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OPEN A superior coherent perfect

absorber and laser constructed
from the periodic ring optical
waveguide network based on
extremum spontaneous PT-
symmetric breaking points

Yao Zhang?, Xiangbo Yang¥?** & Mengli Huang*2

In this study, we propose a superior coherent perfect absorber and laser (CPA laser) constructed
from the one-dimensional (1D) two-material (TM) parity-time (PT) symmetric periodic ring optical
waveguide network (PROWN). A novel method based on seeking the exact extremum spontaneous
PT-symmetric breaking points is used for determining the imaginary part of the refractive indices
of the materials composed of waveguides. The minimal overall output coefficient ©,,;, and maximal
transmissivity T}, can reach 3.1914 x 1071 and 1.5667 x 10'%, respectively, which are 9 orders of
magnitude smaller and larger than the previously reported values, respectively. It is also found that
with the increment of unit cells, ©,,;, increases monotonically while T,,,., decreases monotonically.
Moreover, ©,,;, and T}, are found to be varied with the periodicity of 1.866152 MHz. Our work
provides a new method for optimizing CPA lasers.

Keywords Waveguide network, PT -symmetry, CPA laser

As a new kind of artificial structure for controlling and confining the propagation of electromagnetic (EM)
waves, parity-time (PT) symmetric systems have attracted significant attention in recent years'>*. When EM
waves propagate in a PT-symmetric system, the coupled gain and loss effects produce many extraordinary
optical characteristics. These extraordinary optical characteristics include unidirectional invisibility*~,
anisotropic transmission resonances®, ultra-strong transmission and reflection>®!!, dual behavior of PT-
symmetric scattering®®, and coherent perfect absorbers and lasers (CPA lasers)'2-2!. CPA lasers are a unique
optical structure'?, where two counter-propagating incident signals passing through an optical medium can
simultaneously produce lasers while being completely absorbed with the same frequency. CPA lasers may be the
potential for designing high-efficiency all-optical switches, sensor light modulators, and transducers'.

It is known that many CPA lasers are designed based on PT-symmetric photonic crystals. Longhi!? developed
a CPA laser utilizing a grating photonic crystal structure with a minimal overall output coefficient and the
maximal transmissivity of 10~ and 10% orders of magnitude, respectively. Wong et al.'® experimentally construct
a CPA laser in a PT-symmetric photonic crystal of 500-nm-thick InGaAsP multiple quantum wells as a gain
medium on an InP substrate with the minimal overall output coefficient and the maximal transmissivity of
107! and 10 orders of magnitude, respectively. Ge and Feng!” constructed a CPA laser with a one-dimensional
(1D) PT-symmetric periodic photonic crystal structure with a minimal overall output coeflicient and maximal
transmissivity reaching up to 10~7 and 10° orders of magnitude, respectively.

As another photonic bandgap structure, optical waveguide networks can also realize CPA lasers!®. Recently,
we proposed a CPA laser by using a 1D two-material (TM) PT-symmetric (PTS) periodic ring optical waveguide
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network (PROWN) collectively called 1D TMPTSPROWN!’. The minimal overall output coefficient of
1.892 x 1075 and the maximal transmissivity of 2.981 x 10* were simultaneously obtained for that CPA laser.

It is well known that if there is stronger absorption and more considerable amplification simultaneously, CPA
lasers will have better performance. Although our recently proposed CPA laser based on an optical waveguide
network has an excellent performance, further improved CPA lasers by a new physical mechanism is desirous.

The new physical mechanism seeks exact extremum spontaneous PT-symmetric breaking points, which can
determine the imaginary part of the material’s refractive index. Then the intrinsic frequency of the PT-symmetric
system can be precisely determined. When EM waves with this frequency transmit through the network, super-
strong anti-resonance and resonance effects can be created. Then ultra-efficient anti-lasing and lasing modes can
be generated.

