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Pattern-Free Tunable Angular Propagation
Characteristics Based on Edge States
and Its Potential in Sensing
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Abstract—1In this article, by combining the epsilon-near-zero
(ENZ) edge state of the InSb material and the photonic bandgap
(PBG) edge state of photonic crystals (PCs), the angular transpar-
ent window (ATW) in a specific angle range is excited. The ATW
is pattern-free, meaning that the same windows can be excited
without being affected by polarization. The left edge of ATW is
controlled by the refractive index of the PC dielectrics, while the
right one can be adjusted by the temperature, and the two edges
can be independently regulated. ENZ edge state maintains linear
variation in both frequency and angle domains, which provides
the possibility for the sensing design in two freedoms. Frequency-
domain detection can be used for a large measurement range
while angle-domain detection is equipped with extremely high
sensitivity. In addition, the proposed structure has the capability
of multivariable sensing to measure different physical quantities.
For temperature detection, the maximum measurement range
and the maximum sensitivity are 260-350 K and 26.678°/K,
respectively, while for refractive index sensing, the corresponding
values are 1.3-1.9 and 97.9°/RIU, respectively. In addition, due
to the high sensitivity of the angular refractive index sensor, the
proposed structure can also be utilized to detect citrate solution.
The sensors of two freedoms based on the ENZ edge state provide
the possibility to realize the detection of a large range, high
sensitivity, and multiple functions at the same time.

Index Terms— Angular transparent window (ATW), detection
of two freedoms, edge states, edge-independent control, multi-
variable sensors.

I. INTRODUCTION

N THE research of electromagnetics and optics, the prob-

lem of energy transmission of angle systems has always
been an important basic technology [1], [2], and it is also
a scientific challenge. Frequency, polarization, and propaga-
tion direction are the basic properties of a plane wave. The
investigations on frequency systems and polarization regimes
have been quite common, and the technologies have become
increasingly mature, but the research on angle systems is
relatively slow. The angle selection system means that the
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system allows the energy of a specific angle to pass through,
while the energy of other angles is completely reflected.
Based on these properties, the angle selection system has great
application potential in the fields of angle filtering [3], radar
anti-jamming [4], solar energy acquisition [5], privacy protec-
tion [6], edge enhancement [7], and optical imaging [8]. Some
technical means have been used to explore the basic pecu-
liarities of angle selection systems, such as the Fabry—Perot
cavity [9], [10], [11], Brewster angle principle [12], [13],
[14], anisotropic materials [15], [16], and photonic bandgap
(PBG) [17], [18]. Fabry—Perot cavity technology is suitable
for generating small-angle windows, and the selectivity is not
very high. Brewster angle principle and anisotropic materials
can generate a window with a certain angle and provide a large
working bandwidth, but they are often polarization-sensitive
and have weak selectivity. PBG structures possess excellent
angle selectivity and overcome the defect of polarization
sensitivity, but the adjustability of the angle window needs
to be improved.

Some excellent research on angle propagation has been
explored by predecessors. They are usually aimed at expanding
bandwidth, overcoming polarization dependence, enhancing
selectivity, or simplifying the structure. Shen et al. [19] real-
ized the wideband angle selection structure through the
photonic crystals (PCs) stack structure based on the Brewster
angle principle, generating the angle window of TM wave,
but the angle selectivity is weak. To achieve polarization
insensitivity and improve angle selectivity, Lizuka et al. [20]
proposed to use the edge topology of PBG to achieve
angle filtering. Due to the frequency selection characteristics
of the structure itself, the angle window inherently starts
from 0°, and the tunability needs to be enhanced. Based
on the Brewster angle principle, Qu et al. [21] introduced a
half-wave plate structure into the structure so that the TE
wave can also generate angle windows, but the selectivity
is also slightly insufficient. Huang et al. [22] realized the
angle selection peculiarity by using the uniaxial dielectric
magnetic plate, greatly simplifying the complexity of the
structure, while there is still room for improvement in the
working bandwidth and tunability. Tian et al. [23] achieved
a small-angle polarization-insensitive angle window by using
defective PCs and verified its application in far-field projection
through experiments. It can be observed that previous studies
have mainly focused on bandwidth, polarization, selectivity,
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and structure. Nevertheless, in angle selection systems, the
flexibility and pattern-free features of angle windows are also
very important. For the structure proposed by predecessors,
the polarization separation is inevitable even if the polarization
dependence is overcome, but the pattern-free characteristic is
indispensable in the field of privacy protection and antenna
radiation.

As one of the commonly used sensors, optical sensors
have always been a momentous research topic [24], [25],
[26], [27]. PC sensors play an important role in many fields,
such as environmental monitoring, chip processing, process
manufacturing, and product testing, which are favored by
scholars because of their high sensitivity, large measurement
range, small size, and easy integration [28], [29], [30], [31].
The existing PC sensor principles include optical Tamm state,
surface plasmon polariton, defect mode, Fano resonance, and
so on. InSb materials have also become a choice for PC
devices in recent years due to their unique optically adjustable
properties. Unlike metals, the plasma frequency of InSb mate-
rial is affected by ambient temperature because its intrinsic
carrier concentration is controlled by temperature [32], [33].
Therefore, using the optical features of InSb, it is often
introduced into the photonic structure as a unit for sensing
design. Traditional optical sensor technology is often devoted
to the detection of a single target. However, faced with
the complex and changeable external environment and the
requirements for the miniaturization of devices, multivariable
detection has gradually become a research hotspot. During the
study, researchers found that the number of targets detected
and the basic performance of the sensor are often in conflict.
Sometimes sensitivity or measurement range is sacrificed to
expand the measurement object. Therefore, realizing multi-
variable sensing is always a problem that researchers need
to overcome to satisfy the large measurement range and high
sensitivity.

