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ABSTRACT To efficiently simulate the bandpass electromagnetic problems by employing the finite-
difference time-domain (FDTD) algorithm, unconditionally stable implementation is proposed based upon
the complex envelope method and the Crank-Nicolson Direct-Splitting (CNDS) algorithm. To further absorb
outgoing waves and reduce wave reflections in open region problems, absorbing boundary condition with
improved absorption is proposed by incorporating the proposed scheme with the higher order perfectly
matched layer (PML) formulation. The proposed scheme takes advantage of the complex envelope method,
the CNDS algorithm and the higher order PML formulation in terms of simulating bandpass signals and
enhancing absorption and improving computational efficiency. Numerical examples are carried out to further
demonstrate the effectiveness and efficiency. Through the resultants, it can be illustrated that the proposed
scheme can not only obtain considerable accuracy, favorable absorbing performance, outstanding efficiency
in the simulation of bandpass open region problems but also maintain the stability of the algorithm when the
time step surpasses far beyond the Courant-Friedrich-Levy condition.

INDEX TERMS Complex envelope (CE), Crank-Nicolson direct-splitting, finite-difference time-domain

(FDTD), perfectly matched layer (PML).

I. INTRODUCTION

With outstanding advantages in simulating electromagnetic
problems, the finite-difference time-domain (FDTD) algo-
rithm has gained considerable attention in past recent
decades [1]-[4]. The time and spatial sampling of the con-
ventional FDTD is based on the lowpass-limited sampling
theorem which has been verified to be inefficient in band-
pass simulation [5]. The reason is that the time step must
be calculated according to the maximum frequency result-
ing in the degeneration of efficiency and accuracy when
calculating bandpass signals [1], [6]. In order to alleviate
such phenomenon and overcome such drawback, the complex
envelope (CE) method is introduced into the implementation.
Based on the bandpass-limited sampling theorem, the time
step of CE-FDTD algorithm can be calculated according to
the bandwidth rather than the maximum frequency [7], [8].
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That means the time step of the CE-FDTD algorithm can be
enlarged for several times compared with the conventional
FDTD algorithms.

As a time explicit algorithm, the stability of the conven-
tional FDTD algorithm is severely limited by the Courant-
Friedrich-Levy (CFL) condition [9]. By employing the
FDTD algorithm to the large amount of time step problems,
the simulation duration will be unacceptable. Uncondition-
ally stable algorithms are carried out to remove the CFL
condition and improve the efficiency during the calcula-
tion. The Crank-Nicolson (CN) scheme which can obtain
the solution of equations accurately has gained considerable
attention [10]. The original CN scheme can merely solve
the Maxwell’s equations in one-dimensional problems [11].
In multi-dimensional problems, large sparse matrices will
be formed resulting in the computation much more expen-
sive [12]. Thus, a series of approximate CN algorithms
are developed in two-dimensions, such as CN approximate-
decoupling and CN Douglas-Gunn [13], [14]. It should be

45095


https://orcid.org/0000-0002-7392-4437
https://orcid.org/0000-0001-8439-7321

IEEE Access

S. Wu et al.: CE Approximate CN Method and Its Open Boundary Implementation for Bandpass Problem

noticed that the approximate CN algorithms in 2-D cases
cannot be expanded to 3-D cases directly [15]. Recently, CN
cycle-sweep (CS), CN approximate-factorization-splitting
(AFS) and CN direct-splitting (DS) schemes are introduced
to three-dimensions [16], [17]. However, it has been proven
that CNCS is a conditionally stable implementation [18],
[19]. The CNAFS scheme is implemented by adding higher
order disturbance terms at both sides of the equations. Thus,
the resultants can be spitted by the AFS procedure into
three sub-steps resulting in the forming of three tri-diagonal
matrices of each components which can be efficiently solved
by the Thomas decomposition [20], [21]. According to the
CNDS scheme, the field matrices can be spitted by two sub-
steps. By approximating the coupled equations, each field can
be solved by two tri-diagonal matrices of each components.
Furthermore, by introducing moderate auxiliary variables,
the efficiency can be further improved [19]. Compared with
CNDS and CNAFS schemes, it can be concluded that the
CNDS scheme can obtain better computational efficiency,
considerable accuracy and outstanding absorption during the
simulation [19], [20].

