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Abstract—This paper presents a new configuration of quasi-op-
tical polarization-rotating dual-beam interferometer, which uses
a pair of frequency-selective polarizers (FSPs) consisting of a
wire-grid placed in front of a flat mirror, and has a function
similar to the conventional Martin–Puplett interferometer (MPI).
Advantages of this new configuration over the conventional MPI
are lower residual reflection at the input and output ports and
suitability to fixed-tuned applications. An experiment has shown
it to have an MPI-like frequency characteristic as calculated.
Careful machining was successful in achieving accuracy needed
for a specified filter characteristic. This FSP-based quasi-optical
device is to be used as a sideband separator in a space-borne
submillimeter receiver for atmospheric research.

Index Terms—Martin–Puplett interferometers (MPIs),
polarization-rotating dual-beam interferometers, quasi-optical
filters, sideband separators.

I. INTRODUCTION

I N the millimeter- and submillimeter-wave regions above
100 GHz, quasi-optical frequency selective devices, such

as the Martin–Puplett interferometer (MPI) and its variants,
are widely used for filtering and diplexing at the front end of
receivers for radio astronomy and atmospheric remote sensing
[1]–[5]. The MPI [6], [7] is a polarization-rotating dual-beam
interferometer consisting of a wire grid and two dihedral corner
reflectors. The MPI has a low insertion loss and its frequency
characteristics can be easily tuned by changing the optical path
difference between the two interferometer arms.

There are, however, two aspects of the standard MPI that can
lead to problems when used in a fixed-tuned receiver for a space-
borne sensor. Firstly, the two optical paths through the interfer-
ometer are spatially separated over distances that greatly exceed
the final path difference. If the path difference is to be deter-
mined to an accuracy better than a few hundredths of the wave-
length, i.e., on the order of 1 m or less at submillimeter wave-
lengths, the dimensions of the whole interferometer must be
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machined to extremely high precision, and must remain stable
over the whole temperature range of operation. This would be
very difficult to achieve without an active tuning mechanism.
Secondly, nonideal performance of the wire grids in transmis-
sion and reflection, which must be expected at high submil-
limeter-wave frequencies, gives rise to residual reflections from
the input and output ports; this leads to standing waves in the re-
ceiver optics and a consequent reduction in receiver sensitivity.

In this paper, we introduce a new configuration for a quasi-
optical polarization-rotating dual-beam interferometer, which
is free from these deficiencies of the MPI configuration. The
new configuration consists of two frequency-selective polar-
izers (FSPs) in tandem. An FSP comprises a planer wire grid
backed by a parallel plane reflecting mirror maintained at a pre-
cisely determined separation measuring a few wavelengths, and
is used in reflection.

This paper is organized as follows. The configuration and op-
erational principle of this newly proposed FSP-based interfer-
ometer are introduced in Section II, and some advantages over
the standard MPI are presented. The transmission characteris-
tics for incident plane waves are derived in Section III and the
significance of multiple reflection within each FSP attributable
to nonideal performance of the wire grids is demonstrated in
Section IV. The effects of diffraction due to finite beamwidth
on the transmission characteristics are discussed in Section V.
In Section VI, the results of the theoretical model calculations
are compared with the results of measurements made on a pro-
totype model of a sideband separator that incorporate the new
configuration and operates at submillimeter-wave frequencies
around 640 GHz. Finally, our conclusions are presented in Sec-
tion VII.

II. CONFIGURATION AND PRINCIPLE

The configuration of the newly proposed FSP-based
dual-beam interferometer is shown in Fig. 1 and compared
there with the standard MPI configuration. We first describe the
operation of the interferometer assuming that each wire grid
performs ideally, i.e., totally reflects one linear-polarization
component of an incident collimated beam (that with -field
parallel to the wires), and totally transmits the orthogonally
polarized component.

The interferometer has two FSPs in tandem. A collimated in-
cident beam, on transmission through the wire grid at the input
port, is linearly polarized in the plane, making an angle of 45
with respect to the normal to the page. The wires in the grid
of the first frequency-selective polarizer (FSP1) are normal to
the page, and the beam is, therefore, divided into two beams of
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(a) (b)

Fig. 1. (a) Standard MPI configuration. (b) Newly proposed FSP-based configuration.

equal amplitude: a reflected -polarized beam (electric field
perpendicular to the page) and a transmitted -polarized beam
(electric field parallel to the page). The transmitted -po-
larized beam is then reflected at the plane reflector behind the
wire grid, passes through the wire grid again, to be propagated
with the -polarized beam superposed, but laterally displaced,
toward the second frequency-selective polarizer (FSP2).

