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INTRODUCTION

. Evidence of the development of "millimicrosecond”
instrumentation techniques can be dated back 15 years.
Then, millimicrosecond, or as it is now called, nanosec-
ond, instrumentation developments were chiefly in sup-
port of Atomic Energy Commission-sponsored nuclear
research programs. More recently the gigacycle, now
gigalHertz, computer research has intensified the need
for better instruments and techniques to detect and to
measure subnanosecand events,

Most electrical engineering students, by their
senior year, have been exposed to the operation of vari-
ous oscilloscopes of 10 to 50 megaHertz bandwidth in the
laboratory. Many think that about 50 megaHertz is the
upper frequency limit for these instruments. It is true
that practical bandwidth limitations do exist for conven-
tional "real time' oscilloscopes although the limitations
have been overcome invarious ways. The two most prev-
alent methods are the sampling concept and the tunnel
diode switching comparator concept.

Agide from the fact that instrumentation is pre-
sently available for monitoring nanosecond response
times, which even today is pushing the state-of-the-art,
there exists problems in the laboratory of handling the
signals. One of the major problems in nanosecond pulse
measurement is the transmission of pulses from one
point to another with a required fidelity. Another prob-
lem is the Introduction of signals into circuits, and the
removal of signals from circuits. This problem is pre-
sent largely because of the effect of stray parameters
associated with the components and wiring used to inject
or remove signals.

SYSTEM PRECAUTIONS

An immediate word of caution here concerning the
response time being measured by a system with limited
inherent response time, since the observed reading may
be in error. A good rule of thumb to follow is to have a
system response time an order of magnitude better than
the response of the device under test {t; pyrr). Table 1
lists some observed rise times (tr ghg) with their corre-
sponding percentage of errors when viewed with alimited
system response time. ( System response time = trs )

trs tr DUT t1' t:v‘!:s“l Error

ns ns ns %
1 1 1.41 41
1 2 2.24 12
1 3 3.16 5
1 4 4.12 3
1 5 5. 10 2
1 10 10. 05 0.5

= 2 2
.tr obs tt's * tr DUT
TABLE |

Toyielda realizable concept indealing with pulses
in the nanosecond region, the practical tool 1s to relate
the 10 to 90% rise time and pulse width to an equivalent
frequency bandwidth (BW). In this corrolation, we as-
sume an ideal rectangular pulse passing through a sys-

tem, and characterize the system's response by analyzing
the output pulse width, rise time, and general charac-
teristics of the top of the pulse.

The rise time of the leading edge of the ocutput
pulse eannat be much less than one-half of the period of
the upper frequency limitof the amplitude response of the
system. Further, the total duration of the output pulse
cannot be much longer than the half-period of the low fre-
quency limit (and, of course, cannot be shorter than about
twice the rise time). The importance of the concept of
phase bandwidth must be emphasized in pulse circuita. It
Is preferable, from the point of view of obtaining mini-
mum distortion, that frequency components should not be
reproduced at all rather than arrive at the output in the
wrong phase. In the latter case, the high frequency com-
ponents notonly do not add correctly to give a rapid pulse
rise but also produce an undesirable series of "wriggles"
whichappear superimposed on the main pulse. The effect
is easily recognizable, but difficult to eliminate, since
the phase and amplitude bandwldths are often intimately
related and it is not always easy to arrange for the am-
plitude response curve to "cut off'" before the phase char-
acteristic departs from linearity.

The rise time is then approximated by the relation

t= 0.45/Ic (1)

where {; is the upper frequency limit defined by the 3 db
point.

When a number of networks are connected in cas-
cade, we are concerned with the cumulative deterioration
in pulse rise time which occurs on passing through the
whole system. If the quantities tp are the rige times of
the individual sectlons, when a rectangular pulse is ap-
plied to each separately, then the overall rise time T of
the whole is

T = mrz @)

This relationship was used to derive Table 1. The
relation only applies strictly if the pulses are Gaussian
in shape and provided there isno overshoot, but the equa-
tion gives an invaluable guide for generaluse in so-called
minimum phase networks, composed of lumped compo-
nents, and where the amplitude cut-off frequency alone
is specified. Systems possessing wave propagating prop-
erties, however, are not minimum phase networks, and
phase distortion may well determine the useful bandwidth
if care is not taken. In normal practice, minimum phase
networks are used with the exception of coaxial lines.

