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Abstract—The finite-difference time-domain method (FDTD)
is used to accurately characterize complex planar printed anten-
nas with various feed structures, which include coaxial probe
feed, microstrip line feed, and aperture coupled feed structures.
A new coaxial probe model is developed by using a three-dimen-
sional FDTD technique. This model is shown to be an efficient
and accurate tool for modeling coaxial-line fed structures. A
novel use of a dispersive absorbing boundary condition is pre-
sented for a printed antenna with a high dielectric constant. All
the numerical results obtained by the FDTD method are com-
pared with experimental results, and the comparison shows
excellent agreement over a wide frequency band.

I. INTRODUCTION

HE popularity of planar printed antennas has steadily

increased over the past decade, or so, due to a number
of advantages such as low cost, low weight, low profile,
conformability with existing structures, and ease of fabrica-
tion and integration with active devices. During this time
they have become an important area of activity within the
antenna community and have led to a major innovation in
antenna theory. Usually, printed antennas are fabricated on a
substrate, or on a number of substrates backed by a metallic
sheet (the ground plane). The radiating elements, consisting
of thin metallic patches or slots in a metallic sheet, are
located at an interface, commonly consisting of a dielectric
and air. Multilayered or stacked structures are often used to
increase antenna bandwidth. This can be achieved, for exam-
ple, by simply introducing an air gap between the dielectric
layers. Usually, the bandwidth can be increased to more than
10%. Practically, there are three common structures that are
used to feed planar printed antennas. These are coaxial probe
feeds, microstrip line feeds, and aperture-coupled feeds. The
coaxial-fed structure is often used in a single element or a
small array because of the ease of matching its characteristic
impedance to that of the antenna; and, as well as, the
parasitic radiation from the feed network tends to be in-
significant. Furthermore, it can also be used as the transition
from a printed circuit located on one side of a substrate to the
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printed antenna on the other side. Compared to probe feeds,
microstrip line-fed structures are more suitable for larger
arrays due to the ease of fabrication and lower costs, but the
serious drawback of this feed structure is the strong parasitic
radiation [1]. The aperture-coupled structure has all of the
advantages of the former two structures, and isolates the
radiation from the feed network, thereby leaving the main
antenna radiation uncontaminated. All three of these practical
feed structures will be discussed in this paper.

To date, many numerical techniques [1]-[6] have been
developed to analyze planar printed antennas in the spectral
domain. For coaxial-fed patch antennas, the earliest model to
be adopted for full wave analysis is the delta current source
model [2]. The model is based on the use of sinusoidal
expansion modes and the assumption that the current on the
probe is constant. The assumption restricts the model to the
point where reasonable results can be obtained only near the
resonant frequency of the patch antenna. Another popular
model is based on sophisticated attachment models [3], in
which the excitation current was spread over a charge cell.
This model was developed to be compatible with the rooftop
basis functions. Unfortunately, the resulting matrix needs to
be carefully treated because it is severely ill conditioned in
the vicinity of the resonant frequency. Recently, a more
accurate spectral domain model was developed [4], in which
the fringing field is replaced by a frill of magnetic current.
However, the discontinuity between the coaxial line and the
patch substrate, as well as the higher mode near the connec-
tor region, cannot be easily accounted for, even though a
primary transverse electromagnetic (TEM) mode excitation
concept is incorporated in the model. It is found that the
spectral domain methods can provide a more accurate model
for microstrip line-fed antennas than that for coaxial-fed
antennas, even though some non-practical assumptions must
be imposed in the line-fed model. A number of assumptions,
such as the transverse directed currents [S] are not being
taken into account and little consideration being given to
contributions from higher modes propagating down the feed
line, will cause the numerical results to diverge as the
frequency increase. Furthermore, when a antenna consists of
a multilayered structure, the spectral domain methods be-
come more difficult to use because of the complexity of the
Sommerfeld-type integral treatment.