In this article, the epsilon-near-zero (ENZ) edge state of
InSb and the PBG edge state are designed to control the
two edges of the angular transparent window (ATW) to
overcome the untunable shortcoming of the traditional ATWs.
The two edges are independently regulated by the temper-
ature and refractive index of the medium. Similar ATWs
can be simulated by the TM and TE waves simultaneously
without polarization dependence and polarization separation
phenomena, which are defined as pattern-free. The edge state
of the ENZ structure is linearly dependent on the external
environment and exists in both frequency and angle domains.
Therefore, a detection method based on two freedoms is
proposed to achieve the phenomenon of large measurement
range and high sensitivity respectively, which is suitable
for different occasions. When the analyte depends on the
measurement range, then frequency-domain detection can be
used, and if sensitivity depends, then angle-domain detection
is appropriate. In addition, the detection of two freedoms can
also be used to measure the temperature and refractive index
of the background medium at the same time, which caters to
the demand of multivariable sensing. To verify the resolution
of the angular refractive index sensor, citrate solutions are
selected for analysis.
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II. DESIGN OF THE PROPOSED ATW

The proposed ATW is described in Fig. 1. The right edge
of the ATW is controlled by the ENZ structure, and the left
edge is operated by the PC component. The combination of
ENZ and PC structures induces the ATW. The ENZ structure
consists of dielectrics InSb and air, and its sequence is
(InSby-Air)*-InSb; -(Air-InSb,)?, where InSb,is the host struc-
ture and the others are antireflection structures (AFS).
Dielectrics InSb; and InSb, are the same material, but
their thicknesses are different. The PC structure is com-
posed of dielectrics A—C, and its arrangement belongs to
(A>C)’(AB)®(CA»)?, in which (A;B)*is the host structure
and the elements on both sides are AFS. Similarly, A; and
A, have different thicknesses, but the same medium. The host
structure is used to generate the angle selection phenomenon,
while the AFS is responsible for suppressing the reflection
resonance in the ATW.

Among them, the refractive indexes of dielectrics A—C and

air are np = 3.3, ng = 1.45, nc = 2.15, and ny = 1,
respectively, and the thicknesses are in turn da; = 52 um,
dg = 37.7 um, dc = 2.26 um, dap = 33.9 um, and

dyir = 8 pum. For the convenience of expression, only the
refractive index of the medium is given here, which is a
common expression in PC systems [19], [21]. Of course, these
media can be found in nature or synthesized artificially, but the
design of materials is not the focus of this article [19], [21].
Therefore, the specific details of materials are not studied in
depth in this article.

In the terahertz (THz) region, the dielectric function model
of InSb can be simplified to a Drude model [34]

w2

. (D

E= ™2 +iwy

where &, = 15.68 is the high-frequency permittivity and
w, = (e°N/e9/m*)'/? is the plasma frequency. &y means the
vacuum dielectric constant and e is the electronic power. m
stands for the electronic quality and m* = 0.015 m. w =21 f
indicates the angular frequency of the incident wave and f
is the frequency. y is the damping constant. Since y is much
less than w in the THz region, y can be approximately equal
to 0 [34], [35], [36], [37]. N is the intrinsic carrier density,
which is written as

N =5.76 x 10°°Ta'? exp[—0.26/(2 x 8.625 x 107> x Tal.
)

Ta is the temperature. The thicknesses of InSb; and InSb,
layers are disp; = 350 um and dp,spy = 13 um, respectively.
The energy propagation between layers is described by the
transfer matrix method [36]. The transmittance and reflectance
are denoted by T and R, respectively.

The calculation formula of the dispersion curve kd is shown
in (3), where § is the phase and 7 is the admittance. The
subscripts a and b mean the name of the medium, ¢ is
the dielectric constant, 4 indicates the thickness, and 6 is the
propagation angle.

This formula is suitable for periodic PC structures with
a large number of periods. For our proposed PC structure,
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Proposed ATW diagram. The incident wave propagates in the direction of +z and the angle 6 between the wave vector k and the +z-axis. In the

propagation direction, the magnetic field component fails to exist in the TM wave, and the electric field component is not owned by the TE one.

the host structure affects the position of the angle, while
AFS only affects the amplitude. kd is calculated to observe
the angular position, so only the host structure needs to be
calculated

Aa ﬁ) siné, sind,. (3)

1
coskd = cos§, cos b, — —(
2 b Na

For the TE wave

8y = —1)4/50110 cosb,, &= —9«/8bhb costh (4)
c c
& &

Mo = | —/EaCOSOu 1= |—\/Epcosby. (5
Mo Mo

For the TM wave

8y = —g,heaha cosf,, &, = —8./8;;}1}; cos 6 (6)
c c
& &

Na= | —/Ea)COSO4, My = | —SEp/cOS6p.  (T)
Mo Ho

The group velocity of light wave propagation in PCs is
closely related to the PBG structure and dispersion prop-
erties. The group velocity in the band is finite. At the
edge of the PBG, the group velocity decreases rapidly and
tends to 0, and the light propagation has a significant band
delay effect. When kd tends to 0, the group velocity tends
to 0, indicating that electromagnetic waves are difficult to
propagate.

