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CHRONOLOGY of Events (Updated Every Quarter)

April 1996
July 1996
August 1996
20 Sept. 1996
October 1996
October 1996

15 Nov. 1996
9 January 1997

28 February 1997

5 April 1997

e 30 May 1997

25 June 1997
5 July 1997

Proposal Submission

Answers to Proposal Questions

Began Contract Negotiations

Kickoff meeting at Ann Arbor (attended by Sanders, UM and UH)
Contract Signed between U-M and Sanders in Mid October

Subcontract to the Univ of Houston

(formalized in early November)

SERAT Review meeting (at Nashua)

Submitted First Quarterly Report

Report Described Code Plan and Progress on the Moment Method FSS
Code. Specifically, a new scheme was developed to accelerate the
convergence of the periodic Green’s function

Prepared viewgraphs on the project’s progress review.

Showed first validation results for the moment method FSS code with
the new accelerated Green’s function; showed results for a new
algorithm to accelerate the boundary integral truncation of the planar
and curved FSS hybrid FEM code using the Adaptive Integral
Method(AIM) and CVSS, the new LU solver specialized to sparse
matrices

Submission of Second Quarterly Report.

Report included the first validation results for the stand alone small array
FEM code (with dipole FSS elements and dipole  antenna elements).
A similar validation was done for the moment method FSS
developed at Houston. The fast AIM algorithm was described for
boundary truncation and the TRIANGLE surface mesher was introduced
to generate the aperture mesh, subsequently grown down to the FSS.
Semi-annual review at the Univ. of Michigan

(attended by all parties)

Review covered progress up-to-date. At this meeting,

emphasis was on the validation of the three codes which took 'shape and
form' between March-May 1997 in accordance with the proposed
schedule. Theory, validations and comparisons among the codes were
presented.

SERAT review Meeting (Nashua)

Submission of Third Quarterly Report

The major component of this report was the description and validation of
the periodic hybrid FEM code, FSS-PRISM. Comparisons among the
FSS-EIGER, FSS-BRICK and FSS-PRISM were given for the first time.



6 Oct 1997

24 Oct. 1997

Dec 1997

April 1998

July 1998

Also, the geometry drivers for the FSS-BRICK and FSS-EIGER were

given.

Submission of Fourth Quarterly Report

Delivered FSS-EIGER and FSS-BRICK, both with manuals and

preprocessors. Primitives are used to specify antenna and FSS elements

in each code. Report gives example calculations for non-commensurate

FSS panels for the first time using the scaling approach implemented in

FSS-PRISM. Another first is the hybridization of the fast multipole

method with the finite element code PRISM as a step toward the curved

FSS modeling.

Review at the Univ. of Michigan

Attended by U-M and Houston project people, Gibert,

Pirrung and Asvestas.

Presented status of FSS-BRICK, FSS-EIGER, FSS-PRISM

and FSS-CURVE.

Delivered manuals for FSS-EIGER and FSS-BRICK (and codes);

Successes for non-commensurate array modeling were presented (5

layer example); Update on FSS_EIGER for non-commensurate was

given, Initial implementation

of finite curved array code was presented with the

fast multipole method for mesh truncation.

5t Quarterly Report

The major highlights of this progress report are

 Implementation of the fast integral method into FSS-PRISM, making
prism a practical analysis code, even when the sampling
requirements are very high

e Completion of FSS/Antenna geometry Driver for FSS-PRISM

¢ First implementation of curved arrays with the FMM for mesh
truncation.

e Additional validations for non-commensurate FSS

6" Quarterly Report

The major highlights of this progress report are

e Delivered FSS-PRISM for modeling SERAT antennas and FSS

¢ Delivered Users Manual for FSS-PRISM. Manual included several
test cases (input files and examples)

e Delivered FSSBUILD, the preprocessor to FSSEIGER, the SERAT
moment method code developed at the Univ. of Houston.

o FSSEIGER

e Curved SERAT code (FSS-CURVE) can now handle transmission
and reflection coefficient computations. It has also been upgraded to
include lumped loads

70 Quarterly Report

The major highlights of this progress report are
* Extensive validation of FSS-CURVE for finite curved arrays



e Developed I/O interface and capabilities of FSS-CURVE to conform
to those of FSS-PRISM

o Delivery of FSS-CURVE will be in July 1998

e Developed Windows tools to display fields and grids of the FSS-
PRISM input and outputs at each layer, including possible animation
as the field propagates through the FSS or antenna element.

e Improved FSS-PRISM manual and included description of the
Windows/PC display tools

e Developed and tested a new fast method for mesh truncation which
demonstrates a 100 fold speed-up even for small systems. This
should remove the drawback of FE-BI systems for small and simple
geometries.

