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1 INTRODUCTION

The planar reflector antennas represent an evolution of the classical curved
reflector antennas. The evolution was historically aimed to replace the standard
parabolic reflector by a flat one, which can be fabricated more easily and at lower
cost than the standard curved reflector. The idea of flat reflectors appeared first in
1960°s and relied on the printed technology. These early designs mostly relied on
empirical experience with little or no numerical modeling of antennas. Two decades
later, the advent of the planar reflector antennas came. But the true boom of the
planar reflector antennas occurred during 1990°s for two reasons. First, the
computational power of the ordinary PC’s or workstations was high enough to
enable analysis and design of the planar reflector antennas at emerging frequency
bands (as Ka or W). Second, the progress in numerical modeling allowed
investigation of novel and complex structures.

1.1 PLANAR REFLECTOR ANTENNAS

In contrast to the classical reflector antennas incorporating a curved reflector, the
main reflector of the planar reflector antenna consists of the flat antenna body
having a substrate on it. The substrate is covered by a passive or active circuitry
organized as an array of small rectangular cells (typically sized about half
a wavelength (A¢/2)). The circuitry adjusts the phase of the outgoing field in the
plane of the main reflector. Due to a tight analogy with optics, planar reflector
antennas are often called quasi-optical antennas. The analogy allows the designer to
rely on the idea of rays traveling from a feeder and reflecting from particular
reflectors to finally illuminate the main reflector (see Fig. 1.1).
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Fig. 1.1 Simple (left) and folded (right) reflector antenna. Several representative
rays are shown to demonstrate the quasi-optical behavior of the antennas.



Two kinds of planar reflector antennas exist (Fig. 1.1), a simple one [1] and
a folded one [2], [3]. The feeding mechanism is the only difference between them.
While simple antennas can be either prime focus, Cassegrein, or back-fire
illuminated, folded antennas are fed by an auxiliary slot array. The slot array is
totally reflecting for one polarization and transparent for the perpendicular one.
A change of the plane of polarization occurs after reflection from the main reflector.
That reflector thus not only performs phase adjustment but it also does a twisting of

the electric field by 90°.

1.1.1 Design of planar reflector antennas

To design planar reflector antenna, an optimization method has to be applied to
tune patch dimensions in each cell of the reflectarray: the reflected electric field in
each cell is decomposed into components parallel with patch edges (Fig. 1.2), these
componets are denoted as E*, and —E*,.

Fig. 1.2

Orientation of the vector of electric field intensity E' of
the incident wave (tangential components) and the
components E. -ERy of the reflected wave. Plane of
incidence is depicted by a short-dashed line and is
described by standard spherical angles 3 (not shown in
the figure) and ¢ '. Boundary of an elementary cell sized
a and b is marked by a long-dashed line.

The phase of componets E*, and —ERy 1s expressed as a function of the width and
the length of the patch. As the next step, the initial patch dimensions are chosen and
an optimization method is applied. The method seeks for patch dimensions which
deliver the desired phase of components E. and —ERy. The present literuture
resources give no details about the step. The dissertation uses a kind of the quasi-
Newton method to solve the optimization problem (more specifically, Levenberg-
Marquardt method is applied).



1.1.2 Analysis of planar reflector antennas

To analyze radiation properties of the designed planar reflector antenna,
a superposition approach is used. That approach is represented by a direct
summation of fields produced by individual cells [1].

Complete electromagnetic analysis of the designed antenna is problematic. Even
if the up-to-date fast mulipole methods are applied. However, analysis of a folded
reflector antenna with rectangular patch elements can be performed even without of
the fast mulipole: the antenna is analyzed with the help of the spectral domain
method of moments (MoM) in conjuction with large domain current basis functions
[12]. Since the number of unknows is still relatively high, an extremely numerically
efficient evaluation of the double infinite integrals arising in the spectral domain has
to be employed. However, an extra care has to be paid to the oscillatory nature of the
integrand for electrically distanced patches.

Analysis of reflector antennas by commercial electromagnetic (EM) codes is
limited to antennas, whose electric size is not too large. A very few results about EM
analysis of planar reflector antennas can be found in the present literature or in
conference papers. E.g. in [13], FDTD' (code Lc from Cray Reasearch) was
employed for the analysis of a double layer printed reflectarray.

Electrically large problems can be also solved by the finite integration technique
(FIT). Exaples of the analysis of some planar reflectrors based on the photonic band
gap technology were shown in [14] with a good agreement between the theory and
the experiment. More specifically, antennas in [14] were analyzed by CST
Microwave Studio, which is currently the only FIT solver available on the market.

Radiation properties of planar reflector antennas were also studied with
respect to the available broadband beahaviour. Such a study is also given in the
thesis, where the measured gain bandwith of the designed planar reflector antennas
1s compared.

