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O U tI i ne NEMES 201
* Electromagnetic modelling as a basis for precise material measurements
* Split-post dielectric resonator (SPDR): why it has become a standard
e Other types of dielectric resonators
 SPDR measurements of larger surfaces
* Resolution enhancement of material images
* "Transfer of technology" from other application & the applications themselves:
o "near field imaging" from MW heating
o multiphysics modelling of MW heating
o common CAD interfaces
o sub-cellular models in FDTD (hints)
o "near field imaging" in antenna design
 Modelling of SMM tips for material measurements at nano-scale
o unconventional (but constructive) definitions of inmpedance and S-matrix
* Conclusions
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NENS 2019
Dielectric resonator methods for material measurements

SUT of &=¢/-j s inserted into DR: Most popular example: Split-Post Dielectric Resonator
resonant frequency changes from f, to f;

Q-factor changes from Q, to Q..

2
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S
field variation in z (or take it into account)
field changes due to SUT

field assumed invariant in z-direction
Sis called the DR’s head o
sign = reflects field patern changes caused by SUT minimise
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Fields in SPDR E-field H-field
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resonant mode with EM fields mostly confined in and between those ceramic posts - minimial losses in metal enclosure
H-field is only vertical at the side wall of the enclosure = only circumferential currents in side wall - no radiation through slot
E-field tangential to SUT = air slots between SUT and posts have negligible effect

easy SUT insertion through slot, no dismatling, NDT method

all EM energy injected through the coupling loops in contained within in the SPDR “head” (inside the enclosure)

an estimated 95% of energy confined in and between the ceramic posts

calibration only once, at manufacturing
Cambridge, 29-31 May 2019 NEMO 2019 5



NENMS 20169

Accuracy of SPDR measurements

QWED SPDRs for: 1.1, 1.9, 2.5, 5, 10, 15 GHz 52 |

f(GHz) |
I !
- metal enclosure 4.8

auxiliary dielectrics

- measured sample

4.4 |

I 21

al

axis of symmetry

accuracy for € typically 0.3% Ae/e=+(0.0015 + Ah/h)

measurable losses tand ~6 10~ Atand=+2%10" or +0.03*tand whichever is higher
9 European Sta ndard: IEC 61189'2'721:2015 Conductivity Resistivity [Q cm] | Surface resistivity [€/sq]

1/(Qm
Limitations: Range od SPDR : (frogr]l 102to 1 from 102to 10* from 5 103 to 106
applications

* SUT thickness - slot size 0.6..6 mm Ril;‘lge ;f SIPDR |  from 1t0 107 | | from 105to 102 from 2 10~ to 5 103
e SUT lateral min size ("absolute" EM constraint) - 14..120 mm g‘;‘;g;f‘:;"“s ST
e spatial resolution 14..120 mm

* SUT lateral max size (mechanical construction) — 40..150 mm
Cambridge, 29-31 May 2019 NEMO 2019 6
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Other types of dielectric resonators (TE016)

tube supplying

single-post cavity sapphire liquids & powders
resistive sheets resonating SUT metal SUTs can also heat
ultra-low-loss SUTs

Cambridge, 29-31 May 2019 NEMO 2019 7
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Surface scanning with SPDR

Obviating 1st out of 3 limitations:

SUT thickness - slot size 0.6..6 mm
SUT lateral min size ("absolute" EM constraint) - 14..120 mm
spatial resolution 14..120 mm

SUT lateral max size (mechanical construction) — 40..150 mm .
automatic scanner

semiconductor wafers, composites,
organic samples

manual scanner for large panes of glass
(MW oven window)

Cambridge, 29-31 May 2019 NEMO 2019 8



Automatic surface scanning with SPDR

RAD EU H2020 Project

o MMAMA

crowave Microsco

'°f Advanced and Efﬂc‘l)zm
Materials Analysis and Production

2D imaging of material properties

0 )% %)

P - R/

working with QWED Q-Meter

Cambridge, 29-31 May 2019

working with FieldFox
(Keysight hand-held VNA)

NEMO 2019
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quartz substrate & deposited organic materia

NEMS 20169

samples from MateriaNova

ot e g e o e e B

scanning step 1Imm

but resolution ~16mm !

