|

Check for
updates

Research Article Vol. 29, No. 13/21 June 2021/ Optics Express 20379 |
Optics EXPRESS A N \

Angular selectivity based on a
double-resonance periodic array of scatterers

LIN ZHoU ® AND ZHONGXIANG SHEN’

School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798,
Singapore
“ezxshen@ntu.edu.sg

Abstract: A double-resonance periodic array of scatterers is proposed to achieve angular
selectivity in this paper. By properly designing the scatterers’ structure and dimensions, bandpass
and band-stop resonances are produced by the periodic array at the same frequency under the
normal and oblique incidences, respectively, resulting in excellent angular selectivity. The
periodic array consists of two identical scatterer layers stacked together with an air spacer. To
demonstrate the design concept, a sample of the periodic array with an operating frequency of
10 GHz is designed for the angular selectivity of TE-polarized incident waves. Measurements
of the sample are conducted for verification. The simulated and measured results both show
good angular selectivity with high transmission under the normal incidence and low transmission
under the oblique incidence of large angles.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Over the past several decades, manipulation and selection of electromagnetic (EM) waves have
attracted a lot of attention, with respect to its three fundamental properties: frequency [1-3],
polarization [4,5], and propagation direction/angle [6-21]. Among them, angular selectivity
[9-21], allowing EM waves of certain angles to transmit, while blocking waves from other
angles, has not been extensively investigated though it may play an important role in many
applications, such as brightness enhancement and privacy protection in the display industry [9],
and minimizing the antenna’s side lobes [10,11].

One conventional approach for realizing the angular selectivity is using geometrical optics
[12,13]. A reflective broadband angle-selective filter composed of parabolic directors was
proposed in [12], where the incident light is funneled through with an incident angle less than
5.6°, while strongly reflected at larger angles.

Another approach is utilizing the Brewster angle principle. A thick metal plate with an array of
slits can excite surface plasmon polaritons and provide a Brewster-like broadband extraordinary
transmission for the transverse magnetic (TM) incident wave [14,15]. Stacks of one-dimensionally
periodic photonic crystals were studied to generate a Brewster angle and provide broadband
angular selectivity [16,17]. A bilayer uniaxial dielectric-magnetic slab was proposed to provide
polarization-insensitive Brewster angle and critical angle for angular-dependent transmission
[18].

Moreover, the angular selectivity can be obtained by using resonant scatterers. Split-ring
scatterers and complementary split-ring scatterers were studied for obtaining the angular selectivity
in [19-21], where an axial magnetic resonance [22] is excited and manipulated to reflect or
transmit the oblique incidence. However, the bandwidth of the magnetic resonance is typically
narrow.

In this paper, angular selectivity based on a double-resonance periodic array of scatterers
is studied. By properly designing the periodic array, bandpass and band-stop resonances are
generated for the angular selectivity with high and low transmission under the normal and oblique
incidences, respectively, at the same frequency. The double-resonance design concept is effective
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for both transverse electric (TE) and TM polarizations. A sample of the periodic array with an
operating frequency of 10 GHz is designed to demonstrate the angular selectivity of TE-polarized
incidences. Good angular selectivity with high transmission under the normal incidence and
low transmission under the oblique incidence of large angles is observed in the simulations and
measurements.

2. Design concept

Periodic arrays of resonant scatterers are widely employed for realizing special properties, such as
frequency and polarization selectivity [1-5], in the microwave and optical regimes. Similarly, the
resonant scatterers are also capable of achieving angular selectivity, controlling the transmission
or reflection of an incident wave based on its incident angle. For example, the angular selectivity
with high transmission under the normal incidence and high reflection or low transmission under
the oblique incidence, as illustrated in Fig. 1, can be achieved by exciting a bandpass or band-stop
resonance under the normal or oblique incidence. Based on this resonant concept, we propose
a double-resonance periodic array of scatterers for the angular selectivity. The periodic array
serves as a bandpass resonator under the normal incidence, while it acts as a band-stop resonator
at a large incident angle.

Oblique incidence
(Band-stop)

Double-Resonance
Periodic Array
Normal incidence
(Bandpass)

Fig. 1. Illustration of angular selectivity, where transmission and reflection are controlled
by the double-resonance periodic array based on incident angles.

It is well known that the reflection-transmission properties of periodic arrays can vary with
the incident angle [1]. However, it is very difficult to achieve a very large equivalent reactance
and a nearly zero equivalent reactance by a single-layer scatterer structure under the normal and
oblique incidences at the same frequency to generate high and low transmission. Therefore, our
periodic array is based on a double-layer structure, whose configuration is shown in Fig. 2(a).
It comprises two layers of scatterers separated by an air spacer of thickness /,. Each layer is a
printed-circuit-board (PCB) and the PCB laminate used in the design is RT5880 with a relative
permittivity of 2.2 and a thickness /; of 0.508 mm. Conducting scatterers are printed on the top
or bottom layers of the PCBs.

