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A B S T R A C T   

In this paper, the investigation of the angular selective windows (ASWs) is realized by constructing multilayer 
ceramic photonic crystals 1 (MCPC1) containing superconductor films YaBa2Cu3O7 and air layers, MCPC2 
composed of dielectrics layers of gallium arsenide ceramic (GaAs), silicon dioxide (SiO2), and aluminium nitride 
ceramic (AIN), and MCPC3 made up of GaAs and SiO2 films. The epsilon-near-zero (ENZ) properties of the su-
perconductor in MCPC1 and the extremely small dispersion edge regions (DERs) in MCPC2 and MCPC3 provide 
criteria for angle selection. Organic combinations of three MCPCs can be used to achieve single-channel, dual- 
channel, three-channel, and four-channel ASWs. At the same time, the applicable working frequency bands for 
various channels are also studied. In particular, thanks to the lossless ENZ characteristics of YaBa2Cu3O7, ultra- 
wideband single-channel ASWs of 220–1500 THz can be realized. In addition, the temperature change is also 
conducive to the control of ASWs position. As far as we know, there are few reports on the channel of ASWs at 
present, so we hope that the proposed design method will be beneficial to the research of improving the angular 
device.   

1. Introduction 

Frequency, polarization, and propagation direction are three basic 
properties of plane electromagnetic waves, and the researches on these 
three properties are critical [1–3]. Unlike the frequency system and 
polarization system, the development of the angle system has been very 
slow, which has been a huge challenge for scientists. However, the 
exploration of the angle system plays an important role in improving the 
investigation of electromagnetism and in practical applications, which is 
difficult to ignore. The ideal angle selection structure means that the 
electromagnetic wave can pass through completely in a certain angle 
range, and reflect completely in other angles [4–6]. This feature is 
suitable for reducing communication interference [7], suppressing the 
sidelobe signal of the antenna [8], improving solar energy absorption 
efficiency [9], optical communication [10], and privacy protection [11]. 
Therefore, scholars have put forward many positive design ideas for the 
exploration of perfect angle selection structure, such as Brewster angle 
[12], metamaterials [13], photonic crystals (PCs) [14], Fabry-Perot 

resonance [15], anisotropic metamaterials [16], near-zero refractive 
index metamaterials [17], etc. At present, the most extensive research 
and the most outstanding performance is the PCs structure. 

PCs are a kind of artificial structure, which is formed by the periodic 
distribution of high and low refractive index medium. From the 
perspective of periodic distribution, PCs can be divided into one- 
dimensional PCs, two-dimensional PCs, and three-dimensional PCs 
[18–20]. Although the application of two-dimensional and 
three-dimensional structures has been gradually verified, 
one-dimensional PCs have been the most widely studied due to their 
simple structure and special optical characteristics. The two main fea-
tures of PCs are photonic band gap and photonic energy localization, 
which provide new freedoms for controlling the propagation of elec-
tromagnetic waves [21–23]. Therefore, PCs show a strong charm in the 
fields of sensors, total reflectors, filters, absorbers, and logical 
computing. For angle selective structure, a large number of beneficial 
designs based on PCs have also been explored by predecessors. In 2014, 
Shen et al. [24] used the Brewster angle principle of PCs structure to 
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propose a small angular selective window (ASW) for the TM wave, 
which is not realized for the TE one. In 2018, Tanaka et al. [25] utilized 
the extremely small wave vector region of PCs structure to achieve a 
large ASW independent of polarization, but its working bandwidth was 
narrow. In 2018, Qu et al. [26] introduced a half-wave plate device on 
the basis of the Brewster angle structure to realize wide-band ASWs and 
overcome the polarization dependence problem. However, the bounding 
characteristics of the edge still need to be improved. In 2023, Wan et al. 
[27] realized an ASW with strong selection characteristics based on 
epsilon-near-zero (ENZ) characteristics of single negative media and 
explored the sensing characteristics of ENZ edges, which has provided a 
new idea for the development of angular structures. It can be observed 
that predecessors have made a lot of expansion on the development of 
ASWs based on PCs, focusing on polarization, bandwidth, scale, and 
other aspects. Nevertheless, in some special applications, such as an-
tenna radiation, privacy protection, and other systems, the number of 
channels in the ASWs is also very important, although this aspect is 
rarely reported. 

