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Field Theory Design of Square Waveguide
Iris Polarizers

ULRICH TUCHOLKE, FRITZ ARNDT, SENIOR MEMBER, ~EEE, A.ND THOMAS WRIEDT

,4bstract—Profiled depth corrugated square waveguide polarizers are

designed with the method of field expansion into eigenmodes, which

includes higher order mode interaction between the step discontinuities.

Computer-optimized design data are giyen for a compact Ku-band “proto-

type with a. exponentially varying depth function that achieves 90” & 1°

differential phase shift shift witbin the separate 11.9– 12.3-GHz and

17.5- 17.9-GHz frequency bands. The maximum VSWR is only about 1.02.

Further design examples include a linearly profiled depth function, which

provides a short design, and a polarizer with iris thicknesses suitable for

metal-etchhg manuf acttrring technique. The theory is verified by compari-

son with available measured results.

I. INTRODUCTION

E

-PLANE CORRUGATED rectangular waveguide

polarizers [1]–[5] have found widespread application

for exciting circularly polarized waves in square-aperture

antennas. In the previous designs [1]–[5], the differential

900 phase shift required between the orthogonal TE lo and

TEOI rmode is produced by periodic corrugation. Although

ramp sections are usually employed at the input and out-

put ports, due to the periodic loading principle of this kind

of ploarizers, difficulties may often arise to insure good

broad-band impedance match.

Since there is increasing demand for polarizers capable

of maintaining their properties over wide bandwidths, or at

widely separated specific bands (such as the satellite bands),

in this paper a profiled depth corrugated polarizer is

suggested (Fig. 1) that may help to alleviate the broad-band

matching problem. Moreover, by utilizing an appropriate

profile function that yields suitable slot depth together

with sufficient broad-band match, the number of corruga-

tions may be reduced with regard to a comparable periodi-

cally corrugated design.

Opposite to the well-established theories based on a

lumped loading concept [1], on an anisotropic surface

impedance of the corrugated geometry [2], [3], [6], [7], or on

cavity eigenfunctions [5], [15], an accurate field theory

method for computer-aided design is used [4], [8], [14]. This

allows direct inclusion of higher order mode coupling

effects as well as satisfying all actual boundary conditions

exactly. Matching the field at common interfaces yields the

scattering matrix of the corresponding discontinuity. As

for the overall scattering matrix, the used direct combina-

tion of the involved individual scattering matrices at all
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Fig. 1. Profiled depth corrugated square waveguide polarizer.

step discontinuities [8] avoids numerical instabilities by the

otherwise known situation of interacting discontinuities.

Therefore, no further improvement of the analysis is neces-

sary, e.g., by termination of modes by their characteristic

admittances [9], [10]. Besides the numerical stability, a

further advantage of this direct calculation, in comparison

with the common transmission matrix method, is that no

symmetry of ports (i.e., modes) is required. Therefore,

there is no need to maintain the number of “localized” [9]

modes, necessary for calculating the scattering matrix of

the irises, for the “accessible” [9] modes within a homoge-

neous waveguide section between them. This helps to re-

duce the computing time and storage requirements.

An optimizing computer program varies the polarizer

parameters until differential phase shift and input VSWR,

both for TEIO and TEOI incidence, correspond to predicted

amounts. The evolution strategy method [11] — a modified

direct search method [17]— where the parameters of the

error function are varied statistically, is utilized. The stan-

dard deviation u of the pseudo-normal distribution is

controlled by a strategy parameter H, which is successively

diminished after each successful iteration step; H is multi-

plied by a factor 103, -.. ,105, if the error function shows

an asymptotic behavior. The advantages are such that local

minima may be avoided and no differentiation step in the

calculation algorithm is necessary.

In addition to the profiled depth corrugated polarizer
(Fig. 1) that provides the best VSWR behavior combined

with a compact size, two further polarizer types of possibly

practical importance are included in the design examples.

A periodically corrugated type with iris thickness of t= 190

pm in order to allow an accurate metal-etching manufac-

turing technique, and a polarizer with linearly tapered

corrugation over the whole length which enables a short

design. The comparison with available experimental and

theoretical results [2], [3], [5], establishes the accuracy of

the given theory by excellent agreement.
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H. THEORY

The exciting field at the input port of the square wave-

guide polarizer is considered to consist of the two funda-

mental TE ~0 and TEOI modes simultaneously. Therefore,

the complete direct field solution of [8] can be used. Since

the derivation of the scattering matrix of the polarizer

structure is analogous to that one of the waveguide step

transformer, [8], [14], the theory is given here in abbrevi –

ated form only. For details, the reader is referred to [8] and

[14].

