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Theory and experimental observation of hyperbolic media based on structural dispersions
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Hyperbolic media usually possess large dissipation induced by the inherent imaginary part in the material
dispersion of their metallic components. Here, we theoretically and experimentally demonstrate a route toward
hyperbolic media with low dissipation: using structural dispersions. In a planar microwave waveguide filled
with anisotropic dielectrics, we insert an array of metal wires and transform the original hybrid modes into pure
transverse-electric modes. Interestingly, by engineering the structural dispersions such that waves are evanescent
in one direction and propagating in the orthogonal direction, hyperbolic media with negligible loss can be
achieved. Conical radiation pattern and negative refraction, which are characteristic phenomena of the hyperbolic
media, have been numerically or experimentally demonstrated in microwaves. Our work opens an approach to
utilize structural dispersions instead of material dispersions in realizing hyperbolic media with negligible loss.
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I. INTRODUCTION

Hyperbolic media [1–25] are a class of anisotropic materi-
als, described by diagonal permittivity ε (or permeability μ)
tensors with principal components having opposite signs. As
a result, the equal frequency contour (EFC) in wave-vector
space describes open hyperboloids. This leads to a salient
feature of the hyperbolic media, that is, wave vectors span
an unlimited range, that portends potential applications in the
fields of high-resolution imaging [5–7], negative refraction
[8,9], photonic density of states manipulation [10,11], thermal
emission engineering [12], spontaneous emission enhance-
ment [13,14], etc.

Traditionally, in optical and infrared regimes, the most
common realization of hyperbolic media is metal (with
negative-ε response)-dielectric composites [2,3], which gen-
erally suffer from large dissipative losses, thus limiting the
performance of hyperbolic media. At terahertz and microwave
frequencies, metals behave like perfect electric conductors
(PECs), which do not support the negative-ε response. There-
fore, artificial metallic structures have been proposed to attain
effective negative-ε/μ response to construct the hyperbolic
media at low frequencies [22–25], which however may exhibit
undesired spatial dispersions and mode coupling effects [26].
Actually, almost all the above methods are based on material
dispersions of metals at optical frequencies and spoof plas-
monic structures at terahertz and microwave frequencies.

In this work, we theoretically and experimentally demon-
strate a different route toward the hyperbolic media based on
structural dispersions, which possesses the advantage of low

*These authors contributed equally to this work.
†luojie@suda.edu.cn
‡laiyun@nju.edu.cn

dissipative loss. The structural dispersion, also known as the
geometrical dispersion, is due to the role of geometry of the
structures on wave propagation, such as the modal dispersion
in bounded guided-wave structures [27]. Recent investigation
of structural dispersions shows that effective electric response
can be realized and engineered for transverse-electric (TE)
modes in waveguides filled with isotropic dielectrics, based
on which, low-loss effective ε-near-zero media and surface
plasmon polaritons have been demonstrated [27–41]. How-
ever, most of the above investigation is focused on isotropic
models supporting TEn modes, and the principle is inapplica-
ble in anisotropic models, because anisotropic dielectric-filled
waveguides generally do not support TEn modes [41–43].
Interestingly, here we find a route to transform hybrid waveg-
uide modes to pure TEn modes in an anisotropic waveguide
by using metal wires. For verification, we construct a PEC
parallel-plate waveguide (PPW), which is filled with alter-
nately stacked two different dielectrics (serving as an effective
anisotropic dielectric) and an array of metal wires (con-
necting the parallel PEC plates). It is found that within a
certain frequency range, TEn modes exhibiting different struc-
tural dispersions in different directions can be obtained. By
engineering the structural dispersions, low-loss effective hy-
perbolic media are demonstrated with wave phenomena of
negative refraction and conelike emission.

II. MODE TRANSFORMATION IN ANISOTROPIC
WAVEGUIDES

Let us start with a PEC PPW filled with alternately stacked
dielectric A (relative permittivity εA, width wA) and dielectric
B (relative permittivity εB, width wB) with a lattice con-
stant of a = wA + wB along the x direction, as illustrated in
Fig. 1. Here, we assume that a is much smaller than the
wavelength in dielectrics A and B; thus, we can homogenize
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FIG. 1. Illustration of a dielectric stack-filled PPW model. The
dielectric stack is composed of periodic dielectrics A and B layers
along the x direction. An array of vertical metal wires is used to
connect upper and lower PEC plates. The inset shows different per-
spectives of the PPW unit cell.

such a dielectric stack as an effective uniform anisotropic
dielectric with εx = εAεBa/(εBwA + εAwB) and εy = εz =
(εAwA + εBwB)/a [44,45]. At interfaces between dielectrics
A and B, periodic thin metal wires are inserted, which connect
the upper and low PEC plates, as illustrated in Fig. 1. Such an
array of metal wires is used to transform waveguide modes, as
we shall discuss as follows.