In this paper, to make up for the shortcomings of traditional research 
on multi-channel ASWs, the controllable channels are proposed by 
designing multiple multilayer ceramic photonic crystals (MCPCs) 
structures. The YaBa2Cu3O7 layers are introduced into MCPC1 to ach-
ieve the angular edge of the ENZ property. The dielectrics of gallium 
arsenide ceramic (GaAs), silicon dioxide (SiO2), and aluminium nitride 
ceramic (AIN) are designed as thin film structures to achieve MCPC2 and 
MCPC3, and to excite minimal dispersion edge regions (DERs) to achieve 
corresponding angular edges. MCPC1 is conducive to the realization of 
single-channel ASWs, the combination of MCPC1 and MCPC2 realizes 
the two-channel ASWs, the cascade of MCPC2 and MCPC3 induces three 

channels, and under the combined action of MCPC1, MCPC2, and 
MCPC3, the four-channel ASWs will occur. In addition, the bandwidth 
characteristics and temperature effects of ASWs for different channels 
are also discussed. 

2. Structure design and investigation 

In Fig. 1, the propagation direction of wave vector k is in the yoz 
plane, while the electric field direction of the TE wave is perpendicular 
to the plane of the propagation direction, and the magnetic field direc-
tion of the TM wave is perpendicular to the propagation plane. In order 
to realize multi-channel ASW, three MCPCs structures are designed. 
Each MCPCs structure consists of a host structure responsible for angle 
selection and anti-reflection structures for suppressing electromagnetic 
wave leakage in the window. For MCPC1, in the host structure, the 
thickness of YaBa2Cu3O7 layer is 2000 nm. In the anti-reflection struc-
tures, the thicknesses of YaBa2Cu3O7 layers and air layers are 65 nm and 
40 nm, respectively. For MCPC2, in the host structure, the thicknesses of 
SiO2 layers and GaAs layers are 250 nm and 352 nm, respectively. In the 
anti-reflection structures, the thicknesses of SiO2 layers and AIN layers 
are 225 nm and 15 nm. However, for MCPC3, in the host structure, the 
thicknesses of GaAs layers and SiO2 layers are 597 nm and 547 nm. To 
improve the transmittance of the ASWs, in the anti-reflection structures, 
for the TE wave, the thicknesses of SiO2 layers and GaAs layers are 107 
nm and 403 nm. For the TM wave, the thicknesses of SiO2 layers and 
GaAs layers are 115 nm and 405 nm. 

For YaBa2Cu3O7 materials, the dielectric function is described by the 
two-fluid model and London local electrodynamics. When the temper-
ature is lower than the critical temperature, the superconductor can be 

Fig. 1. The proposed angle selection structure diagram. The incident wave propagates in the direction of +z the angle between the wave vector k and the +z axis is θ.  
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regarded as lossless, and the dielectric function model can be described 
as [28]: 

εY = 1 −
1

ω2μ0ε0λ2
L

(1)  

where, λL is the temperature-dependent London penetration length 
which is given by [28], 

λL =
λL(o)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(

T0
TC

)P
√ (2)  

λL(o) is the London penetration length at T0 = 0 K, P = 4, and TC = 92 K is 
the superconducting critical temperature. 

