MASK GENERATION FOR REFLECTARRAY ANTENNAS

In this appendix, a procedure is outlined for generating the geometry files that are required for
fabrication or full-wave simulation of a reflectarray antenna. While a variety of formats are
available for geometry files, the most common format for 2-D printed structures is the DXF

format, which will be discussed here.

AllL1 Data Files for Reflectarray Elements

As discussed throughout this dissertation, once the required phase shift of all the elements on
the reflectarray aperture is determined, the element dimensions (or rotation) can be determined
from the reflection phase S-curve. In order to input the dimensions and locations of the elements
into the software, for fabrication or full-wave simulation, one has to generate a data file
containing this information in a format that is recognized by the programs. In this part we outline
the procedure used to generate the data files containing the geometrical location and dimensions
of the elements. The geometry files are then created using these data files and will be discussed
in the next section.

The geometrical location of the reflectarray elements can best be specified by the center
position of the unit-cell. Since the geometry files here are 2-D, only the x- and y-locations of
each unit-cell center needs to be specified. In our data files, this information is given in the first
and second columns, respectively. The next columns contain the geometrical information of the
elements. For the variable size patches used in our studies, the patch widths in the x- and y-
directions are given in the third and fourth columns, respectively. Similarly for rotated elements,

the geometrical data can be included in these columns. Once all these data are organized in a

204



matrix, the fprintf command in Matlab© is used to write the data in a text file. It is worthwhile to
point out here that for a multi-layer configuration, one has to generate a file for each layer. Each

layer can then be moved to the correct vertical position in the model.

AIlL2 DXF Mask Generation

As mentioned earlier, the DXF file is a very common geometry format for 2-D structures. The
overall file organization of a DXF file contains header, classes, tables, blocks, entities, and
objects sections. For solid entities, that are required for our designs here, the group codes are

given in Fig. AIl-1.

WsoLID

The following group codes apply to solid entities.

Solid group codes
Group codes Description

100 Subclass marker (AcDbTrace)
10 First corner
D¥F: X walue; APP: 3D point
20, 30 DxF: ¥ and Z values of first comer
11 Second corner
DXF: X walue; APP: 3D point
21, 31 DxF: ¥ and Z values of second cormer
12 Third corner
®F: X walue; APP: 3D point
22, 32 DxF: ¥ and Z values of third comer
12 Fourth corner. If only three corners are entered to define the SOLID, then the fourth corner coordinate is the same as the third,
DxF: X value; APP: 3D point
23, 33 DxF: ¥ and Z values of fourth corner
39 Thickness (optional; default = 0)
210 Extrusion direction {optional; default = 0, 0, 1)
DxF: X value; APP: 3D wector
220, 230 DxF: ¥ and Z values of extrusion direction {optional)

Fig. AlI-1. Solid group codes in DXF files.

To generate the DXF file for the variable size rectangular patches, the (x, y, z) coordinates of
each vertex has to be computed and imported in the given format. While the computation of the
vertex positions is straight forward, by using the data files described earlier, the vertex
positioning has to follow the format order. The vertex positions have to be specified in a manner

that creates a closed loop with a counter clockwise order. Namely, that is the top left, bottom left,
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bottom right, and top right vertices of the rectangle. The DXF file for a patch and the HFSS

model are shown in Fig. AII-2.

;l i
5

1

-5

21

-5

12 Import to HFSS

5

n -
5

13

DSEC

Fig. AIl-2. DXF file for a patch and the HFSS model.

It can be seen that the geometry of this single patch can be modeled perfectly in the software.
Similarly, using this approach, a full array containing hundreds of elements can easily be
imported into any simulation software. Note that however these are geometry files, and once
imported the electrical parameters have to be specified for full-wave simulations. Geometry of a

full-reflectarray imported into Ansys HFSS is given in Fig. AII-3.
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MEASURED HORN ANTENNA PARAMETERS AND ANALYTICAL MODELS

In this appendix, the performance of the feed horn antenna used in the construction of the
reflectarray prototypes is presented. The available data sheets and the measurement results
obtained at the University of Mississippi are included. An expanded analytical model that

includes the cross-polarization of the horn antenna is also presented.

