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Abstract

The electromagnetic properties of materials and their spectral characterization have become
increasingly significant in various scientific research fields. such as the characterization of

cancer cells and the study of their detectability.
This research explores methods and algorithms for measuring the electromagnetic properties of
materials in different environments. with a particular focus on the Transmission/Reflection

measurement technique. It also investigates the possibility of extending the frequency range of
the 13 mm measurement cell. Due to the lack of prior studies addressing frequency range
enhancement for 13 mm cells. this study models and simulates a cell similar to the 13 mm type

namely. the Park cellc which is used to measure the effective electromagnetic shielding of

materials. The simulation was conducted using CST 2021 software.

The Park cell is considered an advancement of the ASTM D4935 standard and operates up to a
frequency of 2.67 GHz.

After modeling and simulating the Park cell, three approaches were employed to investigate the
potential enhancement of the measurement cell’s bandwidth.

The first approach involved modifying the base radius of the conical transformer in Park’s case 2
cell, which enabled the measurement cell to operate effectively across the entire frequency range
of [0-3] GHz.

The second approach consisted of modeling and simulating the CHA measurement cell, followed
by introducing Teflon into the conical transformer. This configuration achieved an operational
frequency range of [0-0.66] GHz.

The third approach involved inserting a portion of the inner conductor of the port into the conical
transformer, resulting in a measurement cell with an operational frequency range of [0—1.035]
GHz.

Two models of the 13 mm dielectric constant measurement cell were subsequently constructed by
applying the CAA and CHA hybrid cell designs. The new cells were CAA 13 mm. featuring an

air-based conical adapter with Z_,,,.4ir1 = 50 Q.

CHA 13 mm. featuring a hybrid conical adapter with Z ., prrr2 = 21 Q and Z,yp.qir2 = 30.4 Q.

The results showed a significant improvement in the frequency range for the CHA cell. with a
VSWR value less than 1.01 up to 2 GHz: less than 1.02 up to 8 GHz. and less than 1.09 across the
entire frequency range up to 10 GHz.

To compare the frequency range enhancement in dielectric constant readings. the dielectric

constant of FR-4 material (spectrally characterized in CST 2021) was measured using both CHA
13 mm and CAA 13 mm cells. The results indicated improved dielectric constant readings with
the CHA 13 mm cells.
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Keywords: ASTM D4935 — American standard for effective shielding measurement. CAA: conical
Air Adapter cellc CPA: Conical PTFE Adapter cOellc CHA: Conical Hybrid Adapter cell.
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ASTM D4935: Standard Test Method for Measuring the Electromagnetic Shielding
BCI: Bulk Current Injection

CAA 13mm: Conical Air Adapter 13 mm Cell

CHA: Conical Hybrid adapter

CHA 13 mm: Conical Hybrid Adapter 13 mm Cell
CS: Conducted-Susceptibility

CSHs: Coaxial Sample Holders

CST: Computer Simulation Technology
Effectiveness of Planar Materials

EMC: electromagnetic compatibility

FFC: Fast Faraday Cup

Jig: Calibration Fixture

MUT: Material Under Test

NRW: Nicolson—Ross—Weir method

RCFFC: Radially Coupled Coaxial Fast Faraday Cup
SCL: Short circuit line method

SE: Shielding Effectiveness

VNA: Vector Network Analyzer

VSWR: Voltage Standing Wave Ratio
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Permittivity comparison of the ABS, PLA and Semi-Flex plastic material

4
—ABS infill density 100%
35¢- ~—PLA infill density 100%
—Semi-Flex infill density 100%
3r i
P e e VOIS USSR
-
§ 2 WMW'#W_H_W‘“MEW'—%_M%
& 1.5F |
.
0.5- i
u 1 1 1 1 1 L I 1
1 2 3 4 5 B 7 8 9 10