The refractive indices of SiO2, GaAs, and AIN are 1.45, 3.45, and 
2.15, respectively. In the case of the ultra-low temperature, the effects of 
the thermal expansion coefficients and thermo-optic coefficients are also 
considered [28], 

d∗ = d + adΔT (3)  

n∗ = n + bnΔT (4) 

In which, d and n are the thickness and refractive index at room 
temperature, and d* and n* are the thickness and refractive index at 
ultra-low temperature. α is the thermal expansion coefficient of the 
medium. For SiO2, GaAs, and AIN, the values of a are a1 = 6.8 ×
10− 6/oC, a2 = 2.5 × 10− 4/oC, and a3 = 6 × 10− 5/oC. b is the thermo- 
optic coefficient of the medium. For SiO2, GaAs, AIN and YaBa2Cu3O7, 
the values of b are b1 = 2.6 × 10− 6/oC, b2 = 5.73 × 10− 6/oC, b3 = 4.5 ×
10− 6/oC and b4 = 2 × 10− 5/oC. In the absence of special instructions, the 
operating temperature T0 is 55 K, and ΔT refers to the difference from 
room temperature. 

The connection between different media layers is achieved through 
the transfer matrix method as follows [27], 

M =

[
M11 M12
M21 M22

]

(5) 

Fig. 2. The variation trend of dielectric constant of YaBa2Cu3O7 medium and the transmissivity of the ENZ edge under (a) the TE wave, and (b) the TM wave. The 
dispersion distribution of DER1 affected by the angle regulation under (c) the TE wave, and (d) the TM wave. The dispersion distribution of DER2 influenced by the 
angle regulation under (e) the TE wave, and (f) the TM wave. 
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The film matrix of each layer can be determined by the following 
forms, 

Mi =

[
cos δi − jpi

− 1 sin δi
− jpi sin δi cos δi

]

(6)  

Among them, δi = (2π /λ)nidi cos θi, where λ = 2πc/ω, c = 3 × 108 m/s, 
pi=

̅̅̅̅̅̅̅̅̅̅̅̅
ε0/μ0

√
ni cos θi (TE wave), or pi=

̅̅̅̅̅̅̅̅̅̅̅̅
ε0/μ0

√
ni/cos θi (TM wave) [27]. 

μ0 is the permeability of vacuum. f = 400 THz indicates the frequency. 
The transmission coefficient t can be described by the following 

formulas: 

t=
⃒
⃒
⃒
⃒

2p0

(M11 + M12p0)p0 + (M21 + M22p0)

⃒
⃒
⃒
⃒ (7) 

As a result, transmittance T is presented as: 

T = |t|2 (8)  

3. Analysis and discussion 

3.1. Principle interpretation 

To enhance the visualization effect, the frequency point of 400 THz is 
selected for investigation. In Fig. 2(a), when the incident angle is 0◦ if 
the dielectric constant of YaBa2Cu3O7 material is converted from the 
negative value to the positive value, the corresponding electromagnetic 
wave energy will also be induced from strong reflection to high trans-
mission, and the jump characteristic is obvious. It is noteworthy that the 
conversion node of electromagnetic wave energy coincides with the ENZ 
node of the dielectric constant. With the increase of the incident angle, 
the transmission area will produce a blueshift phenomenon. In the 
process of increasing the incident angle from 0◦ to 60◦, the transmission 
area will move from the left side of 400 THz to the right side, which also 
means that if the incident frequency is 400 THz, the transition from 
transmission to reflection will occur, forming a specific ASW. In Fig. 2 
(b), similar phenomena also occur, which means that the formation of 
ASW is independent of polarization. In Fig. 2(c), for the TE wave, when 
the incident angle is 0◦, the frequency of 400 THz falls on the DER1, and 
kd is 0, which means that the region belongs to the forbidden band and 
the electromagnetic wave is completely reflected. As the incident di-
rection tilts and the angle increases to 30◦, DER1 moves toward the high- 
frequency direction and leaves 400 THz. At this time, the frequency 
point presents a transmission state. Therefore, the corresponding ASW 
will also be formed in the range of 0–30◦. In Fig. 2(d), the incident TM 
wave will also cause DER1 to generate a simulated moving track and 
excite ASW in the range of 0–30◦, which shows that the angle selection 
characteristic of DER1 is also polarization independent. In Fig. 2(e) and 
(f), the region of kd = π is the photonic band gap at an incident angle of 
20◦, implying that DER2 falls completely to the left of the frequency 
point and that electromagnetic wave is able to traverse the structure. At 
an incident angle of 35◦, DER2 generates a blueshift that covers 400 

THz, preventing energy propagation. As the angle continues to tilt to 
50◦, DER2 again moves away from the analyzed frequency point, and 
the transmission phenomenon reappears. By analyzing the whole 
movement process, it can be seen that a very small angle band gap will 
be created between 20◦ and 50◦, and at 35◦, the energy valley will be 
generated. 

