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The multiple physical quantity sensor based on
cylindrical photonic crystals with XOR logic gates

Ding-Yuan Zhang,a Jun-Yang Sui, b You-Ming Liub and Hai-Feng Zhang *b

Based on cylindrical photonic crystals in one dimension, a multi-scale sensor device with a logic

operation is being proposed. At the same time, it can satisfy the functions of refractive index (RI) and

magnetic field detection. Under the modulation of an external magnetic field, sharp absorption peaks

(APs) are obtained in the terahertz (THz) range. In a certain frequency range (AP value above 0.9), as the

particular InSb layers are applied to two different magnetic fields, APs of the same frequency can be

implemented to operate as XOR logic gates. The results show that with a change in the detected

physical quantity, the frequency point of the corresponding AP also moves. Therefore, by adjusting the

position of the AP, the magnetic field and RI can be sensed, and the device shows relatively excellent

performance of 6879.88 and 6943.65 in terms of quality factor. In addition, the optimal performance of

sensitivity, detection limit, and corresponding figure of merit is 0.01264(2pc/d0) T�1, 2.25 � 10�4 T,

227.23 T�1, and �0.003779(2pc/d0) RIU�1, 7.69 � 10�3 RIU, 67.74 RIU�1. In terms of overall sensors, the

proposed device is highly innovative in structure and meets the requirements of multi-scale

measurements.

1. Introduction

In terms of electromagnetic wave (EW) propagation, photonic
crystals (PCs) are periodic structures made up of different
materials that can efficiently manipulate and maintain the
EW propagation characteristics of the structure.1 As a new
type of electromagnetic medium, PCs are available in three
arrangements of one-dimensional (1D), two-dimensional, and
three-dimensional structures,2 and intensive theoretical and
experimental research has been conducted on them.3–5 In
particular, the cylindrical PCs (CPCs)6 with periodic cylindrical
multilayer structures show a higher performance compared
to planar PCs. Studies have shown that CPCs have broad
prospects and have been widely studied. As with currently
available materials and methods for CPCs, many active and
passive devices7 have been proposed, including sensors,8–10

laser light sources, modulators, channel filters and all-optical
switches. In addition, their main advantages are that they can
generate a complete band gap, improve lateral propagation
constraints, and increase optical extraction.11 More impor-
tantly, PC optical fibers can be formed by combining CPCs

with optical fibers, which are different from ordinary optical
fibers and have structural diversity.12 The PCs’ fiber structure
makes PC fiber optic sensors extremely sensitive to changes in
the refractive index while remaining compact and robust.13

The columnar PC structure uses InSb, which can further
increase the regulatory characteristics of the magnetic field,
especially for the semiconductor14,15 materials located in the
terahertz (THz) range.16,17 Because high electron mobility semi-
conductors have cyclotron frequencies, the frequency in Hz at
which a charged particle gyrates around a magnetic field with
field strength in Gauss, the performance of their gyroscopes is
near the cyclone frequency under the application of a suffi-
ciently weak magnetic field, and irreversible transmission can
be achieved. Similarly, as proposed by Xia et al., in the THz
state, the Indium Antimonide (InSb) hole array can be directly
excited under a vertical direct current magnetic field (Faraday
configuration) to directly excite the dominant anomalous sur-
face magnetic plasma resonance,18 a kind of surface resonance,
which means that magnetoplasmon polaritons can also exist
provided the magnetic field is appropriately configured.
According to Wan et al., the quasi-periodic structure of InSb
was used to study unidirectional absorbers with narrow band
angle polarization-sensitive regions to generate absorption
bands whose polarization separation and non-reciprocal ability
could be adjusted by temperature and magnetic induction
intensity.19 Furthermore, magnetized InSb can form magneto-
optical crystal structures.20 Due to the unique characteristics
of the magnetic field strength being able to be adjusted, the
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corresponding magneto-optical devices have great potential for
research in this area.

