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Using an improved particle swarm optimization algorithm (IPSO) to drive a transfer matrix method, a nonreciprocal
absorber with an ultrawide absorption bandwidth and angular insensitivity is realized in plasma-embedded photonic crystals
arranged in a structure composed of periodic and quasi-periodic sequences on a normalized scale. The effective dielectric
function, which determines the absorption of the plasma, is subject to the basic parameters of the plasma, causing the
absorption of the proposed absorber to be easily modulated by these parameters. Compared with other quasi-periodic se-
quences, the Octonacci sequence is superior both in relative bandwidth and absolute bandwidth. Under further optimization
using IPSO with 14 parameters set to be optimized, the absorption characteristics of the proposed structure with different
numbers of layers of the smallest structure unit N are shown and discussed. IPSO is also used to address angular insensitive
nonreciprocal ultrawide bandwidth absorption, and the optimized result shows excellent unidirectional absorbability and
angular insensitivity of the proposed structure. The impacts of the sequence number of quasi-periodic sequence M and
collision frequency of plasma; v; to absorption in the angle domain and frequency domain are investigated. Additionally,
the impedance match theory and the interference field theory are introduced to express the findings of the algorithm.

Keywords: magnetized plasma photonic crystals, improved particle swarm optimization algorithm, nonrecip-

rocal ultra-wide band absorption, angular insensitivity

PACS: 42.70.Qs, 45.10.Db, 94.30.ct

1. Introduction

Photonic crystals (PCs) have long been pursued since
the leading study of Yablonovitch!!! and John.!”J PCs have
the unique qualities of photonic band gaps>* and defect
modes.>%! These splendid qualities make PCs helpful in de-
signing functional devices, such as PC waveguides,'’! de-
vices used to enhance transmission efficiency and resolu-
tion of images,!® and optical sensors.[>!?! Different meta-
materials, such as superconductort! 12! graphene,!'3-151 and
plasmal'®!7! have been utilized in PCs to strengthen their ad-
vantages. Plasma was first used as a unit of PCs by Japanese
scholars Hojo and Mase. ('8! Since then, studies of plasma PCs
(PPCs) have appeared expressing qualities of PPCs or explor-
ing applications of PPCs like reciprocal propagation,!'”! uni-
directional absorption, and polarization splitting. [>]

To achieve their aims, most existing studies used
simulation methods like the transfer matrix!?’*?l method
(TMM), finite-difference time-domain method?*24 and neu-

ral networks[®

] solely, which are accurate in calculation but
not ideal for optimization. Topology has also been applied
to the structural design of PCs. In this paper, an improved
particle swarm optimization algorithm (IPSO) has been uti-

lized to drive a TMM to achieve the objective of optimiza-
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tion. Particle swarm optimization (PSO), originally attributed
to Kennedy, Eberhart, and Shi, 20271 has attracted the atten-
tion of scholars because of its robustness, few setting param-
eters, and fast convergence speed, and has become an im-
portant research focus of intelligent evolutionary algorithms.
To apply a conventional PSO algorithm to solve problems of
PPCs, which are high-dimensional (quality of optimization de-
creases dramatically)!*®! and have intricate local minima that
hinder the algorithm from finding the authentic global opti-
mum, an improved algorithm aimed at optimization in PPCs is
designed. With the help of IPSO driving the TMM, a nonrecip-
rocal absorber with an ultrawide absorption bandwidth and an-
gular insensitivity (UBAI) is designed. Nonreciprocal absorp-
tion is widely used in optoelectronic integration and all-optical
communication. A diode based on PC has been designed.>*!
In this paper, although the structure proposed is inferior to
what Liu and Sen designed®! in terms of integration, it has
better performance in nonreciprocity and large angle ability.
Apart from the result of optimization, which is evident,
the influence of the main parameters on a physical level is
discussed. The impedance matching theory and interference
theory are given in this paper to prove the excellent effect of

IPSO. The simulated results in this paper can provide ideas

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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for designing angular insensitive ultrawide band absorbers or

switchable absorption modulators.

