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Abstract—In this letter, a low-profile epsilon-near-zero (ENZ)
cavity antenna array is proposed to achieve wide-angle beam
scanning. The proposed array utilizes four slot-fed cavity antenna
elements that operate with the ENZ mode, in which the electric
field presents a unique sign-function-like distribution. By properly
designing the width of the ENZ cavity, a wide 3 dB beamwidth
is achieved in a low profile to increase the beam scanning angle
of the array configuration. Furthermore, the narrow width of the
antenna element also facilitates a decreased spacing between array
elements, enabling the use of the appropriate spacing to increase
the scanning angle. Different from the conventional wide-angle
beam-scanning arrays with high profile, the proposed ENZ cavity
antenna array achieves a remarkable beam scanning angle of±72°
(±73° in the measurement) while maintaining a low profile of only
0.03 λ0, exhibiting the potential applications in low-profile phased
array systems.

Index Terms—Antenna array radiation pattern, antenna arrays,
epsilon near zero, low profile, wide-angle beam scanning.

I. INTRODUCTION

W ITH rapid progress in mobile communication technolo-
gies, wide-angle beam scanning antennas [1], [2], [3],

[4] play an important role in wireless systems. By providing
broader beam coverage in both azimuthal and elevated planes,
the wide-angle beam scanning antennas enable wide-range dy-
namic adjustment of beam direction in response to changing
propagation conditions. This adaptability results in improved
signal reception, reduced interference, and increased system
capacity, making wide-angle beam scanning antennas an ideal
choice for serving multiple users simultaneously. Moreover, the
ability to scan a wide beam angle also benefits positioning
applications and radar systems. Additionally, the wide-angle
beam scanning antennas simplify the hardware complexity, re-
duce power consumption, and offer robustness to the multipath
fading. Nevertheless, conventional wide-angle beam scanning
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antenna arrays usually rely on high-profile structures [5], [6], [7],
[8], [9], which occupy large volumes. Designing the elements
with wide beamwidth is a key issue in realizing the phased array
for wide-angle beam scanning.

Various methods have been developed for this purpose [10],
[11], [12], [13], [14], and can be categorized into three ap-
proaches. The first approach applies a high profile for dielectric
resonator antennas (DRA) or magnetoelectric dipole antennas.
As an example, researchers in [15] apply a DRA featuring an
incised groove and a metal wall with a comb-like pattern to
augment the beamwidths in the E- and H-planes. Correspond-
ingly, a dual-polarized magnetoelectric dipole antenna has been
designed with the intention of enhancing the gain at lower eleva-
tion angles, thereby effectively broadening the beamwidth [16].
Additionally, the use of a thick substrate enhances the antenna
bandwidth. The second one to achieve wide beamwidth adopts
the parasitic units close to the primary radiator [17], [18], [19],
[20], [21]. These structures could efficiently reimburse radiation
and enhance the beamwidth, at the expense of larger volumes.
The third one involves reshaping the antenna’s ground plane,
i.e., altering its dimensions [22], [23], [24] or bringing in a three-
dimensional ground plane beneath the patch antenna [25], [22].
This approach broadens the beamwidth by involving ground
edge currents in the radiation. However, it may introduce a strong
back lobe and a front-to-back ratio not exceeding 10 dB. Based
on the discussion of the existing methods, it is still a challenge
to achieve wide beam coverage within a low antenna profile.

In this letter, we present a feasible approach to achieve wide-
angle beam scanning with a low profile using an epsilon-near-
zero (ENZ) cavity antenna array. For the element design, the
wide beamwidth is achieved by utilizing the properly designed
ENZ cavity while maintaining an overall profile of the antenna
structure below 0.03 λ0. Furthermore, by assembling four ENZ
cavity antenna units as the phased array configuration, wide-
angle beam scanning capability is achieved within the whole
operating band.

II. ANTENNA DESIGN

Fig. 1 illustrates the geometry of the proposed antenna, which
is composed of two dielectric layers and three metal layers. The
antenna can be divided into two parts. The first part is the slot-fed
substrate integrated waveguide (SIW) antenna, consisting of a
top ENZ metalized patch (Metal Layer 1), an SIW cavity with
loaded shorting vias (Substrate Layer 1), and a feeding slot
(Metal Layer 2). The second part is the back-cavity structure
excited by microstrip to coplanar waveguide (CPW) transition,
consisting of an SIW cavity with shorting vias around the

1536-1225 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Yue Li. Downloaded on July 10,2024 at 01:00:13 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-0353-0974
https://orcid.org/0000-0003-4954-9830
https://orcid.org/0000-0002-7198-8795
https://orcid.org/0000-0001-9562-3136
mailto:lyee@tsinghua.edu.cn


2116 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 23, NO. 7, JULY 2024

Fig. 1. Configuration of the proposed antenna element: (a) perspective view;
(b) top view; and (c) cross-sectional view.