The wires of the grid of FSP2 are normal to the page so the
-component is again reflected at the grid. The -component is

again transmitted at the grid, reflected at the plane reflector, and
transmitted through the grid. The emergent - and -polarized
beams are now superposed again, but with little lateral displace-
ment from each other if the spacings in the two FSPs are not
equal.

The FSP1 has thus served as beam divider and the FSP2 as
beam combiner. The - and -polarized beams have travelled
different distances, however, so the recombined beam is ellip-
tically polarized, the ellipticity and the orientation of the major
axis being determined by the phase difference of the two beams.

The recombined beam is analyzed by the wire grid at the
output port. The wires of the grid are at 45 to the normal to
the page; a transmitted beam polarized at 45 to the normal is
directed to output port 1 and a reflected beam polarized at 45
to the normal is directed to output port 2.

When the phase difference between the and compo-
nents of the recombined beam is an even integer multiple of

, the beams interfere constructively in output port 1 and de-
structively in output port 2. When the phase difference is an
odd integer multiple of , the beams interfere destructively in
output port 1 and constructively in output port 2. The transmis-
sion characteristics of this FSP-based configuration are thus ex-
actly the same as those of the standard MPI configuration [7]
when ideal performance of wire grids is assumed (there is an
significant difference in characteristics when the nonideality of
the grids is taken into account, as will be discussed in the fol-
lowing sections).

Though the layouts of the two configurations shown in
Fig. 1 may have a superficial resemblance to each other,

the spatial disposition of the two beam paths is, in fact,
very different in the two configurations. In the FSP-based
configuration, the two beams follow essentially the same
path, except within the FSPs where the path difference is
established. For that reason, though the dimensions within
each FSP must be stable to submicrometer precision, it is not
essential that the separation between the two FSPs be stable
to the same absolute precision. Careful design and fabrication
of the FSPs should ensure this; only the structure of the FSP
needs to be made of a low thermal expansion material such
as Invar, and the rest of the structure supporting the two FSPs
could be made of less thermally stable materials. In the MPI
configuration, on the other hand, the two beams follow spatially
well-separated paths from wire grid to dihedral reflector and
back, each path being several tens of millimeters in length.
With an MPI, it would be necessary to maintain these overall
dimensions to submicrometer precision. In the adverse kinetic
and thermal environment of a space-borne receiver, the first
major advantage of the FSP-based interferometer over an MPI
configuration—the saving in mass for a space-borne receiver
would be highly significant.

Thus far, we have assumed the performance of wire grids to
be ideal. Real wire grids will not be ideal linear polarizers, at
each there will be some leakage of cross-polarized signal power
in reflection and in transmission. In the standard MPI config-
uration, such leakage results in some return of signal power to
the source. Though such return might be at a low level, it can re-
sult in standing waves within the receiver optics with a serious
degradation of receiver performance. In the proposed FSP-based
interferometer, on the other hand, such leakage does not result
in the return of any power to the source — it is clear that all
signal power is transported forward. This is the second major
advantage of the proposed FSP-based interferometer. The non-
ideality of the grids does have another consequence — there
will be some multiple reflection of signal power between the
wire grid and the mirror within each FSP —but, as will be seen
in Section IV, that can itself be used to an advantage provided it
is well understood.



1698 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 6, JUNE 2003

III. TRANSMISSION CHARACTERISTICS OF FSP-BASED

INTERFEROMETER FOR PLANE WAVES

First, here, let us consider an idealized case when a plane
wave is incident on the proposed interferometer consisting of
two FSPs with infinite extent. Throughout this paper, we assume
the direction of the grid wires of the FSPs to be perpendicular
to the plane of incidence, as shown in Fig. 1(b).

The essential characteristics of our device are the complex
amplitude transmission functions and for plane-wave
propagation from the input polarizer to output ports 1 and 2,
respectively.

