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Abstract - This paper reviews the two well-known
numerical simulation techniques that are widely used in
antenna modeling; the finite-difference time-domain
(FDTD) and the Method of Moments (MoM). The
packages FDANT (prepared in Fortran language by
using FDTD) and NEC2 (public domain code for the
MoM) are used to model various types of antenna
arrays, their advantages/disadvantages are discussed on
characteristic design examples, and they are calibrated
one against the other. Also, a simple Matlab package
(ANTEN_GUI) for the visualization of radiation
patterns, beam forming and beam steering capabilities
of user-designed planar arrays of isotropic radiators
(which can be used to test the above mentioned
packages and as an educational tool, in e.g., antennas
and propagation lectures) is introduced'.
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I. INTRODUCTION

Recent years have witnessed a lot of research activities
focused on the topics of antennas and arrays. For
example, smart (intelligent) antennas have started to be
used widely to enhance the performance of cellular
radio systems. Switched or adaptive beam forming
techniques, antenna diversity in combination with
enhanced digital signal processing, etc., increase signal
quality and channel capacity significantly in
comparison with standard antenna configurations. The
demand of low cost, small size, but extremely effective
smart antennas in both military and commercial
Markets make antenna engineers attractive. On the
other hand an antenna engineer is required to be more
sophisticated, and should be equipped with the theory
and practice on a wide range of antennas from basic to
state-of-the-art.

1ANTEN_GUI, FDANT and their source codes can be
downloaded from http://www3.dogus.edu.tr/lsevqi

An antenna engineer must have strong analytical
background and be well-equipped with computer tools
and signal processing algorithms. For example, a log-
periodic array of monopoles erected over the ground
beneath which exist a complicated ground screen
design as shown in Fig. 1 requires understanding of
high level electromagnetics (EM), ground effects, array
design, beam forming, etc. ([1-5] are good examples of
classical antenna books), as well as strong numerical
computational background together with model
validation, software verification and code calibration
capabilities.

Figure 1. A transmitting antenna array of vertical
monopoles for a long-range HF surface wave radar
erected above a specially-designed ground screen
layout.

One aim of this paper is to review powerful time
domain (TD) and frequency domain (FD) numerical
antenna simulation tools. Another aim is to supply
sample packages, together with the source codes, so
that the reader may enjoy running, testing, doing
comparisons, as well as developing new modules for
the other calculations that are not included in the
packages. Although the perspectives of a code
developer and a user are quite different the antenna
engineer should be well-equipped in terms of both.
Since a developer leaves only a small set of tuning
parameters that will be supplied by the user, an antenna
engineer should develop his/her own codes in order to
have maximum flexibility and capability in numerical
designs and simulations.
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Numerical simulation approaches have long been
applied to the design and/or investigation of various
types of antennas, from wire arrays to microstrip
patches. There are many FD and TD handy simulation
tools that are widely used by antenna engineers. The
pioneering one is the Numerical Electromagnetic Code
(NEC) which is based on the Method of Moments [6]
and has many versions. They have been in use for more
than a few decades [7]. The public domain simulator
NEC2 can easily be downloaded from many internet
sites [8], or can easily be purchased with a price less
than a few hundred dollars [9] (mostly, the price goes to
the supplied graphical user interfaces).

An FDTD based TD simulator FDANT is designed to
investigate (although not restricted to) wire antenna
arrays of 1D and 2D in free-space and their beam
steering capability [10]. FDANT contains almost every
major routines, FDTD iterations, PML blocks, NTFF
routine, power routines, etc. to direct interested users
towards building his/her own antenna simulator, by just
adding a specifically designed GUI. The user may also
make modifications in source codes of FDANT to
simulate other complex antenna structures.

FDTD discretizes Maxwell’s equations directly in TD
by replacing partial derivatives with their finite
difference approximations. Since Maxwell’s equations
models TD EM wave scattering (i.e., it is an initial-
value problem) boundary conditions must be satisfied
artificially during the simulations. Moreover, since far
fields are of interest in order to calculate antenna
radiation patterns, this can not be done directly with a
finite-volume FDTD method; therefore a near-to-far-
field (NTFF) transformation is a must in this case. On
the other hand, MoM is an FD method and first requires
derivation of the Green’s function of the problem at
hand (i.e., it is a boundary-value problem). Then,
segmentation is used and a set of equations is formed
for the N-segment geometry to calculate surface
currents induced by the incident/excitation fields. While
the physical size of the problem is critical in FDTD
simulations, the most critical parameter in MoM is the
number of segments.