2. Model and theory
2.1. Basic plasma theory

Plasma has the characteristic of highly adjustable absorp-
tion capacity, owing to the external magnetic field influencing

the parameters of plasma. The dielectric function of plasma is

calculated in this form, which is anisotropic: (301
B wg(w—&-jvc)
81 - 1 - " 2 27
o[(0+jve)* — o]
g 0jg 2
— 05 @,
= 0 & 0 & = e L
—j& 0 g (D[((D—l—]vc) _wc]
2
0]
g=1-—">__
o(®+jve)

where @, is the plasma frequency, @ is the cyclotron fre-
quency, and V. is the collision frequency. These three parame-
ters are basic parameters determining the kind of plasma. o is
the frequency of the incident wave. The determined forms of
@y and @ are @, = (ezne/som)l/2 and @, = (eBy/m).

To simplify the process of parameter selection, the deter-
mined pattern is not used in parameter optimization; instead,
@y is discussed as a whole, and the numerical values of @, and
V. are discussed by comparing with @,. The determined pat-
tern is used to estimate the orders of magnitude of @, when it
comes to parameter optimization.

The effective dielectric constant of plasma is not the same
when the incident wave obeys transverse electric (TE) mode or
transverse magnetic (TM) mode; the electric field of the for-
mer and the magnetic field of the latter are perpendicular to the
xz plane. The propagation of the TE wave through the plasma
layer is not susceptible to the external magnetic field, so the
effective dielectric constant of 1D magnetized PPCs has the
same form as that of the unmagnetized ones; in contrast, a TM
wave propagating through the plasma layer is highly affected
by it.

When the incident wave obeys TE mode, the effective di-
electric of plasma can be written as3!!

2

P 2)

egpg=1—-—-—""—.
™ o2 +j(vo)

When the incident wave is under TM mode, the effective di-
electric is!3!!
. 2
e —¢ [0 (0+jve) — 0] — 0?0

erm = = T .3
€ »? [(aH—ij) —wg} — 0o (0+jv)

2.2. Calculation method
2.2.1. Transfer matrix method

The TMM is aimed at solving the transmission charac-
teristics and dispersion relations of PCs by deriving the itera-
tive equations of the electric field and magnetic field according
to their continuous boundary conditions based on Maxwell’s
equations.

For the i-th single layer of the proposed 1D magnetized

PPCs, the recursive matrix equation can be written as

E\ Eit1
(b )= (i) @

Under TE mode, the transfer matrix of the normal dielectric
layer and the plasma layer is

cos (ki.d;)

—J_sin (ki.d;
MFE:< e e ’)>, 5)
—jn; *sin (kid;)

cos (kizd;)

where k;; = k;cos 8, ki = \/&w/c, nTF = \/€/Lio+\/E cos b,
d; represents the thickness of the i-th layer, and €& represents
the equivalent permittivity of the i-th layer.

Under TM mode, the transfer matrix of the normal dielec-
tric layer and plasma layer can be written as

J .
M™ (norm) = ( . o (k.iZdi) e UQZd"))
—inMsin (ki.d;)  cos (ki.d;)
M™ (] _ [ mi m2 7
;" (plasma) <m21 pins
k,
my; = cos (ki;a) + &2 sin (k;;a),
iz€1
k,
myy = cos (ki;a) — 522 Gin (kiza),
iz€1
my = —jn M sin (ki:a),
. 2
] kixSZ .
my n,»TM l + (kiz&‘l) ] sin (kiza) (6)

where k;; and d; share the same formulas and meanings as
those shown in formula (5). nf™ = /&y/1o\/€;/ cos 6.

In the situations of both TE and TM mode, 6; repre-
sents the angle between the direction of propagation and the
z axis in the i-th layer. According to Snell’s refraction law,
0; = arcsin(ngsin(6p)/n;), in which ng is the environmental
refractive index, n; is the refractive index of the i-th layer
(n; = v/&), and 6y is the angle of incidence of the wave.

The whole structure is composed of many layers obeying
the same recursive matrix equation, so the matrix of the whole

can be expressed as follows iteratively:

M, = (Mu MIZ). )

My M»

N
M:

j=1
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The reflection coefficient r and the transmission coefficient ¢

can be expressed as

e (M1 +Miany 1) Mo — May — Mooy 41 )
(M1 +Miony 1) Mo+ Moy +Maony 1

_ 219
t= . )
(Mi1 +Miany+41) Mo+ Moi + Mo Nin

The reflectance R, transmittance 7 and absorptance A are
R=r-r,T=t-t*,and A =1—T — R, respectively.

