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CEM map *

Hybridisation to
solve large and
complex
problems

ELECTRICAL SIZE

COMPLEXITY OF MATERIALS

*
source: http://feko.info/product-detail /numerical_methods

CAET
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FDTD timeline
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FDTD major technical paths

¢ Absorbing boundary conditions

e Mur; Engquist-Majda; Berenger PML, UPML, CPML
¢ Numerical dispersion

e High-order space differences; MRTD; PSTD
¢/ Numerical stability

o ADI techniques; PITD; One-step Chebyshev method
v/ Conforming grids

o Locally/globally conforming; Stable hybrid FETD/FDTD
¢ Digital signal processing

o Near-to-far-field transformation
v Dispersive and nonlinear materials

e |sotropic/anisotropic dispersions; Nonlinear dispersions

¢/ Multiphysics
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PITD

Pl tech

LTI ODEs

timeline

Pl technige for CEM (Ma)

ni(?e for
Zhong)

ngquist-Madja & PML i
ABCa for PITD. (M) High order PITD (Ma)

Sub-domain PITD (Ma);
2010 "Wavelet Galerkin PITD (Ma)

ybrid PITD-FDTD
Krylov subspace-based PITD

PITD monograph
(Sci. Press, Ma)
Unified split-step PITD (Ma)

Compact PITD (Maz);
Split-step-scheme-based PITD (Ma)

Leap-frog scheme (Ma);
Losspy mgdia (Ma)
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Maxwell's equations

And God said:
a_E — 5_1 .V x H,
ot
cH 1
- - L. E
ot pooVxE

and then there was light.

J. C. Maxwell

“From a long view of the history of mankind the most significant event of
the nineteenth century will be judged as Maxwell’s discovery of the laws

of electrodynamics.” — Richard P. Feynman
e ICEF2016 Xi'an — PITD 7/35
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Discretization and Yee cells

FDTD PITD
e Finite difference in space e Finite difference in space
e Finite difference in time e ODEs in time

T g ICEF2016 Xi'an — PITD 8/35
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Updating equations / ODEs

® D¢jujo.|o, — diagonal matrices
containing €, i, 0e, om for each cell

® K — arises from the discretization of
the curl operators

e 11 _ sources

PITD

X(t) :[ E'((tt)) ]

® M — matrix containing material
properties and the discretization of the
curl operators

® f — sources

(E and H are staggered in time. ]

QST

[E and H are non-staggered in time. ]

ST ICEF2016 Xi'an — PITD 9/35
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Formal solution to ‘é—’: = MX + f(t)

e Analytical form
X(t) — exp(Mt)X(0) + ft exp[M(t — 5)]f(s)ds
0

e Recursive form

(Key points! )

LT ccigr ICEF2016 Xi'an — PITD 10/35
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Ways to compute eMA?

Series methods

SIAM REVIEW © Society for ial and Applied Mathematics
Vol. 20, No. 4, October 1978 ose 445778 20040031501 0010

ODE methods

Polynomial methods

NINETEEN DUBIOUS WAYS TO COMPUTE
THE EXPONENTIAL OF A MATRIX*

CLEVE MOLERY AND CHARLES VAN LOAN{

Matrix decomposition methods

W ow 0 Sy i it i Splitting methods

Nineteen Dubious Ways to Krylov space methods

Compute the Exponential of a (]
Matrix, Twenty-Five Years Later*

Cleve Moler”
Charles Van Loan?
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MAt

Pl technique to compute T = e

©® compute T = (e""T)IZ = (1+ T,)" — to be contd.

AT o ICEF2016 Xi'an — PITD 12/35
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Pl technique to compute T = eMA? (contd.)

® compute T = (eMT)z = (+T)"

T=(+T)" =0+ T x 1+ T =
with (1+ T,)2 = 14+2T, + T, x T..
Pseudo code
doi=1,...,N
T, 2T, +T.xT,
end do The algorithm holds the
T—I1+T, computational precision.

T g ICEF2016 Xi'an — PITD 13/35
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thyt

Evaluating Tf e *Mf(s)ds & the recursive formula
ty

(1) Analytical solution under the linear representation of f(t)

e 1% order Taylor approximation of f(t), i.e.,

f="fo+ (t— ty)f1, te (tn, the1)
e integrate TJt"+1 e *Mf(s)ds analytically
e recursive fornin for Xpa1:

Xnt1 =T [Xn + M7 (fo + M71)]

—-M! [fo + M_lfl + flAt]

compute M1 It is [noninvertible generally!

