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THz Polarizer Controller Based on Cylindrical Spoof
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Abstract—Spoof surface plasmon polariton (SSPP) based de-
vices have recently garnered a great deal of attention owing to
their ability to propagate THz signal without dispersion and very
low signal attenuation. In this paper, a rigorous mathematical
model has been proposed by performing full-field analysis on the
periodically corrugated cylindrical waveguide. It has been shown
that this structure has the capability of propagating localized
spoof surface plasmons polariton (SSPP) mode of EM waves. The
variation of band diagrams as a function of different groove di-
mensions has been investigated. Finally, by employing cylindrical
SSPP a new polarizer controller has been designed that can be
utilized to design THz Boolean gates.
Index Terms—Dispersion relation, spoof surface plasmon

polariton (SSPP), polarization, full-field analysis, anisotropic
material.

I. INTRODUCTION

T HERE has been much interest in developing terahertz
(THz) components and circuits in recent years as a

result of their applications in several emerging areas such as
biomedical sensing and imaging, ultrafast computer circuits,
astronomical remote sensing, and hazardous chemical detection
[1]–[4]. Also for passive THz devices, design and fabrication of
guiding structures, focusing elements and frequency selective
filters have gained considerable attention [5]–[7]. In addition,
in the optical frequency range there has been extensive research
on development of plasmonic devices as a result of the possi-
bility of miniaturization of optical devices below the diffraction
limit.
Surface plasmons result from the oscillation of plasma along

the interface of metal and dielectric. It happens as a result of
negative dielectric of certain metal below the plasma frequency.
There have been some theoretical and experimental works to
utilize thesemodes in a frequency range of 0.3–10 THz [9]–[11].
Besides, there are efforts that utilize conventional waveguides
such as metallic wires, tubes, index-guiding silicon slab waveg-
uides or sapphire fibers, etc. Unfortunately, the conventional
metallic tube waveguides are not suitable because of high loss.
Si waveguides are not flexible and some waveguides, such as
sub-wavelength metal wire, has high bending loss and coupling
difficulty [5], [12]–[15]. A newly developed method to over-
come the group velocity dispersion of terahertz wave and weak
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guiding at THz frequencies is the utilization of spoof surface
palasmon polariton (SSPP) waves confined to the periodically
corrugated metallic structures [16]–[19].
These SSPP modes exhibit features such as field enhance-

ment and localization. In this technique the transverse mode of
SSPP follow the same behavior of surface plasmons at inter-
face of metal dielectric at optical frequencies. It has been first
shown by Wang et al. that it is possible to have dispersion-less
propagation along metallic wire surrounded by dielectric at THz
frequency [17]. Later Pendry et al. proposed a periodic struc-
ture containing grooves at metallic dielectric interface to sup-
port THz propagation [18].
As long as the periodicity and dimensions of the resonators

are much smaller than the wavelength of operation, it is pos-
sible to replace the corrugated conducting structure with a metal
whose plasma frequency depends on the depth of the grooves.
This is the reason that the term ‘spoof surface plasmons’ used
for the confined surface waves propagating along the corrugated
perfectly-conducting surface [24].
In [20]–[22], the corrugated SSPP structures have been real-

ized by placing rectangular resonator along the propagation path
of rectangular waveguide and the parallel plate waveguide.
In our work, by inserting periodic grooves along the direction

of propagation in a cylindrical waveguide, a corrugated SSPP
waveguide has been constructed. This structure shows strong
confinement of electromagnetic energy inside the grooves near
their resonant frequency. This property makes it applicable in
narrowband THz circuits such as filter or active switches or po-
larizer rotators. Similar structures have been studied in other re-
search groups such as [8] and [23], but this structure compared
to [23] is conjugated. By applying special materials into the cir-
cular SSPP waveguide, for example, anisotropic dielectric, the
polarization state of the THz travelling wave, will be prefer-
ably selected at input and will evolve while propagating. If, in
addition, we can control the refractive indices through external
stimuli, we can accommodate the output polarization of the THz
signal to our needs.
The paper is organized as follows. In Section II, a full-field

analysis of cylindrical SSPP structure has been performed and a
mathematical equation for dispersion diagram has been derived.
In Section III, a comparison between our numerical results and
HFSS result is made and a discussion on the variation of the
band diagrams of the SSPPs as a function of the geometrical
parameters of the structure is done. In Section IV, a polarizer
rotator based on our cylindrical SSPP waveguide is proposed.

