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In this paper, we design a one-dimensional anti-P7T-symmetric ring optical waveguide network (1D APTSPROWN).
Using the three-material network equation and the generalized Floquet-Bloch theorem, we investigate its photonic mode
distribution, and observe weak extremum spontaneous anti-P7-symmetric breaking points (WBPs) and strong extremum
spontaneous anti-P7-symmetric breaking points (SBPs). Then the transmission spectrum is obtained by using the three-
material network equation and the generalized eigenfunction method. The 1D APTSPROWN is found to generate ultra-
strong transmission near SBPs and ultra-weak transmission near WBPs and SBPs, with the maximal and minimal trans-
missions being 4.08x 10'2 and 7.08x 10752, respectively. The maximal transmission has the same order of magnitude as
the best-reported result. It is not only because the distribution of photonic modes generated by the 1D APTSROWN results
in the coupling resonance and anti-resonance, but also because the 1D APTSROWN composed of materials whose real
parts of refractive indices are positive and negative has two kinds of phase effects, which results in the resonance and anti-
resonance effects in the same kind of photonic modes. This demonstrates that the anti-P7-symmetric and PT-symmetric
optical waveguide networks are quite different, which leads to a more in-depth understanding of anti-P7-symmetric and
PT-symmetric structures. This work has the potential for paving a new approach to designing single photon emitters,
optical amplifiers, and high-efficiency optical energy saver devices.

Keywords: waveguides, optical materials, metamaterials

PACS: 42.15.Eq, 42.25.Bs, 42.82.Et

1. Introduction

Controlling the propagation of the electromagnetic (EM)
waves has been an important aspect of virtually every appli-
In 1998, by con-
structing a parity—time-symmetric (P7-symmetric) dynamic

cation that involves optical components.

system, Bender et al.!’"?) found that there exist PT-symmetric
breaking points in the system. In a PT-symmetric system, the
Hamiltonian operator H, parity operator P, and time opera-
tor T still satisfy {H,PT} = 0. While the imaginary part of
the potential function is beyond the value of PT-symmetric
breaking points, the energy eigenvalues are complex numbers.
In 2007, El-Ganainy et al.® first introduced the concept of
parity—time (PT) symmetry into the optical system by found-
ing a PT-symmetric optical system whose refractive index sat-
isfies the condition: n(x) = n* (—x). Since then, several ex-
traordinary optical properties>~'4 have been observed in PT-
symmetric optical systems, such as power oscillations, ]

7-10

double refraction,*! unidirectional invisibility,[”-'% absorp-

tion enhanced transmission,!!"!?l coherent perfect absorbers

13,14

and lasers!'>!%! and so on. In Hermitian systems, these prop-

erties are not available.

DOI: 10.1088/1674-1056/ab8371

In 2013, Ge et al.!'">! designed an anti-PT-symmetric
optical structure, whose refractive index satisfies the con-
dition: n(x) = —n* (—x), and the H, P, and T meet the

condition: {H,PT} = 0. This artificial optical system has

[15-20

also aroused great interest | due to several extraordinary

phenomena such as flat broadband light transport,!¢l chi-

ral mode conversion,l'”! and ultra-strong transmission and

(181 non-Hermitian particle-hole symmetry,[1>!%1

[20]

reflection,
coherent switch.

In 1998, optical waveguide networks?'=* were pro-
posed as a new kind of photonic bandgap (PBG) struc-
ture. Compared with photonic crystals, it exhibits excel-
lent characteristics such as higher flexibility in structural
symmetry, 223241 and great convenience in measuring the
phase and amplitude of EM waves.?!>31 Consequently, sev-
eral interesting optical features and phenomena have been
demonstrated in waveguide networks, such as extremely wide
PBG,**?% comb-like optical transmission spectrum,?7-?8]
and ultra-strong photonic localization.3%33]

So far, there has been no report that involves a combina-
tion of optical waveguide network and anti-P7 symmetry. The