In order to show the formation principle of multichannel ASW more 
clearly, the transmission curves of structures MCPC1 (ENZ edge), 
MCPC2 (DER1), and MCPC3 (DER2) in the angle domain are given in 
Fig. 3. In Fig. 3(a), in the case of TE wave incidence, for the ENZ edge, a 
transmission window is formed in the range of − 54.8◦–54.8◦, while a 
high reflection phenomenon is formed in other angle regions. For DER1, 
a reflection window is formed in the range − 17.8◦–17.8, but trans-
mission occurs in other regions. For DER2, reflection windows are 
generated at − 41.6◦ ~ − 30◦ and 30◦–41.6◦, and energy from other 
angles is transmitted. In general, the number of ASW channels can be 
controlled by inserting different reflection windows into the trans-
mission window. In Fig. 3(b), a similar phenomenon occurs for the TM 
wave. 

3.2. Single-channel ASWs in MCPC1 

Under the sole action of the ENZ edge, a wide single-channel ASW 
will be excited. In Fig. 4, a similar ASW occurs regardless of the polar-
ized wave, and the bandwidth spans the range of 220–1500 THz. As the 
frequency rises, the angle of coverage rapidly spreads from 0◦, and the 
speed of angle expansion gradually slows and eventually tends to sta-
bilize around 80◦. After analysis, two main reasons for the wide fre-
quency bandwidth can be obtained. On the one hand, the calculation of 
dielectric constant of superconducting materials is similar to the Drude 
model, such as the InSb model, and plasma model. However, due to the 
existence of London penetration length, the permittivity of a supercon-
ductor is several orders of magnitude less sensitive to frequency change 
than that of other media. Therefore, even if the incident frequency 
changes greatly, the adjustment of permittivity is weak and always stays 
within the range of impedance matching. On the other hand, in the anti- 
reflection structures, the superconductor material layer is also intro-
duced, so that when the external conditions change, the impedance of 
the anti-reflection structures will change simultaneously with the host 
structure, forming a dynamic impedance matching effect, thus 
enhancing the frequency bandwidth. 

For the sake of enhancing the visualization effect, the angle distri-
bution at an incident frequency of 400 THz is selected for a detailed 
explanation. In Fig. 5(a), for the TE wave, the ASW ranges from − 54.8◦

to 54.8◦. In the whole range, the transmittance exceeds 0.9, and the 
edges show excellent selectivity. In Fig. 5(b), if the polarization form is 
the TM wave, the covered angle range will become − 54.9◦–54.9◦, in the 
case that the transmittance is still maintained above 0.9, and the edge 
selectivity is also maintained at a high level. In order to visually observe 
the edge selection characteristics of ASWs, the polar coordinates maps in 
Fig. 5(c) and (d) are also depicted. It can be seen that the single-channel 

Fig. 3. Angle selectivity of three layered structures with f = 400 THz, (a) TE wave, (b) TM wave.  
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ASWs are neither dependent on polarization nor produce polarization 
separation phenomenon. This is due to the fact that the generation of 
ASWs mainly depends on the ENZ property, and this dielectric constant 
property belongs to the physical property of the superconductor itself, 
which is not affected by the polarization form. The proposed feature can 

be described as pattern-free, which plays an important role in optical 
privacy protection, solar energy acquisition, and other fields. 

Since the dielectric property of YaBa2Cu3O7 is regulated by tem-
perature, the influences of T0 on ASWs are explored in Fig. 6. In Fig. 6(a), 
under the threshold of critical temperature, when T0 extends from 10 K 

Fig. 4. The modulation of the single-channel ASWs by the adjustment of the incident frequency under (a) the TE wave and (b) the TM wave.  

