
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 7, JULY 2010 1993

A 2-D Artificial Dielectric With � � � �

for the Terahertz Region
Rajind Mendis, Member, IEEE, and Daniel M. Mittleman, Senior Member, IEEE

Abstract—We demonstrate a 2-D artificial dielectric medium
suitable for the terahertz region by exploiting the characteristic
frequency dependence in the phase velocity of the lowest order
transverse-electric ����� mode of the parallel-plate waveguide
(PPWG). This artificial medium exhibits a plasma-like behavior
having a frequency-dependent refractive index that varies between
zero and unity. Using this medium, we demonstrate the optical
phenomena of total internal reflection and Brewster’s effect, and
also demonstrate a convergent PPWG-lens.

Index Terms—Artificial dielectrics, dispersive media, parallel-
plate waveguides (PPWGs), terahertz.

I. INTRODUCTION

T HE parallel-plate waveguide (PPWG) has been exten-
sively investigated for fundamental and applied research

in the terahertz region of the electromagnetic spectrum, ex-
ploiting the many advantages of its dominant transverse-elec-
tromagnetic (TEM) mode [1]–[17]. However, until recently
[18], [19], the lowest order transverse-electric mode
of the PPWG was virtually unexplored in the terahertz region
mainly due to the “undesirable” dispersive effect caused by its
inherent cutoff. In this study, we demonstrate that this dispersive
effect can be gainfully exploited to convert a PPWG structure
into an artificial dielectric medium with unique properties. We
demonstrate several manifestations of the properties of this
medium, all relying on the fact that its effective refractive index
is less than one.

The dispersion of the mode in a PPWG is evident from
the dramatic frequency dependence in the phase velocity
near the mode’s cutoff. For an air-filled PPWG, increases
from to infinity as the operating frequency approaches cutoff.
Using the well-known expression for [20], we can derive an
effective refractive index as

(1)

where is the cutoff frequency, and is the plate sep-
aration. This implies that varies from a value close to unity at
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high frequencies, to zero as the frequency reaches cutoff. There-
fore, a wave propagating in the mode inside the PPWG ex-
periences a medium with : a 2-D artificial dielectric
medium.

We should emphasize that although this is a novel concept
in the terahertz region, this plasma-like behavior of the PPWG
has been recognized more than half a century ago in the mi-
crowave region [21]–[25]. However, since the wavelengths in
the microwave region are typically a few centimeters, compared
to the sub-millimeter wavelengths in the terahertz region, the
PPWG structures employed in the microwave region were rela-
tively large and bulky.

This artificial-dielectric effect provides an ideal platform to
demonstrate the merging of the microwave and optical regions
via the terahertz region, where microwave waveguide concepts
can be used to demonstrate fundamental optical phenomena
such as total internal reflection (TIR) and Brewster’s effect. We
experimentally demonstrate these optical effects using various
PPWG configurations operating in the mode, and also
demonstrate a convergent PPWG-lens with a strong focusing
power suitable for terahertz radiation.

II. INITIAL EXPERIMENT

To confirm the frequency-dependent behavior of the refrac-
tive index, our initial experiment incorporated a 45 PPWG-
prism fabricated using two polished triangular aluminum plates
[see Fig. 1(a)]. As shown, a beam of broadband terahertz pulses
[inset of Fig. 1(d)] was focused to a 10-mm ( amplitude) di-
ameter and directly coupled into the prism at normal incidence
with the electric field polarized parallel to the plate surfaces. The
beam propagates via the single mode through the prism,
and encounters the exit face at an angle of 45 . At this face,
the wave experiences a sudden change in index, and in keeping
with Snell’s law, changes its direction. In fact, the output beam
bends towards the normal since it is traveling from a medium
of low index to free space. This dispersive effect is
opposite to that observed in a conventional dielectric, where
the wave travels from a high-index medium to free
space, bending away from the normal. The refraction is highly
frequency dependent, as the low-frequency components (closer
to ) refract more than the high-frequency components.