PT-symmetric optical waveguide network is composed of ma-
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terials whose imaginary parts of refractive indices are positive
and negative simultaneously. Therefore, the gain and loss ef-
fects generated by the imaginary part of the refractive index
exist in the network at the same time, and the gain and atten-
uation photonic modes cannot be distinguished.*3! However,
the imaginary parts of the material refractive indexes are all
either positive or negative in the anti-P7-symmetric optical
waveguide network. It means that the anti-P7-symmetric op-
tical waveguide network can only consist of gain or loss ma-
terials. In this paper, the anti-PT-symmetric optical waveg-
uide network is composed of loss materials, whose imaginary
parts of refractive indexes are all positive. EM waves propa-
gating in the network will get a loss effect generated by the
imaginary part of refractive index. In addition, the anti-PT -
symmetric optical waveguide network is composed of materi-
als with positive and negative real parts of refractive indices
simultaneously. Therefore, when the EM wave propagates in
the network, it will generate positive group velocity and neg-
ative group velocity, to enhance the flexibility and diversity
of EM wave phase regulation, which are not available in PT-
symmetric optical structure. By the phase regulation of the
real part of the refractive index and the loss effect of the imag-
inary part of the refractive index, the anti-PT-symmetric opti-
cal waveguide network is likely to produce a deeper transmis-
sion valley than PT-symmetric optical waveguide network.
Therefore, in this paper, we design a one-dimensional
anti-PT-symmetric ring optical waveguide network (1D APT-
SPROWN). We use the three-material network equation,
the generalized eigenfunction method and the generalized
Floquet—Bloch theorem to investigate the photonic mode dis-
tribution and transmission spectrum in the network. Unlike the
PT-symmetric waveguide network reported previously,3%34
exist in the 1D APTSPROWN are weak and strong extremum
spontaneous anti-PT-symmetric breaking points (WBPs and
SBPs) simultaneously. The 1D APTSPROWN can create not
only ultra-strong transmission near SBPs, but also ultra-weak
transmission near WBPs and SBPs, with the maximal and min-
imal transmissions being 4.08 x 10'2 and 7.08 x 10752, re-
spectively. The maximal transmission has the same order of
magnitude as the best results reported previously and the min-
imum transmission is about 40 orders of magnitude smaller
than the PT-symmetric optical waveguide network with simi-
lar structures. (33 This is attributed to 1D APTSPROWN com-
posed materials whose the real parts of refractive indices are
positive and negative at the same time, so two kinds of phase
effects co-exist. As a result, its photonic modes can not only
interact with each other to generate coupling resonance and
antiresonance, but also generate resonance and anti-resonance
in the same kind of photonic mode. This indicates that the
anti-PT-symmetric and PT-symmetric optical constructions
are quite different. Our work may pave a new way for design-

ing single photon emitter, optical amplifiers, high-efficiency
optical energy saver devices, and other devices.

The rest of this paper is organized as follows. In Sec-
tion 2, we introduce the theory and method. In Section 3
we present photonic mode analysis and extraordinary optical
properties. We make mechanism analysis in Section 4. Fi-

nally, some conclusions are drawn in Section 5.

2. Theory and method
2.1. Network model: 1D APTSPROWN

As shown in Fig. 1, in this paper, we design a 1D APT-
SPROWN. At the entrance and exit, the vacuum waveguides
of the length d; whose refractive index is ng = 1 are repre-
sented by the black lines. The green lines represent anti-P7 -
symmetric waveguides composed of three kinds of materials
with refractive indexes ny, ny, and n3, respectively. Here,a;;,
bij —a;j, and [;; — b;; represent the length of the first, second
and third subwaveguide respectively and satisfy the condition:
aij = b,’j —ajj = ll'j —b,’j = lij/?). In the network, adjacent
nodes i and j are connected by two anti-PT-symmetric op-
tical waveguides. d; and d, represent the lengths of the up-
per and lower arms of the waveguide, respectively. We set
dy :dy =1: p, where p is a positive integer. Our work shows
the result is best, when p = 2. Therefore, we only discuss the
situation: p = 2.

E; dy dy dy A E,
3
/—\1 2 /\
0 /(-\\ ¥ ™ /no\ 5
Er
d2 d2 d2 \ ns
N~
ny /i Y
O,ij

Fig. 1. Structural diagram of 1D APTSPROWN, including one entrance,
three unit cells, and one exit. Ej, Eg, and Er are the input, output, and
reflected EM waves, respectively.

