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Effective Epsilon-Near-Zero (ENZ) Antenna
Based on Transverse Cutoff Mode
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Abstract— In this paper, inspired by the homogeneous field
configuration and the exotic flexibility of the epsilon-near-zero
(ENZ) metamaterial, an effective ENZ antenna is proposed with
length-irrelevant operating frequency and controllable radiation
pattern. In our approach, the ENZ response is achieved by
using the substrate-integrated waveguide at its cutoff frequency,
with two open ends for radiation. Interestingly, this transverse
cutoff mode decouples the operating frequency and the spacing
distance between the radiating apertures, such that the radiation
pattern can readily be adjusted by stretching or even bending
the structure without changing the operating frequency. The prototypes with straight and planar-curved styles are designed and
experimentally tested, both working on transverse cutoff mode at
3.5 GHz while offering the difference pattern and the broadside
fan-shape pattern, respectively. The measured radiation patterns
are in a good agreement with the simulation, with the peak total
efficiencies higher than 63%. In addition, the high quality factor
with narrow bandwidth (∼0.5%) is observed and discussed. With
devisable radiation pattern and extremely low profile (∼0.02λ0 ),
the proposed ENZ antenna exhibits promising potentials for
sensing, conformal, and reconfigurable applications.
Index Terms— Antenna radiation patterns, epsilon-near-zero
(ENZ) antennas, low-profile antennas, reconfigurable antennas.

I. I NTRODUCTION
HE past few years have witnessed the exciting
development of artificial media or metamaterials [1]–[3],
which have been shown to manipulate the electromagnetic
wave in an unprecedented manner due to their exotic constitutive parameters. The advance of metamaterials also creates
a new paradigm for designing antennas that accommodate the
ever-increasing requirements of modern wireless communication. The composite right-/left-handed transmission line, which
is based on metamaterial with simultaneous negative permittivity and permeability, empowered the leaky-wave antenna with
backfire-to-endfire scanning capability [4]. Besides that, the
miniaturization of antennas, to a large extent can be realized by
the employment of negative permeability [5], [6] or negative
permittivity [7] materials.
Recently, a category of zero-index metamaterials [8], [9],
including epsilon-near-zero (ENZ) [10], mu-near-zero
(MNZ) [11], and epsilon-and-MNZ (EMNZ) materials [12],
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has become a hub of intensive studies, due to their fascinating
wave propagation properties [13]–[15]. Within those media,
the phase velocity as well as the wavelength of wave is
nearly infinite, leading to the independence of the zeroindex response on the size and the shape of the geometry.
Meanwhile, the zero-index material is demonstrated to
effectively decouple the time and space, supporting spatially
static but temporally dynamic field configuration. A large
number of microwave devices, therefore, gained inspiration
from these intriguing characteristics [16]–[23]. As outlined
in [16] and [17], high-gain antennas were developed
employing the zero-index material inspired by superstrate
or substrate. The ENZ channel was exploited to match the
omnidirectional antenna in [18]. By loading ENZ or MNZ
material, the work in [19] demonstrated a dual-band flexible
broadside patch. Baladi and Iyer [20] provided an avenue for
far-field high-resolution imaging by using EMNZ structures.
In [21], an interesting lens was proposed based on the ENZ
channel, where homogenous field configuration of ENZ
material was introduced to flexibly shape wave patterns.
In this paper, we introduce ENZ metamaterial to design a
novel radiating element featuring length-irrelevant operating
frequency and devisable radiation pattern and name it as the
effective ENZ antenna. We use a section of substrate-integrated
waveguide (SIW) operating at the transverse cutoff mode to
emulate the ENZ property, which features spatially unchanged
electric field along the SIW; in the other words, the phase
of the wave presents a spatially “freezing” state, just as that
presented in the ENZ material. The transverse cutoff mode
can also be understood from the fundamental TM100 mode
of a rectangular cavity, with two ends subject to the perfect
magnetic conductor (PMC) boundary, while other faces sealed
by metal. As a nontrivial property, this transverse resonant
mode decouples the operating frequency and the spacing
between the two radiation apertures. Without changing the
operating frequency, the intrinsic flexibility of ENZ material
allows the radiation pattern to be readily shaped by stretching
the structure or even arbitrary bending. Hence, the proposed
effective ENZ antenna exhibits substantially distinct property from the traditional radiating elements, for example,
the rectangular patch antenna, with fundamental TM10 mode
determined by the spacing between two radiating apertures
and being characterized by a specific radiation pattern.
To verify the concept, the straight-style effective ENZ
antenna offering a difference radiation pattern, is designed
and prototyped at 3.5 GHz. Then, free from the perturbation
to the operating mode, the antenna can be flexibly curved to
offer a broadside fan-shape radiation pattern. Moreover, by
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tuning the spacing between the radiating apertures, we can
manipulate the slope of the null of the difference pattern
and the realize gain of the broadside fan-shape pattern while
maintaining the frequency of the transverse cutoff mode nearly
unmoved. The measured radiation patterns compare well with
the simulation, and the measured peak total efficiencies higher
than 63% are obtained. The proposed effective ENZ antennas
also feature extremely low profile (∼0.02λ0) and high Q
property (fractional bandwidth ∼0.5%), which are promising
for the sensing, reconfigurable, and flexible applications.
The rest of this paper is developed as follows. Section II
gives insight into the transverse cutoff mode of the effective
ENZ antenna. Then, the novel properties of the proposed
antenna are addressed in detail, including length-irrelevant
operating frequency, radiation pattern tunability, and exotic
flexibility. The experimental verification is presented in
Section III, with the ENZ antennas of straight style and
planar-curved style being fabricated and tested. Methods
to improve the bandwidth and efficiency are discussed in
Section IV. Finally, Section V concludes this paper.
II. A NTENNA T OPOLOGY AND P ROPERTY A NALYSIS
A. Antenna Topology and Mode Analysis
It has been discussed in [24] that the waveguide can emulate
the plasma material, with permittivity varying from negative to
positive. The SIW [24] developed later, with the two columns
of metallic vias drilled through the substrate and shorting
metallic plates, can function as the traditional rectangular
waveguide but features planar design and easy integration. For
the lowest transmission TE10 mode of the (SIW), the effective
relative permittivity of the SIW is obtained as


