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Pulse Dispersion and Shaping in
Microstrip Lines

JOHN F. WHITAKER, STUDENT MEMBER, IEEE, THEODORE B. NORRIS, G. MOUROU,
AND THOMAS Y. HSIANG, MEMBER, IEEE

Abstract — A method for determining the modal dispersion of gigahertz-
bandwidth pulses on microstrip transmission lines is described. We have
investigated the evolution of temporal waveforms propagating on micro-
strips, with very good agreement noted between experimental pulse shapes
and numerical simulations. The resulting pulse distortion contributed to a
pulse-shaping application where 100-ps rise times were stretched to the
nanosecond durations necessary to control the shape of high-energy optical
pulses used in fusion research. The tunability of the shape of the rising
edge was investigated through variation of the stripline geometry and the
substrate material. Additional effects due to high-frequency attenuation in
several dipolar liquid dielectrics were substantiated experimentally, and the
relevance of the results has been discussed.

1. INTRODUCTION

S THE SIZE of electrical devices decreases and the

bandwidth they are expected to respond to increases,
the study of the propagation of ultrafast transients be-
comes imporiant. The operation of practical devices in the
millimeter-wave range has already been demonstrated [1],
and the generation of electrical signals with terahertz com-
ponents has also been accomplished {2]. The problems
associated with the creation, detection, and characteriza-
tion of these signals have been in large part solved [3], [4],
leaving the study of transmission until last [5], [6]. This
paper considers the propagation of signals that contain
high-frequency spectral components in microstrip trans-
mission lines, as well as applications to controlled pulse
shaping.

The microstrip is intrinsically dispersive—it is incapable
of supporting a pure TEM wave [7]. The inhomogeneous
dielectric experienced by the fringing field of the micro-
strip leads to a discontinuity of the field at the interface
(Fig. 1) and, ultimately, the presence of contributions from
longitudinal components. To describe the permittivity en-
countered by a wave on a guiding structure that contains
the air—dielectric interface, the concept of an effective
dielectric constant is introduced [8]. This is a quantity
which is always smaller than the permittivity of the sub-

Manuscript received February 24, 1985; revised July 19, 1986. This
work was supported in part by the U.S. Department of Energy Office of
Inertial Fusion under agreement No. DE-FC08-85DP40200, the sponsors
of the Laser Fusion Feasibility Project at the Laboratory for Laser
Energetics, and the National Science Foundation under Grant ECS-
8306607.

J. F. Whitaker, T. B. Norris, and G. A. Mourou are with the Labora-
tory for Laser Energetics, University of Rochester, Rochester, NY
14623-1299.

T. Y. Hsiang is with the Department of Electrical Engineering, Univer-
sity of Rochester, Rochester, NY 14627.

IEEE Log Number 8611015.

Ground Plane

Fig. 1. Transverse cross section of microstrip with discontinuous elec-

tric-field lines shown.

strate, since the fringing field exists partially in air and not
exclusively in the substrate. It describes the interaction of
the field with a dielectric which is both the substrate and
the open air. Also, owing to the non-TEM nature of this
transmission line, it is dependent on the frequency of a
signal. Qualitatively, more of the field lines are in the
dielectric at high frequencies than at low frequencies,
leading to an effective permittivity that increases with
frequency.

The low-frequency regime can be described by a quasi-
static analysis [9], [10], where results have indicated disper-
sionless operation. The TEM mode propagation has been
assumed in fashioning design equations:

€t = % {(er+1)+(e,-—1)(1+10h/w)_1/2} (1)

where # is the spacing of the microstrip electrodes, w the
width of the top electrode, and e, the relative permittivity
of the substrate. Full-wave analyses [11], [12] and semiem-
pirical techniques {13], [14] to generate closed-form expres-
sions for the frequency-dependent dielectric function have
also been developed, providing more realistic information
as higher frequencies and modes become present. When a
curve is fit from this analysis [15], the effective permittivity
is found to behave as shown in Fig. 2, calculated for a
microstrip containing water as a substrate with h=w =1
cm. This curve has the form

Jeat () = few + (& = fewr) [ L+4F) (@)

where

F=(f/c)(ahfe,=T){1/2+(1+2log(1+ w/n)’} (3)

and c¢ is the speed of electromagnetic radiation in vacuum.
A significant change in the effective permittivity is ob-
served, taking place over several decades of frequency. If a
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Fig. 2. The frequency dependent effective dielectric function for a
microstrip of w=h =1 cm and € = 80 (water).

pulse contains frequency components in the region where
€. varies significantly, dramatic changes in the shape of a
waveform will result from the action of this function.