Since an anti-PT-symmetric optical structure can be real-
ized by constructing a class of synthetic optical material whose

[15]

refractive index satisfies n(x) = —n* (—x) ny, ny, and n3

are designed to satisfy the following relationship:

ny =n,+npi,

ny = Ny, (D

n3 = —ny +npl.
Studies have shown that in atomic vapor, the anti-PT sym-
metric medium can be experimentally realized.!'”! In addi-
tion, anti-PT symmetry can also be realized in a dissipatively
coupled optical system.!'®! In this paper, we only discuss the
anti-PT-symmetric optical waveguide network in principle, so
we do not design it with specific materials. Firstly, we set
ny, = 1.700. As for ny, it is a varying value and we need to
combine the photonic pattern distribution in Subsection 3.1 to
determine its value.
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2.2. Three-material network equation

In 1D waveguide networks, linear combinations of two
plane waves propagating in opposite directions can express the
function of EM waves between nodes i and j below.
oefr 4 BrehT (0 <x<ay)),
e Bre N (a4 <x < byj), (2
oze’s 4 Bre T (b <x < 1),

vij(x) =

where the wave vector k,, = 2mtvn,, /c (m =1, 2, 3).
The 1D APTSPROWN consists of three kinds of materi-
als. For this kind of structure, by energy flux conservation, our

group derived the three-material network equation in 2018 as
[33]

z:PcosAijJchosB,'jJchosC,-j + HcosD;;

ll/lj PsinAij—FQsinBij+GsinCij—|—HsinDij
4krks3

7 sinA;; + QsinB;; + GsinC;; + H sin D

follows:

=0, (3)
where

vi = v;;(0),
v = vij(lij),
P = kik3 + ki1ka + koks + kaka,
QO = kiky + koks — kik3 — kaks,
G = kok3 + kik3 — kika — kaka,
H = koks + koky — ki1k3 — kikz,
Ajj = ajj(ky + ko) +k3(lij — bij),
Bij = aij(ki —ky) +k(lij — bij),
Cij = aij(ki + k) + k3 (bij — Lij),
Dij = ajj(ki —k2) + k3(bij — 1;j). 4
Using the three-material waveguide network equation, we can

conveniently measure the phase and amplitude of EM wave in
1D APTSPROWN.

2.3. Generalized Floquet—Bloch theorem

For the structure like 1D APTSPROWN, we can use the
dimensionless generalized Floquet-Bloch theorem,?3! whose
expression is as follows:

Vk(N+T)=yx(N

where the nodal scale vector IN, the Bloch wave vector of

el KT (5)

structure K, and the translation vector of the structure T are
dimensionless. Compared with the Floquet—Bloch theorem,
the dimensionless generalized Floquet—Bloch theorem can be
used to study lattice waves with only topological translational
periodicity like 1D APTSPROWN whose waveguide segments
can be arbitrarily bent and folded. The generalized Floquet—
Bloch theorem allows us to deduce the dispersion relation of
1D APTSPROWN, investigate its photonic mode distribution,
and obtain extremum spontaneous anti-P7-symmetric break-

ing points (EBPs).

2.4. Generalized eigenfunction method

The transmission of EM waves can be calculated by the
generalized eigenfunction method,*> which converts wave
transmission equations into transmission matrix, and considers
the transmission coefficient and reflection coefficient as gen-

eralized wave functions.

3. Extraordinary optical properties
3.1. Distribution of photonic modes

The dispersion relations of 1D APTSPROWN can be ob-
tained by the generalized Floquet—Bloch theorem and three-

material network equation, whose expression is as follows:

cosK = f(v)
PcosA;j+ QcosB;j+ GeosC;j + H cos D
_j PsinA;; + QsinB;; + GsinC;; + H sin D;; ©)
o v 4ky ks '
ij PsinA;; + QsinB;; + GsinC;; + H sinD;;

In periodic optical waveguide networks, the Bloch wave
vector K can reflect the change of the amplitude and phase
of the EM wave. According to Eq. (5), when the EM wave
propagates from the N-th unit cell to the (N + T)-th cell and
and the
phase will change a factor e!*”. According to Eq. (6), if 1D

K = a+ bi, its amplitude will change a factor e *7

optical waveguide network is composed of materials whose
refractive indexes are all real, f(v) must be real. It is obvious
that if | f(v)| < 1, K is a real number and b = 0, the amplitude
of the EM wave in the network will not be changed, which is
called ordinary propagation mode (OPM). Thus, only when
|f(v)| > 1, does the structure Bloch wave vector K have a
pair of complex conjugate solutions. In mathematics, when
the imaginary part of K is negative and b < 0, the amplitude

of the EM wave increases with factor e %7

increasing during
the propagation in the network. We call it the gain propaga-
tion mode (GPM). On the contrary, because the imaginary part
of K is positive and b > 0, the amplitude of the EM wave at-
tenuates with a factor e %7, which is called the attenuation
propagation mode (APM). The GPM and APM both belong to
non-propagation mode. But in physics, the optical waveguide
network whose material refractive index is real, only presents
an attenuation mechanism instead of gain mechanism. There-
fore, it can only generate APMs for EM waves. It is obvious
that |f(v)| = | is the demarcation between OPMs and non-
propagation modes.

