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TABLE I
FIRSTSTEPSOF THE ITERATION

1.105. 10-‘”
5.025.
0.0039382
4.52642
63.2614
146.318
1314.061
11849.408

1.94
7.42
27.92
99.99
270.76
399.93
1998.82
16318.90

2.00
7.97
31.88
100.00
257.98
399.99
2048.82
16384.25

2.00
8.00
32.00
100.00
256.27
400.00
2047.99
16384.00

2
8
32
100
256
400
2048
16384

than a certain upper limit, has been presented. This is a useful
procedure for avoiding numerical overflow when (zI is very small
compared to the orders involved in the calculation.

problem since the time-domain response of the element is separated into
excitation-independent natural resonances and modes, which have considerable physical significance, and closed-form coupling terms which
can be rapidly evaluated as the geometric or temporal properties of the
source change. The purpose of this work is to demonstrate the SEM as
applied to the transient microstrip problem, and to study the effect of
varying the properties of the printed circuit substrate over a range of
values typically found in microstrip antenna applications. The transient
response due to a step and Gaussian excitation is studied, where it is
found that the level of transient signal induced on a printed element
increases with increasing substrate thickness and decreases with increasing substrate permittivity. The shape of the induced voltage or
current waveform is highly dependent on the geometric and temporal
properties of the source for elements printed on relatively thin substrates, while the elements printed on thicker substrates the shape of the
induced waveform is much less sensitive to the form of the excitation,
and resembles the oscillation of the fundamental resonance of the
antenna.
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An SEM Analysis of the Voltage Induced
upon a Printed Strip Antenna
by a Transient Plane Wave
George W. Hanson
Abstract-The singularity expansion method (SEM) is applied to
study the interaction of a transient electromagnetic plane wave with a
printed strip antenna. The SEM is an attractive technique for this

1. INTRODUCTION

With the increasing use of microstrip antennas and circuits,
the transient behavior of printed conductors in the layered
microstrip geometry is receiving attention. Analytical expressions for the transient radiation field of a Hertzian microstrip
dipole embedded in a lossless grounded dielectric slab. with both
vertical and horizontal polarizations, has been developed [ 11.
Also in [l], analytical expressions for the transient radiation field
of a microstrip transmission line with a known current distribution are obtained. The transient voltages and currents induced
on a microstrip line by an electromagnetic (EM) field has been
studied using a distributed-source transmission-line model [2].
The interaction of a transient EM pulse with a microstrip patch
antenna has been analyzed using a finite difference scheme [3],
also with the identification of an analytical equivalent circuit.
The purpose of this work is to analyze the behavior of a
microstrip dipole element excited by a transient plane wave.
Microstrip antennas are used in air and spacecraft applications
since they are lightweight and conformal. These antennas may
be exposed to external transient fields of man-made origin, such
as short-pulse radar, or natural sources such as lightning. In
almost all cases the incident field can be modeled by a plane
wave with a prescribed temporal behavior.
The singularity expansion method (SEMI [4], [5] is used here,
which yields accurate results in closed form subsequent to identification of the element’s natural resonances and natural modes,
and provides good physical insight into the interaction of a
transient EM field with a microstrip element. A previous paper
[6] presented results from application of the SEM to the timeharmonic radar cross section (RCS) analysis of a microstrip
dipole. That work is extended here to include the transient
microstrip problem. It is found that the late-time transient SEM
current can be represented as a simple residue series, similar to
the free-space object case, even though the microstrip element
resides in a layered media background. This background environment supports surface waves and introduces dielectric loss to
mithe system, and is accounted for by using- an appropriate
_. crostrip Green’s function.
11. THEORY
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The printed strip geometry with a lumped load impedance Z,,
An Aa-polarized transient EM
is shown in Fig’
I?‘(?,t ) = &I?,, f(t - (7. k , / c ) ) , is incident on a conducting strip
of width w and length i. The strip resides at the dielectric
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Fig. 1. Geometry of microstrip element.

interface of a grounded dielectric slab of thickness d, having
relative permittivity E , and loss tangent tan S.
The electric field in the space above the strip maintained by
currents on the strip is

where R , is a small circle surrounjing the q-th pole. Upon
invoking the SEM expansion (2) for K(7, w), and performing the
integration around R,, the time-domain response is found as

(5)