The propagation velocity of a signal depends on the
effective permittivity as v =c/\/e.;(f), so that the signal
velocity varies with frequency inversely to the behavior
shown in Fig. 2. As a consequence, spectral components
below the transition in Fig. 2 propagate with one velocity,
while the higher frequencies travel at another, lower veloc-
ity. This modal dispersion leads to distortion of the tem-
poral waveform as it propagates on the microstrip. The
dispersion, however, is not present due to the onset of
attenuation, as might be expected considering the coupling
between loss and dispersion via the Kramers—Kfonig rela-
tions [16]. These expressions relate the real and imaginary
parts of the permittivity of a material, and require that
dispersion of a signal in a material be impossible without
attenuation, and vice versa. In the case of the effective
permittivity, though, the geometry of the microstrip does
not lead to coupling between the real and imaginary parts.
This is because the geometry-dependent dispersion takes
place as a result of redistribution of energy from the TEM
mode to higher order modes (such as TE), not because of
any connection with attenuation. The transition from lower
to higher dielectric constant occurs in the region of fre-
quencies where the wavelength in the dielectric is on the
order of the transverse dimensions of the microstrip. While
it is true that the skin effect attenuation is dependent on
the geometry of the microstrip, it is not connected to the
modal dispersion in the manner that dielectric absorption
is related to material-dependent dispersion, as in a dipolar
relaxation or an ionic or electronic resonance. An example
of the real and imaginary parts of the dielectric function
for a hypothetical material displaying all three is given in
Fig. 3 [17]. These material effects will constitute the basis
for a future paper, although their consequences will be
discussed briefly later in this paper where it is believed
they have influenced, in some instances, the propagation of
waveforms in the presence of modal dispersion.

A useful reference quantity which identifies the ap-
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Fig. 3. The real and imaginary parts of the relative permittivity of a
hypothetical material showing a dipolar relaxation, an ionic resonance,
and an electronic resonance (left to right) (from [17)).

proximate center of the transition of the effective permit-
tivity function is the cutoff frequency

fre=c/4hje,~1. 4

From this expression one can determine the region where
the first longitudinal mode—TE for microstrip—contrib-
utes significantly. In general, a microstrip can be expected
to preserve the rise time of a temporal pulse if the rising
edge contains only spectral components at frequencies less
than one decade below the cutoff (Fig. 2). If a signal
possesses a bandwidth reaching above this point, it will be
distorted with propagation distance until eventually the
spectrum of the rise time contains only frequencies below
cutoff. Therefore, in order to keep the effect of modal
dispersion low, the cutoff frequency should be kept high.
This indicates that the impediments to ultrafast propa-
gation on microstrip, at least to first order, are large
electrode spacings and high relative dielectric constants.
Though the effects of dispersion can be detrimental, as
for example by imposing speed limitations on digital cir-
cuits, they can also be exploited for another practical
application. This involves employing dispersion as the
basis for a flexible waveform-shaping system. Laser-driven
inertial fusion targets require carefully controlled temporal
shaping of the optical driver pulse to achieve high perfor-
mance. In fusion applications, an optical pulse propagates
through many stages of amplification and experiences a
great deal of gain. This amplification is not uniform, and
the temporal gain profile indicates that saturation occurs
early in the duration of a waveform, resulting in pulse
distortion. By properly shaping the input laser pulse, how-
ever, it is possible to compensate for the effects of the
amplifiers. For example, it has been calculated at the
Lawrence Livermore National Laboratory that an input of
the shape shown in Fig. 4 is needed for the Nova laser
system to attain a square output optical pulse [18], the
waveform most efficiently absorbed by a target. The shap-
ing of the input optical pulse involves the application of
specific electrical waveforms to an electrooptic crystal.
Synchronized to this transient in the crystal is a low-
energy, square, optical input pulse, which can thus take on
the shape of the electrical waveform. The concept of a
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- Fig. 4. The required input optical pulse shape to compensate for
amplifier saturation in the Nova laser system. To attain a square output
waveform, a rise time duration of 5 ns may be needed. The progression
of time is indicated by the arrow; the same convention will be used in
all subsequent figures.