To solve different kinds of open region problems, absorb-
ing boundary condition must be introduced to terminate
unbounded lattice. The perfectly matched layer (PML) is
regarded as the most powerful ones [22]. As the Berenger’s
PML is implemented by split-field formulation, several
auxiliary variables should be introduced resulting in the
decrement of efficiency and absorbing performance. To not
only overcome such problem but also improve the accu-
racy, the stretched coordinate PML (SC-PML) and complex-
frequency-shifted (CFS) PML schemes are proposed [23],
[24]. The SC-PML and CFS-PML have advantages of
simplifying the implementation at the corners and edges of
the PML regions, reducing late-time reflections and atten-
uating low-frequency evanescent waves, respectively [23],
[25]. In order to further improve the calculation accu-
racy, the higher order FDTD is incorporated with PML
formulation [26]. However, by employing them to low-
frequency problems, it has been demonstrated that the absorb-
ing performance becomes unacceptable. The reason is that
the low-frequency propagation waves cannot be efficiently
absorbed [27]. Thus, the higher order PML is carried out not
only to alleviate such problem but also to further enhance the
absorbing performance [28].

Until now, several published works which combine the
approximate CN algorithms and higher order PML are
mainly focus on the 2-D situations [29], [30]. Although
CNAFS-PML and CNDS-PML schemes are proposed [19],
[20], they are implemented by CFS-PML according to the
lowpass-limited sampling theorem. Thus, they are ineffi-
ciency in low-frequency and bandpass problems.

Here, based upon the CE method, the higher order PML
formulation and the CNDS algorithm, unconditionally sta-
ble higher order CNDS-PML is proposed for bandpass
open region problems, denoted as CE-CNDS-HO-PML.
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Numerical examples are carried out in 3-D cases for the
further demonstration.

Il. FORMULATION

For simplifying the equations without losing the generality,
E, and H, are chosen as examples for the demonstration of the
formulation In the higher order PML regions, the source-free
Maxwell’s equations in the frequency domain can be written
as

JjoeoEy = S, 0,H, — S 9.H, 6))
—jopoHy = S 0.Ex — Sy 0cE; )

where S, n = x, y, z is the higher order stretched coordinate
variables with CFS factor which can be defined as

S —(K1+L> <K2+L) 3)
n " oyl + jweo g o2 + jweo

where «;,, n = 1, 2 is selected as ky, > 1, oy, and oy, are

.o, . . . _1
positive .real. By employing the partial fraction method, S,
can be given as

o1k Jo + ayy jo + ap
n - . .
Jw +b771]a) +b772

“)

where ki, = 1/(kcq1ky2), apn = ayn /€0 and by, = ay, +
ann / kyn. By substituting (4) into (1) and (2), one obtains

ja)g()Ex
=k Jo + ayy jo + ayy 0H, _kja)+a11ja)+ad%
Vjo + by jo+by dy jo+bjo+by 0z

jw:uOHy

— % jw‘i‘axljw"i‘axZ% _ Jo + az jo +ap O

Yjo + b jo+by 0x jo+ b jo+by 0z
By introducing the auxiliary variables F;, and Gy, into

the equations (5) and (6), one obtains

&)

(6

JweoEy = (fw + ayl) Frop — (jo + az1) Fxo N
JjouoHy = (jo + ax1) ny2 — (jo +az1) Gyz2 ®)

where the auxiliary variables Fy,, and Gy;, almost have the
similar forms, Fy,, are given as examples, written as