Fig. 5. The single-channel ASWs of 400 THz under the action of the ENZ edge under (a) the TE wave and (b) the TM wave. Direction selection diagrams of (c) the TE 
wave incidence and (d) the TM wave incidence. 

Fig. 6. The regulation of T0 on the single-channel ASWs for (a) the TE wave and (b) the TM wave.  
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to 85 K, the excitation of the TE wave will force the range of ASWs to 
increase from − 52.2–52.2◦ to − 70.2–70.2◦. In the relatively low- 
temperature range, the change of ASWs is not obvious when T0 is 
below 40 K. As the temperature continues to rise, the trend of angle 
range enlargement will be obvious until the extension of − 70.3–70.3◦. 
By virtue of pattern-free characteristics, a similar phenomenon can be 
generated for the TM wave incidence in Fig. 6(b). If the temperature 
continues to increase from 10 K to 85 K, the range of ASWs involved will 
change from − 52–52◦ to − 70.2–70.2◦, and the trend of angle adjust-
ment is still slow first and then fast. 

3.3. Two-channel ASWs under the cascade of MCPC1 and MCPC2 

If the ENZ edge is combined with the DER1 region, two-channel 
ASWs will be generated. In Fig. 7(a), for the TE wave, the dual- 
channel phenomenon is maintained within the bandwidth of 398–404 
THz. With the increase of frequency, the ranges of ASWs are reduced, 
and the outer edge approximation does not change, while the inner edge 
moves in the direction of a large angle. If the incident frequency is 398 
THz, the angle range is − 54.6 ~ − 9◦ and 9–54.6◦, and if the frequency 
becomes 404 THz, the corresponding value is − 55.2 ~ − 28.8◦ and 
28.8–55.2◦. In Fig. 7(b), for the TM wave, the phenomenon of double- 
channel ASW is also approximately maintained within the range of 
398–404 THz. In the process of frequency drift, the maximum ranges 
covered by ASW are − 54.5 ~ − 8.9◦ and 8.9–54.5◦, and the minimum 
ranges are − 55.5 ~ − 28◦ and 28–55.5◦. The maximum range is obtained 
at 398 THz and the minimum range is obtained at 404 THz. Therefore, 
the increase in frequency also forces the reduction of the angle range. 
The analysis shows that the two edges of the outermost channel are 
determined by the ENZ edge, while the inner two edges are controlled by 
DER1, which is more susceptible to frequency. In addition, pattern-free 
characteristics are also significant, which is of great significance for the 
new type of optical anti-counterfeiting. 

In Fig. 8(a), two channels with a symmetrical arrangement are 
generated under the excitation of the TE wave with a frequency of 400 
THz. The ranges of channels are − 54.8 ~ − 17.8◦ and 17.8–54.8◦. The 
overall transmittance is higher than 0.85, and the edge selectivity is 
obvious. In Fig. 8(b), supposing that the TM wave is incident, the range 
of the two channels are − 55.3 ~ − 17.5◦ and 17.5–55.3◦, which still 
presents a symmetrical arrangement, and the transmissivity and edge 
selectivity distribution are also maintained at a high level. Under 
different polarization waves, the ranges of ASWs are not very different, 
which can be basically considered pattern-free. It is clear that the out-
sides of both channels are controlled by the ENZ edge and are therefore 
unaffected by polarization. The inner edges are controlled by DER1, the 
polarization separation phenomenon is generally obvious at a large 
angle, while a pattern-free phenomenon will be generated at a small 
angle. The polar coordinates maps in Fig. 8(c) and (d) are also depicted 
to visually observe the edge selection characteristics of ASWs. Signifi-
cantly, the four edges of the ASWs show excellent selectivity throughout 

the interval. 
In Fig. 9(a), for the TE wave incidence, with the increase of T0, the 

