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Hollow waveguides as polarization converting elements:
a theoretical study
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Subwavelength apertures in a metallic film act as hollow waveguides. By using a non-quadratic cross-section, an anisotropic transmission
behaviour results for the two polarization states. Thus, an array of metallic subwavelength apertures may be used as polarization converter,
e.g., as a half-wave plate. By varying orientation and shape of the cross-sections locally, one can design polarization shifting elements for
complex wave fields. Here, we present a theoretical consideration on the physical properties and compare with dielectric form birefringence.
[DOI: http://dx.doi.org/10.2971/je0s.2015.15006]
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1 INTRODUCTION

1.1 Context

A polarization converter transforms light of one well-defined
polarization state into another. A well-known example is a
quarter-wave plate that converts linearly polarised light to cir-
cular polarization and vice versa. A half-wave plate converts
a linear x-polarised beam to a y-polarised beam. Polarization
conversion can be achieved by different means, however, the
principle always includes an anisotropy of light propagation.
In classical optics, polarization converters use anisotropic
crystals like crystalline quartz, for example [1], [2]. With
the technical possibilities of micro- and nano-structuring,
anisotropy can also be achieved artificially. Polarization con-
version was demonstrated by using dielectric subwavelength
gratings (see e.g. [3]-[5]). Further examples are L-shaped hole
arrays [6] or chiral metamaterials [7]. Also liquid crystals have
been used for the polarization conversion of optical waves as
described e.g. in [8]-[11]. Here, we consider yet another ap-
proach, namely the use of light propagation in hollow metallic
waveguides.
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1.2 Motivation

Polarization conversion is widely necessary in optical sys- b)
tems applications. Some examples include heterodyne trans-
mission systems, optical displays, interferometers, laser radar
systems, etc., to mention just a few. A specific application that
motivates our work here is the coupling of plasmons to metal-
lic wires.

FIG. 1 Electric field distribution from the THz-source and of the Sommerfeld mode on

an electric wire.

On metallic wires plasmon waves can be guided at Tera- ically [13]. The excitation of such waves on metallic wires via
hertz frequencies as shown experimentally [12] and theoret-  end-fire coupling was studied experimentally in [14].
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Figure 1(a) shows the electric field of a Gaussian beam com-
ing from the THz-source, which shall be coupled to the metal-
lic wire. The field of the guided eigenmode ("Sommerfeld-
mode”) on the wire is presented in Figure 1(b). As can be
seen, this Sommerfeld-mode is radially polarized and the two
fields (THz-source, Sommerfeld-mode) have different sym-
metry characteristics with respect to the vertical axis. Hence,
the Sommerfeld-mode cannot be excited with a symmetric in-
jection. Therefore, either an asymmetry must be introduced or
a polarization conversion has to be performed.

Polarization conversion is achieved in conventional optics by
using components made of crystalline, hence anisotropic ma-
terials [15]. More recently, liquid crystal components became
useful devices for polarization conversion [16] and even more
recently, with the possibilities of nano-structuring, space-
variant polarization conversion has become feasible [3].

In this paper we want to exploit the birefringence in hol-
low waveguides to develop polarization converting elements.
Compared with subwavelength gratings a greater difference
of the effective index can be realized (for the same mean
value). We expect an easier fabrication of the hollow wave-
guides in comparison to the L-shaped hole arrays [6].

As mentioned before, we are interested in improving the cou-
pling of Terahertz waves to metallic wires. Although our mo-
tivation lies in THz-domain, it is also of interest to see if the
approach with hollow waveguides might also be useful for
optical frequencies. Besides, we can also perform optical ex-
periments in our labs, to verify the theoretical findings exper-
imentally. Therefore studies for THz- and optical-frequencies
are done here.

The paper is organized as follows. We start with describing
the principle of the polarization conversion via form birefrin-
gence. In the following main part of this paper, we deal with
hollow waveguides. First, their main characteristics known
from microwaves are summarized. After that, numerical stud-
ies at THz and optical frequencies are performed. We take a
closer look at the eigenmodes and simulate the wave propa-
gation resulting in a polarization conversion. The paper ends
with a summary.