Fapt = k0 B + byt F
xnl = nja)‘f‘bnl on JWOI xn1 1L xnl
= kydyH; )
ja) + an2 .
xn2 Ja) +b,72 xnl JOI xn2 n2L xn2
= ja)Fxr]l + ar]ZFxnl (10)

where 7 is the complement of 5, for example, when calculat-
ing E,, n = y while 7 = z. By substituting (9)-(10) to (7)-(8),
one obtains
JjwgoEy = (ayz — byl) Fyy1 + (ayl — byz) Fyyo + kyoyH,
—(az — by1) Fp1 — (a1 — bp) Fro — kzazHy
(11)
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jwlLOHy = (ax2 — bx1) nyl + (ax1 — bx2) ny2 + ky Oy E;
—(azn —bz1) Fy1 — (az1 — bp) Fro — kzazHy
(12)

By employing the CE method, bandpass signal can be
expressed as the following expression as & = Re {Ci)ejm },
where the operator Re {-} represents the real part of the
equation, @ 1is the carrier frequency, ® is the original field
component and & is the CE bandpass signal. By transforming
(11-12) into the time domain according to the relationship
jo < 0 / at, rewriting the resultants according to the CE
method and rearranging the resultants, one obtains

EM = ¢} + pioy A;’yl +P26yﬁfy2

+paedy (A + A1)

~Preck ity = preckity = precde (A + AY) (13)
ﬁy"H = C1I:Iy” ‘|’P1hxé’;x1 +P2hxf7§fx2

+Pp3nxdx (ffzn"'_l + E;)

A A

—P1h:Gyy1 — P2n:Gyp — P3nzd: (E)?H + E,’f) (14)

where c; = 2 — jw A) /2 + jo At), c2 = 1/ (2 + jw Ab),
Plen =20/t (a272 - bnl)/80sp26n =20 At (anl - an)/SOs
Pen = 2c2Atky /€0, piim = 2c2At (ay2 — by1) /10, pony =
2c) At (a,,l — bnz)/uo and p3p, = ZczAtkn//Lo. The oper-
ator J, is the first order finite-difference form by employing

the CN scheme, for example,
sH' = H” 2A
e ( z i+1/2,j—1/2,k)/( Y)
(15)

A~

i+1/2,j4+1/2.k

n
Z

The auxiliary variables can be given according to the CE
method in the time domain as

ﬁ;l;_ll = P4nﬁ)lc1n1 +psydyH;  (16)

(o + 9) ﬁx172 + anﬁan = (jo + ) ﬁxnl + an2ﬁxnl
(17

where pay, = (2 —jw At — by At) /(2 + joo At + by At),
psy = 2Atky [(2+ jor At + by At), pen = (2 — jor Ar—
bpAt) /(2 + jw At + bypAt), pry= (2 + jw At + apAt) /
(24 jo At +bpAt) and pgy, = Q- jw At — aplt)/
(2 +jw At + bypAt). It can be observed that the coupled
equations can be updated by employing (13)-(14) directly.
By this means, large sparse matrices will form during each
iteration steps resulting in the computation much more
expensive which becomes unrealistic sometimes. Thus, the
CNDS-FDTD algorithm is proposed to alleviate such phe-
nomenon. Equations (13)-(14) can be given in the matrix form
as

(I — Dy — Dy) ®"*! = (I} + Dy + D) ®" + A" (18)

VOLUME 9, 2021

where [ is the identity matrix, I1 = ¢/, A" is the other terms

~

N A
at nth time step, ® = (Ex, Ey, E;, Hy, Hy, Hz) s

D
0 0 0 0  —pis. O
0 0 0 0 0 —prexde
| o 0 0  —pindy O 0
=l o 0  —pwmd, O 0 o |
—p3ned. O 0 0 0 0
0 —pamdy O 0 0 0
0 0 0 0 0 pid
0 0 0 pwsd. 0 0
0 0 0 0 pide O
andDy=| 5 5. 0 0 0 0
0 0 pamde O 0 0