- seek modelling-based

resolution enhancement
9
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Resolution enhancement for SPDR imaging — aswmmm s

widthfactor=1 rshift=0

-> Parameters are "averaged" within DR head ol blue E
but we know the field pattern | red E?2
E-field in our 10 GHz SPDR as simulated in QuickWave:

18 18 0.1
16 16 %0 1 2 3 4 5 6 7 8
14 14 0.1
12 12 0.05
10 10 -

20
8 8

15
6 6
10
4 4 20
2 2 5 10
5 10 15 5 10 15 0 o
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Resolution enhancement for SPDR imaging

Consider the head meshed into (2K +1) x (2L+1) cells whose center with E£,(0,0) is placed at cell (m,n) the scan.
For clarity, assume that the mesh is equidistant of raster a (a = 1mm in Fig. 1).
The measured energy change due to the SUT is:

2 K L
AW, =2 & > Y e (m+kn+l)-1]EL(k,I)

M
2 i

Arranging the 2D array of AW, into a 1D vector W of elements AW,, i=(n-1)*M+m, i=1,..,M*N,
and similarly the 2D array of permittivities p, ,,.=(¢,-1),,, into vector P:

[W]=1T]P]

Matrix T is generated in such a way that element ¢, in row r and column s is equal to :
- |EAk, I)|? for s= r+k+M | for k=-K..+K and /=-L...+L)

- 0 for s not obeying the above condition. Space-domain
’

_ -1 . .
[P] =111~ /7] not Fourier - domain
Matrix T is large, M*N x M*N, but sparse and has a banded structure.
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MATLAB experiments with virtual scans:

matrix inversion of exact data & with noise

40
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20

Sample _,Virtual meas. 0% _ Matrix inversion Sample Virtual meas. 0.02%

Matrix inversion

10 20 30 40 50

NEMES 2019

Filter 3

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Test line y=15 Test line y=15
= 4
4 4 4 w
3 3 3 3 3 3
2 2 2 - 2 2
1 1 1 L 1 1
0 0
ST e e 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
: - Test line x=21
Test line x=21 . . 4 4 4
3 3 5 3 3 3
2 2 2 2 2 2
1 1 1 1 1 1
0 0
SOz A oo S iz b 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
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MATLAB experiments with virtual scans: AERGB2A
matrix inversion with increased noised

. o . i ]
Sample églrlual meas. 0.02% Matrlx inversion Filter 3 Sample Virtual meas. 2% Matrlx mverslon Filter 3
Al f LT e 50
40 40
- 30 ..lg&'m_u_u,
20 20 b I .rl'llrll||
10 10
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Test line y=15 Test line y=15
4 4 4 4 4 4 4
3 3 3 U 3 3 3 3 3
2 2 2 2 2 2 2 2
1 1 1 1 1 1 1 1
0 0 i 0 0 0 0
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Test line x=21 Test line x=21
4 4 4 4 4 4 PR 4
3 3 3 3 3 3 3 3
2 2 2 2 2 2 2 2
1 1 1 1 1 1 1 1
0 0 0 0 0 0 PR _‘
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 B0 10 20 30 40 50 10 20 30 40 50
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Singular Value Decomposition

I$21| [dB]

1
. Eigenvalues of matrix T ‘
0.7 scan area 41x41mm
=> matrix 1681x1681 (step 1mm)
06 | SUT laminate Rogers R4003 h=20mils (0.508 mm)
0.5 ¢ ] SUT size 15x15 mm
. scan saved in Gwyddion format
037 4.0
IIKNEEII :
0.2r
0.1+t thin blue: suppressing smallest eigenvalues
— .
0 ' ' ' ' ' ' ' o scan area 0,
0 200 400 600 800 1000 1200 1400 1600 1800 ’%

thin red: searching for balance between stability & accuracy



MATLAB experiments with virtual scans:
matrix inversion versus SVD approach

GVirtuaI meas. 2% 5OI’«latrlxmw-nsamn . Filter 3

..-g'i-‘m_u_u,

l‘ .rl'llrll||

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

. Test line y=15

4 4
2 3 2 2
2 2 2 2

0 0 0
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Test line x=21

4 4 4 e 4
3 3 3 3
2 2 2 2
1 1 1 1
0 0 S =
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Sample

10 20 30 40 50

UVirtuaI meas. 2%

10 20 30 40 50

SVD 10%

10 20 30 40 50

NEMES 2019

Filter 3

10 20 30 40 50

. Test line y=15

10 20 30 40 50

Test line x=21

10 20 30 40 50

10 20 30 40 50

10 20 30 40 50

10 20 30 40 50
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MATLAB experiments with virtual scans with

experimenting with SVD parameters

Sample

10 20 30 40 50

. Test line y=15

50Virtual meas. 2% SVD 10%

Filter 3 Samp|e

SVD 20% Filter 3

5O\Ilrtual meas. 2%

50\Iirlual meas. 2%

40
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. Test line y=15

=]

. Test line y=15

A

error: &
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MATLAB experiments with laboratory scans:

exp

A

erimenting with SVD parameters

SVD 20%

Lab measurements
40

Filter 3

10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line y=21
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
0 0 0
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line x=21
5 5 5
4 4 4
3 g 3
2 2 2
1 1 1
10 20 30 40 0 10 20 30 40 ¢ 10 20 30 40 0 10 20 30 40
sample
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-

