Lab number: 1

Lab title: TEM Wave in lossless media

Date lab was performed: 07.04.2020

Names of lab group members: Krzysztof Rudnicki

Theoretical introduction:

We are gonna perform simulation using rectangular dielectric slab with perfect electric
conductor at the top and the bottom and perfect magnetic conductors at the lateral walls.
We know from boundary conditions that TEM is how electric polarization and corresponding
magnetic component are gonna propagate.

Dielectric medium which files the line is characterized by ¢ ,, pand tgé . Input port excites a
sinusoidal TEM wave. Frequency (f)is in GHz.

a=75
1a)
Values we start with:

S =715[GHz], e, = 1[F/m], u,=1[H/m], tgd=0 => c = 0[S/ m] (lossless model)
f — frequency, €, — permittivity, |, — permeability, tgd — loss tangent, 6 — conductivity

3.7:
Z . of input = Z . of output = 376.7303 [Q]

Z . — impedance

g ¢ Simulator Log E@

U Log Output 'l Modkel Files (£l Tasker Progress " Simulation Info 494 Optimiser Info ) Breskpaints Infa 'L Warnings

Quickiwave Simulator started with licence: STUDENT RELEASE

Setting file: C:AJsers/HR/Downloads fparplat. 23

Erwironrment file: C:UsersMP/Downloads fparplat.ens

greakpoints file: C:Users/HPDownloads /parplat.br3

Breakpoints not defined

Start of the Simulator-\ied Apr 08 13:49:43 2020

Cell Descriptors Reading passed: 183, Cells nurmber: 90

Warning: Excitation point outside metal - ot concuctor selected by the soffware!

Circuit type: t2dgs

ho Postprocessings.

Excitation: name: SourcePart, Pulse type: step, Amplitude=1, Delay= 0 [ns], Resistance=+INF [Ohm]
Template calculations for port EM fields : Quasistatic Template SourcePort_parplat, lim=S00000, check=1000, tnl=0.005
Ternplate calculations completed and saved to SourcePort_parplat file

Zr=375.7303, Eef= 1.0000

Cell Descriptors Reading passed: 183, Cells nurmber: 90

Warning: Excitation point outside metal - ot concuctor selected by the soffware!

Circuit type: t2dgs

ho Postprocessings.

Excitation: name: LoadPort, Pulse type: step, Amplitude=1, Delay= 0 [ns], Resistance=+INF [Chm]
Template calculations for port EM fields : Quasistatic Template LoadPort_parplat, lim=500000, check=1000, tol=0.005
Ternplate calculations campleted and saved 10 LoadPort_parplat file

Zr=375,7303, Eef= 1.0000

Cell Descriptors Reading passed: 5, Cells number: 19440

Cireuit type: tad

ho Postprocessings.

Required SubTask 1 started: Save_Waveforms: from 1 to 196 iteration

Excitation: name: SourcePaort, Pulse type: sinug, ampliude=1, Delay= 0 [ns], Frequency=7.5 [GHz]
Required SubTask 1 finished: Save_Waveforms: from 1 to 196 iteration

Al SubTasks finished

Figure 1: Impedance value for
f=715[GHz], e, = 1[F/m], u,=1[H/m], tgd=0 =>0c = 0[S/m]
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Figure 2: 3D Vector Display for

f=715[GHz], e, = 1[F/m], u,=1[H/m], tgd=0 => 06 = 0[S/m]

Electric component: z (We can see that only z axis is visible in electric component in the
program)

Magnetic component: y (We can see that only y axis is visible in magnetic component in the
program )

Direction of propagation: x (It is the only axis left, after we established that we can see z and
y component)
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Figure 3: Envelope windows Ez(upper) Hy(lower) for
f=75[GHz], e, = 1[F/m],n,=1[H/m], tgd=0 =>0c = 0[S/m]

Wavelength — A = X_shift = 40.25 [mm]

Formula for phase coefficient p using measured \ :

h=3F=> p=3F=>B ~156.02[1/m]

E=g(*€, =

Analytical formula for B = ® * \Tre=2nx*f*Txe~154,92[1/m]