Devices can be applied for logic operations, physical quan-
tity detection, and optical calculations, which have been widely
studied due to their practical applications in integrated circuits
and modern electronics, and additionally, the optical logic
gates with multi-physical quantity detection21,22 have attracted
considerable attention and research. In the field of multi-
physical quantity detection, the linear optical effects have been
used effectively to design optical logic gates, including inter-
ferometry,23 semiconductor optical amplifiers,24 Mach-Zender
interferometers,25 and nonlinear processes such as electro-
optical effects.26,27 Based on the strength of the PC fiber in
polarization, a temperature-insensitive hydrogen sensor is
designed by Yang et al., which in the scope of 1–4% hydrogen
concentration has S = 131 pm%.28 Besides, a 1D superstructure
defect mode based on silicon, analyte, and silica layers was
proposed by Sovizi et al.,29 as a method for refractive index (RI)
sensors with perpendicular and 45 incidence angles with
sensitivity (S) that has exceeded 450 and 600 nm RIU�1.
Zhao et al. proposed a PC cavity electric field sensor,30 and
the detection limit (DL) and S are both 7 nW per V m�1 and
0.143 V m�1, respectively. This clearly shows that logic gates
can perform a large number of logic functions, enabling many
applications of logic gates in multi-physical quantity detection.
The multiphysical quantity sensor developed by Liu et al. uses a
high-birefringence PC fiber surface plasmonic resonance effect
to detect RI and ultrahigh S temperatures.31 They draw our
attention to the multifunctional sensor and provide quite
innovative ideas for the relative field research, which has
considerable application prospects and research value. But
unfortunately, most of the research in this field is only based
on a 1D planar structure,21,22 which can only be used as a
single-function device without more flexible practicality, cannot
meet the application of multiple scenarios, and only focuses on
the improvement of efficiency. There are a number of limita-
tions that can be applied to research in the related fields.
Electromagnetic devices, which possess multi-scale and multi-
functional superiority, are worthy of further study and have
considerable potential.

In this article, CPCs that simultaneously achieve logical
operation capabilities and sensing detection functions are deeply
investigated. Specifically, by utilizing the structural characteristics
of CPCs and introducing magnetized InSb as a defect layer,
a sharp absorption peak is generated to realize XOR logic
operations modulated by a magnetic field. In addition to the
logic operation function, with the change of external magnetic
field and refractive index of the dielectric layer, the normalized
angular frequency corresponding to the absorption peak also
moves, which has a good linear fitting relationship and realizes
the detection of multi-physical quantities regulated by multiple
logic gates. The high S and high-quality factor (Q) enable the
detection of small changes in the magnetic field or RI through
the position of the absorption peak. Furthermore, this article
highlights the different scales of the detection range with S and
great Q values, achieving accurate multiphysical measurements.

We would like to point out that this paper is primarily concerned
with theoretical research, and that experimental research is
beyond the scope of this current study, which is expected to be
presented in the future.

2. Design and discussion
2.1. Theoretical model

By combining the methods of planar PCs and non-magnetized
CPCs, a transfer matrix equation for the CPCs is derived. As shown
in Fig. 1, the CPCs’ model diagram is proposed, composed of
ordinary A, B, C, D, E, F, and G dielectrics for non-symmetrical
arrangement, where the air is the inner and outer layers with RI of
n0 as well as corresponding radiuses of r0 and rf, and ‘‘FGF’’ is a
filter structure. Besides, the magneto-optical medium InSb layers
are introduced into the original structure as defects, and its entire
structure is exposed to 270 K of air to adapt to the general situation.
And different dielectrics are filled with different colors in the figure
to represent the model clearly.

In this paper, a normalized thickness d0 is used, which has a
value of 10 mm. In addition, the angular frequency o is normal-
ized, and o is expressed in units of (2pc/d0), which is equal to a.
The thickness of ordinary dielectric A, B, C, D, E, F, and G is
replaced by dA, dB, dC, dD, dE, dF, and dG, respectively, and the
parameter values of each other are 0.33d0, 0.4d0, 0.75d0, 0.69d0,
0.7d0, 0.25d0 and 0.38d0, respectively. The RI values belonging
to ordinary dielectrics are nA = 2.74, nB = 2.64, nC = 2.2,
nD = 2.16, nE = 1.1, nF = 3.3, and nG = 3.25. As the effective
dielectric constant and permeability expressions were derived
by Leiwin et al. based on the Mie resonance theory, the required
RI can be determined in a wide range of applications.32