II. SIMULATION APPROACHES

Three simulation packages have been outlined in this
Section. First, beam forming capability of various
planar arrays of isotropic radiators is investigated
analytically. A simple, but effective and educating
Matlab package — ANTEN_GUI - is introduced [11].
Then the public NEC2 package is reviewed shortly.
Finally, the TD FDTD-based simulator FDANT is
discussed briefly.
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2.1 A Matlab package: Anten_GUI based on
analytical formulations

The radiation pattern of a group of isotropic radiators is
determined by the type of individual elements, their
location, spacing, orientation, excitation amplitudes and
phases. In general, the total electric field (which is
known as the array factor) of an N-element array
located at (x;,y;,z;) (i=1..,N) and at a far field

point along (6, p) direction (under
exp(—jwt) assumption) is
N .
E@,$) =3 1; ¢/ (1)

i=1

where 7, is the complex current for the i"™ element [12].
The phase contribution y; is at the far field point from
the i" radiator with respect to the origin. For the planar

arrays located at xz-plane the array factor can be
expressed as:

E0,¢)= izi exp(jkr; sin O cos(g, — @) . (2)

i=1

This expression corresponds to the pattern of
arbitrarily-located, isotropic, equi-amplitude, non-
phased radiators when/; =1.0. The main beam of an
array can be steered electronically by varying the
phases of the currents applied to the array elements.
Equation 2 takes on the form of

N

E@9,9) ;I, X 3)
exp{ jkr;[sin @ cos(¢; — #) —sin 6, cos(g, — ¢y)]}

if the beam angle is specified as(6,, ¢,). This means

each element is phased accordingly to direct the beam

of the array along (6,,¢,) direction. It reduces to (2)

when g, = 0°, therefore it represents “no-phasing”. The

default 6, value is zero in the GUI and should be kept

as it is if one does NOT want to phase elements.

Extra line phasing capability can be added to change
front-to-back (FBR) characteristics in the planar array
option. The user may change the phase angle AB of the
lined-up radiators and observe how FBR improves or
gets worse. In this case complex currents /;in (3) is

replaced with 7;, as

I —>1I, = f I explj(n—1)AB}. (4)

n=1
For an NxM planar array, if for example, a phase of
AB=30° is selected, then the phases of the second row
(M=2) lag 30° the phases of the first row (M=I), the
phases of the third row (M=3) lag 30° the phases of the
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second row (M=2), and 60° the phases of the first row
(M=1), etc.

The Matlab-based antenna package ANTEN GUI has
been prepared for the visualization of radiation
characteristics of planar arrays of isotropic radiators
(see Fig. 2) [11,12]. The package allows the user to
choose different types of arrays with a number of user-
selected and located isotropic radiators. The default
array type is arbitrary. Once the number of radiators
(N), maximum radius (in meters) of the polar region
where the radiators will be located, and the operating
frequency (in MHz) are specified, the user may proceed
to locate the radiators one by one after pressing the
“Locate Radiators” button. The coordinates of the
located radiators are also displayed in the list-box at the
bottom.
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Figure 2. The ANTEN_ GUI front panel that shows the
radiation pattern of a 21-element circular array located
on the xy-plane ((f=300 MHz, the radius is r= 0.5 m
(M/2), elements are phased in a way that the beam
points 6,;=90°, ©,=245°).

By clicking the mouse the user may design any kind of
an array, but the package also locates the radiators
automatically when one of the other types of the arrays
is selected and required parameters are supplied (see
Fig. 3). If the array type is set to linear, N-elements are
located on the y-axis symmetrically, with an inter-
element distance of d. If it is planar, NxM elements are
located on xy-plane. In this case, N and M are the
number of the elements along y- and x-directions,
respectively. The distances between the radiators along
x- and y-directions are dx and dy, respectively. If the
circular array type is selected, N-elements are located
symmetrically on a circle whose center is at the origin
and radius is 7.
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After locating the radiators the user may visualize a 2D
radiation pattern at the selected plane by pressing the
“Draw Graph” button. The 2D radiation pattern plane
to be displayed is specified by the Theta/Phi Plane
popup menu and Theta/Phi value box. If the &plane is
selected (vertical pattern) the angle @ varies between
[0°, 360°] at a fixed @ value (specified by the Theta/Phi
box). If the @-plane is selected, the angle ¢ varies
between [0°, 360°] at a fixed G-value specified by the
user; the radiation pattern in this case is called
“horizontal”. All the 2D radiation patterns are plotted
with an angular resolution of AB=A¢=1°.

o
"

e E
(c) Planar (d) Circular

Figure 3. Different geometrical configurations of planar
arrays of isotropic radiators that can automatically be
located once the number of radiators is chosen, (a)
arbitrary, (b) linear, (c) planar, and (d) circular arrays.