AIIL.1 Ka-band Horn Antenna Measurement
The horn antenna used in the studies presented in this dissertation, is a Ka-band circularly
polarized corrugated conical horn antenna. A picture of the horn antenna is given in Fig. AIII-1.

The antenna has two ports allowing for both right-hand and left-hand circular polarization.

Fig. AIlI-1. Ka-band circularly polarized horn antenna.

The radiation pattern of this horn antenna is measured using our NSI-2000 planar near-field
measurement system. The near-field electric components are given in Fig. AIll-2 at 32 GHz.
While in our studies the far-field characteristics of the horn radiation were used in the analysis, if

required, one can also use these fields directly to illuminate the reflector antenna.

209



E,| (dB)

)
"'r 7
&

2 e Moo 8
< i <
o O .' ] 3]
\% -II"% Sl \E/
2 . 2T
> ¥ ae A 1l >
g2 AR P A
2 0 2 2 0 2
x (inches)
E | (dB
E | (@8)
s e
7 -2 S m 100
g2 < Moo 3
< = <
20 . % 2 0
= :ii__.-' 40 =
> 2[@Eie B - -100
:q'.‘l L -\.-\.-".-'-'..'l-.'!I' '60 L
2 0 2 2 0 2

x (inches) x (inches)

Fig. AIII-2. Measured near-fields of the Ka-band circularly polarized horn antenna.

As discussed in chapter 2 of this dissertation, the common approach to characterize the
radiation performance of a feed horn antenna is to use a cosine q radiation pattern model, where
the value of the parameter q is determined from the horn measurements. The measured radiation
pattern of the horn antenna at 32 GHz is given in Fig. AIll-3, where it is also compared with a
cosine q model with q = 6.5. It can be seen that, in both planes, the analytical model gives a good
representation of the horn pattern. In general if the horn radiation pattern is not symmetric, two
different values would be determined here for the two planes. In any case, these values are used

in equations (2-6) and (2-7) to represent the radiation pattern of the horn antenna in the analysis.
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Fig. AIII-2. Measured far-field patterns of the Ka-band circularly polarized horn antenna.

AIIL2 Expanded Analytical Model (Co- and Cross-Polarization Modeling)

The measured radiation pattern of the Ka-band horn antenna shown in the previous section
showed a symmetric radiation pattern, which is quite desirable for efficient illumination of a
reflector antenna. However, the cross-polarization performance of this horn antenna is not very

good. The measured 3-D patterns of the horn antenna are shown in Fig. AIII-3.
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Fig. AIII-3. Measured 3-D radiation pattern of the Ka-band circularly polarized horn antenna.
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The results given here clearly show that without modeling the cross-polarized component of the
feed radiation pattern, it will not be possible to obtain an accurate estimate of the cross-
polarization level of the reflector. While the cross-polarization pattern of the horn is asymmetric,
for simplicity here we assume a symmetric cross-polarized model. The measured cross-polarized

components in the principal planes and the analytical modeled are given in Fig. AIII-4.
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Fig. AIII-4. Measured cross-polarized patterns of the Ka-band circularly polarized horn antenna.

It can be seen that while the asymmetry of the radiation pattern reduces the accuracy of the
model here, it still can provide a good estimate of the cross-polarized pattern. It should be noted
here that the peak level of 0.18 in the analytical model, was determined from an average value of

the cross-polarization in four principal cuts.
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DESIGN OF A POTTER HORN ANTENNA FOR REFLECTARRAY FEED

In this appendix, the basic properties of Potter horn antennas are first reviewed, and then a Ka-
band horn with a specified radiation pattern model is designed which can be used as a feed for a

reflectarray antenna.

AIV.1 Basic Properties of Potter Horn Antennas

As discussed earlier, a feed antenna with a symmetric radiation pattern is usually desired for a
reflector feed. However, the conventional pyramidal and conical horn antennas cannot achieve
such a radiation performance. While different approaches are available for horn antennas that can
enable such a performance [AIV.1], one of the most fundamental methods is to excite higher-
order modes in the horn waveguide. Here we will briefly discuss conical horn antennas and
higher order mode generation. Conical horn antennas use the dominant 7E;; mode in the circular
waveguide and generate a directive beam with an asymmetric radiation pattern. Unity azimuthal
modes of TE},, or TM 1, (m > 1) can be excited by abrupt or gradual changes in the diameter of the
horn or waveguide. This change in diameter will not excite the TE,,, o TM,, (n # 1). The easiest
method of exciting higher-order modes with unity azimuthal dependence is to introduce a step
change into the diameter of the horn. The abrupt junction will force a break in the smooth current
pattern and if the normalized output radius is greater that the cutoff wave-number for the desired
mode, some power will be transferred to that model. The amount of power will depend on both
radiuses. In addition changes in the flare angle of a horn will also excite higher-order modes. To
achieve a symmetric pattern, a common requirement is to excite a proportion of 7M;; mode to

