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Abstract—Recently, non-resonant partially-reflective surface
(PRS) antennas have emerged as promising alternatives to
conventional PRS antennas. However, the design of non-resonant
PRS antennas is somewhat complicated. In this paper, we
introduce a straightforward ray-tracing method aimed at
efficiently calculating the necessary compensation phases.
Through simulations conducted using Ansys HFSS, the
effectiveness of our proposed method is demonstrated.

I. INTRODUCTION

Since the introduction of the electromagnetic (EM) bandgap
concept, there has been extensive research on partially reflecting
surface (PRS) resonant antennas [1], [2], also known as Fabry-
Perot resonator antennas [3]. While they offer high-gain
performance and advantages such as a simple structure, easy
assembly, and low cost, their gain levels are somewhat
constrained. Recently, a novel non-resonant PRS antenna
concept has been introduced [4], promising enhanced design
flexibility and superior gain performance. However, the design
of non-resonant PRS antennas requires consideration of the near
fields on the PRS surface [4], necessitating the utilization of 3D
electromagnetic simulation software.

This paper introduces a pioneering approach for the efficient
design of non-resonant PRS antennas. Leveraging a modified
ray-tracing method inspired by techniques previously employed
in the design of PRS resonant antennas [1], our novel
methodology enables the approximate calculation of the phase
distribution within the near fields on the PRS. Consequently, this
facilitates the determination of the necessary compensation
phases and the subsequent design of a phase-correcting surface
(PCS). The effectiveness of our proposed method is validated
through simulations conducted using Ansys HFSS.

Il.  THEORETICAL ANALYSIS

Figure 1 illustrates the 2-D schematic diagram of a typical
non-resonant PRS antenna [4], which comprises a feeding
antenna, a fully reflective ground (GND), a PRS, and a PCS.
Upon transmission from the feeding antenna, EM waves
undergo partial transmission and reflection by the PRS. In cases
where the cavity is not resonant at the operating frequency, the
transmitted EM waves tend to be out-of-phase on the surface of
the PRS. To address this, the PCS facilitates full transmission of
incoming EM waves and provides the necessary compensation
phases. This ensures that the EM waves on the top surface of the
PCS become in-phase, generating a focused high-gain beam
directed broadside to the PRS antenna.

The PRS and PCS under consideration are characterized by
their periodic structures, as illustrated in Fig. 1, where various
unit cells are depicted with distinct colors. These colors signify
potential variations in reflection coefficients or the provision of
different compensation phases. Employing the Huygens
principle [5], the periodic nature of the PRS and PCS allows
them to be treated as secondary radiation sources, essentially
forming antenna arrays. Consequently, our analysis focuses on
EM waves that either pass through or are radiated by individual
unit cells. For efficient consideration, the EM waves are
assumed to pass through the center of each unit cell. Given that
the reflection phase of the GND is 7, the phase angle of the n-th
leaky wave, pertaining to the n-th unit cell on the PRS, can be
expressed as follows:
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where « is the angle determined by the center of the unit cell,
asshown in Fig. 1, ¢; and 6, are reflection phase of the i-th unit
cell on the PRS and the reference phase, respectively. The PCS
is constructed according to the compensated phases based on
Eqg. (1). Consequently, these compensation phases can be
calculated using Formula (1) rather than relying on 3-D
electromagnetic (EM) software, resulting in significant
computational time savings and streamlining the antenna
design process.
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Figure 1. Schematic of a non-resonant PRS antenna.

I1l. VALIDATION

This section presents the design and validation of a non-
resonant PRS antenna operating at 12.5 GHz, aiming to confirm
the efficacy of the previously outlined design strategy.
Ilustrated in Fig. 2 is the configured PRS antenna (referred to
as Ant. 1), comprising a metal ground, a PRS, a PCS, and a
compact open waveguide feed antenna. Both the PRS and PCS
are constructed as Fabry-Perot metasurfaces [6], sharing the
same period and providing partial reflection and compensation
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phases, respectively. In this specific design, the cavity height
(hl) is set at 0.625), and there exists a 3 mm gap (h2) between
the PRS and the PCS. Employing Formula (1), the phase
distribution on the centers of all unit cells of the PRS is
calculated. Subsequently, 3-bit phases, comprising 8 phases
with a uniform step of 45°, are used to compensate these phases
through the PCS. The resulting compensation phase distribution
on the PCS is then obtained and visualized in Fig. 2(b).

(a)

Figure 2. (a) The designed PRS antenna; (b) The compensation phase
distribution from Formula (1); (c) The compensation phase distribution from
Ansys HFSS.

To validate the design, we utilize an open waveguide as the
feed. The PRS and PCS feature two identical dielectric cells and
three metal layers. The top and bottom metal layers consist of
orthogonally-oriented gratings, while the middle layer adopts a
double splitting ring (DSR) structure, as depicted in Fig. 3. The
required transmission compensation phases for the PCS are
obtained by adjusting the parameters of the DSR [6]. Figure 3
illustrates the transmission amplitudes and phases for eight
distinct PCS unit cells. Notably, the transmission efficiency
exceeds 95%, and there is a consistent 45° phase step among the
eight cells at 12.5 GHz. One of these eight cells is selected to
construct the PRS, and by rotating the DSR, the necessary partial
reflection is achieved [6].
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Figure 3. Transmission amplitudes and phases of the basic eight units of the
PCS.

Utilizing the aforementioned design, we employ the eight
unit cells to construct both the PRS and PCS. Subsequently, we
have created the HFSS model for the PRS antenna and conduct
comprehensive simulations. For comparative analysis, we also
design a distinct PRS antenna denoted as Ant. 2. In this scenario,
the antenna configuration mirrors that of Ant. 1, while the
compensation phases are determined by recording the near fields
at the central position of each unit cell beneath the PRS using
Ansys HFSS. The resulting compensation phase pattern is
visualized in Fig. 2(c), guiding the design of a separate PCS
tailored specifically for Ant. 2.

Simulations were conducted for both Ant. 1 and 2, and the
comparative results are depicted in Fig. 4. Both ray-tracing and
HFSS-based designs yield the anticipated pencil beam. While

the peak gain achieved through ray-tracing compensation
closely aligns with that obtained through HFSS, there is a
marginal reduction in peak gain at nearby frequency points.
Specifically, the peak gain reaches 20.1 dBi using the proposed
efficient method. The 3-dB gain bandwidth is measured at 12%,
with the aperture efficiency standing at approximately 30.47%.
These findings highlight the effectiveness of the proposed ray-
tracing approach in achieving the desired antenna performance,
showcasing comparable results to traditional EM software-
based PRS antennas.
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Figure 4. Simulation results for PRS antennas without PCS and with the PCS
designed by the proposed ray-tracing method or Ansys HFSS: (a) Realized gain
and |Sq|; (b) Radiation patterns.

IV. CONCLUSION

We introduce a straightforward ray-tracing method for the
efficient design of non-resonant partially reflective surface
antennas. Simulation results reveal that, in comparison to the
accurate yet complex design approach, the outcomes from our
proposed simple, efficient method are comparable, affirming its
effectiveness in achieving reliable results with reduced design
intricacy.
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