Fig. 2 shows the radiation pattern of an arbitrarily-
located 7-element array. The user selects the radiation
pattern plane and the beam direction from the front
panel (on the bottom-left). In this example, the pattern
belongs to @-plane (i.e., on the xy-plane) since £=90°.
The beam angles are selected to be #=90° and p=245°.
In Fig. 4, horizontal radiation pattern (6=90°) of a
planar array of 5x/ (i.e. a 5-element linear array) is
shown as an example. Here, frequency is 300 MHz,
beam angles are 6,=90° and @,=90°, and inter-eclement
distance is 0.4 m (0.41.).

ANTEN_GUI also has a 3D radiation pattern plotting
capability. The approach [13] (in dB scale with a 30 dB
margin along each axis) is based on normalization of
the radius of the unit sphere for each observation angle
(6,,¢;) in 3D Cartesian coordinates according to the
radiation intensity calculated from (3). The angular
resolution for the 3D plots is set to be AB=Ap=2.5°
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Figure 4. The H-plane (horizontal) 2D radiation pattern
of a 5-element linear array (f=300 MHz, inter-element
distance is d=0.5 m (d=A/2), beam angles are 6,=90°
and @y=0°).

The 3D radiation pattern of the array given in Fig. 4 is
plotted in Fig. 5 as an example.

Figure 5. The 3D radiation pattern of the same 5-
element linear array (=300 MHz, inter-element
distance is d=0.5 m (d=A/2), beam angles are 6,=90°
and @y=0°).

Another exciting feature of ANTEN GUI is that the
user can use sliding bars to change N, f, 6,, ¢,. For
instance, by pressing the sliding bar of the frequency
continuously, the user can increase or decrease the
frequency, see the corresponding radiation pattern

SEVGI: NUMERICAL SIMULATION APPROACHES FOR PHASED ARRAY DESIGN

immediately, and may easily understand the effect of
frequency change on the radiation pattern. The package
also allows the user to save the radiation pattern data
(field intensity vs. angle) to a file named
Arraypattern.dat. The first column of this file
corresponds to 36/ observation angle values (in
radians), and the corresponding array factors are in the
second column.

Any 2D array may be designed by the user and its
radiation characteristics can be investigated. Beam
forming capabilities for different locations, number of
radiators, as well as for operating frequencies can be
visualized. The package may be used as an educational
tool in many undergraduate antenna lectures. It may
also be used to validate and verify the FDTD and MoM
packages described below. Moreover, the reader may
add novel features to the supplied source codes, such as
a module for the formation of 3D (volume) arrays
which is straightforward.

2.2 NEC2 package based on FD Method of Moments
(MoM) technique

The NEC is an outgrowth of a program developed in
the 1970s, called the Antenna Modeling Program
(AMP). It has been developed at the Lawrence
Livermore Laboratory, Livermore, California, under the
sponsorship of the Naval Ocean Systems Center and the
Air Force Weapons Laboratory [7]. There are at least 4
versions of NEC, with NEC2 emerging in 1981 and
NEC4 appearing in 1992. NEC2 is the highest version
of the code under public domain. NEC4 remains
proprietary with the Lawrence Livermore National
Laboratory (as far as the author’s knowledge,) and the
University of California. It requires a separate license
for use.

NEC in all its forms is a computer code for the analysis
of the EM response of antennas and other metal
structures that uses MoM techniques. It is a numerical
solution to integral equations for the currents induced
on a metallic structure by sources or incident fields. The
approach has no theoretical limit and may be used for
very large arrays or for the very fine subdivision of
smaller arrays. Any geometry (e.g., a loop antenna,
helical antenna, a monopole over a rectangular PEC
box, an array over the ground with complex ground
screen layout, a radio antenna on a car, a radar antenna
beneath an aircraft, etc.,) can be modeled with NEC as
long as their mesh representation can be built, which is
the most difficult (and time-consuming) part in NEC
simulations.