Considering that this technology has been applied in real life,33

the permittivity that is set in this paper can also be applied in
real life. The defect layer is composed of two different semicon-
ductors, InSb1 and InSb2, the thickness of which is d1 = 0.09d0

and d2 = 0.062d0, respectively. A magnetic field external to InSb
causes its dielectric to behave as an anisotropic tensor, and the RI
of the dielectric changes as the strength of the magnetic field
increases. Because the device has positive and negative scales,
B1 and B2 are external magnetic fields applied perpendicularly to
InSb1 and InSb2 from the positive direction along the z-axis.
In Fig. 1, EWs are incident from inside the cylinder, and the
arrow direction of the wave vector k indicates its direction of
incidence, forming an angle in the roF-plane, and the incidence
angle is expressed by y.

It is important to note that our work is mainly focused on a
theoretical model. As a result of the thin thickness of the InSb
layers and the lack of external magnetic fields, the ordinary
dielectrics in this model are not affected. For experimental
applications, gradient magnetic field coils were designed by
Xuan et al.34 since the magnetic field area exerted on a
particular InSb layer is relatively small, while other dielectric
layers are not affected. As can be seen from the results pre-
sented in this paper, an electric current can be used to generate
a spatial linear magnetic field that is in compliance with the
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requirements of this paper by isolating the influence of mag-
netic fields adjacent to different layers of InSb.

When EWs propagate in the CPCs, affected by Lorentz force,
the external magnetic field mainly has a control function on
transverse magnetic (TM) polarized EWs, while the transverse
electronic (TE) polarization is not controlled by the magnetic
field. TE waves refer to waves with an electric field perpendi-
cular to the plane of transmission of light, while TM waves refer
to waves with a magnetic field perpendicular to the plane of
transmission of light. Therefore, this work will only focus on
studying the performance of the CPC structure under TM
polarization and analyze the entire structure by the transfer
matrix method. After combining Maxwell’s system of equations
and the expression for the law of motion of charged particles,
then the following form can be obtained:35

dJ

dt
þ vJ� oc � J ¼ e0op

2E; (1)

�r� E ¼ m0
@H

@t
; (2)

r�H ¼ e0
@E

@t
þ J; (3)

where m0 and e0 represent respectively the permeability and the
dielectric constant of air and J = Jr + Jj + Jz is the polarization
current density:35

ð�jwþ vÞJz ¼ e0op
2Ez
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The effective dielectric constant of InSb, an anisotropic
material, can be obtained by applying an external magnetic
field to the material and obtaining the following expression for
the effective dielectric constant:35

eInSb ¼

e1 je2 0

�je2 e1 0

0 0 e3

2
6664

3
7775; (6)

where

e1 ¼ 1� op
2 oþ jvcð Þ

o oþ jvcð Þ2�oc
2

h i; (7)

e2 ¼
�op

2oc

o oþ jvcð Þ2�oc
2

h i; (8)

e3 ¼ 1� op
2

o oþ jvcð Þ: (9)

Fig. 1 The model diagrams of the CPC structure made up of different dielectric layers. (a) The view from the top of the model, (b) the front top view of
the model, and (c) the cross-sectional view of the model along the radial angle in the roz-plane differentiation. As a reference, coordinate axes are used
to mark the direction in which magnetic fields and EWs propagate.
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The plasma frequency is expressed as op = (e2Ne/e0m*)1/2 and
m* represents the effective mass of the carrier, related to the
mass of the electron me. And for InSb, m* = 0.015me. The
cyclotron frequency of the electron is oc = eB0/m*, which is
proportional to the intensity of the applied electric field as can
be seen, by the equation, the temperature T0 has a great
influence on it. Besides o is expressed as the angular frequency
of the incident waves. Moreover, the collision frequency, vc, is
expressed separately in nc1 and nc2 for InSb1 and InSb2, as well
as nc1 = 6 � 10�5op and nc2 = 8 � 10�6op

16. The magnetic
strength is expressed by B0, while electron quantity and quality
are represented by e and m, respectively. The plasma density is
expressed by Ne.

