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Abstract Top-hat monopole antennas loaded with radially layered dielectric are analyzed using the
finite-difference time-domain (FDTD) method. Unlike the mode-matching method (MMM) (which
was previously used for analyzing these antennas) the FDTD method enables us to study such
structures accurately and easily. Using this method, results can be obtained in a wide frequency band
by performing only one time-domain simulation. For the FDTD modeling, the type of medium at each
grid point is specified by a code. Also an efficient non-uniform meshing scheme and anovel perfectly
matched layer (PML) are presented and used. The excitation signal can be chosen in the form of
Gaussian pulse (GP) or sine carrier modulated by Gaussian pulse (SCMGP). These enable us to
increase the accuracy of simulation and decrease the required memory and CPU time. Simulation
results are presented in the form of graphical figures, which display the spatial variations in amplitude
and phase of radiated field. Also, the FDTD computed input impedances of several top-hat monopole
antennas are compared with those obtained by measurement. The agreement between computed and
measured resultsis quite well.

Key Words FDTD Method, Top- Hat Monopole Antenna, Dielectric Loaded Antenna

3 a3 OF s 8l (FDTD) los o350 53 35iome bl i, 3l oslitl sllss 5 0550 0k Sr
o dlis pl s ks Sl skl o ol WY LSS s 6,108 ,L lls oS top-hat (sls u_.J\
(Gl o a3 S IS Ll l(}k?ué‘fw./\s‘)éé)(MMM) o Gaed g, S 55 e el
LbL K s Sy on b by I e Ls..a;bjdb\mq\j_;u_ﬁFDTD oo Sheslamal L
S gl osd 53 5,50 ey qu)e)?);k;)bw&(abu\b@bj]m;)y C’L\."dﬁf_nmswksjﬁ
)‘OJUM]LA_{.MJAJGJUJA‘)}Mtfcw‘e.)\ww;)&;FDTD ol and Sl i ol s
(PML) S G U 3 Y s 5 ot 55 1 (5 45 5 s 331 o et 15 (S
e 5 o pte U5 oy U (GP) JUei ol St 5 Sy i 3 e ol
ol 8 3L 550 Oloj 5 alabl= alS 5 Bs Il Comge ol 5 ol 3 S e 5Ll (SCMGP)
bl sl 2t Ols 5B 5 aals Dl 35 &S Sl S dum@“uué)bwcb A e
dewls polie Ll ol 4511 (dizes ud\ S3908 Meel sdas OLES oS Sla sove g s o il OAJ\
Clas SuS b 6ob) Olime a0 palie ool .l 4z aslis ol (5,8 o311 polie b (535,5 Lmoldel ol

Lsls

1. INTRODUCTION

Since the presentation of the finite-difference time-
domain (FDTD) method in 1966 [1] this method
has found applications in amost al fields of
electromagnetics. Simulation of electromagnetic
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phenomena such as radiation [2], scattering [3,4]
penetration [5], absorption [6], coupling and
interference [7,8] and analysis of different kinds
of guiding [9,10] and radiating [11] structures
show the unique capabilities of the FDTD
method and its superiority over other conventional
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Figure 1. Top-hat monopole antenna loaded with radialy
layered dielectric.

methods.

In the case of radiating structures, this
method enables us to allow for all structural
details, materials with different electromagnetic
characteristics and media, structures and objects
around antenna. Also the FDTD method provides
the ability to consider non-sinusoidal excitations
(e.g. pulse signals). Therefore, it is possible to
calculate the characteristics of antenna in a wide
frequency band only by performing the time-
domain simulation once and using the Fourier
transform.

Pioneering researches by Smith et al. are among
the most significant works that have been
carried out in this field. In their works, perfectly
conducting cylindrical and conical monopoles[12],
Wu-King resistive monopole [13], an optimized
conical antenna for pulse radiation [14], severa
broadband loaded monopoles [15], and insulated
linear antenna in lossy media [16] were analyzed
by 2-D cylindrical FDTD method. Using Gaussian
pulse (GP) or differentiated Gaussian pulse (DGP)
as excitation signal, the process of radiation by
these antennas was studied and characteristics of
antennas in time and frequency domains were
computed with high accuracy. Researches made
by Shum and Luk about two kinds of ring
dielectric resonator antennas [17,18] are also
worthy of attention. In their works, the excitation
signal was considered in the form of GP or cosine
carrier modulated by Gaussian pulse (CCMGP)
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and characteristics of antennas were obtained in a
specified frequency band using the Fourier
transform.

