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Abstract

Dual-beam circularly polarized antenna arrays are widely demanded in high-capacity
wireless and satellite communication systems. However, conventional designs typically
suffer from complex feeding networks, large profile, and high insertion loss, which limit
their integration level and efficiency. To address these issues, this paper proposes a low-
loss, highly integrated dual-beam circularly polarized antenna array based on a substrate-
integrated waveguide equivalent ENZ feeding network. A new physical phenomenon
is revealed that the tangential electric field in the slots exhibits an equal-amplitude and
anti-phase distribution due to the combined effect of the uniform field distribution in
the ENZ medium and the boundary conditions of the slotted perfect electric conductor.
Using this inherent mechanism, the antenna achieves symmetric dual-beam radiation at
approximately £27° in the E-plane. A polarization conversion meta surface layer is loaded
to convert linear polarization into circular polarization. A prototype is fabricated and
measured. At 8.3 GHz, the measured peak gain is 9.1 dBi, the minimum axial ratio is better
than 1.5 dB, and the radiation efficiency is higher than 85%. The proposed array features
simple structure, low loss, and high integration. Compared with conventional feeding
structures, it eliminates the need for additional phase shifters or power dividers, effectively
reducing insertion loss and structural complexity. It exhibits good application potential in
compact base stations and satellite communication terminals.

Keywords: antenna array; circular polarization; dual-beam radiation; epsilon-near-zero
(ENZ); substrate integrated waveguide (SIW); low-loss feeding

1. Introduction

With the rapid development of 5G, 6G, low-earth-orbit satellite constellations, and
high-capacity multi-user communication systems, dual-beam circularly polarized (CP)
antenna arrays have become critical components [1-9]. Dual-beam antennas can cover mul-
tiple spatial directions simultaneously [10,11], supporting efficient multi-user transmission.
Circular polarization effectively reduces multipath fading and polarization mismatch in
complex propagation environments [12-14]. Therefore, it is of great significance to develop
high-gain, low-loss, compact, and highly integrated dual-beam CP antenna arrays for
future wireless communication terminals.

However, traditional dual-beam CP antenna arrays rely heavily on complex feeding
networks, such as Butler matrices, multi-stage power dividers, or series-fed structures
with precise phase control [8,15]. These schemes inevitably lead to bulky structures, high
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insertion loss, low efficiency, and difficult integration. Although they can achieve dual-
beam radiation, their bulky feeding networks significantly limit performance and practical
application in compact systems.

ENZ materials have attracted extensive attention in antenna feeding networks
due to their unique electromagnetic properties: nearly constant phase, uniform field
distribution [3,16-18], and low transmission loss [19-22]. ENZ-based feeding structures
can achieve in-phase and equal-amplitude excitation without complex power division
networks, showing obvious advantages in miniaturization and low-loss design. However,
most reported ENZ antennas are limited to linear polarization and single-beam radiation.
More importantly, the field distribution mechanism inside the radiating slots of ENZ feed-
ing networks—which directly determines multi-beam radiation performance—has not
been thoroughly studied.

Several recent works have exploited the unique field behaviors of ENZ structures for
different radiation functions. For instance, Liu et al. [23] reported a low-profile ENZ cavity
array where the internal electric field exhibits a sign-function-like distribution to broaden
the beamwidth for wide-angle beam scanning. Dadgarpour et al. [24] demonstrated an
ENZ-based dual-beam antenna by using anisotropic ENZ meta-lens arrays to route the
radiated energy into two symmetric directions. However, that design relies on external
wave-manipulation elements and achieves only linear polarization. In contrast, this work
reveals a distinct physical mechanism: under the combined effect of the uniform ENZ field
and the boundary condition of a slotted perfect electric conductor (PEC), the tangential elec-
tric field inside the slots naturally presents an equal-amplitude and anti-phase distribution.
Consequently, symmetric dual beams are directly excited without any additional phase
shifters, power dividers, or external wave-routing structures. This feature fundamentally
differs from the beam-scanning application in [23] and the meta-lens dependent scheme
in [24].