Our aforementioned recently work'® mainly focused on exploring whether a CPA laser can be implemented
in an optical waveguide network and did not care about the optimization of both the structural parameters
of the network and the working frequency of EM waves. In this study, based on seeking the exact extremum
spontaneous PT-symmetric breaking points?>, we determine the best values of the imaginary part of the refractive
indices of the materials composed of waveguides and the working frequency of EM waves to optimize the CPA
laser. The result shows that the minimal overall output coefficient of the CPA laser is reduced by 11 orders of
magnitude and reaches a value of 3.1914 x 10716, Similarly, the maximal transmissivity of this optimized CPA
laser is increased by 11 orders of magnitude reading a value of 1.5667 x 10'5. This work provides an efficient
method for the proposing of CPA lasers based on both photonic crystals and optical waveguide networks.

This paper is organized as follows. “Model and theory” section introduces the model and main theoretical and
numerical computational methods. The research results of this work, including the parameters of the extremum
spontaneous PT-symmetric breaking points and the extraordinary performance of the CPA laser, are given
in “Optimization of PT-symmetric optical waveguide networks and extraordinary CPA laser characteristics”
section. Finally, the summary of this paper is given in “Conclusion” section.

Model and theory
Optimization of model
In order to study the influence of the new physical mechanism on the performance of the CPA laser and to
compare this work with our recently proposed CPA laser!®, we optimize and adjust the recently reported model
by the new mechanism and investigate the differences of the absorption and amplification between the two
resulting CPA lasers. The model, i.e., the 1D TMPTSPROWN with N unit cells, was used for our recently
proposed CPA laser!® and the CPA laser developed in this work is shown in Fig. 1. For convenience, the input
and output ends were set to be vacuum, and the refractive index ny = 1, as shown by the solid black line in Fig.
1. E,, By, E,, and E; represent the left input, left output, right input, and right output EM waves, respectively.
The upper and lower arms in a unit cell are all PT-symmetric optical waveguide segments made of SizNy
material?®. The lengths of the blue (loss) and red (gain) sub-segments equal /2, and their refractive indices are
ny and n, respectively. The values of n; and n; are given as follows

{ ny = ngiyN, +ing, )
Ng = NgigN, — 1NJ.
Figure 2a illustrates a unit cell where waveguide lines connected to each other by connectors. The ports of
the connectors can be used to measure the amplitudes of the EM waves. Figure 2b shows the structure of the
waveguide line, which consists of SizN; core conductor, a BaSF insulating cladding, a mesh fabric shielding
layer, and a polyethylene coating. Figure 2c shows the input and output of electromagnetic waves at nodes. It is
worth noting that the red bar portion and the blue bar portion denote the gain medium (n; = ng;,y,+) and loss
medium (ny = ng;,x,- ), respectively, for the Si3Ny material with the imaginary part of the refractive index as nr.
It is reported that in the range of 54.5-968 THz with a corresponding wavelength range of 0.31-5.5 pun, the
dispersion equation of SizNy satisfies the following Sellmeier equation®”:
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where the unit of ) is um and the dispersion curve is shown in Fig. 3.
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Fig. 1. Schematic diagram of the ID TMPTSPROWN with N unit cells, where E,, Ej, E., and E; denote the
left input, left output, right input, and right output EM waves, respectively. The solid blue lines are loss sub-
segments with refractive index n1, the solid red lines are gain sub-segments with refractive index no, and the
solid black lines are vacuum waveguide segments with refractive index ny.
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Fig. 2. Waveguide structure diagram. (a) We use connectors to realize the structure of a cell of the model. (b)
Materials distributing in transverse section. (c) Materials distributing in radial section.
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Fig. 3. The dispersion curve of SigN, defined by Eq. (2). The range of the thick red solid line is investigated in
this work. The thin black dashed lines are all scaling lines, and their values are v; = 54.5 THz (A\; = 5.50 um),
vy = 173 THz (Ao = 1.73um), v3 = 600 THz (A3 = 0.50pum), and vy = 968 THz (A4, = 0.31um).