At the step discontinuities to be investigated, the field

components are derived from the axial z-components of

the ~agnetic and electric Hertzain vector potentials II ~

and II, [12]

i=–japvx fikz+vxvxfie,

Ii=jtimx riez+vxvxfih,. (1)

The vector potentials in (1) are assumed to be sums of

eigenmodes satisfying the vector Hehnholtz equation and

the boundary condition at the metallic surfaces [13]

m=on=o

tiez=fCA T +B Temn emn emn emn (2)
~=ln=l

with the eigenfunctions T normalized so [8] that the power

carried by a given wave is proportional to the square of the

mode coefficient A, B. For simplicity, the eigehmodes in

(2) are written at z = O only; the z-dependence in forward

and backward direction is understood. Ah,, and Bh,. are

the still unknown complex amplitude coefficients of the

corresponding mode m, n. The types of modes used for

expansion puzposes for this kind of discontinuities problem

are: TEl~,, TMl~,, , or TE~H, (with n’= 0,2,4, -.. ,n” =

2,4,6,... ), and TEO~ ,,, (with n ‘“ =1, 3,5, “ , .,). The num-

ber of modes necessary for calculating the scattering matrix

of the irises depends on their thickness t. Utilizing the

asymptotic behavior of the scattering parameters as a

relative criterion, and the corresponding equivalent circuit

parameters [18] as an absolute one, the most critical iris,
with t= 190pm, requires “localized” [9] modes to be con-

sidered up- to TE1 40, TM1 do (i.e., TEI 40), and TE04D

respectively. As for the” accessible” [9] modes between the

irises, only the first seven need to be considered, for this

case. The” accessible” modes include all propagating modes

and the first few evanescent modes, dependitig upon the

distance between adjacent discontunities [9].

By matching the tangential field components at the

corresponding interfaces of the step discontinuity consid-

ered, and utilizing the orthogonal properties of the eigen-
modes [12], the coefficients Ah,, and Bh,,. in (2) ‘Can be

related to each other by the scattering matrix

(B) = (S) (A) (3)

where (S) is given in [8], together with the corresponding
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Fig. 2. Periodically corrugated polarizer, Data according to [2] and [3]
(all dimensions in millimeters), (a) Differential phase shift A@=

arc( S21TEOI) - arc( S21TE10) as a function of frequency. (b) VSWR for
TEOI and TEIO incidence, respectively, as a function of frequency.

submatrices explained in [14]. The series of steps is calcu-

lated by direct combination of the single scattering matrices

[8].

For the computer optimization of the polarizer an error

function is defined

1=1 i-l

where the E-plane corrugation and waveguide housing

dimensions Z are optimized to yield a minimum, for

a given number of corrugations and desired frequency

range(s). In (4), A@ is thp differential phase shift calculated

at the frequency sample points ~i, where a number of

J =10 for one 90° + 1° frequency band (cf., Fig. 3(b)), or

only J = 2 for each of the two 900 + 1° frequency bands

(cf., e.g:, Fig. 3(c)), respectively, has turned out to be suffi-

cient. Values Sll~~lO, and SIITEOI are the input reflection

coefficients of the TEIO and TEOI wave, respectively.

111. RESULTS

Fig. 2(a) shows the differential phase shift A+=

arc( &T~O~) – arc(&TEIO) as a function Of ‘requency ‘or a

periodically corrugated polarizer (22 irises) with design

data given in [2], [3]. The phase shift curve calculated with
this method (solid line) shows good agreement with the

measured results of [2] and [3] and with the calculations of

[5]. The linearly tapered ramp sections at the input and

output ports of the original polarizer in [2] and [3] have

been approximated by a corresponding staircase ramp. The
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Fig. 3. Optimized Ku-band polarizer with 21 irises, periodic corrugation
and ramp section, and a prescribed iris thickness of r = 190 u m for
metal-et~hing manufacturing techniques. (a) Geometry, five ramp irises.
Differential phase shift A+, VSWR for TEO1, and TEIO incidence,
respectively, as a function of frequency for. (b) One 90” + 1° frequency
band; optimized polarizer dimensions: a = b = 7.85 mm, e = 1.552 mm,

d = 0.593 mm, dl = 0272 mm, dz = 0.339 mm, d~ = 0.407 mm, d~ =

0.474 mm, d~ = 0.542 mm, J5= 35.03 mm. (c) Two 90° t 1° frequency

bands, optimized polarizer dimensions: a = b = 8.997 mm, e = 1.403
mm, d = 0,622 mm, dl = 0.283 mm, d2 = 0.351 mm, d~ = 0.420 mm,

d~ = 0.489 mm, d~ = 0.558 mm, L = 32.05 mm.

calculated input VSWR, both for TEOI and TEIO inci-

dence, is shown in Fig. 2(b).