It should be noted that all the radiating elements of the
antenna structure must be in a volume bounded by the
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near-field criteria; otherwise the presented patterns
become invalid.

2.3 The FDTD-based antenna simulations and
FDANT package

FDTD technique [14] depends on the solution of
Maxwell’s equations directly in time domain, where the
physical geometry is divided into small (mostly
rectangular or cubical, but non-orthogonal in general)
cells. Both time and spatial partial derivatives are
handled with finite- (central-) difference approximation
and the solution is obtained with a marching scheme in
iterative form. The characteristics of the medium are
defined by three parameters; permittivity, conductivity
and permeability, and three electric and three magnetic
field components are calculated at different locations of
each cell.

The FDTD has almost become a standard tool for
antenna simulations for the last decade or so (see, e.g.,
[15-17] for our studies). The addition of powerful
absorbing boundary simulators (such as perfectly
matched layers, PML), and near-to-far field
transformation (NTTF) either in FD or TD, has made it
possible to simulate almost any kind of complex
structure’s radiation characteristics. An example [17] is
given in Fig. 6 and the radiation and beam steering
capabilities are presented in Fig. 7.

Figure 6. A 3x3 microstrip patch array designed to
form a main beam of 35° at 1.8 GHz and near-field
transient behaviors at different time instants (FDTD
parameters: Ax=Ay=2.758 mm, Az=0.250 mm,
w=5.516 mm=20xAx, h=1 mm=4xAz, £=2.2, a=18xA,
by=5%A, by =7xA).

In Fig. 6, a 3 %3 coax-fed microstrip patch array (which
is designed to form a main beam of 35° at 1.8 GHz) is
illustrated. Near field values at different time instants
calculated inside the FDTD volume are also plotted in
the figure. The FDTD parameters of this simulation are
as follows: Ax=Ay=2.758 mm, Az=0.250 mm, w=5.516
mm=20xAx, h=1 mm=4xAz, =2.2, a=18xA, by=5xA,
by =7xA. The radiation patterns in Fig. 7 are at 1.8
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GHz, left: ¢=0°, right: ¢$=90". The first row corresponds
to feeding without time delay (i.e., without phasing in
FD). The second row corresponds to feeding with
delays of 0.094 ns which points the main beam

towards € = £20°, respectively.

Figure 7. Radiation patterns at 1.8 GHz, left: ¢=0°,
right: $=90°. First row: feeding without time delay (i.e.,
without phasing in frequency domain). Second row:
feeding with delays of 0.094 ns which points the main
beam towards6=+20°, respectively.

FDANT is supplied in [10] and can be used for antenna
analysis. Its structure is given in Fig. 8. It first reads
user defined parameters from the input file ANT.INP.
Transient analysis is done within FDTD computation
space for short-pulse excitations, and TD output data is
stored in three different files. SOURCE.dat contains
time vs. source amplitude to allow the user to see the
excitation signal in TD. AN-NEAR.dat has near field E,
values in two columns; time in [ns] and E, in [V/m].
Finally, AN-FAR.dat has TD far field data along the
number of chosen directions, obtained via NTFF
transformation directly in TD.

FDANT is prepared to investigate vertical or horizontal
radiation patterns for a 2D array of maximum 2 by 6
elements (but, the size of the array may be changed by
the user). The array is located longitudinally along y-
direction (see Fig. 9). The elements are half-
wavelength, vertical, center-fed dipoles. Inter-element
distance along y-direction is "d" and supplied by the
user. Inter-element distance along x-direction is
automatically set as "d/2". The lengths of the dipoles
are set as "d/4". The excitation is a short pulse of
modulated Gaussian function. The modulation signal
and bandwidth is determined automatically to include
frequencies for the first few resonances. The user may
decide which row to excite; both, front row or back



row. These are all given by the user in the input file
ANT.INP explained in Table 1.

Table 1. The ANT.INP and required parameters.

