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ABSTRACT

The study of nine different voltage pulses (exponential, rectangular, unit step, trapezoidal,
logarithmic, triangular, quadratic, gaussian, and tangential), which approximate the unit
impulse or dirac delta in finite difference time-domain (fdtd) simulation of grounded
dielectric slab-like microstrips, was carried out in order to know how each one behaves
when transient and steady state analyses are considered. All these pulses lead to almost
identical responses (except the unit step) in the frequency regime but to very different
performances in the time regime. The convenience of use one pulse instead of other is
dicussed on the context of specific applications.

Keywords: Electromagnetic simulation; grounded-dielectric-slab-like microstrips; impulse-like
pulses.

1. INTRODUCTION

The propagation speed is a well-defined parameter for totally-confined and semi-confined
transmission lines, and also for open transmission lines if the lengthening factor is known
and well established. Thus for instance, a simple closed form equation for the phase velocity
on a coaxial cable is available in documents everywhere [1,2].
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Similarly, an uncomplicated expression to obtain the propagation speed of an open
microstrip transmission line, considering the lengthening factor, is at hand in a recent
publication [3]. In propagation of pulse signals through transmission lines, two connected
aspects of main importance are the transmission line bandwidth, associated with the pulse
spectrum (a fast Fourier transform), and the origin of the wave equations, associated with
the pulse shape, amplitude and width. The wave equations come from the telegrapher
equations, which represent a TEM medium, or from the Maxwell equations, which model
TEM and non-TEM media. The pulse shape, amplitude and width come from the summation
of several harmonic sine and/or cosine components and a single fundamental (a Fourier
series approximation). Thus, although the pulse can be of many different shapes, once it is
fed to the transmission line it soon acquires a quasisinusoidal form, since the propagation
constant 8 is a complicated function of the frequency w (higher order terms in a Taylor series
expansion) [4], and because of the spreading of the pulse as it propagates in a dispersive
medium [5]. In addition, the voltages and currents in the telegrapher equations, and the
electric and magnetic fields in the Maxwell equations, are settled down as continuous-wave
cosine-based time-varying variables. Thus, the signal distortion is observed by means of the
first and second aspects, whereas the signal change of speed is perceived mainly by way of
the second aspect. The propagation speed or phase velocity is the generic name given to
the speed with which a constant phase point on a wave displaces. This velocity is the same
as the speed of the light for transverse electromagnetic (TEM) media but different (greater or
lesser) for non-TEM media where it attains a particular term or designation.

2. THE SIGNAL DISTORTION

The transmission line has a bandwidth which can be defined in terms of the reflection
coefficient [6]. These bandwidth determines how much of the spectral content of a certain
signal pass throughout the line assigning to it a filtering nature.

In a microstrip transmission line, a hybrid electromagnetic (HEM) non-TEM medium, there
are three causes of distortion, as mentioned, one is its filtering nature [6], but also important
are its dispersive nature (frequency dependence) [7] and its frequency-shifting nature [3]. If
these causes are connected or are a different manifestation of the same phenomenon is
something to be carefully studied. The group velocity vy = (98/0w) accounts for the dispersive
nature in waveguides, but it is identical to the speed of the light, and hence to the phase
velocity, for two-conductor or TEM transmission lines [2].

The exponential, unit step, quadratic and Gaussian pulses have only a frequency
component, so strictly speaking, they are not distorted. An excellent discussion about the
distortion and attenuation of the “wave packets” or pulses carrying the signal information can
be found in [8]. A microstrip transmission line is neither a parallel plate waveguide nor a
grounded dielectric (slab) waveguide, since a circuital geometry is deposited on the
dielectric, partially covering the top overall surface. However, for electromagnetic simulation
purposes, mainly when the method of moments (MoM) is being used, an approximated
model for the microstrip line may be obtained by considering it like a grounded dielectric slab
waveguide [2]. Under these circumstances, a group velocity can be associated to a
microstrip with meaningful results. Thus, for the dielectricand air regions of a grounded-
dielectric-slab-like microstrip, the propagation constants are given as.
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3. THE PHASE AND GROUP VELOCITIES

A microstrip transmission line is neither a parallel plate waveguide nor a grounded dielectric
(slab) waveguide, since a circuital geometry is deposited on the dielectric, partially covering
the top overall surface. However, for electromagnetic simulation purposes, mainly when the
method of moments (MoM) is being used, an approximated model for the microstrip line may
be obtained by considering it like a grounded dielectric slab waveguide [2].