Therefore, eqn (3) can be derived as:35

r�H ¼ eareInsb
@E

@t
: (10)

Considering Maxwell’s equations related to H polarization,
the governing equations for E and H can be derived as:35

1

r
@ðrEfÞ
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¼ �jom0Hz; (11)
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: (13)

Then Er and EF are eliminated with Hz, and the following
equation is derived:35
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(14)

The angle part meets the following conditions:35

d2F
df2
þm2F ¼ 0; (15)

which has a solution F B ejmj, and m can be set as an integer
or a zero.

Combined with the standard Bessel’s equation and eqn (14),
magnetic and electric fields can be expressed as follows:35

Hzðr;fÞ ¼ VðrÞFðfÞ ¼ AJmðkrÞ þ BYmðkrÞ½ �ejof; (16)

where with azimuthal mode m, Jm and Ym separately represent
the Bessel and Neumann functions.

Then, substituting eqn (16) into eqn (12) and (13) yields the
following two equations:

m

r
V rð Þejmj ¼ oe0 e1Er � je2Ej

� �
; (17)

@V

@r
ejoj ¼ �joe0 e1Ej þ je2Er

� �
: (18)

The following equation can be obtained:

Ef ¼ jp AJ
0
m krð Þ þ BY

0
m krð Þ

h in

� jme2
oe0r e12 � e22ð Þ AJ

0
m krð Þ þ BYm krð Þ

h i�
ejmf:

(19)

The relevant expressions are then defined as:

Ef � U(r)eimf. (20)

Besides, the form of V(r) and U(r) can respectively be
calculated as follows:35

V(r) = AJm(kr) + BYm(kr), (21)

UðrÞ ¼ jp AJ
0
mðkrÞ þ BY

0
mðkrÞ

h i

� jme2
oe0r e12 � e22ð Þ AJmðkrÞ þ BYmðkrÞ½ �;

(22)

where p = (m/e0/eInSb)1/2 cos y, k = op(e1
2 � e2

2)e0/e1.

As for InSb, the refraction coefficient is nTM = eTM
1/2, where

the eTM = (e1
2 � e2

2)/e1.4 Under TM polarization, the transfer
matrix of InSb can be expressed in the following form, where
k = onTMcos y/c is the component of the wave vector on the
r-axis, kiz = onTMcos yi/c is a component of the wave vector in
the z-axis, representing the wave vectors of InSb1 or InSb2, and
Zi = (e0/m0)1/2nTM/cos yi is the light conductivity, where i is
denoted by 1 or 2.

Thus, for different radii of the same dielectric, the following
is a second-order transport matrix that represents the relation-
ship between U and V:35

VðriÞ

UðriÞ

" #
¼Mj

Vðri�1Þ

Uðri�1Þ

" #
; (23)

where the A radius of r0 = 0.7 mm is the core radius, and the
radius of rf is the outermost radius.

The Mj can be depicted as:35

MTMi ¼
M11 M12

M21 M22

 !
; (24)

Then, according to Jm kr0ð ÞY 0
m kr0ð Þ � J

0
m kr0ð ÞYm kr0ð Þ ¼

2=ðpkrÞ;
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2e1

Ym kr0ð Þ þ p
2
kr0Y

0
m kr0ð Þ

� �
JmðkrÞ

þ pme2
2e1

Jmðkr0Þ �
p
2
kr0J

0
mðkr0Þ

� �
YmðkrÞ

(25)

M12 ¼ j
p
2

k

p
r0 � Ymðkr0ÞJmðkrÞ � Jmðkr0ÞYmðkrÞ½ � (26)
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where kTMi = onTMicos yTMi/c is the component of the wave
vector in the roF-plane, j can be indicated by A, B, C, D, E, F,
and G, signified by different dielectric layer materials. Since the
CPC structure is non-reciprocity, EWs propagate from the
inside to the outside, corresponding to different transmission
matrices, reflecting non-reciprocity. This article makes M the
outgoing propagation transport matrix where the transfer
matrices for dielectrics A, B, C, D, E, F, and G are represented
by Mj, and MTMi indicates the materials of InSb1 and InSb2.