angle range presents a trend of first shrinking and then expanding, and 
moving in the direction of a large angle. When T0 is 35 K, the region 
covered by ASWs are − 52.5 ~ − 9.4◦ and 9.4–52.5◦, and when T0 rises to 
85 K, the corresponding angles are − 67.8~ − 26.6◦ and 26.6–67.8◦. In 
Fig. 9(b), the increase in T0 also causes the ASWs excited by the TM wave 
to experience similar effects to the TE wave. The ASWs ranges at 35 K are 
− 53 ~ − 9.3◦ and 9.3–53◦, and the ASWs ranges at 85 K are − 68.4 ~ 
− 25.6◦ and 25.6–68.4◦. The main reason for the angle shift is that the 
enhancement in temperature increases the refractive index of super-
conductors and other materials, thus changing the optical path of elec-
tromagnetic wave propagation in the structure and affecting the ASWs. 

3.4. Three-channel ASWs under the cascade of MCPC2 and MCPC3 

In Fig. 10, both the TE and TM waves produce the three-channel 
ASWs under the action of the ENZ edge and DER2. The middle chan-
nel is wide and the channels on both sides are relatively narrow. For the 
TE wave in Fig. 9(a), with the increase in frequency, the range of the 
middle window gradually expands, while the window on both sides 
gradually shrinks. When the frequency is 395 THz, the ASWs are − 53.7 
~ − 33.1◦, − 24.2–24.2◦, and 33.1–53.7◦. If the frequency goes up to 407 
THz, the three channels are in the range of − 55.9 ~ − 53.1◦, 
− 37.3–37.3◦, and 53.1–55.9◦. In Fig. 10(b), in the case of the TM wave 
incidence, the increase in frequency also leads to the expansion of the 
middle window and the narrowing of a window on both sides. When the 
frequency is 395 THz, the ASWs are − 54.3 ~ − 32.4◦, − 24.2–24.2◦, and 
32.4–54.3◦. If the frequency rises to 410 THz, the three channels are 
− 56.6 ~ − 55.1◦, − 40.9–40.9◦, and 53.1–55.9◦. 

In Fig. 11(a), for the TE wave, the ASWs ranges are − 55 ~ -41.6◦, 
− 30–30◦, and 41.6–55◦. In the whole range, the transmittance exceeds 
0.78, and the edges show good selectivity. In Fig. 11(b), if the polari-
zation form is the TM wave, the angle ranges covered will become − 55 
~ -40.7◦, − 30.4–30.4◦, and 40.7–55◦, the transmittance is still main-
tained above 0.75, and the edge selectivity is also maintained at a high 
level. The polar coordinates maps in Fig. 11(c) and (d) are also depicted 
to visually observe the edge selectivity of ASWs. 

In Fig. 12(a), for the TE wave, when T0 is 10 K, the regions covered 
by ASWs are − 51.5 ~ − 34.3◦, − 26.6–26.6◦, and 46.6–68.9◦, and when 
T0 rises to 85 K, the corresponding angles are − 68.9 ~ − 46.6◦, 
− 32.2–32.2◦, and 34.3–51.5◦. In Fig. 12(b), the ASWs ranges at 10 K are 
− 52.4 ~ − 33.7◦, − 26.9–26.9◦, and 33.7–52.4◦, and the ASWs ranges at 
85 K are − 68.1 ~ − 45◦, − 32.7–32.7◦, and 45–68.1◦. The middle win-
dow scope increases only slightly, while the sides of the window shift 
significantly in the direction of large angles. 

Fig. 7. The modulation of the dual-channel ASWs by the adjustment of the incident frequency under (a) the TE wave and (b) the TM wave.  
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3.5. Four-channel ASWs under the cascade of MCPC1, MCPC2, and 
MCPC3 

If the ENZ edge is combined with the DER1 and DER2, four-channel 

ASWs will be generated. In Fig. 13(a), for the TE wave, the four-channel 
phenomenon is maintained within the bandwidth of 398–404 THz. With 
the increase in frequency, the ranges of ASWs are reduced. If the incident 
frequency is 398 THz, the angle ranges are − 55.2 ~ − 38.2◦, − 27.2 ~ 

Fig. 8. The dual-channel ASWs of 400 THz under the action of the ENZ edge and DER1 under (a) the TE wave and (b) the TM wave. Direction selection diagrams of 
(c) the TE wave incidence and (d) the TM wave incidence. 