We detect the output signal by positioning a fiber-coupled
terahertz receiver along an arc, equidistant from the axial exit
point. The detected terahertz signals at various angular positions

are shown in Fig. 1(b) with their corresponding spectra in
Fig. 1(c) for mm (corresponding to THz). The
time-domain waveforms exhibit a negative chirp, with high-fre-
quency components arriving earlier in time, characteristic of
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Fig. 1. (a) Schematic of the PPWG-prism. The width of the input face is
38.1 mm. (b) Terahertz signals detected at various Rx (angular) positions.
(c) Corresponding amplitude spectra. (d) Comparison of the experimental and
theoretical effective refractive index. The inset gives the input signal to the
prism, which has frequency components varying from close to dc to about
1 THz.

-mode propagation [18], [19]. As the angle increases,
we observe a decay in the high-frequency components and an

enhancement in the low-frequency components. This dramatic
down shifting is also evident in the amplitude spectra, where
the spectral content evolves towards the low frequencies as
increases from 0 , reaching frequencies near at 45 . The fi-
nite size of the receiver’s collecting aperture results in relatively
broader spectra at low angles due to the more slowly varying
index at higher frequencies.

Fig. 1(d) shows the experimentally derived refractive index
(red dots in online version) compared to the theoretical curve
based on (1) for mm and mm. In the experiment, the
index values were derived using Snell’s law for the respective
values. The associated frequency values were derived using the
center point of the ninetieth percentile level of each amplitude
spectrum. This shows very good agreement between experiment
and theory, where the slight shift of the experimental values to-
wards the high-frequency end is due to the loss in signal con-
tent near the cutoff. This demonstration proves that the PPWG
mimics a dielectric medium with . Due to the dual-
plate PPWG structure employed in this experiment (and the ex-
periments that follow), the geometry of the artificial dielectric
medium is limited to two dimensions (2-D). To extend this ge-
ometry to the third dimension (3-D), we can construct this struc-
ture using a stacked set of thin parallel metal plates [21]. How-
ever, it is impossible to achieve true 3-D behavior since there
cannot be any propagation normal to the plates.

III. TOTAL-INTERNAL-REFLECTION EXPERIMENT

Since a wave entering the PPWG and propagating via the
mode travels from a high-index medium (free space, ) to
a low-index medium , one might expect to be able to
observe TIR [26], or more specifically, total reflection, using this
artificial dielectric medium. Based on Snell’s law, the critical
angle for TIR at the input face is given by

(2)

Substituting into (1), and simplifying, we get

(3)

where . Equation (3) suggests that a wave (with
frequency ) entering the PPWG at the incidence angle of

undergoes total reflection, and does not propagate into the
PPWG. We note that when (normal incidence),

; results in the self-consistent cutoff condition of the
mode. Therefore, the physical interpretation of this result is that
as increases from normal incidence, the apparent cutoff shifts
from to higher frequencies. In other words, as increases,
more and more frequencies reach the critical angle and are pro-
hibited from entering the waveguide.

In order to test this experimentally, we used the PPWG con-
figuration shown in Fig. 2(a). The PPWG was fabricated using
two polished rectangular aluminum plates designed to provide
a propagation length (for normal incidence) of 3.2 mm. This
relatively short length was chosen to minimize the offset of the
output beam compared to the input (the offset shown in Fig. 2(a)
is exaggerated). The plate separation was chosen to be 1 mm.
Similar to the first experiment, a beam of broadband terahertz
pulses was focused to a 10-mm ( amplitude) diameter and
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Fig. 2. (a) Schematic for the total-internal-reflection demonstration. The width
of the input face is 31.8 mm. (b) Terahertz signals detected while rotating the
PPWG with respect to the incident beam. (c) Corresponding amplitude spectra.
(d) Comparison of the experimental and theoretical cutoff.

coupled into the waveguide with the electric field polarized par-
allel to the plate surfaces to excite the mode. As shown in
this figure, the PPWG was then rotated with respect to the input

beam, and the propagated signal was detected at the output of the
waveguide. Throughout the experiment, the receiver was fixed
in place since the offset of the output beam was small.

