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—

RERREEERRREEERRLR TR RRRER LR ERRLRET T ERRLRLE S SRR TR LET 500524444

% 1-D FDTD code with simple radiation boundary conditions
KRR R R R RS ERR R SRR RR SRR ERELELET LRI R5%%%

1333%993333%%%%33333%94933333%%4%33353$949%33533$99993333339%49%33333%9%1
X This program has been largely modified for the implementation of

X negative refraction index materials through the auxiliary differential
% equation of lossless Drude type material dispersion in both dielectric
% permittivity and magnetic permeability.

%

% Modification by M.Fujii, May 31, 2007.
1$3339%93333%%9%33333%%4333333%%%33333%%%%43333339%94933333933493333399%1

R R R R R R R R R R R R E R R R R R RS SRR SRR LR R IR 2 020442
Program author: Susan C. Hagness

Department of Electrical and Computer Engineering

University of Wisconsin-Madison

1415 Engineering Drive

Madison, WI 53706-1691

608-265-5739

hagness@engr.wisc. edu

Date of this version: February 2000

This MATLAB M-file implements the finite-difference time-domain
solution of Maxwell's curl equations over a one-dimensional space
lattice comprised of uniform grid cells.

To illustrate the algorithm, a sinusoidal wave (1GHz) propagating
in a nonpermeable lossy medium (epsr=1.0, sigma=5.0e-3 S/m) is
modeled. The simplified finite difference system for nonpermeable
media (discussed in Section 3.6.6 of the text) is implemented.

The grid resolution (dx = 1.5 cm) is chosen to provide 20
samples per wavelength. The Courant factor S=c¥dt/dx is set to
the stability limit: S=1. In 1-D, this is the "magic time step.”

The computational domain is truncated using the simplest radiation
boundary condition for wave propagation in free space:

Ez (imax, nt1) = Ez(imax-1,n)

To execute this M-file, type "fdtdiD" at the MATLAB prompt.

This M-file displays the FDTD-computed Ez and Hy fields at every
time step, and records those frames in a movie matrix, M, which is
played at the end of the simulation using the "movie” command.

I IV I DT IR IR IR IR 0 DT IR IR IR DR IR 2T 2R R IR IV 2R IR 2R 20 2R I 2R IR T IR R @

%

b e et R R R R iR R iR R R et e R e iRt iR ST L]
clear

KRR R R R R R R R R AR R R R R R R R LRI R LR LR L LR L SR LS54
% Fundamental constants

R R R R R R R PR LR R R R R LR R SRR R LSRR LR R R TR LR R4 %S

c0 = 2.99792458e8; %¥speed of light in free space
mu0 = 4.0%pi%1.0e-7; Xpermeability of free space
ep0 = 1.0/ (c0%c0¥mu0) ; %permittivity of free space
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freq = 1.0e+9; Xfrequency of source excitation
lambda = c0/freq; Xwavelength of source excitation
omega = 2.0%pi%freq;

REREEEERRERRERREERETRLERLERRRERLERRELR LSRRk L e e 0200k 8%2
% Grid parameters
KEREEEERERRERIREIRERLEBIRERLLELER LR ELLEB 0828808228888 48%%

ke = 400; Xnumber of grid cells in z-direction

kmax = ketl;

kb = kmax;

dz = lambda/40.0; X¥space increment of 1-D lattice

dt = 0.95%dz/c0; Xtime step (Magic time step does not work for NIM.)

omegadt = omega#dt;

dztkb; Xlength of the calculation space
round (30. 0e-9/dt) Xtotal number of time steps

Zmax
nmax

RIS ERR R R kR R bR bR R R R R R R R R R RSN ERRRESERRELRREEILRREI LR85 282

X Material parameters and locations
b3 e e e e e PR R T PR IR eI eI T I T R ITTIe12 22122222233222321,

XDefault values (initialization)
epi(1:ke) = 1.0; Xepsilon at infinite frequency

mui(1:ke) = 1.0; Xmu at inifinite frequency
omg_e(1:ke) = 0.0; Xplasma (angular) frequency for dielectric susceptibility
omg_m(1:ke) = 0.0; Xplasma (angular) frequency for equivalent magnetic susceptibility

XEnter structures to be analysed

%epi (0. 3%ke:0. T¥ke) 0;
0

%mui (0. 3%ke:0. 7¥ke)

2.
2.0;

omg_e (0. 3%ke:0. Ttke)
omg_m(0. 3%ke:0. T+ke)

2¢piksqrt(2)%1e9; Xat this frequency, ep = -1
2¢pitsqrt(2)%1e9; %at this frequency, mu = -1

KRR R e R LR SR LIRERERELREREELELLEELERELERLLL LRS84 84%
X Updating coefficients for space region
b e R R R R R R R R R IR TR IR IR T 3223132332233 2222322222 23223]

ca=dt/dz;
cp(1:ke) = epOsomg_e(1:ke). "2%dt"2;
cq(1:ke) = muOsomg_m(1:ke). 2%dt"2;

pE232 R e33R IR T IR e IRt e P iR iRt EEE T2 2124212212122 23222122122323221222322]
X Field arrays
REEEEEEERRLRR LSRR RLRIILERRRLLR R RS RER R 0000822 b8 L8488 %%

XFields and flux densities

e(1:kb) = 0.0; XEx, only this needs the 'kb'-th node.
d(1:ke) = 0.0; %Dx

h(1:ke) = 0.0; %Hy

b(1:ke) = 0.0; %By
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XPolarizations (for 3 time steps, future (index 3), present (2) and previous time (1))

p(1:3,1:ke) = 0.0; %Px, dielectric polarization

a(1:3,1:ke) = 0.0; %Qy, equivalent magnetic polarization (dimension different from magnitization)