Filter 3

SVD 60%

Lab measurements
40

Sample

10 20 30 40 10 20 30 40 10 20 30 40

. Test line y=21

Zin
/Y ‘V;

Filter 3

2019
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w

L~

5 5 5 5 5
4 4 4 4
4 4 4
3 3 3 3
3 3 3
2 2 2 2
2 2 2
1 1 1 1
1 1 1 ]
M 0 0 0 0
0 0 0 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line x=21
Test line x=21 e E E e
5 5 5 5 a a a a
2 < 2 3 3 3 3
3 3 3 2 2 2 2
2 2 2 1 1 1 M A 1
] 1 N\ 1 ) 0 gHULE 1 0
/\ 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
0 0 0
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
scan SVD 20 filtered 3
5 5 5
50 50
0 o 0 o 0 0



MATLAB experiments with laboratory scans: NEMO 201
experimenting with templates

Quick\n{ave results SPDR_‘IU_V1.d83 QuickWave results SPDR10_v1.de3 QuickWave results SPDR10_v1.de3
| |dthfactorl=1 4 rshlft=0 | widthfactor=1 rshift=-0.5 | widthfactor=p.7 rshilft=0.5 |

1

1 1
0.9 r 0.9 - | 09t
0.8t 08t | 0.8t
0.7 07+ 1 0.7
0.6 r 06t 1 06
05} 05+t . 0.5 r
04 rF 04 F 1 04 r
037 03¢ 1 03 r
0.2 02r 1 0.2t
0.1 017 1 017
0t i 0 L 0= L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5] 6 7 8

Note: each SPDR requires calibration -> field pattern after manufacturing differs from the theoretical design.

blue — QuickWave simulation of E-field for theoretical SPDR design, interpolated in MATLAB
green — modified ("narrowing" or shift)
red — modified squared
Cambridge, 29-31 May 2019 NEMO 2019 18



MATLAB experiments with laboratory scans: NEM® 2015
experlmentmg with templates (1)

Nariant JRRogersd 1x41 templ17x17_w120s0 - O

Wariant JRRogers41x41 templ17x17_w100s0

View Insert Tools Deskiop Window Help

View Insert Tools Desktop Window Help

2@ 08 KE

NEEIEID:E:
. Sample
Sample Lab measurements SVD 40% Filter 3
40 40
30 30
20 20 %
10 10

MW

w

%]

10 20 30 40

10 20 30 40

Lab measurements SVD 40% Filter 3
40

30
20

10

; Test line y=21

Test line y=21 5 5
5 5 5

4 4 4 4
4 4 4

3 3 3 3
3 3 3

2 2 2 2
2 2 2

1 1 1 1
1 1 1

ﬂMMmﬁ : : : :

0 0 0 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40

Test line x=21 LR 5 5 5
5 5 5

4 4 4 4 4 4 4

3 3 3 3 3 3 3

5 2 2 2 2 2 2

1 1 ﬂf\ /\Aﬂ 1 1 1 1 1

0 0 /\ 0 0 0 0 0

10 20 30 40 10 20 30 40 10 20 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
L . .
original template stronger energy concentration in ring:

Cambridge, 29-31 May 2019 NEMO 2019

"narrower" template E*-2
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MATLAB experiments with laboratory scans:
experimenting with templates (2)

Wariant JRRogers41x41 templ17x17

Nariant JRRogers41x41 templ17x17_w100s0

View Insert Tools Desktop Window Help

NEIEEIRY:

SVD 40% Filter 3

Lab measurements
40

Sample

30
20

| B

10

10 20 30 40

Test line y=21

5 5 5 5
4 4 4 4
3 3 3 3
2 2 2 2
1 1 1 N\/\ A 1
0 0 0 J\A 0
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line x=21
5 5 5 5
4 4 4 4
3 3 3 3
2 2 2 2
1 1 i A/\ﬂ 1
0 0 0 0
10 20 30 40 10 20 30 40 10 20 40 10 20 30 40

original template
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Jiew Insert Tools Desktop Window Help

v120s5

NEIEIR::
Sample Lab measurements SVD 40% Filter 3
40 40 40
30 30 30
20 20 20 :ﬂ
10 10 10

10 20 30 40

Test line y=21

5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 10 20 30 40
Test line x=21
5 5
4 4 4
3 3 3
2 2 2
1 1 1
0 0 0
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40

"narrower" template
stronger energy concentration in ring: template E1-2
further shifted by 0.05 mm

NMEMS 2019
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MATLAB experiments with virtual scan:

NEMS 20169

continuous permittivity distribution

Sample Virtual meas. 2%
80 80
80 80
40 40
20 20

20 40 60 80 20 40 60 80

80

60

40

20

SVD 10%

20 40 60 80

Filter 3

60
40

20

20 40 60 80

Test line y=40
10 10
5 5
0 0

20 40 60 80 20 40 60 80

Test line x=40

20 40 60 80

20 40 60 80

A

20 40 60 80 20 40 60 80

Cambridge, 29-31 May 2019

20 40 60 80

20 40 60 80

NEMO 2019

Virtual permittivity pattern,
corresponding to radial resistivity pattern
measured on wafer.