Unlike the optical waveguide network composed of ma-
terials whose refractive index is real, 1D APTSROWN is com-

posed of complex refractive index materials. Thus, its Bloch

064201-3



Chin. Phys. B Vol. 29, No. 6 (2020) 064201

wave vector K is always a pair of complex solutions with mu-
tual conjugation, corresponding to APMs and GPMs in mathe-
matics. In addition, the ID APTSPROWN is composed of ma-
terials whose refractive indices’ real parts are positive and neg-
ative simultaneously. Thus, in physics, in this kind of network
there exist the attenuation and gain mechanisms at the same
time. Consequently, the EM waves irrespective of the val-
ues of their frequencies propagate as APMs and GPMs at any
position of the network, simultaneously. This demonstrates
that we cannot simply determine the location of the anti-PT -
symmetric breaking points simply through OPMs, APMs, and
GPMs in the network.

Recently, our research group made an in-depth discus-
sion on the properties of PT-symmetric optical waveguide net-
work and defined the imaginary part of refractive index as
the spontaneous PT-symmetric breaking point when.?3! Like
the above case, K of the anti-PT-symmetric optical waveg-
uide network possesses a pair of conjugate complex solutions.
Therefore, we extend the previous research method of PT-
symmetric optical waveguide network to the case of anti-PT -
symmetric waveguide network.

When |f(v)] < 1, the imaginary part of K may be small
and incapable of creating extraordinary transmission. In con-
trast, for |f(v)| > 1, the imaginary part of K can be large
enough to create the extraordinary transmission. Conse-
quently, when |f(v)| < 1, we define the GPM and APM gen-

0.3
0.2
0.1
o 0
IS
WBP-1
4.21x10-8

0.2941176471
(b)

erated by K as weak propagation modes (WPMs), and when
|f(v)| > 1, we define the GPM and SPM generated by K as
strong propagation modes (SPMs). The imaginary part of ma-
terial refractive index ny, is regarded as the spontaneous anti-
PT-symmetric breaking point on the boundary of WPMs and
SPMs.

As shown in Fig. 2, combining Eq. (6), we draw the distri-
bution diagram of photonic modes of 1D APTSPROWN. The
EBPs are located at the valley region of WPMs and SPMs,
where |f(v)] =1 and f(v) is continuous without derivative.
Unlike the 1D PTSPROWN previously designed by our re-
search group, >3 the 1D APTSPROWN has two kinds of EBPs
(WBPs and SBPs). As shown in Fig. 2, WBPs and SBPs are
located at the valley region of WPMs and SPMs, respectively.
The first WBP and SBP produced by the network are called
WBP-1 and SBP-1, respectively. When n, = 1.700, the fre-
quency of WBP-1 is 0.2941176471 ¢/d; and the imaginary
part of material refractive index ny, is 4.21 x 10~8. As for SBP-
1, its frequency and the imaginary part of material refractive
index ny, are 0.5882352941 ¢/d; and 3.24 x 1078, respectively.
In order to compare the calculations with experimental results,
we change the positions of the WBP-1 and SBP-1 by adjusting
the length of the waveguide. When d; = 456 nm or 912 nm,
the WBP-1 and SBP-1 will be located near the communication

wavelength A = 1550 nm respectively.

SPM
I WrM

0.5882352941
(c)

v(c/d)

Fig. 2. Distribution diagram of photonic modes, when n, = 1.700. Here, yellow and blue regions represent SPMs and WPMs, respectively. (a) Overall
picture, (b) enlarged drawing of WBP-1, and (c) enlarged drawing of the SBP-1.

