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Abstract—A wideband reflectarray antenna (RA) with improved
efficiency is proposed based on nonradiative dielectric (NRD)
waveguide unit cells. The inherent non-resonant nature of the
waveguide is utilized to achieve wideband performance. In contrast
to conventional rectangular waveguide (RWG) based RA, the
proposed design simplifies the unit cell structure by eliminating a
pair of conductor walls and the metal ground used for reflecting
the incident electromagnetic wave. Additionally, the proposed
design achieves a compact unit cell size of 0.431x0.44), where A
represents the free-space wavelength at the center frequency (10
GHz). The single-layer dielectric is employed for the RA design
instead of previously reported multilayer or stacked layers to
achieve the comparable performance. The prototype consists of 16
x16 unit cells, with the dielectric components fabricated by 3D

printing technology. The measurements show that the 1-dB and 3-
dB gain bandwidths of 18% and 27% are realized, respectively,
with a peak aperture efficiency of 45%. Both of the simulations and
measurements validate that the proposed design enables wideband
and improved efficiency using a low-cost compact structure.

Index Terms—Nonradiative dielectric waveguide (NRD),
reflectarray antenna, wideband, cutoff frequency.

. INTRODUCTION

EFLECTARRAY antennas (RAs) are a crucial technology

in B5G/6G communication systems that provide reliable
high-speed communication channels for data centers and other
infrastructure [1][2]. As network deployments continue to grow
exponentially, the need for wideband, high-gain and low-cost
RAs is becoming increasingly urgent [3]. A number of studies
have examined wideband RAs using frequency-independent
resonant elements to achieve wideband radiative performance
through rotating or complementary structures fabricated by
printed circuit board (PCB) technology [4]-[9]. However,
multi-dimensional PCB structures are expensive, especially for
larger apertures [10], and the metal loss cannot be ignored in
millimeter-wave applications. Alternatively, dielectric-based
RAs offer a cost-efficient design solution that can be utilized up
to terahertz frequencies.

Typical dielectric RA designs involve printing or placing
dielectric slabs on a conductor ground using 3D printing or
substrate processing technology. In [11] and [12], the dielectric
slabs are fabricated with varying heights and serve as grooved
Fresnel zone plate (FZP) reflectors, achieving a wide 1-dB gain
bandwidth of over 18% but at the expense of worsened aperture
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efficiency due to the adjacent blocking effect in the non-planar
structure. In contrast, the work in [13] presents a planar
structure using perforated dielectric slabs with an aperture
efficiency of approximately 40%, yet the gain bandwidth is
limited to only 7% due to the nonlinear relationship between
effective permittivity and reflection phase in the perforated
elements. Dielectric resonator antennas (DRA) are also
employed as discrete unit cells for planar dielectric RA designs
[14][15] and the tuning of reflection phases is achieved by
adjusting the width or radius of the dielectric slab. However, the
inherent resonant nature of DRA elements makes it difficult to
achieve an operating bandwidth of exceeding 10%. Enhancing
both bandwidth and efficiency remains a challenge for
dielectric RAs, and currently the available method is often
using complex configurations such as multilayer [16] or stacked
layers [17].

The non-radiative dielectric (NRD) waveguide [18][19] is a
compact and low-loss waveguide that can serve as a potential
unit cell in planar RAs. It allows for direct reception of the
incident wave without adjacent blockage effect and exhibits a
non-resonant nature, which is suitable for achieving the
performance of wideband and high efficiency simultaneously.

In this letter, for the first time, we utilize a single-layer
dielectric within a waveguide structure to achieve enhanced
bandwidth and efficiency simultaneously. The periodicity of
the proposed unit cell is 0.43)\ in the longitudinal direction and
0.44\ in the lateral direction, with A representing the free-space
wavelength at the center frequency (10 GHz) of the RA. It is
significantly smaller than that required in rectangular
waveguide (RWG) based RAs [20]-[22], where the periodicity
falls within the range of 0.6 to 0.7 times of the free-space
wavelength at the center frequency. Moreover, the proposed
design simplifies the structure by removing a pair of conductor
walls and the metal ground in each RWG unit cell. Simulations
and measurements of the proposed design show that its
bandwidth and aperture efficiency is comparable to those of
multilayer dielectric RAs.