Different resolution criteria in two driections:
horizontal — continuous pattern
vertical — sharp edges;

both enhanced with SVD method.
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
- appllcatlon of "near fleld lmagmg" in chkWave

ile 3D Mode Annotat Inspect oo0ls anage o 1t C i -
5, A W W S om oS e ) (68 - _~
= 2 u))l@-ﬁgmm:a@, W &% P o8
Circuit Basic Heating ~ Template  Absorbing  NTF Bo itor Global Bordel Mesh  Subregions Generate Inspect Postprocessing Energy Options Run About
Module Port Wall Settings Box Now 22 QW-AddIl

Mesh

Pan the current view (click to cancel) A 2

10 GHz SPDR model in QW-AddIn for Autodesk® Inventor® Software
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
-> application of "near field imaging" in QuickWave
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o aFsacrs for sgino. 3 F AL QL . a2 aa P s
— Frequency [Grz] by SABEITEAD 1.210080IE-03 2230803 Frequancy (GHz]
4 S235a26E 00 4 297EESTE G LI0LE 44 oone
sz Qectorsfor sgnalro: 4 £, AmplLu @
Symbol  Name Domain Valve | Units 5.4391066E+00 8609580805 7.232350 Values
4S3IIUEAD LISNBES 6535031 .
R e pratHetarep Symbol  Name Domain Vaive  Units
—F—15211... F= 44776 [Ghz) -30.07... [] 447684816409 9.01026946-06 038.2748
0 m i o o= e 4
REF Snsp ate5721  Scale da. Ppos: Sx1_TEMPR wame: 4 I L | v £
[REF Snsp al=33058  Scale: dB. Poos: SKI_TEMAL Neme: s
rmal (ol S1_TEMAL =573V 969/ 07003
Harma (ai) SKI_TEMPL = 330587 874/ 0 0:00:3
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?

-> application of "near field imaging" in QuickWave

@ Saved Volume Envelope Fields from: TAQwed\2019_05_10_modele rezonatorow SP.. El@

% E compo. &aosu. Mwothe. fiffove. | & aowvi. @oisplay | @Fstruct. ThEnvel. | Tieport | X E compo. ZEaosu. Mmthe. ifiove | @ zpvi. ) oisplay | @ struc. T Envel. | §) Bxport
E|H< Hy H: H| EH | | m E EHx« Hy H: H| EH 4 s [ [ fefn
Ex Ey Ez|E|Hx Hy Hz H| E/H_| Sx Sy Sz S |Pd pd PdE PdH | Js SAR Temp Enth | Int. | Eff. Par -g Ex Ey Ez|E|Hx Hy Hz H| E/H_|Sx Sy Sz S |Pd pd PdE PdH| Js SAR Temp Enth | Int. | Eff. Par

Ribbon

@ Saved Volume Envelope Fields from: TAQwed\2019_05_10_modele rezonatorow SP.. | = || =] || £3 |

View Info

i

Efsqn(376.73...) [Vimm]
1.337658e-01

& Help
View Info...
Type
Components
Magnitude
0.000 Layer

Start at=10001629/6377 Plane: XY Layer=22(-7.36449 mm)/47 Name: spdr5 | Plane

Scale
Switch

Envelope
Export

Post Processing

Geometry Info...

Cambridge, 29-31 May 2019

Preferences...
Refresh Settings...

N GEH

Load Structure...

Toolbars and Docks

Template Disconnect...

Ins
Ctrl+O
Shift+R

Efeqn(376.73...) [vimm]
1 4B5E01 e-02

0.0000002-+H10

Start at=3008265/ 859 Plane: XY Layer=22(-7.36449 mm)/47 Name: spdr5_3d_vl.ta3 .

Calculate Components Subtraction...
Calculate Components Addition...
Calculate Components Division...

Calculate Components Multiplication by value...

M

A

A% A‘

(L)

Py
o

Curently field subtraction performed on saved fields.
Parallel running of 2 scenarios under development.