MEETINGS

e Presentation of this work were given at an ONR/DARPA meeting in June
1998

o Three presentation/papers related to this work were given at the 1998
IEEE Antennas and Propagation Symposium held end of June in Atlanta,
GA (these presentations are attached)



UPDATED MILESTONE CHART (page 7)
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Executive Summary and Project Status

We continue to be on schedule with all activities and code development tasks (refer to page 7). Last
quarter we delivered all code modules for FSS-PRISM and FSS-EIGER one quarter ahead of schedule.
The only remaining code that must be delivered is the finite curved array simulator FSS-CURVE. The
development of FSS-CURVE was recognized to have the highest risk among all other modules.
Nevertheless, its development was carried out as expected and with no loss of generality. Last quarter,
FSS-CURVE was extensively validated for single and multi-element array structures as illustrated in
Figure 1 to Figure 3. Also, the /O of FSS-CURVE was configured to be compatible with FSS-
PRISM. lIts delivery will take place during July 1998, and will be the last module to be delivered
except for upgrades.

During the last quarter we also developed a Windows/PC viewer of the FSS-PRISM geometry and the
field distributions across each layer along the depth of the FSS or substrate. The viewer reads the
geometry and output files of FSS-PRISM and displays these at any desired orientation which can be
changed using the usual mouse buttons (see Figure 4) . Various options of grid/color/polarization
displays are alos available. This viewer is provided on the enclosed diskette and more detailed
description of its capabilities is given later.

During the past three months we also worked with Sanders in support of porting and validating FSS-
PRISM at Sanders’s facilities. Several clarifications to the manual were done as a result of our
interactions with Sanders. A more detailed account of the changes/recommendations to the manual are
given later.

A second technical report and paper was written during the past 3 months on the fast integral method
implementation incorporated within FSS-PRISM. This is technical report 035067-11-T to be
submitted in July. This report demonstrates the CPU requirements of FSS-PRISM and the speed-up
afforded by AIM, the employed fast integral method.

Perhaps the most important development during the past quarter was the introduction of a new fast
integral method which led to the lower, O(N), CPU and memory requirements. The speed-up was 2
orders of magnitude even for very small systems and this is in contrast to all other fast methods which
provide speed-ups only for large systems (see Figure 5). The technique, referred to as FSDA, is
discussed at a later section and was validated during the past month for various geometries. We have
no plans to fully incorporate FSDA in a deliverable module by the end of this contract. However, the
demonstrated speed-up makes it very attractive and essential for future design applications.

We may actually state that FSDA removes the usual advantage of moment method codes for a class of
simplistic FSS and array geometries.



Summary of Code Modules and Capabilities

CODE DESCRIPTION AND STATUS
FSS-BRICK Small (finite) Array Code

o Finite element-Boundary Integral (FE-
BI) code using brick elements

o Completed and Validated

e Geometry Driver described in Report
035067-5-T

FSS-EIGER Moment Method code

o Uses multilayered Green's function and
triangular boundary elements (Rao-
Wilton-Glisson formulation)

o Uses Ewald acceleration for periodic
Green's function

e Validated (slot and dipole elements)
and delivered for commensurate FSS

e Geometry Driver Manual delivered in
October 1997

¢ Geometry Driver Manual Updated
April 1998 and Delivered

e FSSBUILD (FSS-EIGER geometry
Driver) delivered April 1998.

e FSS-EIGER to be delivered through
ONR by Univ of Houston

e FSS-EIGER is capable of Non-
commensurate FSS modeling

e FSSBUILD is being upgraded for
entering geometries of non-
commensurate FSS/arrays

FSS-PRISM Finite Element-Boundary Integral Code

e Combines flexibility of finite elements
for volume and boundary element for
robust mesh truncation

e Uses Ewald acceleration for periodic
free space Green's function

e Incorporates Adaptive Integral Method
for fast Boundary element evaluation

e Uses layer de-coupling to handle non-
commensurate FSS.

e Validated for commensurate and non-
commensurate FSS and slot and printed
antenna elements

e Geometry Driver and code were
delivered April 1998 on 2 disks (one



FSS-CURVE

10

for commensurate and another for non-
commensurate)

Manual with test case report were
delivered April 1998 (see UM
Radiation Lab Report 035067-7-T)
Theory and many test cases are
described in UM Radiation Lab Report
035067-9-T

Curved SERAT array code

Based on the non-periodic version of
PRISM

Incorporates the fast multipole method
(FMM) for fast non-planar boundary
integral evaluation

Tested for planar and cylindrical array
simulations

Transmission and Reflection coeff. can
be extracted.

Incorporates lumped loads (horizontal
and vertical)

FSS Geometry driver is in progress
Resistive card models are not yet
validated.
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Figure 1. Validation of FSS-CURVE for a patch on a 10cm radius cylinder. The patch is 2cmx3cm
and is situated in a cavity Scmx6cm in aperture and 0.078cm deep, filled with a dielectric having

€=2.17.
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Figure 2. Input impedance of a 5-element patch array (real and reactive) on a 20cm radius cylinder as
illustrated. The array patches were 3.5cm. by 2.625cm and the period was 6.125¢m. The overall aperture on
the cylinder was 33.25¢m x 6.125cm resulting in 3300 unknowns of which 2200 were associated with the
boundary integral (moment method portion) on the boundary. Note that a smaller period results in substantially
coupling which causes major changes to the input impedance of the no. 2 antenna element (as shown).
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Project Goals

The goal of the SERAT project at the University of Michigan (with subcontract to Univ. of Houston)
is to develop a suite of software for the analysis of strip and slot dipoles on multilayered substrates
backed by a frequency selective surface. The dipoles are equipped with photonic switches permitting
variable electrical dipole lengths for broadband performance and the FSS is suitably designed to
simulate a variable substrate thickness for optimal operation. A general view of the geometry is given
in Figure 1.

