave a
Scaling Factor of ten., Figure 2 is a picture of the
scaled coupler. The total length (excluding the co-
axial portion) is 22 inches or only 2. 2 inches in the
1X model.

Figure 2. 10 Time Scale Coupler

Figure 3 is the TDRplot of half the coupler with
the horizontal secale being 3 centimeters of coupler
per centimeter of display. Complete resolution is
possible for discontinuities 1- ivisions apart on
the scopeface. This correspondsto 0. 18 inches when
scaled back to the original 1X model. Note that the
total display of Figure 3 represents just over half the
distance necessary for complete resolution of dis-
continuities in the 1X model. The 30 cm of display
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Figure 3. Coupler TDR Response
(3 em/cm of Display, P=.01/cm)

would become only 3 cm on the 1IXmodel. Thus, the
informationin Figure 3 would be impossible to obtain
from the 1X model.

MEASUREMENTS ON A MECHANICALLY
' SCALED MODEL

The following commentsapply to all TDR meas-
urements, With mechanical scaling these effects be-
come even more important.

Basic Differences Between TDRand Single Frequency
Measurements

In TDR measurements a step function serves as
the signal source. The step function has a frequency
spectrum which extends over a wide frequency range.
The frequency spectrum of a zero rise time step de-

creasesat6dbper octave. ? The frequency spectrum
of a step function with an RC rise time of 1/ is

F(p) = —2 (8)
P (P +a)

The frequency spectrum of (8) decreases at 6 db per
octave to the point where P =a anddecreases at12 db
per octave for P>a . For the step generator in the
1415 (rise time = 50 picoseconds)thefrequency spec-
trum begins to fall off at 12 db per octave starting at
20 GHz.

In the conventional system of swept or fixed
frequency measurements the highest frequency of
excitation is under the control of the operator. As
is seen from equation (8) this is not true with TDR
measurements.

Excitation of Resonant Modes with TDR

Since thedriving functionin TDR, the step func-
tion, has a wide frequency spectrum,resonant modes
are excited, Because the sampling scope does not
have a sharp cutoff in its frequency response it will
respond to these resonances.

Figure 4 illustrates the appearance of this phe-
nomena. The bottom trace illustrates a ''mormal”
response. The 10X model is displayed from 0.8 to
2. 4 divisions from the left of the scope face. When
a perturbation is introduced into such a structure for
matching purposes higher order modes may be excited.
The effect is illustrated in the top trace. A load
02572-1

Figure 4. Ilustration of Moding Effects
(60 cm/em of Display, P=.01/cm)

terminates the coupler and ideally there should be no
further signal beyond the coupler as in the bottom
trace.

The horizontal scale actually represents the
time for the measurement step to pass the sampling
point, be reflected from a discontinuity, and return
to the sampling point. By counting the cycles per
centimeter in the top trace one can determine the
wavelength and frequency of the resonant mode.

2000 (cm of line/em of display)

A
BER No. of full cycles
F _ Velocity in medium
RES N

RES

The bottom trace of Figure 5 is a portion of the
coupler. In the top trace a tuning screw has been
used to introduce a capacitive discontinuity into the
coupler at the beginning of the trace. Withno moding
the remainder of the trace would be unaffected except

for second order effects of multiple reflections. :

Figure 5. Moding Effects from Capacitive Tuning
Screw (6 cm/cm of Display, P=.01/cm)

Correlation of Moding Effects with Swept Frequency

Measurements

If moding is occurring within the coupler one
should be able to detect it by measuring the coupler
insertion loss. Figure 6 is a sweep frequency plot
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Figure 6. Swept Frequency 1nserti.c;1--i.;)ss f;‘bm
1to2 GHz

with the sweep going from 1 GHz to 2 GHz, left to
right. A careful examination of this plot will show that
there are ten distinct resonances.

Means of Eliminating Moding

Thereare three techniques for eliminating mod-
ing effects. These are:reducing the structure size so
that moding cannot occur, introducing loss which
couples selectively tothe unwanted modes, and finally
being careful not to excite the modes in the first place.

Reducing Structure Size. When one hasalready
scaledup the size inorder to make measurements this
is not a practical solution here.

Introducing Selective Loss. Since the desired
mode for TDR measurements is the TEM this is a good
solution. Figure 7 is a repeat of Figure 4 with poly-
ironlossy material inthe region of the secondary arm.
Anexamination of Figures 4 and 7 illustrates that the
main line impedance was unaffected. This technique
works by reducing the Q of the higher order modes.

Figure 7. Mode Damping ith Selective Loading

Figure 8 is a repeat of Figure 6 showing that
on a swept frequency basis the modes have also been
damped out.

For the TEM mode the current in the center
conductor is axial. A possible means for selective
mode loading would be to cut longitudinal slots and
load them with polyiron. At this writing there has not
been time to try this.
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Figure 8. Swept Frequency Insertion Loss from 1 to
2 GHz with Selective Loading

Don't Excite the Modes. This is certainly the
best solution. TDRoffers anexcellent tool for deter-
mining what type of compensation causes moding.
However, inmost practical design situations itis not
possible to completely eliminate the excitation of other
modes. Afinal solution should involve a combination
of the last two methods.