Frequency (GHz)

e waill o3 ayudt 2l plasaal 20100 B Gl Gebline S aslad s -14 K2

Permittivity of the ABS with different infill densities

Permittivity of the PLA with different infill densities

4 4 —_——e
—ABS Infill density 100% | ~—PLA infill density 100%
35 —ABS infill deasity 50% | 35+ —PLA infill density 50%
) —ABS Inflll density 20% | —PLA infill density 20% |
3 3"
225 B2 i et |
3 e 3 S l
R e e e e~ s e £ 2! H
g E L/WWMHWWV—\M_,M
Q1S e e S e ——— A
1 E 1 ‘( 1
05+ 05-
0 \ | | : ] 0 ) : \ | ; .
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 T 8 9 10
Frequency (GHz) Frequency (GHz)
(a) (b)
4, Permittivity of the Semi-Flex with different infill densities
—Semi-Flex infill density 100%
a5t —Semi-Flex infill density 50% |
’ —Semi-Flex infill density 20%
3+ ]
\"‘\‘\m G ——y — —_— -
225 — . POV e P Sl RECON
2
= 2-
|- U R (S VN0 N 1651 MO S A B
ails
1
0.5
0 L L L L H
1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Sk BT M) e o M el 13 28] 2 S s 15 ISl

13



oB (SO Jolan |5 (o) SLalSKaW) i O o Wbl 885 (3 Ll 1y Gy ol 25 ey O
st 23U Ll opglisStandard ASTM D4935 jig jlaad Lyl Joi anla [8] Jub 3 &b
.16 J.QJ:J\ (b))l asl JL) Bl J:—i o as

i |:+
Coaxial Line Conical Line
(a)

Conical Flange Conical
transition
B —

N-type coaxial '
interface

N-type coaxial
interface

Coaxial line
(b)

lgall L;«v:i’J-é-Q‘ 5l o) BB By lme 2516 S

o) Juall lally ana)l Ll of Normal and modified ASTM D4935 jigs o.)tall b 7

bkl (e 17 IS (giams oo pially oS0 o) a1 Jas fuay @) bg 5ol o) Jshar OLilit Lad)
.J\.xgy‘cﬁ

14



Zeon= 46.97 2 Z = 50.2 2
< N ~__—~ Outer

< > e——>
62.8 = conductor y 31.4

o 4.66 | o
{r;=165] | d 0,1 17=16.5

Zoon=40.5Q Zop = 50.22

oy
o
N

[\ Pt
- - -

LI

conductor
6,=28.2° 6,=46.97°

8,=13.1° =24.94°
o [unit: mm] Cm2e

(a) (b)
S Jaadi Ll (b el Ll (2 ASTM D4935 tali -17 ISl

Al s Jasll lally O Al fxg el JLall O 834 28
291 40.5 ilsT al Juall Ll 39 29l 46.97 cols0 W ) jLall (3 by sesdd 80l 2Ll 203 0]

o o b2dl S0 AW O izl ilsy VSWR 203 (3 63 U ol 3 ol aas (3 8,80 M o
18 JQJ& (ST 235 J2) sl Jis

3.0 0.0 53
28| —Case0 -0.2 52
2.6 [-~—Caseit——i—f3 -0.4 W 51
2.4 A -0.6 1 50
2.2 1 = -0.8 Mo — 49
o< 2 N
= 20 =10 i S 48
wv ~— =] E
=18 Ty A o -1.2 i 1 N 47 H
1.6 74 A A -1.4 : ~ 46 |} t
i o 7y AW ) I o 3 I b/ case o
: 4 i v ; -1.8 N \/ —---Case 1
1.0 < -2.0 43
0.0 05 1.0 1.5 2.0 25 3.0 00 05 1.0 1.5 20 25 30 00 05 1.0 1.5 2.0 25 3.0
Frequency [GHz] Frequency [GHz] Time [nsec]

(a) (b) (c)

150 ol Zee S21¢<VSWR -18 el

Lol Jsl ale pk ol B Sl Lol gl fasn clg (1 8l) Jaadl jlalt s b Jas
9 Sl (sl S 3345 ol e Doyl 515 s 3 plg 29l 50.4 11 as1 40.5