2.2.2. Improved particle swarm optimization algorithm

The number of parameters to be optimized is D, which is
also the dimension of space that all the particles lay in. The
number of particles is M. The coordinates of particles in D-
dimensional space are the present values of the parameters
to be optimized, and the value will be tuned to gain the best
objective function like particles seeking the best appropriate
place. Figure 1 shows the algorithm process.

The location and vector of the n-th particle can be written
as

)Y, n=1,2,....M,
PN, n=1,2,....M. (10)

Every particle adjusts its vector according to individual opti-
mum position Pygi(n) and group optimum position P,

Pigi(n) = (pilndi (n)’pi2ndi (n),... apﬁdi (n)), (11

which means the individual optimum position of the n-th par-
ticle

Pgro(}’l) = (péro(n)vpéro(n)v'"7p§ro(n))’ (12)

which is the most adaptive particle’s location from the first
generation to the present generation.

The formula for updating the particles’ location and vec-
tor is

Xir1(n) = Xi(n) + Vi(n),
Vit1(n+1) = uVi(n) + cirand (Pingi (n) — X (1))

+ corand (Pyo (1) — Xi(n))
n=12,....M, k=0,1,2,...,G. (13)

In this formula, u is the inertia factor, ¢; and ¢, are the study-
ing factors, and they reflect the degree to which a particle is
influenced by itself and the group respectively. In view of the
problem of 1D magnetized PPCs to be addressed whose di-
mension is comparably high and whose objective function has
plenty of local maximum, the values of u and ¢y, ¢, will sig-
nificantly influence the efficiency or even correctness of the

algorithm. As the ordinal of generation rises, the values of u
and ¢ and ¢; can be written as

(thoe — Uen) (G — gen)

U = Uen + )

G
2
cn
€1 = Clpe + (Clen — Clbe)%a
5 (14)
gen
€2 = C2en + (C2en — Cobe) Nk

where gen means current iteration time, G means total itera-
tion time, and upe, Uen and Cipe, Clen aNd Cope, C2en Mean the
initial value and stop value of u and ¢ and ¢, respectively. At
the beginning of iteration, comparably large values of u and c;
make sure the algorithm avoids being trapped in a local maxi-
mum,while at the end of iteration, comparably small values of
u and c; and a comparably large value of ¢, give a chance for
the algorithm to seek the most accurate global maximum and
aid the convergence of the sequence of generation.

/7 Start )

Car

Initialize particle
position and velocity

\ 4
Calculate particle
fitness values
A\ 4
Obtain Py (1) < Obtain Py, 4(n)
Update particle .| Update particle
velocity g position

each iteration
number

Achieve preset
accuracy

\4

Output the result

Fig. 1. Algorithm process of IPSO.

2.3. Schematic structure of PPCs and selection of quasi-
periodic sequence

A schematic of the proposed PPCs is shown in Fig. 2,
as well as the coordinate axis and schematics of the TM and
TE waves. The environment is air. The positive direction
along the z axis is forward propagation and the negative di-
rection is backward propagation. Observing along the z axis,
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the part near the origin is periodic structure { APAB}" and the
part far from the origin is quasi-periodic structure (Octonacci,
Fibonacci, Thue-Morse). The periodic structure and quasi-
periodic structure are placed in different magnetic fields B
and B,, respectively, which have the same magnetic field di-
rection but are different in value. This method of two mag-
netic fields can make sure plasma; and plasma, work in their
own work zones to produce excellent results. The target is to
find the best structure and parameters. There are four kinds of
quasi-periodic sequences to choose from
(i) Octonacci sequence:

Octy; = Octyy—10ctps_2O0ctys 1,
Oct; = {PBCPB}, Octy = {CPBC};

(i1) Fibonacci sequence:

Fiby, = Fibel,Fibez(M > 1),
Fib; = {P5CPg}, Fiby = {CP5C};

(iii) Thue—Morse sequence: ‘0’ in the n-th item becomes
‘01’ in the (n+ 1)-th item and ‘1’ becomes ‘10°, where “1”
represents {PgCPg} and “0” represents {CPgC}.