NEMO 2019
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
-> application of "near field imaging" in QuickWave

@ Saved Volume Envelope Average Fields from: TAQwed\2019_05_10_modele rezcmat...El@

@ Saved Volume Envelope Fields from: TAQwed\2019_05_10_modele rezonatorow S... E@

* E compo. @onsu. Mwthe {fiaove.  #aovi. @oisply & struc. | TTemel. | oot | X E compo. Fwsu Eaoth. dmve. #aovi. @oisplay @ struct | T el | E Export

g E|H:HyH: H| EH |Sx Sy Sz S HJds sAR T H | fie|UE ¢ = E|Hx Hy H: H| EH [Sx Sy S: ¢ Hlds 9 T H | fie|bE ¢
5

S| ex ey ez |E| ety rz W e/ | 5x sy 5z s |pd pd pde ede| 35 saR Temp enth |t | e par||| B Ex By E2|E|tx Hy Mz H EM. | Sx Sy Sz S |Pd pd PGE Pdi|Js SAR Temp Entn | Int | EF. Pe

Efeqn(376.73..) [vimm|
1 000007 &40

&
i
L&‘“"ﬂunamwlﬂ"““

(0.000000e+00
Colour(875)=0.7 Start at=10001629/-10001629 Plane: XY Layer=22(-7.36449 [not specified])/47 Name:

E/sqni376.73..) [vimm]
1.000000e+00

0.000000e +00
Start at=3008265/-3008265 Plane: X¥ Layer=22(-7.36449 [not specified])/47 Name:

@ Saved Volume Envelope Fields from: T:/Qwed/2019 ... E@

* E comp. Bwsu. MwTh §fove. &aovi. oisplay Pt
: E[Hx Hy He H EH [Se Sy S: ¢ 5 Y[ s
L

S| Ex Ey Ez|E|Hx Hy Hz H| E/H,|Sx Sy Sz S |Pd pd PdE PdH | Js

x

Hx Hy H: H| EH |Sx S,

Ex Ey Ez |E|Hx Hy Hz H | E/H_

@ Saved Volume Envelope Fields from: T:/Qwed/2019_05_10_modele rezonatorow EI@
E comp. §@@wsu. Manth ove  &apvi. | Goispls

[

Start at=3008265/-3008265 Plane: XY Layer=22(-7.36449 mm)/47 Name: spdr5_3d_v1.ta3

’% Struct. f\": Envel.. %‘j Export
[«

-1.000000e-+00

Cambridge, 29-31 May 2019

NEMO 2019

VA

E/sqrt(376.73...) [Vimm]
1.871914e-03

-2.366860e-02

Start at=30082¢ Plane: XY Ang: 0 Layer=22(-7.36¢ Mame: spdr5_3d_v1.

NEMNS 201

~0.2%

-0.2%
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Advanced near-field imaging functionality

Separation of incident and diffracted fields (option implemented per request of P.O.Risman, Malardalen Univesity)

—

Detection of inhomogenities in tissues

| AustinMan model*
| converted to

. QuickWave EM

| software for

' Mélardalen

| University, Sweden

| J

E-field in an empR/ cavity i

E-field in a loaded cavity
Scattered near-filed in cavity

haemorrhages detection

Total field Diffracted field reveals v Optimisation of
Focusing by the load cause of focusing: multiantenna
»exploding egg effect” circumferential resonance tomographic systems
Cambridge, 29-31 May 2019 NEMO 2019 26

* https://sites.utexas.edu/austinmanaustinwomanmodels/
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Accurate modelling of coupled electromagnetic-thermal problems
Application to

Simple microwave heating benchmarks Design & analysis of real-life microwave oven cavities, incl.
& microwave heating phenomena studies* complicated cavity shapes and advanced feeding system*

HFSS v11 \

heat transfer & load dynamics
Load rotation & arbitrary
movement during heating

Source parameters tuning — regime
for solid state sources
Temperature dependence of
material parameters

4 )
Freezing to file QuickWave 3D & BHM
the state of the e} Z e
'F simulation - .
- J 1 3
'
_ 06 :: 0.8 : \
oa| || De-freezing on s
arbitrary computer = With QuickWave EM
0.2 : . 0.4 computation as fast as
:gg;;i%m & at convenient 1 min 18s on a low-cost
0 time 0.2 video card — supporting
2.35 2.39 243 2.47 2.51 2.55 . .
: all graphic cards with
Frequency (GHz) 0 IW OpenCL
2 2.2 24 2.6 2.8 3

* Considered by M.Celuch, P.Kopyt & M. Olszewska-Placha in eds. M. Lorence, P. S. Pesheck, U. Erle, 27

. . . .. . Frequency (GHz)
Development of packaging and products for use in microwave ovens, 2nd Ed. Elsevier in print.
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Multlphy5|cs modelllng temperature-dependent materials

Source tunlng

Material parameters update

exy,2)=elT(xy2)]
from .pmo file

M

Heat transfer

FDTD smusmdal
excitation

)

Average dissipated power
calculation

Pavg (X, Y Z)

Y

Enthalpy update
H (Xr Y Z) += Pavg (Xr Y. Z) dTBHM/dV (X, Y 2)

Load movement / rotation

N

|

Temperature update

I(xy,2)=TIH(xY12)]
from .pmo file

-20 deg.