First, we analyze waveguide modes of the PPW in the
absence of metal wires by calculating band structures based on
the software COMSOL MULTIPHYSICS. Figure 2(a) presents the
normalized eigenfrequency f a/c of the dielectrics tack-filled
PPW (red dots) along the kx and ky directions, where c is speed
of light in free space. The left inset shows the studied PPW
unit cell, whose width is a in both the x and y directions. The
height of the PPW is h = 5a in the z direction. The relevant
parameters of the dielectrics are chosen as εA = 4, εB = 1 and
wA = wB = 0.5a, thus the corresponding effective anisotropic
dielectric is characterized by εx = 1.6 and εy = εz = 2.5.
In Fig. 2(a), band structures of the anisotropic dielectric-
filled PPW are plotted as black lines, showing very good
coincidence.

The lowest linear band in Fig. 2(a) corresponds to fun-
damental transverse electromagnetic (TEM) mode, whose
electric field is polarized in the z direction. The propaga-
tion constant of such a TEM mode is independent of the
PPW height h, indicating the absence of structural disper-
sions. Interestingly, structural dispersions occur in the modes
of the second and third bands. For illustration, in Fig. 2(b),
we present distributions of electric fields (arrows) and the
z-component Ez (color) for the mode of ky = 0.15 π/a and
f a/c = 0.0790 in the second band (the left inset, on the y−z
plane) and the mode of kx = 0.15 π/a and f a/c = 0.0921 in
the third band (the right inset, on the x−z plane). We find that
electric fields are mainly polarized on the x−y plane, and the
components Ex and Ey must vanish on the PPW PEC plates
due to the continuity boundary condition. As a consequence,
propagation constants of these modes rely on the height h,
leading to structural dispersions.

However, within the frequency range of these modes, the
PPW model cannot be homogenized as a structural dispersion-
induced effective medium because of the following two
reasons. First, there is more than one mode that can be excited,

FIG. 2. (a), (c) Band structures of the dielectric stack-filled PPW
(red dots) and the uniform anisotropic dielectric-filled PPW (black
lines) (a) in the absence of metal wires, (c) in the existence of
metal wires. The corresponding unit cells are illustrated by the
insets. (b), (d) Snapshots of electric fields (arrows) and Ez of the
waveguide modes. The left and right insets in (b) show the mode of
ky = 0.15 π/a and f a/c = 0.0790 in the second band and the mode
of kx = 0.15 π/a and f a/c = 0.0921 in the third band, respectively.
The left and right insets in (d) show the mode of kx = 0.15 π/a and
f a/c = 0.0788 in the first band and the mode of ky = 0.15 π/a and
f a/c = 0.0979 in the second band, respectively. These modes are
marked by green stars in (a) and (c).

because the fundamental TEM mode always exists. Thus, the
single-mode condition [46–49], i.e., there is only one domi-
nant mode in the PPW, is not satisfied. In this case, the PPW
model cannot be homogenized as an effective medium with
single-valued effective parameters, because different modes
possess different structural dispersions. Second, during the
homogenization, the TEn mode (with electric fields polarized
in the x−y plane) is required to be the dominant mode. Un-
der this circumstance, there are only Ex, Ey, and Hz on the
middle plane of the PPW, thus making it possible to regard
this PPW model as a two-dimensional (2D) effective medium
for transverse magnetic (TM) polarization (magnetic fields
along the z direction) [26–37]. However, nonzero Ez is evi-
dently seen in Fig. 2(b), indicating the hybrid modes instead
of TEn modes. Actually, such an anisotropic dielectric-filled
PPW generally does not support TEn modes [41–43]. As a
consequence, the PPW model cannot be homogenized as an
effective anisotropic medium.

Therefore, we need to transform these hybrid modes to TEn

modes, and simultaneously fulfill the single-mode condition.
Inspired by previous works [26–38], we find that waveguide
modes can be easily stirred by using metal wires to connect
the upper and lower PEC plates. Such metal wires can short-
circuit the Ez at relatively low frequencies. For demonstration,
in Fig. 2(c) we recalculate the band structures by inserting
a metal wire with radius of 0.1a in the center of each unit
cell (see the insets). The red dots and black lines correspond
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to the dielectric stack-filled PPW and the uniform anisotropic
dielectric-filled PPW, respectively. Compared with the results
in Fig. 2(a), the lowest linear band of the fundamental TEM
mode disappears, and the bands of hybrid modes are changed
dramatically. The dispersions along the kx and ky directions
become strongly anisotropic.