2 POLARIZATION CONVERSION WITH
BIREFRINGENT MEDIA

In this section we repeat the principle of polarization conver-
sion with birefringent media. For this purpose let us take a
look at Figure 2. A plane wave is injected into a birefringent
medium. As indicated, there are different values for the re-
fractive index of the horizontally and the vertically polarized
waves. Consequently, the electric field at the input is divided
into these two components, a horizontal and a vertical one.

Now, the height (/) of the birefringent medium is chosen in
such a way that these two components experience a phase dif-
ference of 7t at the output:

koh(n, —ny) = 1)

—_— X

side view
front view

FIG. 2 Injection of a plane wave into a birefringent medium; the axes with different

refractive indices (13, and n) are indicated.
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FIG. 3 Principle of the polarization conversion.

The principle of the polarization conversion is explained in
Figure 3. On the left, the input field is divided into its hori-
zontal and normal component. As described above, a phase
difference of 7t occurs at the output. So, when the horizontal
component of the output field shows to the right, the vertical
component points downwards, resulting in the sketched total
field. On the right, a comparison of the input and the output
field is shown. As can be seen, a wave that is polarized at the
angle 0 with respect to the horizontal axis is rotated by 26.

To achieve a radial polarization that is required to excite the
Sommerfeld-mode on the metallic wire, the birefringent ma-
terial is oriented in different directions as shown on the top
of Figure 4. A discrete number of sections (here mgect = 4) is
assumed in this example. Now, a vertically polarized field is
injected. Then, each of the sections causes an individual rota-
tion, resulting in the output field shown at the bottom of Fig-
ure 4. With increasing mgect the output field becomes “more
radial polarized” and mgect — co results in a continuos varia-
tion.

3 HOLLOW WAVEGUIDES

3.1 Fundamentals

In this paper we propose the use of arrays of hollow wave-
guides as polarization conversion elements. We will describe
the main idea in this section. The cross-section of such an array
is shown in Figure 5. The waves are guided inside the air re-
gion and the metallic walls act as mirrors. Single hollow wave-
guides are used to transmit signals over longer distances in
the microwave area and their characteristics are explained in
textbooks, (see e.g. [17]). Here, we start with describing their
main features.
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FIG. 4 Different orientation of the birefringent material in a discrete number of sections
(here mgect = 4), and different polarization rotation in the different regions; the output

field approaches a radial polarization.

metal

dy wy

air -

FIG. 5 Array of hollow waveguides with dimensions.

Hollow waveguides support various eigenmodes (labelled
TEun TMyyy, or alternatively Hy, resp. Euy). The electric and
magnetic fields of these eigenmodes can be determined from
vector potentials. The subscripts m, n correspond to the x or y
dependency of the potentials (¢, . see e.g. [17]), given as:

P cos mnx cos n
h,mn Wy wy]/

for the TE- (or H-) modes and

. (mm . [(nmr
Yemn ~ SN | —x | sin | —y
Wy Wy

™, 1 ‘
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FIG. 6 Cut-off frequencies of the waveguide modes normalized with f.1o for w, = 0.48

Wy.

for the TM- or (E-) modes, with

0<x<wy 0<y<wy

Each of the eigenmodes has an own cut-off frequency. Only
if the operating frequency is above this value, the mode is
guided. The cut-off frequencies f.u, are given as:

cg [m?2 n?

=2 = += 2

Here and in the following we assume w, > wy and (as indi-
cated in Figure 5) waveguides filled with air, i.e. &, = 1. Then,
the fundamental mode is the TE j-mode with the cut-off fre-
quency

_ %o
fe0 = 0, 3)

Hence, as can be easily shown, this mode is guided if the
width wy is greater than half of the wavelength.

Wy > 5 4)
In particular, we note, that the cut-off frequency does not de-
pend on wy,. As we will see soon, the same is true for the ef-
fective index of this mode. This will allow us to design polar-
ization converting components relatively easily.

The cut-off frequencies of the lowest order modes (normal-
ized with fy0) are shown in Figure 6 for the special case
wy = 0.48w, as example. (Note: due to the sinusoidal func-
tions no TM,,,0 (resp. TMy,,) exist.) Circuits in microwaves are
usually designed for the fundamental mode. Hence, one usu-
ally chooses wy < wy/2. Then, one can make sure that only
the fundamental mode is guided in a maximum frequency
range from f.19 to 2fc1p. As can be seen from Eq. (2): for
f > 2fc10 = foo the TEy-mode always becomes guided.

