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Analysis of a Thick Dichroic Plate with Rectangular Holes

at Arbitrary Angles of Incidence
J. C. Chen

Ground Antennas and Facilities Engineering Section

A thick dichroic plate that is transparent to one frequency band while at the
same time reflective to other frequencies is needed for high-power transmission in

the Deep Space Network. Software based on the method of moments was developed

to design a thick diehroic plate with rectangular holes. A test dichroic plate was
fabricated, and an experiment was performed to verify the computer code. Good

agreement was found between theory and experiment.

I. Introduction

The Deep Space Network has a need for dichroic plates
having an insertion loss as low as 0.04 dB at the pass-

band and the ability to handle up to 500 kW of power

[1]. Because a thin dichroic plate may not be mechani-
cally suitable for these requirements, a thick dichroic plate

design is considered. Also, using rectangular rather than

circular holes provides the designer with an extra degree

of freedom. Therefore a study of a thick dichroic plate

with rectangular holes was made, and a computer code
was developed.

The relationship between the rectangular holes, the ar-

ray lattice of an infinite dichroic plate, and the incident

wave is shown in Fig. 1. The design variables of the soft-
ware are hole size, lattice size and shape, thickness of the

plate, dielectric constant in the hole, and angle of inci-

dence of the linearly polarized wave. The program cal-

culates the amplitude and phase of both the transmission

and reflection coefficients of the two orthogonal linear po-

larizations (TE and TM). The program was run on JPL's

Cray X-MP/18 supercomputer.

II. Analysis

The analysis of a thick dichroic plate with rectangular

holes is carried out in a series of steps. First, a model of

a half-space infinite array is constructed. A complete set
of basis functions with unknown coefficients is developed

for the waveguide region (waveguide modes) and for the

free-space region (Floquet modes) in order to represent the

electromagnetic fields [2]. Next, the boundary conditions
are applied at the interface between these two regions. The

method of moments is used to compute the unknown mode

coefficients [3,4]. The scattering matrix of the half-space

infinite array is then calculated. The reference plane of

tile scattering matrix is moved half a plate thickness in

the negative z direction. Finally, a dichroic plate of finite
thickness is synthesized by positioning two plates of half

thickness back to back. The total scattering matrix is
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obtainedbycascadingthescatteringmatricesof thetwo
half-spaceinfinitearrays.

A. Floquet Modes and Waveguide Modes

The analysis starts with an infinite array in half space,

Fig. 2(a), consisting of a free-space region (z > O) and a

waveguide region (z < 0). The electromagnetic fields in

each region are represented by a set of orthonormal ba-
sis functions, Floquet and waveguide modes respectively,

which satisfy Maxwell's equations. The Floquet modes are

given by
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where k0 is the wave number in tile free space.

The waveguide modes are given by
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for rectangular waveguide TE.m modes, and

(5)
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for rectangular waveguide TMm. modes, where e,,_ is the

Neumann factor and equals 1 for m = 0 and 2 for m > 0.

The periodicity of the infinite array simplifies the analy-

sis to a study of a single equivalent element. If the problem
did not have this periodicity, the mutual coupling would

have to be evaluated element by element, increasing the

complexity of the computation.

B. Boundary Conditions and Method of Moments

The electromagnetic field in the waveguide is expressed

as a sum of incident and reflected waveguide modes, while

in the free-space region it is expressed as a sum of inci-
dent and reflected Floquet modes. Boundary conditions

are applied at the interface between two regions, i.e., the

transverse electric and magnetic field must be continuous
across the junction at z = 0. This leads to an integral

equation for the unknown transverse electric field at the

boundary. The infinite-array scattering problem then be-

comes similar to a two-region waveguide problem.

The method of moments is used to transform the inte-

gral equation into a matrix equation suitable for evaluation

on a digital computer. Solving the set of linear equations

gives tile unknown mode coefficients in both regions. Tile
time required for filling tile matrix depends on the num-

ber of Floquet and waveguide modes used. The number of

waveguide modes and Floquct modes used in the program
can be increased by the user to ensure convergence of the

solution [5,6].

C. Scattering Matrix and Reference Plane

The characteristics of the infinite array referenced to

z = 0 are represented by a scattering matrix S which con-
tains the transnfission and reflection information for the

free-space/waveguide junction.
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where SlI, S12, $21, and S2_. are matrices with 1 repre-

senting tile free-space region and 2 tile waveguide region.

The size of matrix Sll is 2 by 2, 5'22 is n by n, 5'12 is

2 by n, S_I is n by 2, and n is the number of waveguide

modes used. For an arbitrary set of incident waveguide

modes contained in vector al and incident TEoo and TMoo

Floquet modes contained in vector a2, the reflected mode

vectors bl and b2 are determined by the following set of

equations.

bl = ,S'llal q- S1212 (8)

b2 = S21al + $2212 (9)

Moving the reference plane in tile waveguide region

from z = 0 to z = -t/2, Fig. 2(b), where t is the thickness

of the plate, the elements of the new scattering matrix S'

become

s'll(u, v) = sll( , v) (10)

, (,)sM,,, = exp -Jv 7 (11)

S21(U,U ) = S21(H,U) exp -3%_

[( )( ')], . t -JT_ (13)co_.(u, v) = $22(u, v) exp --Y)'u

where 7u and Tv are the propagation constants of modes

u and v.