Besides, as for the transfer matrix of the dielectrics, x
indicates the name of the different materials, and i can be
used to represent dielectrics layers A, B, C, D, E, F, and G. As
ordinary dielectrics are unaffected by magnetic fields, their
transfer matrix is indicated as:35

Mj ¼
m11 m12

m21 m22

 !
; (29)
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Here is the complete positive transfer matrix M:35

M ¼ MGMFMGMAMBð ÞMTM1 MDMAMBMCMAMBð Þ

�MTM2 MBMAMCMBMAMEð ÞMTM1 MBMAð Þ
(34)
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0
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@
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(35)

where the specific expressions for M are given derived from the
transfer matrixes of dielectrics A, B, C, D, E, F, and G as shown
in eqn (29)–(33). In addition, ‘‘det’’ represents the determinant
of the matrix which appears in eqn (35). As TM waves travel
through InSb1 and InSb2 materials, the transfer matrices are
MTM1 and MTM2, and their definite expressions are expressed as
eqn (24)–(28).

The transmittance coefficient and reflection coefficient of
the CPC structure must first be determined to calculate the
absorptance (A), which is calculated as:35

r ¼
M
0
21 � jp0C
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m0M

0 0
11

� 	
þ jpf C
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� 	; (36)

Below are the values for reflectance and transmittance:36,37

R = |r2|, (38)

T = |t2|. (39)

Through A, we write:

A = 1 � R � T (40)

2.2. Analysis and discussion

The absorption spectra of the XOR logic gate are shown in
Fig. 2, with the two external magnetic fields B1 and B2 respec-
tively applied to InSb1 and InSb2. When one magnetic field
exists, it is denoted by a logic level (LL) ‘‘1’’, otherwise LL is ‘‘0’’.
Similarly, when a sharp absorbance peak (AP) exists, it is
denoted by a LL of ‘‘1’’, and vice versa as ‘‘0’’. For a more
intuitive embodiment, ‘‘In1’’ indicates the state of existence of
B1, ‘‘In2’’ symbolizes the magnetic field B2, and ‘‘Out’’ stands
for the state of presence of AP. As can be seen from Fig. 2(a),
under the condition that the applied magnetic field B1 is
present and B2 is absent, A is obtained and much greater
than 0.9, of which the value is 0.9704. And the frequency
corresponding to AP is 0.3874a, Q = 6795.7, forming a sharp
AP. The states are ‘‘In1 = 1’’, ‘‘In2 = 0’’, and ‘‘Out = 1’’, related to

t ¼
�4er�1

ffiffiffiffiffi
m0
e0

r

pKr0H
ð2Þ
m ðkr0ÞH

ð1Þ
m ðkr0Þ jp0C
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0
11 �M

0
21
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� jpf C

ð2Þ
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0
12 �M

0
22

� 	h i: (37)
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the ‘‘1 XOR 0 = 1’’ of the XOR logic gate. When B1 does not exist
and B2 exists, A = 0.9222, much greater than 0.9, Q = 7042.8. The
states are ‘‘In1 = 0’’, ‘‘In2 = 1’’, and ‘‘Out = 1’’ cohering with the
‘‘0 XOR 1 = 1’’ of the XOR logic gate. The AP of this case has the
normalized angular frequency point (NAFP) of 0.3874 a, coin-
ciding with ‘‘1 XOR 0 = 1’’, which is convenient for detecting
logical operations.

When both B1 and B2 are subsistent, the AP does not exist,
thatis is, ‘‘In1 = 1’’, ‘‘In2 = 1’’, and ‘‘Out = 0’’,. Aand A is much
less than 0.1, correlating to the XOR logical operation ‘‘1 XOR
1 = 0’’. When neither B1 nor B2 is not existent, the AP is absent
and A is much less than 0.1, then ‘‘In1 = 0’’, ‘‘In2 = 0’’, and
‘‘Out = 0’’ correspond to the ‘‘0 XOR 0 = 0’’ of the XOR logic
gate. The absorbance spectra of the CPCs designed in our work
strictly adhere to the XOR logic gate function from the inside to
the outside of CPCs using external magnetic fields B1 and B2 to
regulate. The logical truth table is shown in Table 1.