The finite-difference time-domain (FDTD) method has been
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widely used to solve electromagnetic problems since 1966.
Because Maxwell’s equation are discretized directly, using
central difference in both space and time, the FDTD method
is more flexible for modeling complex structures. In the last
few years, a number of investigators have used the FDTD
method to analyze microstrip problems [7]-[9], but in the
case of the coaxial-line feed problem the analysis is based on
assumptions that deviate from practice. For example, the
discontinuity between the coaxial line and patch region is
replaced by an equivalent lump resistance, and as well, the
characteristic impedance of the coaxial line is not included in
the model [7]. Obviously, it is very difficult to obtain an
accurate equivalent resistance to incorporate all of the effects
of the discontinuity near the connector, especially if the
modeling is being carried out over a wide frequency range.
On the other hand, although a number of researchers have
given attention to modeling line-fed printed antennas using
the FDTD method, as of yet, none has addressed the problem
of strong dispersion when the dielectric constant is high. This
situation will be addressed here using a dispersive absorbing
boundary condition.

In this paper it will be shown that the FDTD method
provides a technique for accurate modeling of planar printed
antennas. There are three features of this full-wave analysis
technique that will be highlighted. First, rather than being
limited to a treatment of simple printed antenna structures,
this study focuses on various complex printed antennas, such
as coaxial-fed stacked microstrip antennas, microstrip line-fed
aperture coupled stacked microstrip antennas, and printed
slot antennas. Second, a new coaxial feed model is presented,
which provides a robust description of probe feeds, as well as
allowing for modeling of complex printed antennas. The
model takes into account contributions from the higher order
modes at the junction between the probe and the antenna. The
validity of the model is demonstrated by a comparison of
simulated and experimental results. The example, which will
be discussed in detail, is the coax-to-microstrip transition.
This problem often occurs in practical printed antenna de-
signs. The third feature of this paper is the novel use of a
dispersive absorbing condition. Its implementation will be
shown to be quite straightforward. This boundary condition
is useful in analyzing printed antenna structures which con-
tain microstrip lines, where the dielectric constant of the
substrate is high.

The antenna structures that are analyzed in this paper can
be considered to be representative of printed antenna struc-
tures. Also, the results of the sophisticated numerical treat-
ment will be shown to be in excellent agreement with the
experimental results over a very wide frequency range, the
experimental results that are used to validate the numerical
modeling were obtained using the HP8510B network ana-
lyzer. Details with regard to calibration and measurement
error will be provided in the following sections.

II. NUMERICAL IMPLEMENTATIONS AND EXPERIMENTAL
CONSIDERATIONS

The FDTD method is formulated using a central difference
discretization of Maxwell’s curl equations in both time and
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space. Yee’s original algorithm [10] solving Maxwell’s equa-
tions in three dimension is adopted. The field values on the
nodal points of the discretized finite volume are calculated in
a leapfrog fashion. In order to enhance the capabilities of the
FDTD method with planar antennas, two major develop-
ments are used in conjunction with the algorithm. The first is
a coaxial feed model and the second is the dispersive bound-
ary condition.

A. Leapfrog Algorithm

Since the FDTD algorithm is well known, only the funda-
mentals of its operation will be described here. For simplic-
ity, the antenna substrates will be assumed to be isotropic,

homogeneous and lossless. With these assumptions,
Maxwell’s curl equations can be expressed as
dH
— = -V XxXE 1
H ot ™)
oF VxH (2)
e— =V X
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and may be discretized by using the central difference scheme.
The central difference technique reduces the round-off error
for accuracy to the second-order. With time and space dis-
cretized, the E- and H-fields are interlaced within the spatial
3-D grid. All of these points are brought to light by the
leapfrog formula; a representative sample of which is given
by

EZTN(i, j, k)
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The time step in (3) must be limited by the stability criterion

1
4
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where Ax, Ay, and Az are the space steps in the x-, y-,
and z-directions. The quantity, A¢, is the time step and v,
is the maximum velocity in the computational domain.

At this point, Maxwell’s equations have been replaced by a
system of computer recognizable finite-difference equations.
The leapfrog algorithm is able to start working as soon as the
boundary conditions are set up. The excitation plane is a

special component of the boundary plane, which needs to be
treated carefully when setting up the problem.