Using equation (1} and solving a typical applica-
tionfor a one nanosecondrise time pulse, we see that the
frequency bandwidth is 450 megaHertz. In normal sinu-
soldal applications in the [F-RF region, a person is well
aware of the precautions necessary for signal handiing
techniques, yet when the same persons deal with pulses,
they tend to be negligent.

Our first major problem of concern is that of
transporting our pulses from one point to ancther with
the best fidelity. When transporting a puise, one usually
desires a minimum of change in the gdistribution of the
pulse energy in time-space. This means a minimum of
attenuation and dispersion in the transport process. For
this reason, most nanosecond pulse propagation is done

Circuit dtagrams external to Motorola products are inciuded as a mesns
of illustrsting typicsl semiconductor applications; consequsntly, com-
plete information sufficient for construction purposes is not neces-
sarily given. The information in this Apptication Note has bsen carefully

checked and is balieved to be entirely reliable. However, no responsi.
b ..y is assumaed for inaccuracies. Furthermora, such information does
not convey to the purchaser of the semiconducter devices described
any licsnss under the patent rights of Motorola Inc. or others.
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with the transverse electro-magnetic mode (TEM) in co-
axial, stripline, or wire-over-ground-plane type trans-
mission lines.

Stripline has its advantages in some applications
which will be discussed briefly later. Wire-over-ground-
plane comes into play in most test module construction
and will likewise be mentioned later. Sincecoaxial trans-
mission lines are practically incorporated in most every
case, they will be treated immediately.

COAXIAL TRANSMISSION LINES

The discussion will be confined to the TEM mode
propagation. Since nanosecond pulse work requires band-
widths of several handred megaHertz, dielectric losses
are usually not a severe problem, until at the upper fre-
quency limit when the dielectric losses become compar-
able to the skin effect loss. This occurs at about one
gigaHertz for solid polyethelene dielectric cables. The
major loss in good quality transmission lines, properly
used in the nanosecond region is skin effect. When the
dimensions in the direction of propagation begin to exceed
the order of a wave length at the upper end of therequired
bandpass, the stripline and wire-over-ground type lines
tend to have excessive radiation losses and the coaxial
line, or other shielded construction, is superior.

Skin effect increases with thefrequency according
to

R=42x 100 (%_ v ¢) o/m (3)

where copper conductors with radii a and b are used in
the coaxial cable, The attenuation is seen to rise with
frequency resulting in a loss of the higher signal com-
ponent frequencies. The distortion only appears as a
slowing in the rise time, however, since there is no ac-
companying phase distortion (to the first order).

It may be noted that skin resistance may be re-
duced by plating the conductors with silver to a thickness
equal to several times the skin depth. It may also be
noted that the resistance of an outer conductor (shield)
composed of thin wires bralded together may be several
times that of the corresponding metal tube and the vari-
ation with frequency seems to be greater, at high fre-
quencies, than predicted by simple skin effect theory.
The step function response of a skin effect limited cable
has been shown to be non-Gaussian. It rises slowly for
a short time to a smallamplitude, and finally very slowly
to a final value equal to the input pulse amplitude. (This
assumes that the de resistance is not significant com-
pared to the characteristic impedance "2," of the cable.)
It is found that 2 unit step function input pulse, after trav-
ersing a length { of cable, has a shape given by:

ﬂao ) @
1- ex-f(2 = _O_t

where ay is the attenuation (nepers per meter) at some
particular frequency I, (Hertz), and t is the time {sec)
excluding the normal delay down the cable. The function
(4) is plotted in Figure 1. It is interesting to compare
the rise time taken from Figure 1 with that predicted by
the relation (1), If a. is the attenuation constant at the
“cut-off” {requency, i.e., at the 3 db point, then

)
ecsl/ﬁ

Now =
Uc QD c fO
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f
thus we find fc = 9
aoz 32

{In 0.707)2

We then apply t = 0.45/f, with the result tabulated below
along with the ta.ngent-inctercept and 10 to 80% rise time
derived from Figure 1.