To utilize hollow waveguides as polarization converters, it is
important to note that all TE,,g-modes (particularly the fun-
damental mode) are vertically polarized. Since a polarization
conversion shall be achieved, also a horizontally polarized
guided mode is required here, which is the TEy;-mode. Its
characteristics are similar to those of the fundamental TE;g-
mode. E.g. to determine its cut-off frequency, we have to re-
place wy by wy, in Eq. (3).

Next we look at the effective index. Generally, (i.e. for arbi-
trary modes of the hollow waveguides) it is determined as:
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FIG. 7 Effective index of the TEqg; (TEjp) mode as function of wy (wy); the inlay

shows the electric field distribution of these modes.
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Then, the effective index of the fundamental mode is (¢; = 1):

2
_ A
4w?

Hetf10 = 4/ 1 (6)
By replacing w, with w, we obtain the effective index of the
TEp;-mode from this expression.

Let us summarize the features that we need to realize polariza-
tion conversion with hollow waveguides: By suitable choice
of the dimensions, we can design a device that supports two
guided modes, whose fields are perpendicular to each other.
The effective index of these modes is determined by different
parameters so that their values may be chosen independently.
To visualize this , we take a look at Figure 7. Here the effective
index of the TEjq-(resp. TEq;-) mode as function of wy (wy) is
shown [see Eq. (6)]. As example the values wy = 0.81¢ and
wy = 0.6A¢ were chosen. This results in the values 0.78 and
0.55 for the effective indices and a difference An.g¢ = 0.23.

In practice, one would actually do the design in the oppo-
site way: From a given Angg a suitable pair wy, w, would be
chosen. Since this choice is not unique, further considerations
(e.g. from the fabrication process) would be taken into ac-
count.

3.2 Eigenmodes of hollow waveguides for
Terahertz and optical frequencies

The features that were described in the last section are true
for single waveguides at microwave frequencies, with a high
conductivity of the metal. In this section we examine how the
characteristics change due to the differing values for the mate-
rial parameters at THz and optical frequencies. Also it is stud-
ied what happens when waveguide arrays are considered in-
stead of single ones. As numerical tool the Method of Lines
(see e.g. [18]) was used. Like before, the structure shown in
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FIG. 8 Electric field distribution of the fundamental mode for optical and THz frequen-

cies.

Figure 5 was examined. Unless stated otherwise, the values
wy = 0.8Ag, wy = 0.6Ag and dy = dy, = 0.04A( were taken.
The metal was silver. Its relative permittivity (e;ag) was deter-
mined from a Drude model resulting in:

e THz (Ao = 0.48 mm, f = 0.625 THz)
erag = —6.2 x 10° — 2.25 x 10°]

e Optics (A9 = 1000 nm, f = 3 x 10'* Hz)
erag = —47 — 1.89]

These special frequencies were chosen, because the THz-
coupling described in [14], was done for this frequency and
due to experiments that will be performed in our lab for wave-
lengths around 1000 nm.

Let us begin with a single waveguide. Figure 8 shows the elec-
tric field (Ey) of the fundamental mode as function of x nor-
malised with the wavelength Ag. In the THz case the field is
zero inside the metal. This is the same result as in microwaves.
The situation is different in optics, where the field extends
quite far into the metal. From Figure 8 we see that it becomes
zero in the metal at & 0.1\ . This behaviour has also conse-
quences for the effective index as shown in Figures 9 and 10.
First of all, we notice that the effective index in optics is higher
than in the THz-case. It is not shown here, but we would like
to mention that also losses (determined from the imaginary
part of n.g) are higher for optical frequencies.

Now, the effective index as function of w, with wy as parame-
ter is presented in Figure 9. All curves are on top of each other
in the THz-regime, while a slight decrease with increasing w,
occurs in optics. This can be seen more clearly in Figure 10
where the effective index is shown as function of w, (with wy
as parameter). The THz-curves run horizontally, showing that
11efr is independent of wy,. In optics, however, a decrease of the
curves can be observed. Hence, the effective index here de-
pends on both parameters wy and wy,.