Row | Parameter

1 | # of elements in X [1-2], # of elements in Y
[1-6]

2 | Inter-element distance along Y [m]

3 | Excitation (0: Both rows, 1: Front Row, 2:
Back Row)

4 | Delay [sec]

5 | Observation point for near fields (Obsx,
Obsy, Obsz)

6 | Pattern Plane [1-0] (1: Vertical Pattern, 2:
Horizontal Pattern)

7 | Angle [deg] PHI (for Vertical Pattern), Theta
(for Horizontal Pattern)

In ANT.INP file, fourth line is reserved for time delay
to allow the antenna array to steer its beam in azimuth.
The calculation of this delay for an array to steer @
degrees from antenna bore-sight (from x-direction) is
given in Fig. 9. Since the array is in free-space velocity
of light (c) and inter-element distance (d) are used to
calculate the delay (t). This is the delay of the second
element with respect to the first one. The third, fourth,
etc. eclements have delays of "2t", "3t", etc.,
respectively.

b AN-FAR.dat [
=
P SOURCE.dat I

> | |
ANT.INP ! Aot
" AN-NEAR dat |}

L ‘\ ,'l’
FDANT.PAR

TD results

=
SOURCE-F.dat
N
AN-PATTERN.dat

FD results

Figure 8. The flow chart of the FDTD-based antenna
simulator FDANT. The package calculates radiation
patterns of a given array by using broadband (pulse)
excitation, near-field EM simulation inside the FDTD
volume terminated by powerful perfectly matched layer
(PML) blocks, near-to-far-field transformation directly
in time domain, and finally by applying off-line DFT all
around on a chosen radiation plane.

When the simulation is run, it first requires selection of
(vertical or horizontal plane) radiation pattern. Then,
angular resolution is supplied. If for example,
horizontal plane radiation pattern is selected with 2°
resolution, NTFF transformation is applied at 181
assumed directions (with 2° angular separation) inside
the TD loop (although they are same, calculations at 0°
and 360° are performed separately, only for graphical
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illustrations). The results are written to the output file
AN-FAR.DAT. There are four columns in this file:
These are the angle, time, Eq and E,,. If the number of
time steps and angle are NSTOP and 181, respectively,
then the number of lines will be NSTOP+200 for each
angle with a total of 181x(NSTOP+200).

It should be noted that, extrapolated TD far fields are
stored in a time array, and dimension of this array must
be grater than the number of simulation time steps,
NSTOP. This is due to TD far field extrapolation as
explained in [10]. Here, 100 time cells are reserved for
this transformation in front, and at the back of the array.
This is why the total simulation time will be
NSTOP+200.

‘\\ y
Delay (O

Beam direction

Delay (t,)=dsin @ /c | x

Figure 9. The location and parameters of the 2x5 of
vertical, center-fed wire array; inter-element distance
(along x-direction) is d/2, but inter-array distance
(along y-direction) is d. The beam direction and the
excitation delay to obtain this direction is also shown.

The user may select to use a short pulse or a single
frequency sinusoidal excitation in TD simulations.
Choosing a short-pulse, results in a broad band
response with a single TD run. FDTD based simulation
yields broad band response in time domain. Radiation
patterns at multiple frequencies are computed by the
Fortran program AN DFT (it should be noted that
source codes FDANT.FOR, FDANT.PAR and AN-
DFT.FOR are also included, therefore any user who is
familiar with the classical FDTD method can directly
go into the codes and do the analysis of their own
structures).

I11. DESIGN EXAMPLES
Characteristic antenna structures are presented in this
Section to discuss capabilities of the FDANT and
NEC2 packages. Since FDANT uses 3D FDTD volume
and NTFF transformation routine any kind of antenna
structure can be simulated with this package. The only
restriction is the computer memory and the speed,
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therefore the larger the structure (or the higher the
number of elements in the array) the higher the
requirement for large memory and high-speed. With
today’s regular PC (e.g., with | GB RAM Memory) a
cubical volume of 250 %250 %250 (nearly 20 million cell
volume) (i.e., 25A%x25A%254 volume with A/10 rough
discretization at the highest frequency) can be handled
in a few minutes (with a 4-GHz-CPU speed).

NEC2 uses the coordinates of the antennas in 3D
Cartesian coordinate system and represents wires with
small pieces called segments (roughly with maximum
segment lengths of A/10). Any length of an array may
be located as long as long as the number of segments is
less than the number that can be handled via the PC at
hand (e.g., less than ten thousand segments). An N-
segment system is represented a linear system of
equations with N-unknowns (i.e., segment currents) and
N-equations. The MoM is a semi-analytical method
which requires the Green’s function of the problem at
hand [6].

One should be aware of the assumptions and
approximations made in and the limitations of the
packages at hand. FDANT is based on discretization of
4D Maxwell's equations from very beginning; therefore
it may be accepted as a reference solution (as long as
parameters are chosen accordingly). On the other hand,
NEC2 does not take the diffraction (secondary) effects
into account.