CONCLUSIONS

Asa result of working with this 10X coupler the
authorisconvincedthat where possible it is desirable
not to scale by more than 5X. Others working in the
microwave division concur in this. The problem is
to keep the moding as high in frequency as possible.

Consider scaling a coax device normally built
in 7Tmmcoax. Thefirst mode occursatapproximately
18 GHz. 10X scalingbringsthisdownto 1.8 GHz. A
5X scaling would raise this to 3.6 GHz. Thus 5X
scaling reduces the energy in the step at the moding
frequency (equation 8). In addition the measuring
system frequency response is falling off.

Mechanical scaling combined with TDR offers
many advantages to the designer, It allows accurate
measurements of small reactive discontinuities at an
equivalent frequency dependent only on the disconti-
nuities which would otherwise be unresolvable. Final-
ly, it has advantages comparable to swept frequency
testing inindicating the presence of moding over very
wide frequency ranges. A good design (independent
of TDR) is one which does not excite higher other
modes.
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SOME USES OF TIME DOMAIN REFLECTOMETRY (TDR)
IN THE DESIGN OF BROADBAND UHF COMPONENTS

Carl G. Sontheimer
Anzac Electronics, Inc,

Moody's Lane, Norwalk, Connecticut

SUMMARY

Time domain reflectometry (TDR) provides
convenient and rapid guidance in the design of
passive broadband UHF components, Typical in-
stances include impedance transformers, balan-
ced mixers, hybrid junctions, and the evaluation
of ferrite toroids. The technique has also been
of exceptional value in the testing and trouble-
shooting of subassemblies,

SCOPE

This paper presents some examples of the use
of TDR as a qualitative guide for component de-
sign within a small commercial laboratory. The
TDR system we use has a rise time of 130 pico-
seconds. Our organization is engaged in the de-
velopment and manufacture of broadband passive
devices. These span a frequency range from a
few megacycles to S band, The building blocks
used in this work are microstrip transmission
lines, miniature coaxial cables, and ferrite tor-
oids.

_~OUTPUT
2.5

INPUT—, ! |
son Voo 1 === [

Schematic and Layout

Figure 1.
of 50 Ohm-to-12.5 Ohm Transformer
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Figure 2, TDR Waveforms and Frequency
Response of Broadband Transformer

USE OF TDR IN THE DESIGN OF
A BROADBAND TRANSFORMER

The recent design of a 50 ohm-to-12.5 ohm
transformer illustrates how TDR can expedite
work on such components. The basic circuit,
shown in Figure 1, is a transmission line trans-
former, consisting of two lines connected in
series at input, and in parallel at the output. The
impedance of these lines should be 25 ohms. The
outer conductor of one line is above ground at the
output. Ferrite toroids strung on this line pro-
vide the required common mode isolation. The
coverage required of this transformer was 1 to
1,500 me, with a loss not to exceed 1 db.

Figure 1 also shows in exploded view the
printed circuit configuration and the transitions
between stripline and coaxial line. In such lay-
outs, the spacing between grounded and hot lands
is critical,

The upper left-hand waveform in Figure 2
shows the reflection from the first breadboard
model of this transformer. There is an inductive
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peak at the input, which indicates excessive spac-
ing around the land forming the series connection
between the two transmission lines. The dip fol-
lowing this inductance is attributable to the use of
a transmission line with a characteristic imped-
ance of 22 ohms instead of 25 ohms, which was
not available. Finally, the rise in impedance at
the output of the transformer indicates that the
12.5-ohm output stripline is too narrow.

The measured response of the transformer
was satisfactory except for the 1,7-db peak of
loss at 1,450 mc, shown in dotted lines on the

graph.

A second breadboard was constructed, with
narrower gaps around the series connection land
at the input, and a broader output line. The re-
sponse of this transformer is shown by the solid
line on the graph. It meets the specification re-
quirement. The response would no doubt extend
higher in frequency if a 25-ohm transmission line
were used.

In this case, the use of TDR probably reduced
the total design time by at least two to one.

USE OF TDR IN BALANCED MIXER DESIGN

Figure 3 shows the basic schematic of one
kind of balanced mixer. The diodes act as a
switch, ideally open-circuited when the diodes
are back-biased, and ideally providing a short to
ground when the diodes are conducting. Both
tuned circuits are resonant at the intermediate
frequency. The series circuit prevents signal
power from being dissipated in the 1. F. load.
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The parallel circuit blocks transmission of I, F,
energy to the signal source impedance. Except
for diode resistance and capacity, the principal
factors limiting the performance of a practical
broadband mixer are leakage inductance in the
transformer secondary, which adds to the resist-
ances of the diodes in the conducting state, and re-
flections generated in the signal input path by the
two tuned circuits.

Figure 4 illustrates a use of TDR in the evalu-
ation of balanced mixer designs. Each waveform
shows the reflections from the signal port of a
mixer with the diodes alternately back- and for-
ward-biased. The two upper waveforms were tak-
en with a commercial mixer covering the range of
10 mc to 1 ge. In one case, 1NB831 diodes were
used and, in another, hot carrier diodes. The
greater on-off impedance variation obtained in
this case with hot carrier diodes is evident.

The waveform also shows an inductive reflec-
tion immediately preceding the diodes. This ob-
servation caused design effort to be concentrated
on the signal input circuits, with the result shown
in the lower waveform. In this mixer, the induc-
tive discontinuity has been greatly reduced, and
low conversion loss is obtained over the range
from a few megacycles to 2.4 gc.