To explore the effect of different sequences on absorption
characteristics, the amounts of the smallest unit of these four
different sequences (structure{P,CP,} or {CP,C}) are simi-
lar. We choose Octy, Fiby, Thus. Utilizing IPSO, the optimal
results of four different sequences are calculated after prelim-
inary optimization.

Figures 3(a)-3(b) shows the results of different se-
quences. The incident angle is 0°. The absolute bandwidths
of the periodic sequence, Thue—-Morse sequence, Fibonacci
sequence, and Octonacci sequence are 0.68 (wd/2mc),
1.25 (wd/2nc), 1.75 (od /27c), and 2.05 (wd /27c), respec-
tively. The relative bandwidths of the four sequences are
0.369, 0.549, 1.42, and 1.44, respectively. It is obvious that
Octonacci is the best one both in absolute and relative band-
width.

Quasi—periodic

Periodic sequence sequence

Forward

®B,

Comparison of the results of MATLAB and fullwave
simulation are shown in Fig. 4, where the results are to-
tally the same. The parameters of the tested plasma layer,
which plays a crucial role in the PPC structure proposed, are
wp = 1.8850 x 10'%, @, = 1.1310 x 10'2, v = 1.1310 x 10",
and d = 1 um. These results can strongly prove the correctness
of the model.

The root of the perfect absorption is an excellent
impedance match between the whole structure and the envi-
ronment. The normalized surface impedance can be expressed
by

Zeoff 1+r

Z Zr eff + ] Zieff = 1— (15)

where Z.; means the effective surface impedance of the pro-
posed structure and Zy means the wave impedance in a vac-
wum, Zy = |Ey|/ |Ho| =
fective surface impedance is close to 1, it represents that the

Uo/€. When the normalized ef-

effective impedance of the structure matches well with that of
the environment, so the reflection coefficient r is close to 0,
which means that reflectance is almost negligible and the elec-
tromagnetic energy is ideally restricted in the structure, thus
leading to perfect absorption effects. As shown in Fig. 3(c),
the real component of Z.g of the Octonacci sequence in for-
ward propagation is around 1 and the imaginary part of that is
around 0, which means the complex numerical of Z is fluc-
tuating around 1 + jp, which realizes the impedance match in
this direction.

Comparing Fig. 3(c) with Fig. 3(a), taking the Octonacci
sequence for instance, it is found that the distance of the com-
plex numerical of Zg and 1 + jg is tightly related to absorp-
tion of the Octonacci sequence. The distance of Z.g and 1+ jg
is plotted in Fig. 3(a); it is obvious that when the distance is
close to zero, the absorption is higher, and vice versa. The
fluctuation of absorption is sensitive to changes in distance as
shown in Fig. 3(a), which proves the rationality of the theory

of impedance matching.

Dielectric A Dielectric B Dielectric C

Octonacci, Octonacci,

= Plasma, ] Plasma,

Fig. 2. Schematic illustration of PPC composed of periodic sequence and quasi-periodic sequence.
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Fig. 3. Results of different sequences and impedance matching of Octonacci sequence. Absorptance of forward and backward propagation of
(a) Fibonacci and Octonacci sequence, (b) periodic sequence and Thue—-Morse sequence. (c) Real part and imaginary part of normalized surface
impedance. Orange dot-dashed curve in (a) describes distance of the complex value of normalized surface impedance and 1+ jo.

—Mix 1DC TEF

—Mix 1DC TMF
—Mix 1DC_1ITM

——Mix 1DC_2TE

1.0
(a) 0.95
0.9 0.9+
(b)
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.35
0.3 1.8 2.0
1.8 2.0 2.2 24 26 2.8 3.0

x10'2

2.2 2.4 2.6

Fig. 4. Calculation results by TMM with MATLAB (a) and the result of fullwave simulation (b) with @, = 1.8850 x 102, @, = 1.1310 x 102,

v=1.1310x 10", d =1 pm.

3. Results and discussion
3.1. Influences of basic parameters of plasma

To have an immediate concept of basic parameters, di-
agrams of absorption of plasma, the real part of & and the
imaginary part of & when three basic parameters take differ-
ent values under TM mode are shown in Fig. 5.

