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oIMS All photos E QWED.

Connecting Minds. Exchanging Ideas.

(1)!QWEDceIebrat|ng25years in May 2022 (1), (2) featured in IEEE Microwave Magazine, Dec. 2022 t:
e : R.Henderson IEEE MTB P r e slietdThemtEat Caké

Prime Minister of Poland Award for QWED 19¢

ety

(2) 75 blrthday ofW.Gwarekat FEeag Sale of 1000" resonator based r

MIKON 202_2 _ _ on deS|gns ofJ.Krupka
(cake featuring pioneering paper | _

Q WE Daginnning founders (right to left)
W.GwarekM.Celuch M.Sypniewsk|
A.Wieckowski

Awarded by Prof. JerzZguzek

Prime Minister of Poland 19972002
President of the European Parliament
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Connecting Minds. Exchanging Ideas.

Outline:

QWEDfrom Computational Electromagnetics to ModelliF§a s ed Mat er i al s o0 C
INEMLI SettingUp 5G/mmWaveBenchmarking Projects.

Resume of RouneRobin Results of ResonatdBased Techniques for Characterising 5G Substrates
Modelling Interpretation of Measurements and Design of New Instruments.

Summary.
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Invitations andAcknowledgements.
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Connecting Minds. Exchanging Ideas.

QWED origins in Computational Electromagnetics
since 1980se

IEEE awarded research ofProf. WojciechGwarek
on 2D FDTD modelling (with novel conformal meshing)

PioneeerAward, DML

Fellow,

& IEEE

THE INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS, INC.

Certifies thar
Wojciech Kazimier; Gwarek

Thas been elected to the grade of

Jor contributions to the theory and applications
of electromagnetic modeling.

P
M.Celuchjoins the above research, leading to PhD
1996 Beta-Version ofQuickWaveat Univ. Chalmers, Kent,
Helsinki

1997 first commercial licences sold by QWED

é GO0, QuickWave3D by QWEIsed worldwide
for industrial & research applications from RF to optical ban
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GEFETRANSACTIONS ON MICROWAVE THEQRY AND TECHSIEIDES, VOL. MTT-31, 50. 10, 0CTORER 1955

Analysis of an Arbitrarily-Shaped Planar
Circuit—A Time-Domain Approach

K2

2

0 goppss
1067

é

Qs WOICIECH K. GWAREK BJ(X y t)
b - 1)
Fig. 1. A planas circuit. UJIU!':‘E\dPaper) v V(x7 y’ t) ‘LS ar
WV(x,y.t)
V-J(x,y, t) = - Cj—?'
IEEE TRANSACTI/ W, ORY AND TECHNIQUES, VOL. 36, NO. 2, I ARY 1988

Computer-Aided Analysis of Arbitrarily
Shaped Coaxial Discontinuities

WOICIECH K. GWAREK

ré;n;‘ T Mm% ‘ ' l‘tEE TRANSACTIONS ON MICROWAVE THEORY AND IEch\uQUEs, voL. 36, r:o, 4, APRIL 1988
A Analysis of Arbitrarily Shaped Two-Dimensional
1 f% Microwave Circuits by Finite-Difference
L Time-Domain Method

WOICIECH K. GWAREK

%

Industrial Design of Axisymmetrical Devices Using a —
Customized FDTD Solver from RF to Optical Frequency Bands - FDID}for
Nanoscale and

W Malgorzata Celuch and Wojciech K. Gwarek

W ERI
s (leee micowave magazine

i - ]
Optical'Problems

Bartlomiej Salski, Malgorzata Celuch,
and Wojciech Gwarek

Analyzar




O IMS since 1998 annually at IEEE IMS

Connecting Minds. Exchanging Ideas.

