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Basic algorithm of electromagnetic-field simulators
— Fundamental understanding using one-dimensional cases —
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Many electromagnetic (EM) simulators, whose purpose is to solve Maxwell’s equations,
are useful these days thanks to the progress of computational resources. It is not necessary for
engineers to understand EM analysis algorithms. However, it is desirable for engineers to
understand the underlying EM analysis algorithms in order to use EM simulators effectively.

This tutorial lecture presents various EM analysis algorithms, such as the method of
moments (MoM), the finite-difference time-domain (FDTD) method, the finite-difference
frequency-domain (FDFD) method, and the finite element method (FEM), using a
one-dimensional problem for young and/or new engineers. The formulation is very easy in
one-dimensional problem. It is also possible to choose suitable EM simulator for a problem to
be solved if one has knowledge about the EM simulation algorithm. The objective of this
paper is helping engineers to understand difference of EM analysis algorithms.
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Mathematica Ver.8 |2 & BT 7' v 777 A &7~ g,
A21. F—RA v bE

el [k, 57, Jx , zs , 2 ] :=
If[z<zs, —((Jxe7) F2)+Exp [Teke (z-25)],
—((Jxx 7)) f2) «Bxp [-Ix k% (z-25)]]:

hydx [k, 77, Jx , z& , 2 | :=
If[z<zs, (Jxf2)+Bxp [Twkw (2-z5)], - (Jxf2) B [-Ixkx (z-z5)]]:

exMy [k , 77, My , zs , 2 ] :=

If[z<zs, (Mpf2)+Exp [ITxks (z-z5)], - (Myf2)eBxp [-Ixkx (z-z5]]]:
My [k, 7, My , zs , 2 ]|:=

If[z<zs, —(Myf (2% 7))+ Fxp [Tx ke (z-25)],

—(#yf (2%i7)) #Bap [-Tw ke (z-2s8)]]:



=2.45 » 1l]9; ntstep = nperiod«1;

Dn[
w=2wawi; z1 = 0.375 % A0;
z2 =0.75% »AD; ex2[0] - ex[0]:
periodl = ;f 250 = 1.5 % A0: ex?[1] = ex[1];
ex2[2] = ex[nz]:
r[1] =1.:
c0 = 2.9979258 «10%; =[] ex2[3] - extaz + 11¢
. 1] =1.: nn[
10 W
&0 = . kL =KD +V er[1] «pr[1] | _ofilate . i i i i
a. *x*cllz _\/7 L Zasr[i]edd ~ dt/(er[i]~el) -hy[i]+hy[i-1], at/(er[i]-el) ecur[nt,i]
. M= s 1] Fer[1] exlil - e wexlil e — - R ——
H0=a. w10 ; er[2] =4.: 2eem[i]ecd 2a(e[i] el PP
T [2] =1.: et[i, Mod[nt, nperiod]] = ex[i]:
. +Gi, 1, nz}
7 = - k2 kD« ¥ er[2] 2] : ];
w=mps 2l 7 er 2] ¢
A0 = er[3] =1.: ex[0] =ex2[1]+%§':";w(ex[1yexz[n]);
rdt +
m[3] =1.: clrdt -dz
X0 exlnz + 1] = ex2[2] + — —— + {ex[nz] - ex2[31};
k3 =k0+¥ er[3] «px [3] : cOrdt +dz
edz = A0 f 1000 000. M=V [3] fer[3] nn[
at rexli + 1] -ex[i] 4
hy[i] = hy[i] - ———— » [——————— |;
y[i] = hy[i] m[i]m"*~ - \
» {1, 0, nz}
elx [z ]| :=exJx [k1, 51, Jx1, z1, z] +exMy [k1, 1, Myl, 21, z]: ],
e2x [z ]| :i=exdx [k2, n2, -J0x1, z1, z] +exMy [k2, 2, -Myl, 21, z] + b
enlx [K2, 2, dx2, 22, z] +exMy [k2, 2, My2, 22, z]: ]""' 1, ntstep)
eix [z 1= exdx [k3 —-Jx2 , 22, z] +exty [k3 -My2, 22, z] + ;
=] [x3, m, ! + 7] v [¥3, 8, Ve + 7l DiscretePlot[ex[il, (i, 1, nz}]
exlx [k3, 53, 1., zs0, z]: DiscretePlot [hy[i], {i, 1, nz}]
ex[z ]:=elx[=z] f: (z<zl):
D
ex[z J:=edx[z] f: ((21 £ z)&& (2<22)): ol
ex[z | r=edx[z] f: (22 £z): ecli] =
ﬁ »Sumfet[i, Mod[nt - nperiod + 1+ 7, nperiod]] ~Exp[-I ro+ {nt - nperiod + 1+3) ndt] s
nperiod»
hiy [z ] := hydx [k1, 1, Jx1, z1, z] + hwMy [k1, #1, Myl, z1, z]: at, (3, 0, nperiod - 1}1+T;
W2y [z ] := hydx [k2, 52, -Jx1, =z1, z] + WMy [R2, 92, -Myl, =1, =]+ , (i, 1, nz}
hydx [k2, 52, Jx2, 22, =] + hvMy [k2, 52, My2, 22, z]: ]:

DiscretePlot[Abs[ec[i]], {i, 1, nz}, PlotRange - {0, Automatic}]

Wiy [z ] = hydx [k3, 53, -Jx2, =22, z] + WMy [R3, m3, -My2, =22, =]+ DiscretePlot (hry[eclil] » (100 7703, (i, 1, n2)]

hydx [k3, n3, 1., zs0, z]:
hy[z ] :=hiy[=z] F: [z<z1]):

hy [z ] :=h2y [z] F: ((21 2 z)&% [z<22)); A.2.3. FDFD ¥£
hyl[z ]| :=h3y[z] /: (22 €2); £=2.45 +10%;
w=2wmxf; o
eiqn = {ex [zl -edz] ==ex[zl + edz], 1
- - erf[i] =1.:
hy [z1 -edz] ==hy [zl + edz ], ex[z2 - edz] == ex [22 + edz], periodl = £ 1]
- . mri] =1.:
hy [22 - edz] = hy [22 + edz ] }: c=2.99792458 »10°%; a[i] =0.;
s0l = Solve [eqn ] [[1]] 7 T
0 = 10 . L {1, 0, 2% (nz+2) -1}
= rE !
Plot | (Abs [ex[z]1] /- sol}, {z, 0, 2+ A0}, PlotRange — {0, Automatic }] . vAxC . 1:
Plot [ (fArg [ex[z]]+ (180 fn) /. sol}, {z, 0, 2+2A0}, PlotRange - {-180, 1803}] pl =3, vax10" " Do [
A0 =cff: er[i] =4.:
1z =2+ 20; . {1, 15, 30}
A.2.2. FDTD & - .
dz = AD f 40, ; 1:
nz = Celling [1lz fdz]:
2.
f=2.45+10"; ])l:l[
m=2w7rwf::l afi, 3] =0.:
periodT:—f: s fi, 0, 2% nz+2) -1}, {3, 0, 2% [nz +2) -1}
0 = 2.99792458 » 10°; I:
107
el e ———; . L . .
4. w70 cO? Dol ecur [i ] :=If[i==60, 1., 0.]:
po = 4. xrra 107 er[i] = 1.
AbD=cd/ff; arpil=1.: Do
1z = 2+ A0;
o[i] =0.;
dz = A0 f40.; _
nz = Ceiling[lz /dz]; 41,0, nz+1} a[i, 1] = -1.;
Do 1: afi, 1+1] =1.;
i . Dol i i
=0.; +
ex[i] . R ali, [nz+2]+1]:I*m*M*;ﬂn*dz:
hy[i] = 0.; er[i] =4.: 2
i, 0,nz+1) . {1, 15, 30}
1: 1: af(nz +2)+1, 1] =-(T+wser[i] 0+ a[1]) +dz;

af(nz +2)+1, (n2+2)+1-1]=1.:
af(nz +2)+1, (nz+2)+1] =-1.:
« {1, 1, nz}

] H



afo, 0] =TI+rwxdz +2+%c;

a0, 1] =I+rwxdz -2+%c;

a[nz +1, nz] =Irwexdz -2+%c;

anz +1, nz +1] =I+ws+dz + 2+c;

a[nz +2, nz +2] =Ivwsrdz +2%cC;

alnz +2, nz+2+1] =Irwrdz -2%c;

a2« (nz+2)-1, 2x(nz+2)-2] =Irwxdz -2+%c;

a2+ (nz+2)-1, 2% (nz+2)-1] =TIxwxdz +2%c;

ma =Table [a[i, 3], {1, 0, 2% (nz +2) -1}, {1, 0, 2% (nz +2) -1}]:

wx = Flatten [{Table [ex[1], {i. 0, nz + 1}], Table [hyv [1]. {i. 0, nz + 1}]}]:
vbh = Flatten [{Table [0., {1, 0, nz +1}], Table [ecur [1], {1, 0, nz +1}]}]:

s0l = LinearSolve [ma, vh]:

ListPFlot [Abs [Take [sol , nz + 2]], PlotRange — {0, All}, PlotStvle - {Red}]

ListPlot [Abs [Take [sol, —(nz + 2}]], PlotRange — {0, A1l }]

ListPlot [Ary [Take [sol , nz + 2]] « {180, /x), PlotRange - {-180, 1803},
PlotStyle - {Red}]

ListPlot [Arg [Take [s0l , —(nz + 2)]]+ (180. fx), PlotRange - {-180, 1803}]

A2.4. HRERHE(FEM)

£ =2.45 + 10%;

w=2%mwf;

c=2.99792458 »10%;

. 107
&l = ——
3. % mwes

o =4, T T R

Do [
7 = I’E: er[i] =1.:
Y e ari] = 1.
A0 =cff; a[i] =0.:
]cl]:zit: , {1, 1, nelem }
A0 1:
1z =2+ A0; Do [
dz = A0 F4a0.: er[i] =4.:
nz = Celling [lz fdz]: . {1, 15, 30}
nelem =nz; 1:

ecur [i ] :=If[i==60, 1., 0.]:

Do [
globEdgeNo [elem , 1] =elem ;
globEdgeNo [elem , 2] =elem + 1:
, {elem, 1, nelem }
1:
posz [gedge ]| :=dz » [gedge-1]):
em [elem , m , n | :=
If [m==n, 1/ [posz [ylobEdgeNo [elem, 2]] -posz [ylobEdgeNo [elem, 1]]).
1/ (posz [globEdgeNo [elem, 1]] -posz [globEdgeNo [elem, 2]1]1)1]:
fmn [elem , m , n | :=
If [m==rn, (posz [ylobEdgeNo [elem, 2]] -posz [globEdgeNo [elem, 1]1]1)/3,
[posz [ylobEdgeNo [elem, 2]] —posz [globEdgeNo [elem, 1]])f6]:

Do |

b[1] = 0.:
Do [
a[i, 3] =10.:

. {3, 1, nelem +1}

1

. {1, 1, nelem +1}
1:

o
1 2
melem [1, 1] =—— +em [elem , 1, 1] -k0° # ex [elem | # fm [elem , 1, 1]:
wr [elem |
1 2
melem [2, 2] =———— +emn [elem , 2, 2] -k0° # &t [elem | » fon [elem , 2, 2]:
pr [elem |
1 2
melem [1, 2] = ——— +emn [elem , 1, 2] -k0° % &r [elem | « fom [elem , 1, 2]:
e [elem |
melem [2, 1] = ————— +emn [elem , 2, 1] k02« er [elem | « frm [elem , 2, 1];
o [elem |

velem [1] = -+ k0 % ;0 wecur [elem | f2;
velem [2] = -L+k0 % 130 v+ ecur [elem ] f2;

a[ylobEdgeNo [elem , 1], globEdgeNo [elem , 1]] +=melem [1, 1]:
a [¢lobEdgeNo [elem , 1], globEdgeNo [elem , 2]] +=melem [1, 2]:
a[globEdgeNo [elem , 2], globEdgeNo [elem , 1]] +=melem [2, 1]:
a [ylobEdgeNo [elem , 2], globEdgeNo [elem , 2]] +=melem [2, 2]:
b [ylobEdgeNo [elem , 1]] += welem [1]:
b [ylobEdgeNo [elem , 2]] +=wvelem [2]:

. {elem , 1, nelem }

[1. 111 -= (-T+x0 ¥ er [1] v [1] [ [1]):

a[ylobEdgeNo [nelem , 2], globEdgeNo [nelem , 2]] +=

a[ul [1, 1], m

(+I*kl] *‘V‘er[nelelrl]*yr[nelm] /,ur[nelem ]):

ma =Table [a[1, 1], {1, 1, nelem +1}, {J, 1, nelem +1}]:
vh =Table [b[1], {1, 1, nelem +1}]:

so0l =LinearSolve [ma, vb]:

ListPlot [Abs [sol ], PlotRange - {0, 211}, PlotStyle - {Red}]
ListPlot [Arg [sol ] » (180. fax), PlotRange - {-180, 180 }]