To fill the above gaps, this paper proposes a novel low-loss dual-beam CP antenna
array using an SIW-based ENZ feeding network. The core innovation lies in a system-
integration scheme that synergistically combines an SIW-based ENZ feeding network
with uniform in-phase excitation, the inherent anti-phase tangential-field distribution on
the slotted PEC surface that directly generates symmetric dual-beam radiation, and a
polarization-conversion meta surface layer that transforms the linear-polarized dual beams
into circular polarization.

This integrated three-layer architecture eliminates the need for complex beamforming
networks and achieves low-profile, high-efficiency CP dual-beam radiation. A prototype
is fabricated and measured. At 8.3 GHz, the proposed antenna achieves a peak gain of
9.1 dBi, a minimum axial ratio below 1.5 dB, and a radiation efficiency higher than 85%.
To quantitatively illustrate the low-loss advantage of the proposed ENZ-based feeding
network, we compare its excess insertion loss with that of conventional Butler matrices.
Here, excess insertion loss is defined as the measured loss beyond the theoretical 6 dB split-
ting loss for a 1-to-4 power division. Our ENZ network exhibits an excess insertion loss of
approximately 0.9 dB. In comparison, typical 4 x 4 Butler matrices reported in the literature
have excess insertion losses ranging from 2 dB to 4 dB [8], mainly due to the accumulated
losses of hybrid couplers, crossover structures, and phase shifters. This quantitative com-
parison highlights the intrinsic low-loss characteristic of the proposed architecture, making
it particularly attractive for compact, high-efficiency communication terminals.

2. Design of Antenna Structure

The proposed antenna adopts a three-layer stacked configuration along the z-axis,
which is beneficial to miniaturization and high integration as shown in Figure 1. The first
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layer is a single-row substrate integrated waveguide (SIW) operating at its cutoff frequency
to realize the equivalent ENZ characteristic, which can generate a uniform electric field
distribution to provide stable feeding for the radiation elements. The second layer is
composed of four parallel SIW rows with the same structural parameters as the first layer,
ensuring the same ENZ resonant frequency and high-efficiency energy coupling between
layers. The third layer is a polarization conversion meta surface composed of metallic
patches loaded on a dielectric substrate, which is used to convert linear polarization into
circular polarization and improve the gain and directivity of the dual beams.

Y. Layer3 P/R Structure
¥
/Layer2 SIW
i [N A N |
\
X Layer1 SIW
y Feeder

Figure 1. Schematic of the three-layer antenna structure.

The antenna is fed by a coaxial probe at the bottom, and good impedance matching
can be achieved by adjusting the probe position. The thicknesses of the first, second, and
third layers are 0.5 mm, 0.5 mm, and 2 mm, respectively. The dielectric substrate used for
all three layers is Rogers RO6002, with a loss tangent tand = 0.0015 [25].

When the input frequency satisfies the ENZ resonance condition of the SIW, the first
layer exhibits a uniform field distribution, which is then coupled to the four parallel SIW
rows in the second layer. As a result, the radiating slots on the second layer are excited
uniformly and in-phase, generating linearly polarized dual-beam radiation. After passing
through the polarization conversion layer, the linearly polarized dual beams are converted
into circularly polarized waves and radiate into space. Figure 2 is the schematic diagram of
the overall antenna configuration.

Figure 2. The schematic diagram of the overall antenna configuration.