III. ANALYSIS AND DISCUSSION

First, in Section III-A, the formation principle of
pattern-free ATWs is explained and the distinctions of
edge-independent regulation are studied. The left edge of ATW
is affected by medium, while the right one is regulated
by temperature. Second, in Sections III-B and III-C, the
linear variation relationships of the ENZ edge state in the

frequency domain and angle domain are found, and it is
vulnerable to temperature and background medium. Hence,
the multivariable sensing phenomena of the ENZ edge state
are studied. For both temperature sensing and refractive index
sensing, frequency-domain detection has a large measurement
range, while angle-domain measurement has a high sensitivity.
In Section III-D, to verify the high resolution brought by the
refractive index angle sensor, it can be observed that the citrate
solutions of different components can be effectively identified.
In Section III-E, the effects of common errors on the device
are discussed.

A. Pattern-Free Edge-Independent ATWs

For convenience, the edge state generated by the ENZ
portion is called the ENZ edge state and the edge state
generated by the PC structure is called the PBG edge state for
short. For the TE wave, in Fig. 2(a), the dielectric constant of
InSb changes from a negative state to a positive one. When
emsp 18 0, the energy of electromagnetic wave changes signifi-
cantly from total reflection to strong transmission. During the
transformation from 0° to 60°, the ENZ edge state produces
a blueshifted phenomenon. The propagation characteristics of
electromagnetic waves in an InSb medium are closely related
to the phase change, and the phase is positively related to the
cosine of the incident angle. When the incident angle is 0,
the phase is the largest, and when the angle is increasing, the
phase is decreasing. Then, the wavelength that can achieve
optical path matching will also decrease, showing a blueshifted
phenomenon. When the frequency is 2.65 THz, the energy
jumps from transmission to reflection, which also means that
there is a steep ENZ jump phenomenon in the angle domain.
In Fig. 2(b), for the PBG edge state, during the transition of
the incidence angle from 10° to 20°, the edge state of the PBG
moves to the high-frequency area, and the state at 2.65 THz
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Under the TE wave incidence, (a) variation trend of dielectric

constant of InSb medium and the amplitude hopping of the ENZ edge state
and (b) dispersion edges of the PBG edge state. Under the TM wave incidence,
(c) variation trend of dielectric constant of InSb medium and the amplitude
hopping features of the ENZ edge state, and (d) dispersion edges of the PBG
edge state.

jumps from total reflection to transmission. In the case of the
TM wave incidence, in Fig. 2(c), the ENZ edge state will also

blueshift during the transition of the incident angle from 0°
to 60°, and the electromagnetic wave energy is faced with
the transition from high transmission to strong reflection at
2.65 THz. In Fig. 2(d), the hurricane of amplitude state of
PBG edge state will also occur in the region of 10°-20°.

To more clearly demonstrate the propagation of electro-
magnetic wave energy near the edge states, the electric field
energy distribution circumstances of f = 2.65 THz are
provided. In Fig. 3(a), for the ENZ edge state in the case
of the TE wave, when 6 is 0°, the entire structure presents
extremely high electric field energy distribution, which means
that electromagnetic waves can pass through the structure
smoothly. However, at the incidence of 60°, the electric field
is only displayed near the incident port, suggesting that the
electromagnetic wave resonates with the structure only near
the port and then is completely reflected and fails to pass
through the structure. In Fig. 3(b), for the PBG edge state,
if the incident angle is 10°, the electric field energy only
exists near the port and is not fully reflected through the
structure. When the incident angle is 20°, the whole structure is
full of energy, which means that electromagnetic wave passes
through the structure smoothly, resulting in a transmission
phenomenon. Through the analysis of the TE wave, it is
not difficult to find that the energy distribution of the two
edge states is consistent with the frequency domain shown
in Fig. 2(a) and (b). In Fig. 3(c) and (d), assuming that the
TM wave is incident, the electric field energy distribution
is similar to that of the TE one, so details will not be
elaborated.

According to the above analysis for the host structure, the
edge states will produce significant deviation at different angle
incidences, so if the frequency-domain research is transferred
to the angle domain, a steep edge selection phenomenon will
also occur, as shown in Fig. 4(a)—(d). In addition, in Fig. 1,
both the ENZ and PC structures have been added to AFS on
both sides of the host structure. This is mainly to compensate
for the transverse impedance of the host structure, to achieve
the effect of impedance matching, fully suppress reflection,
and increase transparency [20]. In Fig. 4(a) and (b), when
the TE wave is incident without AFS, the structure itself will
produce a strong resonance phenomenon, resulting in serious
leakage of electromagnetic wave, and the introduction of AFS
significantly makes up for the transmission gap of large angle.
The final transmission energy of the ENZ edge state and
PBG edge state reaches more than 85% in the entire ATW.
In Fig. 4(c) and (d), if the TM wave is incident, even without
AFS, the transmission of the electromagnetic wave is stronger
than that of the TE wave. There is weak leakage at the ENZ
edge state and the transmission energy of the PBG edge state
is always higher than 85%. However, to maintain polarization
independence, AFS is also introduced to enhance transparency.
At the same time, no matter which polarization wave, the ENZ
edge state, or the PBG edge state, the angle range of ATW
and the selectivity of the edges will not be affected during the
operation of AFS.