At <

B. Excitation Treatment

For planar printed antenna problems, microstrip lines and
coaxial probes are the basic structures used as feeds. It is
assumed that the fields in the computational domain are
identically zero at time f = 0. The Gaussian pulse is used as
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the source of excitation because its smooth Gaussian shaped
spectrum can provide information from dc to the desired
frequency simply by adjusting the width of the pulse.

In the case of microstrip line or microstrip line-fed prob-
lems, the electric or magnetic wall condition is used at the
front plane of the device, i.e., at the point at which the wave
is launched. An impulse of vertical electric field is applied
underneath the microstrip line as the excitation. It is a plane
in the spatial domain and has a Gaussian shape in the time
domain. Although a fictitious source is used, the boundary
conditions will force the field to take on a realistic distribu-
tion after the wave propagates a distance of a few lattices.

Once the Gaussian pulse is well clear of the front plane, the .

front plane is shifted forward a few lattices and is trans-
formed into an absorbing boundary. Because the dominant
mode for the microstrip line is the guasi-TEM mode, which
is known to be dispersive, the dispersive characteristics of
the waves propagating on the line must be taken into account
by using dispersive absorbing condition. This becomes more
important when the dielectric constant of the substrate is very
high, for example ¢, = 10.2.

From a knowledge of the modes that exist on a coaxial
line, a simple field distribution can be specified at the excita-
tion plane, i.e., the plane between the feed and the antenna,
in such a way that the field components in the rectangular
coordinate system take on the projected values of the analyti-
cally derived radius-field-distribution. The non-TEM modes
that are excited by the nonphysical excitation will decay after
propagating at most a few lattices. The only mode which is
able to propagate down the coaxial line is the TEM mode.
Because the TEM mode is a nondispersive wave, the first-
order absorbing boundary will absorb almost all the wave
reflected from the antenna to excitation plane of the coaxial
line.

C. Coaxial Feed Modeling

The coaxial line-fed connection is a critical part of coaxial-
fed patch antennas and needs a special treatment. The curved
boundary of the inner and outer conductors of a coaxial line
is approximated by staircasing, and the tangential component
of the E-field is forced to zero at the conductor surface. For
the purpose of fitting the numerical coaxial line with the
lattice, the numerical characteristic impedance of an SMA
connector and its coaxial line is chosen to be about 47.0 ©
over a broad frequency range.

As shown in Fig. 1, the inner conductor of the coaxial line
is attached on the patch antenna going through the dielectric
substrate, and the outer conductor is connected to the ground
plane. In this model, the antenna is divided into two computa-
tional regions. One is the coaxial line region and the other is
the microstrip components region. The advantage of using
two regions is that the electromagnetic field in the coaxial
line can be defined by a small matrix, so that the computa-
tional space as well as CPU time expended in the coaxial line
region is less than 2% of that expended in a single patch
antenna region. Although the boundary of the coaxial line is
approximated by using staircasing, the extent to which waves
are scattered into the coaxial line is largely determined by the
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Fig. 1. Side view of a coaxial probe-fed printed antenna.

characteristic impedance of the coaxial line, i.e., its electric
characteristics, but seldom upon the specific shape, i.e., its
physical characteristics [11]. It is interesting to observe that a
very good numerical result can be obtained provided that the
numerical characterization impedance of the coaxial line is
almost the same as that of the coaxial line used in the
measurement.

The two computational regions must be carefully merged
near the ground plane. Fig. 1 shows how the two regions are
connected. The subscript @ and ¢ refer to the field in the
antenna and coaxial line regions, respectively. The lattices
are the same near the interface plane (plane 2), which is
always located on the E, — E, — H, plane in Yee’s lattice.
Planes 1 and 3 are located at half a lattice immediately above
and below plane 2. The E,, H,, and H, components are
located on these two planes. The ﬁelds in these two computa-
tional domains are calculated separately during each time
iteration. In the interface region, the H-field components can
be calculated by the following:

how= (HO(i, j, k). + HO(i, j, k),) /2
HEO(i, j, k) e = hyy
HO®Gi+1,j,k),=H2Gi+1,j,k),
HO(i+1,j,k). = HP(i+ 1, j, k),
HO(i, j k), = h,, |
H?(i, j, k), = HO(i, j, k),
H(i, j, k), = HO(i, j, k), )
and the E-field components by