(1)
εe f f ( f ) = εr − c2 4We2f f f 2
where εr is the relative permittivity of the substrate, c is the
light speed in a vacuum, and We f f is the effective width of
the SIW given by [25]
We f f = W − D 2 /(0.95 · P)

(2)

where W is the spacing of the two columns of shorting vias,
D is the diameter of the vias, and P is the periodicity of the
vias. The cutoff frequency f 0 of the SIW is determined by
√
(3)
f 0 = c/(2 εr We f f ).
Therefore, (1) can be rewritten as

 
εe f f ( f ) = εr 1 − f 02 f 2 .

(4)

When operating above the cutoff frequency f 0 , the SIW can
support the traveling wave, thus behaving as a medium with
positive εe f f ; while it operates below f 0 , the wave would
exponentially decay along the propagating direction, which
corresponds to a negative εe f f . What we are interested in
is the critical situation: f = f0 , where the field within the
SIW will oscillate as a whole, with the zero-phase progress
along the propagating direction, exhibiting the ENZ response.
In this paper, we are aimed to transplant the novel ENZ
phenomenon from the guided-wave scenario into the antenna
design, and in the following sections, we will demonstrate the

Fig. 1. (a) Top view, (b) side view, and (c) 3-D perspective of the proposed
ENZ antenna. The substrate is set transparent in the 3-D perspective.