Under these circumstances, a group velocity can be associated to a microstrip with
meaningful results. Thus, for the dielectric and air regions of a grounded-dielectric-slab-like
microstrip, the propagation constants are given as

Ba =(eako ~Kod)* =(ea(W/C)~Koi' )" (1)
Ba =(kea +ko')* =(Kea +(W/C)?)”* ()

where &d is the relative permittivity of the dielectric, k; is the magnitude of the free space
wavenumber vector resulting from a general plane wave solution of wave equation [2], k.4
and k., are the cutoff wavenumbers for the dielectric and air regions respectively, w = 2mrf is
the radian frequency and c is the speed of the light in free space. The sign of kea’ in (2) has
been chosen to fulfill an exponential decay for the air region and the same propagation
constant has been initially assumed for both regions in order to reach a phase matching at
the air-dielectric interface, although it remains as the same only for frequencies lesser than a
relative low value, as will be seen later. By applying the proper boundary conditions to the
solutions of the grounded-dielectric-slab wave equations, and by combining the cutoff
wavenumbers, two sets of simultaneous transcendental equations can be arranged for the
transverse magnetic (TM) and transverse electric (TE) modes in the following way [2]:

K sgtrmtan (Kegtmd) = €q Keatm (3)
K ctm K satm = (€4 -1) ko (4)
“Kodte COt (Kodted) = Keate (5)
K oot K cate = (€4-1) ko (6)

where d is the thickness of the dielectric substrate.

From (1) and (2) the group velocity for each region is given by
v = CBal€sko = Cl(€q) ” Bal(€4) “Tko 7)
vga = CPalko (8)

Likewise, the phase velocities on the dielectric, the air and the microstrip, uncorrected and
corrected are given respectively as [3], [9]

wa = Cl(€q) " (9)

wpa = C (10)
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vom = Cl(Ee) = c1(Eem) ”* = cVip (11)

vpmc = vpmfl = vpm kvnpm /‘/7pd (1 2)

where g, is the effective dielectric constant, v, is the relative phase velocity, fl is the
lengthening factor, kK and n are positive numbers and k = p/2 (where p is the number of
circuit ports).

Now then, from (1) it can be seen that k.4 is real only if ky > B/(€4) ” and from (2) kg is real
only if B, > k.

HeNCe vga < vpa < vpm < vome < vpa = vga SINCE (£4)* =1 and (e.) * >1. For a microstrip line with
a relative permittivity of 10.5, a substrate thickness of 0.0635 c¢cm and a strip width of 0.1882
cm (a characteristic impedance of approximately 25 Q), this sequence is complied only for
frequencies below 2.8131 GHz, where the phase matching is reached. For frequencies over
this value, TM dielectric 4qm an air ,gam group velocities fluctuate among underluminal and
superluminal values and TE counterparts have the constant values of

vadte =2.8552X107 and ,gate = C.

Likewise, the air and dielectric TM and TE group velocities have a relationship given by

ngtm = Edvgdtm (1 3)

ngte = Edvgdte ( 1 4)

This behavior is confirmed by the results shown on Figs. (1) to (11). Obviously, the results
given by (1)-(8) are valid only for one dimensional time-harmonic waves but not for two- and
three- dimensional waves, which require a plane scalar wave equation in vector space to
describe the wave movement [10].

A group velocity has only significance if the bandwidth of the signal pulse is relatively small.
This requires a Fourier series approximation composed solely by harmonic components
constrained to a narrow band around the fundamental frequency [8] and demand a
modulating or intelligent signal with a very low frequency as compared to the frequency of
the carrier signal (w,, << wg). However, the surface waves on a grounded dielectric slab [11]
can propagate even at optical frequencies (THz) where an intelligent signal may have a
considerable bandwidth [12].