3. Design of the SIW-Based ENZ Feeding Network

This section presents the design of the substrate integrated waveguide (SIW)-based
ENZ feeding network, which provides uniform excitation and forms symmetric dual-beam
radiation. The first-layer SIW structure is depicted in Figure 3, where the key geometrical
parameters include the radius of metallic vias R, the center-to-center spacing between
adjacent vias s, and the distance between the two via rows w (where w < 1/20 )tg, and
Ag is the guided wavelength within the SIW). The SIW can be equivalent to a rectangular
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waveguide with an effective broadside width w.¢, which is calculated by the empirical
formula widely used in SIW designs [26].
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Figure 3. Schematic diagram of the first-layer SIW structure and the ENZ feeding network. (a) The
SIW surface is etched with four equally spaced radiating slots. (b) Detailed geometrical dimensions
of the SIW structure.
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In the TE;( mode, the effective permittivity eq¢ of the waveguide can be characterized
by the Drude dispersion model [27] and is expressed as

eeit(f) = & — 2/ (4wls1f) )

where c is the speed of light in free space, f is the operating frequency of the SIW, and ¢,
is the relative permittivity of the substrate. When e is 0, the SIW operates in the ENZ
mode, exhibiting a near-zero propagation constant and an infinite guided wavelength. The
corresponding operating frequency (f) can be calculated as the cutoff frequency.

Subsequently, four identical radiating slots are etched on the top surface of the SIW.
The geometry and dimensions of a single radiating slot are depicted in Figure 3b. In this
work, the detailed parameters of the ENZ feeding network are listed in Table 1.

Table 1. Detailed parameters of the ENZ feeding network.

Parameter Value (mm) Parameter Value (mm)
L 43.8 b 6
w 10.8 c 1
l 5.2 d 1
s 1.08 e 7.8
a 3

When the SIW is excited by a coaxial probe, the field distribution under the ENZ mode
is illustrated on the left side of Figure 3a. Due to the infinite guided wavelength within
the ENZ medium, the internal electric field is uniformly distributed with negligible phase
variation, thereby achieving in-phase radiation at the four radiating slots.

Subsequently, another SIW (layer 2) is stacked on top of the first layer as shown in
Figure 4a. In Figure 4a, the layer 2 consists of four SIWs arranged side by side, which are
identical to those in the first layer, but oriented orthogonally to the first-layer structure. The
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rationale behind this combined configuration lies in exploiting the uniform electric field
characteristic inherent in the ENZ medium. First, a uniform field distribution is achieved
within the first-layer SIW. Consequently, its four slots act as feeding sources with equal
amplitude and phase. Due to the structural similarity between the first and second SIW
layers, impedance matching is achieved between the layers. Through coupling, the field
distribution is transferred, ultimately establishing a uniform field across the four parallel
slotted rows in the second layer. All full-wave simulations were carried out using CST
Microwave Studio 5.0. This results in a 16-element feeding array with equal amplitude and
phase as shown in Figure 4b.
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Figure 4. Overall electric field distribution and electric field distribution within the slots in the second
layer of the SIW feeding network. (a) Schematic diagram of the second-layer SIW structure. (b) A
uniform electric field distribution is exhibited within the four SIWs arranged side by side at cutoff
frequency. (c) Phase of the electric field along the z-direction (normal direction) within the slots on
the SIW surface. (d) Phase of the electric field along the x-direction (tangential direction) within the
slots on the SIW surface.

Figure 4c demonstrates that all electric field components perpendicular to the slots in
the second layer are uniform. Notability, an anti-phase symmetry phenomenon is observed
for the horizontal electric fields on the slot surfaces.

Under the ENZ condition, the effective permittivity e.¢ of the SIW satisfies near zero.
From V x H = jwe, f fE, the electric field of E in the SIW becomes irrotational, leading to
a uniform distribution along the slot length (y-axis). For a narrow slot (width of d < Ag)
etched on a perfect electric conductor (PEC), the tangential electric field of Ey(y) must
satisfy the boundary condition that its line integral around a loop crossing the slot vanishes.

b
3 Bty =0 )
2

https://doi.org/10.3390/electronics15122736


https://doi.org/10.3390/electronics15122736

Electronics 2026, 15, 2736

6 of 14

and Ex(:t%) = 0 at the metal edges. Expanding E,(y) in a Fourier sine series automatically
satisfies Ex(+5) = 0:

Ely) = L ansin(*7Y) @

n=1

The line integral condition is automatically satisfied because each sine term integrates
to zero over the symmetric interval. The fundamental mode (n = 1) is odd-symmetric and
has the longest spatial period. Higher-order modes (n > 2) have cutoff frequencies pro-
portional to n1/d. Because of the d < Ag, these modes are evanescent and their amplitudes
decay exponentially away from the slot. Hence, the mode of n = 1 dominates, leading to an
equal-amplitude, anti-phase distribution. This is confirmed by the simulated field profile
which shows a clear odd-symmetric distribution across the slot and the field is equivalent
to two parallel but opposite magnetic currents as shown in Figure 4d.

