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Finite Difference Methods - 111
We are now going to look into an interesting problem which is going to show lot of interesting
insights about Maxwell equations. So for doing that we are going to simplify the problem into
one dimensional problem in order to get much more insight about various parameters that are
involved in the Maxwell equation. So let us look into the Maxwell equation itself and then start
going into the problem step by step.

(Refer Slide Time: 00:44)

So now let us start with the standard Maxwell equation which is written in the curl form Curl of
H is equal to Epsilon Doe E by Doe t plus J and the curl of E is equal to minus Mu Doe H by
Doe t. And here the value of J is the source term which is equal to Sigma E. And since we do not
have magnetic charges we do not have any additional term in this case



(Refer Slide Time: 01:47)

So we are going to stick with this particular form and we are going to understand the impact of
various terms namely permittivity, permeability and conductivity. So these terms are going to
impact the way the weight is going to propagate.

(Refer Slide Time: 01:59)

So if you are going to write this expression in the expanded form what we are going to have is
the following: the curl of H is going to be written X y and z; Doe x Doe y Doe z; Hx, Hy, H z.
So it is going to have three components, So the x component is going to be written as (Doe y H z
minus Doe z H y) and similarly the y component is going to be written as plus y and I am going



to switch the sign, so it is going to be (Doe z H x minus Doe x H z) and the z component is going
to be written as Doe X H y minus Doe y H x).
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Similarly we will also have the components for del cross E which is going to be expanded
directly as the x component is going to be Doe y E z minus Doe z E y) wherever there is H | am
going to convert it into E so that makes the equation a much straight forward plus y component
(Doe z E x minus Doe x E z) plus z (Doe x E y minus Doe y E x). Or in order to catch this
problem in one dimension so we are going to make certain assumptions.
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So the assumptions are our E component is going to have value only in the y direction, so E in
going to be only in the y direction. And z component of magnetic field is going to be present so
assuming that z is coming out of this particular paper, so we are going to have the H z
component. So that means the wave is going to propagate in the x direction so we are going to
have the wave propagation of this sort.

(Refer Slide Time: 04:56)

So what we have is x direction of wave propagation. And we assume the E x, E z is equal to 0
and H x, Hy is equal to 0.
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So if we go back to this equation what we have and simplify this form putting these values what
we will get is a one dimensional wave equation or one dimensional Maxwell equation.
(Refer Slide Time: 05:42)

So let us write it down as follows. So let us look at the Maxwell equation (()) 05:46 in one
dimensional form. So curl of H is equal to Epsilon Doe E y by Doe tplus J y. Because we are
assuming that E and J are going to be in the y direction. And now we can expand the value of the
curl of H and we are interested in the y component.
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And if we look at this particular expansion of the y component what we see is this particular term
is a term what we are interested in. And of course in this particular term the H x value is going to
be 0 which we have given in the assumption and we will have only this particular term.

(Refer Slide Time: 06:42)

So let us write it down so what we have is Epsilon Doe E y by Doe t. So now we will write the
term that we have from the curl term. So it is going to be minus Doe x H z.
(Refer Slide Time: 07:08)

This is the term | am taking it from here
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And putting it here plus J y and | can write J y as Sigma E y. So this is going to be the first curl
equation.
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Similarly let us write down the second curl equation; curl of E is equal to minus Mu Doe H z by
Doe t. And | am interested in the z component.
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Let us go back into the equation and we see that we have this particular equation. And we know
this term E x term is equal to 0.
(Refer Slide Time: 08:17)

So we will have only the first term which we can write directly into our one dimensional
equation. That is equal to Doe x by E y. So this is going to be the second equation. So this is the
first curl equation this is the second curl equation. And in this second curl and first curl equation
what you have is those important parameter of permittivity, the parameter of permeability, the
parameter of conductivity. We are going to vary all these parameters and we are going to see a



simple simulation that is going to help us understand the way the electromagnetic field is going
to behave when it is entering into a different medium from free space.
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So let us say this is the vacuum free space and we have certain values of permittivity,
permeability so on and so forth. So Epsilon is going to be Epsilon 0, Mu is equal to Mu 0Oand
Sigma is equal to 0. So these are the free space counter part
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So now we are going to enter a medium, Let us say medium with certain parameters that are
going to change. So this is going to be medium X. And the value of Epsilon is going to be
Epsilon r multiplied by Epsilon 0. And Mu is going to be Mu r multiplied by Mu 0. And Sigma is