Such strong anisotropic dispersion originates from waveg-
uide mode transformation by metal wires. In the absence
of metal wires, the waveguide modes possess the Ez com-
ponent, leading to relatively weaker anisotropy, while when
metal wires are placed inside the PPW, the upper and lower
PEC plates connected by the metal wires would form a
quasiequipotential system at low frequencies, therefore elimi-
nating the Ez component. Pure TEn modes with electric fields
polarized on the x−y plane can be obtained at relatively lower
frequencies. The TEn mode traveling along the x direction is
dominated by εy, while the TEn mode traveling along the y
direction is dominated by εx. Since εx �= εy, strong anisotropy
of TEn modes can be obtained near the cutoff frequencies, as
seen in Fig. 2(c). It is worth noting that the metal wires are
very thin, thus the TEn modes will be almost unaffected by
the metal wires because the electric fields are perpendicular to
them [50].

For visualization of the transformed modes, we present
the distributions of electric fields (arrows) and Ez (color) in
Fig. 2(d). The left and right insets are related to the mode
of kx = 0.15 π/a and f a/c = 0.0788 in the first band and
the mode of ky = 0.15 π/a and f a/c = 0.0979 in the second
band, respectively. It is seen that electric fields are polarized
on the x−y plane and the Ez is eliminated, indicating that the
desired TEn modes are obtained in the PPW. Actually, both the
first and second bands correspond to the TE1 mode with Ex

and Ey experiencing around π phase difference between the
upper and lower PEC plates. Due to the in-plane anisotropy,
the original TE1 mode in isotropic PPW splits into the two
modes. We note that the flat band in the ky (kx) direction of
the first (second) band corresponds to longitudinal modes that
cannot be directly excited [51–53]. Consequently, for frequen-
cies above the cutoff frequency of the TE1 mode (i.e., the
bottom of the first band) and below the cutoff frequency of the
TE2 mode (i.e., the bottom of the third band, not shown here),
the single-mode condition is satisfied. In this case, such a
PPW model can be regarded as a uniform effective anisotropic
medium, whose structural dispersion-induced effective per-
mittivity can be approximately calculated as [27]

εx,eff = εAεBa/(εBwA + εAwB) − c2/4 f 2h2 and

εy,eff = (εAwA + εBwB)/a − c2/4 f 2h2. (1)

According to Eq. (1), we can evaluate the cutoff frequency
of the first band fc1 (or the second band fc2) by impos-
ing εy,eff = 0 (or εx,eff = 0), leading to fc1a/c ≈ 0.0632 (or
fc2a/c ≈ 0.0791). The results coincide well with those ob-
tained from the band structures in Fig. 2(c) (i.e., fc1a/c ≈
0.0631 and fc2a/c ≈ 0.0783), thus confirming the validity of
the homogenization of the PPW model and the validity of the
effective parameters in Eq. (1).

It should be noted that we need to first homogenize the pe-
riodic dielectric stack, then calculate the effective parameters
and cutoff frequencies based on structural dispersions. If this

FIG. 3. Band structures of the dielectric stack-filled PPW model
when (a) the lattice constant of the unit cell is changed as a (black),
2a (red), and 3a (green), (b) the radius of metal wires is chosen as
0.1a (black), 0.02a (red), and 0.01a (green), (c) the metal wire is
located at center of the unit cell (black), the dielectric A (red), and the
dielectric B (green), and (d) the orientation of metal wires is changed.
The corresponding unit cells are illustrated in the insets.

process is reversed, we will get wrong results. For example,
if we first calculate the structural dispersion-induced effec-
tive parameters as εA(B),eff = εA(B) − c2/4 f 2h2, then substitute
them into εx,eff = εA,effεB,eff a/(εB,effwA + εA,effwB), we will
have two cutoff frequencies regarding to εx,eff = 0, that is,
fc2a/c = 1/10

√
εA = 0.05 and 1/10

√
εB = 0.1. Evidently,

the results do not agree with the simulation results in Fig. 2(c).
Therefore, the formula of effective parameters in Eq. (1) is
unique.