P3nydy 0 0 0 0 0
According to the CNDS procedure, the disturbances terms

DD, &1 and DD, " are added at both sides of the equa-
tions. The resultants can be given as

(I-Dy) &* = (It + Dy +2D;) ®" + A" (19)

(I—Dy) &' = d* — D d" (20)

By expanding the equations for upation, one obtains
E; = CIE)? — D3ez0; (I:I; + IA{;) + 21736}'8})[:[;’
+P1ey A;ly1 +p2eyﬁ;lyz _plezﬁ;lzl _pZezﬁ)?zz (21)

1"];< = C]IA'I; — P3nhz0; (E; + Ef) + 2p3hx8xE;

+D1hx Gﬁxl + Panx 6;’x2 — Pinz G;’z1 — D2z G'yzzg(zz)

EMY = EF + panyd, (ﬁ;’“ + ﬁz") (23)
A = 5 + pancdy (2 + E7) (24)

It can be observed that I:Iy* and I:IZ"“ are coupled which

cannot be updated explicitly. By substituting I:Iy* and I:IZ”“
into (21)-(24) for decoupling, one obtains

(1 — P3nep3ecd;0;) EF
= (C1 + P3haPrecd0;) ET
—2P3mP3ec 0 EN — (1 + cl)p3ezazlfl;’ + 2paeydyHY
+p1eyF. o+ p2eyf7)g,2 P R
—Plhxpaezazé;'x 1
_pznxmezazé;’xz + Plth?aezaZG;Zl + p2th3ezazégzz (25)
(1 = P3nypaeydydy) EFT!
= £} — p3nyp3exdxdy (E)” + Ey*)
+2D31yD3ey Oy Oy ELl + P1icD3eydy Gy + PaneD3eydy Gl

~ A

—D1hyP3eyOy G?yl — P2hyP3eyOy G’Zlyz (26)

—

It can be observed that tri-diagonal matrices are formed at
left sides of (25) and (26) which can be updated by employing
the Thomas decomposition [21].

45097



IEEE Access

S. Wu et al.: CE Approximate CN Method and Its Open Boundary Implementation for Bandpass Problem

! PML
| PML
i Source
I L]

PML ‘
|
|
'y, 40

26 R A
L7 Metal 113
- 46
//Soil 126 Receiver

FIGURE 1. The sketch picture of the half-space soil/metal plate problem
and its computational domain.

IIl. NUMERICAL RESULTS AND DISCUSSION

In order to further demonstrate the efficiency and effec-
tiveness of the proposed algorithm, numerical examples
including the half-space soil/metal plate problem and the
target characteristic of metal sphere model are carried out.
To demonstrate the effectiveness of the proposed scheme,
the higher order PML based on the conventional FDTD
algorithm in [32] (FDTD-PML), CNDS based PML in [19]
(CNDS-PML), CNAFS based PML in [20] (CNAFS-PML)
are chosen as examples for comparison.

A. HALF-SPACE SOIL/METAL PLATE PROBLEM
The sketch picture and detail parameters of half-space
soil/metal plate problem is shown in Fig. 1.

As is shown in Fig. 1 that the whole computational domain
has dimensions of 126 Ax x 46Ay x 26 Az in each directions.
Half of the vertical direction along z-direction is filled with
soil which can be expressed by the lossy media with the
parameters of ¢, = 7.73 and ¢ = 0.273 S/m. The metal
plate has dimensions of 113Ax x 40Ay x 1Az which can
be expressed by the perfect E conductor (PEC). The metal
plate is located at the quarter along vertical direction of
z-direction. The source which is located at the three-quarter
of vertical z-direction is a modulated Gaussian pulse with the
center frequency and bandwidth of 0.75 GHz and 0.25 GHz,
respectively. The modulated Gaussian pulse can be expressed
by the following forms as