The UM/UH team proposed to construct a code which combines various computational modules

interfaced with appropriate pre-processors and post-processors. The computational modules include:

e Stand-alone moment method simulation of the FSS with up to 10 layers with commensurate and
non-commensurate periodicities.

e Simple moment method simulation of the antenna elements on the FSS panels

* Hybrid FEM simulation modules for small arrays, planar periodic arrays and curved arrays on FSS
panels.

Various options for modeling the FSS and for mesh truncation were proposed to provide a
compromise between speed and accuracy. These are outlined in the proposal and summarized in the
included milestone chart (repeated from the proposal).

As called for in the milestone chart, we are proceeding in accordance with the schedule in our
proposal. In most cases we are ahead of schedule by one quarter or so. Our many examples and
validations are testaments to the practical utility and speed of the codes. The FE-BI codes include
algorithm speed-ups based on fast algorithms. These can deliver as much are 2 orders of magnitude in
CPU speed-up and memory reduction.

14
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Update on FSS-EIGER

Current focus in the University of Houston FSS/EIGER modeling effort for SERAT is to correct errors
in computing terms of the Green's dyad relating electric fields to magnetic currents. The terms, which
are actually infinite series whose convergence behavior must be considered, appear only when slot and
conducting elements are both present in a SERAT configuration; i.e., the terms in error do not affect
problems involving apertures alone or conducting elements alone. However, because problems with
coupling slots and conducting elements are of practical interest, correction of the error is receiving
highest priority. It is anticipated that the error will be corrected within the next few weeks and that a
corrected version of FSS/EIGER will be available immediately thereafter.

FSS/EIGER's capability for handling noncommensurate periodic structures is perhaps superfluous
since the same capability exists in the prism-based hybrid periodic FEM/MoM code. Nevertheless, a
low level, no-cost effort is proceeding to incorporate this noncommensurate modeling capability into
FSS/EIGER's preprocessor, FSS/BUILD. We are also currently looking into incorporating a full three
dimensional modeling capability into FSS/EIGER. This would enable, for example, nonplanar
elements or feed lines to be modeled. Any such unsupported efforts which are finished before
September 1, 1998 will be included in FSS/EIGER at no cost. The University of Houston continues its
commitment to the development of FSS/EIGER, and continues to support the University of Michigan
in its use of the code and its validation.

16



Update on FSS-PRISM

FSS-PRISM was delivered April 1998

The geometry driver (users manual) along with test cases and capabilities are described in the UM
Radiation Laboratory Report 035067-7-T

The theory of the FSS-PRISM code is described in the UM Radiation Laboratory Reports 035067-9-T
and 035067-11-T. The first describes the general finite element formulation and the latter gives a
description of the speed-ups achieved using fast integral methods.

Also, the appendices of this report include copies of the slides presented in June at the 1998 IEEE Int.
Antennas and Propagation Symposium.

Below we provide an account of the improvements that took place over the past three months:

During this quarter, FSS_PRISM was tested at Sanders and The University of Michigan gave technical
support in running several examples. In addition to this, The University of Michigan worked on a new
boundary integral termination which can give considerable speed-up as compared to the current
implementation. First results with the new boundary integral were obtained and will be presented in
this progress report.

Technical Support for FSS_PRISM

During the technical support phase with Sanders it became obvious that the appropriate selection of
the array parameters within the code may cause difficulties. Therefore, in the following some
explanations are included which can facilitate a proper choice for the array parameters.

The need for choosing the array parameters prior to compilation of the code arises from the use of
Fortran 77. Fortran 77 does not know dynamic memory allocation and therefore all arrays must be
dimensioned sufficiently large before the code is compiled. The goal should be to dimension the arrays
as small as possible (to save memory) and as large as necessary to run the code for the given example.