In the present research, the problem of top-hat
monopole antenna with homogeneous and
inhomogeneous dielectric loading (Figure 1) is
studied using the FDTD method in cylindrical
coordinates taking the rotational symmetry into
consideration. Top-hat loading of an electrically
small vertical monopole antenna modifies the
current distribution on the antennain such away as
to decrease the radiation Q and increase the
radiation resistance of the antenna [19]. On the
other hand, the dielectric loading, in addition to
making the electrically small antenna self-resonant,
makes the structure much more mechanically
robust. The combination of top hat loading with
the use of low-loss loading materials can,
therefore, produce a broadband electrically
small self-resonant antenna with high radiation
efficiency [20,21].

In previous researches, the mode-matching
method (MMM) was used for analyzing these
antennas. Due to limited number of modes, the
resultant expressions for field components in
different sections (especially in gap region) are of
limited accuracy. In addition, the MMM is a
frequency-domain method and in order to obtain
results in a frequency band, the MMM analysis
must be carried out for different frequencies
separately which takes a long CPU time.
Moreover, for top-hat antennas with more than two
dielectric layers, the MMM analysis is a very
difficult task (if not impossible). On the contrary,
the FDTD method enables us to anayze these
structures accurately and easily (by performing
only one time-domain simulation for each
structure).

In this article, the key points of FDTD
simulation in the case of above mentioned problem
are described, including subjects such as meshing
scheme, mesh truncation technique and excitation
scheme. Simulation results are produced in the
form of graphical figures, which display the spatial
variations in amplitude and phase of radiated field.
Also, the FDTD computed input impedances of
several top-hat monopole antennas are presented
by some curves and compared with those obtained
by measurement.
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2.FDTD SIMULATION

2.1 FDTD Formulation The FDTD
formulation of this problem is obtained by taking
the following steps:

(&) Maxwell's curl eguations should be expressed
in cylindrical coordinates taking the rotational
symmetry of structure and excitation (9/a¢ = 0)
into account. The gap-generator in Figure 1 only
excites the rotationally symmetric TM modes
(E..E,.H,) [20,21]. For future applications, the

ri z?

general case of anisotropic media (E,, E,.H, H¢Z)

is assumed.

(b) After the discretization of time and space
(Figure 2), the temporal and spatial derivatives
must be replaced with the central difference
approximations.

For example, it can be shown that the FDTD
equation for E, component is:

F70,j+,n+0.5) =CE21(i!j+)E(i!j+vn_0'®+
Ce,(0,") (rp(i) H, (" -r,0) H¢(i',j+,n)) (1)

where the coefficients C. ,(i,j"), C.,(.i"). ro (i)
and r_ (i) are:

e, (i,j") _o,(i.i")

Coy o At 2 3
Ce,.(1,17) e, (i.j") +Gz(i,j+)
At 2
. 1 (2b)
Ce,.(1,]) e, , 0,60
At 2
__ @) 3
I’p rz(i+)_r2(i_) ( 8.)
2(°) (30)

r =— > 7
") - ()

Using Equation 1, the electric and magnetic
characteristics (e, (i,j*),0,(3,j*), €c) and the
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Figure 2. Spatia discretization for two-dimensiona problem
with rotational symmetry.

FDTD coefficients (C (i,j)'s), which are real

numbers, must be considered, calculated and
saved in memory for all grid points (all (,j)'s).
This needs a massive amount of memory. In this
simulation, these values are considered, calculated
and saved in memory only for media and materials
that exist in the computational space. The only
parameter that is alocated to all grid points is a
code (an integer number) that specifies the type of
medium at each point. Therefore, Equation 1 can
be expressed in the following form:

Eaij+!n+0'3 = CEll(rne) E(i!r!n_o'a +
Coom) ([LOHE 170 1O HA ) (4a)

m, =m,(i,j") (4b)

g,(m.) _o,(m,)

- At 2 5a
CealMe) = ¢ {my) , 0,(my) 3
At 2
_ 1 (5b)
CealMe) =g (my, o,(my)
At 2
m,=12,..,n,
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where n, is the number of media and materialsin

the computational space and m, is the code that

specifies the type of medium. In this manner, much
less memory will be needed for simulation.