PRY)
J, (t) = cos [2xf, (t — to)] exp |:—27T(tr—2t0):| 27

where f. is the center frequency and t determinates the band-
width. The receiver is located at the left bottom corner with
the distance of 1 cell from three sides of the PML regions.
The main purpose for the receiver is to observe the waveform
and evaluate the absorbing performance. At each boundaries,
10-cell-PML is employed to absorb outgoing waves and
reduce the wave reflections. Within the PML regions,
the parameters are chosen to obtain the best absorb-
ing performance. The parameters of FDTD-PML and
CE-CNDS-HO-PML are chosen as k1 = 20, a1 = 0.6,
myp = 2, Opl_max = 1.60’,)1701”, Kn2 = 5, ap2 = 0.7,
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FIGURE 2. The waveform obtained by different PML algorithms with
different CFLNs and its partial enlargement.

mp2 = 3 and 0y2_max = 0.05032_opr, Where
Onn_opt = (Myn + 1)/(1507 An) (28)

The parameters of CNDS-PML and CNAFS-PML are
ky = 12, ay = 1.4, my = 2 and 0y;_max = 2.003_gps. The
mesh sizes are chosen as Ax = Ay = Az = A = 3 mm.
The maximum time step of the conventional FDTD algorithm
which satisfies the CFL condition is 5.77 ps. According to CE
method, the time step of CE method (Az¢E ) is 23.08 ps which

max

is four time larger than A#£PTP [5]. The CFL number (CFLN)
is defended as CFLN = At / Almax, Where At is the time
step of the unconditionally stable algorithm. Figure 2 shows
the waveform obtained by different PML algorithms with
different CFLNs and its partial enlargement.

As shown in Fig. 2, the envelope can be directly obtained
by employing the proposed CE method. Furthermore, it can
be concluded that the computational accuracy decreases with
the increment of CFLNs. The reason is that numerical dis-
persion increases with the increment of CFLNs resulting
in such phenomenon. From the partial enlargement, it can
be observed that the proposed scheme shows less shifting
compared with the CNDS- and CNAFS-PMLs indicating that
the proposed scheme holds higher accuracy especially with
larger CFLNs. Such phenomenon indicates the effectiveness
of the proposed algorithm.

The effectiveness of PML algorithm can be reflected not
only by the accuracy but also by the absorption. The absorb-
ing performance of the PML regions can be expressed by the
relative reflection error which can be defined as

Rag (t) = 201log, [|EL (1) — EL (1)| / |max{EL (1)}|] (29)

where EZ’ (t) is the waveform directly obtained from the
receiver and E (7) is the reference solution which can be
obtained by enlarging the computational domain and ter-
minating by 64-cell-PML. During the simulation of the
reference solution, the reflected waves from the boundaries
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FIGURE 3. The relative reflection error versus time obtained by different
PML algorithms with different CFLNs (a) FDTD-PML, CNDS-PML,

CNAFS-PML, and CE-CNDS-HO-PML CFLN=1 (b) CNDS-PML, CNAFS-PML,
and CE-CNDS-HO-PML CFLN=10.

cannot reach the receiver. The reason is that the computational
domain is large enough and the PML is thick enough resulting
in the neglecting of reflected waves. Figure 3 shows the rel-
ative reflection error versus time obtained by different PML
algorithms with different CFLNs. For clearance, 6000 steps
during the simulation time of 34 ns is shown respectively in
each figure.

The absorbing performance can be reflected by the max-
imum value of relative reflection error (MRRE), as shown
in Table 1. It can be concluded from Table 1 and Fig. 3 that the
CNDS- and CNAFS-PMLs hold the similar absorbing per-
formance when CFLN=1. It can be observed that the MRRE
and the late-time reflections can be decreased significantly
by employing the higher order schemes. Among the higher
order schemes, the proposed CE-CNDS-HO-PML can obtain
better absorbing performance and lower late-time reflections

VOLUME 9, 2021

TABLE 1. CPU time, CFLNs, iteration steps, consumption memory, MRRE
and time reduction with different PML algorithms.