Diagrams of the absorption characteristics of a single unit
of plasma together with the real part of € and imaginary part
of & with different plasma frequencies of @, = 0.5, 2, 4, 6, 8,
10 (unit: 7wc/d) are shown in Figs. 5(a)-5(c). The specific pa-
rameters are @ = 1@, and v =0.50,. When @, increases, the
extreme point of absorptance and Re(g;) all shift to higher fre-
quency. The extreme point of absorptance and that of Re(g;)
are highly consistent, while the consistency of the maximum
point of absorptance and that of Im(&;) are not so good: at
low frequency, the maximum point of absorptance and Im(&,)
are comparably consistent, but when the frequency becomes
higher, the difference increases although they still have a pos-
itive correlation. When @, increases, the maximum value of
absorptance of the plasma grows, and when @, increases to
4mc/d or more, the maximum value of absorptance remains
at 1. The bandwidth for which absorptance is higher than 0.9

(absorptance bandwidth) becomes larger when @, increases.

This shows that the plasma frequency can significantly influ-
ence the absorbing properties of the magnetized plasma both
in absorption frequency and absorptance.

Figures 5(d)-5(f) show diagrams of the absorption char-
acteristics of a single unit of plasma together with the real part
of £ and imaginary part of & with different plasma cyclotron
frequencies of @, = 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 (unit: ®,). The
specific parameters are @, = 27c/d, v = 0.20,. When @ in-
creases, the extreme point of absorptance, Re(g;) and Im(g,)
all shift to higher frequency. At low frequency, the maximum
point of absorptance and Re(g;) are positively correlated but
not the same, and so are the maximum point of absorptance
and Im(g&;). When the frequency becomes higher, the differ-
ence between the maximum point of absorptance and Re(g;)
(or Im(&,)) is increasingly small. When @, > 1, the maximum
points of absorptance and Re(g;) (or Im(g;)) are almost the
same. When @, increases, the maximum value of absorptance
stays almost constant at about 0.95. This means that plasma
cyclotron frequencies can prominently affect absorption fre-
quency without changing the maximum absorptance.

Figures 5(g)-5(i) show diagrams of the absorption char-
acteristics of a single unit of plasma together with the real part
of €1 and imaginary part of & with different collision frequen-
cies of v =0.05, 0.1, 0.3, 0.5, 0.7, 0.9 (unit: @p). The max-
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imum point of absorptance, Re(g;) and Im(g;) are the same
and remain constant when v increases. When v increases, the
maximum value of absorptance and the absorption bandwidth
increase while the maximum values of Re(¢g;) and Im(¢&;) de-
crease. This means that the collision frequency can largely in-
fluence the maximum absorptance and absorption bandwidth

without changing the absorption frequency.

It can be concluded that v significantly influences the ab-
sorptance bandwidth without shifting the frequency point, @
has an impact on the frequency point but little impact on band-
width, and @, is related to both absorption bandwidth and ab-
sorption frequency. These finding will provide guidance for
numeral parameter selection on a physical level together with

impedance matching theory.
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Fig. 5. Comparison of diagrams of absorptance of plasma, real part of £ and imaginary part of & with different values of @, [(a)—(c)], @

[(D-D], v [(9-D)]-

3.2. Ultrawide band absorption of Octonacci sequence

Once the optimal sequence is determined, the rest of the

optimization involves determining the values of all the pa-

rameters shown in Table 1. Subscripts A, B, and C mean

dielectricp, dielectricg, and dielectricc respectively. Sub-
scripts Py and P, mean plasma; and plasma, respectively.
Utilizing TIPSO, supplemented by impedance matching the-

ory and the intuitive influence of the three basic parameters of
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plasma discussed in Subsection 3.1, the best choices of param-
eter values against different objective functions are calculated
successfully. We notice that for the basic parameters of the
plasma, the frequencies are all normalized to scale by d = dp;.
This means that this paper deals with an abstract model with
parameters proportional to each other, and that if one needs
to deal with some problems in some particular spectrum or
length, the only thing one needs to do is to change d and all
the results stay the same.

Table 1. All parameters to be optimized.