It is also worth noting that the functionality of metal wires
here is different from that in previous works of isotropic mod-
els [26–37]. In an isotropic dielectric-filled PPW, TEn modes
are naturally supported even without metal wires. Metal wires
are required only at interfaces between different filling mate-
rials to short-circuit the Ez, so as to prevent the coupling from
the dominant TEn modes to other undesired modes. However,
in the anisotropic dielectric-filled PPW, generally there are no
TEn modes in the absence of metal wires [41–43]. Therefore,
the metal wires are essential for the realization of TEn modes
in anisotropic models.

Actually, in order to guarantee good performances, a cer-
tain density of metal wires is required. If the density is too
low, hybrid modes and the quasi-TEM mode will reappear.
To show the effects of the density, band structures of the di-
electric stack-filled PPWs with larger unit cells are calculated
in Fig. 3(a). Since there is only one metal wire in the center
of each unit cell, enlarging the unit cell implies the decrease
of the metal wire density. The black, red, and green lines
in Fig. 3(a) denote band structures for the cases with lattice
constants of a, 2a, and 3a, respectively. Here, a is the lattice
constant of the unit cell in Fig. 2. The radius of metal wires
in all the three cases is 0.1a, the same as that in Fig. 2. It
is seen from Fig. 3(a) that with the decrease of the metal wire
density, hybrid modes and the quasi-TEM mode will gradually
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reemerge, which tend to be the same as those in Fig. 2(a) when
the density is further decreased.

Moreover, we also study the influences of the radius, po-
sition, and orientation of the metal wires. In Fig. 3(b), band
structures of the dielectric stack-filled PPW are recalculated
by choosing the radius of metal wires as 0.1a (black lines),
0.02a (red lines), and 0.01a (green lines), showing almost
unchanged band structures. Figure 3(c) displays the band
structures when metal wires are placed in the center of the
unit cell (i.e., at the interface between dielectrics A and B,
black lines), the dielectric B (red lines) and the dielectric A
(green lines), also showing very weak influence. In addition,
in Fig. 3(d), the orientation of metal wires is changed (see
the insets), still showing almost unchanged band structures.
Apparently, the above results reveal that the waveguide modes
are mainly affected by the density of metal wires, and have
very weak dependence on the radius, position, and orientation
of metal wires.

Besides the comprehensive picture based on the above
band diagram, we can also understand the proposed hyper-
bolic media in an alternative way. It is known that a PPW filled
with an isotropic dielectric supports TEn modes, whose cutoff
frequency relies on the permittivity of the filling dielectric.
Here, through adjusting the permittivity, we have constructed
two kinds of isotropic dielectric-loaded PPWs with different
cutoff frequencies of TEn modes. One is below and the other is
above the working frequency, indicating the PPW working as
a medium with positive and negative permittivity, respectively.
Then, through periodically stacking the two kinds of effective
media in the deep-subwavelength scale as the conventional
metal-dielectric multilayered hyperbolic media, we will get a
model of PPW filled with a dielectric multilayer stack consist-
ing of two different dielectrics (as the model shown in Fig. 1).
However, the multilayer stack would change the waveguide
modes, leading to hybrid modes with Ez component. There-
fore, metal wires are needed to eliminate the Ez component
and transform the hybrid modes to TEn modes. Finally, we
will obtain effective hyperbolic metamaterial in the waveguide
model, similar to the conventional metal-dielectric multilay-
ered hyperbolic media.

III. WAVE PHENOMENA BASED ON EFFECTIVE
HYPERBOLIC MEDIA

Following the discussion in the previous section, we aim
at realizing 2D effective hyperbolic media based on the
structural dispersions. Due to the in-plane anisotropy of the di-
electric stack-filled PPW model, TEn modes exhibit different
structural dispersions in different directions, thus leading to
anisotropic propagation behaviors of electromagnetic waves
in the waveguide. Moreover, for the TE1 mode, only Ex, Ey,
and Hz exist on the middle plane of the PPW. In this situation,
we can homogenize the PPW model as a 2D effective medium
for TM polarization (magnetic fields along the z direction),
whose effective parameters are characterized by Eq. (1). In-
terestingly, the dispersions in Fig. 2(c) indicate that for the
working frequency between cutoff frequencies of the first two
bands (i.e., fc1 < f < fc2), the TE1 mode propagating along
the y (or x) direction will be evanescent (or propagating). In
this way, we can obtain the effective hyperbolic media.