Since the wire grids of the FSPs are oriented perpendicular to
the plane of incidence, it is convenient in the theoretical anal-
ysis to decompose the input polarization into - and -polarized
basis because the reflection by each FSP can be expressed by
complex amplitude reflection coefficients and for respec-
tive components without cross-polar coupling.

If the wire grid had no cross-polar leakage, the proposed
FSP-based interferometer would be a dual-beam interferometer.
The leakage components give rise to some multiple reflections
within each FSP, however, and this has an appreciable effects on
the FSP’s plane-wave transmission characteristics, as shown in
Section IV.

By using these reflection coefficients, and for the two
FSPs given in Appendix A, the complex amplitude transmis-
sion functions for plane-wave incidence are expressed for two
orthogonally polarized output ports as

for output port 1 (1)

and

for output port 2 (2)

where subscripts 1 and 2 attached to the reflection coefficients
and refer to FSP1 and FSP2, respectively.

IV. NUMERICAL EXAMPLE OF A DESIGN OF FSP-BASED

INTERFEROMETER FOR SIDEBAND SEPARATOR

Here, as an example of design of an FSP-based interferom-
eter, we introduce a numerical design of a sideband separator,
which was made for a submillimeter-wave superconductor–in-
sulator–superconductor (SIS) receiver of the Superconducting
Submillimeter-Wave Limb-Emission Sounder (SMILES) to be
aboard the Japanese Experiment Module (JEM) of the Interna-
tional Space Station [8], [9].

From scientific requirements to observe as many molecular
species relating to stratospheric ozone depletion as possible
within a limited bandwidth of the onboard spectrometer,
JEM/SMILES is designed to achieve single-sideband obser-
vation in two submillimeter-wave bands, i.e., 624.32–626.32
and 649.12–650.32 GHz, simultaneously as lower sideband
(LSB) and upper sideband (USB), respectively, by two SIS
mixers with a local-oscillator set at 637.32 GHz. The function
of the sideband separator is to demultiplex the input submil-
limeter-wave signals into the two sidebands, that in the LSB
being delivered to one output port, and that in the USB to

Fig. 2. Transmission characteristics T and T of the FSP-based
interferometer (d = 1:543 mm, d = 1:573 mm, � = 5:5� 10 
 � m,
� = 7:9 � 10 
 � m) for plane-wave incidence. Solid curves show the
case when multiple reflections between wire grid and reflecting mirror are
taken into account, while dotted curves show the case when multiple reflections
are ignored.

the other output port, as shown in Fig. 1(b), for simultaneous
heterodyne detection by two SIS mixers. For this simultaneous
heterodyne detection, the SMILES sideband separator is also
designed to function as a diplexer for the local-oscillator signal,
at the frequency around the crossover frequency of and
that is injected through the input 45 wire grid and is coupled
to both SIS mixers with local power split as evenly as possible.

In the calculation of the transmission characteristics of the
sideband separator, the diameter and pitch of the wire are as-
sumed to be 10 and 25 m, respectively, and the angle of inci-
dence to the FSP is assumed to be 22.5 . The plane of incidence
is assumed to be parallel to the plane spanned by the surface
normals of the wire grids of two FSPs. The plane of polariza-
tion of incident wave is assumed to make an angle of 45 with
respect to the plane of incidence. The wire grid and mirror are
assumed to be made of tungsten and Invar whose resistivities
are 10 m and 10 m, respectively [10].

After a not-exhaustive search for combinations of the spac-
ings ( and ) of two FSPs, it was found that the combination
of mm and mm is a reasonable choice
by which we can achieve image rejection better than 15 dB
within LSB and USB of the SMILES observation bands and also
set the difference in local coupling coefficient at 637.32 GHz to
be less than 0.5 dB, simultaneously. The solid curves in Fig. 2
show the transmission characteristics and calculated for
this combination. In Fig. 2, corresponding transmission charac-
teristics calculated considering only the two dominant interfer-
ometric paths by ignoring multiple reflections between the wire
grid and mirror are also shown by the dotted curves for compar-
ison. Fig. 2 indicates that the multiple reflections between the
wire grid and mirror within each FSP has a significant effects on
the transmission characteristics of the FSP-based interferometer
and should, therefore, be taken into account in its design.

