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tt*lftftffl*lff*rr***tt****r**ttttttttttt*tttt*t**ttttttttttttttrttt*r*f
I l-D FDTD code with simple radiation boundary conditions
I***t***f*lttttt*t*t*tt*****t**t**t****f**t*******t****t*t***t****t*tttt

xtxtxttxtttr'fixfitxttttttxutfitt$$t$rlrllxtttxttttttx'',rxuttf,,rrx',rxl
I This program has been largely modified for the implenentation of
I negative refraction index materials through the auxi I iary differential
I equation of lossless Drude type rnaterial dispersion in both dielectric
I permi ttivi ty and magnetic pernreabi I i ty.
x
I llod i f icat ion by X. Fu j i i , llay 31, 2007.

lxll/lllltllxltllrttttwxnrfixxr,xt',wrxrw'fi$r';fifitxtrx'',w$xxtltxtll

r*t********t*t*tt*r*r*r**r*r***r**t*8s***ttttt**tt*t*t**ttttt*t*tt*t*st*
I Progran author: Susan C. Hagness

f Department of Electrical and Computer Engineering
I University of lfisconsin-Xadison
f l4l5 Engineering Drive
f ladison, fl 53706-169l
x 608-265-5739
f hagness0engr. wi sc. edu

x

$ Date of this version: February 2000

x
I This IIATLAB tl-fi le inplements the finite-difference time-domain
I solution of llaxrel I's curl equations over a one-dimensional space

f lattice comprised of uniform grid cel ls.
x
I To illustrate the algorithm, a sinusoidal wave (lGHz) propagating
f in a nonpermeable lossy mediurn (epsr=|.0, signa=5.0e-3 S/n) is
I nodeled. The sinplified finite difference system for nonpermeable
I media (discussed in Section 3.6.6 of the text) is inplemented.
x
I The grid resolution (dx = 1.5 cm) is chosen to provide 20

I samples per ravelength. The Courant factor S=c*dtldx is set to
I the stabi I ity I inrit: S=1. In l-D, this is the "nagic tirne step.'
I
I The computational domain is truncrted using the simplest radiation
I boundary condition for wave propagation in free space:
I
f Ez(imax, n*l) = Ez(inax-|, n)

I
I To execute this l-file, type "fdtdlD' at the IATLAB pronpt,
f This X-file displays the FDTD-conrputed Ez and Hy fields at every
f tine step, and records those frames in a novie natrix, I, rhich is
I played at the end of the sirnulation using the nnovien 

connand.

I
r***r*tttrtt****tttttttttt*t*tt*tttttttttttttttt*tttttt*tttttts*rtttil*t
c lear
Iff*rfft***t****t*t**t***f*t*fttt**f***f****ttf***tt***ft*****t***f*tt**
I Fundamental constants
r***r*r*trt****tttt*t***tt*t*t*t*ttt*ttttt*t*tttttttt*t*t*t**t***f**rf**

c0 = 2. 99792458e8;

muO = 4. 0*p i *1. 0e-7;
epO = | .0/ (c0*c0tmu0) ;

Ispeed of light in free space

lpermeabi I i ty of free space

Ipermittivity of free space
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freq = l.0e*9;
lambda = cL/f req;
omega = 2. (llp i *f req;

Itrequency of source excitation
Iwave I ength of source exc i tat i on

lt*lttt***llttt**ttt*t*t*ttt**t**t*tttt*ttt*tttt**t*i**t*tt*tttttt*ttttt
I Grid parameters

It**t***tt**tt*ttttttttt*t****t*t*t8ttt*tttttttttttttt*ttt*ttttttttttttt

ke = 400; Inumber of grid cells in z-direction
kmax = kefl;
kb = knax;

dz = lambda/40.0; lspace increment of l-D lattice
dt = 0.95*dzlc0; ltime step (lilaeic tine step does not work for illt.)
onegadt = onega*dt;

zmax = dz*kb; llength of the calculation space

.lrrr8x = round(30.0e-9/dt) Itotal nunber of tine steps

rtrt*t*t*t*t*ttttt*t*t*ttttt**t*tttt*t**t*ttt*ttt*t*tttt*tt**t*t*t*tttt*
I [aterial parameters and ]ocations
Itttt**t*t**ttt**t**tt**tt*r*ttt*t***ttt*****tttt*t**t**8ttt*t*t*tt***t*

lDefaul t values (ini tial ization)
epi (t:ke) = l.0i lepsi lon at infinite frequency
mui(l:ke) = 1.0; lmu at inifinite frequency
omgle(l:ke) = 0.0; lplasna (angular) frequcncy for dielectric susceptibi I ity
omg-m(l:ke) = 0.0; lplasna (angular) frequency for equivalent nagnetic susceptibi I i ty

lEnter structures to be analysed

lepi (0. 3*ke:0. 7*ke) = 2. 0;
Imui (0.3*ke:0.7tke) = 2.0;

orng_e(0.3tke:0.7*ke) = 2*pitsqrt(2)*le9; Iat this frequency, ep = -l
orng_nr(0.3tke:0.7*ke) = 2tpitsqrt(2)tle9; Iat this frequency, nu = -l