Il. UNIT CELL DESIGN

The RA using a space-fed configuration can eliminate the
need of complex feed network, which enables convenient
utilization of NRD waveguide as the unit cell of large-scale
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array antenna, resulting in a more streamlined and concise
structure. The configuration of the proposed NRD waveguide
as the RA unit cell is depicted in Fig. 1. The electromagnetic
(EM) wave is confined within a dielectric slab with cross-
section dimensions of a > b and height of hg, due to the
difference in dielectric constants between the dielectric and the
surrounding air. This feature of NRD waveguide eliminates
strong surface currents that can occur on the metallic walls of
RWG. The dimensions of the dielectric slab within the unit cell
are set to 13 mm and 10 mm for a and b, respectively. The
chosen dielectric material is polylactic acid (PLA), known for
its cost-effective application as a 3D printing filament, featuring
a typical permittivity of 2.7 and a loss tangent of 0.01. The
conductor wall has a height of 30 mm (h = 30 mm) and a
thickness of 0.3 mm. The dielectric slab maintains uniformity
and continuity along the direction of electromagnetic wave
propagation, defining a single-layer configuration, which is
consistent with the descriptions in [11]-[15].
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Fig. 1. The proposed NRD waveguide. (a) Top view, (b) perspective view,
and (c) working mechanism as the RA unit cell.

For a parallel-plate waveguide without embedding a
dielectric slab, the lowest frequency that EM waves can
propagate, i.e., the cutoff frequency feo is determined by the
distance a between the two parallel metal plates, where the
value of a should be chosen as around half of the free-space
wavelength A at frequency feo. However, when a dielectric slab
is embedded into the waveguide, the effective width of the
waveguide for the EM wave is increased, leading to a decrease
of the cutoff frequency. As the frequency falls below fa
(corresponding to the free space Ac1), the incident EM wave will
be blocked from propagating, even within the dielectric slab.
The frequency fu acts as the lower cutoff frequency, which is
associated with the dominant propagation mode, known as the
longitudinal section magnetic mode (LSMi1) in NRD
waveguide.

When utilized as the unit cell of the proposed reflectarray,
the NRD waveguide is terminated by an open end, which causes
the incident EM wave to reflect and creates two cutoff
frequencies: fc; and fe, as illustrated in Fig. 1(c). The EM waves
below fc; will be reflected around the surface of the NRD
waveguide, while those with frequencies above fy will
propagate through the dielectric and radiate from the other end
of the waveguide. Therefore, the effective bandwidth of the unit
cell is determined by the difference between feo and fc1.

It is important to note that the bandwidth is influenced by the
physical dimensions of the waveguide and the permittivity of

the dielectric slab. When the physical dimensions of the unit
cell remain constant, a higher dielectric permittivity will lead to
a decrease in fc1, while feo remains unchanged, resulting in an
extended bandwidth. As mentioned in [18], the bandwidth of an
NRD waveguide is determined by a bandwidth factor (BWiactor)
which is calculated based on the permittivity and the width-to-
length ratio of its cross-section. The calculation of BWiacor Can
be performed using the following formula:

BW o =+/& —1xb/a @)

where ¢ is the relative permittivity and b/a is the width-to-
length ratio of the dielectric slab cross-section. For the
permittivity of 2.7, an optimal BWiacor range of 1.0 to 2.0 is

found to achieve the maximum bandwidth.
]
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Fig. 2. Simulated reflection amplitude and phase versus frequency for the NRD

waveguide unit cell with different values of hy, where a =13 mm, b =10 mm, h
=30 mm.
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Fig. 3. Simulated reflection phase versus hy at different frequencies.