Fig. 9. The regulation of T0 on the dual-channel ASWs for (a) the TE wave and (b) the TM wave.  

Fig. 10. The modulation of the three-channel ASWs by the adjustment of the incident frequency under (a) the TE wave and (b) the TM wave.  
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− 9◦, 9–27.2◦, and 33.2–53.5◦, and if the frequency becomes 404 THz, 
the corresponding values are − 55.1 ~ − 48.3◦, − 34.4 ~ − 28.9◦, 
28.9–34.4◦, and 48.3–55.1◦. In Fig. 13(b), for the TM wave, the phe-
nomenon of four-channel is also approximately maintained within the 

range of 398–404 THz. In the process of frequency drift, the maximum 
ranges covered by ASWs are − 54.7 ~ − 37.8◦, − 27.9 ~ − 9.1◦, 
9.1–27.9◦, and 37.8–54.7◦, and the minimum ranges are − 55.7 ~ 
− 46.7◦, − 34.9 ~ − 28.1◦, 28.1–34.9◦, and 46.7–55.7◦. The maximum 

Fig. 11. The three-channel ASWs of 400 THz under the action of the ENZ edge and DER2 under (a) the TE wave and (b) the TM wave. Direction selection diagrams of 
(c) the TE wave incidence and (d) the TM wave incidence. 

Fig. 12. The regulation of T0 on the three-channel ASWs for (a) the TE wave and (b) the TM wave.  

Fig. 13. The modulation of the four-channel ASWs by the adjustment of the incident frequency under (a) the TE wave and (b) the TM wave.  
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ranges are obtained at 398 THz and the minimum ones are exhibited at 
404 THz. Therefore, the increase in frequency also forces the reduction 
of the angle ranges. 

In Fig. 14(a), four channels with a symmetrical arrangement are 
generated under the excitation of the TE wave with a frequency of 400 
THz. The ranges of channels are − 55 ~ − 41.9◦, − 29.9 ~ − 17.8◦, 
17.8–29.9◦, and 41.9–55◦. The overall transmittance is higher than 0.8, 
and the edge selectivity is obvious. In Fig. 14(b), supposing that the TM 
wave is incident, the ranges of the two channels are − 55.2 ~ − 40.9◦, 
− 30.3 ~ − 17.7◦, 17.7–30.3◦, and 40.9–55.2◦, which still presents a 
symmetrical arrangement, and the transmissivity and edge selectivity 
distribution are also maintained at a high level. The polar coordinates 
maps in Fig. 14(c) and (d) are also depicted to visually observe the edge 
selection characteristics of ASWs. Significantly, the four edges of the 
ASWs present excellent selectivity throughout the interval. 

In Fig. 15(a), for the TE wave, when T0 is 30 K, the regions covered 
by ASWs are − 52.3 ~ − 37.4◦, − 28 ~ − 4.7◦, 4.7–28◦, and 37.4–68.9◦, 
and when T0 increases to 85 K, the corresponding angles are − 70.3 ~ 
− 46.6◦, − 32.2 ~ − 26.5◦, 26.5–32.2◦, and 46.6–70.3◦. In Fig. 15(b), 
under the case of the TM wave, the ASWs ranges at 30 K are − 52.5 ~ 
− 37.3◦, − 28.4 ~ − 5.1◦, 5.1–28.4◦, and 37.3–52.5◦, and the ASWs 
ranges at 85 K are − 70.4 ~ − 45.1◦, − 32.7 ~ − 25.8◦, 25.8–32.7◦, and 
45.1–70.4◦. It can be observed that all the windows are skewed towards 
large angles, regardless of the polarization. 