It*t**ttt*t*tttt*r*tt8*rt*trtttttttr*rtrt*t*r*tttttttttttttttttttrtrtttr
I Updating coefficients for space region
[flrfttt*t*ttt*tt*r*r*r*r*r*tsttttttttttttt**r**rttr*ttttttttttttl**tttt

ca=dt/dz;
cp(l :ke) = ep0*ong_e(l :ke) .' Z*dt^ 2:
sq(l :ke) = nu0*omg_n(l :ke). ^Ztdt'2;

lf*fftttfflffttf*t*ttttt*ttttttt**ttt**ttttttttttttttt*t*ttttttttttt*ttt
f Field arrays
rfffllft*t*t**ttttttt*tttrtrt***t*ttrttttt*ttr**t*******r*r*tt**trtt*rtt

IFields and flux densities
e(l:kb) = 0.0; lEx, only this needs the'kb'-th node.
d(l:ke) = 0.0; lDx
h(l:ke) = 0.0; IHy
b(l:ke) = 0.0; IBY
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lPolarizations (for 3 tine steps, future (index 3), present (2) and previous tine (l))
p(l:3, l:ke) = 0.0; IPr, dielectric polarization
q(l:3,1:ke) = 0.0; IQy, equivalent magnetic polarization (dimension different fron nagnitization)

l**rt*r*r**tr****t*t*t*tt*t*t***t*t*rt**ttttr*tt*rtt***r**tttt*a*tt**tt*
I fovie initialization
I**tt***f*f**l*t*r*r*8*****tr*****t**t******tt**t***tt*tt*t*itttt*ttt**t

z= I i nspace (dz, ke*dz, ke) ;

subplot(2, l, l), plot(z,e(l:ke),'r'), axis([0 zrnax -t l]);
ylabel('Ex');

subplot(2,1,2), plot(2,h, '5'), axis([0 zmax -3.0e-3 3.0e-3]);
xlabel ('z (meters)') ;ylabel ('Hy');

,r.1=get(gcf,' Pos i t ion' ) ;

rect(l:2)=[0 0];

f=moviein(nmax/2,gcf, rect) i lfor tatlab Rev. ll and earl iers

xt*fl****ft***ftftttt*ttt*t*tt****t*t*ttttt*ttttt*ttt*tttt***t*t*tt**tt*
I BEGII{ TITE.STEPPII{G L()OP

I**f**tt**t*f*t**ttt*tf*t*t*tt******tttttttt*tt*t*tt***ttttt*t*tt***ttt*

f or n=l : natax

rt***tt**tt**t*t*t*tttt**t*ttttt*ttt*ttttttttttt*tttt*t*ttt***tttttttt**
I Data structure (supplenented by I.Fujii, 3 June, 2002)
l*tttl*tt*t***ttt**ttf*tttt**tt***tgttt*tt**t*ttt***t****t*tt*tt*ttt*tt*
T

I Hy: l-----+-----+-----+-----f-----i-----+-----l
x | 2 3 ... te
x

x

I EX: | -----+-----+-----f-----+-----f-----+-----+----- |

I
r
r

2 3 ... ie ib

I

rad i at i on boundary cond i t i on (rbc)X hard exc i tat ion at ez (l)
r

wrr;f,$$llllllwfttrrtttt$r$trurx'fitttrttttttttttttttttxwrxrtttxtr
I Excitation of electric field
lxlllllxtttxtttxttr',utttttttttttxttxxttu'fitttttttttxtttttx'firwll$ttr

e(l)=s i n(omegadttn) ; Iexc i tat ion

l**t*ttt*ttttt***t*ttt**ttttt*t*t**t*t**tttttttttt*tt*t*t**t**ttt**tt***
I Update electric flux densi ty
r***tf******tt***ttttr*r*tr**t*8t*t**ttttr*tt*tt**t*tt*t*tt*t**ttt*t*tt*

d(2:ke) = d(2:ke) - ca*(h(2:ke)-h(l:ke-l));