In the standard MPI, which has only one degree of freedom
for frequency tuning, the transmission and rejection peak fre-
quencies of and should be integer multiples of the min-
imum separation of these frequencies. In this case, we, there-
fore, are unable to set adjacent transmission and rejection peaks
at arbitrary frequencies. This also corresponds to the case when
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the multiple reflection is ignored in our interferometer, as is
shown by dotted curves in Fig. 2. On the other hand, in our in-
terferometer, it can be said that we can gain a little more degree
of freedom in tuning transmission and rejection frequencies by
virtue of the effects of multiple reflection within each FSPs com-
bined with the two degrees of freedom ( and ).

V. DIFFRACTION EFFECTS

Thus far, we have ignored the effects of diffraction. Here, we
consider the effects of diffraction by assuming that the incident
wave is a fundamental-mode Gaussian beam of waist radius
and that the sizes of the FSPs are large enough not to truncate the
beam. In considering the effects of diffraction, we have to take
account of the imperfect beam overlap, as a combined result of
axial beam shift due to different traveling distance and lateral
walkoff of each multiply reflected beam component separately,
when they interfere to form the output beam after being reflected
by two FSPs.

By considering each multipath component with its axial beam
shift and walkoff for the combination of two FSPs comprising
the FSP-based interferometer, the complex amplitude transmis-
sion functions of the FSP-based interferometer for - and -po-
larized waves can be obtained by inserting the respective coef-
ficients , , and for - and -polarized waves given by (16),
(17), (14), and (15), respectively, in Appendix A into

(3)

The first term of (3) represents the path reflected at the wire grids
at both FSP1 and FSP2 without experiencing reflections by mir-
rors of FSPs. The second and third terms represent the paths that
experience single and multiple reflections within either FSP1 or
FSP2. The last term represents the paths that experience single
and multiple reflections within both FSPs. In (3), and
represent the effects of axial beam offset and lateral walkoff of
each path [11], respectively, given by1

(4)

and

(5)

1The time dependence of electromagnetic field is assumed to be exp(�i!t)
and is omitted throughout this paper.

Fig. 3. Transmission characteristics T and T of the FSP-based
interferometer (d = 1:543 mm, d = 1:573 mm, � = 5:5� 10 
 � m,
� = 7:9 � 10 
 � m) for a fundamental-mode Gaussian beam with a
beamwidth of w = 4:61 mm (solid curves) are compared with those for
plane-wave incidence (dotted curves).

where and are the axial beam offset and lateral walkoff,
respectively, given by

(6)

and

(7)

The transmission characteristics of the FSP-based interfer-
ometer consisting of two FSPs with different grid-mirror spac-
ings are calculated for two orthogonal polarizations by the fol-
lowing equations:

for output port 1 (8)

and

for output port 2 (9)

where and are the transmission coefficients given by (3)
for - and -polarized wave incidence, respectively.

The transmission characteristics and calculated for
an incident Gaussian beam whose beam waist radius is
4.61 mm are shown in Fig. 3 by solid curves. In Fig. 3, the
corresponding transmission characteristics for the case of
plane-wave incidence (solid curves in Fig. 2) are also shown
again by dotted curves for comparison. To make the comparison
clearer, the transmission characteristics around the center of the
transmission bands are magnified in Figs. 4 and 5. It is found
in Figs. 4 and 5 that the effect of diffraction is not negligible
giving rise to a frequency shift of approximately 150 MHz
on the transmission characteristics. Therefore, the effect of
diffraction should only be taken into account by using (3), (8),
and (9) in detailed design of FSP-based interferometers.

VI. COMPARISON WITH MEASUREMENTS

A prototype model of a sideband separator based on the FSP-
based interferometer has been fabricated for the JEM/SMILES
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(a)

(b)

Fig. 4. Enlarged views of Fig. 3 for the bandpass characteristics around the:
(a) LSB and (b) USB of the FSP-based sideband separator with d = 1:543mm
and d = 1:573 mm.

submillimeter-wave receiver to experimentally verify the theo-
retical model calculations.