3.6. Error analysis and parameter influence 

Considering that air layers are introduced into the single-channel 
ASWs, the thickness of the air layer may be affected in the etching 
process, so the influences of air layer thickness on ASWs are taken into 
account. According to the current technological level, the thickness er-
rors of ±10% are discussed. In Fig. 16(a)–(d), no matter for the TE wave 
or the TM one, when the thickness error of the air layer is − 10% or 
+10%, that is, when dAir = 36 nm or 44 nm, the transmittance is always 
higher than 0.9 in the range of 220–1500 THz, and the angle selectivity 
is also very significant. It can be observed that the performance of ASWs 
will not be effectively affected even if the thickness of the air layer is 

inadvertently introduced into the error during the experiment. 
In addition, due to processing issues, if the air layer is replaced with a 

low refractive index medium, SiO2 can be considered, with a refractive 
index of 1.45. Compared with the air layer, SiO2 has a higher refractive 
index, so the thickness needs to be reduced to 10 nm, and the other 
arrangement and medium of MCPC1 are unchanged. In Fig. 17(a), for 
the TE wave, ASW can also maintain high transmittance and angle 
selectivity in the low-frequency region below 480 THz. For the region 
above 480 THz, ASW is more seriously affected. The high transmittance 
range is compressed, and the smoothness of the edge is also reduced. In 
Fig. 17(b), the TM wave is less affected. In the region below 820 THz, 
ASW can still maintain a good level, while in the higher frequency re-
gion, the angle range and edge smoothness of ASW decrease slightly. 

Considering that the periods of the host structure in MCPC2 are too 
large, which brings difficulties to the actual manufacturing, the influ-
ence of the periods is discussed here. For ease of representation, N is 
used to represent the number of periods. Since only two-channel ASW 
and four-channel ASW involve MCPC2, only these two cases are 
analyzed here. As can be seen from Fig. 18, the change of N has no 
obvious effect on the transmittance of the ASW, which is always higher 
than 0.85. The edge selectivity of the ASW will be reduced, which means 
that the rectangular feature of the ASW will be attenuated. As shown in 
Fig. 19, for both TE and TM waves, the transmittance of ASW gradually 
decreases with the increase of N and is eventually lower than 0.8. In 
addition, a drop in N also reduces the rectangular character of the 
window. 

4. Conclusion 

In this paper, the control of electromagnetic wave direction in space 
can be realized by cascading specific MCPCs structures. The edges of the 
ASWs depend on the ENZ edge of MCPC1 and DERs of MCPC2 and 
MCPC3, respectively. MCPC1 is used for the realization of single- 
channel ASWs, and the combination of MCPC1 and MCPC2 achieves 
the two-channel ASWs. The cascade of MCPC2 and MCPC3 induces three 
channels, and under the total action of MCPC1, MCPC2, and MCPC3, the 
four-channel ASWs will occur. A high degree of selectivity can be 

Fig. 14. The three-channel ASWs of 400 THz under the action of the ENZ edge, DER1 and DER2 under (a) the TE wave and (b) the TM wave. Direction selection 
diagrams of (c) the TE wave incidence and (d) the TM wave incidence. 
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achieved regardless of the angle transmission of several channels. 
Single-channel windows and dual-channel windows are pattern-free, 
and thanks to the ENZ characteristics of superconductors, the effective 

working bandwidth of single-channel windows spans 220–1500 THz. 
The three-channel and four-channel angle windows depend on polari-
zation. The influences of temperature on ASWs are also significant. We 

Fig. 15. The regulation of T0 on the four-channel ASWs for (a) the TE wave and (b) the TM wave.  

Fig. 16. Effects of air layer thickness error on the performance of single-channel ASWs, (a) dAir = 36 nm, TE wave, (b) dAir = 44 nm, TE wave, (c) dAir = 36 nm, TM 
wave, (d) dAir = 44 nm, TM wave. The double dotted lines in dark green are contours with a transmittance of 0.9. 

Fig. 17. When the air layer is replaced with the SiO2 material with the thickness of 10 nm, the angle selection phenomenon of the ENZ edge is observed under the (a) 
TE wave and (b) TM wave. 
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hope that the proposed multi-channel angular propagation structures 
can play a positive role in the field of antenna directional radiation, 
optical privacy protection, optical anti-counterfeiting, and so on. 
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