Two respective resonances can be generated by this double-layer structure to control the
transmission magnitude of the normal and oblique incidences, resulting in the desired angular
selectivity. One resonance is produced by a single layer of scatterers. While another resonance is
generated by two layers of scatterers under an incident wave with a different angle. Multiple
reflections are excited between the two layers of scatterers, leading to a Fabry-Perot resonance.
The equivalent circuit model of the periodic array is constructed to explain the double resonances
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Fig. 2. (a) Structure of the proposed double-resonance periodic array of scatterers and (b)
its equivalent circuit model.

and to formulate the design guidelines. The circuit model is derived following the process in
[23,24] and shown in Fig. 2(b). The air spacer is modeled as a transmission line section with
an admittance of Yy and an electrical length of ®, = koh,. The PCB substrates are represented
as transmission line sections with Y and ®,. The conductive scatterers are represented as two
shunt components: susceptance B and susceptance Bj.

In our design, the PCB substrate is very thin and with a low relative permittivity. Therefore,
they may be ignored in this circuit-model analysis for simplicity. Then the reflection coefficient
of the equivalent circuit model can be expressed as

Yo[Yo+(By—jYp) cot ]

JB2+Yy—jYy cot ©; (1)
Yo[Yo+(B2—j¥p) cot @] *

JB2+Yp—jYy cot ©;

Yo —jB1 -
l—‘ —

- Y()+jBl+

All of the above parameters of the equivalent circuit model are variables of the incident angle 6.
They can be written as B]*, BJE, Y1 = ¥, cos 6, and ©F = ©; cos 6 for the oblique TE-polarized
incidence. On the contrary, they are B/, BIM Y™ = ¥ /cos 6, and © = @, cos 6 for the
oblique TM-polarized incidence [25].

Due to the cascaded layered structure, a band-stop resonance with |T'| = 1 can be achieved for
the double-resonance periodic array under the oblique incidence by designing the first or second
layer of scatterers with

1/BI50%0 or 1/BIF0%0 = 0, 1/BT™#*0or 1/BIM9%0 = 0 )
for TE and TM polarizations, respectively.

On the other hand, the equivalent susceptances By and B, change with different incident angles,
and they should be different from 0 under the normal incidence. With properly designed B,
B», and ®,, the impedance of the periodic array can be matched to free space under the normal
incidence, generating the required bandpass characteristics. Based on (1), the bandpass (|I'| = 0)
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condition is obtained, which is given as

0=0 po=0
Bl B2

B0 =pB9=0 20, cot®@y= ———2
LT 27 Yo(BY0 + BE0)

3

Under this condition, a Fabry-Perot resonance with a bandpass response is constructed by
the periodic array, resulting in high transmission and low insertion loss [26,27]. Therefore, the
angular selectivity is produced through designing the periodic array to satisfy (2) and (3) at the
same time.

Based on the above analyses, the design of the double-resonance periodic array can be
summarized by the following steps.

1) Design a single-layer scatterer structure with 1/B%=0 # 0 and 1/B?** = 0 under the normal
incidence and oblique incidence of a large angle, respectively. 1/B?*% = 0 under the
oblique incidence is responsible for the band-stop resonance generating low transmission.

2) Due to the requirement that BY=" = BS=, the second layer of scatterers is set to be identical
to the first layer of scatterers. Therefore, we only need to determine the distance /i, between
the scatterer layers based on (3), by

B
cotkohy = 2_Y() “)

to produce the bandpass resonance resulting in high transmission.

The above design procedure is effective for both TE and TM polarizations because Step 1)
can be applied to TE and TM polarizations. To further demonstrate the design concept and
guidelines, a periodic array with an operating frequency of 10 GHz is designed for achieving the
angular selectivity of TE polarization in Section 3.

3. Design example

As discussed in [1], some classical scatterer patterns, such as dipole and Jerusalem cross, can
provide a fundamental resonance with a band-stop response, satisfying (2) under the oblique
incidence. However, their equivalent susceptance B only slightly changes at the fundamental
resonance frequency with different incident angles. 1/B under the normal incidence would
be very close to 0, which may not be beneficial for realizing a stable bandpass resonance by
cascading two layers.

Therefore, a single-layer scatterer with slot patterns is designed, as seen in Fig. 2(a), whose
first higher-order resonance is utilized for providing 1/B?*" = 0. The dimensions and simulated
transmission magnitudes of the single-layer scatterer under the incidences of § = 0° and 60° are
given in Fig. 3(a). It is observed that the fundamental resonance of the scatterer is a bandpass
response with a resonant frequency of 6.9 GHz. The transmission coefficient is very stable with
respect to the incident angles at 6.9 GHz. Nevertheless, its first higher-order resonance is a
band-stop response, which is sensitive to the incident angle. Band-stop resonances are observed
at 10 GHz and 9.2 GHz under the TE- and TM-polarized incidences of 8 = 60°, respectively. The
simulated transmission magnitudes and equivalent reactances (—1/B) of the single-layer scatterer
under the TE-polarized incidences of different angles at 10 GHz are shown in Fig. 3(b). The
simulated transmission magnitude is less than —15 dB with an incident angle larger than 52°.
The equivalent reactance is —4.1 Q at 8 = 60°, which is very close to 0 and satisfies (2). On the
other hand, the reactance is distinctly different at 6 =0°, as —177.6 Q.