going to vary so it can any value, so it can be 0 So on and So forth. And we are going to simulate
this particular medium.
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And what we are interested in knowing is when the wave is going from free space to this
particular medium we wanted to see how this medium is going to affect and of course we can
think of a scenario where the medium is going to be a bounded medium and we are going to go
into the free space here. So we can see what is happening in the in between area so as to get a
good sense of the impact of permittivity permeability and Sigma on the wave propagation. So let
us go into the code and take a look at various parameters that are going to affect the propagation.
(Refer Slide Time: 10:57)

® MATLAB Window Help B = D) 4) 0oAEE Tue2112 Q
® 0 Editor - /Volumes/SANKARANAGB/Matlab code for maxwell and MOM/RTVZ.m

1) This file can be pub toaf For more inf see the g video or help. x
7 %%% NPTEL Course: Computational Electromagnetics -
8 %%% & Applications (CEMA) {
9 %%% Chapter: Finite Difference Methods
10 %%% Prof. Dr. K. Sankaran
11 %%% IIT Bombay, India & N , -
12 %% Founder-CEO, Prajhalaya, Zirich, Switzerland
13 %%% krish@sankaran.org
14 6% %% % %6 % %' 6% 9% %% %6 %% %6 % %6 6% %6 6% %% % %6 % %6 %% %6 % 9% %% % %% %6 % % 6% % %6 % %64

16 -~ close all;
17 - clear all;

19- L =35; %domain length in meters
207N = 505; %# spatial samples in domain
]
lscipt tn 39 Col 14

itlg | mwel



So this is the code what we are going to use for this particular problem.
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@ MATLAB Window Help 4) 0oXEBE Tue2112 Q
® 0 Editor - /Volumes/SANKARANAGB/Matlab code for maxwell and MOM/RTVZ.m
2 A H gl P T V : £ [P ‘f_'f |2 Run Section (4
New Open Save =¥ SO T AT o yopgiy Nun Runand | Advance  Munand
- ¢ Find ~ - v Advance Time
e 2 Wl 3 o — 9
RTVZ.m + L
) This file can be pub dtoaf d For more infi see the publishing yideo or help. x
15 =
16 - close all;
17 - clear all;
18
19 - L=35; %domain length in meters
20 - N = 505; %# spatial samplds in domain
21 - Niter = 800; %# of iterations to perform
22 - fs = 300e6; %source frequency in Hz
23
24 -~ ds = L/N; %spatial step in meters
25 - dt = ds/300e6; %'"magic time step"
26
27 - epsd = 8.854e-12; %permittivity of free space
28 mu@ = pixde-7; %permeability of free space
I script tn 39 Col 14

And we have set the domain length to be 5 and we are interested in discretizing this particular
domain using finite difference time domain method.
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Kl L Editor - /Volumes/SANKARANAGB/Matlab code for maxwell and MoM/RTVZ.m

PUBLISH

V. | H by fid Fits ¥ i £ P2 tf_y (2] hun Section (L

New Open Save W/ COMPM® T GHGOTO T 5 Wekpons  Run Runand | Advance  Run and
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RTVZ.m +
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1 %% %% %% % % % %% % %% % % % T % % % R % % T S R N R T T S T R B A AN T
2 %%% Matlab code for 1D electromagnetic FDTD program.

3 %%% Assumes Ey and Hz field components propagating in

4 %%% the x direction.

5 %%% Fields, permittivity, permeability, and conductivity

6 %%% are functions of x. Try changing the value of "profile".