! Finite-Difference Time-Domain method



1.2 AIMS OF THE DISSERATATION

The presented dissertation is aimed to the development of efficient design
strategies for simple and folded reflector antennas. As mentioned in previous
chapters, much of the work has already been done in the filed. However, following
issues have not been discussed in the literature yet:

Tuning patch dimensions has not been described in the open literature;
Radiation pattern calculations were not published or were described unclearly [1];

-No attention was turned to the consideration about the phase-center position of
the feeder and its influence on radiation properties of the planar reflector antennas;

-Design of simple reflector antennas with non-canonical and electrically small
reflectors has not been performed yet;

-Insufficient attention was turned to the tolerance analysis of the antennas with
respect to the patch dimensions and dielectric permittivity.

In spite of these facts, a thorough design procedure of planar reflector antennas
has been developed. Matlab implementation of the local optimization method is
described. Together with tuning issues, strategies of the design of all kinds of planar
reflector antennas are detailed.

Attention is paid to the post-processing of the antenna analysis results. The post-
processing uses originally derived surface equivalence theorem (Huygens principle,
also known as Kirchoff’s integral. Expressions for the far field solution of the
Kirchoff’s integral are well known and easy to find in different papers. However, its
version for the near filed is hard to find in the present literuature.

A particular sub-chapter is also dedicated to the derivation of alternative Green’s
functions for frequency selective surface (FSS) with a superstrate. The derivation
given represents an extension of the theory presented in [6].

A portion of the work also deals with full-wave verifications of the designed
antennas. Several simulations are presented. Results given are also supported by
models of the antennas or associated structures in ENSEMBLE and ANSYS. A part
of simulations in ANSYS is also original since it brings the experience in building
large complex three-dimensional (3D) models via APDL (ANSYS parametric
design language).



2 DESIGN OF PLANAR REFLECTOR ANTENNAS

The previous chapter explained briefly the arrangement of basic planar reflector
antennas. As mentioned, the frequency selective surface (FSS) is a key part of any
planar reflector antenna. During the design of the planar antenna, a particular cell of
the reflectarray is assumed to be locally under a plane wave illumination and the cell
is a part of an inifinite FSS. Analysis of the refleclection properties of the FSS is
perfomed by the spectral domain method of moments.

2.1 PLANE WAVE REFLECTION FROM THE INFINITE FSS

Let us assume the situation shown in Fig. 2.1. The coordinate system and the
orientation of the incident wave is chosen in accordance with [5].
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Fig. 2.1  Infinite periodic array of identical patches (left), plane wave incidence
on the FSS (right).

Reflection from the FSS is described by the matrix of reflection coefficients [R]

| Pss Py
[R]—LW %J’ L)

where single reflection coefficients are defined as

Eg / E;f I
Pag :?;Ew =0... (2.2a)  Pps :?;Ew =0, .. (2.2b)
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Note!

Reflection coefficients defined in most papers doesn’t use definition (2.2), but they relate
directly z-transversal components of the electric field of incident and reflected waves. Since such
definition is widely used in common literature (e.g. [3], [4]).



Determination of matrix [R] is based on a numerical solution of the electric field
integral equation (EFIE) in the spectral domain. Its form for the FSS with two
dielectric and one metal layer (assuming ¢/’ convence) is

N M

Z Z G I’ %) = (1] +[R 0 18 IM 17" 2[K,,, 1[X]8,,, Efe 10X Fo»

n=—N m=—M
(2.3)
where corresponding Green’s functions for the FSS are

[Gel=(T1+[Ry]¢;)[M] ( o X1y + B0 + (Ko, 11X1(B = 6)) (K, 1IXD 7 [X]
[M 1=K g, JIXI(T m¢2 lm:mmhmmwb+
;< o IXI@, + 67 + K g IXIG = GOy IXD

(TK o JEXT(T - [R 9 1 )+ [y JIXT(TT + [R o 165 )]
with ¢, =e Wit g _ gmli-anhid peine propagators in the substrate and
superstrate (square root with negative imaginary part is taken), d, and d; [m] stand
for thickness of the substrate and superstrate, [I] is a unit matrix and matix [X] is

0 1
[X]= {_1 0} , structure of matrix [Kjiy,] can be found in [6].

Application of the Galerkin procedure with suitable large domain current
expansion functions ([5],[6]) results in a system of linear equations

UTETE UTETM CTE _ FTE (2 4)
UTMTE UTMTM CTM FTM > ce .
where the right hand side of the equation contains the known excitation field.

The system is solved for the unknown current expansion coefficients. With the aid
of the coefficients, the current density and the total electric field on the most top
dielectric layer of the FSS is obtained. Then, tangential components of the intensity
of reflected wave are transformed into a spherical system and final reflection
coefficients are obtained.