Based on the single-layer scatterer, a double-resonance periodic array is formed for the angular
selectivity of TE polarization. The distance /&, between the two layers can be calculated in
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Fig. 3. (a) Simulated transmission magnitudes (|S|) of a single-layer scatterer employing
a slot pattern under the incidences of 6 =0° and 60°, and (b) simulated transmission
magnitudes and equivalent reactances (—1/B) of the single-layer scatterer under the TE-
polarized incidences of various angles at 10 GHz.

accordance with (4), as iy = (0.24+n)M2, where n=0, 1, 2. .., and A is the free-space wavelength
at 10 GHz. Due to the influence of the PCB substrates, the optimal 4, may be slightly different
from the calculated one. Therefore, full-wave simulations are carried out for further optimizations.
The simulated transmission magnitudes of the double-resonance periodic array with A, =2.5,
17.5, and 32.5 mm, corresponding to n =0, 1, and 2, under the TE-polarized incidences of 6 = 0°
and 60°, are shown in Fig. 4(a). Bandpass resonances are observed with all three distances under
the normal incidence of 6 = 0°. On the other hand, band-stop resonances are produced under the
oblique incidence of 6 = 60° with h; = 17.5 and 32.5 mm, but the transmission magnitude is still
high with A, =2.5 mm due to the strong coupling between the two layers. Therefore, a shorter
distance hy = 17.5 mm is selected for our design.
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Fig. 4. (a) Simulated transmission magnitudes of the double-resonance periodic array
with hy =2.5, 17.5, and 32.5 mm under the TE-polarized incidences of 6 =0° and 60°,
and (b) simulated transmission magnitudes of the double-resonance periodic array with
hy =17.5 mm under the TE- and TM-polarized incidences of 6 =0°, 30°, and 60°.

The simulated transmission magnitudes of the double-resonance periodic array under the TE-
and TM-polarized incidences of 8 =0°, 30°, and 60° are shown in Fig. 4(b). The transmission
magnitudes under the oblique TM-polarized incidence are still high at 10 GHz, different from
those under the oblique TE-polarized incidence. Moreover, the transmission magnitudes of the
periodic array under the TE-polarized incidences with various incident angles at 10 GHz are
shown in Fig. 5, where good angular selectivity is demonstrated. The transmission magnitude is
less than —1 dB with the incident angle smaller than 16°, and it decreases with the increasing
incident angle, reaching —20 dB with an incident angle of 48°.
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Fig. 5. Transmission magnitudes of the double-resonance periodic array under the TE-
polarized incidences of various incident angles at 10 GHz.

The designed double-resonance periodic array is fabricated and measured to verify the
design concept and to assess the angular selectivity performance. The fabricated prototype and
measurement setup are shown in Fig. 6. The prototype of the periodic array comprises 18 x
18 unit cells with a total size of 270 mm X 270 mm (9\ X 91). In the measurement, two horn
antennas (LB-20245-SF) are utilized to transmit and receive signals, respectively, and a vector
network analyzer (Agilent E§362B) is employed to analyze the signals. Time-domain gating is
used in the analyses for eliminating multi-path transmissions. The periodic array is placed in
the middle window of a large metallic screen to minimize the effect of edge diffraction. The
transmission magnitudes of the periodic array can be achieved by

| T |array

5
|T21 |air )

|SZI |array =

where |71 |air and | T2 |array are the measured transmission magnitudes between the horn antennas
without and with the periodic array, respectively.

(b)

Fig. 6. (a) Fabricated prototype of the double-resonance periodic array and (b) its
measurement setup.

Figure 7 shows the measured transmission magnitudes of the fabricated periodic array under
the TE-polarized incidences of 8 =0°, 30°, and 60° at different frequencies. A good agreement
between the simulation and measurement is observed. Bandpass and band-stop resonances
are detected under the TE-polarized incidences of 6 = 0° and 60°, respectively. Moreover, the
transmission magnitudes under the TE-polarized incidences with various incident angles at
10 GHz are measured, as seen in Fig. 5, which agree well with the simulations, verifying the
validity of the periodic array design. The measured transmission magnitudes are —0.7 dB and
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—31dB for 8 =0° and 60°, respectively, and the transmission magnitude is less than —20 dB with
6 > 50°.
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Fig. 7. Transmission magnitudes of the double-resonance periodic array under the TE-
polarized incidences of 6 =0°, 30°, and 60°.

4. Conclusion

In summary, a double-resonance periodic array of scatterers has been studied for providing angular
selectivity. Bandpass and band-stop resonances have been generated by the properly designed
periodic array under the normal incidence and oblique incidence of a large angle, respectively,
resultantly producing the excellent angular selectivity. A double-resonance periodic array with
TE-polarized angular selectivity has been designed to demonstrate the design concept and
guidelines in the microwave regime. Measurements of the periodic array have been conducted,
where a good agreement between simulation and measurement is observed. Good angular
selectivity with high transmission under the normal incidence and high rejection under the
oblique incidence has been successfully demonstrated.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper can be obtained from the authors upon
reasonable request.
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