Finally it should be remembered that FDANT simulates
near EM transient fields in TD and then gives the
radiation patterns in FD via the application of off-line
DFT. NEC2 simulates far field interference effects of
elements along a chosen direction in FD and yields the
radiation pattern. Although time-consuming multi-
frequency responses can be obtained via a single
FDANT simulation, while NEC2 requires repeat ion of
the calculations for every frequency.

3.1 Wire and loop (resonant) arrays (FDANT vs.
NEC2)

Arrays of wire antennas in free-space are basic
structures that can easily be handled via both FDANT
and NEC2 packages. Two typical comparisons between
FDANT and NEC2 are given in Figs. 10 and 11.

Very good agreement between results of the two
methods is clearly seen in the plots. This should be
expected because the structures are rectangular and
contain no curvature, therefore discretization error is
minimal. Note that the array can not steer beams
beyond ¢=%45° as clearly observed in the figures. The
beams formed in these figures are forward/backward
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symmetric with zero FBR. To direct energy forward the
two corresponding elements in x-direction must be an
end-fire property. At 250 MHz (i.e., inter-element
distance along x is /4 and inter-array distance along y
is A/2) this may be satisfied by giving extra delay of
d/2¢ in FDANT (90° phase lag in NEC2). Fig. 12
shows the horizontal patterns for this scenario.

1,=0.0 ns @=0°
0
|
\\\
" (&%
\ RAR " /
M "m0
an
FDTD MoM

Figure 10. A sample radiation pattern of the 2x5 array
on the xy-plane (=250 MHz, d=A/2, 1,=0 s, 6= 90°,0=
0°), left: FDTD, right: MoM (NEC2).

1,=1.7ns % ¢=60°

FDTD MoM

Figure 11. A sample radiation pattern of the 2x5 array
on the xy-plane (f=250 MHz, d=\A/2, ©= 1.7 s, 6=
90°,0= 60°), left: FDTD, right: MoM (NEC2).

7= 1.7ns @=60°

1,=1.0ns B

FDTD e MoM

Figure 12. A sample radiation pattern of the 2x5 array
on the xy-plane (=250 MHz, d=A/2, 1,=1.7 s, 1,= 1.0 s,
6= 90°,0= 60°, 90° between the first and second rows ),
left: FDTD, right: MoM (NEC2).

in FDANT and NEC2

Another structure used



comparisons is a 2x10 square loop array. Loop
antennas form another antenna type, which features
simplicity, low cost and versatility. In Fig. 13, the array
is given. Each square loop is 0.25 m’. By using 4 wires,
40 segments for each square loop, the array is modeled
with a total of 800 segments in NEC simulator. With
the same discretization (Ax=Ay=Az=2.5 cm) the array
needs an FDTD space of 50x230x50. At 300 MHz, the
array correspond to loops with A/4 sides and A/2 inter-
element separation. The simulated radiation patterns
and steered beams obtained via both NEC and FDTD
simulators are also given in the figure, where vertical
field components are plotted.

— r E@
A
a7

=60° 2
FDTD - MoM

Figure 13. Another sample array of 2x10 rectangular
wire antennas on the yz-plane (=250 MHz, d=A/2, 1,=
1.7 s, 6=90°,0= 40°), left: FDTD, right: MoM (NEC2).

3.2 HFESWR arrays (NEC2)

High frequency surface wave radars (HFSWR) have
become attractive systems for wide area (up to 500 km
in range and 120° in azimuth) all-weather, continuous
surveillance. HFSWR receive array is one typical
example that belongs to large-system, complicated
arrays. The array must be located near the sea, parallel
to the shore line, have high and equal array gain over
the entire surveillance area with minimum sensitivity to
signals arriving from other directions (especially from
ionosphere). Operating at the lower end of the HF band
requires that the receive array occupies a significant
shoreline area, with the aperture of the array inversely
proportional to frequency. For example, at 3 MHz, a 5°
azimuth beamwidth requires an array aperture of
approximately 800 m - 1 km. Moreover, the receive
array should direct its power towards the ocean surface,
with high FBR, so that it neither interfere land based
other systems, nor is interfered by them. To satisfy all
these requirements first elements (i.e., channels) of the
array shall be designed to
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e form a maximum radiation along the channel axis
with as much azimuth coverage as possible
(typically 100° - 120°),

e give as high gain as possible (at least 2-3 dB)

e give as much FBR ratio as possible (at least 12-15
dB),

e give as deep over-head null as possible (at least 25-
30dB).