B mariers — P hase coefficient calculated from lambda from markers

B anatyiicar = P hase coefficient calculated from analytical formula

. B markers ~ B anaytical
Relative error = 100 % % ———=2 = (0.7 %
B analytical

From markers:
E,=02[V /mm]
H,=02[4/mm]
E =FE *~\Z,=22[V /mm]
H=2<L=0018[4/

. LA/ mm]

Zu=5+Z,=3767(Q]

From analytical formulas:
— no_
Z=4/==371.0[Q]

Relative error = 100% * % ~ 0.08 %
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Figure 4: Time domain View Envelope window for
f=75[GHz], e, = 1[F/m],n,=1[H/m], tgd=0 =>0c = 0[S/m]

T = tgy = 0.138 [ns]
T f;/ ~ 0.133[ns]
Relative error = % * 100% = 3.3%

real

f = +=725[GH:]

real —

S vea = 75 [GHz]
Relative error = ff—’;f * 100% = 3.3%
B=2mx*fxT*e~=149.76 [1 / m]

B anatyticar = 154,92 [1/ m]

Relative error = B onatie 7P 100% = 3.3%

B analytical

B compared with B from 3.7 :
Relative error with B from 3.7 : B*;{—i“o * 100% =~ 3.31%

a=7.5

1b)
Values we start with:

f=15[GHz],e. = 1[F/m], u,=1[H/m], tgd=0 => 6 = 0[S/ m] (lossless model)

r

f — frequency, €, — permittivity, W, — permeability, tgd — loss tangent, ¢ — conductivity

3.7:
Z . of input = Z . of output = 376.7303 [Q]

Z . — impedance



E'U Simulater Lag

U Log Output 7L Model Files &'l Tasker Progress = Simulation Info foy Optimiser Info O Breskpoints Info &7 Warnings

QuickiWave Simulator started with licence: STUDENT RELEASE

Setting file: C:/Users/HP/Downloads /parplat.ta2

Environment file: C:Users/HP/Downloads/parplat.ens

Breakpoints file: C: JgersMHP/Downloads parplatbra

Breakpoints not defined

Start of the Simulator-Wed Apr 08 14:16:56 2020

Cell Descriptors Reading passed: 183, Cells number: 90

Wisiving: Excitstion poit outsige mets) - ot conclctor selacted by the softwares

Circuit type: t2dgs

Mo Postprocessings.

Excitation: name: SourcePart, Pulse type: step, Amplitude=1, Delay= 0 [ne], Resistance=+INF [Ohm]
Template calculations for port EM fields : Quasistatic Terplate SourcePort_parplat, lim=500000, check=1000, tol=0.005
Template calculations completed and saved to SourcePort_parplat file

2c=376.7303, Eef= 1.0000

Cell Descriptors Reading passed: 183, Cells nurmber: 90

Warning: Sroitation point outside metsl - hot conolctor selected by the software!

Circuit type: t2dgs

Mo Postprocessings.

Excitation: name: LoadPort, Pulse type: step, Amplitude=1, Delay= 0 [ns], Resistance=+INF [Ohm]
Template calculations for port EM fields : Quasistatic Template LoadPort_parplat, lim=500000, check=1000, tol=0.005
Template calculations completed and saved to LoadPort_parplat file

2c=376.7303, Eef= 1.0000

Cell Descriptors Reading passed: 5, Cells number: 19440

Circuit type: t3d

Mo Postprocessings.

Required SubTask 1 started: Save_Waveforms: from 1 to 98 iteration

Excitation: name: SourcePart, Pulse type: sinus, Amplitude=1, Delay= 0 [ns], Frequency=13 [GHz]
Required SubTask 1 finished: Save_Waveforms: from 1 to 98 iteration

All SubTasks finished

Figure 5: Impedance value for
f=15[GHz], e, = 1[F/m],p,=1[H/m], t1gd=0 => 6 = 0[S/m]



Figure 6: Fields window (3d vector display) for:

f=15[GHz], e, = 1[F/m],p,=1[H/m], 1gd=0 => 6 = 0[S/m]