For FSS PRISM all array dimensions are defined in the file fema.dmi which is included in the
following:

C ARRAY DIMENSIONS IN THE PROGRAMM

C % 3k 3k 3k 3k ok 3k ok ok 3k ok ok ok ok ok ok ok ok sk ok ok Kok sk sk ks skok sk sk ok

¢ number of surface nodes
INTEGER NdmSNo

¢ number of nodes in the volume
INTEGER NdmVNo

¢ max number of periodic nodes in a layer

17



INTEGER NdmPNo

c number of triangles
INTEGER NdmTri

¢ number of prisms
INTEGER NdmPri

¢ number of surface edges
INTEGER NdmSEd

¢ number of nonzero surface edges (larger than number in bottom or surface)
INTEGER NdmNZS

c number of edges in the volume
INTEGER NdmVEd

¢ number of nonzero edges in the volume
INTEGER NdmNZE

¢ max number of periodic edges in a layer
INTEGER NdmPEd

¢ number of prism layers
INTEGER NdmlLay

¢ number of resistive edges
INTEGER NdmREd

¢ number of resisitvie triangles
INTEGER NdmRTri

¢ number of z directed short circuit pins
INTEGER NdmZPin

¢ number of z directed resisitve edges
INTEGER NdmZEd

¢ number of matrix elements in the sparse matrix
INTEGER NdmRow

¢ number of matrix elements in AIPC preconditioner matrix

¢ (must at least be larger than NNZE if GMRES is used)
INTEGER NdmRowP

c size of FFTPad
INTEGER NdmFFTPad

¢ number of local iterations for GMRES solver
INTEGER NdmLolt

PARAMETER(
&NdmSNo=4100,
&NdmVNo0=20420,
&NdmPNo=72,
&NdmTri=8000,
&NdmPri=40000,
&NdmSEd=10000,
&NdmNZS=9000,
&NdmVEd=100000,
&NdmNZE=80000,

18



&NdmPEd=72,
&NdmLay=20,
&NdmREd=50,
&NdmRTri=50,
&NdmZPin=10,
&NdmZEd=10,
&NdmRow=5000000,
&NdmRowP=80000,
&NImFFTPad=800,
&NdmLolt=1)

In the Driver code, which is usually used to generate the mesh for the given geometry only some of the
parameters in fema.dm/ are used. Also, the code has a relatively low memory demand. Therefore, it is
recommended to set the parameter values for the compilation of the Driver code to very large values
which should not be exceeded for most of the problems to be considered.

For the compilation of FSS PRISM, the necessary array dimensions should be approximately
determined by some simple estimations.

The required value for NdmSNo is the very first number in the file Data?2.

Also, the minimum value for NdmTri is given by the second number in the file Data?2.

The number of layers is defined in the file Datal, NdmLay should be set to a value 1 larger than the
actual number of layers. The necessay number of volume nodes (NdmVNo) is given by the number of
layers plus one multiplied by the number of nodes in one layer. Also, the number of prisms in the
volume mesh is the number of triangles in one layer times the number of layers. NdmPNo should be
larger than the number of nodes along the longest side of the triangular surface mesh. NdmPFEd can be
set to the same value. The number of edges in the surface mesh (NdmSEd) is approximately 1.5 times
the number of triangles in the surface mesh. The number of edges in the volume mesh (NdmVEd) is
given by the number of surface edge multiplied by the number of layers+1 and the number of surface
nodes multiplied by the number of layers.

For a more efficient implementation of the code, metallic edges (zero electric field) are removed
during the course of the code. Therefore, memory can be saved by setting the number of non-zero
edges (NdmNZE, NdmNZS) to smaller values than the corresponding total numbers of edges (NdmVEd,
NdmSEd). Of course, this makes only sense if the number of non-zero edges is really smaller than the
number of total edges. The values for (NdmREd, NdmRTri, NdmZPin, NdmZEd) need only be larger
than zero if the corresponding mesh elements are defined for the given problem. NdmRow defines the
maximum number of matrix elements which is usually a couple of millions. The value depends on
several parameters and cannot be estimated very easily. The code starts printing messages of the form
IS -= ... if the value of NdmRow is too small. In this case, the code should by stopped and recompiled
with adjusted parameters. Also, for most of the other paramters error messages are given during run-
time of the code if the corresponding maximum values are exceeded. In addition to the built-in checks,
most compilers have a compiler mode which allows array checking during run-time. Running this
makes sure that no array dimensions are violated. The value of NdmRowP in the file fema.dm1 should
be larger than NdmNZE if the GMRES solver is used. Also, NdmLolt is the number of search vectors
for the GMRES solver and NdmFFTPad is the one-dimensional size of the two-dimensional FFTPad.
The actual size of the FFTPad is defined in the file Data/.
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Another issue that was encountered during the technical support phase is related to the series
representation of the periodic Green’s function. The FSS_PRISM code employs a series representation
of the periodic Green’s function which is accelerated by the Ewald transformation. Based on this
acceleration, for most practical applications summation limits from —1 to +1 are appropriate for an
accurate representation of the Green’s function. However, if the unit cell size becomes very large with
respect to the applied wavelength the number of series terms must be increased. Typically, if the
sidelength of the unit cell is larger than two wavelengths the number of series terms must be increased
otherwise the code will fail to converge and the results cannot be used. Since most applications are
based on unit cells with sidelengths less than one wavelength the series limits for the Ewald series are
fixed to —1 to +1 within the code. If larger series limits are required the variables LIM1 and LIM2 in
the EWALD subroutine in the file bint.f must be set to larger values (1: limits —1 to +1, 2: limits -2 to
+2, ...). LIM1 and LIM2 corresponding to the spectral and spatial series contributions of the Ewald
series should have the same values.