In order to investigate CPA lasers performance close to the communication wavelength, we only study the EM
waves with the frequency (wavelength) in the range of 173-600 THz (0.5-1.73 pm), which corresponds to the
part of the dispersion curve with the thick red solid line in Fig. 3.

Compared with our recently proposed the CPA laser reported earlier'’, we have accomplished some
optimizations and adjustments with the newly proposed CPA laser in this work. Firstly, the imaginary part of
the refractive indices of the waveguide materials is optimized by seeking the exact extremum breaking points.
In our previous reported work!®, the refractive indices of the material were set to be 2 and 0.2 for the real
and imaginary parts, respectively, for convenience. However, these settings only allow the network to achieve
CPA lasers but do not ensure strong resonance effects. In order to improve the resonance efficiency of the PT-
symmetric system and consequently reform the CPA laser performance, we determine the imaginary part of
the refractive indices of the waveguide materials by seeking the extremum breaking points of the respective PT-
symmetric network. Through the method for seeking the extremum breaking points of a PT-symmetric network
proposed by our group?’, one can obtain the first, second, and third extremum breaking points. Discussion about
it is presented in “Extremum spontaneous PT-symmetric breaking points” section. The imaginary parts of the
refractive indices of the materials for these three breaking points are ny; = 1.5447 x 1078, nyy = 9.5557 x 107°
,and np = 2.1837 x 1078,

Secondly, in order to set the working wavelength of the CPA laser close to the communication wavelength
of 1.550 um, the length of the waveguide segment is adjusted in this work. In our previous work!®, the
waveguide length was set as the unit length of value 1 for convenience. However, in this study, the waveguide
length is taken as the absolute length for experimental convenience. Based on the discussion in “Extremum
spontaneous PT-symmetric breaking points”® section, to make our system work with the present optical
communication systems, we choose the wavelength of the first extremum breaking point to be the working
wavelength Ay and adjust this wavelength close to the communication wavelength Acomm = 1.550 pm
. In other words, Wyok = 27¢/ Ayork & 27¢/ Acomm = 0.57¢/l. Finally, the waveguide length comes out to be
1~ 0.5 comm/2 = 0.388 pm.
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Two-material network equation

The network equation describes the propagation of EM waves in an optical waveguide network*>*2°, The system
in Fig. 1 is a PT-symmetric optical waveguide network, and each waveguide is composed of two materials.
Consequently, the two-material network equation calculates the transmissivity, reflectivity, and CPA lasers. In
this section, the deduction of the two-material network equation is given as follows

Z y 2k, +y ZcosII+ Qcos A 0
- 1 }i,—.i. (2 T
- Zsin Il 4+ Qsin A J —~ Zsin I+ Qsin A ®)

where,
==k + ky,
Q =k, — ky,
(4)
H:lé( «t :/>
A:§(v I)-

It is important to note that in all waveguides connected to the node j, k, is the wave vector of the sub-segment
for the waveguide directly connected to the node j and &, is the wave vector corresponding to the waveguide
that is not directly connected to the node j. Moreover, 1); and 1); are the wave functions at the node j and node i.

Generalized eigenfunction method

The generalized eigenfunction method The generalized eigenfunction method is a commonly used method to
solve the network transmission and reflection coefficient’®. This method regards the network transmission
and reflection coefficient as a generalized wave function, and then transforms the correlation equations between
the wave functions of each node into is a coefficient matrix, and the transmission-reflection coefficient of the
network can be obtained by solving the eigenvalues of the coefficient matrix. This paper uses the generalized
eigenfunction method to solve the transmission coefficient of the single unit cell network and the reflection
coefficient at left incident and right incident.