= (ES(i, j, k) .+ EP(i, j, k),)/2

= (EC(i, j, k). + EO(i, j, k),)/2
EO(i+1,j,k),=EP(i+1,j,k),
EQ(i, j, k). =
EP(i, j, k), = e,
EQ(i, J, k), = EQ(i, J, k),
EP(i, . k), =e,,
EP(i, j, k), = e, (6)
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The two regions are stacked together after the above treat-
ment.

D. Dispersive Boundary Condition

As is well known, a wave traveling down a microstrip line
propagates in the waveguide direction. The side wave leak-
age and radiation are relatively small due to the guiding
nature of the metal strip. This is quite similar to a one
dimensional propagation problem. Based on the above obser-
vations, the first-order boundary condition, i.e.,

-3l

dz v dt

is usually used, where E represents the tangential electric
field components relative to the boundary wall and v; repre-
sents the velocity of propagation of the fields. If this condi-
tion is used solely, it is found that the reflections from the
boundary can be quite large because the boundary condition
only acts as a good absorber at the velocity v;. Therefore, a
dispersive boundary condition which can absorb fields in a
wide frequency band needs to be used.

In fact, many wide-angle absorbing boundary condition
can be adopted for dispersive problems. For example, it can
be seen that the following boundary condition, which was
originally developed for wide-angle absorption by Higden
{12], can absorb plane waves traveling with velocity v, and
v,. The condition is given by

)E

ozl

dz v, dt
It is easily seen that the above boundary condition is fairly
absorptive for any linear combination of plane waves propa-
gating with velocity v, and v,. By concatenating several
absorbing boundary conditions, as given by (7), the number
of velocities at which absorption is optimized can be in-
creased.

(7

a
0z

1 9

v, 0t

0. (8)

E. Frequency Parameters of Interest

To describe the frequency parameters of planar printed
antenna or the properties of the coax-to-microstrip transition,
the frequency dependent generalized scattering matrix can be
used, which is defined as

V-

i \/Zoj
Vj+ \ Zai

Ports 1 and 2 represent the coaxial line port of microstrip line
port, respectively, and Z ; is the characteristic impedance of
the ith port. V" (f) and ¥ (f) are the incident and reflected
voltage waves at the ith port, which are given from the
Fourier transform of the voltages in the time domain,

vis(f) = F{vi*(1)}. (10)

Fig. 2(a) shows a microstrip line-fed rectangular patch
antenna with a coax-to-microstrip transition. This problem
can be solved by considering the equivalent circuit in Fig.

Sij(f) = [

] s i,j=1lor2. (9)
Vs =0
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Fig. 2. (a) Microstrip line-fed rectangular patch antenna with coax-to-mi-
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transition.
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2(b), where the transition from coax-to-microstrip line is
given by a reciprocal lossy two-port network.

Reference plane 1 is located in the coaxial line, where the
characteristic impedance is Z,., and T, is the reflection
coefficient looking into the antenna from plane 1. Once T},
and [S] for the transition are given, the reflection coefficient
T',, which is defined somewhere on the microstrip line can be
written as

S12SZI

-1
T, —S“) '

in

r,- (522 + (1)

Simple transmission line theory can then be used if the
reference planes need to be shifted along the transmission
lines.

Many techniques can be used for deriving the antenna
radiation pattern. For example, one can take direct advantage
of the FDTD method, because the field at any time step in the
computational domain is known during the simulation pro-
cess. Using an equivalent principle and assuming that the
substrate is infinitely large, the air-dielectric interface can be
replaced by a conducting sheet on which is superposed a
magnetic current. By applying image theory, the surface
magnetic current M can be written as

M,(f) = 2B(f) x n (12)

where E( f) is the electric field on the air-dielectric interface
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at a particular frequency and n is the outward unit vector
perpendicular to the interface. After obtaining M and using
the free space Green’s function of magnetic current, the
radiation pattern can be easily obtained.