7 %%% NPTEL Course: Computational Electromagnetics
8 %%% & Applications (CEMA)
9 %%% Chapter: Finite Difference Methods

10 %%% Prof. Dr. K. Sankaran

11 %%% IIT Bombay, India &

12 %% Founder-CEO, Prajfdlaya, Zlrich, Switzerland

13 %%% krish@sankaran.org

14 95996 % %695 % 9595 % 9596 % %595 % %696 % 95955 959696 %5 9695 % 95963596955 95966 %5965 359596 %6 9696 % 9696 % 9696 %6 %696 %9696 %63
| script tn 2 Col 21

So our code is going to be aFDTD code but in one dimension.
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RTVZ.m +
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18 i
19 - L=35; %domain length in meters
20 -~ = 505; %# spatial samples in domain
21 - Niter = 800; %# of iterations to perform
22 - fs = 300e6; %source frequency in Mz
23
24 - ds = L/N; %spatial step in meters
25 - dt = ds/300e6; %'"magic time step"
26
27 - eps® = 8.854e-12; wspermittivity of free space
28 - mu@ = pixde-7; %permeability of free space
29 = x = linspace(®,L,N); %x coordinate of spatial samples
30 - showWKB=0; %if =1 then show WKB approx at end
31
|
script in 2 Col 21

The spatial samples in this one dimension of 5 meter is going to be 505 samples. Of course by

PRRaLL

changing this I can change the accuracy of my method and my simulation time is going to be 800
steps and the source frequency. The frequency of the incoming wave is going to be 300 Mega
Hertz. The spatial steps in meters is given by ds that is going to be L divided by N.So this is
going to be 5 divided by 505 and dt is going to be the value of the spatial step divided by
frequency. And Epsilon 0 is going to be the value of the free space permittivity which is 8.854 10
power minus 12. The free space permeability is going to be 4Pi multiplied by 10 to the power
minus 7. And we are going to create a value for x which is basically the space of the simulation

which is going to be from 0 to n
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& MATLAB  Window Help T 0 o) 100% B8 Tue2i14 Q
® 0 Editor - /Volumes/SANKARANAGB/Matlab code fot maxwell and MOM/RTVZ.m

) This file can be toaf For more inf see the g video or help. x
28~  mud = pixde-7; %permeability of free space -
29 - x = linspace(Q,L,N); %x coordinate of spatial samples
30 - showWKB=0; %if =1 then show WKB approx at end
31
32 %scale factors for E and H

33

34-  ae = ones(N,1)*dt/(ds*eps@);
35 - am = ones(N,1)xdt/(ds+mud@);
36~ as = ones(N,1);

37-  epsr = ones(N,1);
38~  mur= ones(N,1);
39~  sigma = zeros(N,1);
40

41 AN
]
X _} [script tn 2 Col 21

And these are the scaling factors that we are going to use for our problem so ae,am and as are

going to be the terms that are going to be used in the update equation. And they follow the
standard discretization where we have dt, ds and Epsilon 0 depending on the equation what we
are interested in these terms are going to change.

(Refer Slide Time: 13:41)

So let us look into one simple case where so the update equation here is let us take the second
curl equation we have minus Mu Doe H z by Doe t equal to Doe x E y. And if you are doing

forward differencing for the problem for one of the field and backward differencing for one of



the field. So we will do forward differencing for H field and we will do backward differencing
for the E field.
(Refer Slide Time: 13:55)

So in this case for the H field we will do forward differencing. So what we have is minus Mu
Doe H z by Doe t is written as E y (i plus 1, j minus E y (i, j) divided by delta x and the time
stepping is going to be given by Doe H z by Doe t can be written as H z (i, j, n plus 1 by 2)
minus H z i, j, n minusl by 2 divided by delta t. So we are doing half time stepping leave
frogging for H field and E field in the time stepping and we are doing forward differencing and
backward differencing for the spatial domain as we have explained here.
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So this particular equation now if I have to multiply it with minus Mu, this will be minus Mu. So
this will be one of the curl equations. And these terms that are going to be here are going to be
the term that we are going to use in the ae, am and as.

(Refer Slide Time: 15:57)

& MATLAB Window Help ® O @) ooxes Twezis Q

.0 Editor - /Volumes/SANKARANAGE/Matlab code for maxwell and MOM/RTVZ.m

4} This file can be published to a f d di For more see the yideo or help. "
32 %scale factors for E and H —
33

34~ ae = ones(N,1)*dt/(ds*xeps@);
35-  am = ones(N,1)*dt/(ds*mu@); I
36~ ad = ones(N,1);

37 - [ & The variabie “as’ appears 10 bhe bt s not here (Detalls w ) | =
38 - mur= ones(N,1); =
39~  sigma = zeros(N,1);

40

41

42 96 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %656 %6 % 96 56 56 9% %6 % %6 %

43 %Epsilon, sigma, and mu profiles are specified.