Each FSP was made up of a frame structure composed of a
grid frame and a backing reflector plate on which a grid with
tungsten wire of 10- m diameter was wound with a pitch of
25 m. Both the grid frame and backing reflector plate were
made of Invar to keep the grid-mirror spacing thermally stable.
Before winding the grid, the surfaces of the grid frame and re-
flector were ground and lapped flat, and were made parallel to
achieve a tolerance of better than 2 m for the intended spacing

between the plane of the wire grid and reflector. These two
FSPs were held by an aluminum frame structure so as to face
with an angle of 45 to each other in order to make the angle
of incidence in Fig. 1 to be 22.5 . The grid-mirror spacings

and of the two FSPs of the prototype model of the inter-
ferometer were set at 1.540 and 1.570 mm, respectively. As the
input polarizer of the sideband separator, a fixed 45 wire-grid
polarizer was installed at the input port to set the incident beam
polarized at 45 with respect to the plane of incidence.

On the other hand, the output beam polarization was selected
at either 45 or 45 to the plane of incidence by changing the
orientation of a wire-grid polarizer to simulate the transmission

(a)

(b)

Fig. 5. Enlarged views of Fig. 3 for the band rejection characteristics around
the: (a) LSB and (b) USB of the FSP-based sideband separator with d =

1:543 mm and d = 1:573 mm.

Fig. 6. Comparison of the measured and theoretically calculated transmission
characteristics of the FSP-based sideband separator.

characteristics at orthogonally polarized output ports 1 and 2 of
the sideband separator.

The transmission characteristics of this sideband separator
were measured by using a submillimeter-wave vector network
analyzer. The output of the phase-locked submillimeter-wave
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(a) (b)

(c) (d)

Fig. 7. Enlarged views of Fig. 6 for comparison of the measured and theoretically calculated characteristics of the FSP-based sideband separator. (a) Bandpass
(b) and rejection characteristics around the LSB, and (c) bandpass and (d) rejection characteristics around the USB.

source was coupled to the device under test via a back-to-back
corrugated feed horn.2 The output of this feed horn was di-
rected to an offset ellipsoidal reflector to form a collimated
Gaussian beam with a beam-waist radius of 4.61 mm to be prop-
agated through the sideband separator under test. At the output
of the device under test, another offset ellipsoidal reflector was
used to couple the output beam to the feed horn of the submil-
limeter-wave detector.

In this measurement configuration, standing waves due to the
reflection between optical components such as the one between
the source and back-to-back horn feeding the input beam is
inevitable to some extent. Because of the ripples due to this
residual standing waves, it was very hard to determine absolute
values of very low transmission losses in the transmission
bands of the sideband separator. Provided that the ripples in
the measured transmission characteristics are caused by the
standing waves generated outside of the interferometer, the
standing-wave ripples should appear at both output polariza-
tions with almost equal voltage standing-wave ratio (VSWR).

2The use of a back-to-back horn here is not essential in the present measure-
ment. This back-to-back horn and the ellipsoidal reflector had to be used for
optical-design reason of quasi-optics of the JEM/SMILES system for which our
interferometer was developed [8].

To suppress the ripples due to these residual standing waves, the
output amplitude and taken for output polarization
at 45 and 45 , respectively, at the same frequency were
normalized to estimate the transmission coefficient and
for respective output polarizations with the following equations
by neglecting small losses, most of which are ohmic losses in
the FSP, common to both output polarizations:

dB (10)

and

dB (11)

Besides this, the normalization is also needed to compensate
the residual frequency dependence of the measurement system,
which cannot be fully calibrated.

Since the measurements were made under an atmospheric
pressure of approximately 950 hPa at room temperature, the
measurement results should be compared with theoretical cal-
culation taking the atmospheric refractivity into consideration.



1702 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 6, JUNE 2003

The atmospheric correction was made just by scaling the fre-
quency of theoretical calculations by a factor of 1.0003 con-
sidering the atmospheric refractivity of 1.0003.

Transmission characteristics and measured for
the fabricated FSP-based sideband separator around the LSB
and USB of the JEM/SMILES receiver are compared with the-
oretically calculated and for the atmospheric condition
in Figs. 6 and 7. In these comparisons, the measurement results
are compared with the theoretical calculations for the designed
FSP spacings ( mm and mm), as well
as those for the actually measured spacings ( mm
and mm) measured after fabrication of the FSPs. In
Fig. 6, we can see an overall good agreement between the theory
and measurement results. More detailed comparisons of charac-
teristics around the transmission and rejection bands are shown
in Fig. 7. Since the measured and are normalized
by ignoring polarization independent loss, as has been men-
tioned before, it should be noted that we can directly compare
only relative level variations of them with the theoretically cal-
culated ones, in particular, in the transmission bands where the
transmission loss is very low, as shown in Fig. 7(a) and (b). As
is found in Fig. 7(a) and (b), if a slight offset of 0.117 dB is ap-
plied to the measured data, an excellent agreement is found be-
tween the measurements and theoretical calculations. The larger
scatter of the data in the USB as compared with in the LSB is
due to a degradation of the detector sensitivity.