The optimized I&band polarizer of Fig. 3(a) with 21
irises has a fixed iris thickness of t=190 pm, which allows

an accurate metal-etching manufacturing technique [16];

metal sheets of t= 190 pm are commercially available.

For a prescribed number of irises, also in the ramp

section (in this case: five irises), the optimization parame-

ters Z in (4) are: waveguide width and height a = b,

corrugation depth d, iris distance e, and the slope angle a

of the corrugation depth in the ramp section. The differen-

tial phase shift A+ shows a + 1° phase deviation, with

regard to the desired 900, between 30–34.5 GHz (design

example’Fig. 3(b)), as well as between 27–27.8 GHz, and

35.9 -37.2 GHz (design example Fig. 3(c)), respectively.

The linearly tapered matching ramp (five irises) provides a

r 4.
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Fig, 4. Optimized Ku-band polarizer with 16 irises, and linearly tapered

corrugation over the whole length. (a) Geomet~, (b) Differential phase
shift A+ as a function of frequency. (c) VSWR for TEO1 and TEIO

incidence, respectively, as a function of frequency. Optimized polarizer
dimensions: a = b = 17.997 mm, f = 0.942 mm, e = 3.72 mm, d = d8 =
1.914 mm, dl = 0.279 mm, dz = 0.513 mm, dq = 0.746 mm, d~ = 0.980
mm, d~ = 1.214 mm, db = 1.447 mm, d, = 1.681 mm, L = 70.86 mm.

maximum VSWR of 1.03 (Fig. 3(b)), and 1.05 (Fig. 3(c)),

respectively, within the designed frequency band(s).

An optimized Ku-band polarizer with linearly tapered

corrugation over the whole polarizer length, and 16 irises,

Fig. 4(a)-(c), achieves a short design (L= 70.86 mm). The

optimization parameters 1 in (4) are the waveguide dimen-

sions a = b, the iris thickness t and distance e, as well as

the linearly tapered corrugation profile function which is

given by, e.g., the depth d and the angle a. Within the

frequency bands of 90- k 1“ differential phase shift,

12.0–12.2 GHz, and 17.5 –18.0 GHz, respectively, the max-

imum VSWR is about 1.08.

The computer-aided design which provides the best

VSWR behavior combined with a compact size, is the

profiled depth corrugated polarizer (Figs. 1 and 5). An

exponentially varying depth function to be optimized was

chosen

( [ (b)(;-sin(27;))](5)d(z)=; l–exp in ~

For a given number of irises, the optimization parame-

ters z are: the waveguide housing dimensions b = a, the
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Fig. 5. Optimized profiled depth corrugated polarizer (Ku-band, 16
irises). (a) Differential phase shift A+ as a function of frequency. (b)
VSWR for TEOI and TEIO incidence, respectively, as a function of
frequency. Optimized polarizer dimensions: a = b =18.377 mm, t =
1.295 mm, e = 4.171 mm, depths of the corrugation (from left): dl =
0.279 mm, dz = 0.521 mm, d~ = 0.803 mm, d~ = 1.080 mm, d5 = 1.310
mm, d6 =1.470 mm, d7 =1.555 mm, dg =1.582 mm, Z,= 83.27 mm.

iris thickness t, the iris distance e, the minimum height bl

of the iris aperture (cf. Fig. 1), and the place Z. of the first

iris.

In (5), the length 1 is given by ZO+ L\2, where L is the

sum of all iris thicknesses and distances. Hence, the

polarizer length L is implicitly included as an optimization

parameter. Within the frequency bands of 90° + 1° dif-

ferential phase shift, 11.9 -12.3 GHz, and 17.5 -17.9 GHz,

respectively, the maximum VSWR of a 16 iris prototype

(Figs. 5(a)-(b)) is only about 1.02. The overall length of the

polarizer is 83.27 mm.

IV, CONCLUSION

A computer-aided design of profiled depth corrugated

square waveguide polarizers is described, which enables the

inclusion of higher order mode coupling effects and the

exact field matching at all discontinuities. Application of

the evolution strategy method leads to optimum low input

VSWR, both for TEO1 and TEIO incidence, respectively.

The desired 90° + 1° differential phase shift maybe achieved

at widely separated specific bands, such as the satellite

bands. In addition to the exponentially profiled depth

corrugated polarizer, which provides the best VSWR

behavior (maximum 1.02) combined with a compact size,

the two further polarizer types shown may also be of

practical importance: a periodically corrugated type with

iris thickness of t = 190 pm suitable for a metal-etching

manufacturing technique, and a linearly profiled depth

corrugated type which enables a short design. The com-

parison with available measured and theoretical results

establishes the accuracy of the theory given.
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