2.2 CONVERGENCE ISSUES REGADING PHASE OF REFLECTION
COEFFICIENT

Accurate calculation of the phase of reflection coefficients for the reflectarray
(FSS with patches on the grounded dielectric substrate) requires extremely precise
modeling of patch currents. An example of convergence curve valid for the FSS
shown in Fig. 2.2a is given in Graph 2.2b.
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Fig. 2.2 a) Microstrip patch array test case — dimensions. b) MoM convergence
curves (solid lines, P, Q = 3 to 15 - trigonometric current expansion
functions without edge singularity, Reference results (trigonometric basis
with edge factors) [15] are shown by a straight line marked asLiu85.

Even with the proper edge current modeling [15], a relatively high order of
current expansion functions is needed for precise computation of the phase of
reflection coefficients. Overall solution time is thus affected (matrix fill dominates
the solution time because of high Floquet numbers M, N needed in double
summations in eqn. 2.3). However, the total solution time and memory requirements
are still adequate in comparison with the finite-element method (FEM) or FDTD
which tend to comsume much more computational power to maintain the same
degree of accuracy.

See for example the FSS from Fig. 2.2. The FSS was simulated by the waveguide
simualor approach in Ansys 6 and FEM results were compared with MoM results
for the same structure. Matlab code fssrectg.m (based on theory in book [6])
was used. In order to get a high accuracy of FEM results (phase error near resonance
<20+30°) very fine mesh around the central patch was necessary. See model details
in Fig. 2.3.
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Fig. 2.3 a) Comparison of phase of reflection coefficient obtained by different
approaches (details given in the text). b) Outline of the model of one quarter of the
waveguide in Ansys6 used to simulate reflection from infinite array of patches.
Because of clearity, only elements in the substrate volume together with few
elements along z direction are shown. Total number of second order hexahedral
elements is 53226. c) Vector plot of electric field at frequency 3 GHz

2.3 USING LEVENBERG-MARQUARDT METHOD IN THE DESIGN
OF PLANAR REFLECTOR ANTENNAS

The Levenberg —Marquardt method (LM) is a local optimization technique
capable of minimization of a criterial function. The function can be represented by
a vector multidimensional complex function. LV method is often referred as the
quasi Newton’s method. Let’s assume a non-linear complex vector function F(x) as
the object of the optimization. Further assume a vector x representing a vector of
design variables (DV) x; (j=1..N). Each component F; (i=1..M) of the vector F is
a non-linear complex function of variables x,..x, . Unknown DV’s x,..x, have to be

found to satisfy the following relation

HF(X)—FdH2 = min .. (2.5
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where F, ... is the vector of desired functional values

Initially, elements of the vector x (containing DV’s) are initial values x;, and such
a vector is denoted as x,. Then, series of iterative steps is performed. At each /"
iterative step (/=1.. l,.,), the difference between functional values F(x,) and F,is
evaluated. The difference is then used to evaluate a “step increment” A,. Series of
iterative steps continue until the error norm (2.5) falls under a specified value or

until the maximum allowed number of iterations is exceeded. The mathematical
description of the iteration problem is as follows

(ID]"[D]+a[I)A, =[D]" (F, —F(x,)) , .. (26)
where  [D], ... Jacobian of function F ([D]; =0F;/ox;)
[D]” ... transposition and complex conjungate of Jacobian [D]
a ... positive real number (regularization parameter)
[I] ... identity matrix of size NxN
A, ...step of vector x at /" iteration (it holds x,,, =x, +A,)

To get the value of the vector A, a direct inversion is performed:

A, =inv(([D]" [D]+a[1])[D]" (F, - F(x,)) .. (27
The value of parameter B is dependent on the difference Err =|F, —F(x,)|"

between the desired and an actual function value at current (/") and previous
((I-1)™) iteration steps. If error decreases parameter remains the same. In case that
the error varies only slightly, parameter £ is reduced by one half. Such a reduction
of fleads to an increase of the step length to get a faster convergence. Finally, last

case that may happen is an increase of the error which must lead to a step length
reduction by doubling parameter 5.

LV method - application in design of reflectarrays

During the design of the reflectarray, the LV method is used to find patch
dimensions which results in the desired phase of components EX, or ERy of the
electric field of the reflected wave. Mathematically written, the following phase of
the componets is required

arg(EX) = mod(27 — Ap,27) | ... (2.8a)
arg(—E f) =mod(2z —A@,2x) . ... (2.8b)

If a folded reflector antenna is considered, eq. (2.8b) i1s modified into

13



arg(—Ef )=mod(27z —Ap—1x,27) . ... (2.8¢)

A typical dependence of phase of components E, or ERy on patch dimensions is
shown in Fig. 2.4. The dependance is not a monotonic function of patch dimensions.
There is a step change of phase at resonance). To handle the step change correctly,
a modification of the original LV method [16] is necessary. The modification is
related to the case when error norm increases only slightly. In such a case, original
application in [16] admited further step change, which could in certain cases result
in overcoming a local minimum. Such a possibility had to be disabled in order to
prevent jumping from one side of the EX. (or ERy) surface plot to the other side.
Except of that modification, incorporation of linear constraints on patch dimensions
1s introduced.