dispersive transmission line can be extended to that of a
pulse-shaping system, which uses dispersion to generate
waveforms that have amplitudes increasing monotonically
in time on the nanosecond or subnanosecond timescale
required for laser fusion. By simply propagating a signal
on the correct dispersive line, a properly shaped waveform
will appear at the output.

To date, these shaped electrical transients have been
generated using frozen wave generators [19]-[21] and a
tapered-line pulse shaper [22]. These methods rely on
continuous impedance mismatches or on the activation of
many photoconductive elements, and they appear to be
more complicated than a method employing the dispersive
properties of a transmission line near its cutoff frequency.
The shape of a pulse can be tuned by adjusting the
parameters of the microstrip: cross-sectional geometry,
length of propagation, and dielectric material. Through
variation of these, different cutoff frequencies have been
selected and their effects observed.

In this paper, computational and experimental results
on the characteristics of pulse dispersion and the technique
of pulse shaping in microstriplines are reported. Section II
describes a practical algorithm that uses dispersive proper-
ties of microstrip at single frequencies to analyze the
evolution of guided transients. Experimental verifications
of the computed predictions are presented in Section III,
and the initial results indicating the utility of dispersion in
pulse shaping are discussed in Section IV. Section V sum-,
marizes the work and projects the investigations to be
undertaken in the next phase.

II. COMPUTATION

In order to illustrate the effects of dispersion on a pulse,
calculations of the propagation of waveforms in microstrip
have been carried out. Using the expression for permittiv-
ity given earlier, a computer algorithm was generated to
simulate the evolution of a pulse on a microstrip with any
dimensions. An input, »(7,0), with either Gaussian or
exponential characteristics, or digitized from experimental
information, was transformed via discrete Fourier tech-
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niques to yield the input spectrum: F{»(7,0)}. It is this
quantity which was acted upon by the frequency-depen-
dent characteristics of the line

F{r(7,0)}-exp(—v(f)z) (5)
where v(f) was the propagation factor for microstrip, and

z the propagation distance. The distorted temporal pulse
was returned after an inverse Fourier transform

v(r,z) = F {F{r(r,0)}-exp(=v(f)2)}. (6)
The propagation factor consisted of two parts: a phase
factor 8(f) and an attenuation function a( f)

Y(f)=a(f)+ jB(f). (7)
For the case of a nonmagnetic, lossless substrate, the phase
factor was given by

Bo(f) = (ZWf/C)erff(f) . (8)

The attenuation factor was actually divided into two parts,
that due to the conductive electrodes and that due to shunt
conductance through the dielectric. The skin effect was
given by the abbreviated expression [23]

a.=(0.072/F7, ) /WZ, (9)

in dB /microstrip wavelength. Here, f was in gigahertz, Z,
was the characteristic impedence, and A, the microstrip

wavelength
>\g=7\0/\/‘eff(f) (10)

where A is the free-space wavelength. It was also neces-
sary to recall that Z, is dependent on e_(f), and thus
also on frequency [9]