However, the addition of AFS is not arbitrary, and
the appropriate refractive index and thickness need to be
obtained through theoretical analysis [17], [38], [39]. The
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air background, AFS, and host structure are considered as
media 1-3, respectively. The wave vector k; = (ky, ky1) =
(n1kg sin@, n1kgcos @) comes from medium 1 with the refrac-
tive index of n. The thickness and refractive index of medium
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2 are dr and n,, in turn. In the case of n, determination, the
thickness of the AFS becomes the key factor to suppress the
reflection sufficiently. The total reflection of the whole system
is composed of the reflection between layers superimposed
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many times. It can be expressed as

[e.¢]
r=ri+ h2ond Z(V21¢23¢)” 1
n=0
ri2 + (tiata) — riara)ros?
= z @®)
1 —rairsé
where, r;; and f; refer to the reflection and transmission
coefficient between i and j at the interface of the medium,
respectively. ® = ¢/**292 and k,, = (n%kg — k2)'/2. Through
Fresnel’s theorem, r;; and f;; can be represented as

X;—X; 2X;

J
= —l—=, =1 9
YOUX + X X+ X; ©)

tij

X; describes the transverse impedance of dielectric i. For
the TE wave, X; means the transverse impedance of dielectric
i and X; = Z; = koui/ky;. As to the TM one, it is defined

as X; =24, = k()é‘,'/kx.[. rip = —1 and oty — ol = 1 are
constant in (9); hence, it can be simplified as
ria + rasd?
_ M2t rsd N (10)
1 4+ riprsé

The parameters n, and d, of the AFS can be obtained
by the calculation of the above formula. If the lossless of
the AFS is quite weak, |¢| = 1 is satisfied, and the two
core factors are: one is the moduli of ri, and rp3 that
are equal and the other is that d» meets the condition as
follows:

argrip —argry + 2m + D
2kx2

in which m is an integer and arg x represents the argument
of the complex number x. For the sake of avoiding the
internal resonances in the AFS from breaking its antireflective
properties for some angles of incidence, we should choose the
smallest m when we make sure that d, is a positive value.
In our proposed design, the structural settings of AFS also
satisfy this mechanism.

In Fig. 5(a), under the case of the TE wave, when the
PBG structure acts alone, the energy is completely reflected
in the range of incidence angle less than 10°. In the range
of 10°-20°, the energy has a transition from strong reflection
to high transmission. The selectivity near the critical angle is
significant, and the transmissivity is higher than 85%. If only
the ENZ structure is working, the energy starts to reveal a
transmission state from 0° to a total reflection phenomenon
in the area of 50°-60°. While maintaining a good angle
selectivity, the transmissivity near the critical angle is also
higher than 85%. Naturally, it is assumed that the combination
of PBG and ENZ structures will create an ATW with double
edges. The composite structure forms an angle window with
transmissivity higher than 85% in the range of 16.8°-53.1°.
Similarly, in Fig. 5(b), when the TM wave is incident, the PBG
structure produces the change from reflection to transmission
state in the area of 10°-20°, while the ENZ structure promotes
the transition between transmission and reflection phenomenon
in the range of 50°-60°, and the transmission amplitudes at the
critical angle exceed 0.85. The ATW with 16.4°-53.3° appears
after the combination of two structures. By comparison, it can

dr = Y
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Fig. 5.

be seen that the TE and TM waves can excite ATWs at the
same time, and the ranges of ATWs are almost the same,
which proves the pattern-free performance of the design.
There are two main reasons for the formation of a pattern-
free phenomenon. First, the appearances of PBG and ENZ
edge states fail to depend on polarization. Second, the PBG
edge state is responsible for generating the left edge, and
polarization separation will not occur when the incident is at
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T

Fig. 6. In the case of the TE wave incidence, (a) regulation of ng on the
left edge and (b) regulation of Ta on the right edge. In the case of the TM
wave incidence, (c) regulation of ng on the left edge and (d) regulation of
Ta on the right edge.

a small angle. The ENZ edge state promotes the right edge,
and its dielectric constant distribution does not depend on
polarization, so polarization separation will also not occur.
To demonstrate the directional selection capability of the
structure, the polar coordinate forms of Fig. 5(c) and (d) are
illustrated. In angular systems, it is often necessary to get rid
of the dependence on the polarization form of electromag-
netic waves. Consequently, the proposed pattern-free structure
provides a feasible design method for privacy protection
from specific angles and directional selection of antennas.
In addition, this property also means that the multivariable
sensor designed in the following article can operate under any
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polarization of electromagnetic waves, improving the survival
power of the device.