Finally, the issue of properly meshing the unit cell is of some importance. The sample rate of the finite
element and boundary integral mesh should be chosen that at least 10 samples per wavelength in the
considered material are reached. For the FSS PRSIM code, this means that the sample rate in the
surface mesh and also the sampling along the height of the unit cell must be adjusted according to this
criterion.

20



Speed-up improvements using new fast integral implementation

(fast spectral domain algorithm (FSDA))

Thomas F. Eibert and John L. Volakis
Radiation Laboratory, EECS Department
The University of Michigan, Ann Arbor, MI 48109-2122

1 Introduction

Application of hybrid finite element (FE) / boundary integral (BI) methods to infinite peri-
odic structures (antennas or frequency selective surfaces) (1, 2, 3, 4] provides full 3D modeling
flexibility. Basically, the FE method is employed to model a unit cell representing the array,
whereas the BI provides for a rigorous mesh truncation at the upper and/or lower surfaces of
the discretized unit cell. Practical problems can usually be analyzed using planar BI surfaces
and the corresponding half-space periodic Green’s functions. However, for large unit cell aper-
tures, the resulting fully populated BI matrix leads to CPU intensive solutions. In contrast to
pure method of moments (MoM) solutions, this is true even for relatively simple geometries.
Therefore, considerable speed-up of the method can only be achieved by accelerating the BI
termination. In recent years, considerable work has been spent on the development of fast
integral algorithms such as the fast multipole method (FMM) [5, 6, 7, 8, 9] or the adaptive
integral method (AIM) [10, 11]. Both the FMM and AIM are employed in conjunction with
iterative solvers and accelerate the execution of the pertinent matrix-vector products. The
FMM is based on a multipole and plane wave expansion of the free-space Green’s function
which allows to calculate the far-zone interactions for clusters of basis functions. AIM utilizes
the Toeplitz properties of the underlying Green’s function for uniform meshes and calculates
the far-zone interactions in the discrete Fourier domain. That is, in both techniques the far-
zone matrix elements are not explicitly generated. This is possible because in the discrete
Fourier domain source and observation points are decoupled and in the FMM the coupling be-
tween source and observation points is given via the centers of the expansion function clusters.
The same decoupling as given in the discrete Fourier domain is inherent to the conventional
spectral domain formulation of planar surface intergral equations which is equivalent to a Flo-
quet mode representation for array problems. In the FSDA, we take advantage of this mode
decoupling to derive a fast alternative for the evaluation of the BL

The method starts with the conventional Floquet mode representation of the BI termination
for hybrid FE/BI methods; however, the MoM BI matrix elements are not explicitly calculated.

Instead, within each iteration step, the Fourier transforms of the basis functions multiplied
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for hybrid FE/BI methods; however, the MoM BI matrix elements are not explicitly calculated.
Instead, within each iteration step, the Fourier transforms of the basis functions multiplied
with their actual expansion coefficients are summed up. The spectral integral (Floquet mode
series) is then calculated only once for every testing function to evaluate the matrix-vector
products of the iterative solver. In contrast to AIM or FMM, this procedure does not even
require the explicit calculation of the near coupling BI matrix elements. The FSDA is com-
pletely free of system matrix. Therefore, the memory demand is mostly determined by the
storage of the Fourier transforms of the basis functions which are typically calculated before
the iteration process is started. Thus, for fixed numbers of Floquet series terms, the memory
demand is of O(ng) and the complexity for the calculation of the matrix-vector products is
also of O(ng). More importantly, in contrast to FMM and AIM the FSDA results in consid-
erable speed-ups of about two orders of magnitude or more even for relatively small system

sizes.

2 Formulation

2.1 Basic Hybrid FE/BI Formulation

The conventional implementation of the hybrid FE/BI method for doubly periodic arrays as

illustrated in Fig. 1 (e/“* time convention) leads to a linear algebraic system of the form

int cross cross int int ]
A it it Ei 0 0 0 Ein fmt
cross bound bound bound —
2,top op 0 Etop + 0 7 top 0 E tc?;)L " - [, far;)und ) (1)
cross bound bound bound bound
oot 0 Ay Eyot 0 0 Zyt Ep™ Svottom

where only a unit cell of the array is discretized. The A-matrices are sparse (20 to 40 non-zero

Figure 1: Doubly periodic array configuration.