D. Cascading and Finite Thickness

Scattering by a dichroic plate with finite thickness can

be analyzed by considering two infinite-array problems.

The space is divided into four regions: a free-space region

(region I), two waveguide regions (regions II and III), and

another free-space region (region IV), as shown in Fig. 3.

The scattering matrix with reference to z = -t/2 for re-

gions I and II is S', and the scattering matrix with refer-

ence to z = -t/2 for regions III and IV is S", which is the

transpose matrix of S'.

S_'l = S;2 (14)

s7 = (15)

S_I = S'1, (16)

s% "' (in: '_11

The scattering matrix S T for the finite-thickness plate

is determined by cascading these two matrices.

Sll ---- S'i_(/ - SllSU2)"' -lc"_liS'l -t- S'li (18)

,/ ,' -- 1 _','1 (19)

sT1 S21( I t /t -1 _, (_0). = " -- S22Sll) ' 21

sTz S;,i ( I , ,, -1_, _.., q,: -- $22Sll) _22'J12 + '-'z_ (21)

where I is a unitary matrix.

III. Verification of the Computer Code

The dichroic plate computer program was first checked

against the available calculations for a thick dichroic plate

with square holes at normal incidence [7]. The results

showed good agreement. Next, a 13.25-by-15.5-in. metal-

lic dichroic plate (Fig. 4) was fabricated to verify the

computer code. The dimensions of the plate are He =

0.771 in., H u = 0.757 in., Dz = 0.940 in., Dy = 0.940 in.,

f] = 60.0 deg, and t = 1.411 in., with a tolerance of

0.001 in. Figure 5 shows the convergence of the solution

at 8.3 GHz for TM polarization with respect to the num-

ber of waveguide modes used. Satisfactory couvergence is

achieved by using 40 waveguide modes. Tile amplitude and

phase of the transmission and reflection coetficients from

8 to 9 GHz were computed with 40 waveguide modes for

TE and TM polarizations (Figs. 6-9). Since the plate we.s

built merely to verify the software, it was not optimized

for any specific passband.

The configuration of tile experiment is shown in Fig. 10.

The reflection coefficients were measured from 8 to 9 GlIz

for 0 = 30 deg and 4) = 90 deg. Tile feed used was a

22-dB corrugated horn with a far-field phase center

3.125 in. inside the horn aperture. A lens was added to the

horn aperture to bring the far-field phase center to 2.0 in.

outside the horn aperture. Since the new phase center was

closer to the dichroic plate, a smaller plate with Jess than

-25-dB edge taper was used.

The experimental results and the calculation using

40 waveguide modes are shown in Figs. 11 and 12 for TE
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and TM linear polarization, respectively. The curves are

in excellent agreement except for frequencies higher than
8.6 GtIz for TM polarization. This area of discrepancy can

be explained by considering the effects of non-plane-wave
incidence.

The analysis of the thick dichroic plate assumes that

a linearly polarized plane wave is incident on an infinite

dichroic plate at 30 deg. In the experiment, a corru-

gated horn was used. The field radiated contains plane
wave components that are incident at angles other than

30 deg. This can result in grating-lobe problems at high

frequencies, as can be seen in Fig. 12 for frequencies above
8.6 Gtlz.

IV. Conclusion

An analysis of a thick dichroic plate with rectangular

holes has been presented. The good agreement between

calculation and experimental data demonstrates the accu-

racy of the software. Further studies on the grating lobes

due to non-plane-wave incidence are in progress and will

provide a better understanding of the performance of the

dichroic plate when illuminated by a corrugated horn.
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Fig. 1. Geometry of a thick dichroic plate with rectangular holes.
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Fig. 2. Half-space Infinite array wilh: (a) reference

plane z = 0, and (b) reference plane z = --t/2.
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Fig. 3. Finite-thickness (t) plate is analyzed by considering two

infinile-array problems.
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Fig. 4. Prototype dichroic plate.
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Fig. 5. Convergence with respect to the number of wavegulde

modes.
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Fig. 6. Theoretical transmission versus frequency for the test

dichroic plate for TE and TM polarization.
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Fig. 7. Theoretical reflection versus frequency for the test

dichroic plate for TE and TM polarization.
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Fig. 8. Theoretical transmission phase versus frequency for the

test dichroic plate for TE and TM polarization.
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Fig. 9. Theoretical reflection phase versus frequency for the
lesl dichroic plate for TE and TM polarization.
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Fig. 11. Measured and calculated reflection versus frequency for
the test dichroic plate for TE polarization.
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Fig. 12. Measured and calculated reflection versus frequency for

the test dlchroic plate for TM polarization.
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