As analyzed in Fig. 4, the left and right edges of the
ATW are controlled by the PC structure and ENZ component,
respectively, meaning that the two sides can be adjusted inde-
pendently, which is critical for the angle filters. In Fig. 6(a),
if the refractive index of the position where dielectric B
is located is adjusted and ng rises from 1.4 to 1.48, the
left edge moves from 8.49° to 20.07°, while the right edge
fails to produce any offset. When the TE wave is still the
incident wave, in Fig. 6(b), if Ta is modulated in the range of
299.4-301 K, only the right edge tends to increase from 33.41°
to 66.54°. For the TM wave, similar manipulation results are
also apparent. In Fig. 6(c), provided that ng changes, the range
of the left edge is 8.3°-19.87°, while in Fig. 6(d), T'a operates
the right edge from 33.78° to 66.13°. Remarkably, no matter
what the polarization wave is, the control of the edge of the
ATW is independent of each other. This phenomenon benefits
from the tunable properties of PBG and ENZ features. The
adjustment of ng and Ta obviously alters the position of
PBG and ENZ edge states, thus affecting the critical jump
position in the angle domain, resulting in the movement of the
ATW.

B. Temperature Detection of Two Freedoms

By exploring Fig. 6, it can be found that there is a
linear transformation between the temperature and the ENZ
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edge state with extremely high sensitivity, which provides
the possibility for temperature sensing. To reflect the sensing
qualities, the reflectivity curve under the TE wave is used for
observation. The ENZ edge state exists in two freedoms, and
those are the frequency and angle domains, so the charac-
teristics of temperature sensing are discussed. In Fig. 7(a),
when the temperature increases from 260 to 350 K, the ENZ
edge state adjusts linearly with the frequency and is always
continuous. As shown by the green contour in the figure,
the reflectivity of 0.9 is selected as the dependence of the
sensor reading. In Fig. 7(b), if the temperature is 260, 275,
290, 305, 320, 335, and 350 K, the corresponding ENZ edge
states fall on 1.583, 1.934, 2.32, 2.738, 3.19, 3.665, and
4.17 THz, respectively. After linear fitting of the temperature
shift and resonance frequency, the fitting equation can be
expressed as: f = 0.029Ta — 5.982, which also means
that the sensitivity of the temperature sensor is 0.029 THz/K
within the measurement range. At the same time, the variance
R? of the fitting equation is 0.995. The closer the value is
to 1, the higher the measurement accuracy of the sensor is.
It can be seen that temperature detection in the frequency
domain has a large measurement range. Therefore, for some
environments, if a large measurement range is required, but a
strong resolution is not required, frequency-domain detection
can be selected.

At a certain frequency, the ENZ edge state of the angle
domain also presents a linear trend. The extremely high
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sensitivity forces the temperature measurement range to be
narrow, so the linear range of 260-350 K is divided into
60 segments, of which four segments are used for spe-
cific analysis. In Fig. 8(a), when the excitation frequency
is 1.63 THz, the continuous linear range is 260-261.5 K,
and the angle change is 71.44°-30.56°. In Fig. 8(b), when
the resonance frequency is 2.64 THz, the linear change is
maintained in the temperature range of 299-300.5 K, and the
angle is reduced from 68.81° to 37.82°. In Fig. 8(c), when
the excitation frequency is 2.68 THz, the continuous linear
range is 300.5-302 K, and the angle change is 65.7°-35.65°.
In Fig. 8(d), when the resonance frequency is 4.24 THz,
the linear change is maintained in the temperature range of
348.5-350 K, and the angle is reduced from 71.12° to 45.89°.

In Fig. 9(a), if the temperature is 260, 260.3, 260.6,
260.9, 261.2, and 261.5 K, the corresponding ENZ edge
states fall on 71.44°, 61.19°, 53.13°, 45.75°, 38.41°, and
30.56°, respectively. After linear fitting of temperature change
and ENZ angle, the fitting equation can be expressed as:
0 = —26.678Ta + 7006.393, which also means that the
sensitivity of the temperature sensor is 26.678°/K within the
measurement range, that is to say, if the resolvable incident
angle only needs to reach 0.1°, the temperature resolution will
reach 0.0037 K, which is extremely sensitive to temperature
detection. At the same time, the variance R? of the fitting
equation is 0.995. In Fig. 9(b), when the temperature increases
from 299 to 300.5 K with an interval of 0.3 K, the resonance
angles are 68.81°, 61.46°, 55.2°, 49.4°, 43.67°, and 37.82°.
The fitting equation is 6 = —20.392Ta + 6165.342, from
which the sensitivity is equal to 20.392°/K. It is inferred
from the sensitivity that if the incident angle alters by 0.1°,
the temperature changes by 0.0049 K, which is also very
subtle. In addition, a variance as high as 0.997 also implies
high and deep measurement accuracy. In Fig. 9(c), provided
that the temperature is severally 300.5, 300.8, 301.1, 301.4,
301.7, and 302 K, the corresponding ENZ edge states become
65.7°, 58.96°, 52.97°, 47.26°, 41.56°, and 35.65°, respectively.
The linear fitting illustrates that the fitting equation can be
written as 6§ = —26.678Ta + 6022.559, representing that
the sensitivity is 19.824°/K within the measurement range,
that is to say, if the resolvable incident angle reaches 0.1°,
the temperature resolution will reach 0.005 K. The variance
R? of the fitting equation is equal to 0.999. In Fig. 9(d),
when the temperature rises from 348.5 to 350 K with an
interval of 0.3 K, the resonance angles are 71.12°, 64.98°,
59.71°, 54.88°, 50.31°, and 45.89°. The fitting equation is
0 = —16.665T a 4+ 5878.315, where the sensitivity belongs to
16.665°/K. It is inferred from the sensitivity that if the incident
angle alters by 0.1°, the temperature changes by 0.006 K,
which is also very subtle. In addition, a variance as high
as 0.995 also implies high and deep measurement accuracy.
It can be observed that after the frequency-domain detection
is transferred to the angle-domain detection, the sensitivity
has made a huge leap, and the worst resolution is 0.006 K,
which leads to the reduction of the measurement range. In pro-
cesses such as chip manufacturing, temperature control is
usually fragile, so angle-domain detection can play a positive
role.
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TABLE I
SEGMENTED TEMPERATURE DETECTION DISTRIBUTION