+20 deg

&0
T [°C)

M
T pe)

7 thermal steps

varying materials

_ |S/m)

4 | $o
H [Jicemd)

1o, [S/m]

0 &0
H [Jiemd]

QW-BHM module of QuickWave:
» automatic system
» each cell heated individually
» no need to define 1000s of "media"
» bilateral coupling EM - thermal
28



Multiphysics modelling: Collect Data in Grid Search

MENS 2019

Collect Data of S11 and dissipated power density in potato heated in MW oven, as text files and GUI

Type Mame Status
4 H: Results
5-Parameters Results Window
S-Parameters Cumulative Results Cumulative Window

4 4" Radiation Pattern

Radiation Pattern Results Window

3D Radiation Pattern Results Window
4 55 Fields

Fields Window

Fields Window
4 ,ﬂ Monitor

Monitor Window

Open Windows at first run - suspend simulation at:  last iteration

Delete

Add ~ | | Configure...

€, changing
from 10 to 80

Nurrber of Objectives:
E S-Parameters Results :‘?(:453 = "mt h%’kﬂ&vﬂb-!
E S-Parameters Cumulative Results ‘Q"M‘_R M&m‘
Wk 2D Radiation Pattern Results 932388 \\ 1\\ e T
+* 3D Radiation Pattern Results -15.3472 \ :\“ﬁﬁ' :m:;: m; :mg
5 Fields -21.1885 N Z&m:h:i :m),: o petatoad
M Monitor "'1. £ / Fid SearcheS;  Varisble(s): eps_potation
26,9898 ‘; rd Saarchef:  ariadie(s): en_potato=él
y; o Sewch=7: arsbie(s): eps_potat=10
32,8112 ¥id Search=8!
] 9 mw 11 12 13
F Lol Note: automatic multiple switching from pulse to sine excitation
S e s roabom e implemented in QuickWave for matching source to load.
Cambridge, 29-31 May 2019 —— e e e e NEMO 2019 29
——}— I511](65=4) F= 8.0000 [GHz]



Unusual QuickWave applications

High power applicator for pW treatment of bituminous surfaces aiming at road repair

» Q-Morteler 2317 A b QuickWare i 3] - oIl
e Yor Tt Naem Grarry Netd M hpocrmng Srudon Wdene Hob
‘ » o~ D - B sery N e L

1;:..-"'xvom%lc Mep o o@ 'a.

High power applicator with a system of
chokes preventing UW energy leakage

Simulated & measured reflection coefficient

S,,| (dB)

Below standardized limits

0 0.7
-5 i P
ol £o6 | ver2
PR 205 —
) “1 | 7 = o) r
220 NI ARy 9
I!\‘ ’,‘{f}l“ 'll'(\]hui \j“.’ E__)
25 e ‘.I‘.-"'r *8'0.3
230 i i 0.2
§ i %
-35 ‘ } S 0.1 : i
2 212223242526272829 3 2445 2450 2455 2460 2465 2470 2475
Frequency (GHz) Frequency (MHz)
On a side
Measured temperature distribution 0.25 I
E verl
> 02 g
o
20.15 horl
Q
S 0.1
)
30.05
=
0 Py
2445 2450 2455 2460 2465 2470 2475
Frequency (MHz)
In front

NMEMS 2019

hallen
Challenges High dissipation of uW
' power in road surface

— Safety issues — prevention

Exposure levels @ 0.5m from applicator of EM energy leakage

System of three MW power applicators with feeding system
and leakage preventing chokes: designed, manufactured,
tested

B. Salski, M. Olszewska-Placha, T. Karpisz, J. Rudnicki, W. Gwarek, M. Maliszewski, A. Zofka, J. Skulski, “Microwave applicator for thermal treatment of bituminous surfaces”, IEEE MTT Trans., vol. 65, no. 99, pp. 1-9, 2017

Cambridge, 29-31 May 2019

NEMO 2019
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Advanced optimisation and parameters sweep regimes

-5

‘ Internal optimisation -10 .

-15
MEENPN VAN
Optimisation with external

-25 A ANAT S
tools — commercial and in- |:> 30 /
house

S, | (dB)

-35
-40
Typical, software predefined 22122 %ﬁ”egu‘;ﬁf;,z(g,fj 2829 3
s optimization objectives, e.g. S- 0 —Radiation Envelope
‘ parameters, Radiation patterns ~—Antenna Radiation Pattern

1
=
(7]

(incl. fit under user-defined
radiation envelope), etc.