Phase of -Ey component Phase of Ex component

400

2004 .
300{ " ;

2004

1004 0.015 %

QL _ 0.01 %
0.02 i

3 0.02 0.005

0.01 width [m]

width [m] 0o length [m] .

0.015

0.005 0.01
length [m]

a) b)

Fig. 2.4 Phase of components of electric intensity of the reflected wave versus
patch dimensions — a typical behaviour (substrate thickness 1.5 mm,
relative permittivity 2.22, cell dimensions 16 x 16 mm, angle of incidence
V' = 30°and ¢ = 45 °were assumed).

An optimization is sucessful (design of patch dimensions) if the initial patch
dimensions are set according to these equations

Simple reflector antenna

;nltlal /3 bmmal = b;nax /3 lf A¢) < 05(¢1 + ¢)2) (293)
=3a. /4,b, .. =3b_ 14if Ap>=0.5(p, +@,) ... (2.9b)

a

lmtlal

Folded reflector antenna
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initial

= lpax /3, Dot = 2By 13 if A <0.5(p, + 9,) ... (2.10a)

a;nitial = 2a;nax /3 ] binitial :b;nax /3 lf A(D >= 05((01 + (02) (210b)

Here, values ¢; and ¢, define the region < ¢,,¢, > which cannot be achieved. The

value of ¢; is between 120 and 160 degrees (depending on the electrical thickness of
the substrate) while the value of ¢, is slightly less than 180 degrees.

2.4 REFLECTARRAYS - DESIGN STEPS
Design of the reflectarray (planar reflector antenna) consists of three major steps

I.  Preprocessing (choice of antenna topology, appropriate feeder, overall
dimensions and material properties)

II. Tuning of patch dimensions (performed by an optimization technique)

III. Postprocessing (radiation pattern calculation, geometry exports)

These steps (as implemented in Matlab in the program Rarray) are going to be
described here in more detail.

I. Preprocessing

The step represents a selection of an appropriate antenna topology (simple or
folded), main reflector diameter D, its thickness 4, and permittivity &. The reflector
diameter D is determined according to the requirements on directivity and expected
aperture efficiency of the antenna (typically 50% for a simple reflector antenna and
70% for a folded one). The physical thickness # of the main reflector is chosen
according to the operating frequency. A typical value of the electrical thickness of
the substrate is ~0.05A.

The auxiliary reflector (or a slot array) has to be designed and placed at an
appropriate height L above the main reflector. The height L has a meaning of an
electrical or a physical height depending on the type of the designed antenna (simple
or folded). For a folded antenna, the height L represents a physical height of the
slotarray above the main reflector. The height is selected to fulfill -10dB edge taper
on the main reflector. For a simple reflector antenna, the distance L represents
a height of the phase center of a sub-reflector above the main reflector. In such
a case, -10dB edge tapper on the edge of sub-reflector has to be fulfilled too. The
situation for both versions (simple and folded) is shown in Fig. 2.5. A selection of
radius of the sub-reflector is done iteratively in several steps to fulfill —-10dB edge
tapers on both the main reflector and sub-reflector edges. Incident field on the sub-
reflector has to also approximately represent a plane wave because the assumption
about the plane wave illumination was made during the phase center extraction of

15



the sub-reflector. The topic is briefly mentioned in chapter 2.6. Typically, the 20°
phase change on sub-reflector edges with respect to its center is admitted.

a)

r"

)\
/ \ .
/A virtual feeder
/’\
Yl
/

\ AN
AN slot array

\ 10 dB

~. \

Fig. 2.5 Selection of main (sub-reflector) diameters according to edge taper (a)

simple reflector antenna (b) folded reflector antenna

As the last part of preprocessing, cell dimensions (~ 0.51) and MoM solver
parameters P,Q, M,N are selected. Parameters P,Q, M,N depend on the type of current
basis functions being used. Typical values of P,Q for SIN()COS() basis with no edge
singularities are from six to twelve depending on the electrical thickness of the
substrate.

16

ITI. Tuning of patch dimensions

Tuning can be described as follows

. A circular or rectangular layout of cells is generated. This is done according to

the main reflector diameter D and the cell size a.