FIG. 4. (a) Effective parameters of the dielectric stack-filled
PPW model, whose unit cell is illustrated by the inset. (b) EFCs
of the PPW model. The black, red, and blue lines correspond to
the frequencies f a/c = 0.0634, 0.0714, and 0.0768, respectively. (c)
Distributions of magnetic-field amplitudes |Hz| on the middle plane
of the PPW under the illumination of a Gaussian beam of the TE1

mode. (d) Distributions of |Hz| in the effective 2D model under the
illumination of a TM-polarized Gaussian beam. The incident angle
in (c) and (d) is 12°. (e) Distributions of magnetic fields Hz on the
middle plane of the PPW when a magnetic-current line source is
placed in the center along the z direction. (f) Distributions of Hz

in the effective 2D model when a magnetic-monopole point source
is placed in the center. The working frequency in (c)–(f) is f a/c =
0.0714.

In Fig. 4(a), effective parameters of the dielectric stack-
filled PPW model are plotted according to Eq. (1). The unit
cell is illustrated by the inset, which is the same as that
in Fig. 2(c). It is seen from Fig. 4(a) that in the frequency
range of fc1 < f < fc2 (the shaded area), we have εx,eff < 0
and εy,eff > 0, indicating broadband hyperbolic media. Fig-
ure 4(b) shows the EFCs of the PPW model at frequencies
f a/c = 0.0634 (black lines), 0.0714 (red lines), and 0.0768
(blue lines), confirming the hyperbolic dispersions.

Here, we take two examples to show wave phenomena of
the structural dispersion-induced hyperbolic media. The first
example in Fig. 4(c) shows negative refraction in the PPW
model. A Gaussian beam of the TE1 mode is incident from the
PPW filled with an isotropic dielectric (relative permittivity
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FIG. 5. (a) Photograph of the fabricated dielectric-stack sample, consisting of periodic PMMA and air with width wP = wA = 2 mm and
height h = 14.5 mm. Periodic tin-plated copper wires (radius 0.15 mm) are vertically inserted in the PMMA with a separation distance of 4 mm.
(b) Effective parameters of the PMMA-air stack-filled PPW model, whose unit cell is illustrated by the inset. (c) Schematic of the experimental
setup. The fabricated PMMA-air stack is placed between two parallel aluminum plates. The inset illustrates the positive refraction and negative
refraction. (d) Simulated Ey distribution on the middle plane of the PPW model illuminated with a Gaussian beam of the TE1 mode under an
incident angle of 8.5◦. (e) Measured distributions of Ey (left) and |Ey| (right) in the scan area at 8.255 GHz. (f) Normalized |Ey| distribution on
the exiting surface of PMMA-air stack at frequencies 8.255 GHz (black lines), 8.267 GHz (blue lines), and 8.278 GHz (green lines).

εr = 2.5) under an incident angle of 12° at f a/c = 0.0714.
From the distributions of magnetic-field amplitudes |Hz| on
the middle plane of the PPW in Fig. 4(c), clear negative
refraction is observed. For comparison, we also simulate
the 2D effective medium model in Fig. 4(d) by illuminat-
ing the central effective hyperbolic medium (εx,eff = −0.36
and εy,eff = 0.54) with a TM-polarized Gaussian beam, also
showing evident negative refraction behavior. In the sec-
ond example, we place a magnetic-current line source in
the center of the dielectric stack-filled PPW, as presented in
Fig. 4(e). The Hz distribution on the middle plane of the
PPW shows a highly anisotropic conelike emission pattern
at f a/c = 0.0714. Waves are propagating within this cone
and are evanescent outside this cone. Such a conelike emis-
sion pattern is also observed in the 2D effective hyperbolic
medium (εx,eff = −0.36 + 0.016i and εy,eff = 0.54 + 0.025i)
under the illumination of a magnetic-monopole point source
in the center, as shown in Fig. 4(f). Here, a small amount
of material loss is introduced to avoid infinitely large wave
vectors and infinite density modes [21].