add to the TE;; mode, which is done in the Potter horn antenna [AIV.2]. A cross sectional
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geometry of the Potter horn antenna is given in Fig. AIV-1.
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Fig. AIV-1. Cross sectional view of the Potter horn antenna.

While several parameters have to be tuned in a design in order to achieve the desired radiation
pattern, some fundamental design rules can be given here. First, the output radius should be
greater than 0.6098A in order to that the 7M;; mode can propagate; otherwise this mode will be
evanescent. In addition the output radius should not be greater than 0.8485A in order to avoid the
propagation of the 7E;; mode. In addition it is preferable to have the desired amount of 7M;;
power excited (in the flared section of the horn), before this radius is reached. The amount of
power that is normally required to be transferred to the 7M/;; mode is between 10 and 20%. For a
practical design, an inner radius greater than 0.53\ is required. Since this value is greater than
radius of single mode circular waveguides, two steps are needed for a Potter horn. The first
junction keeps the power in the TE;; mode, and the second junction excites the 7M;; mode.
While in many cases an optimization would be required for the horn design, basically the
remainder of the horn design process is to flare the horn so that the aperture diameter will radiate
the desired beam-width. The main challenge in the design is that one has to phase the 7M;; mode

so that it is in phase with the TE;; mode, while controlling the other constraints.
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AIV.2 An Optimized Design with a Cos®>6 Radiation Pattern

As discussed earlier, the Potter horn antenna is a suitable candidate for a reflectarray feed,
since it can achieve a symmetric radiation pattern. Depending on the system requirements, one
may need to design a feed antenna that can achieve maximum aperture efficiency. In such a case,
the optimum value of ¢, for the feed cos?(0) radiation pattern model is obtained from the
efficiency analysis, and a horn antenna achieving such a pattern has to be designed for the
system. In this section we present a design for a Potter horn antenna, that achieves a symmetric
radiation pattern with g = 6.5 at the center design frequency.

For any design, the initial dimensions of the horn parameters are determined using the design
guidelines presented in the previous section; however in most cases it is necessary to tune or
optimize these dimensions to achieve the desirable pattern. The particle swarm optimizer (PSO)
in FEKO was selected for this task. In total, 7 parameters have to be optimized for this design.
The parameters are the radius of the waveguide feed (Ryaveguide), the radius and length of two
wave guide steps (Ryep1, Lsteps, Rsep2, Lsiep2), and the radius and length of the cone (Reone, Leone)-
At each fitness evaluation during the optimization, the radiation pattern is computed at a number
of discrete points chosen to match the required cos?(0) pattern and achieve a symmetric pattern in

the two principal planes. The optimized dimensions of the Potter horn are given in Table I.

Table AIV-1 Optimized dimensions of the Potter horn antenna.

Rwaveguide Rstep 1 Lstep 1 RstepZ Lstep2 Rcone Lcone

0.3231 | 0.571x ] 0.386A ] 0.763A | 1.539A | 1.009A | 0.848A

The electric fields inside the optimized Potter horn are shown in Fig. AIV-2. It can be seen that

symmetric aperture fields are generated at the horn aperture which should lead to a symmetric
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radiation pattern.

Fig. AIV-2. Electric field magnitude inside the optimized Potter horn antenna.

The normalized radiation pattern of the optimized Potter horn and a comparison with the ideal

cosine q model is given in Fig. AIV-3.

i i i
o---- 4 I
—~ | | |
Q I I I
Sl N t-e- 1
L I I I
g e | S—— R S [ [
= | | |
‘T | | |
O -15 & | S
= X .
& ° cos®® ¢ model !
T - ; L1 7 L - - —
g 20 20 —Potter Horn (¢ = 0°) Y
= N,
S sl l ___ |7"Potter Hom ($=45°) | l _an
b E’ I == Potter Horn (¢ = 90°) I % *
| |
3 £ | = Potter Horn (¢ = 135°) . 4
—%0 -40 -20 0 20 40 60

0 (dearees)

Fig. AIV-3. Normalized radiation patterns of the optimized Potter horn antenna.