Transfer matrix method

The transmission matrix method is a convenient method to solve the transmission and reflection coeflicient of
electromagnetic waves when they propagate in finite period systems. For a PT symmetric single unit-cell system,
the transfer matrix M; is given as follows®!:

mi; m Lo TR

_ 11 12 _ t* t

Ml - - Tll,]_ 11 ) (5)
mo1 M2 T I

where 1, 71_1, and r;_g the transmission, the left and right reflection coefficients of the single unit cell system,
respectively.

Similarly, the transfer matrix My of an N-unit cell system is

My My ) el
My = = N 7 , 6
N ( ]\/121 AJQZ — A;NL % ( )

where ¢y, ry_p, and ry_g are the transmission, the left and right reflection coefficients of the N unit cell system,
respectively. Since the transfer matrix of all unit cells is identical in our model, the transfer matrix My can be
written as the Nth power of M;?!. One can obtain the transfer matrix My from Eq. (5) and the Chebyshev

. Y
identity*2.
1 sin No— sm(\ 1)¢ T1_Rsin N¢
o t1* i t] sing
M“w - _r sin N ¢ 1 sin Nop— sm(\ 1) ) (7)

tp  sing t sin ¢

where ¢ is the Bloch phase, i.e., the phase of the two eigenvalues A; 5 = e of M, %, and satisfies the following
equation:

cosd == (A + X)) = Re* (8)

t

[\)M—\

At the same time, the study shows that the theoretical derivation of optical waveguide network to calculate
transmittance and reflectivity through transmission matrix can be verified by experiments*.

Generalized Floquet-Bloch theorem

Bloch’s theorem is well-established for analyzing the energy band structure of electrons in materials with
periodic potential fields. In the network proposed in this paper, however, the waveguide lines can be bent freely.
This design lacks spatial translation periodicity and instead exhibits only topological translation periodicity.
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Given this unique characteristic, we can apply the dimensionless generalized Bloch theorem?®3, to determine
the dispersion relationship of photons within these topologically periodic structures:

vk (N +T) =9k (N) e, ©)

where K, N and T are dimensionless Bloch wave vectors, node labeling vectors and structural translation
vectors, respectively. One can define the photonic propagation modes, deduce the dispersion relation of the
network, and determine the distribution of the photonic modes using the generalized Floquet-Bloch theorem.
For the 1D TMPTSPROWN, based on the generalized Floquet-Bloch theorem and the two-material network
equation, one can gain the dispersion relation as

cos K = f(v), (10)

where the dispersion function is given as
Z Zcos T+ cos A
—~ ZsinlI+Qsin A
fw)=F—— (an
> 2k
— Zsin I+ sin A
2

A recent study of our group? has revealed that | f ()| = 1 can be regarded as a crucial point for determining the
photonic modes in PT-symmetric optical waveguide networks. When |f (v)| < 1, one can infer from Egs. (10)
and (11) that Im (K) may be very small, and the extraordinary transmission with 7" > 1 cannot be produced.
Im (K) can be exceptionally large only when | f ()| is large enough and extraordinary transmission 7" > 1 can
be achieved. Consequently, in the PT-symmetric optical waveguide networks, we defined the photonic modes
corresponding to | f ()| < 1 as weak propagation modes (WPMs) and the photonic modes corresponding to
|f (v)| > 1 as strong propagation modes (SPMs). Under this condition, spontaneous PT-symmetric breaking
points are the demarcation points between the weak and strong propagation modes, i.e., the imaginary part of
the refractive index n; is located between the WPM and SPM.

Optimization of PT-symmetric optical waveguide networks and extraordinary CPA
laser characteristics

Photonic mode distribution

Based on the definition of spontaneous PT-symmetric breaking points, our group has made several attempts
to show that the optical performance of the system are not prominent at the general spontaneous PT-symmetric
breaking points. The optical performance of the system are prominent only at the extremum spontaneous PT-
symmetric breaking points, where the dispersion relation f (v) is continuous but not differentiable?.

In order to investigate the performance of the CPA laser developed by the 1D PTSPROWN, we numerically
calculate the distribution of the photonic modes of this PT-symmetric network. The corresponding results are
presented in Fig. 4, where the white and red areas represent WPM and SPM, i.e., weak propagation mode and
strong propagation mode, respectively.