3.2. Extraordinary optical properties

The ultra-strong and ultra-weak transmission can be
obtained in 1D APTSPROWN near EBPs.
n, = 1.700 for example to investigate the optical properties of
1D APTSPROWN. (i) In Subsection 3.1, the calculated value
of ny is 3.24 x 1078 at the SBP-1. As shown in Fig. 4, at SBP-
1, the network can generate the ultra-strong and ultra-weak

Now, we take

transmission, where the maximal and minimal transmission

are 4.08 x 10'% and 1.12 x 10719, respectively. The maximal

transmission is of the same order of magnitude as the best re-
sults reported previously.?3! (ii) The value of ny, calculated in
Subsection 3.1 is 4.21 x 10~8 at the WBP-1. Compared with
SBP-1, the network can only generate ultra-weak transmission
at WBP-1, where the minimal transmission is 1.92 x 10733
which is nearly 17 orders of magnitude better than the result
of SBP-1. (iii) No matter whether the network is at SBPs or the
WBPs, when the value of ny, increases appropriately, the am-
plitude of the ultra-strong transmission peak will decrease, but

the depth of the ultra-weak trough will increase significantly.
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10-10

10—20f

10730 |
&
1040}
np = 8X10-6
Lo—s0| —mp=4.21x10-
= 4.21X10-10
iy, =4.21X10-2
10-60 , .
0.2941172 0.2941176 0.294118
v(c/dy)

1X10-33

X10—34
(b)
8x10—34
7X10-34
6Xx10-34
5X10—34

4Xx10—34

— N = 4.21x10-8
— nj, = 4.21x10710

0 B
0.29411764705881 0.29411764705884
v(c/d)

Fig. 3. Transmission spectrum of 1D APTSPROWN corresponding to different values of n, near WBP-1 when n, = 1.700. Blue, purple, black, and
red lines represent the results that the values of np, are 8 x 1070, 4.21 x 1078, 4.21 x 10719, and 4.21 x 1072, respectively. (a) Overall spectrum and (b)

zoomed part of spectrum.

1020
ny, = 3.24X10-7
— np, = 3.24X10-8 (a)
Loto | b =13.24x10-°
— ny, = 3.24X10-3
& 100
10-10
\
0—20
0.588235 0.5882352 0.5882354
v(c/dy)

103
(b)
10-10
10715} — ny = 3.24X10-7
— np, = 3.24X10-8
— np=3.24x10"9

0.588235294114
v(c/di)

0.58823529412

Fig. 4. Transmission spectrum of 1D APTSPROWN corresponding to different values of n;, near SBP-1 when n, = 1.700. Blue, purple, black, and red
lines represent results that values of ny, are 3.24 x 1077,3.24 x 1078,3.24 x 1072, and 3.24 x 1073, respectively. (a) Overall spectrum and (b) zoomed

part of spectrum.

As shown in Fig. 3(a), when the imaginary part of the refrac-
tive index np increases from 4.21 x 1078 to 8 x 10~° near the
WBP-1, the minimum value of transmission will change from
1.92 x 10733 t0 7.08 x 1072, which is about 40 orders of mag-
nitude deeper than PT-symmetric optical waveguide network
with similar structures.[33! Whereas, as shown in Figs. 3 and
4, it can be observed that if the imaginary part of the refractive
index ny, is too large, neither ultra-strong nor ultra-weak trans-
mission exists (red lines). In addition, if we reduce the value
of ny, the height of the ultra-strong transmission peak and the
depth of the ultra-weak trough will decrease significantly.

4. Mechanism analysis

The 1D APTSPROWN can produce extraordinary ultra-
strong and ultra-weak transmissions due to special phase ef-
fect and photonic mode. (i) When the EM wave propagates
in the material whose real part of refractive index is positive,
the phase of the wave function increases with propagation dis-
tance increasing. However, in the material whose real part of
refractive index is negative, the phase of the wave function de-