The TDR equipment has also proved useful in
guiding efforts to improve L. O. -to-signal isola-
tion. This is necessary for local oscillator noise
reduction and low noise figure. In this case,
transmission rather than reflection is used, as
shown in Figure 5. The purpose of the attenuator
is to reduce the diode current caused by the inci-

1IN E3] DIDDES

HFK-ZORW
BALANCED MIKER
RF. INPUT

HPA 2103 DICDES

Figure 4. Reflections from Signal of
Balanced Mixer
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dent pulse to an order of magnitude below the
diode biasing current.

Typical waveforms are shown in Figure 6.
The upper trace was made with the diodes back-
biased, and the lower trace with the diodes con-
ducting. Very nearly identical traces were ob -
tained with different sets of diodes, indicating
that the feed through is due to capacitive and in-
ductive unbalance in the transformer driving the
diodes. The left-hand picture was obtained with
the 10-to-1,000 mec mixer referred to earlier.
Using such pictures as a guide, work was concen-
trated on the transformer. The right-hand pic-
ture in Figure 6 shows the results achieved in a
new mixer, with an upper frequency limit of 2,400
mc. Conventional measurements show isolation
improved by 10 to 15 db.

USE OF TDR IN HYBRID JUNCTION DESIGN

These junctions have 0-degree or 180-degree
phase shift between outputs, and are related to
magic tees rather than to quarter-wave hybrids.

In a practical device, the proper characteris-
tic impedances must be preserved everywhere,
from the connector to the stripline and through the
transitions from stripline to coaxial line. Size
must be minimized by keeping all stripline paths
as short as possible. The separation between
nodes is then beyond the resolution of the TDR
system.

In such cases, useful information can be ob-
tained from an expanded unit, in which all nodes
and transitions are separated by at least 2 inches.
Figure 7 shows a commercial hybrid junction with
a range of 2 to 2,000 me, and an expanded bread-
board version of the same device. Figure 8
shows the reflection from the sum ports of both
units. The input and output connectors of both
models have been deliberately mismatched to in-
dicate their locations.

The upper trace corresponds to the standard
device, and the lower trace to the expanded one.
Appreciable mismatches are immediately appar-
ent in the lower trace, which reveals both their
location and their magnitude, thus indicating what
must be done to correct them. In this case,
touching the unit showed that the coaxial imped-
ances were correct, but the stripline interconnec-
tions had to be widened. None of this information
is available from the reflection of the standard
unit, which is actually misleading in its relative
smoothness.

When the nature of the device does not permit
making an expanded model, or when the frequency
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Figure 5,

Block Diagram of Isolation Test Setup
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Figure 6. Local Oscillator-to-Signal Port
Transmission in Balanced Mixer

Figure 7. Commercial Hybrid Junction and Ex-
panded Model for TDR Studies
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Figure 8. Reflections from Standard
and Expanded Hybrid Junctions

range of interest too high for the present TDR
state of the art, one can resort to models scaled
down in frequency. The knowledge thus gained
can then be applied to the actual device.

TDR in the transmission mode is a useful tool
for study and analysis of the isolation of hybrid
junctions. The circuit arrangement is the same
as that shown earlier for the balanced mixer, ex-
cept that no pad is needed.

The upper trace of Figure 9 shows signal
transmission through two isolated ports of a 2-to-
1,000 mc hybrid. An internal adjustment has been
set to yield a waveform consisting of three peaks
of equal amplitude, with the center peak reversed
in phase. This provides good isolation at lower
frequencies. This is shown in the lower trace in
Figure 9. Here a 1-gc low pass filter has been
inserted ahead of the hybrid junction. No evi-
dence of feed through is apparent in the display,
even at maximum gain, The measured isolation
is in excess of 40 db at 1 ge, and increases with
decreasing frequency.

Use of TDR equipment in the transmission
mode also enables immediate identification of the
phase reversing paths between ports of hybrid
junctions and related networks.

USE OF TDR IN MATERIAL EVALUATION

TDR has provided an accurate and rapid meth-
od of testing ferrite toroids for two important par-
ameters: shunt resistance and shunt inductance.

Figure 10 shows a toroid test jig consisting of
a modified TNC connector. The rear cap is re-
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moved, the toroid under test is inserted and the
cap replaced. The test jig is then attached to the
output of the TDR unit.

Figure 11 shows typical displays. Using a
fast sweep -- usually 0.2 nc/cm, the reflection
coefficient of the toroid is obtained, and its shunt
resistance is calculated as shown in the figure.
The vertical gain is then adjusted to place the be-
ginning of the bead reflection to 10 cm above the
base line. Sweep speed is reduced so that most of
the exponential decay can be seen. The time re-
quired for the exponential to decay to 37 percent
of its initial height, multiplied by the parallel re-
sistance of the 50-ohm line and the ferrite shunt
resistance, is the shunt inductance of the bead.
The computation is shown in Figure 11 for a com-
mercially available filtering bead.