One can then seek and determine the extremum breaking points of the network using the distribution
diagram of photonic modes given in “Extremum spontaneous PT-symmetric breaking points” section.

25,35-38

Extremum spontaneous PT-symmetric breaking points
Figure 4 shows that in the specified frequency range from 173 to 600 THz, three extremum breaking points of
our proposed model can be obtained, which are as follows,

v = 193.522877689455 THz, ny = 1.5447 x 10°%;
vy = 381.534528290694 THz , np = 9.5557 x 1075; (12)
vy = 563.723496478564 THz, ny3 = 2.1837 x 1075,

The fault tolerance of our proposed system is remarkably high. Although v and n; cannot reach such high
accuracy and the number of significant digits of  and n; is reduced, the optical waveguide network still produces
CPA lasers with ultra-high efficiency.

For the proposed system to work with the optical communication system, we choose the wavelength of
the first extremum breaking point to be the working wavelength Ay, and adjust this wavelength close to
the communication wavelength Acomp. The length of the waveguide is 0.388 pm. Consequently, the length of
the waveguide and the material’s refractive index are entirely determined. Thus, a greatly optimized optical
waveguide network is present, which creates the extraordinary CPA laser performance described in the following
two sections.

Ultrastrong CPA laser
The CPA laser can be described by the overall output coefficient ©, which is the ratio of the total intensity of the
outgoing waves to the total intensity of the incident waves of the system™,
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Fig. 4. The distribution of photonic modes created by EM waves in the network presented in Fig. 1. The
white and red zones represent WPM and SPM, i.e., weak propagation mode and strong propagation mode,
respectively. (a) Frequency range corresponding to the thick red solid line in Fig. 3. (b) Enlarged drawing of
the first extremum breaking point.

B+ B 1+ oM + o — My
= 12t ;=
|Ea|* + | Edl (1 + W) | Ma)?

(13)

where 0 = E,;/E, is the ratio of the signals, incident on the left and right sides. CPA lasers need to satisfy the
convergence of © to 0. Thus, ¢ = Mo, is one of the sufficient conditions for CPA lasers. Therefore,

11+ My M|

o= (1+ |M21\2) | Mo

(14)

It is well known that for an N unit cell system, the following two sufficient conditions together give the perfect
state of a CPA laser'®1?:

1
Im—=0, (15)

a1
sin’Ne= 1. (16)

From Egs. (15) and (16), one can see that the CPA laser highly depends on the number of unit cells and the
frequency EM waves.

Our recent studies on PT-symmetric optical waveguide networks have revealed that optimizing the
network structure parameters by seeking the extremum breaking points can lead to extraordinary ultra-strong
transmission, reflection, and photonic localization. In this work, we also found that these optimized systems
also create perfect absorption and extremely large amplification. Figure 5 shows the overall output coefficient
and transmissivity curves when EM waves transmit through the 1D TMPTSPROWN with a unit cell optimized
by three extremum breaking points. The red and blue lines indicate the overall output coefficient © and the
transmissivity T, respectively. The following two rules can be deduced from the data shown in Fig. 5 and Table 1.

Rule 1: EM waves transmitted through the aforementioned optimized systems can create CPA lasers with high
efficiency. The primary reason is that seeking extremum breaking points can precisely determine the intrinsic

25,35-38
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Fig. 5. The spectra of the overall output coefficient © and transmissivity T of the 1D TMPTSPROWN with a
single unit cell optimized by the first-three extremum spontaneous PT-symmetric breaking points. The red and
blue solid curves indicate the results of © and T, respectively. (a) The first extremum breaking point. (b) The
second extremum breaking point. (¢) The third extremum breaking point.