To better explain the causes of APs, we choose the best
situation in which B1 does not exist but B2 exists (B1 = 0 T and
B2 = 1.58 T) to explain the phenomenon. To observe the
propagation of TM polarization waves more clearly in CPCs,
as shown in Fig. 3, an electric field intensity distribution map
with a normalized angular frequency o of 0.3874a is produced,
and thus illustrates the formation principle of AP. In the case of

o = 0.3874a, the surface partial electric field of the defect layer
InSb2 is enhanced, which stimulates the localization defect
mode resonance, resulting in a sharp AP.

When there is a fixed external magnetic field, the magne-
tized InSb layers are still capable of detecting the other external
magnetic field in the detection scope and are still able to
perform XOR logic operations with good accuracy. This func-
tion can be maintained even with disparate linear ranges, and
this is well worth emphasizing. Besides, the spatial distribution
of A and the linear fitting relationship (LFR) can be obtained by
the transport matrix method. Fig. 4 shows the roF-plane of the
magnetic flux density B1 detection. As depicted in Fig. 4(a),
where B1 varies and B2 = 0 T, that is, the input LL is ‘‘In1 = 1’’
and ‘‘In2 = 0’’, AP changes under different NAFPs. However,
when B1 alters and B2 is present constantly, its anteroposterior
roF-plane view is shown in Fig. 4(b). It is obvious that no sharp
AP exists and no linear range is formed that meets the require-
ments, which corresponds strictly to ‘‘1 XOR 1 = 0’’ in the XOR
logic gate. Moreover, as the magnetic flux B1 intensity increases, AP
begins to show a continuous linear frequency shift and approxi-
mately keeps the bandwidth unchanged. As shown in Fig. 4(a), for
magnetic field detection, continuous AP exhibits a good LFR and a
stable bandwidth in the range of B1 from 1.56 T to 1.66 T. And in
this range, A is always greater than 0.9.

The good indicators for evaluating a sensor are S, Q, FOM,
and DL. More importantly, high S, high Q, high FOM, and low
DL reflect a good sensor. The corresponding definition follows,
namely, Df and Dn denote frequency and RI variations, respec-
tively, fT implies the frequency of AP, and the FWHM represents
the width of the half-high resonant peak.38

S ¼ Df
Dn
; (41)

Table 1 The XOR logic gate truth table (magnetic field presence and A
value are indicated by ‘‘1’’ and ‘‘0’’)

In1 In2 Out

0 0 0 (T o 0.1)
1 (B1 exists) 0 1 (T 4 0.9)
0 1 (B2 exists) 1 (T 4 0.9)
1 (B1 exists) 1 (B2 exists) 0 (T o 0.1)

Fig. 2 Schematic diagrams of logic XOR operations controlled by magnetic fields and AP (40.9) when EWs propagate.
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FOM ¼ S

FWHM
; (42)

Q ¼ fT

FWHM
; (43)

DL ¼ fT

20SQ
: (44)

To better analyze the magnetic field detection performance
of CPCs, when B1 changes and B2 does not exist, the LFR
between the related NAFP and the magnetic field strength B1

is highlighted in Fig. 5(a). When B1 is between 1.56 T and 1.66 T,
the LFR is f = 0.01264B1 + 0.3667, and 0.01264a/T is its S. The R2

is 0.9999, which proves that the linearity is extraordinarily good
and suitable for making sensors. Fig. 5 shows the Q and FOM
values for detection, which are evaluative of the sensor, and the
Q and FOM values generally decrease as the B1 intensity
increases. In addition, as shown in Fig. 5(b), after calculation,
the average of Q, FOM, and DL are 6867.18, 224.08 T�1, and

2.23 � 10�4 T respectively, which means that the performance
parameters of the sensor still have a certain competitive advan-
tage. As mentioned earlier, these sensing performance indicators
can be made of a multi-scale magnetic field B1 sensing detector.
Furthermore, in the same measurement range, there are differ-
ent Aps as well as different Q, FOM, and DL that can detect
magnetic fields with different degrees of accuracy.