II. CALCULATION OF DISPERSION DIAGRAM

The structure under investigation consists of a dielectric
cylindrical part covered by perfectly conducting surface. As
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Fig. 1. (a) Schematic view of the corrugated cylindrical waveguide. (b) Unit
cell of the structure.

mentioned before, the proposed SSPP structure is a peri-
odic device. In order to calculate the dispersion relationship,
electromagnetic fields need to be calculated in one period.
Fig. 1 shows the overall view of SSPP waveguide and the unit
cell of structure. As can be seen, one period of waveguide has
been divided into two regions. Region 1 acts as a cylindrical
waveguide, while Region 2 is a cylindrical resonator.
In our convention, is the period of the grooves, and

represent the width and radius of the grooves, while is the
radius of the smooth part of the waveguide. Moreover the per-
mittivity of Region 1 and grooves can be denoted by . Based on
Maxwell's equations, mathematical expressions of the TM-po-
larized waves propagating in direction along grooves are ex-
plicitly written out for both Regions 1 and 2. To this goal, the
magnetic and electric vector potentials in Region 1 can be as-
sumed as and , where

(1)

In (1), is the modified Bessel function of the first
kind. As is common in solving Maxwell equations in periodic
structures, the EM field can be best represented by a Bloch–Flo-
quet mode expansion. , therefore, denotes the wavevector of
th-order Bloch–Floquet mode along -axis and is expressed

by

(2)

Similarly, the magnetic vector potential in Region 2 is as-
sumed to be a vector along the -axis as expressed by

and , in which

(3)

The term and is included in
the expression in order to guarantee that vanishes at
inside the resonators. The fields are assumed as upward and

downward waves, and are Hankel functions of the
first and second kind, respectively

(4)

Having the electric and magnetic vector potential in both re-
gions EM field components can be calculated as follows:

(5)

where is a function refractive index of dielectric. We can
write D- and H-fields in both regions. For the modes D-
andH-fields are, as follows, as shown in (6) and (7) at the bottom
of the page.

Region 1:

(6)

Region 2:

(7)
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For the modes the D- and H-fields can be written as (8)
and (9) on the page.
Now that the full field expressions are derived, the boundary

conditions for tangential fields at the interface of Regions 1 and
2 need to be satisfied. As the only modes that can prop-
agate in the grooves are the fundamental modes with for

and for . We can now implement the boundary
conditions for D- and H-fields. Writing the boundary condition
for and can be further transcribed as

(10)

(11)
In addition, at the tangential electric field should

vanish. Therefore we have:
and . Then we only need to
write out the boundary condition for the remaining two fields,

and note that for mode .
By solving the boundary condition and eliminating and
the dispersion relation for the SSPP modes can be obtained

as (12) at the bottom of the page. shown in (13) at the bottom
of the page.
By finding the eigenvalues of (12), the dispersion diagram for

hybrid modes can be obtained. For special cases, if there is just
modes inside the waveguide, the (12) reduces to (14) at

the bottom of the page.

Region 1:

(8)
Region 2:

(9)

(12)

(13)

(14)
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For the modes, we have (15) at the bottom of the page,
in which the additional variables are defined as

(16)

Note that the dispersion equations in (12), (14), and (15) are
not only a function of SSPP geometries but also depend on the
refractive index of the dielectric inside the SSPP.
It was mentioned before that , and the only modes

that can propagate inside the grooves are the fundamental modes
with for and for . Based on (8) and (9),
there will be no modes inside grooves; it can exist just at
very high frequency in which the wavelength is comparable to
the width of grooves. Fortunately this case is not of our interest.
Then, we can have in smooth parts of waveguide but inside
the grooves there will be only modes. The dominant mode
in the smooth part of cylindrical waveguide is TE11 and to sat-
isfy the boundary conditions, the TM mode inside the grooves
should be TM10.