Electric component: z (We can see that only z axis is visible in electric component in the
program)

Magnetic component: y (We can see that only y axis is visible in magnetic component in the
program )

Direction of propagation: x (It is the only axis left, after we established that we can see z and
y component)
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Figure 7: Envelope windows Ez(upper) and Hy(lower) for
S = I[GHz],e, = 1[F/m], u,=1[H/m], tgd=0 =>0c = 0[S/m]

Wavelength — L = X_shift = 19.75 [mm]

Formula for phase coefficient p using measured \ :

A= 2—[;‘=> B=2{‘ =B ~318.13[1/m]

E=g(*¢&,

Analytical formula for B = ® * \[Lre=2m*f*[T*c~309.84[1/m]

B ariers — P hase coefficient calculated from lambda from markers

B wnatyiicar — P hase coefficient calculated from analytical formula

. B kers B Iytical
Relative error = 100 % % ————=2 =27 9%
B analytical

From markers:

0.02558
0.06575
014232
02000
4012 3276 25,44 1510 076 342 392 126 16 60 2594 33.28
nm]

¥ Val= 0,200031
# x= 688 [mm]
cell= 126

X _shift=18.75 [mm0

= 250 [mm]
o0 fmm



E, =021V /mm]
H,=02[A4/mm]
E = E *Z,~22[V /mm]
H=2 =0018[4/

. (A / mm]

ZW=EI—Z*ZO= 376.7 [Q]

From analytical formulas:
Z =4/t =377.0[Q]

Relative error = 100% * 2= = 0.08 %

20013
T T
/ 5 7

00577 \

Flgure 8: Time domain Ez component for:

S =15[GHz], e, = 1[F/m],p,=1[H/m], tgd6=0 => ¢

T = ty, = 0.067 [ns]
T e = 7= = 0.066[ns]

Relative error = % * 100% = 1.5%

real

f = % =1493[GHz]

f o = 15 [GHZ]

Relative error = ff—’l’ % 100% = 0.46%

B=2mx*fx*\mxe~=3084[1/m]
B analytical =309.84 [1 /m]
Relative error = i By 10004 = 0.46%

B analytical

B compared with B from 3.7 :

Relative error with B from 3.7 : B*E{—im * 100% ~ 3.05%

2 b)
Values we start with:

0[S/m]

x Val= 0.200126
=24.151140 [ns]
ter= 432013

{_shift= 0.066727 [ns]




f=75[GHz], e, = 1[F/m], u,=75[H/m], 1gd=0 => o =
f — frequency, €, — permittivity, |, — permeability, tgd — loss tangent, ¢ — conductivity

3.7:
Z . of input = Z . of output = Zc =1031.7184 [Q]
Z . — impedance

&4 Simulator Log

'l Log Output U Mode| Files ("0 Tasker Progress = Simulation Info oy Optimiser Info ) Breakpaints Inf

L Warnings

0[S/ m] (lossless model)

Quickiave Simulator started with licence: STUDENT RELEASE

Setting file: C: Asers/MPyDownloadsfparplat.ta3

Ervironment file: C:/Users/HP/Downloads fparplat.eng

Breakpaints file: C:AJsers/HPDownloads/parplatbra

Breakpoints not defined

Start of the Simulator-Wed Apr 08 14:57:57 2020

Cell Descriptors Reading passed: 183, Cells nurnber: o0

Uisrsting: Brcitstion poist outsise metss - hot comobctor selected By #he softwsre!

Circuit type: t2dgs

Mo Postprocessings.

Excitation: name: SourcePort, Pulse type: step, Amplitude=1, Delay= 0 [hs], Resistance=+INF [Ohrm]
Template calculations for port EM fields : Quasistatic Ternplate SourcePort_parplat, im=500000, check=1000, tol=0.005
Template calculations completed and saved to SourcePort_parplat file

Zc=1031.7184, Eef= 7.5000

Cell Descriptors Reading passed: 183, Cells number: 90

Maarving. Excitation pott outsige metal - ot conglctor selected by the software!

Circuit type: t2dgs

Mo Postprocessings.