Under the condition that the external magnetic field B1 = 0 T
and B2 is constantly changing, the CPCs proposed can still
accurately detect the strength of B2. First, an analysis of the
positive scale is provided. Fig. 6 is the view from the top of AP,
which illustrates intuitively the relationship between normal-
ized target resonant peak frequency and B2. The change in the
magnetic field B2 causes AP to drift, and when the EWs
propagate outwards, B2 varies in the range of 1.53 T to 1.63 T.
The related A value is greater than 0.9, which meets the
position AP requirement. The positive LFR of B2 emerges in
Fig. 7(a), the equation is f = 0.01261B2 + 0.3666, and the
0.01261a/T is its S, indicating that the magnetic flux detection
is extraordinarily sensitive. R2 = 0.9997 symbolizes that it

Fig. 4 The view from the top of AP varying with the NAFP and the magnetic field B1: (a) the changes in the AP and the detection scope is 1.56–1.66 T
when B1 changes and B2 does not. (b) The changes of AP and no sharp AP in 1.56–1.66 T when B1 changes and B2 exists.

Fig. 3 The electric field distribution diagram at o = 0.2645a when EWs propagate under the condition of B1 = 0 T and B2 = 1.58 T.
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exhibits excellent linearity over the detection range. As appeared
in Fig. 7(b), 6979.88 and 227.23 T�1 severally correlate to the
averages of Q and FOM. For this detection, the average DL is
about 2.20 � 10�4 T, enabling more accurate magnetic flux
density detection. In summary, the CPCs can perform accurate
and wide-ranging magnetic field detection and can meet the
XOR logic operation function.

In the chemical, biological, and medical fields, there is an
urgent need for the identification of the RI of substances,
so the sensors designed for RI detection are extraordinarily

extensive.39,40 The CPCs sensor is designed to not only realize
magnetic field sensing detection but can also detect RI changes.
To study the ability of CPCs to detect RI and the XOR logic
operation function, when RI alters within a certain range, the
medium nE is set to the sensitive part, and the RI sensing
function of CPCs is suitable for RI measurement of nE. Fig. 8
indicates the roF-plane diagrams of the four logical cases in
which XOR logic operates when EWs propagate positively.
As shown in Fig. 8(a) and (b), when one of B1 and B2 exists
and the other is not present, both the AP and its corresponding

Fig. 6 The view from the top of AP varying with the NAFP and the magnetic field B2: (a) the changes in the AP and the detection range is 1.53–1.63 T
when B1 does not and B2 exists. (b) The changes in the AP and no sharp AP in 1.53–1.63 T when B2 changes and B1 exists.

Fig. 7 (a) An analysis of LFR between NAFP and magnetic field strength B2 when B1 does not exist but B2 does. (b) The changes of Q, FOM and DL with B2

varying under the condition of ‘‘0 XOR 1 = 1’’, with 6979.88, 227.23 T�1 and 2.25 � 10�4 T as average values of Q, FOM and DL.

Fig. 5 (a) An analysis of the LFR between NAFP and the magnetic field strength B1 when B1 exists and B2 does not. (b) The changes of Q, FOM and DL
with B1 varying under the conditions of ‘‘1 XOR 0 = 1’’, with 6867.18, 224.08 T�1 and 2.23 � 10�4 T as average values of Q, FOM and DL.
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Fig. 8 The view from the top of AP varying with RI of nE and the normalized frequency. (a) Changes in the AP when B1 exists but B2 does not when the
detection range is 1.10–1.20. (b) Changes in the AP when B2 exists but B1 does not with the detection range of 1.10–1.20. (c) Changes in the AP when both
B1 and B2 exist, and there is no sharp AP in 1.10–1.20. (d) Changes in the AP when neither B1 nor B2 exists, and no sharp AP in 1.10–1.20.

Fig. 9 LFR between NAFP and RI of nE when ‘‘1 XOR 0 = 1’’ and ‘‘0 XOR 1 = 1’’.