exotic properties of the proposed antenna inherited from the
ENZ medium, such as flexibility, pattern reconfigurability, and
length-irrelevant operating frequency.
The top view, side view, and 3-D perspective of the proposed effective ENZ antenna are illustrated in Fig. 1(a)–(c),
respectively. A rectangular patch with length L 1 is printed on
a grounded substrate with dielectric constant εr of 3.5, loss
tangent of 0.001, and thickness H of 2 mm. Two columns of
the metallic shorting vias are periodically aligned along the
y-axis serving as the perfect electric conductor boundaries.
The conductivity of the metal is set as 5.813 × 107 S/m
(copper) in simulations. The other two sides with dimension
W along the x-axis are open for radiation, and we can
treat them as effective PMC boundaries when analyzing the
resonant mode. The structure is feed by a 50 coaxial probe
with the offset distance S1 from the geometry center of the
patch. The detailed parameters of the geometry are: W =
23.4 mm, L 1 = 42 mm, P = 2 mm, D = 1 mm, and
S1 = 9.6 mm. The operating frequency f 0 is therefore
calculated as f 0 = 3.5 GHz by (3). The 3-D electric field
configuration at the operating frequency 3.5 GHz is simulated
by ANSYS HFSS 15.0 and plotted in Fig. 2. As seen, at the
predicted operating frequency f 0 , the electric field presents no
variation along the propagating direction of the SIW due to the
infinite wavelength in the ENZ medium. The offset distance
S1 of the feeding point away from the center of the patch
is introduced to tune the input impedance for matching, and
a simulated −20 dB reflection is obtained at 3.5 GHz. This
resonant mode, evolved from the cutoff SIW and characterized
by ENZ-like behavior, is named after transverse cutoff mode.
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Fig. 2. Simulated 3-D E-field distribution of the proposed effective ENZ
antenna at 3.5 GHz. The effective magnetic currents are marked on the two
radiating apertures.
Fig. 4. Simulated reflection coefficients of the effective ENZ antenna (shown
in Fig. 1) with different lengths L 1 . λ0 is the free-space wavelength at
3.5 GHz. The transverse cutoff mode is labeled by “ENZ.”

Fig. 3. Simulated reflection coefficients of the effective ENZ antenna (shown
in Fig.1) with different effective widths
We f f . λg0 is the wavelength in the
√
substrate at 3.5 GHz, equal to λ0 / εr , where λ0 is the free-space wavelength
at 3.5 GHz. The transverse cutoff mode is labeled by “ENZ.”

radiating apertures, is decoupled with the operating frequency.
As we know, for a conventional rectangular patch antenna
working in its fundamental TM10 mode, the spacing between
two radiation apertures is strictly limited by half wavelength in
the substrate, thus, its radiation properties like radiation pattern
are determined. For the proposed effective ENZ antenna,
however, we have much more degrees of freedom to shape the
radiation, through the adjustment of the spacing or changing
the orientations of the radiating apertures, while maintaining
the operating frequency unmoved. This merit of the effective
ENZ antenna will be exploited in the following sections to
tune and reconfigure the radiation pattern.
B. Tunability of the Radiation pattern

Alternatively, it can be basically understood as the TM100
mode (with respect to the z-direction) of the rectangular cavity
with the PMC boundaries imposed on the two ends, while the
other faces are PEC.
The parametric study is performed to investigate the factors
that influence the operating frequency of the transverse cutoff mode. The simulated reflection coefficients of effective
ENZ antenna with various effective widths We f f are gathered
in Fig. 3. As seen, the frequency of transverse cutoff mode
(labeled by “ENZ” in Fig. 3) is determined by the width of
the ENZ antenna, as a result of the half-wavelength standing
wave distribution along this dimension. It implies that the
frequency of ENZ response can readily be tuned by designing
the width of the effective ENZ antenna following (3). Then,
it follows the analysis of the impact of the length L 1 of
the effective ENZ antenna, with the reflection coefficients of
the antenna with different values of L 1 being demonstrated
in Fig. 4. As the change of the length, the higher modes
(TM120, TM140 . . .) of the proposed antenna shift sensibly in
the spectrum, while the fundamental transverse cutoff mode
remains basically unchanged. The underlying physics is the
spatially static field in the ENZ medium. In other words, at the
transverse cutoff mode, the zeroth-order resonance is presented
along with the SIW, hence, the variation of the length has no
impact on the operating frequency. In this manner, the length
of the antenna, namely, the distance between the two open