2.2 Meshing For choosing the meshing scheme
in this simulation, it is necessary to consider some
points:

(a) In order to obtain an acceptable accuracy, the
radiating structure should be modeled with fine
cells (Al <0.02A,,, %). On the other hand, the FDTD

simulation of electromagnetic radiation from
antenna up to far zone needs a grid with large
dimensions. In such a grid, coarse cells should be
used in order to keep the required memory and
CPU time below areasonable limit.

(b) Since the wavelength in dielectrics is shorter
than that in air, finer cells must be used for
modeling these parts.

(c) In some cases, only a little difference (even in
the order of a fraction of cell width) between
dimensions of FDTD model and dimensions of
actual structure may cause sensible deviations in
obtained values of some characteristics such as
input impedance of radiating structure. Therefore,
dimensions of FDTD model should be as close as
possible to dimensions of actual structure.

Based on the above-mentioned points, in this
simulation an efficient non-uniform meshing
scheme is used. In this scheme, the computational
space is divided into sections with specified
lengths along both radial and vertical directions,
according to the geometry of structure. For
example, Figure 3 shows the division of
computational space when antenna is loaded with
four dielectric layers. The values of cell width at
the edges of sections and the extremum values of
cell width in each section are also chosen so that
each section of the structure can be modeled with a
proper resolution (Figure 4). Then for each section,
the number of cells and the width of each cell are
calculated so that the length of the section will be
"exactly" equal to the specified value and at the
same time variations in cell width, from one edge

! A IS the shortest wavelength in the spectrum that has an
intensity worthy of consideration.
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Figure 3. Division of computational space for the problem of
top-hat monopole antenna with radialy layered dielectric
(figure is not drawn to scale).
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Figure 4. Meshing of an arbitrary section.

of the section to the other, will take place in a
smooth and gradual manner. It is obvious that there
is not any sudden change in cell width while
crossing the common edge of two adjacent
sections.

Using this scheme, dimensions of the obtained
model will be "exactly" equal to those of structure.
Besides, it is possible to use fine cells wherever
in mesh which are necessary and use coarse cells
in other parts, without facing any sudden change
in cell width throughout the mesh. In this manner,
the required memory and CPU time can be
considerably reduced.

2.3 Mesh Truncation In this simulation, a
perfectly matched layer (PML) with a simple
formulation is implemented for truncating the
computational space. Values of the electric and
magnetic characteristics at those parts of the
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absorbing layer that are adjacent to a specific
medium must satisfy the following conditions:

R |=0:00 e =
%"""_ e %fﬁm )
a

B

non

where subscripts" m" and " " stand for “medium”
and "PML" respectively, R, is the reflection

from medium-PML interface , 6, is the incidence
angle, a and B are attenuation and phase constants
and Z is the intrinsic impedance. After some
mathematical operations, the following relations

can be obtained for the electric and magnetic
characteristics of the PML:

= H
g° " (7)
P, =Y, ,d

Subscripts "r " and "z" of p,u,cand € are

omitted in (7). The value of a should be smoothly
increased from inner cells (sub-layers) of the PML
towards outer ones:

(@), = (a)maxa%ap 4=12 .10, ®8)

In (8), n, is the number of cells along the

width of absorbing layer (number of sub-layers)
and 0, is the order of increase (0, = 1 linear,

0, =2 parabolic, etc).

2.4 Excitation Scheme  The excitation source
is a delta-gap-generator between top-hat monopole
and ground plane (Figure 1) and it is possible
to choose the excitation signal in the form of
GP or sine carrier modulated by Gaussian pulse
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Figure 5. Gaussian pulse: (a) Tempora variations and (b)
Spectral density.

(SCMGP). In order to have an excitation signal in
the form of GP, with tempora variations and
spectral density shown in Figure 5, the following
equation should be used:

s() =s(na) = exp [~ (M, -s,.)°) (@)
Mg, = TLAL % (104)

Seq = +/IN(ry) (10Db)

where f_, is the highest frequency in the
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Figure 6. Sine carrier modulated by Gaussian pulse: (@)
Temporal variations. (b) Spectral density.

frequency band of interest and f_ is an arbitrary
frequency which is chosen in order to have a
spectral density ry; times less than that of f_ . I,
is the ratio between the maximum value and the
starting value of signa. In this simulation, the
valuesof f_, ry and r, areconsidered to be 2f,,,
107 and 10~ respectively.