Zo=no/(\eus (/) F(w /h)) (11)

where

F(w/h) =27 (In(8h/w)+0.25(w /h)) "
forw/h<1 (12a)
or

F(w /h) =w /h+1.393+0.667In(w /h +1.444)
forw/h>1 (12b)

and where 7, was the impedance of free space, 377 Q2. The
dielectric loss was given by [23]

oy = 27-3€r(‘eff(f)_1)(tan5)/{fegf(f)(€r_1)} (13)

in dB/microstrip wavelength, where tand is the loss tan-
gent, Im(e,)/Re(e,), a characteristic of the substrate.
Except in the case of a material relaxation or resonance,
when the loss tangent increases and losses become high,
the dielectric loss will be nearly negligible (less than 0.05
dB/mm for ¢, =10 at 10 GHz). This was assumed to be
true in our calculations. In a similar situation, the conduc-
tor losses were found to be moderate (less than 0.25
dB/mm), but significant enough to be included in the
algorithm. Finally, the full phase factor for an arbitrary
transmission line with negligible shunt conductance was
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Fig. 5. A schematic for a system using laser-driven pulse excitation of a
microstrip to study waveform dispersion.

given by
B(f)=yBs(f)+a’(f) (14)

This expression for phase, along with the skin-effect loss,
was used to calculate the propagation factor and the
dispersion at any place on an arbitrary microstrip. This
capability allowed us to predict the outputs of specific
lines without having to build them. It thus saved much
time from the process of selecting substrate materials and
stripline geometries which would provide interesting re-
sults.

III. EXPERIMENTAL

The schematic of a system used to observe the effects of
modal dispersion on a fast waveform is shown in Fig. 5. A
section of RG-58 coaxial cable was used as a charge line
with a system consisting of a single microstrip transmis-
sion line with its top electrode interrupted by a 500-pm-
long piece of CdSe semiconductor. The cable with a 20-k&
charging resistor, biased at 200 V dc, stores charge due to
the high resistivity of the CdSe element. This switch was
activated by a single 100-ps FWHM excitation pulse with
a wavelength of 1.06 pm, electrooptically selected from a
CW mode-locked, Q-switched Nd:YAG laser. A pulse
energy of 60 uJ, focused onto the CdSe with both spherical
and cylindrical lenses, was needed to close the switch and
attain a switching efficiency of 10 to 20 percent, a low
value due to the poor absorption of this infrared wave-
length by CdSe. The optical pulse energy was integrated by
the photoconductor—barring saturation by the switch—so
that the electrical waveform exhibited a rise time of about
100 ps, while the pulse duration was determined by the
natural recombination of the semiconductor or the length
of the charge line, whichever was shorter. The resulting
output was a baseband signal containing frequency com-
ponents up to 3.5 GHz.

The electrical signal was coupled to the dispersive mi-
crostrip via a Tektronix 18-GHz flexible coaxial cable with
SMA connectors. The microstrip was restricted in the
sense that the line was to have a cutoff value which
significantly affected a wide range of frequencies up to 3.5
GHz. In addition, it was necessary for the line to have low
shunt loss and impedance matching capability. In order to
attain the necessary cutoff criterion, a thick (2.54 cm) slab
of acrylic (€4, = 2.46) was inserted as the substrate. Copper
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Fig. 6. The comparison of experiment (left) and computation of the
evolution of a 100-ps rise time pulse as it propagates on a microstrip
with an acrylic substrate: (a) input, (b) 82.1 cm, (¢) 137.7 cm. The
ordinate in all figures is voltage, and for the computed results, the
voltage scale is arbitrary.

foil electrodes of equal size (5 cm wide) supported the
electrical signal in a balanced microstrip geom-
etry—fundamentally the same as a pure microstrip con-
figuration with % replaced by 4 /2 in the design equations.
This actually led to the erroneous production of a line with
a characteristic impedance of 27.5 Q, although the re-
sulting mismatch with 50-& cable was corrected by taper-
ing the height and width of the microstrip at its input. The
shunt conductance of the acrylic was known to be low,
since there were no significant resonances or relaxations
below 3.5 GHz.

The cutoff, calculated to be about 4.8 GHz, was chosen
so that frequencies down to less than 500 MHz would be
affected by the onset of modal dispersion. In addition, the
microstrip was cut into several segments, each of different
length, so that the dispersion could be observed as a
function of the length of propagation along the line. The
progress of an experimentally dispersed pulse is demon-
strated in Fig. 6, along with the computed results. The
input pulse (a), as well as waveforms detected after 82.1
cm (b) and 137.7 cm (c) of propagation, is presented. Each
of the experimental pulses was detected and displayed
using a Tektronix S-6 sampling head in a 7834 storage
oscilloscope.