W
o

!

Relative gain (dB)
Ih 1
(]

All simulation available objectives,
e.g. power dissipated, shielding ] T
effectiveness, radiation efficiency,

etc., through external data-extraction

a
o

~
4]

¥
o
o

30 6 120 150 180

0 290
Theta (deg)

application & 0
RS
@ -10
Simulation results saved to file o
S -20
>
: : External application — Optimiser — g 30
Microwave applicator for thermal biect tracti ‘ 't I . I T 49
. . objective extraction internal or externa o
treatment of bituminous surfaces Jech 2 SN N Y
from file S 50 — —
B.Salski et al., [EEE MTT Trans., vol.65, Sep.2017. %

-60,
Cambridge, 29-31 May 2019 NEMO 2019 2 212223242526272829 3

Frequency (GHz)
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Dedicated user interfaces for parametrised project creation

QW-Editor

o  QuickWave Editor (v2018 H1,64) - - o

T v MM - Fle Puametes UDO BHM UOPots Mesh Postprocessings Configwe Tools Windows Help
X £ vome A/ Mo L smubton

SAT ONF @
EMS2% 23 23 3 5%%E O &M oHR

New | Open  Seve Crout Units B+M,| Meda | Lbrary | Edtor | Phase, OXF | SAT | 1O | Transmssonline, Pont, PleneWave, Lumped, ABC, NIF,| Monor, Snep, Set AMIGO
e P S S Sl e T
ProjectTree. ax g o B -ociEM|® Vi ) =

P Edit *IN METAL iew : s x 8 Q- -

# Ports =

@ Plane Visve O&ﬂ‘ﬁ' B OO0 sl » N» T, Z QuickWave o -

@ Boundary Conditions = v R A 3 4 Visibility ~ L]

B resprocesing #aARR® ‘ ) P - IS oK 2

R BHM - % Style ~

& Envirooment HEE Circuit Basic Heating ~ Template ~ Absorbing NTFBox Monitor ~ Global Borders Mesh Subregions Generate Inspect ¥ Postprocessing Energy Options |4s| QW-Modeller 2017 x64 for QuickWave [in metal] - DR

O Project items Modle Port Wall Setiloge B b ~ |~ M B Fle Edt View Tools Macro Geometry Skeicher Model BHM Mesh Postprocessings Simulation Windows Help EEE 2 s

Settings Insert Mesh Simulation =
ing: 4 & Fe ) vew |@ Geomery | Sketcher Ay Model R gam | By Smuaton
QW Model ~ _ - [ > =
AHe.2. 88 & L | & @B M @ 6H 8 @
. 2 ) Units, Crauit| BeM, B | T ont, Plone  Lumped. | yire | ABC. | NTF | Montor | Snap, Sorders Setongs Visbity.
ave
: ABC | NTF | Monitor
A ‘ & Lumped inpedances
UsHSI09 Ve 2607 GIe924 Q=74 2e5  He 4 Absorbing 6
Queorien ax g View *IN METAL* -cliEll ® View ANTF
- B Monitors.

aamerers: ves *
Export done Mon May 13 13:48:57 2019 export
oK.

et st 20182018,08.24Mon Moy 13 134 o y 3 £ Mesh
Evpart o arecamy. epopo0cpeseccso | AHE|EH T O Al » s B » 1! Subregions
B

#ALQ

;;;;;

In-house, script based CEERRNTE - - I

Ready

Import/export to *.sat & *.dxf Based on advanced professional CAD tool

A
Import/export to e.g. *.sat & *.step fan/ | et esco | wsesno AN

Preselected: potato_3_MO.Box Facef (11.334530,138.55376,188.000000)

CAD tool - FreeCAD based
Free of charge, No licences, No time
restrictions,

Curiosity: export of CAD files from "old" QW-Editor
for further manufacturing is reported by our user.

Cambridge, 29-31 May 2019 NEMO 2019 Import/export to e.g. *.step, *.iges& *.dxf
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Conformal modelling of complex ovens & loads

Recalling pre-published results on local conformal approximations

= Test Mesh =] E3 || = Test Mesh M=l E3
7 6 5 4 3 2.5 2 R
In|of] T T T T T T . ~a Sf [%]
|7} o 2 10
= -3
5
@
| 4 E
1
[ L] 3
-6 0.5
[Cir= source 1/1  |Lay= 1/ 1 78 |Cir= source 141 |Lay= 1/ 1
. 7 0.1
stair-case vs locally conformal mesh
coax line, hot-dog, donut -8 ! L ! L L L
’ & -1.2 1.0 -0.8 0.6  -0.4 o2 mx 005

no or simple merging (Railton & Schneider, MTT Trans. Jan1999)
directional cell merging
linearised directional cell merging