In order to have an excitation signal in the form
of SCMGP, with temporal variations and spectral

density shown in Figure 6, the following equation
should be used:

s(t) =s(nAt)
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:s'n(nmsin _Ssin)exd_(nmexp _Sexp)z) (11)

m,, = 2Tt s, = TP (12)

m?xpzﬁz; o = (13

F, = fo ;fbeg T, :Fi0 (14)

1 J in,,) .
1| 2,2 ~Fu) (o —fre)

p=int %sz(&)%l (16)

where foeg is the lowest frequency in the frequency

band of interest and r, is the ratio between the

maximum value and the starting value of signal's
envelope. SCMGP unlike the ordinary GP (or even
CCMGP) has very small low frequency content.
This reduces the settling time and consequently the
required CPU time. Signals such as DGP aways
have the same spectral distribution relative to the

frequency of peak (f). For example, the 50%
bandwidth of DGP is always between 0.319f  and
1.922f,. On the contrary, by using SCMGP it is

possible to concentrate or spread the spectrum
density around the main frequency arbitrarily.
Therefore, we can raise the spectrum density at
a specified frequency band and reduce it at
other frequencies and consequently increase the
accuracy of calculations for the frequency band of
interest.

In this smulation, the input voltage and the
input current of top-hat antenna are found at each
time step. Using the discrete Fourier transform, the
values of these parameters can be obtained
at different frequencies. In this manner, the
impedance of top-hat antenna is calculated in the
frequency band of interest. Also, the Fourier
transforms of field components are obtained at
each grid point in order to find the spatial
distributions of amplitude and phase of radiated
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wave at a specified frequency.
3. SIMULATION RESULTS

In this section, some of the results, which are
obtained by FDTD simulations, are presented for
the cases of loaded and unloaded top-hat monopole
antennas. The computed values are compared with
the experimental results (presented in [20] and
[21]) in order to verify the accuracy of FDTD
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Figure 7. Comparing FDTD computed input impedance of
unloaded top-hat monopole antenna with those obtained by
measurement [20] over the frequency band f = 2 — 10GHz.
The dimensions of the antenna are: a=0.119 cm, e = 3.87 cm
and h=3.175cm.
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simulations.

3.1 Unloaded Top-Hat Monopole Antenna
Figure 7 shows the computed and measured input
impedances of an unloaded top-hat monopole
antenna. The dimensions of this antenna are:
a=0.119cm,e=3.87cmand h=3.175cm. It can
be observed that the FDTD results are in good

1] oo Ot 015 oz a5

(b)

Figure 8. Spatial variations in (a) amplitude and (b) phase of
radiated field (H¢ component) at 6GHZ. The parameters are

thesameasin Figure 7.
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agreement with those obtained by measurement.
The gpatia variations in amplitude and phase of
radiated field (at 6GHz) are shown in Figure 8 (a
and b).

3.2 Plexiglass-L oaded Top-Hat Monopole
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Figure 9. Comparing FDTD computed input impedance of
plexiglass-loaded top-hat monopole antenna (g, = 256,

0 =0.01S/m), with those obtained by measurement [20] over
the frequency band f = 2 — 10 GHz. The dimensions are the
sameasin Figure 8.
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Antenna In Figure 9, the computed and
measured input impedances of a plexiglass-loaded
top-hat monopole antenna are shown. The
dimensions of this antenna are equal to those of the
unloaded antennain previous subsection. Estimates

i (g

1
(DEGREE]

(b)

Figure 10. Spatia variationsin (a) amplitude and (b) phase of
radiated field (H¢oomponent) a 6GHz. The parameters are

the same asin Figure 9.
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of €.,=2.56 and 0 = 0.01S/m were used for the

plexiglass in the FDTD computations over the
2-10GHz range. The agreement between computed
and measured resultsis quite well. Figure 9 also
shows the strong resonant behavior of Z (f)

induced by the plexiglass, as compared to the
unloaded case in Figure 7. Within the dielectric,
the internal path length of the stem and top hat
ranges from 0.747\, (at 2GHz) to 373\, (at

10GHz). Dielectric loading is used to modify z,

by increasing the apparent electrical size of the
structure. Figure 10 shows the spatial variations in
amplitude and phase of radiated field around this
antenna (at 6GHz).