The input to the dispersive line, the same as the switch
output, was a waveform consisting of a 100-ps rise time,
limited by the excitation pulse, and a 10-15-ns decay
duration, due to the relaxation mechanisms in the CdSe
switch. The digitized pulse for the algorithm was 512
points long and did not include the disturbance on the real
trailing edge which resulted from a reflection. The dis-
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torted waveforms exhibited rising edges which were much
longer than that of their input. The fast, 100-ps compo-
nents occurred later in the pulse, indicating that they were
delayed with respect to the slower components. In other
words, the transient appeared to be nearly reversed in
time, with the lower frequency components appearing first,
and-the higher ones last. The trend continued with propa-
gation distance, as can be seen in Fig. 6 (b), where the rise
time was found to be 320 ps, and in Fig. 6 (c), where it was
400 ps. From the waveform calculations, these values were
determined to be 350 ps and 415 ps, respectively. Ad-
ditionally, the position and 100-ps duration of the fast
components of the pulse were faithfully reproduced. Thus,
a quantitative agreement, even with many of the fine
features represented by the computation, was obtained
between the experimental and computed results.

An interesting feature of the calculated waveforms in
Fig. 6 is that the peak value of the pulse, as shown in (b),
appears to have a larger magnitude than that in (a). This
occurs as a result of the temporary pulse compression,
when the components at low frequencies “catch up” with
those at higher frequencies. This effect quickly diminishes
as the pulse propagates further, as shown in Fig. 6(c).
Similar effects have been observed by Li et al. [24].
It should also be noted that the transient analysis of
Djordjevic et al. [25] does not indicate any pulse sharpen-
ing on an arbitrary multiconductor transmission line. This
calculation was, however, a distributed-circuit analysis,
and it does not represent the unique geometrical factors of
the microstrip affecting the quasi-TEM mode of propa-
gation. It is, therefore, not entirely clear why the enhanced
peak is not observable in our experimental results, al-
though it may be true that the signals have simply been
diminished by leakage [26] unaccounted for in our al-
gorithm.

IV. PULSE SHAPING

From parts (b) and (c) of Fig. 6, it is seen that the
general waveform shape needed for fusion applications, as
shown in Fig. 4, can be produced through the dispersion of
an electrical pulse on microstrip. As indicated earlier, the
pulse shape can be tuned via adjustment of the microstrip
parameters until the specified shape is attained. Since the
shapes generated for arbitrary line parameters can be
reliably calculated, as has been demonstrated, it was only
necessary to determine the values for the material permit-
tivity and the geometry of the line which would yield the
desired computed shape. A microstrip with the calculated
parameters was then built to generate a wave shape as
computed.

To realize such a pulse-shaping scheme, it was first
necessary to note that the cutoff frequency must be kept
low in order for a microstrip to affect the 3.5-GHz band-
width pulse, and that to honor (4) the substrate height and
dielectric constant values must therefore be great. For
example, in one case it was discovered that a cutoff on the
order of several hundred megahertz was desirable, and to
keep the height manageable (A <5 cm), a permittivity of
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Fig. 7. The experimental (a) and computed (b) response of 25 cm of
microstrip to a 100-ps input (methanol substrate). The section indicated
in (b) is the part of the pulse used in the pulse-shaping application.

10 to 100 was needed. Some of the readily available
materials satisfying this requirement included zirconium
silicate (€4, =10), a mixture of titanium dioxide crystals
milled from rutile (€4, =114) [27], and a collection of polar
liquids: acetone (¢4, = 20.7), ethanol (¢4, = 24.3), methanol
(€4 = 32.6), and distilled water (¢4, = 80.1) [28]. The choice
of substrate material immediately fixed one parameter,
leaving the dielectric height, electrode width, and propa-
gation distance to be varied. The electrode width, affecting
the dispersion the least, was changed only in conjunction
with 4 in order to maintain an impedance of about 50 2.
Thus, for any one material, the height (already constrained
to a maximum value) and length of a microstrip would be
modified until an acceptable waveform was computed.