elements per row) and result from the FE portion of the hybrid method. The BI Z-matrices
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are fully populated and are associated with the edges on the top and bottom boundaries of the
discretized unit cell. The right-hand side vector elements f represent excitations in the FE
and BI portions of the method. At the side walls, the unit cell mesh is terminated by imposing
phase boundary conditions (PBC) according to the Floquet theorem. In our implementation,
volume tessellation is based on triangular prismatic finite elements [13]. This results in trian-
gular surface meshes with Rao-Wilton-Glisson basis functions [14] for the magnetic currents
on the planar BI surfaces. For arbitrary scan angles of the array, all matrices in (1) can be
nonsymmetric due to the PBCs and the periodic Green’s function. For the solution of the
system, biconjugate gradient (BiCG) or generalized minimal residual (GMRES) solvers are
used, both of which rely on an efficient evaluation of the matrix-vector products associated
with (1) [15]. The computational complexity per matrix-vector product of the total A-matrix
is of O(ny), where ny denotes the number of volume edges. However, the complexity in cal-
culating the matrix-vector products [Z]{z} is O(n%) and storage requirements are of the same
order. For a more efficient implementation of the method, it is therefore crucial to reduce
the complexity of the BI matrix-vector products. Also, for array problems it is essential to
reduce the number of the explicitly calculated BI matrix elements as far as possible since the
numerical cost for generating the periodic Green’s function is relatively high. That is, if a fast
integral method like AIM or FMM is applied to the periodic problem the total solution time
for most practical problems will mostly be determined by the calculation of the near-zone
coupling elements which are needed to eliminate the approximations of the fast algorithm.
Therefore, the FSDA is especially well-suited for array calculations because it is completely
free of BI system matrix and it reduces the effort for computing the matrix-vector products

within the iterative solver.

2.2 Fast Spectral Domain Algorithm

The FSDA replaces the conventional discretized representation of the BI in form of the Z-
matrices in (1). Its derivation starts with the appropriate boundary integral for planar BI

surfaces to be evaluated for the magnetic field intensity. It is given by

- —2]— / Gy (r,r5) - (E(rs) x 7) ds, + H™(r), (2)

where H'™(r) is an incident wave in the presence of a metallic interface in S and the periodic

Green’s function G »(r,75) in the spatial domain is given by

G,(r,rs) = (I vv Z I 3)
TS + e P ——— 3
’ —00g=—00 47!'R1,q

where

Rpg =7 — 15 = pyyl, (4)
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and

Ppg =PPatqPy- (5)

Here, p,, p; are the lattice vectors parallel to the zy-plane (see Fig. 1) and in (3) I denotes
the unit dyad. = and r, are observation and source points and ky and Z, are the wavenumber

and characteristic impedance of free space, respectively. Also, ki in (3) is given by
kioo = kzoo Z + kyOO U= :|:(k0 sin ¥y cos g £ + ko sindy sin g Q) , (6)

where ¥, o are the spherical coordinates corresponding to the scan angles of a phased array
(positive sign) or the arrival angles of an incident plane wave (negative sign). In the spectral

domain, (2) can be written as

_ —2]— / Gy (kas ky) - (E(ky, ky) x ) dbadky + H™(r) (1)

where the perlodlc Green’s function spectral representation is given by

= 1 -k kik
Gp(ks, v ke — Keapg) - 8
plhe: ko) 23Ak§ ;wq;w [ kok, kg—kg] (ke = ki) ®)
A =|p, X pp| is the cross sectional area of the unit cell,
ki = ko2 + ky, (9)
2T . .
kipg = k00 + =€ [m(py x 2) +n(2 x p,)] (10)

is the so-called reciprocal lattice vector, and

ky = \JkE — Ky ky, (11)

where Re(k;) > 0,Im(k;) < 0. Also, “ ~” denotes two-dimensional Fourier transforms.

Expanding E(r) in terms of triangular Whitney edge elements

N
=), Bnwa(r) (12)
n=1
and applying MoM testing to (7) with weighting functions
b (r) =7 X wpy(r) (13)

which are equivalent to the well-known Rao-Wilton-Glisson basis functions [14], gives the weak

form of the magnetic field intensity in the BI surface

(H(r),bp(r)) = Z Z b, kzpgs kypq) _1__ kg — kipg kzquypq )
ZE bn (Kzgp ypq) + <Hmc("‘)abm(7')> (14)
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to be evaluated for m = 1,..., N and where “ * ” denotes complex conjugation.

Equation (14) is equivalent to one row of the matrix-vector products involving the BI sub-
matrices in (1) and certain expansion coefficients Ey,. In a conventional spectral domain BI
formulation, the summation over n together with the expansion coefficients E,, are moved in
front of the spectral sums (p and q) and the spectral series are evaluated for all m,n combi-
nations to obtain the individual matrix elements of the BI submatrices in (1). That is, the
spectral series must be evaluated N2, + N, times if Ny, and Ny are the numbers of BI
unknowns on the bottom and top BI surfaces, respectively. Also, in an iterative solver the per-
tinent matrix-vector products require N2, and N7,

leads to substantial speed-up because the BI matrix elements are not explicitly calculated.