Anaheim, CA, 1999

San Francisco, CAE
2006
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o IMS QuickWaveoriginal applicationsin cosmicresearch& SATCOM

Septumpolariserby SES Eplane Y§unction by NRAO

after A. R. Kerr, Elements for Plane SplitBlock Waveguide
Circuits, ALMA Memo 381

design &measurements Saab Ericsson Space
modelling QWED, 1997
below: differential phase-shift
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propagation of twopolarisations
at centre frequency
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Frequency [GHz] Name Value Units

Domain
Name Domain Value Units 18 ol |s11] F= 76.60 [GHz -47.047 [dB]
|s11] F= 70.00 [GHz] -23.587 [dB] .. weeedpon |S11] Meas. from artide  F= 78.64 [GHz] -56.456  [dB]

EEEEEE EORY & |s21] F= 70.00 [GHz] -3.011 [dB] -
|s31] F= 70.00 [GHz] -3.012 [dB]
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o IMS  Applications for Materials Processing with Microwaves e

Connecting Minds. Exchanging ldeas. 2 s
Simplemicrowave heating benchmarks Design &analysisof realHife microwave oven cavitiesincl.
& microwaveheating phenomena studie$ complicated cavity shapesand advanced feeding systerh

HFSS v11 \

QuickWave 3D & BHM

(dey €
100

- A heat transfer& load dynamics\

A Loadrotation & arbitrary
movementduring heating

A Source parameters tuning?
regime forsolid state sources
Temperature dependenc®f
material parameters
s N

5 ‘ Freezing to file

1 tl‘_le state of the . Courtesy of Whirlpool Inc. -
- simulation ~ 8 Whirlpool MAX oven

- J 1

s

Defreezing on
arbitrary computer

V),
N )

0.8

0.6

[S11]

With QuickWaveEM
computation as fast as
1 min 18s on alow-cost

0.4 \

0.2 :
G0 & at convenient . .
oo e video cardd supporting
2.35 2.39 243 247 251 255 ) ) iz i _ | all graphic cardswith

Frequency (GHz) . Frequency (GHz) OpenCL
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Connecting Minds. Exchanging Ideas.

B IMS  \1aterial Measurements coming to QWE[g=

since 1980sé — H@WAI
awarded research ofProf. JerzyKrupka (IEEE Fellow L Wﬁf =
on dielectric resonators (best known: SpiRost
Dielectric Resonator)

Fig,

— . M@M
przyznaje o )E E PR AR IR o
Krajowe osignie: 3K 2L GiE 45
AWARD CERTIFICATE

by Donald Tusk
Prime Minister of Poland 20072014
President of the European Council 201:2019

é by early 2000s: .
QWED commercialises the SPDRs Agilent Both

endorsement by Agilent / Keysight IEEE IMS 20086,
publication of standardlEC 611892-721:2015 San Francisco, CA

AMITT-S
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MMA-2010, Warsaw PL
co-organised by
QWED & Warsawniv.Tech




o IMS Popular Resonators Offered by QWED

Connecting Minds. Exchanging Ideas.
SPDRs for laminar dielectric materials

typical units: 1.1 GHz15 GHz T.Karpisz B.Salski, P. Kopyt, and JKrupka,
5 doi: 10.1109/TMTT.2019.2905549.

o ¥ ¥y
s,

TEO1a cavities, typically 16 10 GHz

. : 5 GHzSIPDRfor resistive sheets  modified SIPDRfor graphene
for bulk lowHoss dielectrics ‘ D

$IEEE GB3Y5°
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/ TECHNOI ICIETY
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MIMS Bridging Computer Modelling with Material Measurements

k Commercialsince 1997 oy | Applicator design  Algp
@ QuickWaveSimulation Software ICT’ = & model for \
~1000 licences implemented = ~ AWgp parameter extraction

L Modelling(EM, MWmultiphysics...)
Awaves in free space is "easy"

Maxwellian S Material measurements
Awave interaction with matter is INNOVATION
"complicated"...
Accurate material  p— Commercialresonator
parameters [FERSsS £ testfixtures since 2001
(constitutive relations). - =" «
Open Platform Examples & Tools ﬂn‘ﬂ = = =
b QW-Modeller for QuickWave
Open Platform Examples: <+ Eu r0pean Standal'd'
SMM tip presented ai Humerical Electromagnetic IEC 61189—2-7212015 <+
CENCENELEC Workshop 2021

€ IEEE L
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MIMS Why Resonators for Material Measurements?