The detected signals are shown in Fig. 2(b) with their corre-
sponding amplitude spectra in Fig. 2(c). Unlike in the previous
experiment, here we observe basically no change in the high-fre-
quency components of the signal, but with a very dramatic up
shifting of the cutoff as increases. Fig. 2(d) compares the the-
oretical (apparent) cutoff (for mm) with the experimental
values, which were derived using the twentieth percentile of
the leading edge of each spectrum. The deviation of the exper-
imental values (toward low frequencies) with increasing inci-
dence angle is probably due to the leakage of low-frequency
components since the input face of the waveguide experiences
a diverging beam as the waveguide rotates. This low-frequency
leakage increases with the incidence angle since the effective
beam divergence experienced by the waveguide also increases.
Nonetheless, this demonstration is clear evidence for total re-
flection in this artificial dielectric medium.

IV. BREWSTER’S EFFECT EXPERIMENT

Next, we look at the possibility of demonstrating the Brew-
ster’s effect, a well-known optical phenomenon that results in
total transmission (or no reflection) for -polarized light trav-
eling from one medium to another [26]. The angle at which this
occurs, the Brewster’s angle, is given by

(4)

where and are the refractive indices of the input and output
media. Since the electric-field polarization of the mode is
similar to -polarized light, we could expect to see the Brew-
ster’s effect for a -mode wave traveling from inside the
PPWG to outside (free space, ). In this case, to achieve
for example a , we would need , which
should be possible based on the results shown in Fig. 1(d). In
fact, for a plate separation of 1 mm, this should occur at a fre-
quency of approximately 0.18 THz.

In order to test this experimentally, we used the configuration
shown in Fig. 3(a). The PPWG-prism was fabricated using two
polished aluminum plates shaped into identical equilateral trian-
gles. As shown, the 1 cm-size terahertz beam enters the prism at
the first air/PPWG interface at normal incidence, and reflects off
of the second air/PPWG interface at an angle of 60 (while part
of the energy escapes to free space), and then leaves the prism at
the third interface at normal incidence. The detected signal at the
output near the third interface is shown in Fig. 3(b), exhibiting
a somewhat complicated structure. The corresponding ampli-
tude spectrum is shown in Fig. 3(c) by the dots. Interestingly,
the spectrum indicates a very clear null around 0.18 THz, signi-
fying a zero reflection coefficient (at the second air/PPWG in-
terface) due to the Brewster’s condition. Fig. 3(c) also includes
the magnitude of the theoretical reflection coefficient (red curve
in online version) computed for the second interface using the
measured value of mm and 60 incidence. The theo-
retical null is in excellent agreement with the experimental one
at a frequency of 0.185 THz. The inset shows the phase spec-
trum of the time signal in the vicinity of the null, indicating a
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Fig. 3. (a) Schematic for the Brewster’s effect demonstration. The width of the
input face is 11.4 mm. (b) Terahertz signal reflected off of the second air/PPWG
interface. (c) Corresponding amplitude spectrum compared to the theoretical
refection coefficient (red curve in online version) indicating the null due to the
Brewster’s effect. The inset shows the corresponding phase spectrum near the
null, indicating a phase jump.

clear phase jump. This corresponds to a 180 phase shift when
the sign of the reflection coefficient changes from negative to
positive.

V. PPWG-LENS EXPERIMENT

As a final demonstration, we construct a convergent PPWG-
lens based on this artificial dielectric [see Fig. 4(a) and (b)].
Since the artificial dielectric medium has a refractive index less
than that of free space, to achieve a positive lensing effect, one
needs to use a concave geometry, rather than the usual convex
geometry employed with conventional dielectrics. Therefore,

Fig. 4. (a) Schematic of the PPWG-lens. The width of the input face is 40 mm.
Dimensions in millimeters. (b) Photograph of the fabricated device indicating
the 1-mm gap between the two plates. (c) Gaussian beam calculation of the evo-
lution of the output-beam radius for 0.16 THz (red in online version), 0.20 THz
(blue in online version), and 0.40 THz (green in online version). The dashed
line (35 mm away from the flat input surface) indicates the path of the slit. The
vertical arrows indicate the foci. (d) Derived experimental electric field profiles
at the 35-mm transverse plane. The solid black curve is the theoretical Gaussian
profile for 0.16 THz.

the lens was designed with a plano-concave geometry, having a
radius of curvature of 20 mm, and fabricated using two polished

Authorized licensed use limited to: Rice University. Downloaded on July 22,2010 at 19:51:43 UTC from IEEE Xplore.  Restrictions apply. 