Let us turn to Fig. 2, where the field configuration can
provide a basic understanding of the radiation pattern of
the effective ENZ antenna. The effective magnetic current at
opened radiation aperture is calculated as




J m = −2n̂ × E a

(5)



where n̂ and E a denote, respectively, the unit normal direction
of the aperture and the electric field on the aperture. The image
effect of the ground has been considered. At the transverse
cutoff mode, the electric fields on the two radiation apertures
are in phase and with equal amplitude, while the normal directions of the apertures are opposite, being along the +y-axis
and −y-axis, respectively. Hence, by reference to (5), we have


a pair of antiparallel placed magnetic currents J m1 and J m2
(marked in Fig. 2), which contribute to a difference pattern
with zero radiation on the x z cut plane. If we first assume
an omnidirectional radiation pattern of the magnetic current
on the yz cut plane, the radiation pattern of the effectively
ENZ antenna on the yz cut plane can be modeled by the
two-element array with antiphase feeding, with the following
array factor:


k L1
sin(θ )
(6)
F(θ ) = sin
2
where k = ω/c is the wavenumber in a vacuum. The array
factor (6) presents a null at the broadside direction (θ = 0°)
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Fig. 5. Simulated 3-D realized gain patterns of the proposed effective ENZ antenna (Fig. 1) with (a) L 1 = 0.35λ0 , (b) 0.7λ0 , and (c) 1.05 λ0 at the center
frequency around f 0 = 3.5 GHz. λ0 is the free-space wavelength at the 3.5 GHz.

Fig. 6. Simulated normalized gain (in the linear scale) of the proposed ENZ
antenna with different values of L 1 on the yz cut plane at f 0 = 3.5 GHz.

and the two main lobes are deviated from the broadside,
making an angle expressed 2sin−1 (π/kL1 ). This model ignores
the extended length in substrate, as well as the influence from
the finite-size ground. Even so, it implies, at least qualitatively,
we can control the angle between the two main lobes of the
difference pattern, by tuning the length L 1 of the structure,
with a larger L 1 leading to a smaller angle between two main
beams.
The full-wave simulation is subsequently carried out for
verification, and the 3-D realized gain patterns for the antenna
with length L 1 = 0.35λ0 (λ0 is the free-space wavelength at
3.5 GHz), 0.7λ0 , and 1.05λ0 at the center frequency around
3.5 GHz are presented in Fig. 5(a)–(c), respectively. The
size of the grounded substrate where the antenna is mounted
is set as 1.3λ0 × 1.7λ0 . It can be concluded that, as the
length of effective ENZ antenna increases, the main lobes
of the difference pattern become narrower, meanwhile, they
are getting closer. For more clear demonstration, we plot the
normalized gain of the effective ENZ antennas with different
lengths on the yz cut plane. As illustrated in Fig. 6, when

length of the antenna varies from 0.35λ0 to 1.40λ0, the angle
between two main beams can be tuned from 106° to 36°,
showing an appreciable wide-range of tuning. Furthermore,
we can also observe from Fig. 6 that, by changing the length,
the slope of the curve of gain near the null can be effectively
tuned, being flatten for L 1 = 0.35λ0 and sharper for L 1 =
1.40λ0 . The difference radiation pattern has a wide range of
applications, such as pattern multiplex and addressing the main
beam jamming [26]. It is also an indispensable pattern of
the monopulse radar for target location [27]. The proposed
effective ENZ antenna demonstrates the decoupling of the
spacing between the apertures and the operating frequency,
thus empowering the difference pattern with attractive tunability. This merit we believe can portend promising potentials
for the flexible and reconfigurable applications in wireless
communication and versatile radar systems.