. The program Rarray then goes through all cells of the reflector (if no symmetry

is assumed) and evaluates phase delay for a particular cell with respect to the
central ~ cell.  Then,  either  function setshift sngl.m or
setshift fold.m is called. The function first determines the interval of
unattainable phases <@;,¢,> is determined. In the next step, initial patch
dimensions [a’, b’] are selected according to eq. (2.9) or (2.10). After executing
the function Levmark.m, final patch dimensions are returned. Each call of the
function Levmark takes usually 3 to 5 iterations if the required phase of
[ERx,—ERy] components lies in the steep area of the phase versus dimensions curve
(with a default value of the phase square error set to 2°). More iterations are
necessary if the required phase approaches to @; or @,. If the phase in the range
<@;,@,> 1s required, the maximum number of iterations (15 by default) is
performed and the function Levmark returns patch dimensions with maximal or
minimal dimensions because of constraints activation. The phase error is then



greater, typically about 10 to 20 degrees (depending on the electrical thickness of
the substrate of the main reflector).
3. As the last step, program Rarray considers reflectarray symmetry.

ITII. Postprocessing

During the postprocessing in Matlab, the far-field radiation patterns are
calculated. The procedure is the same for a simple and folded reflector antenna and
it relies on a direct summation of contributions of the reflected electric field from
individual cells to get the total value of the electric intensity of field radiated by the
antenna.

ik - o KAL) ik N o KAL)
ol Iy eT,. , ——dS |+ = [ p)eT,. , ——ds

Nc
Ej=>|-
ne=1

Y

cellnnc cellnnc

_]k e—jk(r+A) e—jk(r+Am,)
7, [T, -2 Ko, ds
=l Ar r r

..(2.11a,b)

Ms

Ef —

?

cellnnc cel Inne

where vectors 7,,. , and T, ,perform transformatiom from Cartesian to spherical

xXyz _ Xyz _
system, J; and K; are densities of equivalent electric and magnetic current densities
in a partlcular cell, k 1s free-space wavenumber and finally stands for free-space

impedance Z,. Evalution of integrals in (2.11) with the assumption on illumination
of a particular cell by a plane wave results in the expression

f . nc nc —jkr
E9 :Z _]k Z J .Txyz 9 Keq .Txyz_(p Ce / 212
E] 4r ZJ”CoTxyZ ~K oT r - (212)

xyz_ 8

nc

: | .1 . .
with C = absin C(Ekxa)smc(zkyb) k., =—a, +ksinJcosp, k, =—f, +ksinIsing

where a, =k, sin(9")cos(p’); B, =k,sin(9")sin(p’) are negative projections of the
wave vector of the incident plane wave in the center of a cell. Angles &, ¢ are
angles definining observation direction in a spherical system.

2.5 PLANAR REFLECTOR ANTENNAS - EXAMPLES

2.5.1 Simple reflector antenna at X band
As an example of a simple reflector antenna, an antenna operating at 10 GHz and

having diameter D = 200 mm is given. The antenna uses the non-hyperbolic sub-
reflector depicted in Fig. 2.5a. The height of the phase center of the sub-reflector

17



above the main reflector considered during the design of the main reflector was
L =89 mm. Substrate of the reflector had thickness 1.575 mm and permittivity
2.22). The antenna design assumed MoM solver parameters P,Q,M,N = 6,6,54,54
and took ~ 7 hours. Due to the symmetry, only half of the array was tuned, other half
was copied appropriately. The layout of the main reflector and far-field radiation
patterns of the reflectarray are shown in Fig. 2.6a, and Fig. 2.8a, b.

Main reflector - layout 4 |Planar reflector antenna designer v1.3 Tuly 2003 =0 x|
0.1 T T T File Help
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EEEEEEEEEER el A
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Fig. 2.6  a) Layout of the main reflector of a simple reflector antenna at 10 GHz
(dimensions in meters). b) Program Rarray - main screen.

In order to verify behaviour of the complete antenna, fullwave simulations in
Ansys and Lc (FDTD code from Cray research) were performed. Solid and finite
element model in Ansys is shown in Fig. 2.9.

—|C

Zc ©

v J*

20
L
720 40 60 80 100 120 140 160 180 200
L [mm]

a) b)

Fig. 2.7 a) Subreflector — dimensions b) extracted phase center position of the
reflector for E and H plane (Ansys6) as a function of observation distance
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Fig. 2.8 Simulated radiation patterns — Matlab a) E plane b) H plane

Fig. 2.9  Solid (left) and finite element model the X-band simple reflector antenna
. d
in Ansys (61982, 2" order tetrahedral elements, 379676 unknowns).
Radiation pattern - E plane Radiation pattern - H plane
0 T 0 T
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Fig. 2.10  Comparison of simulated radiation patterns in Ansys (FEM) and Lc
(FDTD).