Next, we use the first example, i.e., the negative refraction,
to demonstrate the effectiveness of our approach in microwave
experiments. We fabricated a dielectric stack consisting of
periodic polymethyl methacrylate (PMMA, εP = 2.7, wP =
2 mm) and air (εA = 1, wA = 2 mm), as shown by the pho-
tograph in Fig. 5(a). The size of the sample is 160 mm ×
400 mm × 14.5 mm (height). Periodic tin-plated copper wires
(radius 0.15 mm) are vertically inserted in the PMMA with
a lattice constant of 4 mm. Figure 5(b) presents the effective
parameters of the PMMA air stack-filled PPW model based on

Eq. (1), showing a hyperbolic region from 7.61 to 8.56 GHz.
Figure 5(c) shows the schematic of the experimental setup.
The fabricated PMMA-air stack is placed between two paral-
lel aluminum plates of a PPW. On the left surface, a PMMA
channel with a tilt angle of 8.5° is used to guide the incident
beam, because the working frequency is below the cutoff
frequency of the TE1 mode in empty PPW. A horizontally ori-
ented antenna connected to PNA Network Analyzer N5224B
is placed nearby the end surface of the PMMA channel to
excite the TE1 mode (see details in Ref. [54]). Here, the center
of the exiting surface of the PMMA channel is aligned to the
centerline of the PMMA-air stack, so that we can easily tell
the refraction behavior by measuring the fields on the existing
surface of the PMMA-air stack (i.e., the right surface). Posi-
tive refraction happens if the fields on the existing surface are
mainly concentrated above the centerline, otherwise, negative
refraction occurs, as illustrated by the inset in Fig. 5(c).

Figure 5(d) displays the simulated Ey distribution on the
middle plane of the PPW, showing the negative refraction on
the surfaces of the PMMA-air stack. Here, the electric fields
in the scan region (i.e., air) decay quickly because there is no
confinement by aluminum plates, and beam spreads into the
other directions. Figure 5(e) show the measured distributions
of Ey (left) and |Ey| (right) in the scan area at 8.255 GHz.
We observe that the electric fields are mainly concentrated
below the centerline (y = 190 mm) of the PMMA-air stack.
Furthermore, the normalized |Ey| along the existing surface of
the PMMA-air stack at 8.255 GHz (black lines), 8.267 GHz
(blue lines), and 8.278 GHz (green lines) is plotted in Fig. 5(f).
Apparently, all positions of the maximal |Ey| for the three
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FIG. 6. (a) Real and imaginary parts of the normalized eigenfre-
quency along the kx direction in the existence of material losses. (b)
Ratio of the imaginary part n′′

eff to the real part n′
eff of the effective

refractive index for modes along the kx direction. The green area
denotes the hyperbolic region.

frequencies are below the centerline, demonstrating the nega-
tive refraction.

Finally, we take material losses into consideration. In
calculations, electrical conductivities of copper wires and
aluminum plates are set as σCu = 5.9 × 107 S/m and σAl =
3.8 × 107 S/m, respectively. Relative permittivities of PMMA
and air are assumed to be εP = 2.7 + 0.0027i and εA = 1 +
0.001i, respectively. Figure 6(a) presents the complex eigen-
frequency along the kx direction, showing that the imaginary
part is much smaller than the real part. Considering that the
working frequency is relatively low, the effective refractive
index for modes along the kx direction can be approximately
evaluated as neff = ckx/2π f [47,55]. In Fig. 6(b), the ratio
of the imaginary part n′′

eff to the real part n′
eff of the effective

refractive index is plotted, which indicates that the imaginary
part is four orders of magnitude smaller than the real part in
the hyperbolic region (green area). These results clearly con-
firm the low-loss property of the proposed hyperbolic media.

For practical applications, there are several ways to in-
crease the operating frequency range. For example, through
the increasing of the permittivity contrast of dielectrics in-
side the PPW (i.e., increasing the effective anisotropy of the

dielectric stack), the operating frequency range can be signifi-
cantly improved. If we use alumina (relative permittivity ∼9)
to replace the PMMA in experiments, the operating frequency
range will be tripled. In addition, through the engineering
of the filling ratio of dielectric components, as well as the
height of the PPW, the working frequency range can be further
increased.

IV. CONCLUSIONS

In conclusion, we have proposed an approach to design
low-loss hyperbolic media based on structural dispersions
instead of material dispersions in traditional approaches. It
is found that the waveguide modes in dielectric stack-filled
PPWs can be transformed from hybrid modes to TEn modes
with strongly anisotropic structural dispersions by exploit-
ing an array of metal wires. By engineering the structure
dispersions, the TEn modes are evanescent in one direc-
tion and propagating in another direction, thus effective
hyperbolic media are obtained. Furthermore, negative refrac-
tion in the structural dispersion-induced hyperbolic media is
demonstrated in both simulations and experiments. Although
our experimental demonstration is performed at microwave
frequencies, the principle can be generalized to higher fre-
quencies. Our work provides a convenient approach for
low-loss highly anisotropic media, paving the road to ad-
vanced manipulation of electromagnetic waves.
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