III. NUMERICAL RESULTS AND DISCUSSION

Now that we have developed a mathematical model for the
corrugated cylindrical SSPP architectures, the dispersion dia-
gram of such a structure can be obtained by numerically solving
(10). Fig. 2(a), for example, shows the dispersion diagram of the
azimuthal mode with for a structure with the dimensions
of m, m, m, and m.
As can be observed, around a normalized frequency of 0.31 (1
THz) the SSPP waveguide can act as a slow wave structure. A
transmission band gap exists as the structure reaches its reso-
nance state. In Fig. 2(b) and (c), the field distributions are il-
lustrated at two different frequencies. Fig. 2(d) and (e) shows
the magnitude of electric field along the direction inside the
waveguide at corresponding frequencies in Fig. 2(b) and (c),
respectively. It can be seen that most of the energy is concen-
trated in the center region of the SSPP waveguide when it is off
resonance. The EM field confinement within the groove region
is clearly demonstrated when the frequency is close to the band
gap. In Fig. 2(f), the simulation result obtained by elaborate sim-
ulation software packages (HFSS) are shown for the purpose of
comparison. As can be observed in both Fig. 2(a) and (f) fol-
lows the same behavior versus frequency, but there is a slight
difference between our results and the results from HFSS. For
example, for the first mode, the normalized cut off frequency
based on our model is 0.247, but the HFSS simulation indicates
the cut off is 0.245. This discrepancy is due to our assumption
that fields inside the grooves are horizontal especially at the
boundary of the cylindrical waveguide. However, in real situa-
tions these fields try to bend in transition from Region 1 (in our

Fig. 2. (a) Dispersion diagram of cylindrical SSPP structure. (b), (c) distri-
bution in cross section of SSPP waveguide at two different frequencies. (d), (e)
Electric field magnitude along z-direction inside the waveguide, and (f) disper-
sion diagram calculated using HFSS.

convention) to Region 2. This phenomenon is known as edge
effect, as it used to occur at the edge interface of the structure.
Also in Fig. 2(a) the behavior of the dispersion diagram of

first mode is like the dispersion of surface plasmons along the
dielectric metal interface. As a result, we can assume this mode
as a SSPP mode with the normalized resonant frequencies of
0.314. The resonant frequency of SSPP waveguide is deter-
mined by the resonant frequency of grooves. The two param-
eters to tailor the resonant frequency of the grooves are width

(15)
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Fig. 3. Transmission characteristic of cylindrical waveguide for m
m, m, and m.

and height. In our case, the height is much larger than the width.
As a result, the resonance along the width occurs in smaller
wavelengths compared to the resonance along the height. As our
wavelength of interest is comparable to the height, by adjusting
the height of the grooves we can control the resonant frequency.
As it was mentioned prior, the dominant modes in resonator are
TM modes. Thus the resonant frequency can be approximated
by using the conventional formula for TM resonant frequency
of ring resonators.
For the purpose of comparison, the transmission characteris-

tics of the cylindrical SSPPwaveguide is calculated using HFSS
and is included here in Fig. 3. The dimensions of SSPP wave-
guide under investigation are m, m,

m and m. Based on Fig. 3 a band gap
around THz is clearly observed, which is in agreement
with the result we obtained by applying our analytical model in
Fig. 2.
In Fig. 4, the dispersion diagram for different azimuthal

modes is illustrated. Dimensions of the waveguide
in this case remain the same as the structure studied in Fig. 2.
It can be observed that with higher order azimuthal mode, the
dispersion curve becomes closer to the light line. As a result,
the slow-wave propagation of the input signal in such mode
will be observed at slightly higher frequency.
Fig. 4(b) shows intensity at certain frequency below the

light line for and which is obtained using our
analytical modeling. It can be seen that a great portion of the
power is confined in the resonators.
Fig. 5, on the other hand, shows the dispersion diagram for

first azimuthal mode and different groove dimensions. Other
waveguide dimensions in Fig. 5 are kept as m,

m and m. It is seen in Fig. 5 that larger
groove size in general results in lowered dispersion curves. In
addition, narrower passing band is also observed as the groove
becomes larger. An intuitive explanation to this phenomenon
is the more significant mismatch between the two waveguiding
sections in this scenario, which makes it more susceptible to any
frequency shift from the transmission maximum.

IV. POLARIZATION CONTROLLER
In this section, by inserting the anisotropic dielectric material

inside the SSPPwaveguide, a polarization rotator is constructed.
In Section II, it has been discussed that the (14) is a function
of refractive index. This means that by changing the refractive

Fig. 4. Dispersion diagram for different azimuthal modes. distribution in
cross section of SSPPwaveguide for (b) azimuthalmode and normalized
frequency of 0.3537 (c) azimuthal mode and normalized frequency of
0.3218.