These comparisons indicate that the transmission and rejec-
tion characteristics of the FSP-based interferometer can be de-
signed and fabricated with a frequency accuracy better than

10 based on theoretical calculations taking the effects of
multiple reflection and diffraction into account.

VII. CONCLUSION

This paper has presented a new configuration of polariza-
tion-rotating dual-beam interferometer consisting of two FSPs
each of which consists of a freestanding wire grid backed by
a reflecting mirror. The detailed analysis of its characteristics
is a little more complicated than the standard MPI due to the
multiple reflection within the FSP. We have verified the anal-
ysis using a prototype model of a sideband separator based on
the FSP-based interferometer operating in a submillimeter-wave
band around 640 GHz. We have shown that its transmission
characteristics can be designed by taking the effects of multiple
reflection and diffraction into account, and that it can be fabri-
cated with a frequency accuracy better than 10 based on
this design.

APPENDIX A
REFLECTION CHARACTERISTICS OF FSP FOR PLANE WAVES

Here, the amplitude reflection coefficient of the FSP is de-
rived for plane-wave incidence by assuming that the wire grid
of the FSP is a periodic array of conductive cylinders of radius

and pitch and is backed by a flat mirror with a grid-mirror
spacing of .

Let us consider the case when a plane wave is incident with
an angle of incidence on the FSP whose grid wires are oriented
perpendicular to the plane of incidence, as shown in Fig. 8.

Fig. 8. Configuration of the FSP.

By taking the multiple reflection between the wire grid and
mirror into account, the complex amplitude reflection coeffi-
cient of the FSP for - or -polarization is given by3

(12)

with

(13)

where is the wavelength and is the spacing between the
grid and the mirror. In (12), and are the complex amplitude
reflection and transmission coefficients of the wire grid, and
is the complex reflection coefficient of the reflecting mirror. If
the mirror is made of metal with a finite conductivity of ,
is given by

(14)

for -polarization and

(15)

for -polarization. On the other hand, the complex amplitude
reflection coefficient and transmission coefficient for a wire
grid consisting of cylinders with finite conductivity can be ob-
tained by the efficient calculation method given in Appendix B.

APPENDIX B
TRANSMISSION AND REFLECTION COEFFICIENTS OF WIRE GRID

WITH FINITE CONDUCTIVITY

Transmission and reflection characteristics of plane waves
impinging on a wire grid consisting of parallel conducting cylin-
ders with circular cross section can be calculated by the efficient
method proposed by Kushta and Yasumoto [12] and Yasumoto
and Yoshitomi [13].

3See footnote 1 in Section V of this paper.
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For a wire grid with , the complex amplitude
reflection coefficient and the complex amplitude transmission
coefficient of the wire grid are given by

(16)

and

(17)

respectively, with

(18)

and

(19)

where , , , is the
column vector of the scattering amplitude, and the superscript

denote the transpose of the indicated vector.
The scattering amplitude in (16) and (17) is given by

(20)

where is the -matrix for isolated grid wire, is the square
matrix whose elements are related with the lattice sums for peri-
odic Green’s function [14], is the identity matrix, and is the
column vector whose th component is given by .
The elements of are given by semi-infinite lattice sums of the
Hankel function of the first kind ( ) as follows [14]:

(21)

(22)

It is well known that the convergence of the direct sum in (22)
is desperately slow. To overcome this slow convergence, Ya-
sumoto and Yoshitomi invented an integral form of the lattice
sums for efficient calculation [13] given as follows:

(23)

with

(24)

(25)

where and is a positive real number chosen
so that the integration satisfies a required convergence.

The -matrix for the conducting grid wire with circular cross
section made of metal with finite conductivity is given by a di-
agonal matrix whose matrix elements are given by

(26)
for -polarization and

(27)
for -polarization with

(28)

where is the radius of the grid wire and is the conductivity
of the cylinder.
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