O=aTa+b O=aTa+b
Ta (K) f(THz) R? Ta (K) f(THz) R?
a b a b
260~261.5 1.63 -26.678 7006.393 0.995 305~306.5 2.81 -19.322 5956.964 0.999
261.5~263 1.66 -25.671 6777.180 0.999 306.5~308 2.85 -19.066 5904.296 0.999
263~264.5 1.7 -26.291 6985.604 0.994 308~309.5 2.9 -19.038 5927.700 0.999
264.5~266 1.73 -25.025 6683.449 0.999 309.5~311 2.94 -18.750 5863.595 0.999
266~267.5 1.77 -25.404 6827.335 0.995 311~312.5 2.99 -18.692 5876.581 0.999
267.5~269 1.8 -24.650 6656.65 0.999 312.5~314 3.03 -18.448 5824.601 0.999
269~270.5 1.84 -24.572 6676.912 0.998 314~315.5 3.08 -18.322 5815.092 0.999
270.5~272 1.88 -25.246 6900.505 0.993 315.5~317 3.12 -18.198 5799.54 0.999
272~273.5 1.91 -23.766 6527.424 0.999 317~318.5 3.17 -17.996 5764.714 0.999
273.5~275 1.95 -23.642 6532.011 0.998 318.5~320 3.22 -17.880 5756.500 0.999
275~276.5 1.99 -23.796 6612.462 0.996 320~321.5 3.27 -17.838 5771.451 0.999
276.5~278 2.03 -24.108 6736.798 0.993 321.5~323 3.32 -17.842 5800.897 0.998
278~279.5 2.06 -22.738 6383.075 0.999 323~324.5 3.37 -17.860 5834.690 0.998
279.5~281 2.1 -22.494 6350.226 0.999 324.5~326 3.42 -17.888 5871.602 0.997
281~282.5 2.14 -22.296 6329.233 0.999 326~327.5 3.46 -17.190 5665.625 0.999
282.5~284 2.18 -22.116 6312.402 0.999 327.5~329 3.51 -17.094 5660.588 0.999
284~285.5 222 -21.918 6289.583 0.999 329~330.5 3.56 -17.002 5656.417 0.999
285.5~287 2.26 -21.702 6260.710 0.999 330.5~332 3.61 -16.896 5647.160 0.999
287~288.5 2.3 -21.468 6225.727 0.999 332~333.5 3.66 -16.778 5633.442 0.999
288.5~290 2.34 -21.224 6186.877 0.999 333.5~335 3.71 -16.644 5613.867 0.999
290~291.5 2.38 -21.002 6153.444 0.999 335~336.5 3.76 -16.504 5591.733 0.999
291.5~293 2.42 -20.794 6123.199 0.999 336.5~338 3.81 -16.342 5561.627 0.999
293~294.5 2.46 -20.632 6105.620 0.999 338~339.5 3.86 -16.174 5528.870 0.999
294.5~296 2.5 -20.586 6121.544 0.999 339.5~341 3.91 -16.002 5494.123 0.999
296~297.5 2.55 -20.386 6099.033 0.999 341~342.5 3.96 -15.824 5456.702 0.999
297.5~299 2.59 -20.078 6035.846 0.999 342.5~344 4.02 -16.132 5590.159 0.998
299~300.5 2.64 -20.392 6165.342 0.997 344~345.5 4.07 -15.880 5526.585 0.998
300.5~302 2.68 -19.824 6022.559 0.998 345.5~347 4.12 -15.628 5462.160 0.998
302~303.5 2.72 -19.574 5973.921 0.9997 347~348.5 4.17 -15.384 5399.676 0.999
303.5~305 2.76 -19.414 5951.972 0.999 348.5~350 424 -16.665 5878.315 0.995

Due to the high detection sensitivity in the angle domain,
the linear range is divided into 60 segments, with 1.5 K as
a measurement range. Table I shows the overall measurement
details (f: operating frequency, a: sensitivity, b: intercept, and
R?: variance). According to the current measurement tech-
nology, the angle variation of 0.1° is completely detectable.
If such a standard is followed, the worst resolution in the
whole measurement process will also reach 0.0065 K, which
is of great significance for fine temperature sensing.