Circuit theory interpretation (for newcomers to the field):

|

—
-

\-..\_______"__,/‘ PEC R UR
- | -y

Signal(in) e . Signal{out)
™ n,)Yin

<« U

]

givenfixed strength of Signalin),
at resonanceSignal(out)is strongest

O

givenfixed strength of Uin,
at resonancelJ; is strongest(U -=zero)
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IEEE MICROWAVE THEORY &
/ TECHNOLOGY SOCIETY



C“g'MgS Examples of anonical examplesof resonators(for newcomersto the field) &);

Eigenvalueproblems analyticalsolutions existfor cuboidaland cylindricalcavities:

. W
2T RT
<> q RN
. PEC .
s ) v/ PEC\\v
H _|—air ﬁ fF
dielectric Q = 2 v _We = 1 i _——air
ﬁ .ﬁ; @ S tand ) dielectric +— — .
- v J) | |
K) ~ o
4 > 2\
f _ v\/ém s N g é :n n?n magnetic ¢ _ v [aaY g: P G
rmnp T 5 oﬁvv 0 ¢ /— ow-loss rmnp — EE_R 0 ae_Hg
\ VW = S U JU dielectrics ¢ - & )

@ application of cavitiesto Dk measurementsappearsstraightforward
(but cavitylossesshould be minimised & 100% filling factor is difficult to achiev

AMITT-S
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onIMS QuickWaveModelling ofa Cuboidal Cavity 4 e _0;;3

Connecting Minds. Exchanging Ideas. |

[ 55 Pt e

Transmission |S21| 5 S———
) maf— . [GHz] -
simulated Sl A PR A

F1=21.1226 [GHz] F2=21.2724[GHz]|
=-37.640377 V=-37.640377 1

between weakly coupled
source and probe

@ a CUbe 8X1OX1O [mm] _6021 / 21.1 21.2 — 2.3 \ ZD &

X Results (total 18 including 6 from tasker) ‘i’@”ﬂ]
x I‘_"IE Results ;}[:* Scale 19 Radiation E‘.‘_‘: Export E'r: Import IE Additional

i
\

51 =s j (
s B 4~ & KKEOD BT P %‘.5“ K | 2 P K Y. (()=1 6=0.00833 S/m
-5 Config References | Dynamic Refresh | First All || XY | Polar Smith | Bxtended Power SWE |3dB | Gamma | Tuning Template Change Toolbars | Help

@21.2GHz:
tant=0.071
Qgur=1/0.0071 =141
Qs,,=21.2/0/1496= 141

/50
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-70
-80
-90 |
100

11[] [T} i o
18 22 & 30
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\_ /
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QuickWave model of a cylindrical cavity

m _I M,S
TMO011 mode TMO021 mode

comparedto rectangular(cuboidal) cavities, typically.

A lower contribution of wall losses
A easierstandard manufacturing

MTT-S
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I(DIMS How dodielectric resonatorswork (with QuickWaveillustration) ‘@

Dielectric resonator(top left)
As a multimode devicdsee transmission diagramme, top centre)
Including TEO1 mode€top right)and many higher modeglower row)

& o Lgvey Rmaary i d Forea i e nfil lashdham ! ey we dal
=F g M B )

Fields Monitar

Fiieldn Mcnitor

Ex Ev Bz Mo He Hefo GG 5, B R0 B B [-[Eetfﬂ-:;ﬂa M555% Hes r.;:L_-q.u,n; 555 HET F Ans
: ¥ - L 4 & BF o O 4
FIJ?A-EE-"@ L - FYPL R '\i__.:-x'r__.-'-n .. & N A A A o i, ‘i-":""i'ﬂ"'-"-' ]

| CHE R Q=g T O™
an W 'y  } “r ol

S el P i B Ll T Ly e LN A Y 10 Cobr S iy e (0 Bre LT AR Flee U7 L ol 70 M 0 T

AMITT-S
IEEE MICROWAVE THEORY &
/ TECHNOLOGY SOCIETY



aniMms Split-Fost Dielectric Resonatormethod 6 as illustrated by QucikWave

Connecting Minds. Exchanging Ideas. .
/7~ Efield H-field \
LA L \\:\:\\\\ ‘ \ : I ‘ ‘
N N '
b o ‘