F. Experimental Considerations

The measurements of the input characteristics of the planar
printed antennas under discussion are carried out on an
HP8510B network analyzer. To set the reference plane at a
specific location, two kinds of calibration techniques are
used; one is the standard coaxial line calibration and the other
is the TRL calibration. The former can only be used to set
the reference plane at the interface between the coaxial-cable
and SMA connector (see Fig. 2(a) reference plane 1). The
latter can be used to set the reference plane to any place on a
line, so that the effect of the coax-to-microstrip transition can
be eliminated from the measured results. In the TRL calibra-
tion, three calibration kits were required: a Thru line of
length /[y, an open-circuit reflect line of length Lopen =
lne /2, and a delay line of length [, = /. + Al The
resulting reference planes are defined at a distance I, /2
from the connector to the patch antenna. The characteristic
impedance and propagation constant of the three lines must
be known for the center frequency and must be the same as
those for the line, on which the reference plane is located.
Usually Al = A, /4, where A, is the waveguide wavelength
corresponding to the center frequency in the frequency range
of interest. A limitation of the TRL calibration is the fact that
only the center-frequency characteristic impedance and prop-
agation constant for the line are used in the calibration. As is
well known, the characteristic impedance and effective di-
electric constant for a line vary with frequency. The effects
of dispersion on the microstrip line can not be taken into
account by means of experimental techniques. The limitation
brought about by dispersion restricts the bandwith of the
measurements, as well as causing measurement errors, espe-
cially when the dispersion is serious.

III. NuMERICAL RESULTS AND DISCUSSIONS

To validate the proposed coaxial feed model and to show
the improvement that is brought about by using the dispersive
boundary condition, four typical complex structures of planar
printed antennas are analyzed. These are: a microstrip line-fed
rectangular patch antenna with coax-to-microstrip transition,
a coaxial-fed stacked patch antenna with an air-gap between
two layers, a slot antenna that lies on the ground of a
microstrip line, and a microstrip line-fed aperture coupled
stacked rectangular patch antenna. Both simulated and mea-
sured results will be provided in each case.

With one exception, the first-order absorbing boundary
condition (ABC) is used in this study for the top plane, as
well as the side walls of the computational domain. The one
exception is the strongly dispersive case. In comparison with
the higher order ABC, the first-order ABC is considerably
simpler to implement. Although a little more computational
overhead would be expected. Furthermore, when the lattice
size is small compared to the wavelengths of interest, the
fields at a boundary are strongly correlated with the fields one
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lattice inside the boundary. Thus in this case, which is
general to the problems being analyzed in this paper, the
first-order ABC gives highly accurate and therefore accept-
able results.

A. Microstrip Line-Fed Rectangular Patch Antenna with
Coax-to-Microstrip Transition

The example shown in Fig. 2(a) consists of two parts. One
is a simple patch antenna, which has been studied exten-
sively. The other is a coax-to-microstrip transition. To the
best of the authors’ knowledge, this transition problem has
never been adequately solved over a wide frequency band by
any numerical technique, certainly not using analytic analy-
sis. In practice, the transition is widely used in various
printed antenna structures, as well as printed circuits. The
de-embedding of the effects of the transition is urgently
needed for carrying out accurate practical design. In the
numerical analysis to follow, reference plane 1 is located at
19A x away from the ground plane, and plane 2 is located at
84A 7z from the connector, where Ax = 1.272Ah, Az = Ay
= Ah = 0.315 mm. In this example, the microstrip line has
a characteristic impedance of 63 Q at 6 GHz. The first order
absorbing boundary condition is applied at a distance of
64Ah away from the patch. The numerical coaxial line
length is 100 Ax, and the Gaussian pulse is applied at the
second grid with respect to the bottom of the coaxial line.
The 5% pulse width of the pulse corresponds to 15 space
steps with the pulse maximum at 100 Az.