C. Refractive Index Detection of Two Freedoms

In addition, the proposed detection technology of two
freedoms is also perceptive to variation in the background
medium and exhibits sensing potential in both the frequency

domain and the angle domain. The refractive index ng of the
background medium is taken as the analyte, and the changes
in the air layer in the ENZ structure are consistent with those
of the background medium. In Fig. 10(a), if ny extends from
1.3 to 1.9, then the peak line of 0.9 at the ENZ edge state will
move toward the high frequency, from 2.680 to 2.791 THz, and
the whole process is continuous. Obviously, the increase of ng
shifts the equivalent ENZ resonance frequency of the structure,
thus driving the phenomenon. In Fig. 10(b), if ny is succes-
sively 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9, the corresponding
ENZ resonance points are 2.680, 2.695, 2.712, 2.729, 2.748,
2.769, and 2.791 THz. The fitting equation of frequency and
refractive index can be expressed as: f = 0.184ng + 2.437,
which also implies a sensitivity of 0.184 THz/RIU. Also, the
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TABLE I
SEGMENTED REFRACTIVE INDEX DETECTION DISTRIBUTION

O=anyth

1o (RIU) f(THz) ; R?

1.3~1.4 2.73 -97.900 198.626 0.992
1.4~1.5 2.75 -86.760 191.148 0.994
1.5~1.6 2.78 -88.160 203.692 0.993
1.6~1.7 2.81 -85.400 208.510 0.994
1.7~1.8 2.85 -90.840 228.898 0.992
1.8~1.9 2.89 -91.271 239.833 0.992

linear fitting variance is 0.994. It is observed that the refractive
index sensor has a wide measurement range in frequency-
domain detection.

In the angle domain, due to the extremely high sensitivity
of angle sensing, the measurement range is limited. Therefore,
the linear range of 1.3-1.9 is divided into six segments, two
of which are selected here for detailed analysis. In Fig. 11(a),
f = 2.73 THz, the ENZ angle decays correspondingly from
71.74° to 61.89° on the premise that ny is in the range
of 1.3-1.4. In Fig. 11(b), supposing that n, increases from
1.3 to 1.4 with an interval of 0.02, the resonance angles are
71.74°, 69.28°, 67.14°, 65.23°, 63.47°, and 61.89° in turn. The
fitting of resonance angle position changing with refractive
index is shown as § = —97.9n¢ + 198.626, revealing the
sensitivity of 97.9°/RIU within the measurement range and R?
of 0.992. In spectral detection, if the angle change of 0.1° is
distinguishable, then the refractive index resolution can reach
0.0010. In Fig. 11(c), if no belongs to 1.8-1.9, the operating
frequency is 2.89 THz and the resonance angle falls between
66.72° and 75.91°. In Fig. 11(d), provided that ng is 1.8, 1.82,
1.84, 1.86, 1.88, and 1.9, the corresponding ENZ edge states
become 75.91°, 73.6°, 71.61°, 69.84°, 68.21°, and 66.72°,
respectively. The fitting equation is 8 = —91.3ng + 239.833,
where the sensitivity takes the value of 16.665°/K and R?
is equal to 0.992. Likewise, when the angle alters 0.1°, the
refractive index resolution can reach 0.0011. Unlike frequency-
domain detection, extremely high sensitivity forces the sensor
to have a narrow measurement range, in return for strong
resolution.

The wide measurement range applicable to the frequency
domain is divided into six stages in the angle domain. The
specific performance details are described in Table II ( f: oper-
ating frequency, a: sensitivity, b: intercept, and R?: variance).
If the angle change of 0.1° is discernable, the resolution value
will be lower than 0.0012. Thus, such fine refractive index
sensing can be used for cell detection, virus analysis, and
solution concentration measurement, and their refractive index
changes are usually in the range of 1072 or 1073.

D. Angular Refractive Index Detection Used for Identifying
Citrate Solutions

With the development of science and technology, the
research of the angle domain has been applied more and

more [40], [41], [42], [43], [44], [45], [46], [47]. Due to the
superior sensitivity of angular domain detection in refractive
index sensing, it can be used for directional detection of the
composition of citrate solutions. Citrate is composed of citric
acid anions and metal cations and is widely used in the food
and pharmaceutical industries [48], [49], [50]. If it is used as
a food additive, it can be used as a formula for soft water
drinks, a preservative for dairy products, and a sweetener for
food to make the food taste better and promote appetite [48].
An appropriate amount of citrate is beneficial to the body and
can enhance the normal metabolism of the body. If citrate is
used as a drug, they have different functions, such as adjusting
uric acid, treating kidney stones, inhibiting irritability, and
alleviating gingival bleeding. However, excessive consumption
will aggravate the burden of the stomach, lead to osteoporosis,
and cause nervous system diseases [49]. Therefore, accurate
control of the content of citrate is of great significance for
the maintenance of human health. In the THz band [50], the
average refractive indexes of Zn-Citrate, Ca-Citrate, Li-Citrate,
and K-Citrate solutions are, respectively, n = 1.65 £ 0.03,
n=176+0.01, n =1.89 £0.01, and n = 1.88 £ 0.03.