multiplications. Compared to this, FSDA

In accordance with FSDA, within each iteration of the iterative solver, first the summation
over n is computed with consideration of expansion coefficients E,, belonging to the actual
search vector within the iteration process. Consequently, the spectral representation of the
whole search vector as distributed over the BI surface is obtained. Then the spectral repre-
sentation of this search vector is multiplied with the dyadic Green’s function in the spectral
domain and finally the double spectral series is evaluated for each of the testing functions
bm. Thus, whithin each iteration the spectral series is evaluated nyys + n40p times and the
FSDA leads to a complexity of O(n,) if it is assumed that the number of terms in the spectral
series is constant. Of course, for increasing unit cell sizes this assumption is not valid and
the number of series terms must be increased, but this is also the case for conventional BI
implementations even when series acceleration techniques like the Ewald transformation are
employed [16, 17]. The convergence of the spectral series of the FSDA is determined by the
spectral distributions of the whole search vectors within the iteration process rather than the
spectral distributions of the individual basis functions. As also pointed out in [2], the number
of required Floquet modes can often be considerably decreased if the BI surfaces are shifted
away from the inhomogeneities within the FE solution domain. The Fourier transforms of
the Rao-Wilton-Glisson basis functions required for the evaluation of (14) can be calculated

analytically as for instance presented in [18].

3 Results

As a first example, we calculated the power reflection coefficient of the strip-dipole array shown
in Fig. 2 which was presented in [19]. FSDA results for different summation limits of the Flo-
quet mode series are compared with results obtained by a MoM code involving a multilayered
media Green’s function [20]. FSDA 0 which refers to only 1 Floquet mode is unacceptable;

however, FSDA 1 (summation limits from -1 to 1, 9 terms of the modal representation) is
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already converged. The small frequency shift between the FE/BI results with FSDA accel-
eration and the MoM results was also observed for the conventional FE/BI implementation.
For this problem, the unit cell was meshed using triangular prismatic elements resulting in
a total number of 55370 volume and 4880 BI unknowns in each of the top and bottom BI
surfaces. The CPU time requirements on a Pentium II PC/266 MHz were 244 sec, 281 sec,
and 330 sec per frequency point corresponding to Floquet mode series limits of (0,0), (-1,1),

and (-2,2), respectively. For the illustration of the CPU time dependence on the number of BI

1.0

0871

0.6

047

Power Reflection Coefficient

02}

Frequency in GHz

Figure 2: Power reflection coefficient of strip dipole array as presented in [19], FSDA 0, 1, 2:
Floquet mode series limits of (0,0), (-1,1), (-2,2), MoM results according to [20].

unknowns, we analyzed a strip dipole array with metallic backing (BI only on top of the mesh)
for plane wave incidence. The operational frequency was close to the resonance frequency of
the dipoles and several dipole elements were grouped in the unit cell mesh to generate meshes
with increasing numbers of BI unknowns. The largest investigated unit cell contained a 3 x 3
array. One prism layer was used in the height of the mesh. Again, the calculations were per-
formed on a Pentium IT PC/266 MHz and the FSDA results are compared to results obtained
by a conventional and an AIM accelerated BI implementation [10, 11]. The Green’s function
Floquet mode series for the conventional spatial domain mixed potential BI formulation were
accelerated by the Ewald transformation [16, 17]. The number of Floquet modes in the FSDA
as well as the number of terms in the Ewald series were chosen appropriately for the largest
analyzed unit cell (series limits -9 to 9 in the FSDA). Fig. 3 illustrates the total CPU times
dependent on the number of BI unknowns. As seen, the FSDA is even for small numbers

of unknowns almost two orders of magnitude faster than the conventional BI. In contrast to
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this, the AIM accelerated implementation has almost the same CPU time requirements for
small BI systems since it keeps the near-zone elements of the BI matrix. As it is the case for
every fast algorithm, the speed advantage of the FSDA compared to the conventional BI gets
increasingly more pronounced for larger problems. The total solution time factor between
AIM and the conventional BI is, of course, also increasing, but the factor between FSDA and

AIM keeps almost constant for increasing problem sizes.

-q‘.-
104 =
/"’f_- .:-—- :
g i
£ 109 i
£ >
2 T
@) L~
1 f‘/
v —— FSDA 9
------ AIM
o ==== conv. BI
. [T 1111
10° 104

Number of BI unknowns

Figure 3: Total solution times dependent on the number of BI unknowns for the FSDA, con-
ventional BI, and conventional BI accelerated by AIM (obtained for test problem of microstrip

dipole array with one prism layer on Pentium II PC/266 MHz).
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Electric field viewer for FSS-Prism
This program was written for Windows 95 or Windows NT using OpenGL.

This program will view EdgeUnk files when a Data2 file is available. Large files may take a
while to load. The status bar will show progress. The DOS window will prompt for the number of
samples you wish per average edgelength. This fits a chosen number of samples across a distance
equal to an average triangle edge length. For parts with few elements, say a hundred, a value like 10
will produce good results. For 10000 elements, 1.0 is good. In general, take 100/sqrt(number of
elements) to get a good looking plot. Fraction values are permitted. Values under 0.5 produce no
display.