3.3 Teflon-Loaded Top-Hat Monopole
Antenna A teflon-loaded top-hat monopole
antenna was also studied. The dielectric loading of
this antenna is inhomogeneous as teflon is placed
only in regions 3 and 4 (Figure 1). The parameters
of this antenna are: a = 0.2381cm, ¢ = 1.27 cm,
e=38lcmh=32cm ¢, = ¢, =21ad

€. = €6 — 1. The computed and measured input

impedances of this antenna are shown in Figure 11.
It can be observed that the computed results are in
excellent agreement with the experimentally
determined results.

3.4 Top-Hat Monopole Antenna Loaded
with Four Dielectric Layers For top-hat
monopole antennas with more than two
dielectric layers, the MMM analysis is a very
difficult task (if not impossible). On the
contrary, in FDTD analysis the number of
dielectric layers has no influence on complexity
of simulation and such antennas can be easily
analyzed. Here, a top-hat monopole antenna
with four dielectric layers is considered. The
parameters of this antenna are: a = 0.119 cm,
b = 0.9525 cm, ¢ = 1.905 cm, d = 2.8575 cm,
e=381lcm h=3175¢cm, g, =5, ¢, = 4,

€, = 3 and g, = 2. Figure 12 shows the

impedance curves of this antenna in the
frequency band of 200-1600MHz. The spatial
variations in amplitude and phase of radiated
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Figure 11. Comparing FDTD computed input impedance
of teflon-loaded top-hat monopole antenna, with those
obtained by measurement [21] over the frequency band
f = 300 — 1000 MHz. The parameters of the antenna are:
a=0.2381cm c=127 cm e =381 cm h =32 cm,

8re3 = 8re4 =2.1and sres = sree =1

field around this antenna (at 900M Hz) are shown
in Figure 13.

Val. 17, No. 3, September 2004 - 259



PO 0 e s ———
|r'
|
E | B | =t
| |
- I I |
.E A}- -k 4
= 8 5
i .|' i | !
E I —* i .I....I:‘u,:..
< : : :
o : e / R\-..__
m} } o | e S
o N el e S oy Py
z - : :
1 1 s Ean
.| ] S LT LT T P I .-L.:. ....................
a0 | | A L
0] £l ] S ] = n] T X D 1RD0

R— k— TRELCIUERC Y |wHr)

Figure 12. Input impedance of top-hat monopole antenna
loaded with four dielectric layers (€, = 5 €., = 4

re3
€5 =3 and € = 2). The dimensions of the antenna are:

a=0.119 cm, b = 0.9525 cm, ¢ = 1.905 cm, d = 2.8575 cm,
e=3.81cmandh=3.175cm.

The FDTD analysis of each top-hat antenna
requires about 20min of CPU time (using an
800MHz CPU), but the same analysis by MMM
takes approximately 100 min, because the MMM
analysis must be separately carried out for each

frequency.

4. CONCLUSIONS

In this paper, top-hat monopole antennas with
homogeneous and inhomogeneous dielectric
loading were analyzed using the FDTD method in
cylindrical coordinates taking the rotational
symmetry into consideration. To increase the
accuracy and convenience of simulation, some
measures were taken:

(@) The electric and magnetic characteristics
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Figure 13. Spatia variations in (a) amplitude and (b) phase of
radiated field (H 0 component) at 900MHz. The parameters are

thesame asin Figure 12.

and the FDTD coefficients are considered,
calculated and saved in memory only for
media and materials which exist in the
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computational space (not for all grid points).
The only parameter that is allocated to all grid
points is a code that specifies the type of
medium at each point.

(b) Using an efficient non-uniform meshing
scheme, structures can be accurately modeled
i.e. dimensions of the obtained models will be
"exactly" equal to those of structures. Besides, it
is possible to use fine cells wherever in mesh
which are necessary and use coarse cellsin other
parts, without facing any sudden change in cell
width throughout the mesh.

() A novel PML was used which has a simple
formulation and can be easily adapted for different
applications.

(d) In simulations, it is possible to choose the
excitation signal in the form of GP or SCMGP.

Simulation results were presented in the form
of graphical figures, which display the spatial
variations in amplitude and phase of radiated
field. Also, the FDTD computed input impedances
of several top-hat monopole antennas are
presented by some curves and compared with
those obtained by measurement. The agreement
between computed and measured results is quite
well, which shows the high accuracy of FDTD
simulations.
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