Conformal 2D FDTD as originally proposed

by W.Gwarek, IEEE Trans. MTT 1985, 1988

cross-section of: glass plate, pizza, cylindrical resonator . .
& P P y Microwave Pioneer Award 2011

mesh 2..8 cells per radius; results depend on object location vs mesh
Cambridge, 29-31 May 2019 NEMO 2019 33
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Modelling of field singularities at sharp metal edges

Recalling pre-published results on local conformal approximations

errors by action by
+d %d raw FD / FDTD | singularity models
A Choke of a MW oven in raw FDTD gives E -field E T & *L
. f‘ frequency error about 40x bigger H -field u ¢ u T
7D E D D than dispersion error.
d) Proper model suppresses singularity ZO ~L T
< y error to dispersion error. f depends on consider
| » X mode stability
TEM transmission lines
65 T
16
64 + + 5
44 p4q L] (%] -+ 4
H 13
_ 62 - 14
% &1 - T 1
5 resonators T —2 710z
@ S 60 r-1s
S Y-
30 —_— k=100 %97 L -3
k=1.19 58 7 [
k=14 | T -9
80 —— Ster.auto-spread. 57 k=126 T -6
— ref 56 ——k=1.19| T -7
-100 T T T T T T T T T ——k=1.00] T -8
24 241 242 243 2.44 245 2.48 247 248 249 25 55 t t -9
Frequency [GHz] 172 1M1 1fce|ﬂ£é5[mm] 1/0.25 1/0.125
. . filters
Stereoscopic singularity models In TEM lines singularity errors of both field types boost the impedance error.

M.Celuch IEEE IMS 2003

Cambridge, 29-31 May 2019

Singularity corrections become indispensable for analysis at computer effort.
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Near-field insight into device performance

Unique, ultra-fast vector 2D Bessel & FDTD hybrid solver for design & analysis of devices with axial symmetry

90 A

Main reflector

Directivity [dBi]
<

Directivity [dBi]
(=]

127 A 20!
/ E -B[II] 36 73 108 144
40 | 20 ot el
f i Design improvements -
f; *Gl]"' 36 72 108 -0
f" Dielectric support Theta [deg] g . .
| Feeding waveguide . o |CopH5|  Theta—0 [deq] 56.014957 z, 9m - Fllameter main reflector
,,&,h,ozn, ,,,,,,,,,,,,, Z s,ufrfﬂefil:,rﬁnﬁ;mv _____ |Cxpl45] Theta=0 [deg] -200.000000 | Dlelectrlcsupport g Meshlng: A/40
Feeding waveguide = 40 H H . H
Dual -reflector antenna Insight into EM near-field &hc»mg ) / Jaureector T'm? t_o solution: 8 min
“““““““““““ ey Radiation pattern @24 freq.,
A different cause of spillover from a bi-reflector antenna: T Teewen ™™ AB=1deg: 5s
. . . . T Goli3] with baifle Theta= 86.0000 Lden] 55908035 Ldn]
H¢ amplitude in logarithmic scale shows FPOR at feed i 10oMs withbatfle Th Ldeal tae}

from max (purple) down to -60 dB (blue) at two freqgs. within3%  Gaussian beam formation for quasi-free-space material measurements
- concept used for new Fabry Perot Open Resonator

[EiField Distributio Mas /Dyn i L=} [ P Fietd Distribution /En Max /Dyn
B EEI Laledod I P P P P T e o e [ I [ o

BOR FDTD

ety Wl

Scenarios modelled full-wave: 250 A (in each dir.) modelled on average laptop
2500 A on popular PC

NEMO 2019 5000 A on top-shelf PC .
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Conclusions

= Electromagnetic modelling is a powerful tool for the development of new material measurement methods:
- new test fixtures,
- resolution improvement,
- physical interpretation of the measured results.

= Measurements are not "universal truth"; they are subject to definitions & conventions, just like the modelling.

= EM modelling in general-purpose software helps bridging the gaps between seemingly different technology domains:
- near field imaging explains exploding eggs but also helps in material measurements,
- Brewster angle is exploited in telecommunications but also in domestic MW ovens.

= Modelling lies at the basis of material measurements,
= ...but modelling itself is only as good as the previously measured material parameters.

= Two approaches to commercial software development:
- black box that quickly provides solutions = numbers,
- virtual laboratory that provides physical insight.

=  With this keynote | seek: THAN K YO U !

- advice on matrix inversion in imaging,
- reseach collaborations to explore & enrich QuickWave modelling.

Cambridge, 29-31 May 2019 ﬂ | .‘p NEMO 2019 MMAMA
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