The far-field radiation pattern of a single such slot can be derived from the equivalence
principle. The anti-phase tangential field corresponds to two equivalent magnetic currents
Jm and —J\ separated by the slot width. For a slot located at the origin, the far-zone electric
field is proportional to the spatial synthesis of the pair of equivalent opposite magnetic
current source inside the slot, which can expressed as

b
Efar(6) o / 2 Ex(y)esnfay (5)
2

Substituting the odd-symmetric fundamental mode Ex(y) = Egsin(27ty/b) which exhibits
Ef,(6) is minimum at 6 = 0° and two symmetric peaks at angles 6 = +6,,. For the present
parameters (b = 6 mm at 8.233 GHz), numerical calculation gives the peak directions at
Om~= £ 30°.

Four slots are spaced by distance e = 7.8 mm along the y-axis. The array factor for
four slots with alternating phases is given by

4 o .
AF(Q) _ 2 (71)l+1e]k(1—1)esm9 (6)
i=1

Because the SIW behaves as an ENZ medium, the four slots are excited with equal
amplitude and in-phase (i.e., the excitation phases across different slots are identical).
However, within each slot, the tangential electric field exhibits an odd-symmetric distri-
bution (equal amplitude and opposite phase on the two halves of the slot), as shown in
the simulated field profile in Figure 4d. This odd-symmetric distribution is equivalent
to two opposite magnetic currents (illustrated in Figure 4d). Consequently, the effective
radiation from adjacent slots has a 180° phase difference, leading to the alternating-sign
term (—1)1*! in the array factor. The phase distribution plotted in Figure 4d further confirms
the anti-phase behavior across the slot. This factor further suppresses the sidelobes and
sharpens the main beams and the beam direction can be reduced to about 30°.

At present, this anti-phase tangential field distribution in slotted ENZ waveguides
and its direct application to dual-beam antenna design has not been reported in the open
literature. The physical insight presented here not only explains the underlying operation of
the proposed antenna but also provides a generalizable approach for developing compact
multi-beam radiating systems.

Figure 5 presents the S;; of the SIW feeding network. As depicted in Figure 5, the
feeding network exhibits two resonant frequencies, located at 8.233 GHz and 8.502 GHz,
respectively. Among these, 8.233 GHz corresponds to the resonance point at which the
network operates in the ENZ mode. In contrast, the resonance depth of the ENZ mode is
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far stronger than that of the F-P mode. It is evident that when operating in the ENZ mode,
the feeding network is capable of effectively radiating electromagnetic waves.
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Figure 5. Simulated Sy of the SIW feeding network.

Figure 6 shows the far-field radiation gain pattern in the E-plane and the three-
dimensional gain pattern of the SIW feeding network operating in the ENZ mode. The
patterns exhibit two prominent and symmetric beams. However, The two lobes are not
highly independent; each has a beam direction of approximately 30° which agrees well

with the numerical calculation. The radiation is linearly polarized, and the maximum gain
is about 7.83 dBi.
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Figure 6. Far-field gain patterns of the SIW feeding network in ENZ mode: (a) gain pattern in the
plane (E-plane), (b) three-dimensional pattern.
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4. Design of Polarization Conversion and Radiating Structure

To further increase the gain of the two beams and realize circular polarization, a
polarization conversion layer is integrated on top of the feeding network, as illustrated in
Figure 7. The corresponding parameters of the polarization conversion layer are listed in
Table 2.