Measurement Rise Time
0. 45/fc 3.74
- 2,2
10-90% 9.99 7 % ay i /(0
tangent-intercept 1. 64

TABLE Il — PULSE DISTORTION DUE TO LOSS IN COAXIAL CABLE

It is seen that the value given by equation (i) falls be-
tween the two extremes and is thus adequately justified
as a rough practical measure.

It is pointed out by Kirsten, that if we normalize
the abscissa in time and define T, as the time for the
wavefront to attain 50% amplitude, then

~~16

T_ = 4.56 x 10 4202 seconds (5)

where A = attenuation of cable at 1000MHz - db/100 feet
£ = length of cable in feet

In cases where the attenuation is known only at a fre-

quency other than1000 MHz, or the frequency dependence

of attenuation departs somewhat from the one-half power
law (say, where ¢ = Kf? in the reglon 0.4 < n < 0,7), then

4.56 x 10~ o222

_ {
Tor—— (8)

where a = attenuation of cable at {frequency f—db/100 feet

f= frequency — Hertz
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FIGURE 1 — CALCULATED DISTORTION SUFFERED
BY A UNIT STEP FUNCTION ON TRAVERSING A
LENGTH OF COAXIAL CABLE
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Values of T_for some commonly used cables are given
in Table 3.

A ~11

2 db/100" Tp(sec x 10 %)
Cable Type {ohms) gQQOMHz@ £ =10 feet
RG BA/U | 52 8.8 0.35
RG 9A/U | 52 9.0 0.37
RG 58/U0 | 53.5 20 1.8
RG 584/U | 50 23.5 2.5
RG 174/U | 50 30 4.1
RG 196 50 48 9.6
RG 213/U | 50 8.8 0.35
GR 874-A2| 50 10.5 0.50
GR 874-A3| 50 22 2.2

TABLE Nl

The times to reach other percentages of the input step
amplitude are given in Table 4.

% Amplitude Rise Time (% T,)

10 0.17

20 0.28

50 1.0

70 3.1

90 29

95 110

TABLE v

Of note here is the fact that the 10 to 90% response time
of such a skin effect limited cable is

t. = (29-0. 17)T° = 28.83T0

which in rounding off is roughly 30 times as long as the
0 to 50% response time. Taking this into consideration,
one can see where both the type and length of coax used
are especially important in the subnancsecond region.

As mentioned previously and evidenced by equa-
tions (5) and (€), since the rise time T, is proportional
to £2, 1f two equal lengths of a given type of cable are
cascaded, the rise time of the combination is four times
the rise time of either length alone. This is in contrast
to the well-known "Gaussian"” response in which the rise
time varies as the square root of the number of identical
sections, For this reason, therule of thumb for the over-
aliresponsetime as givenin equation (2)is notapplicable.
Ingtead, the response of z system which includes cables
with other elements may be obtained by other means. A
practical method is given later using the Time Domain
Reflectometer {TDR) method.

Another lock at Table 3 will prove most significant
later in the discussion of TDR and various anomalies or
discontinuities in systems. Of the popular cables listed,
the first three are not 50-ohm cables.

To summarize what has been presented so far:

1. Nanosecond and subnanosecond pulses contain
frequency components in the UHF region and must be
treated accordingly for minimum distortion.

2. Observed rise times may be considerably in
error — caution.

3. TherelationshipT = ‘/Etrz only applies strictly
if all components follow a Gaussian frequency distribution.

4. Skineffect isthe major contributor to rise time
degradation in coaxial cables in the nanosecond region.

3. The form of a step function, after traversing
a skin effect limited coaxial cable of reasonable length,
is a complementary error function.

6. The relationship fo = 0.45/t, is a valid ap-
proximation.

7. The pulse analysis of systems, which include
skin effect limited coax, does not follow the familiar
T= Etr Gaussian rule of thumb.