From 3.07 to 3.09 GHz, a cumulus of adjacent superluminal speeds coinciding with a
dispersed and purely imaginary propagation constant can be observed on Figs. (1), (4) and
(6). The origin of this heap may be the fact that they are in the neighborhood of an infinite
propagation constant and group velocity located at 3.0822 GHz.
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Fig. 1. The dielectric TM mode propagation constant growing with frequency. It
remains purely real from 0 to 2.8131 GHz and then pass to a fluctuation from real to

imaginary
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Fig. 2. Behavior of the dielectric TM mode propagation constant at higher
frequencies. A sustained exponential growth is beheld on the real part
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Fig. 3. Behavior of the air TM mode propagation constant at higher frequencies. The
imaginary part becomes 0
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Fig. 4. The dielectric TM mode group velocity flying from underluminal to
superluminal speeds in a narrow band. A small deviation from a constant can be
observed from 0 to 2.8131 GHz
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Fig. 5. The dielectric TM mode group velocity flying from underluminal to
superluminal speeds in a wide band. The imaginary part becomes 0
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Fig. 6. The air TM mode group velocity flying from luminal to superluminal speeds in
a narrow band. The free-space speed of light remains unchanged until 2.8131 GHz
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Fig. 7. The air TM mode group velocity flying from luminal to superluminal speeds in
a wide band. The imaginary part becomes 0
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Fig. 8. Behavior of the dielectric TE mode propagation constant at higher

frequencies. A simple constant growth is beheld on the real part and the imaginary
part becomes 0
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Fig. 9. Behavior of the air TE mode propagation constant at higher frequencies. A
simple constant growth is beheld on the real part and the imaginary part becomes 0
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Fig. 10. The dielectric TE mode group velocity showing a wide band underluminal flat
behavior. The imaginary part becomes 0
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Fig. 11. The air TE mode group velocity showing a wide band luminal flat behavior.
The imaginary part becomes 0

4. PULSE DEFINITION AND IMPLEMENTATION

Typically, a pulse is defined by a multivariable function including parameters as the pulse
shape, the pulse amplitude and the pulse width or spread .However, if the signal has a
simple geometrical shape, an easier way to define and implement a pulse is by using logical
conditions as simple Matlab® code statements [13]. The nine voltage pulses are defined as
follows:

Exponential (logical condition):

pulse = (0.5e2*exp(—t)).* (abs(t>=0 & 1 <=20)); (15)

Rectangular (logical condition):

pulse=2.5*(abs(t >=0&t<= 20)); (16)

Unit step (logical condition):

pulse=2.5*(abs(t>=0&t<=T)); (17)

where T is a summation incrementing by one inside the main loop of a 2-D FDTD
electromagnetic simulation [9],
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Trapezoidal (logical condition):

pulse =(0.2%1).%(abs(1>=0 & 1 <=10))
+2.0%(abs(1>10 & 1 <=30))
+(8.0-0.2%¢).%(abs(t>30 & t <=40));

(18)
Logarithmic (logical condition):
pulse =log(t).* (abs (t >=0 & t <=20)); (19)
Triangular (logical condition):
pulse =(0.2%t).*(abs(t >=0 & t <=20))
+(8.0—-0.2%1).%(abs(t>20 & t <= 40)); (20)
Quadratic (logical condition):
pulse =(1.5¢—2%1.72).*(abs(t>=0 & t <= 20)); 21)
Gaussian (function):
pulse =3*exp(-(0.5%((20-1)"2)/ (spread » 2))); 22)
where $P7€ad s taken as 4.
Tangential (logical condition):
pulse=(1.0/(8.0-1.5¢=2%1.72))
+(abs(t>20 & t <=40)); (23)

Figs. (12) to (20) show the fast Fourier transforms, the stimulated microstrip transmission
line input impedances and the elapsed one-way travel times for each one of the proposed
pulses. From a comparison of the responses, curves and traces shown in these figures, it
can be realized that the Gaussian pulse has the cleanest shape since not appreciable wake
is leaved behind it. However, compared to other pulses, the Gaussian pulse is one of the
slower pulses, meaning a greater computer memory and a time-consuming computation is
required for long paths and high speed interconnects simulations. On the other hand, the
exponential pulse has a fast transit time with a very noticeable trail which however, can be

reduced by applying a larger P7¢44 a5 mentioned in [14]. The other pulses are
intermediate cases where one instead of other can be chosen on the basis of design and
simulation criteria. Thus for instance, the trapezoidal pulse is an appropriate one to perform
frequency- and time-domain simulations for crosstalk minimization. Table | shows a
comparison among voltage pulses presenting the time of flight to reach the end of a
microstrip line with dimensions as those given in the previous section.
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Table 1. Comparison among voltage pulses