PML CLF STEPS M]fi\(d ? CcPu ?TEII())IIfI MRRE
ALGORITHMS N (MB) TIME (S) %) (DB)
FDTD-PML 1 32768 67.2 803 - -108.7
CNDS-PML 1 32768 98.6 2081 -159.2 -84.5
CNAFS-PML 1 32768 103.5 3718 -363.0 -84.5
PROPOSED 1 8192 152.8 684 14.8 -117.5
CNDS-PML 10 3277 98.6 492 38.7 -40.3
CNAFS-PML 10 3277 103.5 501 37.6 -53.7
PROPOSED 10 820 152.8 217 72.9 -91.8

compared with FDTD-PML. Thus, it can be concluded that
the absorption of proposed scheme is better than FDTD-,
CNAFS- and CNDS-PMLs indicating the effectiveness of the
proposal.

When CFLN=10, the CNAFS-PML shows better perfor-
mance compared with CNDS-PML indicating the advantages
of CNAFS-PML in terms of the absorption and accuracy. The
absorbing performance of both CNDS- and CNAFS-PMLs
become worse with larger CFLNSs. It can be observed that
the MRRE can be significantly reduced by the proposed
CE-CNDS-HO-PML scheme. Overall, the absorbing per-
formance can be improved significantly by employing the
proposed scheme. The CPU time, CFLNSs, iteration steps,
consumption memory, MRRE and time reduction with dif-
ferent PML algorithms are shown in Table 1.

It can be concluded from Fig. 3 and Table 1 that absorbing
performance can be significantly improved by employing
the proposed scheme. Especially, the MRRE of proposed
scheme is 9.8 dB lower than FDTD-PML with the time
reduction of 14.8 %. Thus, for FDTD-PML, the proposed
scheme receives better performance both in absorption and
efficiency when CFLN=1. Moreover, the CPU time reduces
by 72.9 % when CFLN=10 compared with the FDTD-PML.
The proposed scheme can receive both better absorption
and improved efficiency compared with the CNDS- and
CNAFS-PMLs with larger CFLNs. Furthermore, the pro-
posed scheme with CFLN=10 can save much CPU time
with considerable absorption which is better than that of
the CNAFS- and CNDS-PMLs when CFLN=1. As can be
concluded that the efficiency of unconditionally stable algo-
rithms can be can be improved by employing larger CFLNs.
The reason is that larger time steps are employed to decrease
the total number of iterations resulting in the improvement
efficiency. The time step of the CE method is much larger
than the conventional time step of the FDTD method. Thus,
the total iteration step of the CE method can be decreased
resulting in the improvement of efficiency.

B. TARGET CHARACTERISTIC OF METAL SPHERE MODEL
The accuracy, efficiency and absorption of the proposed
CE-CNDS-HO-PML are testified through the target charac-
teristic numerical example which can be reflected by the radar
cross section (RCS). The computational domain and its detail
parameters are shown in Fig. 4.
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FIGURE 4. The sketch picture and detail parameters of target
characteristic numerical example.
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FIGURE 5. The waveform obtained by different PML algorithms with
different CFLNs and its partial enlargement.

As can be observed that the sphere model is located at the
center of the domain. The sphere model has the radius of
R=50 mm which can be regarded as PEC material. The whole
cubic computational domain has dimension of 4R x 4R x 4R
in each directions. The wave incidents along the negative
side along x-direction. The source is a modulated Gaussian
pulse with the center frequency of 1.4 GHz and bandwidth
of 1 GHz. The receiver is located at the corner of the domain
with the distance of 1 cell from three sides of the PML
regions.