Excitation: name: LoadPort, Pulse type: step, Amplitude=1, Delay= 0 [ns], Resistance=+IMF [Ohm]
Template calculations for port EM fields : Quasistatic Terplate LoadPort_parplat, lim=500000, check=1000, tol=0.003
Template calculations completed and saved to LoadPort_parplat file

Zc=1031.7184, Eef= 7.5000

Cell Descriptors Reading passed: S, Cells nurnber: 19440

Circuit type: t3d

Mo Postprocessings.

Required SubTask 1 started: Save_Waveforms: from 1 to 196 iteration

Excitation: name: SourcePort, Pulse type: sinus, Amplitude=1, Delay= 0 [ns], Freguency=7.5 [GHz]
Reguired SubTask 1 finished: Save_Waveforms: from 1 to 196 iteration

All SubTasks finished

Flgure 9: Simulation log window for

f=715[GHz], e, = 1[F/m], n,=75[H/m], tgd=0 => o = 0[S/ m] (lossless model)




Flgure 10: Fields window (3D vector display)

S =715[GHz], e, = 1[F/m], u,=75[H/m], 1gd=0 => o = 0[S/ m] (lossless model)
Electric component: z (We can see that only z axis is visible in electric component in the
program)

Magnetic component: y (We can see that only y axis is visible in magnetic component in the
program )

Direction of propagation: x (It is the only axis left, after we established that we can see z and
y component)

3.9
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Figure 11: Envelope windows Ez(upper) and Hy(lower)

f=715[GHz], e, = 1[F/m], n,=75[H/m], 1gd=0 => o = 0[S/ m] (lossless model)
Wavelength — L = X_shift =14.50 [mm]

Formula for phase coefficient p using measured \ :

h=3F=> p=3F=>p ~4333[1/m]

&
=
E

E=E(*E,
Analytical formula for B = ® * \[ixe=2n*f *\[L*c~394.98[1/ m]

B arkers — P hase coefficient calculated from lambda from markers

B anaiyiicr — P hase coefficient calculated from analytical formula

Relative error = 100 % %t ~P ot g 7.0

B analytical
From markers:
E, =033[V/mm]



H,=0.12[A/ mm]
E = E  %Z,~64[V /mm]
H=22 =0.006[4/

. 4/ mm]

Zw=5Z,= 137[Q]

From analytical formulas:

Z=\/;=148[Q]

Relative error = 100% = % ~74%

o e LI

1164 162 1160 11.58 a7 .55

Flgure 12: View envelope window for
f=715[GHz], e, = 1[F/m], n,=75[H/m], tgd=0 => o = 0[S/ m] (lossless model)

T = tyy = 0.1335 [ns]

T fL, ~ 0.133[ns]

Relative error = = % 100% = 0.05%

real

f = +=1749[GHz]
S o = 15 [GH2]

Relative error = ffe—“’;f * 100% = 0.13%

B =2mxf*TFE=394.4[1/m]
=394.98 [1/m]

Relative error = B aatrica 7P, 100% = 0.15%

B analytical

B compared with B from 3.7 :
Relative error with B from 3.7 : 133[73;33“0 * 100% = 8.98%
7

2a)
Values we start with:

real —

B analytical

f =15[GHz], e, =T15[F/m], n,=1[H/m], tg6=0 => o = 0[S/ m] (lossless model)



f — frequency, €, — permittivity, W, — permeability, tgd — loss tangent, ¢ — conductivity

3.7:
Z . of input = Z . of output = 137.5625 [Q]

Z . — impedance

- s i G G B G

'L Simulator Log

cUlogouput  EUModelFiles 0 Tasker Progress s Simulationnfo A Optimiser Info () Breakpoints Info &4 Warnings