C. Flexibility
In this section, we will reveal the intriguing flexibility of
the effective ENZ antenna and demonstrate that the transverse
cutoff mode is immune from the bending of the structure. The
effective ENZ antenna in its basic form proposed in Fig. 1 will
be underlined by “straight-style” to be differentiated from the
planar-curved effective ENZ antenna proposed in this section.
The top view of the effective ENZ antenna with planar-curved
style is schematically plotted in Fig. 7. The substrate used here
is the same as that used in straight-style effective ENZ antenna,
with the thickness of 2 mm, and the dielectric constant of 3.5.
L 2 is the center-to-center space of the two open apertures,
chosen as 64 mm; the width W = 23.4 mm is set equal
to that of the straight-style ENZ antenna, to obtain the same
operating frequency at 3.5 GHz. Other parameters are chosen
as A = 37 mm and S2 = 9.2 mm. The slight mismatch of input
impedance due to structural deformation can be addressed by
minor tuning of the offset distance of the probe.
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Fig. 7. Top view of the planar-curved effective ENZ antenna. S2 is the offset
distance of the feeding point from the center of the SIW.
Fig. 9. Simulated reflection coefficients of the effective ENZ antenna (shown
in Fig. 7) with different lengths L 2 . λ0 is the free-space wavelength at
3.5 GHz. The fundamental transverse cutoff mode is labeled by “ENZ.”

Fig. 8. Simulated E-field distribution of the planar-curved effective ENZ
antenna at 3.5 GHz. The effective magnetic currents are marked on the two
radiating apertures.

The simulated 3-D electric field of the planar-curved effective ENZ antenna at f 0 = 3.5 GHz is illustrated in Fig. 8. The
simulated reflection coefficient is −17 dB. As seen, the transverse cutoff mode, characterized by zero phase progress and
basically unchanged electric field along the SIW, is still well
supported even though the structure is subjected to the two
90° bendings. Following the similar procedure, we investigate
the sensitivity of the transverse cutoff mode to the length L 2 ,
the distance between the radiation apertures. As illustrated
in Fig. 9, although the length L 2 varies over a wide range
(from 0.35λ0 to 1.40λ0 ), the operating frequency of the
transverse cutoff mode is quite stable. This result, like the
case of the straight-style effective ENZ antenna, can be easily
understood from the property of the ENZ medium, which is
independent of the size and the length of the geometry.
Recall the effective ENZ antenna in straight style shown
in Fig. 1, the parallel magnetic currents are out of phase,
which result in a difference pattern. In the design of the
planar-curved ENZ antenna, the radiation apertures are strategically orientated toward the same direction, with the normal
vectors along the positive x-axis. Refer to (5), and in view of
the unchanged electric field along the SIW, we have a pair of
parallel magnetic currents which are exactly in phase and equal
in magnitude, as depicted in Fig. 8. A broadside fan-shape
radiation pattern of the planar-curved effective ENZ antenna
is, therefore, obtained. The simulated 3-D realized pattern of
the antenna at the center frequency around 3.5 GHz with
different separations L 2 of the apertures is presented in Fig. 10,
where the size of the ground is set as 1.5λ0 × 1.8λ0 (λ0 is
the free-space wavelength at 3.5 GHz). As we increase the