Parameters to be optimized

d=dy
Parameter Unit Range  Parameter Unit Range
Wp1 we/d 0-2 Wpo me/d 0-2
oOc| ©p) 0-2 oc2 ©p2 0-2
Vi wp 0.05-1 V) Wp 0.05-1
EA - 1-10 EA - 1-10
& - 1-10 dpy 1073d 02
da 107'd 02 dc 107'd 02
dg 1071 0-2 dp) 10734 02

Because the number of periodic layers N and the serial
number of quasi-periodic layers M are discrete and their val-
ues are both integers, the selection of M and N is not included
in IPSO, but the two parameters are treated by an exhaustive
method: the selection process of these 14 parameters is exe-
cuted every time M or N changes. This method not only saves
on workload of the algorithm but also gives a chance to ob-
serve the influence of M and N on the characteristics of ab-
sorption.

When the objective function of IPSO is the absolute band-
width of absorption, the results of absorption for different val-
ues of N are shown in Fig. 6. When N < 4, it is interest-
ing that the forms of results are very similar. Their absolute
bandwidths all come into being at a frequency higher than
3(wd/2mc), and they all have a valley value whose point has a
red shift when N increases from 1 to 3. When N = 4, the form
of the diagram changes and its absolute bandwidth comes into

1.0
0.9F==
0.8 '
0.7
0.6
0.5}
0.4

Absorptance

0.3}
0.2}

0.1

ob—— 1

o 1 2 3 4 5 6 7 8 9 10
Frequency (wd/2mc)

being at 0.35 to 6.23; the bandwidth shows dramatic growth
compared with N = 1,2,3. The point which should be the val-
ley point in the case of N = 1,2, 3 (point P) rises upon 0.9 and
a new valley point appears at 6.4 (point Q). When N =5, the
form of the diagram is similar to that of N = 4, and the band-
width rises slightly. When N = 6, the form of the absorption
diagram returns to that of N = 1,2,3 and a valley point similar
to point Q reappears. When N =7, 8, two types of valley point
(P type and Q type) both rise upon 0.9 and the three parts of
discontinuous bandwidth become continuous, giving rise to a
perfect ultrawide bandwidth. This is complex to express on
a physical level but IPSO makes it easy to make out the best
combination of all 14 parameters at different values of N and
conclude two types of valley point (P type and Q type) to-
gether with different forms of diagrams at different values of
N.

It is also found that the value of M is not influential on
the diagram when M > 2. The absorption factor of backward
propagating waves stays below 0.1 (shown in Fig. 8), making
the bandwidth of nonreciprocal absorption the same as that of
the absorption bandwidth of forward propagation. Such satis-
factory results in backward propagation are qualitatively ow-
ing to the small numerical values of @y and v, of the plasma
in the quasi-periodic sequence, and the different configuration
structures of the forward and backward directions.

When the objective function of IPSO is the relative band-
width of absorption, the results of absorption for different val-
ues of N are shown in Fig. 7. The definition of relative band-
width is RBW = 2(fis — 1)/ (fir + fi) = 2(x— 1)/(x + 1),
where x = fy/fL. fu and fi are the upper and lower cutoff
frequency respectively. It is evident that relative bandwidth is
positively correlated to x, and the most simple way to increase
xisto decrease fi, which is why fi of the first absorption band
decreases evidently when N rises from 1 to 4. When N =5, it
is obvious that fi of the first absorption band is the same but
fu of curve of N = 6 is higher than that of N =5 and the same
thing happens in N =7 and N = 8.

1.0 g RPREREERS . =
qg 09k o al Ll IR i
8 0.8 . “
2 0.7p ¥
2 0.6f f
2 !
< 050h,) N=5 --N=6

0'40 1 2 3 4 5 6 7 8 9 10

Frequency (wd/2mc)
1.0 = 7= = =
> ~ { M - >N

g // \ | | \\
2 09pr------- e R v
= Ll \
2 0.87 I
< ‘(C) - - N=7 - -N=8!

0.7

o 1 2 3 4 5 6 7 8 9 10

Frequency (wd/2mc)

Fig. 6. Results based on IPSO (the objective function is the absolute bandwidth of absorption) when N takes different values. Diagrams of
absorptance of forward propagation of N =1, 2, 3,4 (a), N =5, 6 (b), and N =7, 8 (c). The incident angle is 0°.
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Fig. 7. Results based on IPSO (the objective function is the relative bandwidth of absorption) when N takes different values. Diagrams of
absorptance of forward propagation of N =1, 2, 3,4 (a), N =15, 6 (b), and N =7, 8 (c). The incident angle is 0°.
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Fig. 8. Diagrams of backward absorptance of (a), (c) N = 14, (b), (d) N = 5-8 when the objective function is (a), (b) absolute bandwidth or (c),

(d) relative bandwidth.