Quickitave Simulator started with licence: STUDENT RELEASE

Setting file: C:/Users/HP/Downloads/parplat.ta3

Environment file: C:AJsers/HP/Downloads parplat.eng

Ereakpoints file: C: Adsers/HP/Downloads fparplatbr3

Breakpoints not defined

Start of the Simulator-Wed apr 08 14:36:56 2020

Cell Descriptors Reading passad; 183, Cells number; 90

Warming: Sxcitation poiit autsids mmatsl - ot condlictor selactad by the sofware

Cirouit type: t2dgs

o Postprocessings,

Excitation: name: SourcePort, Pulse type: step, Amplitude=1, Delay= 0 [ns], Resistance=+IMF [Ohm]
Template calculations for port EM fields : Quasistatic Template SourcePort_parplat, lim=500000, check=1000, tol=0.005
Template calculations completed and saved o SourcePort_parplat file

zz:ﬁ Eef= 7.5000

Cell Descriptors Reading passed: 183, Cells nurber: 90

Warning: Sxcitation poiit outside metal - fiot condUctor selected by the softwarel

Circuit type: t2dgs

o Postprocessings

Excitation: name: LoadPort, Pulse type: stap, Amplitude=1, Delay= 0 [ns], Resistanca=+INF [Chm]
Template calculations for port EM fields : Quasistatic Template LoadPort_parplat, lim=500000, check=1000, tl=0.005
Termplate calculations completed and saved to LoadPort_parplat file

Zc=137.5625, Eef= 7.5000

Cell Descriptors Reading passed: S, Cells number: 19440

Circuit type: t3d

No Postprocessings,

Required SubTask 1 started: Save_Waveforms: from 1 to 196 iteration

Excitation: narme: SourceFort, Pulse type: sinus, Amplitude=1, Delay= 0 [ns], Frequency=7.5 [GHz]
Required SubTask 1 finished: Save_Waveforms: from 1 to 196 iteration

Al SubTasks finished

Figure 13: Simulation log window for:
f=715[GHz), e, =1[F/m],p,=75[H/m], 1gd=0=>0c =0[S/m]



AT

Figure 14: View Fields window (3D vector display) for:
f=75[GHz], e, = 1[F/m], n,=75[H/m],1g6=0 => 06 = 0[S/m]

Electric component: z (We can see that only z axis is visible in electric component in the
program)

Magnetic component: y (We can see that only y axis is visible in magnetic component in the
program )

Direction of propagation: x (It is the only axis left, after we established that we can see z and
y component)

3.9
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Figure 15: View envelope window for:
f=175[GHz], e, = 1[F/m], n,=75[H/m], 1gd=0 =>c = 0[S/m]

Wavelength — , = X_shift =14.50 [mm]

Formula for phase coefficient p using measured \ :

A= 2" => B=E =B ~4333[1/m]

E=g(*¢&,

Analytical formula for B = ® * [{t*e=2m*f**c~394.98[1/m]

B ariers — P hase coefficient calculated from lambda from markers

B wnatyiicar — P hase coefficient calculated from analytical formula

Relative error = 100 % = P mariers = B anaticar 9.7 %

B analytical

From markers:



E, =012V / mm]
H,=033[4/mm]
E = E, %Z,~233[V / mm]
H=2e =0017[4/

. A ]

Zw=5Z,=137[Q]

From analytical formulas:

Z=\/;=148[Q]

Relative error = 100% = % ~74%

547 64 547 62 547 60 547 56 547 56 547.54 547 52 547.5 547.4 547.47 54745 547.4]

Figure 16: Time domain View Envelope window for:
f=15[GHz], e, = 1[F/m], n,=75[H/m], 1gd=0 = c = 0[S/m]

T =ty = 0.1327 [ns]
T,.,= == =0.133ns]

real — I veal ~
T

Relative error = % * 100% = 0.23%

real

f = 1=1753[GHz]
f o = 7.5 [GHZ]

Relative error = f;Ll;f * 100% = 0.4%

B=2Tl:*f*\/}/l*3:396~6[1/m]
=394.98 [1/m]
ﬁanalyticaliB * 100% = 041%

l*)) analytical

B compared with B from 3.7 :
Relative error with B from 3.7 : 63[73_—337“0 * 100% = 0.41%

B analytical

Relative error =

Answering the questions at the end:
a) frequency is proportional with x_shift



b) permitivity and permeability changes E and H, but frequency and x_shift does not
change
c) itis a sinus shape

d) Itis