creases with propagation distance increasing. Thus, the EM
waves have two kind of phase effects propagating in 1D APT-
SPROWN composed of materials whose real parts of refrac-
tive indices are positive and negative at the same time. The
material with a negative real part of refractive index is called
the left-handed material. Unlike the material with a positive
real part of refractive index, the transmitted wave and the in-
cident wave are on the same side of the normal line as the EM
wave propagating in this material. This means that there is not
only one propagation direction of EM waves in the anti-PT
symmetric optical waveguide network. However, the PT sym-
metric optical structure is composed of materials only with a
positive real part of refractive index, so the above properties
do not exist in the PT" symmetric optical structure. The EBPs
appear on the boundary of WPMs and the SPMs, where f(v)
is continuous without derivative and |f(v)| = 1. Because of
two kinds of phase effects of 1D APTSPROWN, WPMs and
SPMs can generate resonance and antiresonance, respectively.
When the phases of EM waves of the same kind of propa-
gation modes (WPMs or SPMs) differ by (2n+ 1) (n is an
integer.) and meet each other, EM waves will generate anti-
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resonance, forming a transmission valley. If they differ by
2nm and meet each other, EM waves will resonate to form a
transmission peak. This is the first kind of gain and attenuation
mechanism generated by 1D APTSPROWN. (ii) When the EM
waves propagate in the material with positive imaginary part
of refractive index and the imaginary part of wave vector is
k (k > 0), the amplitude of the wave function changes by a
factor of e . The attenuation effect of EM wave increases
with the value of ny increasing. In the 1D APTSPROWN, the
imaginary parts of the refractive index of the first and third
subwaveguide are both positive. However, as shown in Fig. 2,
the imaginary parts of the refractive index of WBP-1 and SBP-
1 are very small (only 107%). This indicates that the loss ef-
fect generated by the imaginary part of the material only has a
secondary influence on the 1D APTSPROWN producing ultra-

strong and ultra-weak transmission. In Subsection 3.1, we di-
vided the photonic modes of the network into the WPMs and
SPMs. At the EBPs, the WPMs and SPMs can generate cou-
pling resonance and antiresonance, respectively. This is the
second kind of gain and attenuation mechanism generated by
the 1D APTSPROWN.

4.1. Real part of the refractive index

The value of the real part of refractive index n, can sig-
nificantly affect the degree of phase variation of EM wave in
the 1D APTSPROWN, which can change the positions of the
EBP. The values of ny, selected in Table 1 are very small (only
1078) and close to each other. Therefore, we can approxi-
mately think that the imaginary parts of refractive indices have
the same effect in 1D APTSPROWN.

Table 1. Data of 1D APTSPROWN optical waveguide network at SBP-1 when value of n, changes.

ny ny, of SBP-1 Maximal transmission Minimal transmission Frequency of SBP-1 (¢/d,)
1.304 2.51x 1078 2.10 x 1012 1.97 x 10710 0.7668711661
1.371 2.03x 1078 2.32x 102 1.97 x 10716 0.7293946021
1.443 2.76 x 1078 2.56 x 1012 1.98x 10716 0.6930006925
1.594 3.00x 1078 3.55x 102 2.09 x 1010 0.6273525712
1.700 3.24 %1078 4.08 x 10'2 1.12x 10710 0.5882352941
1.927 3.64%x 1078 3.53 % 1012 4.58x 10710 0.5189413594
2433 4.62x1078 3.39 x 1012 2.08 x 10710 0.4110152081

The properties of ultra-weak transmissions produced by
the network are similar for WBPs and SBPs, with only a nu-
merical difference. In order to avoid duplication of work, we
only discuss the latter. As shown in Table 1, when the value
of n, changes, the 1D APTSPROWN presents the following
properties: (i) No matter whether the value of n, increases or
decreases, the position of the EBP will change, and the real
part of refractive index n, and the frequency v have an obvious
negative correlation in numerical value. (ii) Nomatter whether
the value of n, increases or decreases, both ultra-strong and
ultra-weak transmission produced by the network are of the
same order of magnitude at SBP-1. In general, the value of n,
can significantly affect the location of the EBP, but no matter
where the EBP is, it still located on the boundary of WPMs and
SPMs. Because the two kinds of photonic modes (WPMs and
SPMs) can interact with each other to generate resonance and
antiresonance, the network can produce ultra-strong transmis-
sions at SBPs, ultra-weak transmissions at SBPs and WBPs.