TABLE I
DETAILED DIMENSIONS

perimeter (Substrate Layer 2) and a CPW feeding structure
(Metal Layer 3). All shorting vias in the structure have a diameter
of d1, and the spacing between adjacent shorting vias is p1. A
microstrip line of length l1 extends from the side of the bottom
layers. Subsequently, it bends 90° at the center and excites the
back cavity from the bottom through a coplanar waveguide
(CPW) with a length of w1 and gaps of g1. At the top of the
back cavity, a narrow slot is created, ultimately exciting the
ENZ metalized patch on the top layer. The ENZ metalized patch
is fabricated on a 2 mm thick F4B substrate with a relative
permittivity of 2.65 and loss tangent of 0.002. Table I presents
the parameter values.

To identify the optimal structure of the element radiation
pattern and explain the method for achieving wide beamwidth
of the proposed antenna, Fig. 2 presents a comparison of the
half-power beamwidth (HPBW) of the H-plane radiation pattern
and the simulated S11 and Smith chart of the proposed antenna
with different widths b of the ENZ antenna. As the spacing
between magnetic currents gradually decreases from 94.5 mm
to 18.7 mm, the HPBW of the antenna increases from 61° to
122°. Through the examination of the electric field distribution
of the proposed antenna and the Huygens equivalence principle,
it can be inferred that the radiation pattern of the antenna can be
approximately represented as the array pattern generated by the

Fig. 2. Comparison of HPBW of H-plane radiation pattern and simulated S11
and Smith chart of the proposed antenna with different values of b.

Fig. 3. (a) Simulated electric field distribution of the antenna with different b;
and (b) normalized electric field along z-direction on the center plane at different
locations along the y-axis with variation to b.

two parallel magnetic currents in the same phase at the antenna
radiation aperture. As we know, the radiation pattern of the array
is equal to the product of the element factor and array factor.
According to [10], it is known that a smaller magnetic current
spacing results in a wider beamwidth of the antenna due to the
wide beamwidth radiation pattern of the array factor formed by
the two magnetic currents. In addition, during this process, the
S11 on the Smith chart is rotated clockwise (from left size to
right size) due to the stronger capacitance loading effect of the
back cavity.

Fig. 3 shows three electric field distributions with different
widths with the Ez component inside the cavity. First, it can be
observed that under the three cases, the electric field distribution
on both sides of the slot presents the same magnitude and
phase, with only a phase reversal at the slot position, exhibiting
an electric field distribution reminiscent of a signum function
inside the cavity. To establish a distinction from the ENZ modes
employed in earlier instances [26], [27], [28], [29], [30], [31],
we classify the discussed mode as the AP-ENZ (antiphase-ENZ)
mode due to the out-of-phase character of the electric field on
two sides of the slot. The interpretation of the specific AP-ENZ
mode is as follows. ENZ, which stands for epsilon near zero
metamaterial, refers to materials with dielectric constants close
to zero. We here physically realize ENZ metamaterials based on
the structural dispersions of waveguides. The wave propagation
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Fig. 4. Schematic diagram of with and without loading the back cavity on the
ENZ antenna: Antenna configuration (a) without and (b) with the back cavity.
Simulated S11 (c) without and (d) with the back cavity. (e) Smith chart and (f)
H-plane radiation pattern of the ENZ antenna with and without a back cavity.

along the middle plane inside the waveguide can be made an
analogy to plane-wave propagation in an equivalent homoge-
nous material with an effective permittivity εeff = εr − 4c2f 2

/W2 [26]. Here, c represents the speed of light; W stands for the
width of the waveguide, and εr signifies the relative permittivity
of the internal medium. Based on this relation, we can conclude
that at the cutoff frequency fc10 of the TE10 mode, the effective
permittivity becomes near zero. This allows the waveguide to
exhibit propagation characteristics identical to those of an ENZ
medium at fc10, including infinite wavelength and a near-zero
propagation constants β.

The reason ENZ structures can achieve wide beamwidth and
wide-angle beam scanning of the antenna is that ENZ is a
structure with a uniformly distributed electric field. This allows
us to infinitely reduce the dimensions of the ENZ structure in
the dimension of width, as shown in Fig. 3, while maintaining
the existence of the ENZ mode. As shown in Fig. 2, when we
reduce the width dimension of the ENZ structure, the narrowing
of the magnetic current distances results in wide beamwidth
characteristics for the antenna element and thus can also achieve
wide-angle beam scanning when forming the array. Besides, in
the z-direction (height or profile direction), the electric field is
also the zero-order modes, meaning the electric field is approxi-
mately uniform. Consequently, we can reduce the profile height
without affecting the antenna’s fundamental mode and radiation
characteristics. Thus, we can utilize the low-profile structure of
the proposed antenna.