The simple reflector antenna operating in X band showed simulated gain about
20 dB (Both Ansys and Lc). Maximum directivity was D = 26.4dBi. Thus D/D.x
ratio is about 23% Simulated sidelobe level is between 12 to 15 dB. Gain bandwidth
for 1 dB loss is approximately 2.5 %.
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2.5.2 Folded reflector antenna at K band

As an example of the folded reflector antenna, the same antenna as in [2] was
designed and built in order to make comparison. The antenna operates at the
frequency 20 GHz and has the diameter D = 130 mm of the main reflector. Substrate
of the main reflector is Isoclad 917 (thickness 1.575 mm, permitivitty 2.22 (at 10
GHz)). An auxilialiry slot array is placed at the distance of L = 50 mm. The slot
array is made from the same material and its cell has dimensions 94 mm with
6.8x1 slots. Cell and slot dimensions were designed by Matlab program
fssrectg2.m which is an aperture version of fssrectg.m code. The antenna
design assumed MoM solver parameters P=Q=3, M=N=18. Even when using
current basis function with no edge singularities, the order of expansion functions
P,Q could be small (because of the electrically thick (h/A) substrate of the main
reflector).
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Fig. 2.11 a) Layout of the main reflector of the folded reflector antenna at 20 GHz
(dimensions in meters), b) Program Rarray main screen c) d) E(H)-plane far-field
radiation patterns in Matlab versus measured patterns (elevation angle in degrees)
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The layout of the main reflector and far-field radiation patterns of the antenna
designed in Matlab are shown in Fig. 2.11a, c, d.

The folded antenna is being fed by a circular horn with aperture diameter
D, =20mm. The horn is attached to the waveguide via a coaxial transition. The
complete folded antenna was measured within an anechoic chamber. Measured gain
of the antenna was about ~23 dBi at 20 GHz with 3 GHz gain bandwidth (1dB gain
loss assumed) (Fig.2.12a). Sidelobe level at the central frequency was 16dB in E
plane and 15 dB in H plane. All frequencies within 1 dB gain bandwidth showed
side lobe level at least 15 dB or better (Fig. 2.12b).

The complete folded antenna was also simulated by FDTD. Fullwave analysis of
the folded antenna was computationally very CPU-power demanding (because of the
lack of symmetry).

Side lobe level (E plane)
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a) b)

Fig. 2.12 a) Measured gain of the folded antenna b) Measured side-lobe level on
discrete frequencies

A complete simulation took approximately 72 hours (Atholon 1.2 GHz, 768MB
Ram, Win2000) and needed more than 1 GB of memory to finish marching through
all time steps. Despite of the long run time, meaningful results were obtained by the
simulation (at least the angular prediction of first two side lobes shows a good
correlation with experiment, Fig. 2.13). Side lobe level prediction is relatively poor
but it could be further improved by finer meshing. However, such a refined model
would have to be simulated on a small cluster and not on a single PC.

21



T u |

— E plane - measured
— E plane (Lc)

relative amplitude [dB]

azimuth [deg]

b)

relative amplitude [dB]

0 T 1
— H plane - measured
St ~ ] — Hplane (Lc)
qob -

|
T T

0
azimuth [deg]

Fig. 2.13 Measured and computed (FDTD) far field radiation patterns.

2.5.3 Folded reflector antenna at Ka band

The operating frequency of the antenna was f= 34 GHz. Diameter of the main
reflector and height of the antenna were D = 120 mm and L = 30 mm. As a substrate
of the main reflector, 0.508 mm thick Diclad870 (eg=2.33 at 10 GHz and &z=2.50 in
Ka band) was used. Cell period of the reflectarray was a = 4.5 mm. Slot array of the
folded antenna was fabricated from an substrate FR4 having (eg = 4.7 at Ka band).
Cell and slot dimensions were again designed by the program fssrectg2.m.
Resulting cell and slot dimensions were 4x3.2 and 3x1 mm.
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Fig. 2.14 a) Layout of the main reflector of folded reflector antenna at 34 GHz
(dimensions in meters), b) Program Rarray- main screen

22



The antenna design assumed MoM solver parameters P=Q=3, M=N=18. Since the
main substrate is relatively thick (~0.058A,), higher values of P,Q,M,N are needed to
reach convergence. Study of convergence of phase of reflection coefficient showed
that values P=Q=9, M=N=54 are adequate (phase of reflection coefficient with error
1+5°). Such high values were not used for the design of the reflectarray for two
reasons. First, at the time when the layout of the folded antenna for 34 GHz was
generated (May 2002), convergence issues about code fssrectg.m were not
clarified completely. Second, even if the converge issues were known that time it
would be impossible to run design because of long solution time of fssrectg for
high values P,Q. Total design time of the reflectarray (with 505 patches) for P=Q=3,
M=N=18 and using code fssrectgf was 8 hours and 40 minutes (Atholon
1.2 GHz). Design of the same reflectarray but considering P=Q=9, M=N=54 and
fssrectgu (a faster version of code fssrectgf) as the FSS core solver takes 63
hours.