44 %Try profile = 1,2,3,4,5,6 in sequence.

45 e.\\You can define epsr(i), mur(i) (relative permittivity

J [seript I tn 2 Col 21
ity | mm@

So if we expand this one little bit, what we will get is the update equation for H z at n plus 1 by
2.
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So let us write it down. We have minus Mu H z i,j, n plus 1 by 2 divided by delta t is equal to Mu
multiplied by Hz(i,j, n minus 1 by 2) divided by delta t plus 1 by delta x multiplied by [E y(i plus
1,j) minus E y(i,j)]. And if | take the Mu divided by delta t on the other side what I will get is.
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H z (i, j, n plus 1 by 2) is equal to so delta t by Mu will go away. So this will be H z (i,j, n minus
1 by 2) plus delta t divided by Mu OMu rmultiplied by deltax and then the curl term will be here.
So [Ey (i plus 1, j) minus E y (i, j)]. And this is what you see as a term that we are going to use
in these equations.

(Refer Slide Time: 18:10)

® MATLAB Window Help = ) 0osE# Twe212] Q

e .0 Editor - [Volumes/SANKARANAGE/Matlab code for maxwell and MOM/RTVZ.m

4) This file can be dtoaf For more inf see the publishing video or help. &

32 %scale factors for E and H -
33

34~ ae = ones(N,1)*dt/(ds*eps0);

35-  am = ones(N,1)xdt/(dsxmu@); I-
36~ as = ones(N,1); i
37-  epsr = ones(N,1); =
38-  mur= ones(N,1); -
39~  sigma = zeros(N,1); I

40

41

42 95969 % %696 % 9696 % %696 % %6956 % %696 % %6965 %6 9656 %6 9663596953 95965 %696 % %696 96966 %6 9696 %6 9696 % 6 6 s 696 S 56 %6

43 %Epsilon, sigma, and mu profiles are specified.

44 %Try profile = 1,2,3,4,5,6 in sequence.

4!@“014 can define epsr(i), mur(i) (relative permittivity
=P

[seript tn 2 Col 21

itg | mey

So for the am this is the magnetic term that you have delta t divided by delta s Mu 0.
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As you can see here in the paper, this is the term that is the am term. Of course we have used Mu

r here we have directly taken Mu 0 and delta x is the ds term here.
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MATLAB  Window Help T D 4) 00%EF Tue2i21 Q

44
|

instead of Mu. And the other ones are 0 Mu r Epsilon r they are all kept to 1. Because we are

.0 Editor - /Vohimes/SANKARANAGB/Matlab code for maxwell and MOM/RTVZ.m

“4) This file can be toaf For more see the yideo or help.

32 %scale factors for E and H 0
33

34~  ae = ones(N,1)*dt/(ds*eps@);

35-  am = ones(N,1)*dt/(dsxmu@); I-
36~ as = ones(N,1);

37-  epsr = ones(N,1); =
38-  mur= ones(N,1);

39~  sigma = zeros(N,1); I

a0

41

a2 96%69%69696% % % % % % % % % % 69696969696 % %% % N R 6636363636 %6 % S e e 36963 % T T R R e e SN %
43 %Epsilon, sigma, and mu profiles are specified.

%Try profile = 1,2,3,4,5,6 in sequence.

45@ \%You can define epsr(i), mur(i) (relative permittivity

[script tn 2 Col 21

Similarly you can also derive the way for ae which is the electric term which will have Epsilon