15



I ot EU5 (5T by seall Spall amilell ad L o) oo 3y Lo 5l 5usB s 2 2l 3 S Jus
33

i e Al e i) (51 U by sl saet ooty 07 = 21,239 aghl aas e 30U 3 AL bil-
e

01 = 21.23°% i e Al we bysli 50l b3 Gl e 4 AU 2 )L 6

Zeon= 5042 Z,,=50 12 Zpn=50.42 Z,,=50 %2 Zeon=50.4 2 Z,,,=50 2

{314 ), 1e-32:93 L4y 6,13 AL s
: : 314 ! 314
i " 1.5—:":"—

4.66 | . 4,66 | 4.66 | -

_l I 1421166 ) J 166 _l L o ‘166

{7 £ B il iy -l Usr 1
.T I S T DXk X 3 T X .: ........ .T = —L—..—-..——.-:—.-._
4,35 '«
8,=46.97° 8,=46.97° 8,=46.97°
6,=21.23° 6,=21.23° 6,=21.23°
[unit: mm)]
(a) (b) (c)

Jadl ekt e L oMaws 8 gy 45 352 oYU =19 (e

s 084 AW 3 (1.24GHz 5 1.26GHZ) «ils™Lb 555 Lol 3 O G ontyline 1S 34 2 U
20 ISl easd) Jb ded (3 1S et

16



3.0
2.8 [-—

2.4 '
2.2
2.0
1.8
1.6
14
1.2

10— —
00 05 190 15 20 25 34

Frequency [GHz]
U 3, oYU VSWR =20 el

VSWR

91 - 19310 3{,‘55}‘ dayd J—l"""’-’ &Sj w‘ 563 Jajf;«.u ix52 & ‘;Sjj EJJLJ\ C)\jjzi’-\ .ﬂ)b )Jf

21 el

RUTIENUS PV O TSIV SC U UR-WS -5 DR U SO SRV C VS-S I PSR - SO s B J PR V272

Zon=56.32 Z,,=500 Zy=56.32 Z,,=50Q Zoy=56.32 Zun=502

el iy q03 T el ol 43y
I 314 L 11314
! 1.5 —ie—

466 | 4.66 | ! 5

-T ¥ ~j—'7 -T 1 : -:I———

S 435-) '
6,=46.97° 6,=46.97°
6,=19.31° 6,=19.31°
[unit: mm]
(a) (b) (c)

ﬂ)b My 76 5 v =21 JQ:J\

17



22 K (gl sasls s aad pli]) plas¥) Bl Laib fodan 3y S W dns Ladl e S foas

3.0
2.8 — Case 2
----Case:5
e ‘Case' 6
2.4 — - Case! 7
&z 2.2
% 2.0 ,‘\‘ 3
= 1.8 : 7t s 'l',,
1.6 - st il
1.4 g i, /
1.2 F——t 51— \ "
2N \ £\

() et . .
00 0.5 1.0 15 20 2.5 3.0
Frequency [GHz]

.ib\g Mo 7.6 .5 2 N VSWR -22 JQ;;J\

Jolas 2ad pnd 2T Al s (ST ol Al ) 535 208 o i skl Jo sl uis OF )b iz
JUL 015y Lyl Jsl ad Sl pin 26 o [9] JUN (3 Bras e 58501 Liie 2ad gy WSSV
Sl @ pased) (Bulk Current Injection) BCL S0 Ll i jler skt e &t

CS (conducted-susceptibility) = ¢ EMC (electromagnetic compatibility)
24,23 Kz

removable metal cover insulation
b O |
current injection probe
L[ direct connection
direct connection to 50 Q & to 50 Q load
measurement equipment 4

> ——l—— ?

v Yoo
AR AN OO

insulation

el W@BCIJ&, - 23 el

18



LR R T BT T Y

- -—

BCI .= - 24 Kz

HLYl Jo w5t (e Bak Lyl S I e s L5 i 2 BCT U1 Sl o0 3540

Al B by Leguany haane 2ol V1 s s (dSoag N-Type £5 o0 die 0 BCI ot e

(Leblizl wis amdl Jo W2gE Jlast o 2) WURTH 35l ol cobdl asle oo wolylol dayl o0 Lial 05809
25 ISl () Slas Y1 o) Ll Gsile by oldag

L) Sl e e el 1) B

19



Copper sheet

10mm x O 4pam

(b)
BCI .2 s1>1-25 K2l

ki) B3l pa s Ll pU e (S8 WS 81 s Jgal) Jig T BCT 8ples jler s 555000 Js
26 ISl Sl 3315 emd 3200 1515