Pulse Cell at Time steps Elapsed
which the required to time to the
maximum the mean mean
value reaches reaches
(mean) of the cell 51 the cell 51
the pulse (end of the (sec)
appears at line)

168 time
steps (G)

Exponential 51 168 2.8978e-10

Rectangular 50 171 2.9495e-10

Unit Step 49 174 3.0013e-10

Trapezoidal 48 177 3.0530e-10

Logarithmic 48 177 3.0530e-10

Triangular 47 180 3.1048e-10

Quadratic 47 180 3.1048e-10

Gaussian 46 184 3.1738e-10

Tangential 44 191 3.2945e-10
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Fig. 12. The fast Fourier transform of an exponential pulse wave. The input
impedance of a microstrip transmission line when is stimulated by an exponential
pulse wave. Elapsed time necessary for the mean of an exponential pulse wave
reaches the cell 51 (sec)
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A Rectangular Pulse Wave and its DFT
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Fig. 13. The fast Fourier transform of a rectangular pulse wave. The input impedance
of a microstrip transmission line when is stimulated by a rectangular pulse wave.
Elapsed time necessary for the mean of a rectangular pulse wave reaches the cell 51
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Fig. 14. The fast Fourier transform of a unit step pulse wave. The input impedance of
a microstrip transmission line when is stimulated by a unit step pulse wave. Elapsed
time necessary for the mean of a unit step pulse wave reaches the cell 51 (sec)
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A Trapezoidal Pulse Wave and its DFT
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Fig. 15. The fast Fourier transform of a trapezoidal pulse wave. The input impedance
of a microstrip transmission line when is stimulated by a trapezoidal pulse wave.
Elapsed time necessary for the mean of a trapezoidal pulse wave reaches the cell 51
(sec)
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Fig. 16. The fast Fourier transform of a logarithmic pulse wave. The input impedance
of a microstrip transmission line when is stimulated by a logarithmic pulse wave
Elapsed time necessary for the mean of a logarithmic pulse wave reaches the cell 51
(sec)
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A Triangular Pulse Wave and its DFT
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Fig. 17. The fast Fourier transform of a triangular pulse wave. The input impedance of
a microstrip transmission line when is stimulated by an exponential pulse wave.
Elapsed time necessary for the mean of an exponential pulse wave reaches the cell 51
(sec)
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Fig. 18. The fast Fourier transform of a quadratic pulse wave. The input impedance of
a microstrip transmission line when is stimulated by a quadratic pulse wave. Elapsed
time necessary for the mean of a quadratic pulse wave reaches the cell 51 (sec)
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A Gaussian Pulse Wave and its DFT
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Fig. 19. The fast Fourier transform of a Gaussian pulse wave. The input impedance of a
microstrip transmission line when is stimulated by a Gaussian pulse wave. Elapsed time
necessary for the mean of a Gaussian pulse wave reaches the cell 51 (sec)
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Fig. 20. The fast Fourier transform of a tangential pulse wave. The input impedance of a
microstrip transmission line when is stimulated by a tangential pulse wave. Elapsed time
necessary for the mean of a tangential pulse wave reaches the cell 51 (sec)
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5. CONCLUSION

A study of nine pulses or wave packets to stimulate microstrip transmission line circuits, as
paths and high speed interconnects, was carried out in order to know how they behaves in
both the transient and steady state regimes. The microstrip wave velocities were deduced by
considering the distortion as the result of three phenomena of distinctive nature: the filtering
nature, the dispersive nature and the frequency-shifting nature. The pulses were defined by
a mathematical function or by a code logical condition. As an important corollary it can be
noted that the transit time for each pulse is substantially different.
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