BT g ICEF2016 Xi'an — PITD 14/35
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thyt
Evaluating Tf e *Mf(s)ds & the recursive formula (contd.)

ty
(2) Recursive formula by using the Gaussian quadrature rule

e three-point Gaussian quadrature

e recursive form for X,11:
1+4/3/5 MAt/2¢
Xpi1 = TRy + e 5 (1++/35) [ (1— 3/5) At/z]

. 158€<1‘\/%)""At/2f [t,, + (1 + \/%> At/2]

+ %e""mpf (tn + At/2)

GIEN}
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Remarks

%zMX—l—f, X =[E,H]"

@ finite difference in space, but differential in time
@® scaling and squaring for exp(MAt)

©® T, —2T,+ T, x T, to guarantee the computational
precision

@ Gaussian quadrature for the excitation term

® non-staggered E and H in time

[Precise Integration }

@0ET
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Numerical stability condition

1
FDTD CFL criteria: AthoP =
bomn 1 1 1
C\/ a2 Ty T a2

PITD

Stability conditions vary for different orders of Taylor approximation:

e 1t/2"_order: unstable;

e 3%-order: At < v3/2lAdpIR = v3/ M LRTP

o 4t order: At < \/EEAI“EE;LE — QN+1274FDTD Almost unconditionally

boun bound

stable for large N.

o 5"_order: f V2(5-V85) A 4FDTD - Af f V2(154V/65) y p 4FDTD
15—+/65 boind 154/65 bohnd

gt

ICEF2016 Xi'an — PITD 17/35



(A

cer 206 Overview Methods Examples Outlooks

Numerical dispersion analysis

FDTD numerical dispersion relation:
WZ/c® = W2+ W) + W2,

sin(kyjy |- Ax|y|z/2) W, — Sn(wAt2)

where W, ||, = Axly[z/2 At

PITD

; —

2
tan2 (WAt) _ (APIZTD - Asl;lTD4/3!)
L4+ Apirp/2! = Npp/4!

where Apitp = %\/WE + W)? + VVZ2

T e ICEF2016 Xi'an — PITD 18/35
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Numerical dispersion analysis (contd.)
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worse than that of FDTD

independent of the time step

dense griding improves the
accuracy
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Source and boundary conditions

Source conditions Boundary conditions

e Hard sources e Engquist-Majda ABC

e Plane waves & TS/SF technique e PMLs

o ... e ..
- lrrd
: 1 “BIIZA, ATUBE . " — 55 Ham)
2 48 (2 “Stones from other hills may serve to
’Q polish the jade of this one.”

— Classic of Poetry = Lesser Court Hymns
= Singing of Cranes
GENg

T g ICEF2016 Xi'an — PITD 20/35
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Remarks

Characteristics of the PITD method:

v preselected N determines the upper bound of AtPITP

v OARES >> AtfRP
bound bound

v slight worse numerical dispersion compared with that of the
FDTD method

v/ numerical dispersion can be independent of At
v technique paths of the FDTD method can be learned

“Stones from other hills may serve to polish the jade of this one.”
— Classic of Poetry » Lesser Court Hymns = Singing of Cranes

T g ICEF2016 Xi'an — PITD 21/35
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Improved methods

o Fourth-order PITD [PITD(4)] method
Wavelet Galerkin PITD (WG-PITD) method
Leapfrog PITD (L-PITD) method
Compact PITD (CPITD) method
Hybrid PITD-FDTD method

Krylov subspace method

)

BB

g
B
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¥
g
i
g
8
4
i
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Improved methods — PITD(4) !

4th_order spatial difference scheme is used as:

w101, ., 20, Uir12) |40 | (Ax)*
= o | 57 (Uimze — Uigsp) — 57 (Uic1j2 — Uiy
ox Ax |24 / / 24 / /
1.02 . - T T T " " " '
L e S =
7 100F 1 £ 1000p el
2 099} 1 3 e
% 098 [ E ; . . .
ol 1 £ omsh [Numerlcal dispersion ] J
o o
F ossf 1 3
g 095 [ ’ +F[;TD\ 1 é o
o T i 12 =
0.93 - . / ~FDTD(2,4) S N-
0'920 1‘5 3l0 4I5 6“’ 7I5 90 0.01 ()jl ; 1I0 1(;0 10'00 10000

Angle of propagation, deg Courant numbers

'IEEE T-AP, 59(4), 2011: 1311-1320.

@AET
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Improved methods — WG-PITD method 2

Discretization form of Maxwell equation(s) in space:

d Exlit1/2,m,n oliy1/2,m,n Heliprmeivion  Mvlicye,maviviye
= - Eclis1/2,mn + 2,3 -

dt elix1/2,m,n eliy1/2,mn By eliy1/2,m,n A2

where a; = §” d¢1/2(x)¢ ((x)dx

[Numerlcal dispersion ] Su parameter j

S 0003

0.0000
.