PARALLEL-PLATE TRANSMISSION LINES

We will now give attention to the planar, parallel
plane or stripline. which may be considered as an evalu-
tion of the coaxial line. Thus, as illustrated in Figure 2,
a circular-section coaxial line may be deformed in such
a manner that both the center and cuter conductors are
first square and then rectangular. The narrow side wallg
are then taken to infinity to give a flat strip transmission
system. This is a symmetrical line, but by removing
one of the outer plates, an unsymmetrical system is ob-
tained. The symmetrical line is normally referred to as
"stripline”, while the unsymmetrical is called "micro-
strip”. Most practical striplines are unbalanced electri-
cally, Parallel-plate lines may be dieleciric supported
or air-spaced. The conductors are usually of copper and
the dielectric is a low-loss material such as teflon or
silicon-impregnated fiberglass.

In striplines, a TEM rnode solution is applicable
a3 an approximation if certaln boundary conditions are
met. In such systems, the usual circuit elements can be
constructed and counterparts of most coaxial line com-
ponents may be realized. They are capable of broadband
performance and complicated circults can be readily con-
structed, Striplines have additional advantages of rela-
tively small bulk and weight while they are capable of
economic manufacture in quantity by printing techniques.
They are finding increasing application tn the frequency
range up to 12 glgaHertz.

_ : Y
©

(3} COAXIAL (b} SQUARE

" (Y RECTANGULAR: - -

(o) ASYMMETRICAL

() SYMMETRICAL .+ "
OMNETRCAL e e

FIGURE 2 — EVOLUTION OF FLAT STRIP TRANSMISSION LINE
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Figure 3 represents a typical microstrip trans-
mission lne. I the width of the ground plane is large
compared with that of the strip, the electric field does
not extend appreciably outside the dielectric and domi-
nant propagation is in the TEM mode. If it were not for
fringing and leakage flux, the theoretical characteristic
impedance would be

FIGURE 3 — A SOLID DIELECTRIC SUPPQRTED
*MICROSTRIP™ TRANSMISSION LINE

1 @)

where C is the capacitance per unit length and Vp is the
velocity of propagation within the dielectric.

To further insure a dominant TEM mode, the
thickness b of the dielectric must be less than one-guar-
ter wavelength in the dielectric.

Much analysis of parallel-plate system has been
made. An analysis made by Bowness. involving the use
of 2 measured constant for the fringing capacitance of the
line, gave the characteristic impedance as

104

%o 7 3ye {7 - 8.83 (w/b)}

(8)

This result assumes that the stripconductor is thencom-
pared with its width and that w is greater than b.

At this point youmight be asking what importance
does microstrip play in present systems. Take a look at
a copper clad circuit board mounted against a conducting
surface or for that matter most printed circuit boards.
You are looking at microstrip transmission lines which
have characteristic impedances of a magnitude that can
be detrimental to your ¢irecult or system.

Figure 4 illustrates ageneralcurve for microstrip
transmission lines. Note that as t/w and w/b increase,
Z, decreases.

Figures 5 and 6, taken irom the forementioned
article are practicalcases of the asymmetricaland sym-
metrical strip transmission lines. Figure 6 is experi-
enced in multilayer printed circuit board techniques.
Note that by adding the other ground plane, the charac-
teristic impedances for a given line width are halved.
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WIRE-OVER-GROUND TRANSMISSION LINES

Common to all systems is the familiar wire-over-
ground construction. Using the relationship

z, - (vlgé) togy () )

where € = dielectric constant between the wire and ground
plane, D is the height of the wire of diameter d above the
ground plane; one might see at first glance that Z,can be
indefinitely large simply by making D/d indefinitely large.
This fails rapidly in practice. If one used the diameter
of an electron for d, and 50 light years for D, one would
have an impedance of only about 3000 chms. This appar-
ently low value of 3000 ohms occurs because an order of
magnitude increase in D/d results, at best, in only add-
ing 138 more ohms to ZO.