By introducing asymmetry in the surface impedance, polarization rotation of the
reflected or transmitted wave can be achieved [28]. Figure 7b illustrates the structure of
the polarization-rotating meta surface (PRMS). It consists of a dielectric substrate and an
upper-layer meta surface metallic patch, where the meta surface patch is a square metallic
patch with a 45° inclined slit etched at its center. The polarization rotation characteristics
can be observed through the amplitude and phase of the reflection coefficients as shown
in Figure 8. Assuming a TM wave incident normally along the z-axis onto the PRMS
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surface (Ttg,Tm represents the polarization rotation ratio, i.e., the ratio of the transmitted
TE wave orthogonal to the incident TM field), it is found that the magnitude of Ty M
is below —10 dB from 7.5 GHz to 8.8 GHz, while T1g 1\ exceeds —10 dB, indicating that
the incident TM wave is primarily converted into an orthogonally polarized transmitted
TE wave as depicted in Figure 8a. Furthermore, at the center frequency of 8.233 GHz, the
phase of Ttg,T\ is approximately —90°, meaning that the incident TM wave leads the
transmitted TE wave by 90°. In other words, the incident and transmitted waves exhibit
a 90° polarization rotation accompanied by 90° phase difference, thereby generating a
left-hand circularly polarized (LHCP) wave. In addition, the polarization sense can be
tuned by reversing the orientation of the meta surface slit.

|§'|§'|§'i' ®)
S I/; =
Va4 4

Figure 7. Polarization conversion and radiating layer. (a) Schematic diagram of the unit cell distribu-
tion on the surface. (b) Schematic diagram of a single unit cell with its parameters.

Table 2. Detailed parameters of Polarization Conversion and Radiating Structure.

Parameter Value (mm) Parameter Value (mm)
I 114 I 5
mq 0.6 myp 0.9
ms 3.6 my 0.3
ms 3.9 Mmeg 04
nq 5.5 ny 49
ns 0.3
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Figure 8. Schematic diagram of polarization conversion performance. (a) Transmission coefficient
curves of the polarization conversion on radiating layer. (b) The polarization conversion phase.

Figure 9 shows the Sq1 of the entire antenna after covering the polarization conversion
and radiation layer. It can be observed that at 8.3 GHz, when the antenna operates in
the ENZ state, it radiates effectively while the inherent Fabry—Pérot resonant effect of the
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SIW is effectively suppressed. Figure 10 illustrates the far-field radiation gain pattern
(E-plane and H-plane) and the three-dimensional pattern of the antenna which is covered
the polarization conversion and radiation layeroperating in ENZ mode. Figure 10a shows
the simulated E-plane and H-plane radiation pattern at 8.3 GHz. Due to the alternating-
phase excitation of the four slots, the H-plane pattern exhibits a broad beam with relatively
low gain, as expected from the array factor. The E-plane pattern shows beam peaks at
—27.8° and +26.7°, demonstrating good symmetry and the maximum sidelobe appears at
approximately £100° and is about 19 dB below the main lobe, meeting typical engineering
requirements. Therefore, the dual-beam characteristic is primarily discussed in the E-plane.
Nevertheless, the H-plane pattern confirms the absence of grating lobes and acceptable
cross-polarization levels. Compared with Figure 6, the independence of the dual beams is
significantly enhanced. The radiation exhibits circular polarization, and the maximum gain
is increased to 9.1 dBi.

3
1
1 ¢
(2] § 5
$
15 1
|
(1
i
U
-20 4 ENZ Frequency 8.3GHz
N
T T T T T 1
75 8.0 8.5 9.0
Frequency (GHz)

Figure 9. Sy; of the entire antenna covered the polarization conversion and radiation layer.
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Figure 10. Radiation characteristics of the entire antenna covered the polarization conversion and
radiation layer. (a) The far-field radiation gain pattern in the E-plane and H-plane of the whole
structure. (b) The three-dimensional pattern of the whole structure.