After looking at a single waveguide, an arrays with 2 x 2
waveguides was studied. Electric field distributions of the

15006- 4
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FIG. 9 Effective index of the fundamental mode as function of w,.
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FIG. 11 Electric field distribution (Ey) in a waveguide array for THz-waves.

eigenmodes for the arrays are shown in Figures 11 and 12.
In the THz-case the field of all eigenmodes covers only one
of the single waveguides. As example the field in the upper
left waveguide is shown in Figure 11. As in microwaves, we
see a cosine wave form in x-direction and constant values in
y-direction. The eigenmodes covering the other waveguides
have the same shape and the values for the effective index are
identical.

FIG. 12 Electric field distribution (Ey) in a waveguide array (optics).
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FIG. 13 Injection of a plane wave into an array of hollow waveguides.

The situation is different in optics as shown in Figure 12. As
can be seen, the fields in all waveguides are coupled and they
depend on the vertical coordinate y in contrast to the THz-
case. As example the symmetric (with respect to x and y)
eigenmode is shown. This is the mode that will be excited by
a plane wave. The other supermodes have a similar shape but
different symmetries. All supermodes have individual effec-
tive indices which also differ from those of the single guides.
These results show that the findings for a single waveguide
can be transferred immediately to waveguide arrays in the
THz regime. In contrast, more complicated 3D-computations
of the whole array have to be done in optics.

3.3 Polarization conversion with hollow
waveguides

After studying the eigenmodes, we simulated the polarization
conversion effect. For this purpose a tilted plane wave was
injected into a waveguide array as indicated in Figure 13. The
height of the array was determined from Eq. (1), where we
used the effective indices of the relevant supermodes in optics.
This results in:

hta, = 220 hoptic = 3A0

for the THz and optical frequency.

Figure 14 shows the power at the output of the waveguide
array as function of the angle 6 (see Figure 13) for both-THz
and optical fields. As expected, the whole power is in the hor-
izontally (vertically) polarized modes for § = 0° (90°). For
f = 45° the power in the two polarizations is identical. The
total power varies only little with 6. So, in principle an an ar-
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FIG. 14 Normalied power at the output of the hollow waveguide arrays.
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FIG. 15 Electric field distribution at the input of the hollow waveguide arrays.

bitrary number of sections (see Figure 4) can be introduced to
create a radially polarized field.

The simulated field distributions for the input angle § = 45°
are shown in Figures 15-17. Figure 15 presents the input field
of a plane wave and the field at the output of the waveguide
is sketched in Figures 16 and 17. For both frequencies the rota-
tion of the fields is observed. Unlike the input field, the output
fields are not constant across the cross-section, because of the
shape of the eigenmodes discussed earlier. A 90° polarization
conversion occurs in the middle of the waveguides whereas in
the vicinity of the metal the fields are orientated perpendicular
to the boundaries. The THz- and optics- graphs look very sim-
ilar with small differences close to the metal boundaries. The
numerical results show that the proposed polarization conver-
sion with hollow waveguides succeeds theoretically. The next
step is the fabrication of the devices and the experimental con-
firmation.

4 CONCLUSIONS

In this paper we studied arrays of hollow waveguides in the
Terahertz and optical regime and their possible use as polar-
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FIG. 17 Electric field distribution at the output of the hollow waveguide (optics).

ization converting elements. For the THz-regime, it was found
that these structure behave very much like known from mi-
crowave theory. For the polarization conversion, waves with
perpendicular polarizations must propagate with different ef-
fective indices. In the THz-regime such a difference can be
tailored very easily, because n.¢ of the excited eigenmodes
(the TEqg resp. TE(;) depends on different parameters i.e. the
width wy resp. wy,.

As seen before, in optics the field confinement is weaker. As
consequence, the fields in the various single waveguides are
coupled. Also both geometric dimensions (wy and wy) deter-
mine the effective index of the eigenmodes. An accurate de-
scription requires the simulation of the whole waveguide ar-
ray with full 3D-algorithms.

For both frequencies (THz - optics) a polarization conversion
was observed. Compared to e.g. subwavelength gratings a
larger contrast of the effective index for the two perpendic-
ular polarizations can be achieved. Therefore, the height of
the structures is much smaller. Nevertheless, the structures are
technologically very demanding, because the ratio between
the height and the thickness of the metal can be on the order
of 10 to 50.
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