It has been testified that such condition can obtain the
worst absorbing performance [33]. All sides of the boundaries
are terminated with 10-cell-PML to absorb outgoing waves
and reduce the wave reflection. The parameters inside the
PML regions are chosen to obtain the best absorbing perfor-
mance both in the time domain and in the frequency domain.
The parameters of FDTD-PML and CE-CNDS-HO-PML are
chosen as ;1 = 12, a1 = 1.1, oy1_max = 0.4031_opr»
Kn2 = 2, an2 = 0.2, my2 = 2 and Op2_max = 1.00’,,2701”. The
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FIGURE 6. The relative reflection error versus time obtained by different
PML algorithms with different CFLNs in the metal sphere model

(a) FDTD-PML, CNDS-PML, CNAFS-PML, and CE-CNDS-HO-PML CFLN=1
(b) CNDS-PML, CNAFS-PML, and CE-CNDS-HO-PML CFLN=10.

parameters of CNDS-PML and CNAFS-PML are «, = 8§,
ay =0.9,m; =4 and 0y)_max = 1.60y_gpr-

The mesh sizes can be chosen as Ax = Ay = Az = A =
1.25 mm. The time step of the conventional FDTD algorithm
is AtEDTD — 2 4 ps. The time step of the CE method is

max

AtSE =576 ps, which is 2.4 times larger than AtDTP [5].
Figure 5 shows the waveform obtained by different PML
algorithms with different CFLNs and its partial enlargement.
As can be observed that the waveform obtained by different
algorithms when CFLN=1 are overlapped indicating they
hold the similar accuracy. By employing the CE algorithm,
it can be observed that the envelope can be obtained which is
overlapped with the edge of waveform. As can be observed
that the accuracy decreases with the increment of CFLNs due
to the increment of numerical dispersive error. As shown in
the partial enlargement, the CE algorithm shows less shifting
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TABLE 2. CPU time, CFLNs, iteration steps, consumption memory, MRRE

and time reduction with different PML algorithms.

MEMO CPU REDUCT | MRR

ALGlz)I;/III;HMS S:} STEPS RY TIME ION (%) E
(MB) ™) (DB)
FDTD-PML 1 32768 947.1 479 - -99.4
CNDS-PML 1 32768 | 1366.2 94.0 -96.2 -73.7
CNAFS-PML 1 32768 | 1407.5 101.6 -112.1 -74.1
PROPOSED 1 8192 2135.0 40.8 14.8 -106.2
CNDS-PML 10 3277 1366.2 29.1 39.2 -40.3
CNAFS-PML 10 3277 1407.5 323 32.6 -44.3
PROPOSED 10 820 2135.0 11.2 76.6 -68.6

compared with CNDS- and CNAFS-PMLs indicating the
proposed scheme shows advantage in terms of accuracy. The
absorption can be reflected by the relative reflection error ver-
sus time in the time domain. Figure 6 shows relative reflection
error versus time obtained by different PML algorithms with
different CFLNSs in the sphere model.

Through Fig. 6, it can be observed that the relative
reflection error is decreased by employing the CNDS- and
CNAFS-PMLs with MRRE of -73.7 dB and -74.1 dB,
respectively, compared with the FDTD-PML with MRRE of
-99.4 dB. By employing the CE method, the MRRE can
be improved with the value of -106.2 dB indicating the
effectiveness of proposed scheme. The absorption becomes
worse with the increment of CFLNs. However, it can be
observed that the MRRE can be decreased by 28.3 dB
and 24.3 dB by employing the proposed scheme compared
with CNDS- and CNAFS-PMLs. In conclusion, the proposed
CE-CNDS-HO-PML can obtain better absorption compared
with the CNAFS- and CNDS-PMLs. The effectiveness of the
proposed scheme can also be reflected by the computational
efficiency. Table 2 shows the CPU time, CFLNs, iteration
steps, consumption memory, MRRE and time reduction with
different PML algorithms.