spacing L 2 from 0.35λ0 to 1.05λ0 , the realized gain rises from
6.82 to 8.37 dBi (directivity varies from 7.99 to 10.2 dBi),
accompanied by the narrower main lobe and the emerging
sidelobes.
To end this section, we exhibit quantitatively in Fig. 11 the
tunability of the proposed effective ENZ antennas as a function
of the center-to-center distance L of the radiation apertures,
namely, L 1 of straight-style prototype and L 2 of planar-curved
prototype. When L varies from 0.35λ0 to 1.4λ0 , the straightstyle ENZ antenna exhibits a 70° tuning range of the angle
between two main beams of the difference pattern, while
the planar-curved prototype offers a 1.5 dB tuning range
of the realized gain. Such an exotic capability to flexibly
shape the radiation will enable the proposed ENZ antenna
to adapt different application fields. For example, wide-angle
beam offered by the planar-curved prototype with smaller L 2
can be employed to communicate with a large-area zone,
while the increasing L 2 can meet the requirement of the
directional radiation. Conventional schemes of E-shaped patch
antennas [28]–[30] and stacked patch antennas [31], [32] can
provide constant radiation over an appreciable bandwidth. The
spacing between two radiating apertures largely determines
their operating frequency, so that their properties such as
radiation pattern and gain can be predicted. The operating
frequency of the effective ENZ on the other hand, only relies
on the width of the SIW, while irrelevant to the spacing of the
radiating magnetic currents. This distinct property allows the
antenna to offer the reconfigurable radiation pattern and gain
at the same frequency.
III. E XPERIMENTAL V ERIFICATION
To validate the concept of the effective ENZ antenna,
the proposed prototypes with straight style (shown in Fig. 1)
and planar-curved style (shown in Fig. 7) are fabricated
and tested. Photographs of the fabricated samples are shown
in Fig. 12. The antennas are processed by standard printed
circuit board technique on the 2 mm F4BM substrates with
the dielectric constant of 3.5 and the loss tangent of 0.001.
The measured and simulated reflection coefficients of the
proposed effective ENZ antennas are shown in Fig. 13.
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Fig. 10. Simulated 3-D realized gain patterns of the planar-curved effective ENZ antenna (Fig. 7) with (a) L 2 = 0.35λ0 , (b) 0.7λ0 , and (c) 1.05λ0 at the at
the center frequency around f 0 = 3.5 GHz. L 2 is the center-to-center space of two radiation apertures and λ0 is the free-space wavelength at 3.5 GHz.

Fig. 11. Simulated angle between the difference beams of the straightstyle effective ENZ antenna and realized gain of planar-curved effective ENZ
antenna versus the center-to-center distance of the radiating apertures L at
center frequency around f 0 = 3.5 GHz.

Fig. 12.
Photographs of the fabricated effective ENZ antennas with
(a) straight style and (b) planar-curved style. The sizes of ground are 80 mm
× 120 mm (straight style) and 95 mm × 130 mm (planar-curved style).

The simulation and the measurement are in agreement, showing an extremely high Q factor of the transverse cutoff mode,
with an approximate 18 MHz bandwidth for −10 dB reflection
coefficient around the 3.5 GHz. The result also demonstrates
the robust resistance of the proposed effective ENZ antenna

Fig. 13. Measured and simulated reflection coefficients of the effective ENZ
antennas with straight style and planar-curved style.

Fig. 14. Measured and simulated total efficiencies of the effective ENZ
antennas with straight style and planar-curved style.

to the bending, as the operating frequency of the straight-style
prototype is almost the same as the planar-curved one.
The measured and simulated total efficiencies of the proposed antennas are reported in Fig. 14. As seen, in accordance
with the simulation, the straight-style effective ENZ antenna
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Fig. 15. Measured and simulated realized gain pattern of the straight-style
effective ENZ antenna on the yz cut plane at f 0 = 3.5 GHz.

and the planar-curved prototype can reach the measured peak
efficiency about 0.72 and 0.63, respectively. Solutions to
further improve the efficiency are discussed in Section IV.
The measured and simulated realized gain of the straight-style
effective ENZ antenna depended on elevation angle on the
yz cut plane are reported in Fig. 15. As seen, the measured
pattern compares well with the simulation, with the null depth
about 35 dB and highest realized gain of 5.23 dBi of the main
beams at ±38° being obtained. The realized gain pattern of
the planar-curved pattern is also measured and simulated, and
the results on the yz cut plane and x z cut plane are shown
in Fig. 16(a) and (b), respectively. The fan-shape radiation
pattern is verified with the measured realized gain of 6.51 dBi.
The half-power beamwidth (HPBW) covers from −20° to
+20° on the yz cut plane, while covering from −60° to +70°
on the x z cut plane. The cross-polarization repulsions are
measured higher than 25 and 40 dB within the HPBW on
the yz and x z cut planes, respectively.

Fig. 16. Measured and simulated realized gain pattern of the planar-curved
effective ENZ antenna on (a) yz cut plane and (b) xz cut plane at f 0 =
3.5 GHz.