The significance of this becomes apparent when
one investigates the inductance L and capacitance C of a
section of this transmission line. The applicable rela-
tionships for an air dielectric are

4D
L = 11.7 logy, (—a-) nH/in, (10
0812
C = —'—(——T-jluglo 30/7a pF/in. (11)

Due to the low rateof change of Z, with conductor
spacing, clearly the more sensitive way to influence L
or C is to change the length, ¢. Since it is difficult to go
much under 50 ohms or over about 200 chms with wire-
over-ground construction, 100 ohms {3 a useful number
to keep in mind. With a 100-ohm "air" dielectric wire-
over-ground type line, one has about 5 nH/in. of induct-
ance and 0.8 pF/in. of capacitance.

Let usassume that we have a configuration where
we have a one-inch lengthof wire as an intermediate wir-
ing of a 50-ohm system. A length of 50-chm line which
would have the same 0.8 pF capacity would have about 4
nH of inductance. Thus there is an excess of inductance
of 5 nH. The L/R time constant would then be 50 ps.
{There is a 100-ohm loop impedance.} For a 1 ns rise
time pulse, we would have about 20 time constants, or
more than enough time to reach well over 90% of steady
state conditions.

The approximation works well because the one-
inch leads specified are short compared to the distance
occupled by a 1 ns rise time puise leading edge (nearly 1
foot in an "air' line). The significance of this is that in
nanoseconds (or slower) wiring, the leads may be viewed
as short lengths of transmission line whose impedance is
fairly easily estimated; thig allows the quick calculation
of the excessive inductance or capacity over that required
to match the operating impedance of the system, since
leads are of necessity kept short compared to the dis-
tance in space occupied by the transient portion of the
signal of interest.

One can now chuckle in retrospect at the super-
stitions and hysterical concern about wiring techniques
in the microsecond and slower region. The impedance
levels of thousands of ohms usually encountered implies
that the leads will almost always have a 2 lower than
the circuit impedance level, and therefore will usually
have an excess of capacity. Note, however, that once a
wire is 2.5 diameters above the chassis, moving it 25
diameters makes little difference, compared to typical
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tube and transistor capacities if the wire is only an inch
or so long. By far, the more important effect is length.
If the wires were two inches long, there would be 1.6 pF
and 0.8 pF, respectively, for the 2.5 and 25 diameter-
height lines; but going to 10 inches results in 18 pF and
8 pF. Thus raising a lead farther above the chassis prob-
ably promotes undesirable cross-coupling withother leads
far more rapidly than it cuts down capacity. Decreasing
the lengthof the lead is very desirable since thisdirectly
decreases capacity and cross-coupling. However, the
inductance argument i{s usually ridiculous. Even if one
had 10-inch leads of 500 ohms (about 2500 diameters above
the chassis), in a 1000-ohm circuit, this would result in
a time constant of less than 0.2 ns.

In nanosecond work, however, the impedance
levels are fregquently low enough that one ig limited by
stray wiring inductance, rather than capacity. The big
advantage in nanosecond work is that circuit impedances
are usually within the range of realizable transmission
line impedance, thus one can arrange for an impedance
match resulting in neither an excess of inductance or
capacitance.

COMPONENT CONSIDERATIONS

Components alschave their problems. Highvalues
of resistors suffer from capacitive troubles, since the
RC time constant will generally be greater than L/R; and
conversely low valued resistors have inductive problems.
The inductance problem frequently shows up in termina-
tions at the bottom of dividersused to either make a volt-
age source or signal attenuator, and in current metering
devices such as a shunt; in other words, when one is
interested in the voltage across the resistor because
something is being placed in shunt with the resistor. The
capacitive problem frequently shows up in terminations,
in large dropping resistors used to either make a cur-
rent source or voltage divider, or in general when one is
interested in current through the resistor because some-
thing is going to be placed in series with it.

Inductance is usually not a problem, because it is
sometimes convenient to arrange several resistors in
parallel to further reduce the inductance; this process
carried to the llmit results in the disk-type resistor. A
consequence of this parallel construction is increased
capacity.

Resistor capacity is separated into two compo-
nents—radial and axial. The axial capacity tends to peak
the leading edge of 2 step waveform, while the radial
capacity tends to roll off the leading edge.