It can be seen that the radiation pattern of optimized Potter horn is almost completely symmetric
in the four plane cuts, and also matches quite well with the ideal cosine q model up to 40
degrees. Although the beam width requirement for a feed horn design depends on the system
parameters, in most cases 40° is sufficient for most cases. It is important to point out that in
general multi-mode horns such as the Potter design have a narrow bandwidth, but this should be

weighed against the simplicity of the design in comparison with a corrugated horn.
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FULL-WAVE SIMULATION OF REFLECTARRAY ANTENNAS USING FEKO

As discussed earlier in this dissertation, different approaches for analysis of reflectarray
radiation pattern have been developed over the years. These numerical approaches provide a fast
method to compute the radiation pattern of the reflectarray antenna with a good accuracy;
however several approximations are made in the analysis. With these approaches usually a good
agreement between measured and simulated results is observed in the pattern shape, but in most
cases there are some discrepancies in side-lobe level and cross-polarization levels. In general an
accurate analysis of a reflectarray antenna radiation performance requires a full-wave simulation,
however this is quite challenging. The electrically large size of the reflectarray antenna aperture,
combined with hundreds of elements with dimensions smaller than a wavelength, demands an
efficient full-wave technique. Considering the planar geometry of the reflectarray antenna
aperture, a surface meshing approach will be more appropriate for this problem. As such, the
method of moment (MoM) technique will be more advantageous than other full-wave techniques
such as finite element or finite difference, which require volume meshing. In this appendix, a
detailed procedure for modeling and full-wave simulation of reflectarray antennas using the
commercial software FEKO is presented. A Ka-band reflectarray antenna with 437 elements is
designed and simulated. Furthermore a procedure to obtain the phase distribution of the
reflectarray using the near-field simulated data is presented. This can be a valuable tool to

diagnose and potentially correct elements that are not providing the necessary phase shift.

AV.1 Modeling the Reflectarray Antenna in FEKO and Far-Field Radiation Patterns

The phasing elements used in this study are variable size square patches with a unit-cell
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periodicity of A/2 (4.6875 mm) at the design frequency of 32 GHz and are fabricated on a 20 mil
Rogers 5880 substrate. Both patch and ground plane are modeled as a PEC. The unit-cell model
in FEKO is shown in Fig. AV-1 (a). The reflection phase response of the elements is obtained at
12 discrete lengths. The trace of these points usually forms an S-curve, and as such can be
approximated with an inverse tangent function. The function used for the interpolation is

v =—b,@tan‘l(al(L—L0))+ c. (AV-1)
n

The parameters in this function are obtained using a curve fitting program. For this design these
parameters were evaluated to be: @; = 4.807, b; = 1.861, ¢; = -14.84, Ly = 2.653. The reflection

curve response of the reflectarray phasing elements is given in Fig. AV-1 (b).
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Fig. AV-1. (a) The reflectarray unit-cell model in FEKO. (b) Reflection phase versus patch length for the

reflectarray elements.

The reflectarray feed is a Potter horn antenna (see Appendix IV) with an azimuthally
symmetric radiation pattern, that can also be modeled with a cos?(0) function with ¢ = 6.5 at 32
GHz. With the feed antenna selected, the next stage is designing the reflectarray antenna system.
A circular aperture with a diameter of 12.5\ is selected for the reflectarray which corresponds to
437 square patch elements. For convenience, the geometrical center of the reflectarray is placed

at (0, 0, 0). The feed horn is then positioned at Xpeq = -38.25 mm, Yjoea = 0 mm, Zgeq = 82.03
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mm, and is pointing toward the geometrical center of the array. The elements phases are then
designed to generate a beam in the direction of (6, ¢) = (25°, 0°).