Figure 11 shows the Simulated LHCP /RHCP gain pattern of the antenna. From the
simulated LHCP/RHCP patterns, at the dual-beam peaks (~+27°), the LHCP gain is about
9.1 dBi and the RHCP gain is about —10.2 dBi, giving an XPD of 17.2 dB. In the H-plane,
the cross-polarization discrimination (XPD) is approximately 19.3 dB. These values indicate
good circular polarization purity.
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Figure 11. Simulated LHCP/RHCP gain pattern of the antenna.

5. Experimental Comparison and Measurement

Subsequently, a measurement and comparison experiment was conducted. The an-
tenna was measured in an anechoic chamber using a Keysight N5225B vector network
analyzer. The gain was measured using the comparison method with a standard-gain
horn reference, yielding a peak gain of 9.1 dBi with an estimated uncertainty of +0.5 dB;
axial ratio was measured using the rotating linear-polarization method, giving a minimum
value of 1.5 dB with an uncertainty of +0.2 dB, radiation efficiency was extracted using
the Wheeler cap method, reaching 85.3% (including dielectric, conductor, and polarization-
conversion losses)at 8.3 GHz, the VNA was calibrated with SOLT, and the uncertainty for
511 is £0.2 dB. Based on the simulation model, a prototype antenna was designed and
fabricated, as shown in Figure 12. Figure 13 presents the comparison S1; and E-plane
radiation patterns between the measured data and the simulated data. It can be observed
from Figure 13 that the measured results show good agreement with the simulated ones. In
the S11 curve, the measurement verifies that the designed feeding network achieves ENZ
resonant matching feeding. It is noted that, due to tolerances in design and fabrication
accuracy, a slight frequency shift occurs compared to the simulated results as shown in
Figure 13a which shows that the measured 10 dB return loss bandwidth (1511 < —10dB) is
approximately from 8.16 GHz to 8.41 GHz, corresponding to a relative bandwidth of 3.02%.
Moreover, the measured and simulated radiation pattern curves exhibit the same variation
trend with consistent gain as shown in Figure 13b. Comparing the simulated and measured
axial ratio results, the axial ratio values at the resonant frequency are significantly lower
than 3 dB and the 3 dB axial ratio bandwidth is approximately 2.9%, demonstrating that the
antenna achieves circular polarization at the operating frequency as shown in Figure 13c.
Figure 13 demonstrates that the proposed antenna is experimentally validated, and the
measured results agree well with simulations. The measured 3 dB axial ratio bandwidth is
approximately 2.9%, which is indeed relatively narrow for some wideband applications.
This limitation mainly stems from the resonant nature of the polarization-conversion meta
surface. Nevertheless, this bandwidth is still sufficient for narrowband satellite downlink
applications (e.g., 8.2-8.4 GHz). In future work, the following strategies can be adopted
to broaden the axial ratio bandwidth: (1) using a multi-layer meta surface structure to
increase the degrees of freedom in resonance; (2) designing a meta surface with multi-
resonant or non-uniform unit cells; (3) introducing a wideband polarization converter.
These approaches are expected to significantly enhance the operational bandwidth while
maintaining circular polarization.
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Figure 12. Front overall view of the antenna and the feeding port on the back side. (a) Physical
dimension comparison of the staple-shaped structure on the antenna front side. (b) The back side of
the antenna uses a coaxial cable feed.
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Figure 13. Comparison between measured data and simulated data. (a) The Sy of simulated and
measured. (b) Simulated and measured E-plane patterns of the antenna. (c¢) Simulated and measured
axial ratio of the antenna radiation.