IV. F URTHER D ISCUSSION ON BANDWIDTH AND L OSS
To improve the bandwidth and the total efficiency of the
proposed effective ENZ antenna, we first pay attention to
the influence of substrate profile. The simulated reflection
coefficient and total efficiency of the straight-style prototype
with different heights H are gathered in Fig. 17 (a) and (b),
respectively. As seen, as the height of the antenna increases
from 2 to 5 mm, the impedance bandwidth is broadened from
18 MHz (∼0.5%) to 65 MHz (∼1.9%), accompanied by the
peak total efficiency approaching to the unit. The underlying
physics is the reduced Q factor when increasing the profile
of the cavity. Similar result can be obtained for the effective
ENZ antenna with curve style that a moderate increase of
profile to about 0.06λ0 (λ0 is the free-space wavelength
at 3.5 GHz) can mitigate the loss introduced by substrate
and provide a peak total efficiency higher than 0.9. Another
solution is the employment of the air medium, as shown in
the inset of Fig. 18. The metallic vias have been replaced by
metallic walls, so that the whole structure can be fabricated
by metal processing technique. Fig. 18 verifies the stability
of the transverse cutoff mode of the air-filled effective ENZ
antenna when suffered from stretching along the metallic
walls. Fig. 19 shows the comparison of the air-filled effective

Fig. 17. (a) Simulated reflection coefficient and (b) total efficiency of the
straight-style effective ENZ antenna with different profiles.

ENZ antenna with the prototype shown in Fig. 1 mounted on
the substrate with a dielectric constant of 3.5 and loss tangent
of 0.001. As seen, in virtue of the low permittivity and lossless
property, the scheme of air-filled effective ENZ antenna can
offer a twice wider bandwidth and higher efficiency with the
same profile.
As promising methods to broaden the application field
of the proposed effective ENZ antenna, the electronically
tunable ENZ material [33] can be applied for tuning the
operating frequency of the proposed antenna over a wideband.
Besides that, the multiband design can also be considered,
by borrowing the guideline from the dual-band ENZ filter [34],
where resonators are introduced to cooperate with the ENZ
channel.
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Fig. 18. Reflection coefficient of the air-filled effective ENZ antenna with
different lengths L 3 . Inset: 3-D perspective of the effective ENZ antenna
with air medium. The detailed geometry parameters are: W3 = 42.8 mm,
S3 = 16 mm, and H = 2 mm, and L 3 is tuned from 45 to 135 mm, namely,
from 0.53λ0 to 1.58λ0 (λ0 is the free-space wavelength at 3.5 GHz).

Fig. 19. (a) Simulated reflection coefficient and (b) total efficiency of the
straight-style effective ENZ antennas with air medium and dielectric substrate
(dielectric constant of 3.5 and loss tangent of 0.001). The length L 3 of the
ENZ antenna with air medium is set as 45 mm (0.53λ0 ).

V. C ONCLUSION
In this paper, via the transverse cutoff mode of the SIW
with two radiating ends, we transplant the ENZ response
into the design of a novel radiation-pattern devisable antenna.
The infinite wavelength of the ENZ medium allows the
antenna to operate independently on the length and immune
from the arbitrary bending. The prototypes with straight style
and planar-curved style are designed and tested, which are
demonstrated to offer a difference pattern and a broadside
fan-shape pattern, respectively. Moreover, by changing the
spacing of the two radiation apertures, the radiation properties
can be effectively tuned over an appreciable range. The angle
between the difference beams of straight-style prototype can
be tuned from 36° to 106° and the realize gain of the
planar-curved prototype can be tuned from 6.82 to 8.37 dBi.
Featuring the extremely low profile (∼0.02λ0) and highly
controllable radiation pattern, the proposed effective ENZ
antenna can be adapted to different deployment scenarios and
offers the attractive opportunities for applications like radiation
pattern reconfiguration, sensing, narrow band filtering, and
flexible/wearable devices.
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