Once the reflectarray system specifications are determined, we can now model the antenna in
the software. Modeling the horn, substrate layer and ground plane is straight forward; however
modeling the patches requires further attention. Considering the large number of variable size
patches in a reflectarray antenna, it would be efficient if one imports the patch elements with a
geometry file which contains the location and dimension of each patch. The available version of
FEKO can only import parasolid geometry files. While these files also have an ASCII format,
and can be created directly, we used third party software to generate the file here. First a DXF
file is generated for the reflectarray patch elements as discussed in Appendix II. This file was
imported into Ansys HFSS and then exported as a parasolid text file, i.e. *.x_t. It should be noted
that for this design, the patch dimensions were determined with a precision of 0.01 mm. The
geometry of the reflectarray system modeled in FEKO is shown in Fig. AV-2 (a). For this design
432,278 unknown basis functions need to be calculated by the FEKO method of moments
(MoM) solver. Considering the large number of unknowns, the multilevel fast multi-pole method
(MLFMM) solver in FEKO was selected for this simulation. In total, the full-wave simulation
here required 22.15 GB of memory with a CPU time of 19.94 hours on an 8 core 2.66 GHz
Intel(R) Xeon(R) E5430 computer. The simulated 3D radiation pattern of the reflectarray
antenna is shown in Fig. AV-2 (b).

The full-wave simulation takes into account all approximations in reflectarray element design
and mutual coupling as well as the edge diffraction effects and feed image lobes. Therefore the
full-wave simulation here can provide a good measure to observe the performance of the

reflectarray elements in the real reflectarray environment. The radiation patterns in the principal
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planes (P.P.1 and P.P.2) are given in Fig. AV-3. Here P.P.1 is the xz-plane and P.P.2 is the yz'-
plane in the xyz"-coordinate system. This xyz'-coordinate system is obtained by rotating the xyz-
coordinate system in Fig. 1, 25° about the y-axis. It can be seen that the main beam is correctly
scanned to 25° off-broadside, with side-lobe level below -21.34 dB, which indicates that the
phasing elements are providing the necessary phase shift on the reflectarray aperture. The
maximum gain of the reflectarray antenna is 28.027 dB, which corresponds to an aperture

efficiency of 41.17% with maximum cross-polarization level of -24.01 dB.

() (b)
Fig. AV-2. (a) Top view of the reflectarray antenna in FEKO. (b) 3D radiation pattern of the reflectarray

antenna simulated in FEKO.
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Fig. AV-3. Gain patterns of the reflectarray antenna: (a) P.P.1, (b) P.P.2.
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It can be seen that the phase component of the electric field forms parallel lines in the direction
corresponding to the main beam which indicates that the reflectarray antenna is generating a
collimated beam. Note that also the shadow of the feed is also observed in the near-field data in
P.P.1.

To better illustrate this near-field diagnostic technique for reflectarray antennas, we also
designed a reflectarray antenna which randomly distributed fabrication error in a small segment
on the aperture. The mask of the ideal design, and the design with random error are given in Fig.

AV-6.

(a) (b)

Fig. AV-6. Masks of the simulated reflectarray antennas: (a) ideal fabrication, (b) with random

fabrication error.

The error, with a maximum of 1 mm, is randomly distributed in a circle at the top right quadrant
of the array. It can be seen from these figures that, in practice it is quite difficult to observe these
small fabrication errors, therefore a near-field diagnostic could prove to be quite advantageous.
The phase shift of the reflectarray elements are calculated using the full-wave approach and are
given in Fig. AV-7., where the aperture phase error associated with the random fabrication error

can clearly be observed.
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Fig. AV-7. Phase shift on the reflectarray aperture: (a) ideal fabrication, (b) with random fabrication

€I1or.

It is worthwhile to point out that while in the study here only 30 elements, i.e. less than 7% of the
total number of elements, exhibited phase error, the radiation performance also showed notable
degradation. A comparison between the radiation patterns of both designs is given in Fig. AV-8.,
where it can be seen that in addition to increase in cross-polarization level and some beam
deterioration, the maximum gain of the antenna has also been reduced to 27.54 dB. Furthermore,
while the gain reduction here is less than 0.5 dB, if such phase error due to fabrication shall be
observed in a strongly illuminated region, i.e. the geometrical center of the array, it would

correspond to a greater loss.
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Fig. AV-8. Gain patterns of the reflectarray antenna: (a) P.P.1, (b) P.P.2.
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