KEEEERRELRLELRRLLRLRLLRER LR LLER B2 E0 L2020 84
% Movie initialization
KEEEERREREEEERRLLEIRRRLLEEEBIER LR R 0o R LR

z=linspace(dz, kexdz, ke) ;

subplot(2,1,1), plot(z,e(1:ke),’ r'), axis([0 zmax -1 1]);
ylabel CEx');

subplot(2,1,2), plot(z,h, 'b’), axis([0 zmax -3.0e-3 3.0e-3]);
xlabel "z (meters)');ylabel CHy');

rect=get (gcf,’ Position’):
rect(1:2)=[0 0];

M=moviein(nmax/2,gcf, rect); %for Matlab Rev.11 and earliers

REEEE R R R Rt bR R R R R R R LR R R R R R SRR R R R LR EERRRRRRRRERERLR3%%

b4 BEGIN TIME-STEPPING LOOP
REERREEERR R R ERLR RS RERLRERRRELTERRRERLERLLRRRLEEILLRRRRE 422038

for n=1:nmax

REEEEEEEERRE R bR RRR LR bR RRR LR ERERRRRERERERRLLRRREESERILRRRRE 442222

% Data structure (supplemented by M.Fujii, 3 June, 2002)
REEEEEEEERRERRRERRERRERERERLLLERELELEREESELEL LRS00 208828858%

X

¥ Hy: | t + { + + t |

X 1 2 3 ... ie

¥

%

X Ex: | + + + + { + { |

X 1 2 3 ie ib

% | |

% | |

% hard excitation at ez (1) radiation boundary condition (rbc)
]

1$4%43333333333333333333333333338843%33343333%333333333%333%33333%3%33%%%33%]
X Excitation of electric field
149%9343333333333333333333333333333%333333%33333%33333%33%33335333%3333%%35%3%1

e(1)=sin(omegadt¥n); Xexcitation
pE233 eIt e PR PR IR P T E T E 1221122223233 233233223328232233233
b4 Update electric flux density
122321333 32322232222 30812222 823330 228222238 taRtt Ittt T Ittty

d(2:ke) = d(2:ke) - cat(h(2:ke)-h(1:ke-1));

REREEEE LR ERERIRELERIRERLER R0 0000002ttt 48282¢
X Update dielectric polarization for current time step



KEEEEEERELERIREIRERRLLERERELERESLELELEREL LR 4424883222583 888%
p(3,2:ke) = 2%p(2,2:ke) - p(1,2:ke) + cp(2:ke).%e(2:ke);

P e33R P P T T T3 31122733333332222232233332223323333
X Update electric fields
b2 2322 PP P P TR Pt I eI T I TP T I T T e LT T 33383333233 332233333313 "

rbc = e(ke); %radiation boundary condition
e(2:ke) = (d(2:ke)-p(3,2:ke))/ep0./epi (2:ke);
e(kb) = rbc;

KEREEREER R RR Rt R Rt RERRas s LR bR RL RS2 EES22%

% Update dielectric polarization for previous time steps
KRR R R R e RS E LR PR TR LRIRIRRLRLRIRELLR L0200 2E8888248

p(1,:) =p(2,:);
p(2,:) =p(3,:);

1$$333%9935333%99%33333%4433333%%%%333333%499343333%499353%33%%93%33%333%1
X Update magnetic flux density
13333333333333333333333333333333 8338883333 %393%%33%333%333%333333%33%3%%333%]

b(1:ke) = b(1:ke) - cax(e(2:kb)-e(1:ke));

REREE R R R R R R RR LR PR RRLRRIRLERLERRLIL SR PRS00 8282828
¥ Update equivalent magnetic polarization for current time step
KEEEEERRERRELRRRRELRIRRERRERRERREB5RR 0000002282828 8 2808848
a(3,1:ke) = 2#q(2,1:ke) - q(1,1:ke) + cq(1:ke).*h(1:ke);

KRR kR R R SRS SR LR ER IR EEELEL LR L L L0288 82%2%4

X Update magnetic fields
KERERERRRERERRERRERRERRERRERERREL 0000208088080 82824282882 4822

h(1:ke) = (b(1:ke)-q(3, 1:ke))/mu0. /mui (1:ke) ;
b e33Rt R e R Rt R R R R I TR T T332 2323232232232823223322323;

X Update magnetic polarization for previous time steps
b A3 e R R R IR PR R IR TR I RT3 e 22321213 223333232332233222323223,

a(1,:) =q(2,:);
a(2,:) =a@,:);

b e33R R R Rt R R R P R T TR TR 2T 3332322322322 33222332323;
% Visualize fields
b33 e e et PR IR R R R TP E e 2122232323223 323232222232%21;

if mod(n,2)==0;
rtime=num2str (round (nkdt/1.0e-9)) ;
subplot(2,1,1), plot(z,e(1:ke), r'), axis([0 zmax -1 1]);

title(['time = ", rtime,’ ns']);
ylabel (Ex');
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subplot(2,1,2), plot(z,h, "b’), axis([0 zmax -3.0e-3 3.0e-3]);
title([' time = ',rtime,’ ns']);

xlabel "z (meters)’);ylabel (Hy');

M(:,n/2)=getframe(gcf, rect); Xextract movie frames from object 'gcf’
end

} 33T 1 33T 33 T 2110222222233 322382883332 320283332322222333 31228933128
% END TIME-STEPPING LOOP

pEE eIt E PRt R iR i T 12 e 2382222212122 232232221 22328321222 2233233

end

%movie(gcf,M, 0,10, rect); XRepeat movie

Xmpgwrite(M, jet',  nimiDmovie.mpg')
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