(1)
where G"'(7' I 7') is an appropriate electric dyadic Green's function for the layered geometry [71 with the free-space wavenumber and intrinsic impedance given by k,, q,, respectively. The
Green's function in (1) rigorously accounts for all wave phenomena associated with the conducting element, such as surface-wave
excitation and dielectric loss. The current induced on the conductor by some impressed excitation can be obtained by forming
an electric field integral equation (EFIE), which enforces the
boundary condition for the tangential electric field on the element's surface.
The SEM representation of the current density on the conducting element consists of a series of pole-singularities

(2)
where the wq's are the complex natural frequencies of the
element, distributed symmetrically about the Im { w } axis in the
upper-half Fourier transform plane. The natural-moje current
distribution associated with the q-th natural mode is k,, and A ,
is the corresponding coupling coefficient [4], [6]. The complex
natural resonant frequencies and natural modes are determined
by a numerical root search of a homogeneous EFIE [4].
Upon defining a Fourier transform pair

J

-m

(3)
the time-domain current can be obtained by standard complexplane analysis. Ignoring possible branch point singularities, and
assuming all pole singularities lie in the upper-half frequency
plane, the real line Fourier inversion integral is closed with a
semicircle of infinite radius in the lower half plane for t < 0 to
provide a null response. For t > 0, the inversion integral is
closed with a semicircle of infinite radius in the upper-half
plane, leading to

Exploiting symmetry of the poles, the time-domain current becomes

where wqi, w,, are the imaginary and real parts, respectively, of
the q-th complex resonant frequency. The time-domain current
density is therefore obtained in closed form subsequent to
determination of the object's natural modes.

RESULTS
111. NUMERICAL
Numerical results generated with the SEM are presented in
the following, and in some cases compared to a numerical
inverse Fourier transform (IFT) of a full-wave method of moments (MOM) solution, which is described in [6]. The temporal
Fourier inversion of the MOM solution was verified by comparison to results published for a wire above a ground plane without
any dielectric present [8]. This comparison was accomplished by
setting E, = 1.0 in the grounded dielectric slab Green's function.
The MOM code with numerical inverse Fourier transform inversion was found to be in excellent agreement with the previously
published results, and it will be used to verify the SEM solution.
The response of a microstrip element to step and Gaussian
excitations will be analyzed here. The step waveform has f ( t ) =
u(t), where u(t> is the unit step waveform. The Gaussian waveform is given by f(t) = e-az(t-to)2
, where a = 1.665/u and
to = 2.1459/a, with t o locating the center of the pulse and CT
being the half-amplitude pulse-width [9]. In the following figures,
the strip is loaded with a 50 s2 lumped load impedance located
at its center, which is the location of the time reference, and all
results are presented for E,-polarization with 4 = 0". The substrate has tan S = 0.001, which is assumed to be constant over
the range of frequencies considered here. In Figs. 2 and 3, eight
SEM modes were used, whereas in Figs. 4-6 five SEM modes
were used.
Fig. 2 shows the voltage induced over the load impedance for
an impressed field having a step behavior in time. The voltage is
shown as a function of normalized time, where c = speed of
light. The element is printed on a dielectric slab ( E , = 2.2) with
d / L = 0.04 and 0.25 for Figs. 2(a) and (b), respectively. The IFT
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Fig. 3. Induced voltage in a 50 Cl load due to a plane wave excitation
versus normalized time for step excitation and Gaussian ((T= ,021 excitations. er = 2.2, tan 6 = 0.001, d / L = 0.25, W / L = 0.001, 0 = 60".