oy
& “,

L ] PR S0 ST TR N etal enclosure SPDR
i Joe ] e|lle] a8 | e ar . o olfle |- |- ] . i N
d el elllel e @ |e ] o ol wloflls |- | ] .
. 4 ol L - . oo |- ] o ;| )
L b o el e a0 |e i E oo » L E b U i
s Ao eflle |0 |e - »lo|p o |+ | | N :
A J el e]llel |d « -1 . o (offle |+ | | . 5 e .
Jo. o ] . b PPN ] . 1Y% o a
A J I I o e I BRI ] e =]
F S R PO A I el o o} - - - v \ ~ cavil
S S PO R I P P Nt I D - - 7 N NS
R A e N O . [ i A N ENER \ N
Lo -4 NN ~| -~ |-
j \ axis of symmetry J

/A resonantmode withEM fields mostly confined in and between those ceramic posts minimial losses w
S

In metal enclosure

A Hfield is only vertical at the side wall of the enclosure® onlycircumferentialc ur r ent s i n
no radiation through slot

A Edield tangentialto SUTe air slots betweenSUT andbosts have negligibleeffect

\A easySUTinsertion through slot, nodismatling, NDTmethod )

AMITT-S
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SIMS  WhichScanner SPDRor iSIiPDR

Test Fixtures and Setups
- metal enclosure
For precise measurements - dielectric resonator
of electric and dielectric properties " auxiliary dielectrics
of materials at microwave frequencies - measured sample
Dielectric Resonators X
o axis of symmetry
Resonant Cavities

Microwave Q-Meters
Material Surface Imaging

www.gwed.eu

Resonatordesignsafter:

J.Krupkaand J.Mazierska IEEE Trans. Instr.

Conductivity [1/(©m)] Resistivity [ cm) Surface resistivity
/sq) Meas., 2007,

Table 2. Typical ranges of applications of SPDRs and SiPDRs

Range od SPDR 3 5 4 3. .7 doi: 10.1109/TIM.2007.903647
applications 21071005 from210°t0 510 from 210° to 10

R f SIiPDR . . . .
e;r;)gp?i(c:)at%ns 0110 10° fom 107 010’ fom10” 0210  CADmModelsand EM fielddistribution:

QuickWaveéMsoftware by QWED

iy
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GDIMS  op 10 GHz SPDR Scanner for Ldwss Dielectrics

Connecting Minds. Exchanging Ideas.

Ty
YWiw— - |

ModelingBased Mat er i satlosSetufCh a QL}D .

- ~ 7 — -

Patterned PEDOT:PSS sample
courtesy MateriaNova, Belgium

Weas wred scan of G-tactor w0 Feconstructod scan of G-lactor

1 QuickWave™
|_¢_‘|’ by QWED
-

.

e o i i g PR ——

2D scanner designed with a modified 10 GHz SPDR

Finalist of the European Innovation Radar Prize 2021

( : > IEEE MIC| ETHEORY &
/ TECHNOI ICIETY



MIMS 2D 10 GHz iISIPDR Scanner for Resistive Sheets

ModelingBased Mat er i satiomSetugChar acter.|

——

| SeadtsmiteeeSNR

85 — 160 [Q/sq.]

i

110 — 340 [Q/sq.

Example application:
2D iISiIPDRscanner based on inverted 10 GH3iIPDR battery anodes before & after cycling (SEI formatiol

AMITT-S
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Now coming to 1| NEWMN
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o IMS 5G/mmWaveMaterials Assessment and Characterization

Connecting Vinds.Bcangng s further referredtoas0 5 G Di el ectri cso6 our 05
A5G: Common to only think in terms of ©o6radiod a
A65G6 extends beyond wireless applications

CPU Clock Speeds High Speed I/O
\

A
{ | |

Src. Urmi Ray, 5G/High Frequency Materials Characterization l
Challenges and Opportunities, EMA 2021, S13

A Many forwardlooking wired applications need material
data spanning DC to 100+GHz

A Dielectric constant measurements are key enables
for many different industries & technologies
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