Hverip JuncTion

DIRECT AB
TRA MM IS5 1ON

D
oo L

B TRARNSMIBSION
Thhcuts (8¢ LRFE

= 0085 fcm

Figure 9. Signal Leakage between Isolated Ports
of a Hybrid Junction

'..'.-.-¢

\ﬁm“m\

FerriTE Beap Test Jis

Figure 10. Ferrite Toroid Test Jig
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The results computed from these rapid TDR
measurements check within 5 percent with those
obtained from more laborious procedures.

SOME USES OF TDR IN SUBASSEMBLY TESTING

One pair of ports in all 180-degree hybrid
junctions has twice the impedance of the other
pair. Two-to-one impedance transformers must
be used to correct for this. The transformer we
have developed for this purpose -- which has a
bandwidth of 2 mc to 2 gc -~ has ten transitions
between the printed circuit board and the coaxial
lines. It is important to verify correct operation
of the transformer subassemblies hefore wiring
them into the completed hybrid junction. TDR has
enabled us to verify correct operation in a few
seconds, and also to locate the fault in a defective
transformer much more quickly than by any other
means.

Figure 12 shows the very simple jig used for
this purpose. Figure 13 shows a transformer
subassembly inserted in the jig. The waveform is
inspected first with the transformer output open,
and then with the output shorted. If the trace dev-
iates from the norm in either test, the waveform
is compared against a chart like the one shown in
Figure 14,

This chart was prepared by deliberately intro-
ducing, one after the other, every short possible
in one section of the transformer. The tester
compares the waveform on the 'scope with those
on the chart, identifies the corresponding picture,
and tags the transformer with the appropriate no-
tation,

Before this test was available, defective

2 najem

I+ RZ. . 881350
"Rz, 159

50

=15 107 = 115 mh

Figure 11. Ferrite Test Waveforms
and Computations
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Figure 12. Test Jig for Transformer
Subassembly

Figure 13, TDR Test of Transformer
Subassembly

transformers were discarded, because it cost
more to troubleshoot and repair them than to
build new units.

REACTION OF NON-PROFESSIONAL
EMPLOYEES TO TDR

An unexpected dividend is the increased inter-
est and output which TDR has brought about in our
technicians. It gives them a physical picture
which they rapidly learn to interpret, and has
stimulated a number of excellent suggestions and
inventive ideas. Some of our production girls
have also learned to use the equipment for go-no
go tests.
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Figure 14. Troubleshooting Chart for Transformer Subassembly

CONCLUSIONS
TDR has greatly accelerated our development, tor of where to concentrate development effort,
design, and production test work, with a corres- It is also a very valuable production test instru-
ponding decrease in costs. It is a powerful tool ment.

for qualitative analysis, and an excellent indica—
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THERMOCOUPLE FAULT LOCATION BY TIME DOMAIN REFLECTOMETRY

by

D.B. Martin and A. J. Otter

SYNOPSIS

The application of Time Domain Reflectometry
for fault finding in thermocouple circuitry has been
investigated. This technique consists of applying a
fast rise pulse to the thermocouple andobserving the
reflections with a samplingoscilloscope. The pattern
and position of the reflected pulse depend upon the
fault.

A metal sheathed thermocouple acts as a lossy
transmission line; consequently, the reflected wave
is nearly exponential. Extension wire is also lossy
and, if unshielded, its stray capacitance and induc-
tance affect the pulse propagation velocity. The

velocity must therefore be determined for each in-
stallation.

The method is suitable for identifying faults.

For accurate location, itis necessary to compare the
fault reflection with a reference obtained from an
identical sound thermocouple or from the same ther-
mocoupleatinstallation. Ifsuchacomparisonis pos-
sible, we estimate that fault location is typically ac-
curate to within + 10% for circuits with up to 75 ftof
unshielded extension wire and 25 ft of sheathed ther-
mocouple 1/16 in Q. D,

CHALK RIVER, ONTARIO February 1965
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1. INTRODUCTION

Metal sheathed thermocouples are extensively
usedin reactors for temperature measurements. When
faults such as open orshort circuits or breakdown of
insulation between the sheath andthe inner conductors
develop, conventional methods of fault detection (i.e.,
measurements of loop and insulation resistance) do
not always define the fault. For example, an open
circuit in an extension wire, which couldbe replaced,
is indistinguishable from an open circuit in the ther-
mocouple, which may be impossible to replace.

The Hewlett-Packard Co. has developed equip-
ment for an advanced technique of transmission line
testing which they have termed Time Domain Reflect-
ometry or TDR. In a reflection system analogous to
radar, a fast-rise pulse (less than one nanosecond) is
applied to the transmission line. This wave frontpro-
pagates along the line at a velocity fixed by the line
characteristics. Any impedance discontinuity on
the line causes a reflected wave to travel back towards
the generator; this reflection indicates the type of dis-
continuity and its location. In coaxial cable, short
circuits, open circuits and other discontinuities can
be located within 0.5 in.

We have investigated this technique for locating
faults in metal sheathed thermocouples using the equip-

ment and methods developed by Hewlett-Packard (1).
For completeness, these methods are described with
additional procedures which we found useful.

2. EQUIPMENT
The equipment necessary for TDR is described

in Hewlett- Packard publications (2}. We useda model
185Hewlett- Packardsampling oscilloscope with a type
187B plug-in amplifier and 213B pulse generator.