Systems Omin Tnaxe
Determined by iy = 1.5447 x 1078 | 3.1914 x 10710 | 1.5667 x 101
Determined by 20 = 9.5557 x 1070 | 4.1493 x 10~ | 1.2053 x 103
Determined by 13 = 2.1837 x 1073 | 4.7413 x 10716 | 1.0546 x 105
Determined by 1pyag = 0.2 0.8395 1.0428

Table 1. Comparison of ©,,;, and T}, of different single-unit cell systems.

n, =1.5447x10°
T L4 l

Fig. 6. The variation of ©,,;, and T;,,.x versus the number of unit cells N.

frequency of the PT-symmetric system. The EM waves with this frequency will result in super-strong anti-
resonance and resonance effects in this network, which correspond to anti-lasing and lasing modes, respectively.
The data in Table 1 shows that after optimizing the network structure by the first extremum breaking point, the
values of O, and T}, reach up to 3.1914 x 1076 and 1.5667 x 10, respectively. These values of the ©,,
and T}y are 15 orders of magnitude smaller and greater than our previously reported values of Oy, and Tiax
, respectively!.

Rule 2: The values of ©,,;, and T},,x produced by the aforementioned optimized systems are at the same
frequency. This frequency is the working frequency of the CPA laser corresponding to the single unit system
determined by extremum breaking points. The primary reason is that the PT-symmetric system possesses two
modes of anti-lasing and lasing for each intrinsic frequency. Consequently, super-strong anti-resonance and
resonance effects can be generated in this network at this frequency.

Hence, based on these rules, our proposed CPA laser possess immense potential to become a general-purpose
module for next-generation photonic integrated circuits. Moreover, our proposed CPA laser will significantly
reduce the integration complexity while enabling versatile operations for efficient information processing in
optical communications.

Dependence of CPA laser on unit cell number and frequency
It is well known that the number of unit cells and the frequency for a finite system seriously influence the CPA
lasers’ characteristics. Therefore, in this section, we numerically investigate the dependence of CPA laser on unit
cell number and frequency.

Firstly, for the dependence of the CPA laser on unit cell number, as an example, we develop a CPA laser from
a system after determining the first extremum breaking point, and the results are shown in Fig. 6. From Fig. 6,
it can be seen that with the increment of the number of unit cells, ©,,;, increases monotonically and converges
infinitely to 0.1. Similarly, 7},,.x decreases monotonically and converges infinitely to 10. It is because, for a large
number of unit cells of the systems, there is a large number of waveguides at the same time. So, the loss and
absorption will increase when EM waves transmit through the network. The lasing mode will be weakened while
the anti-lasing mode will be enhanced, and it leads to a monotonic decrease in 7},,,x and a monotonic increase in
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Fig. 7. The spectra of the overall output coefficient © and transmissivity T of the 1D TMPTSPROWN

optimized by the first extremum breaking point. The subscripts of © and T are N, i.e., the number of unit cells.

NO.

@min

Tmax

v (THz)

—

3.1914 x 10716

1.5667 x 10%°

193.522877689455

5.6886 x 10715

8.7805 x 1013

193.522879555607

3.0456 x 1014

1.6417 x 1013

193.522881421759

W |

9.9347 x 107

5.0329 x 10'2

193.522883287911

5}

2.4520 x 10713

2.0391 x 10'2

193.522885154063

5.0395 x 10713

9.9217 x 104

193.522887020215

Table 2. Comparison of Oy, Tinax, and v, which are for the systems optimized by the first extremum breaking
point with N as the number of unit cells.

Opin. Similarly, for systems determined by other extremum breaking points, such as extremum breaking points 2
and 3, a similar rule exists, i.e., as the number of unit cells increases, O, increases monotonically and infinitely
converges to 0.1. In contrast, T, decreases monotonically and infinitely converges to 10.