The various microstrips were constructed, with the
zirconium silicate powder contained in a box with plexi-
glass sides and a 0.32-cm-thick copper ground plane on the
bottom. A thin sheet of plastic covered the top, and the
packed powder itself supported the copper electrode,
tapered at the ends for coupling purposes. The liquids were
enclosed in plastic bags with negligibly thin walls, and
these in turn were placed on a copper ground plane
between two aluminum mounts, supporting the SMA-to-
microstrip launchers which were connected with the top
electrode. This copper foil strip was tapered in width at its
ends and also conformed with the taper of the bag near the
connectors. Liquid could be conveniently added or re-
moved from the bags to change the height and dispersion
of a line.

Fig. 7(a) shows the experimental dispersed output for a
25-cm section of microstrip containing a dielectric of
ethanol 2 c¢m thick, This can be compared with Fig. 7(b),
the expected result via calculation, to see that the values of
the rise times agree to within several percent. Additionally,
the experimental curves for the following microstrips are
displayed in Fig. 8: (a) 25-cm-long, 2-cm-thick methanol
substrate; (b) 150-cm-long, 5-cm-thick zirconium silicate
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Fig. 8. Experimental pulse shapes from microstrips containing (a)
methanol, (b) zirconium silicate, and (c) distilled water. The points in
(b) and (c) are the actual trace from the sampling oscilloscope; the line
through them is to clarify their path.

substrate; and (c) 25-cm-long, 2-cm-thick distilled water
dielectric. For each of these lines, a 100-ps rise time was
stretched to a duration of several nanoseconds. The water-
line, which had the highest permittivity of any of the
structures, provided the greatest rise time, 2.5 ns. This
rising edge was longer than that produced from even the
much thicker, much longer zircon-line, having a permittiv-
ity eight times lower. This indicated that a relatively com-
pact unit could be fabricated with water for the purpose of
generating long, tunable, electrical waveforms.

Furthermore, it was noted that delayed fast components
predicted by the computation of dispersion on the
ethanol-line were not present experimentally (Fig. 7(a)). In
fact, the high-frequency components were noticeably lack-
ing from the dispersed waveforms for all the lines contain-
ing polar liquids. It was thus discovered that the dipolar
nonresonant absorption indicated hypothetically in Fig. 3
affected the propagation of these 3.5-GHz bandwidth
pulses [29]. Both anomalous dispersion and attenuation
would take place if the real and imaginary parts of the
permittivity influenced the signal. However, the attenua-
tion over the long propagation distances involved has
evidently negated the dispersion and simply left the tran-
sient without its original high-frequency characteristics,
acting somewhat as a low-pass filter [30], [31].

V. SUMMARY

Microstrip transmission lines have been used to study
modal dispersion and its application to electrical and
optical pulse shaping for use in fusion energy research. We
have also verified the accuracy of a method which computes
the shape of fast waveforms propagating on arbitrary
microstrips. Although the discussion has been limited to
pulses with bandwidths in the low microwave regime,
material effects have been substantiated and the stage is
set for further work in microwave spectroscopy using
dispersion in transmission lines.

To determine the properties of materials by utilizing
them as substrates in transmission lines, it will first be
necessary to increase the frequencies present by decreasing
the duration of the pulse rise times. In addition, a system
will be needed for characterizing these ultrafast signals.
These tasks shall be accomplished through use of an
electrooptic sampling system driven by a colliding-pulse,
mode-locked dye laser [1]-[4]. This system produces opti-
cal pulses with duration of about 100 fs, and is thus
capable of exciting transmission lines to frequencies in the
far-infrared region of the spectrum. The shortest event
realized thus far possessed a duration of less than half a
picosecond, leading to speculation that millimeter or sub-
millimeter spectroscopy may be possible.
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