Fig. 10 The corresponding Q, FOM and DL with nE varying. (a) The case of ‘‘1 XOR 0 = 1’’, with 6820.24, 67.74 RIU�1 and 7.45 � 10�3 RIU as the average
values of Q, FOM and DL. (b) The case of ‘‘0 XOR 1 = 1’’, with 6943.65, 65.62 RIU�1 and 7.69 � 10�3 RIU as the average values of Q, FOM and DL.
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NAFP form a good LFR within their RI detection range, and they
are A average values coinciding to 0.9634 and 0.9715 in several,
which is much greater than 0.9, ensuring that the output LL is
‘‘Out = 1’’. When both B1 and B2 are existent or both are absent,
as assumed in Fig. 8(c) and (d), no sharp AP appears. This
means that the RI detection on the positive scale strictly follows
the XOR logical operations ‘‘1 XOR 0 = 1’’, ‘‘1 XOR 1 = 0’’, ‘‘0
XOR 1 = 1’’ and ‘‘0 XOR 0 = 0’’.

It can be objectively seen from Fig. 9 that when the EWs are
propagated outwards, the detection range of the RI of nE is
1.10–1.20 under the conditions of maintaining B1 = 1.62 T,
B2 = 0 T, and the corresponding LFR is f = �0.003779nE +
0.3917, �0.003779a/RIU is S, and the R2 of the equation is
0.9979, explaining excellent linearity. When B1 = 0 T and
B2 = 1.58 T, the LFR correlating to nE in the detection range
of 1.10–1.20 is f = �0.003727nE + 0.3791, S = �0.003727a/RIU,
and R2 = 0.9936, which has good linearity.

The Q and FOM values related to the above two cases are
demonstrated in Fig. 10 when input LL ‘‘In1 = 1’’ and ‘‘In2 = 0’’.
After calculation, the average values of their corresponding Q,
FOM, and DL are shown in Fig. 10(a), which are 6943.65,
65.62 RIU�1 and 7.38 � 10�4 RIU, separately. Fig. 10(b) shows
a dotted line plot of Q and FOM values at ‘‘In1 = 0’’ and
‘‘In2 = 1’’, which shows that as nE increases, both Q and FOM
take on a rapid downward trend, belonging to the gradual
decrease in sharpness of AP in Fig. 10(b). However, its Q, FOM,
and DL averages are 6820.24, 67.74 RIU�1, and 7.62 � 10�4 RIU,
respectively, which can meet the sensing performance require-
ments. In the case of ‘‘1 XOR 0 = 1’’ and ‘‘0 XOR 1 = 1’’, the
designed CPCs structure has good RI detection performance.
In addition, compared with the case of ‘‘In1 = 1’’ and ‘‘In2 = 0’’,
the situation of ‘‘In1 = 0’’ and ‘‘In2 = 1’’ has a similar DL and a
larger FOM, and the device can meet relatively higher operating
performance.

From the above research discussion, it can be concluded
that the designed CPCs have performance values that can meet
the requirements of magnetic field sensing and RI sensing. As
shown in Table 2, the physical quantity sensing function
designed in this work is based on the premise of the XOR logic
operation function. From the input LL ‘‘In1’’, ‘‘In2’’ and the
corresponding output LL ‘‘Out’’, it can be seen that it strictly
follows the XOR logic operation function of ‘‘1 XOR 0 = 1’’, ‘‘1
XOR 1 = 0’’, ‘‘0 XOR 1 = 1’’ and ‘‘0 XOR 0 = 0’’. In addition, it
also has a broader detection range and a variety of physical

quantity detection functions at multiple scales, which both
meet the regulation of logic gate functions.

3. Conclusion

A multi-scale sensor with a 1D CPC structure was proposed,
which can integrate logic operation functions and multiple
physical quantity detection functions. Using localized defect
mode resonance, the structure achieves sharp AP (A 4 0.9), and
further adjusts the magnetic field to allow XOR logic operations
with high Q values. In addition to this, our work achieves multi-
physical quantity detection by varying the magnetic field
strength and RI magnitude to lock the moving AP, which allows
precise physical quantity sensing functions depending on its
high S, R2, FOM, and low DL. The sensing ranges corres-
ponding to the magnetic field and RI are 1.53–1.63 T, 1.56–
1.66 T, and 1.1–1.2, respectively. In conclusion, the proposed
1D CPC structure is highly novel in structure and has multi-
scale and multi-functional detection, which is complementary
to a single function and a single scale, and thus highly valuable
for a theoretical study.
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