A relatively large resistor used to change a volt-
age source into a "eurrent' source is a good example of
the problem. A 1000-ohm, 1/2-watt {ilm resistor, 1/8"
diameter and 1/2" long will most likely have under 10 nH
of inductance; thus the L/R time constant will likely be
under 10 ps. The axial capacity is in the order of 1/2
pF, resulting in a 1/2 ns time constant. The total of the
distributed radial capacity is about 1/2 to 1/4 pF. With
low source and load impedances, the radial capacity is
relatively unimportant. Remember the radial capacfty
will not contribute to a single time constant due to its
distributed nature. However, the axial capacity is going
to peak up the leading edge of the step voltage. This can
be reduced by placing the resistor through a hole in a
ground plane, and placing the voltage source on one side
and load on the other. Radial capacity difficulties can be
compensated by adding axialcapacity, preferably by using
a wire extending from the high potential end to the load
end and bowed away from the center of the resistor.

07/09
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TIME DOMAIN REFLECTOMETRY

The question that is probably uppermost in your
mind in reading this article might be this, "How do I find
cut what the true rise time of my system is?" or '"What
input waveform do I actually have at the input of my de-
vice?"

Up to this point, we have not touched on the prob-
lems in connection with impedance mismatches, reflec-
tions, VSWR's, discontinuities, etc, In obtaining a true
picture {oscilloscope presentation) of your incident signal
at the point you want, you will also be lockingat the men-
tioned anomalies. The conditions which can cause them
are too numerous to mention. In taking another look at
Table 3, you cansee that the firat three cables listed are
not 50-ohm cables. The worst case of RG58/U can cause
a reflection of better than 5%. Now, if your system is
not properly backmatched, this signal is re-reflected into
your system. Depending on the position of the cable in
the system, and the source to test point time relation-
ship, this re-reflection could add to your original signal
in most any fashicn.

Returning to the original questions at hand, the
only way to be certain of the rise time or waveshape of
the test "step" at a particular point in a system ia to use
a time domain reflectometer (TDR) set-up and observe
the reflection retirning from a short at that point.

Many articles have been written on the subject of
TDR. Among the best are Hewlett-Packard's Application
Notes 62 and 67, and Tektronix's articles by Gordon D.
Long on the subject of Pulse Reflection Measurements.

Of note is the fact that using present equipment in
TDR set-ups one can {ietect minimum discontin%tie re-
sulting from L = 10~ Henry and € = 4 x 10~1° Farad.
Of advantage is that discontinuities can be resolved as
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inductive, capacitive, or resistive, along with the physi-
¢al location in the system. The practical limit of loca-
tion or position resolution is about cne-half the width of
the impulse responge, i.e., a littie more than half the
nominal rise time. The HP 1404,/1415A can resolve dis-
continuities down to abcut 1 ¢m. Since this is essentially
the discontinuity that any signal with frequency compo-
nents below about 3 GHz will see, the test is valid for
this frequency range (i.e., dc to 3 GHz). Herein les
another important advantage of DR — it is a wide-band
system. This in itself has many implications.

For example, consider the wide-band input im-
pedance (ry) of a transistor. With a TDR system, and
the utilization of microstrip techniques, r{, can be deter-
mined over the quoted frequency bandwidth, by reading it
on a CRT display as one would read an ochmmeter. This
is opposed to the many signal generators, test fixtures;
de, audio, and RF voltmeters; etc., that would be re-
quired for a point-by-point analysis.

Many applications of TDR have yet to be explored,
but as we can see in this discussion, it can be an tnvalu-
able tool in merely finding out if a test system or test
fixture does have problems, and what and where those
problems are.

CONCLUSIONS

We have, in the course of this note, touched on
systems as a whole; the different transmission lines (ap-
parent and non-apparent) and individual components used
in the system; and a method whereby deficiencies can be
detected, observed, and possibly eliminated. A paper can
be written on each of thetopics mentioned. However, as
as originally stated, the intentionof this noteis to create
a general awareness of the common, yet not well known
problems, and generally mention possible solutions,
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