Fig. 5. Dispersion diagram for first azimuthal mode with different groove
height.

index inside the waveguide, the propagation constant can be
tuned; if the refractive indices in the and direction are not
equal, each electric component in the and direction will
experience a different propagation constant. As a result, if we
expand the input polarization in terms of the and polarization
state, it is possible to insert phase difference between these two
components along the propagation path. This can lead to the
polarization state change which is valid if the polarization state
of the input wave can be determined. Fig. 6 shows how electric
field direction evolves while propagating.
Fig. 7 shows the electric fields inside the circular waveguide.

As can be seen, in the circular waveguide the electric fields at
dominant mode are not particularly in a specific direction, but it
is possible to assume that they are mostly in a certain direction
(in this case in direction).
Fig. 8 shows the dispersion diagram of the SSPP

waveguide for two different sets of refractive indices:
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Fig. 6. Schematic view of the rotation of electric field inside the waveguide.

Fig. 7. Polarization of electric field inside the circular waveguide.

Fig. 8. The dispersion diagram of the same SSPP for two different
sets of refractive indices: and

.

and .
The dimensions are m, m, m
and m. As can be seen, if the operation frequency is
in the flat part of dispersion diagram, where the behavior of the
dispersion diagram is like the dispersion of surface plasmons
along the dielectric metal interface, the phase different between
the and electric components compare to the conventional
circular waveguide would be greater. Then the required wave-
guide length to evolve the polarization state of the input signal
would be smaller.
Fig. 9(a) shows the polarization of electric field inside the

SSPP waveguide for at 0.550 THz. As
the dominant mode in the SSPP waveguide is for , then,
if for example the input electric fields are in the x direction, the

Fig. 9. The polarization of electric field inside the SSPP waveguide for
at .550 THz.

Fig. 10. The dispersion diagram of SSPP for two different sets of refractive
indices: and (1.501, 1.68, 1.501).

most part of the power will be along the . Then will be
seen inside the waveguide. Therefore to find the dispersion dia-
gram for SSPP waveguide with anisotropic dielectric inside it, it
is possible to use the (14) in this case. To change the horizontal
polarization to vertical state or vice versa, it is needed at first to
decompose the input wave into vertical and horizontal polariza-
tion, respectively. Then, by inserting 180 degree phase change
between them, the polarization state will rotate.
To simulate this process in HFSS it is necessary at first to con-

trol the input polarization. To this goal, the excitation of SSPP
is done by a rectangular waveguide. This will forcefully define
the input polarization. To decompose the input polarization into
two polarization states, it is just enough to rotate the rectangular
waveguide in respect to the or axis.
Fig. 9(b) shows output polarization for the two set of refrac-

tive indices of Fig. 8. The length of linear polarization rotator
is about 5 periods. The length of the SSPP waveguide to rotate
the polarization can be calculated using the following simple
formula:

(16)

In the above, and are propagation constants in two re-
fraction indices. To change the horizontal polarization to cir-
cular or elliptical state, the 180 degrees of phase change be-
tween x and y elements of electric fields should be reduced to
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Fig. 11. Rotation of electric field inside the SSPP waveguide for different times
at 0.510 THz.

90 degrees. Then in (16) the length of the waveguide just need
to be half of previous one. Fig. 10 shows the dispersion dia-
gram of SSPP waveguide. The dimensions are m,

m, m, and m. The length of
circular polarization rotator is about 3 periods.
Fig. 11 shows output polarization for the SSPP waveguide

with dispersion diagram shown in Fig. 10. The electric fields
are shown in for different time slots. As can be seen the output
field's direction is rotating in time. It is worthy to note that if
the calculated length was not the integer multiplicand of the
periodicity, then the simulation result may be a little bit different
from what was expected. In that case, some tuning is required
to get the desired result.

V. CONCLUSION
In this paper, propagation of spoof surface plasmon polariton

along periodically grooved cylindrical waveguide comprising
anisotropic dielectric has been investigated and mathematical
equations for dispersion have been derived. It has been demon-
strated that the propagation of SSPP signals can be controlled
by modulating the refractive index of dielectric material. The
dependence of the band diagrams on the width and depth of the
grooves has been explored. It has been shown that the proposed
structure can be used as a polarization rotator by engineering the
refractive index of inside dielectric. This research on the polar-
ization rotator can be utilized to design THz Boolean logic, such
as AND or XOR gates [25].
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