The reflection phase of the NRD waveguide within the
frequency range between f.; and fio can be controlled by
adjusting the height hq of the dielectric slab, which determines
the propagation length in the waveguide, as shown in Fig. 1(c).
Full-wave EM simulations are conducted using Ansys HFSS to
evaluate the reflection performance of the unit cell and
determine the cutoff frequencies. The simulations employ
Floquet port excitation with periodic boundary condition. Fig.
2 illustrates the results obtained for the varied height of the
dielectric slab (hq).

The selection of fy is based on the frequency point above
which the amplitude of the reflection coefficient Si; rapidly
decreases. On the other hand, fc; should be selected to ensure
that the phase shift range provided by different lengths of
dielectric slab is sufficient for phase tuning in the reflectarray
design. Following the above guideline, the highest operating
frequency fe is selected as 11.25 GHz, at which the minimum
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reflection coefficient magnitude reaches -0.7 dB. The cross-
sectional width (a=13 mm) of the NRD waveguide is close to
and smaller than half of its corresponding free space
wavelength (i.e., 0.54¢ =13.33 mm). This value is significantly
smaller compared to the dimension of conventional RWGs,
where a should be larger than the wavelength of the cutoff
frequency (lowest operating frequency). Furthermore, fe1 is
determined to be 8.75 GHz, which enables a reflection phase
range of at least 300°to be achieved by adjusting the height of
the dielectric slab hq between 5 mm and 20 mm.

Accordingly, the operating frequency range of the proposed
unit cell spans from 8.75 GHz to 11.25 GHz. At the center
frequency of 10 GHz, the reflection phase provided by the NRD
waveguide is evaluated as a linear function of hq, as depicted by
the dashed line in Fig. 3, in which the slope of the phase with
respect to hq is 23, and S represents the propagation constant of

NRD waveguide at 10 GHz. As a result, by adjusting the value
of hq, the reflection phase of the unit cell can be precisely tuned
for reflectarray design. The average magnitude of the reflection
coefficient against the varied hy values is -0.28 dB, and the
primary factor influencing the power loss in the reflection wave
is associated with the dielectric material, rather than ohmic loss.

Ill. REFLECTARRAY DESIGN, FABRICATION AND RESULTS

The RA based on the proposed NRD waveguide unit cell is
designed in this section to verify its performance. The unit cell
has a physical dimension of 13 mm = 13.3 mm (including the
conductor wall thickness of 0.3 mm). Meanwhile, the prototype
of the RA comprises a configuration of 16 > 16 unit cells with
an aperture size of 6.9A x 7.1A, where A denotes the free-space
wavelength at the center frequency of 10 GHz. The feed is
selected as a 15 dBi standard gain horn antenna (A-INFO LB-
90-15) with its axial direction in the yoz plane and offsetata 20
angle towards the broadside direction to minimize the aperture
blockage effect. The focus-to-diameter ratio (F/D) is set as 1.0
to ensure that the illumination tapper at the edge of the aperture
is below -10 dB. The calculated spillover efficiency and
illumination efficiency are 90% and 83%, respectively. The
collimated beam is designed to have a 20 “angle from broadside
to avoid the beam squint and specular reflection loss.
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The desired precise compensation phase distribution on the
reflectarray aperture can be calculated as [23]:

Ymn = kolmn + Omn + Prer 2

Here, wmn presents the unit cell in m-th column and the n-th row,

ko is the wavenumber in free space, ¢,,, iS the progressive
phase (pp) of the (m, n)-th unit cell in the collimated direction,
and d,,, is the distance from the phase center of the feed to the
unit cell. The additional term ¢ is included to optimize the
beam pattern and gain flatness during the array synthesis, and it
has a range of 360< Fig. 4 shows the distribution of the phase
compensation wmn With an optimized reference phase @ (= -
80°). Then, the height of dielectric slab hq in each unit cell can

be calculated using the following equation:

hg = (360° — Y,,,,)/2+5 mm (3)
where g is the propagation constant of the NRD waveguide at
10 GHz, set to be 10.5 degree/mm as described before, and 5
mm is the reference height of the dielectric slab according to
Fig. 4. The dielectric slabs are fabricated using a commercial
fused deposition modeling (FDM) 3D printer with PLA
filament, while the conductor walls are made by aluminum
sheets. The slabs are then attached one by one to the surface of
the conductor walls using glue to form the reflectarray, as
shown in Fig. 5. The measurement of the prototype is carried
out in the chamber. Since the collimated beam is expected to be
at a 20 “angle from the z-axis in the yoz-plane, the reflectarray's
H-plane performance will be evaluated by rotating 6 angle from
-90=to 90<in the ¢=90°plane, as illustrated in Fig. 6. After
confirming the main beam direction of the H-plane, the E-plane
performance is measured by rotating the antenna with 90<
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Fig. 5. Photographs of the fabricated RA prototype based on NRD waveguide.
(a) Top view and (b) bottom view.
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Fig. 6. Measurement setup of the proposed RA with offset feed, where Rx
means receiver.

A comparison between the simulated and measured results
for the RA’s H-plane and E-plane patterns is performed within
the operating band at the low edge, medium, and high edge
frequencies, as shown in Fig. 7. Reasonable agreement between
the simulation and measurement results is demonstrated.
Meanwhile, as expected, the main beam appears at 20 off the
broadside, while the measured sidelobe levels are lower than -
15 dB in the H-plane and -17 dB in the E-plane. The cross-
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Fig. 7. Comparisons of measured and simulated patterns. H-plane at (a) 8.75, (b) 10, and (c) 11.25 GHz. E-plane at (a) 8.75, (b) 10, and (c) 11.25 GHz.

polarization (X-pol) levels are also found to be lower than -27

dB for both of the E-plane and H-plane. The gain of the reflectarray antenna was simulated and
! measured, and the results are presented in Fig. 8. The

measurement exhibits a gain variation of no more than 2.0 dB

over a frequency range from 8.75 GHz to 11.25 GHz,

corresponding to a bandwidth of 25% centered at 10 GHz, and

the peak aperture efficiency is 45%. Table | gives the

(5]
£

2
]

- ji.“‘im&? performance comparisons of the proposed RA with other low-
e cost RAs based on 3D printing technology. In general, the
proposed RA based on NRD waveguide has achieved stable and
satisfactory performance over a wide bandwidth, indicating the
. effectiveness of the proposed design.
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Fig. 8. Comparison of measured and simulated gain of the proposed RA with 1VV. CONCLUSION
the feed antenna gain. .
TABLE I The proposed NRD waveguide structure has been shown to

COMPARISONS OF THE PROPOSED WIDEBAND REFLECTARRAY WITH OTHER be an effective unit cell for designing RAs with wideband and
DIELECTRIC REFLECTARRAYS high efficiency performance by simulation and measurement.

et | Voo Weasured A ooty | Thickness structure The phase of the reflected wave is tuned by adjusting the

(%) * propagation length of the EM wave in the dielectric slab,

ny | v | Ba | v | oseosi | o | Opou without using any resonant element. The wideband

12 1 20.9 10 | osuxosu 125; Grooved performance has bfaen achieved. The open air is used to reflect

(1.0-08) Fzp the EM wave without metal loss. Additionally, the NRD

B8 | 1| goum | 3 | 0%m0sw | o3n | T wavequide itself has been verified to an efficient way for

[4] 1 (13-%3) 31 | 0551x0.551 0.691 DRA RA minimizing meta! Ioss_as a transmissior) line [24]. 'I'_hgrefore,

Z : the proposed design will be very attractive for the millimeter-

[15] ! (Lo-gp) | 126 | 0808 015 DRARA wave applications where metal loss is a significant problem. It

[16] 2 (1_1:.}115) 456 | 0.451x0.45, 0.551 "e’pfl‘;’fe‘ed is worth further noting that, the bandwidth can be extended if

w1 : A 5 | 063063 . Stacked h!gh p_ermlttlwty (_jlelec_trlc sla_lb is dep_loyed_ with same

— 0 : ':‘3:5 dimension as qu_Cl’Ibed m_Sectlon_ I, which will allow for
work 1 2500-dg) | 45 | 043044 104 waveguide greater flexibility in the design of wideband RA.

* A means the free-space wavelength at the corresponding center frequency of
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