The system rise-time observedwith the samp-
ling oscilloscope was about 350 ps and its magnitude
350 mV. [Initially, a model 213A pulse generator
having a source impedance of three ohms was used,
but multiple reflections due to severe impedance mis-
match caused difficulty in interpreting the reflection.
This difficulty was solved by using a type 213B gen-
erator with an internal impedance of 50 chms.

Permanent records of the reflection patterns
were obtained from the oscilloscope with a Moseley
X-Y recorder.

Application Note 75

3. THEORY

The following theory for low-loss transmission
lines may be supplemented from standard transmission
texts such as reference 3.

Figure1 is the classical modelof a transmission
line considered as a distributedfilter with constant
parameters.

(3)

By solving the noaa. differential equations ‘7,
one obtains for an infinite line:

_ & ResL] 1/2
Z, (s) = ? = [G+SC] (1)

where ZO (s) is defined as thecharacteris-
tic impedance

and s is the Laplace derivative operator
(sometimes written as p).

Use of the Laplace operator rather than the familar
jw operatorfor steady state sinusoids permits trans-
formations from the frequency domain to the more
useful time domain.

For low-loss lines where R and G are small,
Equation 1 may besimplified for high frequencies to:

1/2 14 R |1/2 1/2

Zz i~ R+sL = L sL = i’ (1 )
o |G#sC| ~ [T 1+_GC C 2
5

since R= sL and G= sC.

At any point where the line impedance has changed
to 2 (# z, ), a portion of the incident pulse energy

returns towards the source as a reflected wave. Its
magnitude relative to the incident wave is defined by
a reflection coefficient:

£ -4 (2)

where et is the incident voltage wave,
and e~ is the reflected voltage wave.

The sign of kr depends upon the value of Zr relative
to Z .
(€]

Ax

1.Transmission Line Model

Figure

34

02572-1



Application Note 75

The oscilloscope at the input displays the inci-
dent wave step. After a time delay T, the reflected
wave of height e is superimposedupon the generator
voltage, andthe observed wave is the sumof the inci-
dent and reflected waves. Sincethe incident wave must
travel to the discontinuity and the reflected wave must
travel back before detection, the time delay between
the incident pulse from the generator and the reflection
s T - total distance travelled = 21

pulse velocity v

where 1 is the length of the line,

and v is the wave velocity.

If the wave velocity is known from calculations or
previous measurements, the distance to the imped-
ance discontinuity can be determined from the meas-
ured time delay. If theincidentwave voltagehas unit
amplitude, and the reflected wavehasheightk_, total
height after time T is; 5

hgk we = 1 Ky (3)
Hence (2 ) may be rewritten to give,
=-h
4% = om % (4]

Typical waveforms for a lossless transmission
line terminated by resistive Zr are shown in Figure 2.

pregt | KT hne2
v

If several impedance discontinuities are present,
multiple reflections similar to those in Figure 3 may
result.

The first reflectionk. correctly defines the first

1
discontinuity, butthenextstep, whichis theoretically
of height k2 (1 -kf ), may normally be considered
as kz; this is a close approximation if k.1 is small,

i.e., the preceding mismatch is not too great. Mul-
tiple reflections are normally negligible, but their
presence must always be considered.

If Zr is complex, the reflections are exponential.
Consider a case where Zris a resistorin series with

a capacitor ( Figure 4).

% =R+ESL"ZO

r
1
- Rt — -2
e Cs o] (5)
andkr e =
R+l +2%
Cs o
1/2
o [E
whereZ0 _[C]
. {
I -
— O-

t=0 ke = 1, h=0
Figure 2. Reflection from lossless terminated line
0 - X
e
/
.\—‘ugu - k)
w
T
I
k)

I

| 73

|
| | T
w2
[ I
| | Tz Zo
1 1
0 _zt _ 24, 24,
T,= \"_al Tz 7|| + T: :.__ 4
1
o_r & Zo
Figure 3. Multiple reflections from lossless line
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Let a voltage step E be applied, i.e.,

et (t) = Efort=o, thene* (s) = TE
. _E 1 +C(R-2Z9)
Bde” i8] = - TrolEgE P

By Laplace transformation (3)

For t= o
" . 2% -t
e” (t) —E[l— ﬁ:‘z-'oexpm] (7)
In this expression, the instant the pulse step reaches
the lumped impedance Zr is takenast =0

This caseis important, for athermocouple which
is alossy line can be considered as a series resistance
and capacitor when t is small. The effective series
resistance can be determined from the initial slope
(Appendix A ).

Thermocouples must be considered as lossy lines
since their series resistance (especially for small
sizes ) is appreciable. For such lines the character-
istic impedance is frequency dependent, the approx-
imation R < sL used in Equation (1a) is no longer
valid, and mathematical solutions of the reflections
are normally extremely difficult. However, the re-

flection from an infinite lossy line can be derived @)
as in Appendix B.

The reflection is given by:

f(t) =1- {ID [ZEI%]J' I1 [—%tﬁ]}exp[%] (8)

where I Rt and I —11!'——
o | 2t ¥l 2%

are modified Bessel functions of the first and second
type respectively. The reflection voltage f (t) grad-

ually approaches unity, the reflection voltage for an

open circuit. This expression is typical of the math-
ematics required even for simple lossy lines.