It can be observed that the CPU time and consumption
memory are increased by employing the unconditionally sta-
ble CNDS- and CNAFS-PMLs algorithms. The reason is
that tri-diagonal matrices must be calculated at each time
step resulting in such condition. Although the consumption
memory of proposed scheme becomes the highest among
these implementations, the CPU time can be significantly
decreased by 14.8 % compared with FDTD-PML when
CFLN=1. The reason is that the time step in the CE algorithm
is terminated by the bandwidth rather than the maximum
frequency. Thus, the total iteration steps can be decreased
by employing the CE method. When CFLN=10, the pro-
posed scheme can maintain considerable absorption with the
time reduction of 76.6 %. Compared with the CNDS- and
CNAFS-PMLs, it can be concluded that not only the absorp-
tion but also the efficiency can be improved at the same time.
This illustrates the effectiveness of the proposed scheme from
the aspect of efficiency.

The accuracy of the proposed algorithm and target charac-
teristics can be reflected by the RCS parameters. The main
reason for selecting the sphere model during the demonstra-
tion is that the RCS of the sphere model has the theoretical

VOLUME 9, 2021

216
g 20
m
c
2
7]
Q
& 4 ]
-28 4 Theoretical
— — CNDS-PML CFLN=10
---- CNAFS-PML CFLN=10
~- == CE-CNAFS-HO-PML CFLN=10|
-32 T T T T
0.4 0.8 1.2 1.6 2.0 24
Frequency (GHz)
(@
-12
16 - e X
7 \ b=
/ \ /f ~.,\
/ A\ /
/
H \ A X
E 20 / X / \
Z D \ / \
/m \ /
= / \ £
> / \ /
O i X /
& 244 ) \ /
/ \
/ \
- \ #
—— Theoretical \ /
-289 |- - FDTD-PML L/
- CNDS-PML CFLN=1
~{=-=CNAFS-PML CFLN=1
- -<- CE-CNAFS-HO-PML CFLN=1
-32 T T T T
0.4 0.8 12 1.6 2.0 24

Frequency (GHz)
(b)

FIGURE 7. The RCS versus frequency obtained by different PML
algorithms with different CFLNs in the metal sphere model (a) Theoretical
solution, FDTD-PML, CNDS-PML, CNAFS-PML, and CE-CNDS-HO-PML
CFLN=1 (b) Theoretical solution, CNDS-PML, CNAFS-PML, and
CE-CNDS-HO-PML CFLN=10.

solution [35]. Figure 7 shows the RCS versus frequency of
the sphere model obtained by different PML algorithms with
different CFLNs. It can be observed from Fig. 7 (a) that
all implementations are almost overlapped indicating they
almost hold the same performance in the frequency domain.
From Fig. 7 (b), it can be observed that the computational
accuracy decreases with the increment of CFLNs. Compared
with the CNDS-PML, the CNAFS-PML shows less shifting
indicating that the CNAFS-PML hold the better accuracy
compared with the CNDS-PML. Furthermore, the proposed
scheme shows the least shifting compared with the theoreti-
cal solution indicating it has the best accuracy among these
implementations within larger CFLNs.

In conclusion, compared with the FDTD-, CNDS- and
CNAFS-PML, the proposed scheme can obtain better absorp-
tion and efficiency which can be reflected by the MRRE,
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CPU time and time reduction. Nowadays, the memory is
cheaper than ever before, one cared more on the efficiency
and accuracy. Although the proposed scheme occupies a little
bit more memory, the efficiency and the accuracy can be
improved.

IV. CONCLUSION

Based upon higher order PML formulation, CE method and
CNDS algorithm, unconditionally stale CE-CNDS-HO-PML
is proposed for bandpass open region problems. The proposed
scheme take advantages of CE method, higher order formu-
lation and CNDS algorithm in terms of enhanced absorp-
tion, improved efficiency and bandpass simulation in open
region problems. Through the resultants, it can be concluded
that the proposed scheme is stable and efficient when the
time step surpasses far beyond the CFL condition. Most
importantly, it can significantly improve the computational
efficiency compared with previous work during the bandpass
simulation. In the future work, such implementation can be
employed into curved boundaries, such as, the spherical coor-
dinate system and column coordinates system, respectively.
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