talking about free space and Sigma is going to be 0 as well.
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® MATLAB  Window Help = o) W0WoxEBE Tue2121 Q
® o Editor - /Volumes/SANKARANAGB/Matlab code for maxwell and MOM/RTVZ.m
PUBLEM b
2\ H 7 Lo V - £3 2z Lf_v (2 Run Section (L
New Open Save /SO T SACOTOT 0r geppginy mun Runand | GAdunce  Runand
- - ». n‘ LTS “mv e L » Advance - 1'-
e g R —— %
RTVZ.m C .l
£ This file can be published to a fi d d For more see the publishing yideo or help. x
37 - epsr = ones(N,1); =
38-  mur= ones(N,1);
39 - sigma = zeros(N,1);
40
41
42 R e e e e A A A A A A R A A A R A A A A A A ]
43 %Epsilon, sigma, and mu profiles are specified.
44 %Try profile = 1,2,3,4,5,6 in sequence.
45 %You can define epsr(i), mur(i) (relative permittivity
46 %and permeability)
47 %and sigma(i) (conductivity).
48 % % % % % % % % % % % s s % s s s s s s 9 % 9 % % % % % % % % % % % % % % % % s s % s 9 B s 9 % % % % % % A
49
507~ profile = 2;
-69)
AL script tn 2 Col 21

And we can change the value of Epsilon, sigma, Mu profiles as specified here. You can try

different profiles for example we have tried a profile for 2.
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@ MATLAB Window Help = 4 o)) 100%BH Tue2122 Q
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New Open Save - Weakpoints  Run  Kunand | Advance  Run and
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RTVZ.m + |
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a7 %and sigma(i) (conductivity). it
48 e R A L S S A A A L]
49
50 - profile = 2;
51
52 - for i=1:N
53 - epsr(i) = 1;
54 - mur(i) = 1;
55 - wl = 0.5;
56 - w2 = 1.5;
57 - if (profile==1) %dielectric window
58 - if (abs(x(1)=L/2)<0.5) epsr(i)=4; end
59 - end
60 7S
B v
N script tn 2 Col 21

And if the profile is 2 the value of the Epsilon r Mu rinside the medium is going to change.
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56 - w2 = 1.5; =
57 = if (profile==1) %dielectric window

58 - if (abs(x(i)-L/2)<0.5) epsr(i)=4; end

59 - end

60

61 - if (profiles=2) %dielectric window with smooth tr:
62 - if (abs(x(i)-L/2)<1.5) epsr(i)=1+3*(1+cos(pix(abs(x(i)-L/z
63 - if (abs(x(1)=L/2)<0.5) epsr(i)=4; end

64 - end

65

66 - if (profile==3) %dielectric discontinuity

67 - if (x(1)>L/2) epsr(i) = 9; end

68 end

And the dielectric constants are going to also change.And the window is going to have different
discontinuity. So we are going to use the value profile is equal to 2 initially and then we are
going to see for other profile as well.
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@ MATLAB Window Help = O o) 00%E Tue2123 Q
® Editor - /Volumes/SANKARANAGB/Matlab code for maxwell and MoM/RTVZ.m
P
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87 - ae = ae./(1+dtx(sigma./epsr)/(2xepsd)); 5
88 - as = (1=-dt«(sigma./epsr)/(2+eps@))./(1+dtx(sigma./epsr)/(2xeps
89
90 %plot the permittivity, permeability, & conductivity profiles
91
92-  figure(1)!
93 - subplot(3,1,1);
94 - plot(x,epsr);
95 = grid on;
96 -  axis([3*ds L min(epsr)*0.9 max(epsr)*1.1));
97 - title('relative permittivity');
98 - subplot(3,1,2);
99 -  plot(x,mur);
10 grid on;
0 script tn 2 Col 21

And we are plotting here is the permittivity, permeability, conductivity profiles.
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@ MATLAB Window Help = Q o)) 100% B Tue2122 Q
® o Editor - /Volumes/SANKARANAGE/Matlab code for maxwell and MOM/RTVZ.m
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95 - grid on; =
96 -  axis([3xds L min(epsr)#0.9 max(epsr)*1.1]);
97 - title('relative permittivity'); I
98 - subplot(3,1,2);
99 - plot(x,mur);
100 - grid on;
101 -  axis([3%ds L min(mur)*@.9 max(mur)*1.1]);
102 - title('relative permeabiliity');
103 - subplot(3,1,3);
104 - plot(x,sigma);
105 - grid on;
106 - axis([3xds L min(sigma)+0.9-0.001 max(sigma)+1.1+0.001]);
107 - title('conductivity');
108
i
script tn 2 Col 21

Apart from that we are also plotting the propagation of the wave itself into the new medium.