The transition from a coaxial line to a microstrip line can
be represented by the two-port network shown in Fig. 2(b),
and described by S-parameters. Due to the existence of
surface and radiation waves, and the fact that only isotropic
substrates are considered, the network is lossy, as well as
being reciprocal. The S-parameters for this example, calcu-
lated by the FDTD method, are shown in Fig. 3. It can be
clearly seen that at low frequencies electromagnetic energy is
easily transmitted between a coaxial line and a microstrip
line. However, at a higher frequency the transmission charac-
teristics degenerate due to the higher order modes at the
discontinuity and radiation loss in the microstrip line. It is
interesting to note that in this example the energy is seriously
blocked at a frequency of around 18 GHz. This blockage is
caused mainly by the open end stub, which shorts the circuit
at a length of about one quarter of the waveguide wavelength.

The reflection coefficient I, of the entire antenna is
measured at the reference plane 1, which is located on the
coaxial line. Fig. 4 shows the magnitude and phase of T,
from 3 to 9 GHz (group 1). The measured results are in very
good agreement with the calculated results. The reflection
coefficient tells us that the antenna is resonant at frequency of
5.53 GHz. The equivalent magnetic current for the air-di-
electric interface and at the resonant frequency is given in
Fig. 5. In the diagram, the direction and length of each arrow
indicates the orientation, phase, and magnitude of the mag-
netic current at that point. It presents a very clear picture of
how the antenna works. At the resonant frequency, the
dominant mode on the patch is the fundamental (1, 0) mode.
On the two wider edges of the patch, the magnetic current,
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Fig. 3. S parameters of coax-to-microstrip transition.

which has almost the same magnitude and phase, contributes
mainly to the far field. On the two narrow edges, the current
phase changes. The radiation from these currents will almost
be cancelled in the far field range.

By using the TRL calibration, the reflection coefficient T
of the patch antenna defined at reference plane 2 (see Fig.
2(a)) is measured and is shown by the dashed line in group 2
of Fig. 4. With the help of (11), the numerical value for I is
obtained by converting T;,, which is calculated by the FDTD
method (see solid line of group 1 in Fig. 4), from reference
plane 1 to reference plane 2, using the previously calculated
S-parameters. It follows from the close agreement that the
S-parameters of the transition obtained from the FDTD
method are correct.

B. Coaxial Probe-Fed Stacked Rectangular Patch Antenna

To show the applicability of the coaxial feed model to
more complicated printed antenna structure, the coaxial
probe-fed stacked patch antenna is investigated. As shown in
Fig. 6, the antenna consists of two patches. The coaxial
probe is connected to the lower patch. An air gap is intro-
duced between the two patches in order to increase the
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Fig. 6. Reflection coefficient of a coaxial probe-fed stacked patch antenna.

bandwidth of the antenna. In this example, the feed probe is
located at a point which is (12.5,4) mm from the low left
corner of the lower patch.

Fig. 6 gives the measured and calculated results for the
reflection coefficient of the stacked patch antenna. It is obvi-
ous that the comparison is excellent both in magnitude and
phase within a wide frequency range. From the reflection
coefficient we discover that the antenna has a bandwidth that
exceed 16% at the first resonate frequency, within which the
return loss is less than — 10 dB.

C. Microstrip Line-Fed Slot Antenna

Fig. 7 shows a microstrip line-fed slot antenna, which was
analyzed previously in [13] using the spectral domain tech-
nique. The computational parameters used in the FD-TD
analysis are

Ah = 0.4 mm

Ax=Ah, Ay=15Ah, Az=1.75Ah

At =0.515Ah/c

and the first-order absorbing boundary is applied. It is as-

T - ' n

2.2 - 3.7 GHz clockwise
0.1 GHz increment

/ ™~
0—0—0—0—0 caleuliied

N

Fig. 7.

Input impedance of a microstrip line-fed slot antenna.

sumed that the field across the slot is almost constant; there-
fore, only one lattice is used.

The input impedance of the slot antenna in the frequency
range from 2.2 to 3.7 GHz is also given in Fig. 7. The
reference plane is defined at the center of the slot. The square
marks represent the FDTD simulated results and the circular
marks give the measured results from [13].