The layout of the main reflector of the Ka band reflectarray as designed by
program Rarray considering P=Q=3, M=N=18 and code fssrectg as the core
MoM solver are shown in Fig. 2.14. The simulated E and H plane beamwidth of the
designed reflectarray is ®g =4.8° and ®y =4.6°. Thus the gain of the antenna as
predicted from the radiation patterns is G=27000/(®g®y{)=27000/(4.8-4.6)=30.9 dBi.
Real gain of the folded antenna will be smaller because of phase errors in the
reflectarray, mismatch and dielectric loss. A maximum directivity for the antenna
having a diameter of 120 mm is Dy, = 32.8dBi. The predicted sidelobe level is
approximately 20 dB in both planes.

The folded antenna is being fed by a circular horn having a half power beamwidth
O =24°and Oy =20°. The subtended half angle of the folded antenna is about
9,=45°. Radiation pattern of the horn can be approximated as a cos'(9), which
together with the angle 9 gives resulting aperture efficiency 1n,=73%.

The designed folded antenna was built and measured. E plane radiation
patterns and the gain of the antenna are shown in next figure. Measured gain was
about 28.3 dBi which is less than expected from radiation patterns (30.9 dBi). The
difference is influenced by phase errors in the reflectarray, mismatch loss and also
due to a relatively small seperartion between main reflector and the slotarray. Gain
bandwidth of the antenna was approximately 2.5 GHz (2 dB gain loss).
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Fig. 2.15 a) measured radiation pattern (E plane) at 34 GHz b) measured gain

It is expected that the gain of the antenna can approach to gain of a traditional
parabolic antenna if appropriate design steps are taken. But even now, measured
results looks quite good (G =28dBi) in comparison with the parabolic antenna
(G = 30dBi) having the same diameter.

2.6 PHASE CENTER EXTRACTION OF ANTENNAS AND
SCATTERERS

A procedure of numerical extraction of the phase center of an antenna or a
scatterer was developed. The method relies on a full-wave EM simulation of the
antenna (or a scatterer). After performing the EM simulation outgoing wavefronts
for different observation distances are constructed are phase center position is
determined from simple geometric relations. One example of the extracted phase
center position was given in Chapter 2.5., where the depenence of the phase center
of the non-hyperbolic subreflector on an observation distance was given.

Another example related to the phase centers is shown in next figure (Fig. 2.16)
where behaviour of the phase center of a horn antenna is studied. It can be seen that
phase center position for a given observation distance is different in E and H planes.
Asymptotic behaviour of the curves in Fig. 2.16 is that E and H phase centers appear
in the ground plane level for the infinite observation location.

A complete description of issues related to the exctration of phase center of
antennas and scatterers can be found found in Jina2002 conference paper ([10]).
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Fig. 2.16 a) Solid and finite element model of circular horn antenna within
infinite ground plane in Ansys6. Antenna is fed by circular waveguide
(diameter 20 mm, TE;; mode, electric field is y-polarized). Total
number of first order HF119 tetrahedral elements is 60346. Solution
time at single frequency f = 10 GHz is about 8 mins (Celeron 433 MHz,
288MB). b) Phase center position z. below ground plane as a function
of observation distance L above ground plane.

2.7 ANALYSIS OF PRINTED STRUCTURES BY SPATIAL DOMAIN
MOM

A part of the dissertation was also dedicated to the development of the simulator
Rebeca. The code can be used for anlysis of small printed structes by the spatial
method of moments. The simulator was primarily used for verification of the
spectral domain code fssrectg.m. More specifically a comparitive study about
current distribution on a single patch of the infite FSS was performed. Such a study
helped to prove correctness of code fssrectg.m and in conjuction with other
approaches (like waveguide simulator in Ansys) helped to the make conclusions
about the convergence of the MoM solutions (both in space and spectral domain).

The characteristics of the simulator are as follows:

- analysis of printed structures with a single metal and dielectric layer

- collocation technique

- possible use of non-equidistant mesh but with a limit on mesh non-uniformity

- limitation on maximum axial ratio of charge and current cells is set to 5

- different excitation mechanisms ( port fed (vertical, horizontal delta gap voltage
sources) or plane wave illuminated ). Combination of port and plane wave is
also possible
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approximate Green’s functions for modeling of substrate effects (egx and
h/A <= 0.05)

restriction on single port circuits.

Several de-embedding mechanisms (localized, wave, horizontal stub)

Basic visualization capabilities for current and input impedance.

Text/command line input of the geometry of printed structure.
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Fig. 2.17  a) uniformly meshed patch b) patch with thin edge cells c) (d) input
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resistance (reactance) of rectangular patch as computed in Rebeca
simulator using edge port with horizontal stub de-embedding.
Abbreviations unil and uni2 mean uniform mesh with coarse (unil)
and fine (uni2) mesh density. Results obtained from non-uniformly
meshed patch model are shown in solid line (abbr. Nonuni).