So let us start simulating this problem for a simple case and see how this particular setup is
reflected in the physical movement of the wave inside a new medium. Basically looking at those
various parameters we can simulate this problem.
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43 %Epsilon, sigma, and 5p
44_;,-;; %Try profile = 1,2,3,4,5,6 in sequence.
L&

p e script

So let us start the simulation. So what we are going to see is two things. On the fig 2 we are

going to see the way the wave is going to propagate.
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%Epsilon, sigma, and tes are s
';:)%Try profile = 1,2,3,4,5,6 in sequence.

The relative permittivity and the relative permeability values are here. What we are seeing is
when the relative permittivity is having certain profile as we have set here. What we see is some
kind of concentration of the incoming wave.
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43 %Epsilon, sigma, and

)%Try profile = 1,2,3,4,5,6 in sequence.

So what we see is let us simulate it again. We are going to plot both the E field and H field. And
as you can see the wave is propagating the E field and H field values are given in blue and red E
is in blue and H is in red. And the wave is slowing inside the medium x. And there is a kind of a
focusing aspect the wave is getting compressed. And you see that the H field is increasing in
magnitude. Whereas the E field is decreasing in magnitude. And there is a kind of a slowing



down of the wave. And you see that as it comes out it emerges out in the way it comes in. So this
is a classical example for seeing the effect of relative permittivity
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So the relative permittivity is going to be in this form and the wave when it comes inside it is
getting slow down the electric field amplitude is getting increased whereas the magnetic field
value is getting reduced.
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And so what we see in the case of the medium is the magnetic field value is increasing whereas

the electric field value is decreasing in its amplitude. And the wave is getting slowed down and it



is getting compressed. The wave length is changing and the amplitude is changing. So this is the
way we see the impact of the medium.
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11 This file can be published to a formatted document. For more information, see the publishing yideo or help. x
31 5
32 %scale factors for E and H
33
34 - ae = ones(N,1)*dt/(dsxeps0);
35 - am = ones(N,1)#*dt/(ds+mud);
36- as = ones(N,1);
37 - epsr = ones(N,1);
38~  mur= ones(N,1);
39~  sigma = zeros{(N,1);
490
41
42 35, s 0y 2, 8 9, s s s s s 8 9 8.9 8 %% 9 % % % 9 % % o s 9
43 %Epsilon, sigma, and mu profiles are specified.
44,:‘{"‘“ %Try profile = 1,2,3,4,5,6 in sequence.
B iy
~ script tn 38 Col 16

NPTEL

And now what we are going to do is we are going to change the value of sigma. So let us say the
sigma value is going to change inside the medium that we are going to simulate.
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58 - if (abs(x(1)-L/2)<0.5) epsr(i)=4; end .
59 - end
60
61 - if (profile==2) %dielectric window with smooth tre
62 - if (abs(x(1i)=L/2)<1.5) epsr(i)=1+3%(1+cos(pix(abs(x(i)=L/Z
if (abs(x(i)-L/2)<0.5) epsr(i)=4; end
end
if (profile==3) %dielectric discontinuity
if (x(1)>L/2) epsr(i) = 9; end
end I
if (profiles=4) %dielectric discontinuity with
%1/4-wave matching layer
[ “\“ script tn 39 Col 20

And if the profile value is going to be 2.We have set the value of Epsilon r so on and so forth.
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27 - epsd = 8.854e-12; %permittivity of free space =
28 - mud = pixde-7; %permeability of free space
29 - x = linspace(@,L,N); %x coordinate of spatial samples
30 - showWKB=0; %if =1 then show WKB approx at end
31
p 32 %scale factors for E and H
1 33
434~ ae = ones(N,1)xdt/(dsxepso);
¥ 35 - am = ones(N,1)+dt/(ds*mud);
¥ 36 - as = ones(N,1);
i 37 - epsr = ones(N,1);
38~ mur= ones(N,1);
g 39~ sigma = ones~(N,1);
scnpt tn 39 Col 13