In Fig. 12(a), since the average refractive index range
of Zn-Citrate is 1.62-1.68, which falls within the range of
1.6-1.7, the operating frequency is selected as f = 2.81 THz
according to Table II. When the distribution of n is 1.62,
1.65, and 1.68, the critical angles are 70.08°, 67.39°, and
65.04°, respectively, which also means that the reasonable
range of Zn-Citrate is 65.04°-70.08°. In Fig. 12(b), the average
refractive index of Ca-Citrate is 1.75-1.77, which belongs
to the detection range when the incident frequency is f =
2.85 THz. If n increases from 1.75 to 1.77 and the interval
is 0.01, the resonance angles are 69.66°, 68.8°, and 67.97° in
order, and the accurate area is 67.97°-69.66°. In Fig. 12(c),
the accurate range of Li-Citrate becomes 1.88-1.9, belonging
to 1.8-1.9. At this time, the working frequency of f =
2.89 THz is appropriate. If the three values of n are 1.88,
1.89, and 1.9 in turn, the critical angle decreases from 68.24°
to 67.49° and then to 66.76°. Consequently, the response
angle of Li-Citrate should cover the zone of 66.76°-68.24°.
In Fig. 12(d), the normative area of K-Citrate is 1.85-1.91, and
the same working frequency is selected as Li-Citrate. When
n is expanded from 1.85 to 1.91, the three values of its main
distribution are 70.72°, 68.24°, and 66.06° in turn. Due to the
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Fig. 12.  In the angle domain, the difference of refractive indexes of
M citrate solutions can be used to identify different components. (a) Zn-Citrate,
. » _ . . f = 2.81 THz and n = 1.65 + 0.03. (b) Ca-Citrate, f = 2.85 THz and
Fig. 11. In the case of f = 2.73 THz and ngo belonging to 1.3-1.4, n = 1.76 £ 0.01. (¢c) Li-Citrate, f — 2.89 THz and n = 1.89 + 0.01.

(a) three-dimensional planar graph and (b) linear fitting circumstances. In the
case of f = 2.89 THz and no belonging to 1.8-1.9, (c) three-dimensional
planar graph and (d) linear fitting circumstances.

(d) K-Citrate, f =2.89 THz and n = 1.88 £ 0.03.
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Fig. 13. Effects of error coefficient 8 on ATW. (a) TE wave. (b) TM wave.

large refractive index distribution, the standard range is also
wider from 66.06° to 70.72°. In general, profiting from the
highly sensitive and segmented characteristics of angle-domain
detection, citrate solutions with different components can
be accurately distinguished and have corresponding standard
intervals.

E. Effects of Process Errors

In actual manufacturing, the most common errors are thick-
ness error and loss error. For the convenience of expression,
we define 8 as the ratio of the thickness of the medium in
the manufacturing process to the thickness of the medium in
the ideal state. In Fig. 13, for any polarization wave, when
is 0.99, the double-edge ATW becomes the single-edge ATW.
As B continues to increase, the PBG edge will move in a large
angle direction, while the ENZ edge is not affected, resulting
in a shrinking ATW. It can be seen that the thickness error
only affects the PBG edge. Therefore, in the actual manufac-
turing process, the thickness of the PC structure needs to be
precision machined to reduce the error as much as possible.
In addition, for sensors based on ENZ edges, the performance
of the sensor is not affected by thickness errors. It is worth
noting that it is possible to reduce the impact of thickness
error on PBG for the current lamellar structure processing
technology [18].

To facilitate the expression, we will unify the extinction
coefficients of all materials. In Fig. 14, it can be observed
that for both TE and TM waves, the transmittance of ATW
will decrease with the increase of extinction coefficient, and
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TABLE III
PERFORMANCE COMPARISON WITH PREVIOUS WORK

Refs. ATW Sensor
. Pattern-free Single Dual
Edge Tunability function function function

14 Single None None None None
18 Single None None None None
19 Double None None None None
20 Single None None None None
21 Double None None None None
51 Single None None Yes None

This Double Yes Yes None Yes

work

the greater the k value, the more obvious the transmittance
attenuation. Therefore, in practical applications, in order to
meet the high transmittance, the extinction coefficient needs
to be controlled below 0.0001. However, it is worth noting that
the change of k only affects the amplitude and will not pose
a threat to the position of ATW. As a result, the introduction
of loss does not affect the function of the sensor.

To more clearly demonstrate the innovations in this article,
Table I1I is selected for performance comparison. In principle,
different from the previous single-principle design, this article
combines PBG technology and ENZ technology to get a
double-edge angle window. Since the two edges are excited
by different principles, they do not interfere with each other
and have tunable characteristics. In addition, since ENZ edges
are not affected by polarization and PBG edges are also
almost unaffected by polarization at small angles, the proposed
structure has pattern-free properties. Based on the vulnerability
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of the ENZ edge to the external environment, a novel sensor
based on the ENZ edge angle is designed. To solve the disad-
vantage of dual function sensor’s incompatibility of sensitivity
and measurement range, a two-degree-of-freedom detection
technique is proposed to overcome this problem, which has
not been reported in previous studies.

IV. CONCLUSION

In this article, by ingeniously combining the ENZ and PBG
edge states, a pattern-free ATW with two edges that can
be independently adjusted is generated, which provides the
possibility to design ATW from any angle. The ENZ edge
state is controlled by temperature, while the PBG edge state
is affected by the refractive index of the medium. At the same
time, based on the linear relationship between the ENZ edge
state and the external environment, the detection mechanism
of two freedoms is proposed to achieve a wide measure-
ment range and high sensitivity for multivariable sensors. For
temperature detection, the maximum measurement range and
maximum sensitivity are 260-350 K and 26.678°/K, respec-
tively, while for refractive index sensing, the corresponding
values are 1.3-1.9 and 97.9°/RIU, respectively. Citrate solu-
tions detection is introduced to verify the resolution of the
angular refractive index sensor. Therefore, we hope that the
proposed structure can provide new ideas for improving ATW
performance and multivariable sensors.
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