3.3. Angular insensitive absorption

To find the probability of angular insensitive absorption,
the method of IPSO is taken into account. At this time, the ob-
jective function is a dual objective function: angle and band-
width, which is not as simple as that of ultrawide bandwidth.
To mark the difference between TM waves and TE waves, we
stipulate that when it is under TM mode, the incident angle
is indicated as positive, and when it is under TE mode, the
incident angle is indicated as negative.

When bandwidth is attributed more importance, the re-
sult is shown in Fig. 9(a). The blue rectangular frame rep-
resents the absorption area. In this case, the bandwidth is
9.75 (wd/2mc) and the absorption angle maximum is 34°.
The lower cutoff frequency is 0.25 (wd/27mc) and the upper
cutoff frequency is 10 (@d/27c).

When the absorption angle maximum is highlighted, the
result is shown in Fig. 9(b). The bandwidth is 5.52 (wd /27c)
and the absorption angle maximum is 73°. There is also a sec-

ond choice which is boxed out with a violet rectangular frame
in Fig. 9(a). The second choice is not as good as the first choice
in bandwidth but is not as bad in angle maximum. Comparing
Figs. 8(a) and 9(b), it is found that the margins of the two dia-
grams are almost the same, the only difference between them
being the two fissures that appear in the area under TE mode
which are marked off by the dividing line of 0.9 and indicated
as fissure; and fissure;. In Fig. 9(a), the spans on the frequency
coordinate of the two fissures are very different (fissure; is
6.97 (wd/27c) and fissure, is 4.47 (wd/2nc)). However, in
Fig. 9(b), the projections of the two fissures on the frequency
coordinate are almost the same (fissure; is 6.38 (@wd/2nc) and
fissure, is 6.20 (wd/27mc)). Comparing the first and second
choices, it is evident that a small difference in the projections
of fissure; and fissure; on the frequency coordinate can lead to
larger bandwidth when the angle maximum remains the same.
The first choice prevents inefficient bandwidth sacrifice while
ensuring a large angle maximum.
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Fig. 11. Nonreciprocal angular insensitive ultrawide bandwidth absorption. Forward (a) and backward (b) absorption of optimized structure.

The mechanism of large angle absorption can be ex-  and transmitted waves’ synthetic fields are worked out as

pressed with the interference field theory. The compound am-
plitude of the reflected magnetic field can be obtained by im-
posing all kinds of amplitudes of the reflected wave and the
transmitted wave. The compound amplitudes of the reflected
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Take reflectance, for instance; when &; is an even multi-
ple of 7 /2, the reflected wave satisfies the interference cance-
lation condition, which gives rise to the lowest reflection and
energy gathering within the structure and transmission. An ex-
cellently low reflection area and its corresponding phase dif-
ference are shown in Fig. 10. Reflectance is perfectly low ex-
cept for four macroscopical flaws and their locations at 0° are
3.1to0 3.5, 6.0 to 6.25, 8.1 to 8.2, and 9.0 to 9.2 respectively
(numbered flaw 5 34). Phase differences step on Ox and 17,
and seldom stay on other values between O and 1. This sat-
isfies the interference cancelation and generates perfectly low
reflectance. At the positions of these four flaws, the phase dif-
ferences all make a short stay between 0 and 1(7), disobey-
ing the interference cancelation theory. It is also seen that
flaw; and flaw, disappear under TM mode. This is reflected
in Fig. 11(b) in which areas where the phase difference stays
between 0 and 1(7) become narrow under TM mode.

3.4. Nonreciprocal angular insensitive ultra wide band-
width absorption

The physical properties of plasma provide the structure
with good nonreciprocal absorbing ability. Utilizing IPSO, a
structure supporting nonreciprocal angular insensitive ultraw-
ide bandwidth absorption (NAIB) (absorption from forward
propagation is above 0.9 and that from backward propagation
is below 0.1) is obtained; details are shown in Fig. 11.