To satisfy these requirements, three different structures
(i.e., quadlet, triplet and doublet) are investigated as
array channels [18]. In quadlet, four elements are
spaced approximately quarter-wavelength apart and are
phased to form an end-fire channel. Similarly, three and
two elements are used in triplets and doublets,
respectively. A short monopole is used as a channel
radiator and a 16-radial ground screen layout is used
underneath. Fig. 14 pictures the top view of the designs
of these channels, where radials of different elements in
a channel are connected to each other when intersect.

: Yl
0

land

%%%%%%

QUADLET sea

TRIPLET DOUBLET

Figure 14. Top view of three different array elements of
the HFSWR receiver; doublet, triplet and quadlet,
located on the shore of the site, looking towards the sea.
The array elements should satisfy high FBR. A ground
screen (of 16-element radials) lowers the ground losses.

The channels are optimized for the frequency band of 3
MHz - 6 MHz. The parameters of the channels are
listed in Table 2. Ground is assumed to be POOR
(04=0.003 S/m and &, =4.0). Parameters for the ocean
are assumed to be €=80.0, 0=5.0 S/m in NEC
calculations, where EM shooting towards ocean surface
is simulated. The difference between erecting the
antennas over POOR ground or PEC surface may result
in a reduction of gain by up to 15 dB. Beside this loss,
there is also an extra near field propagation path loss
because of the POOR ground.

Table 3 lists vertical electrical field strength and path
loss at 1 km away from a 1 kW vertical radiator. It is
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clear that, at 1 km distance; propagation loss over
POOR ground may be 10-15 dB higher than the
propagation loss over ocean surface. Therefore,
together with the reduction in antenna gain, there may
be a total of 30 dB extra loss just because the antenna
elements are erected over POOR ground. A typical
solution to overcome this problem is to use ground
screen [19].

Table 2. HFSWR Receive array channel parameters.

Antenna height 9.22 [m]
Element spacing 19.0 [m]
Element wire radius 0.15 [m]
Number of radials 16

Radial wire lengths 19.0 [m]

Radial wire radius 0.001 [m]
Incremental increase in cable length 19.0 [m]
Phase velocity in electrical cable 0.84xc [m/s]

Table 3. Field strength and path loss values of a vertical
radiator with 1 kW transmitter power at 1 km distance
(d=1 km, g, =15.0, =3 MHz).

Conductivity  Field Strength  Path Loss
[S/m] [dBpuV/m] [dB]

0.0001 95.2 56.3

0.001 96.6 55.0

0.01 106.4 45.1

0.1 109.3 42.2

1.0 109.5 42.0

5.0 109.5 42.0

The channel elements discussed here are all bottom fed.
The feeder cable losses are represented by voltage
drops. The loss of the cable is given as 0.55 dB/100 ft at
10 MHz, therefore 0.5 dB/100 ft cable loss is taken into
account within the band of 3 MHz - 6 MHz. For 19.0 m
cable length voltage drop corresponds to 5 V.
Therefore, elemental feeding voltages are taken as:

Quadlet: 100V,95V, 90 Vand 85V
Triplet: 100V, 95 Vand 90V
Doublet: 100V and 95 V.

Vertical and horizontal radiation patterns obtained via
NEC?2 simulations are given in Figs. 15 and 16. Here,
the channels are located along x-axis. Vertical radiation
patterns in Fig. 15 are obtained at xz-plane (@=0°, -
90°<0<90°).

On top comparisons of the three proposed channels is
given at 4.5 MHz, at the bottom vertical patterns of the
quadlet with and without ground screen (16-radial
design) at 3.5 MHz. As shown in the figure almost 12-
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13 dB improvement is obtained in the channel gain
when radials are used. However, employment of a
ground screen can be seen to have had a negative effect
on direct overhead nulling. The surface-wave coupling
effect (for the array 50 m away from the shore line) is
also plotted (see the dotted line).

: : 5 5
N

Figure 15. NEC2 simulated vertical radiation patterns
of the array elements shown in Fig. 14; (Top)
comparisons among the channels (f =4.5 MHz, ¢=0°, 0
dB corresponds to 3.1 dBi). Dots: doublet, Dashed:
triplet, Solid: quadlet. (Bottom) quadlet with and
without radials, solid: without radials, dashed: with
radials, dots: surface-wave coupling at 50 m away from
the shore line (f= 3.5 MHz, ¢=0°, 0 dB corresponds to
2.1 dBi). More than 30 dB overhead null is satisfied.