And let us say we are interested in setting certain value for sigma. So we put the value of sigma

as 1.
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And we are trying to simulate this problem. What we are going to see is a very different kind of

response. We see that the wave is trying to enter the medium. But it is not able to propagate It is

getting reflected and you hardly see any impact here.
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Whereas the conductivity is going to be seen in the way we have. Our relative permittivity has
not changed. Our relative permeability has not changed. The only thing | have changed the
conductivity from 0 to 1.
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So in that case there is no propagation. There is a (()) (23:52) that is happening immediately and
there is no propagation.
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D This file can be published to a For more inf see the yideo or help.
27 - epsd = 8.854e-12; %permittivity of free space =
28 - mu@ = pisde-7; %permeability of free space
29 - = linspace(@,L,N); %x coordinate of spatial samples
30 - showWKB=0; %if =1 then show WKB approx at end
31

p 32 %scale factors for E and H

1 33

¥ 34~ ae = ones(N,1)xdt/(dsxeps0) &

¥ 35 - am = ones(N,1)xdt/(ds«mu@);

i 36 - as = ones(N,1);

4 37-  epsr = ones(N,1);

4 38~ mur= ones(N,1);

" 39~ sigma = zeros|(N,1);

tn 39 Col 14

senipt

So we can now change the value of Sigma to be 0, like the way we had.
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a7 %and sigma(i) (conductivity). -
48 R S A LA A L A A R A L ]
49
50 - profile = 1;
51
52 - for i=1:N I
53 - epsri(i) = 1;
54 - mur(i) = 1;
55 - wl = 0.5;
56 - w2 = 1,5;
57 - if (profile==1) %dielectric window
58 - if (abs(x(1)=L/2)<0.5) epsr(i)=4; end
59 - end

senpt

tn S0 Col 12

We now change the value of the profile itself let us say we are interested in profile that is 1.
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Let us run the simulation. Now the profile is a step function for relative permittivity and it starts
at 2, it is a big discontinuity.
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You can see the changes are quite obvious, when the wave is entering the electric field is
decreasing its amplitude whereas the magnitude is increasing in its amplitude and the wavelength
is changing. There is a kind of compression in the wave, and slowing down of the wave. And

when it comes out it comes out in the same way.
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D This file can be toaf d For more inf: see the yideo or help,
46 %and permeability) )
47 %and sigma(i) (conductivity).
48 96566 %6 % % % 9% %6 %6 %6 %6 % % %6 %6 %6 %6 % % % %6 % T %6 % % %6 %6 %6 %6 % % % %6 %6 %6 %6 % % 9% %6 %6 %6 % % % % T T 6 % % % T e e % % %4
49
50 - profile = 3;~
p S1
1 52~ for i=1:N
g 53 - epsr(i) =
§ 54~ mur(i) = 1;
i S5~ wl = 0.5;
4 56 - w2 = 1.5;
o | if (profile==1) %dielectric window
.| if (abs(x(i)~L/2)<0.5) epsr(i)=4; end

end

script tn 50 Col 12

So now we can see the impact of a different profile. Maybe we will go for profile 3 a cubical
profile.
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60 5
61 - if (profile==2) %dielectric window with smooth tre
62 - if (abs(x(i)-L/2)<1.5) epsr(i)=1+3*(1+cos(pi*(abs(x(i)~-L/z
63 - if (abs(x(1)-L/2)<0.5) epsr(i)=4; end
64 - end
n 65
66 — if (profile==3) %dielectric discontinuity
¥ o67- if (x(1)>L/2) epsr(1) = 9; end
g 68~ end
. 69
d 70 - if (profile==4) %dielectric discontinuity with
H N %1/4-wave matching layer
. 72~ if (x(1)>(L/2-0.1443)) epsr(i) = 3; end
7= if (x(1)>L/2) epsr(i) = 9; end
D scnpt tn S0 Col 12

What we are seeing is a step change that is going to infinity.
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So what | mean is the wave enters and stays inside this particular domain. So what you see is
there is infinitely long step. So it is a step that is going forever.
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And the wave is going to stay inside the same medium x. And it is not going to emerge out in the
free space. So what you see is there is a kind of a similar behaviour. The H field value is
amplitude is increasing the E field amplitude is decreasing and the wave is slowing down as we
expected. And it is going to slowly emerge into the medium x, but the wavelength is going to
change or the wavelength is going to be reduced whereas the amplitude of H field and E field is
also going to change.