4.2. Imaginary part of refractive index

The value of the imaginary part of ny, not only is related to
the loss effect of 1D APTSPROWN, but also can make the net-
work deviate from EBPs. For the network of anti-P7T symmet-
ric waveguide, the resonance and antiresonance effect caused
by the real part of the refractive index are the most intense at
EBPs. As shown in Fig. 5, increasing or decreasing the value

of ny, will cause the network to be far away from EBPs, lead-
ing the resonance or anti-resonance capacity of the network to
decrease. The minimum transmission is related not only to the
anti-resonance effect of the network, but also to the loss ef-
fect of the imaginary part of the refractive index. Thus, when
the combined effect of the anti-resonance effect and the ma-
terial loss effect is strongest, the minimum transmission can
be generated. If we appropriately increase the value of n, al-
though the anti-resonance effect of the network is weakened,
the transmission valley can still deepens. However, when we
increase the value of np, too much, although the loss effect
of the material is enhanced, the anti-resonance effect of the
network is very weak due to the great deviation of network
from EBPs, and no transmission valley is generated. Accord-
ing to Subsection 3.1, ny, value of the WBP-1 and the SBP-1
are 4.21 x 1078 and 3.24 x 1078, respectively. The 1D APT-
SROWN composed of materials whose refractive indices are
positive and negative has two different phase effects, so WPMs
and SPMs can generate resonance and anti-resonance respec-
tively near EBPs. Combining Figs. 3 and 4, when the value of
np changes and n, = 1.700, the 1D APTSPROWN has the fol-
lowing properties: (i) as shown by the upward arrow in Fig. 5,
if the value of ny of the WBP-1 and the SBP-1 increase to
8 x 1076 and 3.24 x 107, respectively, the network will only
have WPMs near WBP-1 and SPMs near SBP-1. The loss ef-
fect of network is enhanced because the value of n;, increases.
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Simultaneously, near the WBP-1, the WPMs generate the anti-
resonance effect and the minimum value of transmission pro-
duced by 1D APTSROWN is 7.08 x 10732, which is nearly 19
orders of magnitude better than that of the transmission gener-
ated at WBP-1. As for the SBP-1, the SPMs generate the reso-
nance effect and the anti-resonance effect, and the network can
still produce ultra-strong transmission and ultra-weak trans-
mission. Its maximal transmission is nearly 2 orders of mag-
nitude lower than that of SBP-1, but its minimal transmission
is nearly 2 orders of magnitude better than that of SBP-1. In
addition, as shown by the red lines in Figs. 3 and 4, if the value
of ny, is too large, the network will be far away from the EBPs,
and the network cannot produce extraordinary optical proper-
ties. (ii) As the downward arrow shows in Fig. 5, if the value of
ny, of the WBP-1 and the SBP-1 decrease to 4.21 x 10710 and
3.24 x 10719, respectively, the network will only have WPMs
near WBP-1, and SPMs near SBP-1. The loss effect of net-
work decline as the value of n, decreases. Simultaneously,
near the WBP-1, the SPM generates the anti-resonance effect
but the minimum value of transmission is larger than that of
WBP-1. As for the SBP-1, the SPMs can generate resonance
and anti-resonance effect and the network can still produce the
ultra-strong and ultra-weak transmission. However, the height
of the ultra-strong transmission peak and the depth of the ultra-
weak trough will decrease significantly.

SBP

- = WBP

spp O

(a) (b)
v(c/d)

Fig. 5. Photonic distribution of 1D APTSPROWN at SBPs and WBPs, when
the value of n;, changes. Upward and downward arrow indicate that ny, value
increases or decreases. (a) Result of WBP and (b) result of SBP.

5. Conclusions

In this paper, we first introduce the concept of anti-parity—
time symmetry into the optical system by constructing 1D
APTSPROWN. Using the three-material waveguide network
equation, the generalized Bloch theorem, and the generalized
eigenfunction method, we investigate two kinds of photonic
mode distributions (WPMs and SPMs) and transmission spec-
trums. At SBPs, 1D APTSPROWN can produce ultra-strong
and ultra-weak transmission, where the maximal transmission
is 4.08 x 10'2. The maximal transmission is of the same order
of magnitude as the best results reported previously. Com-
pared with SBPs, the network can only generate ultra-weak
transmission near WBPs, where the minimal transmission is
7.08 x 1072 which is nearly more than 36 orders of mag-
nitude better than the result of SBPs. It is because WPMs
and SPMs generate coupling resonance and antiresonance at

EBPs. Additionally, the 1D APTSPROWN composed of ma-
terials whose refractive indices are positive and negative has
two kinds of phase effects, resulting in resonance and an-
tiresonance effect of WPM and SPM respectively. This com-
plex coupling effect causes the network to produce ultra-strong
and ultra-weak transmission. Our work may pave a new way
for designing single photon emitter, optical amplifiers, high-
efficiency optical energy saver devices, and other devices.
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