rtttt**t*tt*t***r***t*t**t****t*r*****r**r**t**t*t*tttt*8*trttr*r*ttrstr
I Update dielectric polarization for current tine step
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It**t*ttt*tt*t**tttttr*rr*r*ttrttt*tt*tttttttrtrrtrrtr***rr**t*frt**tttt

p(3,2:ke) = Z*p(2,2:ke) - p(1,2:ke) * cp(2:ke).*e(2:ke) ;

l**f*l*f*fl*tf***r*t*t*tttt*ttt**tttt**tt**r*t**t*tt*******tt*t**t*tttt*
I Update electric fields
r*tttl*l*t*ttt*ttt********t*rttt**t***tttttt*ttt***t8tt*t*t**tt*t*t8tt**

rbc = e(ke); lradiation boundary condi tion
e(2:ke) = (d(2:ke)-p(3, 2:ke))/epl. /epi(2:ke) ;

e(kb) = rbc;

l*****l*f*f*ff8**t*l*t**tt*tt*t*t*tr*t*trtrtttttttt*tt*t*tt*ttt**ttt*tt*
I Update dielectric polarization for previous time steps
I**l*ttf*t*ttt*t*ttt**ttt*t*ttttt******tttt*ttttt*tt*t**ttttttttt*ttt*tt

p(|,:) = p(2,:);
p(2, :) = D(3, :) ;

$xxxrxf,;fitttx'firx'fittttx'firtrfilttttwfifitttxttxx'fitxtfi$ttttxtt'fi$rl
t Update nagnetic flux density
r$$wlllrllrfillxufi'fir$ftrrxx',rxtrfiwxttrfir#$nfixurrtrt'ltxrxrxw

b(l:ke) = b(l:ke) - ca*(s(!:kb)-e(t:ke));

I**18***l***tf*f*t*ttt*tttttltttttt*****ttttttttt**ttt**tt*t*ttt*t**t**t
I Update equivalent magnetic polariration for current tine step
rt**t**t*t*t**t*t*t88*t*****t*tt*t**tt****8r**tt***t**t*t**t**t*r***tt*r

q(3, l:ke) = 2tq(2, l:ke) - q(1, l:ke) * cq(l:ke). rh(l:ke) ;

It*ttt**t*tt*ttttt*t*t*t**t*t*tttttttt***tttt*ttt*t*ttttttt*t*t*tt**tttt
I Update magnetic fields
rtf*t*tt*t*t*t*tt'**t*t*tt*t*t*t*r*tttttt***tt****tt*;tr***ttttt**t*t*tt

h(l :ke) = (b(l :ke)-q(3, | :ke))/muO./nrui (l :ke) ;

lfft*tt**tt**ttt*t*ttt*t*ttt**t**t*tt**t*ttttt*tt*t*ittt*tttt**t*t*t*tt*
I Update magnetic polarization for previous tine steps
r*f****ttt*t*t*ttt**ttt*t*tt**t*ttlt**t*tt****t*ttttttttt**t*tttt*t*tt*t

q(I,:) = q(2,:);
q(2,:) = Q(3,:);

rtflfllt**f*fftf***t***tttttt***t*tt*ttt**t*tttt**tttttt*tt*t*tttt*t*tt*
f Visual ize fields
Ittt*t*tt*t*tttttt*rtr****t*tttttr*r*rttt*ttttttttttttr*t**ttt*r***r*rtt

i f mod (n, 2) ==0 I

rt i me=num2s t r (round (ntdt/l . 0e-9)) ;

subplot(2, l,l), plot(z,e(l:ke),'r'), axis([0 zmax -l l]);
ti tle([' time =',rtime,' ns']) ;

ylabel('Ex');
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subpfot (2,1,2), plot(2,h, '6'), axis([0 znar -3.0e-3 3.0e-3]);
title(['tine = ',rtine,' ns']);
xlabel (' z (neters)') ;ylabel ('Hy') ;

l(:,n/Z)=getframe(gcf, rect) ; lextract movie f ranes fron object' gcf'

end

r*t*t*t**t*t**t*t**t**t*tttt*ttt*t*tt*t*t**t*t**tt*t****t*t*r***tt**rt*t
X E]{D TIIIE-STEPPIIIG LO()P

l**f*tttt*t*t**t**tt*tttttt*t***t*t*t*t*tt*t*tttttt*t****t**t**ttt*t**t*

end

Imovie(gcf,X,0, 10, rect) ; lRepeat movie

Inpgrri te (f,' jet' ,' ninlDmov i e. arpg')
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