So this is a step function it is a abrupt step function and we can change this abrupt step function
into a dielectric discontinuity with 1/4th wave matching layer. So that means there will be two
steps instead of 1 step.
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8 This file can be published to a f For more infi see the yideo or help.
49 -
50- profile = 4f;
51
52 - for i=1:N
53 - epsr(i) = 1;
nD 54 - mur(i) = 1;
! 55~ wl = 0.5;
" 56~ w2 = 1.5;
g 57- if (profile==1) %dielectric window
i 58 - if (abs(x(i)-L/2)<0.5) epsr(i)=4; end
4 59 - end
60
S 61~ if (profiles=2) %dielectric window with smooth tr:
6 if (abs(x(1)-L/2)<1.5) epsr(i)=1+3%x(1+cos(pix(abs(x(i)-L/Z
scnpt tn S0 Col 12

So if we put profile value equal to 4.
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This is what we will see. What we see is the two step changes and it starts from 2.4 or something
like that approximately here.
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And we have to see some changes happening here and we are seeing that happening. And we

have to see a new change

happening within the medium x because there are two step discontinuity and this is creating the

change as we expect. So

permeability we can pretty much change the way the wave is going to behave inside that

particular medium.
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1) This file can be published to a formatted document. For more information, see the publishing yideo or help.
52 - for i=1:N
53 - epsr(i) = 1;
54 - mur(i) = 1;
55 - wl = 0.5;
56 - w2 = 1,5;
y 57 = if (profiles=1) %dielectric window
! 58 - if (abs(x(i)-L/2)<0.5) epsr(i)=4; end
. 59~ end
: 60
§ 61~ if (profile==2) %dielectric window with smooth tre
i 62~ if (abs(x(1)=L/2)<1.5) epsr(i)=1+43%(1+cos(pix(abs(x(1i)-L/Z
i 63- if (abs(x(1)=L/2)<0.5) epsr(i)=4; end
1 64 - mur(i)=2j
6 end

scnpt Ln 64 Col 15

So now | have changed the

value of Mu r is equal to 2.
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49 5
50~ profile = 2;
51
52 - for i=1:N
53 - epsr(i) = 1;
p 54 - mur(i) = 1;
| 55— wl = 0.5; &
2 56 - w2 =1,5;
g 57 - if (profile==1) %dielectric window
i 58 - if (abs(x(i)-L/2)<0.5) epsr(i)=4; end
i 59 - end
160
S 61~ if (profiles=2) %dielectric window with smooth tre
if (abs(x(1)-L/2)<1.5) epsr(i)=1+3*x(1+cos(pix(abs(x(i)-L/zZ
scnpt n 50 Col 12

And | am going to simulate the problem for profile equal to 2 so my Mu r will be now not 1 but
2and see what is the impact of that in the particular medium that we are going to simulate
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Mu r is going to be 2 throughout the problem so it is not a free space problem here. So already
coming with certain relative permeability. And the impact is going to be dramatic when it enters
into the new medium. And as you can see the H field value is not changing as much as it
changed when the Mu r value was 1. So that means there is definitely increase in the value of the
h field but not as much as we saw before. And the decrease in the E field value is also not



dramatic and we see the compression of the wavelength as we have shown in the previous case
also. And the slowing down of the wave as we saw before.

So what | will encourage is to play around with this particular code, this is an excellent code for
you to try out various things and change the code accordingly to see the impact of various
parameters like the permittivity permeability.

So using this kind of code you can basically see various parameters impact on the wave
propagation and one can learn how the electric field and magnetic field is going to respond to
various Mu and Epsilon r values. And in other words how the electric fields and magnetic field is
going to change in amplitude in terms of frequency so on and so forth and also the impact of
conductivity inside a medium is also classically seen. Obviously the reflection here in this
particular problem is quite low. Because we have truncated this problem using an a, b, c. While
if you are doing a two dimensional or a three dimensional problem we have to truncate the
domain using an perfectly matched layer which we will be doing at a later stage.

What we wanted to say now is please take the code, practice it for yourself test various
parameters and experiment quite a bit so as to understand the various behaviors of electrical and

magnetic field inside various mediums.