c t / L = 0.75 shown in Fig. 3 represents the transition between
"late-time,'' where the incident waveform has completely swept
past the object and natural resonances have been established,
and "early-time,'' where the incident waveform is illuminating
the object. It is well known that the SEM representation (using
the form of coupling coefficients shown here, referred to as
class-1 coefficients) is most applicable in the late time. For the
microstrip geometry, the SEM response does not yield accurate
results until the incident waveform has reached the element
subsequent to reflection from the ground plane. This delay is so
slight for the substrate of thickness d / L = 0.04 that it can be
ignored.
Fig. 4 shows the SEM-predicted maximum load voltage induced by a step and Gaussian function plane wave, as the
substrate thickness is increased. It can be seen that value of the
induced voltage increases considerably as the substrate thickness
increases. The increase in the magnitude of the induced voltage,
as well as the shape of the induced voltage waveforms, can be
understood by considering the trajectories of the natural resonances (of an impedance-loaded dipole) in the complex frequency plane, shown in Fig. 5 as substrate thickness and permittivity vary. The first five resonances are shown as substrate
c t/L
thickness varies from d / L = 0.04 to 0.475. As the substrate
@)
thickness is increased, the fundamental (first) resonance is relaFig. 2. Induced voltage (mv/E,L) in a 50 Cl load due to a plane wave tivity unaffected, since this mode has a current Taximum at the
step excitation versus normalized time for several incidence angles, (a) location of the load impedance. The load impedance overd / L = 0.04, (b) d / L = 0.25. Full-wave MOM solution is also shown whelms any damping due to radiation or substrate loss, which
(dashed line) for 0 = 0",60". er = 2.2, tan 6 = 0.001, W / L = 0.001.
varies as the substrate thickness changes. The higher order
resonances are less affected by the load impedance, and show
considerable sensitivity to substrate thickness. For thin subMOMsolution is also shown (dashed line) for 0 = 0" and 8 = 60". strates the shape of the voltage waveform depends on several
For the thin substrate case, the level of the induced voltage is natural modes, resulting in the variation of waveform shape with
relatively insensitive to the angle of incidence, while the shape angle shown in Fig. 2(a). For larger values of substrate thickness,
of the waveform is highly dependent upon angle. For the thick the element's response will be increasingly dependent on the
substrate case the level of the induced voltage is sensitive to the fundamental resonance, as the higher-order singularities move
angle of incidence (and is generally larger than for thin sub- away from the Re { w ) axis. The shape of the induced waveform
strates), while the shape of the waveform is essentially that of is seen to rapidly evolve into the temporal oscillation of the
the fundamental mode.
fundamental resonance (Fig. 2(b)), which is also expected conFig. 3 shows the voltage induced by a step and Gaussian sidering its pole location relative to the higher-order resonances.
waveform at 0 = 60" for an element printed on a relativity thick The radiation resistance for the fundamental resonance of a
substrate, d / L = 0.25 with er = 2.2. The solid vertical line at microstrip dipole radiator generally increases with increasing

IEEE TRANSACTIONSO N ANTENNAS AND PROPAGATION, VOL. 41, NO. 12, DECEMBER 1993

70 I
60

t -

.......

A

Step
Gaussian

50
40

30

20

0050

0105

0160

0215

0270

0325

d/L

Fig. 4. Maximum induced voltage over a 50 0 load as a function of
substrate thickness. e, = 2.2, tan 6 = 0.001, W / L = 0.001, 0 = 60".
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substrate thickness until the onset of the TE, surface wave
mode [lo], which accounts for the increase in the level of the
induced waveforms shown in Fig. 4. The level of induced signal
depends on angle through the angular dependence of the coupling between the excitation and the fundamental mode.
Fig. 6 shows the variation of the level of the maximum voltage
induced by a incident step and Gaussian plane wave, as substrate permittivity is varied for a fixed substrate thickness,
d / L = 0.04. The loss tangent for all values of permittivity remains at tan S = 0.001. It is seen that the maximum level of
induced voltage decreases with increasing substrate permittivity,
although the variation is relativity less than when the substrate
thickness varies. This reduced sensitivity is anticipated by considering the trajectories of the natural resonances as substrate
permittivity varies, also shown in Fig. 5. It is seen that the
natural resonances tend to move laterally towards lower frequencies as permittivity increases, but remain at approximately
the same distance from the real axis.
IV. CONCLUSION
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Fig. 5. Trajectories of first-order pole singularities as substrate thickness and permittivity varies. Substrate thickness: d / L = 0.04-0.425,
substrate permittivity: cr = 2.2-6.2, tan 6 = 0,001, W / L = 0.001,

The singularity expansion method (SEM) has been applied to
study the interaction between a transient plane wave and a
printed strip antenna. Subsequent to identification of an object's
natural frequencies and modes, the SEM formulation results in
a closed-form expression for the transient current induced on a
microstrip element. By separation of the object's response into
excitation independent terms and coupling terms, the timedomain SEM response can be evaluated rapidly for any source
orientation or temporal dependence. For the step and Gaussian
waveforms considered here, it is found that the level of induced
signal increases with increasing substrate thickness over a range
of values typically found in microstrip antenna applications. The
variation in maximum induced voltage as substrate permittivity
is changed is somewhat less than when substrate thickness is
varied, although it is found that induced signal levels decrease
with increasing permittivity. The shape of the induced voltage or
current waveform is highly dependent on the geometric and
temporal properties of the source for elements printed on relatively thin substrates. For elements printed on thicker substrates,
the shape of the induced waveform is much less sensitive to the
form of the excitation, and resembles the oscillation of the
object's fundamental resonance.
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