Table 3 compares the proposed antenna with three representative ENZ-based single-
beam, linearly polarized designs reported in the literature. It should be noted that these
references operate over a wide frequency range (from 5.18 GHz to 29.5 GHz) and have
different aperture sizes; therefore, a direct numerical comparison of absolute gain values
across different frequencies is not strictly fair. Instead, the key message of Table 3 is to
highlight the functional and architectural differences between prior works and this design.
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Table 3. The comparison between this work and recent representative ENZ antennas.
Ref. Functionality Frequency (GHz) Gain (dBi) Feeding Components Rad. Eff. (%)
Substrate Integrated Cavity
[29] Single-beam, linear 29.5 11 (SIC) + Grounded Coplanar about 80
Waveguide (GCPW)

[30] Single-beam, linear about 8 6.51 MEMS phase shifters 96

[31] Single-beam, linear 5.18/5.72 10 Integrated SMA coaxial feed 58

v?c}ﬁ( Dual-beam, CP 8.3 9.1 No phase shifter/divider >85

Note: The compared references operate at different frequencies and have different aperture sizes; abso-
lute gain values are not directly comparable across rows. The key comparison lies in the functional and
architectural differences.

All compared references radiate a single beam with linear polarization, whereas the
proposed antenna generates dual beams with circular polarization. More importantly, their
feeding networks are significantly more complex. Reference [29] uses a Substrate Integrated
Cavity (SIC) combined with a Grounded Coplanar Waveguide (GCPW) power divider;
Reference [30] relies on MEMS phase shifters; and Reference [31] employs an integrated
SMA coaxial feed. In sharp contrast, the proposed ENZ feeding network requires no phase
shifters or power dividers whatsoever. This results in an excess insertion loss of only 0.9 dB,
which is considerably lower than typical Butler matrices (2—4 dB).

In terms of gain, the proposed design achieves 9.1 dBi at 8.3 GHz, which is comparable
to or higher than the gain of [30] (6.51 dBi at ~8 GHz) and moderate compared to [29]
(11 dBi at 29.5 GHz) and [31] (10 dBi at 5.18/5.72 GHz). The lower gain of [30] is mainly
due to its electrically small aperture. The radiation efficiency of the proposed antenna
(>85%) is competitive, especially considering the additional polarization-conversion layer.

Overall, the comparison in Table 3 demonstrates that the proposed antenna offers a
unique combination of dual-beam circular polarization and a low-complexity, low-loss
feeding network—a feature set that is not simultaneously available in any of the prior ENZ
antennas. This makes it attractive for compact satellite terminals and small base stations
where both spatial coverage and system efficiency are critical.

6. Conclusions

This paper presents a low-loss, highly integrated dual-beam circularly polarized
antenna array using an SIW-based ENZ feeding network. By investigating the field charac-
teristics in slotted SIW structures under the ENZ mode, this work verifies that the tangential
electric field in the radiating slots presents an equal-amplitude and anti-phase distribution,
which is generated by the uniform field property of the ENZ medium and the boundary
constraint of the slotted PEC surface. Based on this inherent mechanism, symmetric dual-
beam radiation can be realized directly without additional phase shifters, power dividers,
or complex beamforming networks. A three-layer integrated configuration is designed,
including the ENZ feeding layer, radiating layer, and polarization conversion meta surface
layer, which realizes low-profile, high-efficiency circularly polarized dual-beam radiation.

The proposed antenna is fabricated and measured. At the operating frequency of
8.3 GHz, the prototype achieves a peak gain of 9.1 dBi, a minimum axial ratio lower
than 1.5 dB, and a radiation efficiency higher than 85%. The dual beams are symmetric
with good directivity, and the overall structure features compact size, low loss, and high
integration. Compared with conventional dual-beam circularly polarized antenna arrays,
the proposed design avoids complex feeding networks and achieves improved radiation
efficiency and integration.
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The proposed antenna and design method show good potential for application in satel-
lite communication terminals and compact base stations. Furthermore, the revealed field
distribution mechanism can be extended to the design of multi-beam, high-gain, and low-
loss antenna arrays for microwave and millimeter-wave wireless communication systems.

It is worth noting that the revealed anti-phase tangential-field mechanism is scale-
dependent and can be naturally extended to millimeter-wave bands by proportionally
scaling the SIW structure and slot dimensions, offering a promising route to low-complexity
multi-beam CP antenna arrays at millimeter-wave frequencies.
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