?
)

T T

c

. |

0

. - J A - ‘;; J
GENERATOR LOSSLESS LUMPED
TRANSMISSION IMPEDANCE
LINE

R-Zg E
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4. PROCEDURE

The thermocouple and test circuit considered
in this investigation are shown in Figure 5.

This circuit canbe considered as two lossy trans-
mission lines connected inseries and terminated ina
short circuit at the junction which may or may not be
joined to the sheath. In most thermocouple installa-
tions, the pulse was applied to one terminal of the
extension wire with a short clip lead. The ground
terminal of the generator was similarly connected to
the other extension wire. Theinitial spike reflections
due to the stray capacitances of these clip leads did
not affect the reflections from the thermocouple.

The experimental procedure was divided into

three phases:

(1) Tests with twin-conductor low-loss
shielded cable to developa familiarity with
the equipment and techniques and to obtain
ideal characteristics.

(2) Tests on thermocouples under laboratory

conditions.
(3) Tests on thermocouples installed in NRU
reactor.
5. RESULTS
5.1 Twin Conductor Low-Loss Cable

Various thermocouple configurations weresim-
ulated with twin conductor sheathed ecable (type
RG108A/U).

The reflection in Figure 6 is fromsuch a cable
with the sheath floating (i. e., no ground loop connec-
tionto generator). The reflectionis the same whether
the junctionis groundedto the sheath or not. In ther-
mocouple installations, the sheath is offten grounded and
will thus be connected in parallel with the thermocouple
wire grounded at the generator. Figure 7 simulates
this case for an ungrounded junction, and Figure 8
simulates the case with a grounded junction.

Because of the different line parameters, the
characteristic impedance has decreased from 68 ochms

- === —

| —— ———

n
o

Figure 4. Reflection from Line Terminated by Complex Impedance

36
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MOSELEY
I';Fcolpseﬁ PROBE X-Y
RECORDER SHEATH
S UNGROUNDED JUNCTION
PULSE = <GROUNDED JUNCTION
HP 2138 > 9 , ﬁ_\
GEN. o o—0 e Ty
‘LEKTENSIDN THEARMOCOUPLE ZEKTENSION U POSSIBLE GROUND
L LTHERNOCDUFLE WIRES
CONNECTOR
Figure 5. Typical Thermocouple Circuit

(Figure 6) to 37 ochms (Figure 7). Also, the two con-
ductors of the ungrounded cable (Figure 7) are ef-
fectively in series. Hence the step travels along
both conductors in turn until reflected fromthe short
circuit to the sheath at the generator ground. The
spike at time T marks the local mismatch conditions
due to stray capacitance andinductance at the junction
of the two conductors.

The major difference between Figures 6 and 8

is a similar decrease in impedance again due to the
differences in distributed L and C.

In practice, the grounded sheath situation of
Figures 7 and 8 would only be approached if the ground
loop actedas a short transmission line between the
generator ground and the sheath. Thus, forthe loss-
less cable used here, the impedance may vary from
37 to 68 ohms depending upon the nature of this ground
loop.

h =115
L Z=6848

APPLIED PULSE FROM 500 SOURCE

JUNCTION
r SHEATH

Figure 6. Lossless Line with Floating Sheath
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h=0.85
SZ=37T0

Figure 7. Lossless Line with Grounded Sheath and Ungrounded Junction

h=0.88
SHZ =398

Figure 8. Lossless Line with Grounded Sheath and Junction
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5.2 Tests on Laboratory Thermocouples
The location of faults by TDR hinges on two fac-
tors:

(1)

The attenuation due to lossiness of the
thermocouple, which limits the length
that can be usefully tested.

The constancy of the wave propagation
velocity which determines the accuracy
with which faults can be located.

(2)

The distributed parameters of a sample 0. 062
in 0.D., sheathed, type K thermocouple were ob-
tained by bridge measurements and from theoretical

hs(5)
graphs .
TABLE 1

Parameters for 0. 062 in. Thermocouple

BRIDGE WHEELER (REF. 5)
R 6.20/It -
L. 0.164 . H/ft 0.204 wH/ft
C  47.0 pF/ft 40.6 pF/ft
G =< 7x10-12mho/ft .
[L71/2
Z, ‘[’6] 590 700

5.2.1 Effect of Series Resistance

This measuredvalueof G, the shunt conductance,
justifies the approximation that G=0 and that the trans-
mission losses are due to R, the series resistance.
Using the relation developed in Appendix A and these
measured values of L and C, the calculatedseries re-
sistance is 9.1 ohms/[t. The apparent increase in R
compared to Table 1 is probably due to the skin effect,
which is difficultto evaluate for a step function which
contains a wide band of frequency components.

In Figure 9, the reflection functions defined in
the Appendices are plotted using the measured para-
meters and compared with an actual reflection pro-
duced by a 0.062 in. O, D. thermocouple. Thetheory
gives a reasonable agreement but expressions for
more complicated finite lossy lines have not been ob-
tained. We have found the theory useful forqualitat-
ive understanding of the basic principles involved.

The effect of series resistance is shown in Fig-
ure 10 where theattenuationincreases as the thermo-
couple size decreases.