MENDIS AND MITTLEMAN: 2-D ARTIFICIAL DIELECTRIC WITH FOR TERAHERTZ REGION 1997

aluminum plates with a 1-mm separation. The input terahertz
beam was 20-mm ( amplitude) diameter, and was reshaped
to a line-focus at the input coupling face (to improve the cou-
pling efficiency) using a Teflon plano-cylindrical lens.

As the terahertz beam propagates through the lens, it under-
goes focusing only along one dimension, i.e., in the direction
parallel to the (inside) plate surfaces, while the output beam
diffracts in the perpendicular direction. Fig. 4(c) gives the calcu-
lated longitudinal Gaussian beam profile (evolution of the beam
radius) after the beam propagates through the lens, for the fre-
quencies of 0.16, 0.20, and 0.40 THz. Evidently, the focal length
is highly frequency dependent, varying from about 35 mm at
0.16 THz (near cutoff) to about 200 mm at 0.40 THz. Further-
more, the focusing power is extremely strong at the low-fre-
quency end, while it weakens towards the high-frequency end.

In order to map the transverse profile of the output beam,
we scanned a 1-mm slit aperture 35 mm away from the flat
face of the lens [dashed line in Fig. 4(c)] with the slit oriented
perpendicular to the inside plate surfaces. The 35-mm trans-
verse plane was chosen because this corresponded to approx-
imately the tightest focus. Using a confocal lens arrangement
at the output, the slit-plane was then imaged onto the terahertz
receiver. After obtaining time-domain data for each slit posi-
tion, these were Fourier transformed, and the amplitude com-
ponents corresponding to the above three frequencies were ex-
tracted to map the frequency-dependent field profiles. These
profiles are shown in Fig. 4(d), where the corresponding the-
oretical Gaussian profile at 0.16 THz (solid black curve) is also
included for comparison. At 0.16 THz, the experimental
full-width is 4.2 mm, whereas the theoretical Gaussian beam
width is 3.9 mm. At 0.20 THz, the experimental full-width is
10.6 mm, whereas the theoretical width is 9.7 mm. At 0.40 THz,
the experimental full-width is 16.1 mm, whereas the theoretical
width is 17.7 mm. There is excellent agreement between experi-
ment and theory at 0.16 THz. The discrepancy at higher frequen-
cies is probably due to the fact that the input terahertz beam is
not a perfect Gaussian, as assumed in the calculation. Nonethe-
less, this demonstrates that one can achieve a very strong fo-
cusing power at the low-frequency limit (near the cutoff) using
this PPWG-lens. It is also interesting to note that after propa-
gating through the lens, the low-frequency components concen-
trate near the optical axis, which is in contrast to a conventional
lens, where it is the high frequencies that focus more tightly.

VI. CONCLUSION

In conclusion, we have demonstrated a 2-D artificial di-
electric medium for the terahertz region by exploiting the
characteristic frequency dependence in the phase velocity of
the mode of the PPWG. This artificial medium exhibits a
plasma-like behavior having a frequency-dependent refractive
index that varies between zero and unity. We use this dielectric
medium to demonstrate the fundamental optical phenomena of
total (internal) reflection and Brewster’s effect. We also demon-
strate a PPWG-lens with a strong focusing power suitable for
the terahertz region. The PPWG-lens exhibits a focus and a
focal length, which are both frequency dependent, an effect
which can be exploited for multispectral imaging applications

[27]. We can envision additional applications of this dielec-
tric medium in frequency agile beam scanners, spatial filters,
multiplexers, and invisibility cloaks. These results highlight
the importance of this 2-D dielectric medium for fundamental
research and technological applications.
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