-0.0033

-0.0099 10
-0.0132 —_—

—8—FDTD
-0.0165 —&—PITD .15
-0.0198 wetn
. < yome =

L L L n n +wc i
10 20 30 “0 50 ) 0 0 9% ah T 3

Angle of propagation (degree) Frequency (GHz)

Relative error of numerical phase velocity
g
H
1S, ldB

2|JEEE MWCL, 20(12), 2010: 651-653
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Improved methods — Hybrid PITD-FDTD method 3

How to handle multiscale problems with fine geometrical features?

e Subgriding in FDTD — At depends on Axmin }
e PITD — need to compute eMAt but At can be relaxed

- (Fobridng

#e  |FDTD region 02

0.1

R
Hye — il o E,/(V/m)
)2

3Please refer to PA-11 (Mon. 14:00-15:30, Function Room 2, 2F)

T g ICEF2016 Xi'an — PITD 25/35
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Improved methods — Krylov space method *

Recursive form of the PITD method:

Xpi1 = eMAtX, + Z a,-eMB"Atf(t,, + yiAt)

1

number of nonzero
Denseness  Memory cost (MB)

elements
M 1558 0.0039 0.003
eMAt 370482 0.9334 0.76

Evaluate eMAt explicitly? X — Estimate eMAty directly. v/

“Please refer to OC2-6 (Tue. 08:30-10:00, Function Room 3, 3F)

@neT
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Improved methods — Krylov space method * (contd.)

Direct estimation of eMAt

v
@ m™-order Krylov subspace: K™(M,v) = span(v,Mv,...,M™1y)

@® Arnoldi process

® V., = [vi,v2,...,Vn]|" — orthogonal basis of K™
e H, ~ V] MV,, — matrix generated during the Arnoldi process
O MAvx VetV ]y = V,emBe;, e = [1,0,0,...,0]7 e R™*!

3 A —— Analytical solution
3 + Proposed approach
& FDTD

. Memor

CPU time (s) cost (Mé)
Krylov-PITD 23.78 0.30
FDTD 137.28 1.34

0 5 15 20

10
Time/ns

“Please refer to OC2-6 (Tue. 08:30-10:00, Function Room 3, 3F)

@AET
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Rectangular cavity

FDTD scheme ADI-FDTD scheme PITD scheme
fana. (GHz) At =1 ps At = 60 ps At = 60 ps
f(GHz) rel. err.  f(GHz) rel. err.  f(GHz) rel. err.
3.125 2.983 4.54% 2.900 7.20% 2.983 4.54%
4.881 4.750 2.68% 4.650 4.73% 4.750 2.68%
5.340 5.450 2.06% 5.580 4.49% 5.450 2.06%
7.289 7.333 0.60% 6.817 6.92% 7.333 0.60%
7.529 7.567 0.51% 7.000 7.03% 7.567 0.51%
16
® relative error increases as the time-step " E
i _ |
|ncre.ases for t.hej ADI-FDTD method- “ | r >
® relative error is independent of the time g0 I -B!m ~
step for the PITD method i, i J/
§ 6 : /’///

@RET

LA T aolger

Unsﬂ'l:ll point of FOTD

ICEF2016 Xi'an — PITD
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Microstrip low pass filter °
—=— 5, ,FDTD ]

——|s,FDTD ]
= asf ]
¢ =22 IS, LL-PITD
y 40 ——IS,,,.L-PITD ]
. B ; ;

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

1S,,.,1 4B

Comparison between the FDTD method and the L-PITD (Leapfrog PITD) method f

Ax Ay Az At memory  CPU time
FDTD 041 mm 026 mm 0.42mm 0441 ps 2444 MB 1024 s
L-PITD 041 mm 026 mm 0.42mm 0.884 ps 248.4 MB 851 s
T Simulations were performed on Intel® Core™ Duo CPU T8100 2.10 GHz PC.

°|IEEE MWCL, 22(6), 2012: 294 — 296.

@OET

o ]
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Small antenna

Coarse Grid

z Analytical solution
90
/" (FDTD) +  Proposed approzch 2,
Subgrid a  FDTD :
(Krylqy) -
15
Dipole 1801 0
Atenna T
21 30

270

Comparison between the FDTD method and the Krylov-PITD method

CPU time (s) Memory cost (MB)
Krylov-PITD 23.78 0.30
FDTD 137.28 1.34

QST
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Remarks

¢/ almost unconditionally stable
relative large time step size can be used
Pl technique maintains the computational precision

relative error independent of the time-step

S X X

hybrid PITD-FDTD technique suitable for multiscale problems

¢/ memory cost can be relaxed by using the Kyrlov space method

“BRANER . " — GLiE

“One flaw cannot obscure the splendor of the jade.”
— Book of Rites = Meaning of Interchange of Missions twixt Different Courts
GIEy

IE
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Outlook

Future work :
e Sub-domain technique
e Parallel computing technique

e Extend to complex materials

Future prospects :

e Nanophotonics and nanoplasmonics. Ultimately, combination
of quantum and classical electrodynamics

e Multiphysics

@OET
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Our Group for Advanced Electrical Technologies (GAET) is
seeking for highly self-motivated students with the solid scientific
strength in one of the following areas:

o Electromagnetics (theory and computation)

e Metamaterials and plasmonics (graphene plasmonics)
e Wireless power tansfer

e Power electronics

Please visit http://tydong.gr.xjtu.edu.cn/ for details.
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