The overlapping absorptance areas of Figs. 11(a) and
11(b), the NAIB areas, are shown in Fig. 10(a) in the blue
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Incident angle (°)

rectangular frame. There are three NAIB areas. Their band-
widths are 2.1, 2.02, and 1.98 and their respective maximum
angles are 58°, 40°, and 36°. The area in which absorptance
from backward propagation is below 0.1 is quite large: the to-
tal area in TE mode and the area from 0° to 75° in TM mode.
That means the NAIB area is determined by absorption from
forward propagation, especially when the incident angle is be-
tween 0° and 75° under TM mode. In Fig. 11(a), it is found
that the absorption area for which the incident angle is below
75° under TM mode is quite broad while many flaws appear
when the incident angle increases above 75° under TM mode.
This phenomenon from forward propagation caters to the con-
dition that the area for which the incident angle is above 75°
under TM mode does not satisfy the term that absorptance is
below 0.1.

3.5. Influence of M

In Fig. 12, we find that the absorption area stretches from
left to right with increasing M. It is discussed that M is not
as decisive to absorption bandwidth when the incident angle
is 0°, but crucial to absorption when the incident angle grows
from zero. An absorption area always exists at large incident
angles under TE mode and the absorption area slowly extends
to the area of TM. We can draw a line to describe the stretching
of the absorption area which is presented with red lineation.
The position of the line is —68 (M = 2), —52 (M = 3), 49
(M =4),78 (M =5) (unit: (@0d/2xc)).
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Fig. 12. Diagrams of absorptance of (a) M =2, (b)M =3,(c) M =4, (d) M = 5.
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Observing Figs. 12(a)-12(d), it is concluded that there
are four kind of fissures which are marked out as fissurej 5 3 4
in red. Fissures 1, 2, 3, and 4 are classified by their posi-
Their
positions are respectively 3.1, 5.9, 7.9, and 8.9 (in units of
(wd/2mc)). When M = 2, fissure; 24 can be seen. When
M = 3, fissure 3 3 4 appear faintly. When M = 4, it is obvious

tion on the axis for which the incident angle is 0°.

that fissure; » 3 4 become visible and the area near them satis-
fies the condition that absorptance is higher than 0.9. When
M =5, fissures become invisible and the other fissures grad-
ually retreat, and the absorption area slowly becomes rather

broad without fissures.

3.6. Influence of v;

Different diagrams with different v; are shown in Fig. 13.
The absorption area exists stably regardless of the value of v,
at large incident angles under TM mode and stretches towards
small incident angles under TM mode and TE mode. In this
case, there are three annular cracks evenly distributed at 3, 6,
and 9 (in units of (@d/2nc)). The absorptance of these three
cracks stands in stark contrast to that of their surrounding area
when v; = 0.05. This contrast gradually fades away when
V| increases and the absorption area slowly submerges in the
vicinity of these three cracks. The sharp contrast of the cracks
to their adjacent area stays phanic until v; increases to 0.24.
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Fig. 13. Diagrams of absorptance of (a) v| =

4. Conclusion

In summary, this paper investigates a nonreciprocal ul-
trawide band absorber with excellent angular insensitivity ar-
ranged by a cascading structure composed of a periodic se-
quence and Octonacci sequence which are made of conven-
tional dielectrics and plasma sheets. The great capacity of
nonreciprocal large angle absorption can be attributed to the
specific sequence of the structure and fine characteristic of the
plasma, which make it possible for IPSO to find the most sat-

isfactory optimal solution of 14 parameters to be optimized.

Incident angle (°)

0.05, (b) vi =0.12, (c) v; =0.16, (d) v; =0.24.

There is also a clear division of labor of N and M in which N
is responsible for ultrawide band absorption and M affects an-
gular sensitivity, especially under TM mode. When absolute
and relative bandwidth are set as the objective function respec-
tively, the results of absorption from forward and backward
prpopagation are discussed. Nonreciprocal angular insensitive
ultrawide bandwidth absorption is realized. Angle-bandwidth
(bandwidth priority) is 34° — 9.75 wd /27c. Angle-bandwidth
(angle priority) is 73° — 5.52 wd/2mc. The influences of cy-

clotron frequency v; and M are also surveyed. These two
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parameters can tune the whole absorption characteristic dia-

gram from two different ways so that they can realize almost

complete tuning of absorption under both TE and TM mode.

We believe this kind of nonreciprocal ultrawide band angular

insensitive absorber has great potential for optoelectronic de-

vices and IPSO can play a role in optimization problems in PC
fields.
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