Horizontal radiation patterns in Fig. 16, comparing the
three proposed channels at left, and the quadlet with
and without radials at right) are plotted 5° above xy-
plane (6=85°, 0°<p<360°). As observed in Figs. 15 and
16, quadlet, triplet and doublet as receive array channel
elements have similar channel gain and FBR at this
frequency. On the other hand, vertical and horizontal
back lobe shapes and overhead nulling effects are quite
different.

One HFSWR receive array is designed as a 24-channel
array by using quadlets [18]. Inter-channel distances are
taken as 31 m. With these parameters, a rectangular
area of 57 m x 713 m is required only for the 4x24
monopoles. With ground screen and a security fence
this area may be as large as 100 m x 1000 m. The
connections between channels are done via
underground cables and their lengths are very important
since they introduce signal attenuation and phase
distortion. Horizontal radiation patterns and electronic
beam forming are simulated and illustrated in Fig. 17



for different beam pointing angles. Here, patterns with
beam angles 0°, 15°, 55° towards right and -15°, -30°
and -60° towards left are plotted. As observed in the
figure, for the 0° beam the array has nearly 5° beam
width, 30 dB FBR and more than 20 dB side lobe
suppression. These performance parameters are almost
satisfied for the beams within + 45°. Acceptable values
are obtained when the beam is within £ 45°. On the
other hand, unwanted strong side lobes appear when the
beam angle is higher than + 45° (see the 55° and - 60°
beams in the figure).

0dB =-4.4dBi .

Figure 16. NEC2 simulated horizontal radiation
patterns of the array elements shown in Fig. 14; (left)
comparisons among the three channels (f = 4.5 MHz,
0=90°, 0 dB corresponds to — 4.4 dBi). Dots: doublet,
Dashed: triplet, Solid: quadlet, (right) quadlet with and
without ground screen layout, solid: without radials,
dashed: with radials (f= 3.5 MHz, 6=90°, 0 dB
corresponds to - 5 dBi). The front beam characteristics
of the array elements do not change significantly.

POOR -
ground ¢=-45° ¢ =55°

Figure 17. NEC2 simulated horizontal radiation
patterns of the 4x24 element monopole array designed
for the HFSWR receiver with beam steering capabilities
(f=3.5 MHz, 6=90°).

HFSWR is an all-whether, continuous system, and very
often one or more channels fail to operate. The operator
should know what happens when one or more channels
are not working properly. This is simulated in NEC2
and typical results are plotted in Fig. 18. In the 24-
channel array, the channels are numbered 1 to 24 from
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left to right. The blanked channels are (left) 7-9-10,
(right) 11-12-13 in the figure. The thin and thick lines
correspond to 24-channel beam forming with and
without blanked channels, respectively.

11-12-13

Figure 18. NEC2 simulated channel failure effects of
the 4x24 element monopole array designed for the
HFSWR receiver (f= 3.5 MHz, 6=90°), The top
numbers represent the failed channels.

It should be noted that NEC2 does not model
diffraction; thus attention must be paid in interpreting
its numerical results. Differences above 30 — 35 dB may
be practically meaningless because of the diffraction.
The example presented in this subsection may also be
simulated via the FDTD simulator, but it requires an
NTFF transformation module for a two-layer volume
(the one supplied in FDANT is designed for free-
space).

IV. CONCLUSIONS AND DISCUSSIONS
Three different packages are reviewed in this paper. A
simple  user-friendly = antenna  array  package
ANTEN_GUI prepared with Matlab 6.5, the well-
known, public domain NEC2 package, and the FDTD-
based FDANT package are presented together with
some practical array examples that illustrate their
capabilities and inefficiencies. Characteristic designs
are also given for mutual comparisons.

Roughly speaking, a few tens of millions of cells may
be simulated in FDTD in the order of minutes (much
less than an hour) with today’s regular PC (e.g., 512
MB RAM 1-2 GHz CPU speed), and most of the time is
used for NTFF process (there is at least an order of
magnitude difference between the FDTD simulation
and NTFF transformation). MoM-based calculations
may also be performed in the same PC with similar
computation time if the number of segments is less than
2300-2500. Some other critical parameters and
comparisons are given in Table 4.

It should be noted that there are highly impressive
commercial antenna packages that have been widely
used in industry, which may be listed through a quick
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