Once the view is loaded, press the first mouse button and drag the mouse on the display
window to rotate to model. Press the right mouse button and drag to move the part around. To zoom
in and out, either press both left and right buttons together or press the middle button and drag up or
down.

| T alternates between triangle and interpolated modes.
| Press q to display the quiver plot. This plot is a set of arrows showing the
| magnitude and direction of the real part of electric field.

| G will display the geometry. (T or Q returns to data display.)
| Press x to display the x component of the electric field. Either the real part or the
| imaginary part may be shown depending upon which mode is current.
|'Y displays the y component of the electric field. Both real and imaginary parts can
| be shown separately.
| This displays the magnitude of the electric field, real or imaginary part.
| Press r to display the real component x direction, y direction, or magnitude.
| T will show the imaginary component x direction, y direction, or magnitude.
. " . T

| T shows the imaginary magnitude.

| This displays the overall magnitude of electric field, combining both the real and
| imaginary magnitudes.

| This key moves up a sample layer in the FSS.

| - moves down a sample layer.

| L displays all layers.

o decrease the distance between layers, press [.

| To spread the layers apart more, press ].
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Use the Datal and Data2 files from the Prism example with the generated EdgeUnk. Put them in a
directory with FSSEfield.exe and run the executable. When questioned, use 8.8 samples.

When it loads up, it should look Hit ‘Q’ for the quiver

“Mesh [2iplx]

Hit ‘G’ then press the left mouse button on Hit “T’, ‘I to see the imaginary part of
the window and rotate by dragging to see all

Press ‘]’ several times to increase the
distance between the layers so that you
can see them all. Then press the right
mouse button and drag up until you can
see the whole drawing,

Press ‘T’,’O’ to see the overall
magnitude mesh data. Press the middle
or left and right buttons and drag up to
zoom in.




Magnetic current viewer for FSS-Prism
This program will view EqvCur and EqvCurB files when a Data2 file is available.

| Show magnitude of the current in the x direction.

| Magnitude of the currents in the y direction.

| Z direction current magnitudes.

] Show the overall <x,y,z> magnitude.

| View magnitudes for the top layer.

| Bottom layer magnitudes.
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Curved Finite Array Code (FSS-CURVE)
Update

K. Sertel

The development of the computer code FSS-CURVE for the solution of
finite conformal FSS structures is being continued as scheduled. As of July
10th, the following features were added.

e The curved array code is integrated with the driver of FSS-PRISM,
so the geometry description can be done with the same driver by just
setting a flag for curvature.

o Several antenna and array geometries are tested for validation purposes.
Coupling effects are demonstrated for an array geometry.

The option of defining curved surface meshes is being implemented into the
driver. The transmission and reflection coefficient calculations have only been
tested for perpendicular incidence. The code is being modified to calculate
transmission and reflection coefficients for arbitrary incidences.

1 Examples

To validate the code, the patch antenna geometry given in [1] is analyzed
using F'SS-CURVE. The geometry is depicted in Fig. 1 (a). The results for
the input impedance of the antenna show very good agreement with those
given in [1].

Figures 2 (a) and 2 (b) show the RCS of the curved patch presented in
[1] for two different polarizations.

Next, a 5 x 1 antenna array on a curved platform is examined. The effect
of curvature on the input impedance and radiation pattern of the antenna can

be predicted using FSS-CURVE. The surface mesh is given in Fig. 3. Fig. 4-5
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shows the input impedance of the array elements for flat and curved array
geometries (Input impedance of the 5th element shows a similar behavior as
that of the 1st element and so do 2nd and 4th feeds as can be observed).

The effect of curvature on the radiation pattern is demonstrated by com-
parison the two radiation patterns plotted in Fig. 6 and Fig. 7.

The effect of coupling when the array elements are brought closer, is
observed in Fig. 8 and Fig. 9.

The geometry descriptions of the test case antenna and arrays can be
found in the presentation named “Fast Multipole Method (FMM) Solutions
of Finite Element-Boundary Integral (FE-BI) Implementations for Antenna
Modeling Involving Curved Geometries” given in APS’98 Atlanta, which is
attached to this report.
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Figure 3: Array mesh and the surface magnetic current distribution at reso-

nance.
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Figure 6: Radiation pattern of the flat and curved array.
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Input Impedance of Patch # 3

200 - 200 T T — r — —
R, Flat -9 R, Flat
X, Flat . Lo e X, Flat
150} ; 4 1s0f : '
R, 10cm. -¢ - R, 10cm.
X, 10cm. N ¢ - X, 10cm.
100} 1 & 100} 1
&
6
50r < 1 § 50t o -
o
[¢S SN 3 AN 6 .
- 2 4
or 4 2 of 1
a
S8 E o & 7Y
Q'Q}"O“ & g <
-50} & E -50f E
~100 L 1 1 L i L ~100 i L i i L .
2.35 24 245 25 255 26 265 27 235 24 245 25 255 2.6 2,65 27
Frequency (GHz.) Frequency (GHz.)

Figure 9: Coupling effects on input impedance for closely spaced array ele-
ments. Feed 3 and feed 4.

39



APPENDICES: Conference Presentation Slides
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Hybrid FE-BI Modeling of Commensurate and Non-Commensurate 3D Doubly Periodic
Structures by T. F. Eibert and J.L. Volakis
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