Figure 11 shows reflections from ungrounded
thermocouples with the sheath groundedorfloating.
The degeneration of the reflections compared to loss-
less line (Figures 6 and 7) is evident. Reflection B
does exhibit a secondary reflection at time 2 T (not
fully shown in Figure 11 ) but it is distorted by atten-
uation. The effective series resistance has been de-
creased as the grounded sheath acts as part of the
transmission line. Only theupper part of the reflec-
tion is shown in this figure as the oscilloscope
sensitivity has been increased.

The reflections shown in Figure 12 are for a
typical thermocouple open circuited or shorted at the
junction. These reflections therefore represent either
a faulted or a normal thermocouple.

5.2.2 Effect of Extension Wire

Extension wire also attenuates the pulse, but
its series resistance is usually less than that of the
thermocouple, so the attenuationis less severe. Fig-
ure 13 is a reflection from a typical thermocouple
with extension wire. The dashed reflection (A) is
from the open circuited extensionwire. Due to attenu-
ation, the rise-time and amplitude of the wave re-
flected from the open circuit of the extension wire

L5
eli)
tit)
14
w
[=]
2 o
503 - APPENDIX A
a e R L
z = e AAA— T
ACTUAL REFLECTION
w L (0.063" SHEATHED el Om € S6:0
o - COUPLE)
<2 y GEN. -R1
- - 3 = |- Rt
x v fit)=1-e2L {Io(aa_ ‘R(’%H}
7, APPENDIX B
2 +d
/ (=
Ll / E e(t) ( E)
/ d{:e {c }
R
/ GEN. B § .
elt) = E |1- o ORI ]
10
o 10 20 30 40 50 60 70 80 20 100
TIME (NANOSECONDS)
Figure 9. Theoretical and Experimental Reflections

Compared for a Lossy Thermocouple
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40

o
o 40 ns
TRACE LENGTH 0.D
FT IN. THERMOCOUPLES HAVE

A 0 0.041 UNDERGROUNDED
B 10 0.062 JUNCTION
c | 4 0.125
D 14 0.250

Figure 10.

Reflections from Thermocouples of Various Sizes

{A) SHEATH
FLOATING

(B) SHEATH GROUNDED
TO GEMERATOR

ch-aL £ " 0D THERMOCOUPLE
ons LENGTH ~ 10

Figure -11. Two Types of Reflections from a Typical Thermocouple
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OPEN CIRCUIT

SHORT CIRCUIT

100 S N
mV.
40 ns
M"‘J
Figure 12. Reflection from Typical Sheathed Thermocouple

33" LONG, TYPE K

'
OPEN CIRCUITED 33%° EXTENSION WIRE
Mo 24 GAUGE, FIBREGLASS INSULATION

EXTENEION WIRE AND 10’ OF
0083 QD THERMOCOUPLE

LEADWI FE
FIBREGLASS
TYPE &

15’ Lok

INSULATION

Figure 13.
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Reflection from Thermocouple

Extension Wire

20my
Figure 14. Propagation Velocity
of Unshielded Lead Wire
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are less than for the applied step. With the sheathed

thermocouple connected to the extension wire, the
incident step continues until reflected from the junc-
tion short circuit as shown by reflection (B ). The

additional attenuation by the lossy thermocouple causes
this further degradation of the reflection.

The different characteristicimpedance of the ex-
tension wire and the thermocouple cause the slight
discontinuity in the waveform marking the end of the
extension wire. Lossless reflections would be simi-
lar to Figure 3. The connectors ( male-female plugs,
terminal boards are spot-welded and potted in epoxy)
between the extension wire and the thermocouple are
too short to cause a detectable reflection from the
attenuated incident wave.

The reflections do not change with groundedor
ungrounded construction if the sheath is not connected
to the generator ground. This agrees with the results
from Figure 6.

5.2.3 Velocity of Propagation

The propagation velocity along asheathed ther-
mocouple is independent of the surrounding materials
because of the shielding effect of the sheath. With
unshielded extension wires, this lack of shielding
causes considerable variation in the velocity due to
variable stray effects. InFigure 14, for example, the
velocity is 25% less for atightly coiled extension wire
than foran openhelix. Thus the velocity foraninstal-
led lead wire connot be predicted, but is constant for
afixed installation. However, shielded extensionwire
exhibits a constant velocity regardless of installation.

The wire material also determines the pulse
velocity, possibly due to variations in L from fre-
quency effects. The velocity is about 20% less if the
pulse is applied to the iron wire than if applied to the
constantan wireofa type J thermocouple. It is there-
fore important to note the conductor polarity. For
chromel andalumel, the velocities are nearly thesame.

SUMMARY

(1) Reflections from open circuits and short
circuits can be clearly identified in nor-
mal thermocouple assemblies.

(2) The velocity along unshielded extension
wire is not constant, butdepends uponthe
type of installation. Once installed its
velocity should be reproducible; hence,
some reference reflectionis required for
accurate fault location.
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(3) The reflection from the connector between
the extension wire and the thermocouple
is undetectable. The reflection due to
the mismatch between extensionand ther-
mocouple wire is also small.

5.3 Tests on Installed Thermocouples

About 80 metal sheathed thermocouples of vari-
ous types, sheath and insulation materials, installed
in the NRU reactor were used for further TDR tests.
In one group of fifteen with 50 ft fibreglas leads and 3 ft
thermocouples, the welded connections between the
extension wire and thermocouple were potted in
epoxy and exposed to reactor conditions. About half
the group had open circuited.