D. Aperture-Coupled Stacked Microstrip Rectangular
Patch Antenna

The treatment of the aperture-coupled patch antenna [14] is
similar to that of the traditional microstrip antenna except
that the microstrip patch antenna is located on one substrate
with a relative dielectric constant ¢, and a feed network on
another substrate with relative dielectric constant e,. Usu-
ally, e, is higher than ¢,, in order to reduce the dimensions
of the feed network. These two substrates are separated by a
common ground plane. In order to couple electromagnetic
power from the feed network to the patch antenna, an
electrically small opening or aperture is made in the ground
plane, as shown in Fig. 8. Since the radiator and the feeder
are separated by the common ground plane, the radiation
from the feed network can be eliminated from the far-field
pattern. As well, the feed network will be decoupled from the
antenna. Because ¢, usually has a large value, the microstrip
line will be strongly dispersive, thereby degrading the perfor-
mance of the first-order absorbing boundary condition. From
numerical experiments in the time domain, it is observed that
the reflected wave for a first order boundary is about ten
times greater than that from the dispersive absorbing bound-
ary condition discussed in Section II [15]. Therefore, the
dispersive boundary condition is used in the analysis to be
carried out. In this example, the distance between the open
end of microstrip line and the center of the aperture is 3.8
mm. The two velocities that are selected for designing the



WU et al.: CHARACTERIZATION OF ANTENNAS USING FDTD METHOD

ay=240T mm e, =233
by =1583 mm h; = 3175 mm
a,=1500mm g, =233
by =1500 mm h; = 3.175 mm
{, =11.6 mm
w, =095mm g, =102
wy =222 mm k=254 mm
! H
i ;
x=0.0 i
I
—
!
J *LA/
-

3056 GHz clockwise
0.026 GHz increment
f

00000 calculaed  .ozco- O

~ 0~0—0~0—0 mMeasured

Srn

Fig. 8. Input impedance of a aperture-coupled stacked microstrip antenna.

absorbing boundary condition are v, =C/vV7.12 and v, =
C/V8.5. These correspond to frequency 1 and 8 GHz,
respectively, where C is the speed of light.

Fig. 8 shows a Smith chart for the input impedance of the
aperture coupled stacked patch antenna. Fairly good agree-
ment is observed between calculated and measured results
over the frequency band from 3 to 5.6 GHz. This is the band
in which the antenna operates most efficiently. Because of the
serious dispersion in the microstrip line, it is difficult to
design a TRL calibration which is accurate over a wide
frequency band. The measurement repeatability of the return
loss is about +0.05 dB, and phase is about +8°. The
observed experimental error is primarily due to the uncertain-
ties inherent in the calibration kits that were used for the TRL
calibration.

IV. ConcLusioNn

By carrying out a numerical analysis of a number of
complex printed antennas, it has been shown that the FDTD
method is a very powerful tool for analyzing planar printed
antennas. The method can be used to accurately predict all
the antenna parameters of interest over a wide frequency
range, based on one time-domain simulation. It can provide
not only input information for the antennas, but also very
detailed field distributions, including the near and far fields.
The proposed three-dimensional FDTD coaxial feed model
provides a means to address more complicated, but practical
printed antenna problems. The validity of the model is
demonstrated by comparing the numerical and experimental
results for four representative complex antenna structures. A
one-dimensional simple dispersive absorbing boundary condi-
tion was used when analyzing components of printed anten-
nas with large dielectric constant substrates. In these cases,
the wave propagating on the structure suffers serious disper-
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sion. In our experience, the dispersive absorbing boundary
can be applied as easily as that of the first order absorbing
boundary. The advantage of the dispersive absorbing bound-
ary is that it is defined by the known dispersive characteris-
tics of the transmission line, and it gives second-order perfor-
mance when the wave propagates in a direction which is
normal to the boundary. Finally, it should be noted that
advances in the application of the FDTD method to printed
antennas require the development of 1) lattices that provide
greater numerical efficiency for the analysis of these struc-
tures, and 2) the adoption of appropriate signal processing
techniques.
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