Secondly, for the dependence of the CPA laser on frequency, as an example, we develop a CPA laser from a
system after determining the first extremum breaking point, and the results are shown in Fig. 7. From Fig. 7 and
Table 2, one can get the following equation:

UN = 1 + <N — 1) . Al/, (17)
where,
vy = 1.93522877689455 THz (18)
Av = 1.866152 MHz

It can be seen from Egs. (17) and (18) that with the increment of the number of unit cells, the frequency of
Omin and T« increase with the same periodicity of 1.866152 MHz. It means the intrinsic frequency of systems
increases with the same periodicity of 1.866152 MHz. It is because, with the increase in the number of unit
cells in the network, the system gets large, and correspondingly the intrinsic frequency increase periodically.
Similarly, a similar rule exists for systems determined by other extremum breaking points, such as extremum
breaking points 2 and 3, i.e., the intrinsic frequency of systems increase periodically with the increase in the
number of unit cells.

To evaluate the robustness of the CPA laser’s switching mechanism, we introduced a random function to adjust
the error Ad for each waveguide segment length, maintaining Ad at a minimal level. Our stochastic analysis
yielded the following key findings: (i) Parameters O, and T, remained stable and consistently displayed
ultra-low and ultra-high values, respectively. (ii) The operating frequency of the CPA laser corresponding to
the unitary system determined by the extreme breakpoints is correlated with and somewhat influenced by
the average error Ad. (iii) As the number of cells increases, O, still converges to 0.1. Correspondingly, T',ax
converges to 10. The influence of Ad is not obvious; (iv) Since the Oy, / Trax periodic purple shift frequency
value generated by the system’s natural frequency is related to Ad, it is significantly affected. These rules provide
a theoretical criterion for developing appropriate and optimal CPA laser for PT-symmetric optical waveguide
networks at the specified wavelengths with particular operational requirements.
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Conclusion

Based on one of our previous studies, in this work, we propose a superior CPA laser constructed from the
1D TMPTSPROWN. A novel method based on seeking the exact extremum spontaneous PT-symmetric
breaking points is used for determining the imaginary part of the refractive indices of the materials composed
of waveguides. Furthermore, in order to make the working wavelength of the proposed CPA lasers work with
practical applications and optical communication systems, we use a suitable waveguide material, SisNy, adjust
the length of the optical waveguides, and set the working wavelength close to the communication wavelength.

Firstly, in order to facilitate experimental verification, the waveguide length of the system is adjusted by
seeking extremum breaking points of the PT-symmetric network, i.e., the working wavelength close to the
breaking points is set as the communication wavelength. Then the imaginary part of the breaking points is set as
the imaginary part of the waveguide material to optimize the refractive indices of the materials.

Secondly, the performance of the CPA lasers created by the optimized PT-symmetric system is investigated
based on our previously reported work. It is shown that (i) these systems can produce perfect absorption and
substantial amplification, with the best performance of the CPA laser for a single unit-cell system optimized by
the first extremum breaking point. The ©,,;, reached up to 3.1914 x 10715, 9 orders of magnitude smaller than
previously reported results of the CPA laser. Moreover, T, reached a value of 1.5667 x 10%5, which is 9 orders
of magnitude larger than previously reported results of the CPA laser. (ii) The values of O, and T},ax produced
by the aforementioned optimized systems are at the same frequency. This frequency is the working frequency
of the CPA lasers corresponding to the single unit system determined by extremum breaking points. (iii) The
performance of CPA lasers depends on the number of unit cells in the system. With the increment of the number
of unit cells, ©,,;, increases monotonically and converges infinitely to 0.1. Correspondingly, Tr,.x decreases
monotonically and converges infinitely to 10. (iv) The performance of the CPA laser also depends on the system’s
frequency. With the increment of the number of unit cells, the frequencies of Oy, and T}y increase with a
periodicity of 1.866152 MHz. These characteristics provide a scientific basis for selecting the most appropriate
and optimal CPA lasers for PT-symmetric optical waveguide networks at the specified wavelengths for various
operational requirements.

In conclusion, this work provides a new method for optimizing the CPA lasers and optimizing the structure
and performance of optical waveguide networks.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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