Comparisons of the typical reflections from a
normalanda faulted thermocouple as in Figure 15 in-
dicate the connections had open circuited. The [aults
are close to the junction which provides a reference
reflection from a known length of thermocouple. We
estimate the limits of accuracy of the indicated open
circuit reflection to be within + 1 ft of the connection.
Were the fault farther from the junction, the accuracy
would necessarily decrease.

Other interesting results not easily explained
were noted. For example, the lossy reflection (C) in
Figure 15 probably is due to insulation deterioration

THERMOCOUPLE ~ IRON - CON. ]
Mg0 ’
5 5. SHEATH 4 tgf:gulv
GO JUNCTION [
3 LONG, B 0D ¥4
A’
LEADWI RE ~ FIBREGLASS o
Mo 24 GAUGE )
47' LONG 4

20mv

"4e) ABNORMAL
", LOSSINESS IN
50 ns LEADWIRE

Figure 15. Comparison between Sound and Faulty
Thermocouples Installed in Reactor
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or other material changes of radiatedfibreglas, since

this reflection is similar to a short or low resistance
condition which agrees with a decrease inloop resist-
ance. In one thermocouple of the same group, the
iron leg had faulted at the potted connection but the
constantan wire remained unbroken.

Other groups of thermocouples were 15 ft long
with 35 ft of extension wire, andthe connection made
outside the reactor. Comparisons of the reflections
from various groups identical except for their sheath
material (stainless steel or aluminum) or their insu-
lation (alumina or magnesia) didnot reveal differences
which could be attributed to either of these variations.
Also, the reflectionsfrom these groups were unchanged
by the reactor's operating temperature.

The small reflection due to the impedance mis-
match at the connection between extension wire and
thermocouple which was noted in Figure 13 was ob-
served in some of the other thermocouple groups.
Because of this random behaviourand its small ampli-
tude, this reflection cannotbe depended upon to indicate
the connection point.

6. CONCLUSIONS AND RECOMMENDATIONS

1. Lossy reflections can not be mathematically
defined except in one simple case. A basic
understanding of transmissionline principles
is more helpful in interpreting the acutal re-
flections.

2. Pulse attenuation due to series resistance of
the thermocouple and the variations of pulse
velocity along unshielded extension wire are
the chief difficulties in TDR applications to
thermocouples.

3. Accurate fault location for unshielded exten-
sion wire is possible only when comparisons
with other sound thermocouples of identical
construction, length and installation can be
made. Alternately, a''calibration" reflection
should be recorded just after installation to
establish the pulse veloeity and initial impe-
dance profile for later comparisons.

4. Faults within a [ew feet of the junction in a
thermocouple 50 It long have been located
with accuracies of + 1ft. We estimate that

faults in thermocouples up to 25 ft long with
up to 75 ft of lead wire may usually be located
within 10’0 of the actual location if a trace
previous to faulting is available for compar-
ison. This knowledge of the fault location
should be a definite aid to replacement and
repair procedures, particularly for inacces-
able thermocouples.

0. This technique could be used to investigate
failures inother in-pile instrumentation such
as flux detectors or resistance bulbs.
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APPENDIX A
Method of Determining the Series Resistance

A lossy transmission line may be approximated
as a series resistor and capacitor.

From (1) if G=0
[ ]1/2 R 1/2
el

{1+ x)a
can be approximated as

If x<1,
then ZL

_fLy/2 R - R 1
g 7 [15] [1+25L] T se

1/2
where R' = [—é“?] and C' = ERC

Thus alossy lineactsasa resistor inseries with
a capacitor if these approximations are valid. This
is similar to the circuit of Figure 4. The reflection
from such a circuit is derivedinthe theory andis there
given by equation (7).

=1 +ax, and if R==sL,

222O -t
e ({t)=E |1- exp
R‘+Z0 (R' +Z0)C'

= 2EZ
The slope at t = 0 is -3€ ()= o 3
at Jt=0 (R +32)°C

v.vhereuZ0 is the impedance of the generator.

APPENDIX B

Reflection from an Infinite Lossy Line

For a lossy thermocouple the series resistive
losses cannot be ignored. The following analysis is
from Hewlett-Packard Journal, Vol. 15, February
1964.

The line impedance is defined as;
1/2 1/2
Z, = R +sL ™, z, B ER (1B)
G + sC s + 0

wheren = R
L
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2 <[ L]/
0 C
If this line terminates a loss free lineor a generator of
characteristic impedance Zo’ the reflection coeffi-

cient is;

N . 24, _ Y5t -S5O (2B)
r et Z+Z, Vst +Vs50

If a unit impulse is appliedto the line, then the Fourier
transformof the expression for k‘r defines the reflection

as a function of time.
g (1) =—L1 n-G'_t]exp_w_Q_'__t (3B)
t 1 2 2
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If G is negligible, O = 0.

The response to a step function input is the integral
of ' (t) so that for a unit step function the reflection
is

t) = 1 -1 [“El] 'S [1;—] exp 'L? “4B)

2
where 1 [" and I [ J are modified Bessel
° TJ 1 —‘121 functions of the first
andsecond kind re-

spectively.

The slope of this curve at t =0 is given by the limit
of Equation 3B as t approaches zero.

' - -0
I o (5B)
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