3 CONCLUSIONS

The dissertation demonstrated strategy for design of planar reflector antennas.
The approach used relied on the numerical analysis of reflection from from printed
reflectarrays by the spectral domain method of moments in conjunction with a fast
local optimization method. A big attention was dedicated to the accuracy of
computation of phase of reflection coefficient from the infinite frequency selective
surfaces (FSS). A comparison of convergence of the phase of reflection coefficient
for different methods (namely MoM and FEM) was presented. Numerical analysis
of the FSS by the method of moments also resulted in original derivation of Green’s
functions for the FSS with two dielectric layers. The functions derived are of
different form than the same functions obtained by the well-known immitance
approach developed by T.Itoh. Of course, both functions are equivalent which
means that they produce the same results when analyzing reflection/transmission
from the two layred FSS. A necessity for computation of complete radiation pattern
of the planar reflector antennas led to a need for a self-derivation of surface
equivalence principle. Such a derivation was done prior to the same results (also
known as Kirchoff’s integral) were found in appropriate papers.

On the basis of the design procedures proposed for the planar reflector antennas,
three planar reflector antennas were designed. All antennas were verified carefully.
Either the fullwave simulations or experiments were used to verify correctness of the
Rarray program, which was written in Matlab to support design of planar
reflector antennas. The agreement between theoretically predicted characteristics of
planar antennas and measured results was found relatively good. The complete
version of the dissertation also discusses impact of etch errors and dielectric
permitivity variation on gain reduction of planar reflector antennas. It also presents
a comparative study about broad-band behaviour of the planar reflector antennas
available in the present literature and antennas designed in this thesis.

Except of the program Rarray, a separate simulator Rebeca was developed
as a product of the thesis. That simulator is also deeply described in the thesis. A big
focus is put on the realization fast analytical evaluation of all integrals arising in the
spatial domain MoM. Partial attention is paid to feeding of printed structures.
Associated de-embeddig issues were discussed too.
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ABSTRAKT

Dizertaéni prace se zabyva problematikou analyzy a navrhu planarnich
reflektorovych antén. Prvni ¢ast prace popisuje soucasny stav vyvoje v této oblasti.
Jsou pfitom zminény podstatné odkazy na literaturu, ve které byla diskutovana
numericka analyza téchto antén. Druha ¢ast prace diskutuje ulohu pasivnich
planarnich odrazect, jejich analyzu a vztah ke kmitoctové selektivnim povrchiim
(modelovanych pomoci spektralni momentové metody). Syntéza (navrh) takovychto
struktur probihd za pomoci rychlé lokalni optimalizacni metody (Levenberg-
Marqurdt). Pozornost je vénovana také ovéfovani vlastnosti navrzenych
reflektorovych antén, a to jak experimentalné tak i numericky (za pomoci fullwave
elektromagnetické analyzy).

Prace se soustfed’'uje na nckolik hlavnich problémi. Prvnim z nich je pifesnost
vypoctu faze dCinitele odrazu od kmitoCtové selektivnich povrchd. Jsou piitom
srovnavany vysledky momentové metody a vysledky ziskané metodou konecnych
prvkll s ohledem na konvergen¢ni vlastnosti a vypocetni ndrocnost. Je také
diskutovéna otdzka vybéru vhodnych bazovych funkci pouzitych k modelovani
proudového rozlozeni na periodickych selektivnich povrSich s obdélnikovymi
elementy.

Druhou, velmi vyznamnou casti prace je implementace lokdlni optimalizacni
techniky pro ucely doladovani faze jednotlivych elementi planarni reflektorové
antény. Kromé¢ vlastni implementace je vénovéna pozornost vhodnému vybéru
pocatnich podminek optimalizace (rozmérii fazovaci) s ohledem na rychlost
a uspeésSnost optimalizace. Dale je v prdci demonstrovana nahrada klasickych
pomocnych hyprerbolickych subpreflektort za subreflektor jiného, vyrobné
jednodussiho tvaru. Za timto Gcelem se provadi numericky vypocet fazového stredu
takovéto reflektoru. Pouzita je pfitom metoda kone¢nych prvki v Ansysu. Konecné
posledni casti dizertace je popis vyvoje fullwave simulatoru urceného k analyze
planarnich struktur momentovou metodou v prostorové oblasti. Tento simulétor je
pouzit k ovéfovani chovani kmitoctoveé selektivnich povrchli, a to na zdkladé
srovnani s vysledky ziskanymi spektralni momentovou metodou.

Prace obsahuje né€kolik originalnich odvozeni tykajicich se kmitoctove selektivnich

povrchi, vyrazii pro blizkozonni podobu Kirchoffova integralu, ale také Greenovych
funkci v uzavieném tvaru platnych pro planarni struktury.
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