Fig. 4 discusses the influence of the back cavity on the
impedance and radiation of the ENZ antenna. First, we examine
the impedance characteristics. As indicated in reference [26], for
the frequency calculation of the ENZ antenna without a back
cavity, the resonant frequency of the antenna is calculated to
be around 1.2 GHz, which is close to the simulated resonant
frequency of the antenna. Considering the ENZ antenna as the
main radiator, the back cavity can be treated as a loading element
in the equivalent circuit. Comparing the Smith charts in Fig. 4(e),
it can be observed that the impedance curve of the ENZ antenna

Fig. 5. Dispersion diagram for the top-layer patch under three cases.

Fig. 6. Key parameter discussion including (a) parameter b, (b) parameter c,
(c) parameter h1, and (d) parameter h2 of the proposed antenna element.

rotates clockwise and moves downward along the admittance
circle after loading the back cavity. This indicates that the effect
of the back cavity on the ENZ antenna can be approximated as
that of a parallel capacitor, leading to an increase in the antenna’s
resonant frequency from 1.36 to 2.44 GHz. Besides, a back
cavity can also enhance the front-to-back ratio. The dispersion
diagram for the top layer patch under three cases is shown in
Fig. 5. From the dispersion diagram, it can be observed that all
the three propagations constants β undergoes a transition from
negative to positive values. The region around β near zero is
equivalent to the ENZ mode formed by the cutoff mode of the
waveguide TE10 mode. The key parameter discussion of the
proposed antenna element is shown in Fig. 6.

III. RESULT

On the basis of the previously optimized antenna element,
a 4-element array is formed with a spacing of d1 for wide-
angle beam scanning applications. A prototype of an array is
also constructed and examined to confirm the design’s validity.
Corresponding to the depiction in Fig. 7, an SMA connector
is soldered between the bottom metal ground and the middle
metal ground to feed the antenna. As presented in Fig. 8, the
measured S11 aligns favorably with the simulated result. Within
the frequency range of 2.39 to 2.49 GHz, both the measured
and simulated S11 exhibit values below −10 dB. The isolation
between different ports of the antenna is below −15 dB, indicat-
ing low coupling between different ports of the antenna. In the
operating band, the total efficiencies attained from simulation
and measurement surpass 82% and 77%, respectively. Fig. 9
shows the simulated and measured results of the beam scanning
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TABLE II
COMPARISON AMONG THE PROPOSED DESIGN AND OTHER RELATED ANTENNAS

Fig. 7. Photograph of the fabricated prototype of the proposed antenna array.

Fig. 8. (a) Simulated and (b) measured S11 of the proposed antenna array.

angles. It can be seen that the 3 dB beam scanning angles from the
simulated result and the measured result are in close agreement,
with values of ±72° and ±73°, respectively. To highlight the
innovation and performance advantages of the proposed antenna
array, Table II provides the performance comparisons, including
antenna type, element size, profile, and 3 dB beam scanning

Fig. 9. Scanning performance at 2.44 GHz in the H-plane (yoz plane) of the
proposed antenna array. (a) Simulated results. (b) Measured results.

angle. It can be observed that the microstrip antenna in [32]
realizes a beam scanning angle of ±70° within a high profile
close to 1/4 wavelength. The low-profile designs in [35] achieve
narrow beam scanning angles of±50°. Therefore, based on other
references, there is a clear contradiction between the antenna
profile and the beam scanning coverage angle. The proposed
antenna, employing the ENZ mode, has shown simultaneous
improvements in both profile and beam scanning angle com-
pared to previous works, addressing the intrinsic contradiction
between antenna profile and beam scanning angle.

IV. CONCLUSION

In this letter, we present a wide-angle beam scanning antenna
array based on four identical low-profile wide-beamwidth ENZ
elements. By utilizing the slot-excited anti-phase ENZ mode
with the properly reduced width, the proposed antenna element
achieves wide beamwidth characteristics. Furthermore, based on
the designed element, a 4-element array is constructed, simul-
taneously providing a low profile of 0.03 λ0 and a wide beam
scanning angle of ±72°. The measured results show that the
antenna array achieves a ±73° beam scanning angle. Therefore,
the proposed approach holds the potential to pave a promising
path for profile-limited and conformal phased array designs in
confined spatial environments.
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