LB ot S Sl G895 s JIE eenas 26 (1))

27 i) ) des 1S

20



VSWR 3sVNA (Vector Network Analyzer) iaws itz il VSWR (27 Kl
VSWR s redll any 18 CST (Computer Simulation Technology) s\ ez veaasl
.DO-160F Las onm Skl

9} —— measured | e
= = -EM-prototype
=== EM-optimized
—— DO-160F
6t - - ]
=
(2]
>
3r A
o X3
IR RAs o
0 A A
10’ 102 10°

Frequency,[MHZz]
J1g e Laad) dmyy 3 VSWR =27 [l

21



A Sl s w1 ool [9] JWl 3 LS 581 e 53l Jsly Ll S)L 3 LS s Las syl o 0)
b S dpld) sy B bglas (3 plbBY) gblie pois ag el LR o3l JUB 3L 5T Al s
JUL (8 09l 2B (ol jled Jasl ol e Jgadly SV Jolas Gad jein Jlab [ palo ) )

sl e byl 3 el I e I3y 86l 38 (e (5T slsl) Sl Jjall 3 25 shas [10]

28 Ked S11<-20 dB et Jolagy 10 GHZ 555 5> o 35kl ald1 0)

re !
. — . _ 1 _____ = —
C * + M — . y]I !"L
T F2
|
»le e R 1
I . L L I
L
a b
i
!El{'] | L|
; e S = _ )
&rj ﬂf'ﬁ | //——'*F]rl ﬂ"c'iare'lr
SN I 3
L}.-"'; I|I I|I “'\_ LI L3
AL, ALALY AL,
a b

SE b Sl ads ek |>1,4-28 (el

Lyl el cuball wlasg e 81 sde lE 2 i) daasl) Sl wis &l adsll st Z3sd) (3 ) < el
29 el eyl jse folee 3 pnd

22



skl e s Ll o 51T =29 (el

O o aar (3 Redseandl M) olally WLA B by WL W el e [TT] JUl 3 gl cud

) Coaxial TEM Cell a4 _La) L= o C\)JT 6 ds
:ASTM ES7-83 Method (1

o @Al Jitl e sl LS (551 gib- LS ahaze 3 LVl e o8 Syt B b e d)le

30 Kadr (1.8 GHz 41 1 MHz

(a) Test sample

/

.—1<+ ——
(b)

ASTM ES7-83 a5l il ads -30 (el

:ASTM D4935 Method (2
Arblineg ¢S atlad) Wl pasans 76 mm ), 33mm I olad Caai (52 B s e Sl

BT Kad 45 86, e 5)le 0550 LasY) due a5y dar e dne LoY) Glie Wo alle @ilss s s oliall
3 ) OF Ok 9 b 9 7 9 9 >

23



@) Test sample

ASTM D4935 a8 il als -31 e

:TEM-t Cell Method (3
b2 Wjle Bghae o B3 Ay ilawgll o il aloosdl I3 2230 LS Sl Ll LI sda pasizs
Alose 2T of Sl sllard of dlogs wlgis
o2 sl A BUy i) el el sgmrg e 12 GHZ 533 5 pasins

32 JQ’:J\ (3ad)
Test sample
= 3
/
3 : :

TEM-t Cell a5 oLah as -32 |l

.Dual TEM Cell Method (4
Split TEM Cell (5
Apertured TEM Cell in a Reverberating Chamber (6

B3 e e wisss Jo ld e Byad s fotis Garse L 13 W Liagl dx gy

24



Specimen §

N pulk = L
i D)
X band Ku band K band Ka band
8.2—12.4 GHz 12.4—18 GHz 18—26.5 GHz 26.5-40 GHz

22.83x10.13mm 15.76x786 mm  10.63x4.28 mm  7.08x3.52 mm
Al ) WL s =33 IS
FFC (Fast Faraday Cups) s 51546 0l aoeany [12] JWI 3 0l 03

@ Logas (obggpd of SLorSIYl Joe pmall pid) ailas W) pisun Slexr s mpdl I3l Olnsd
Al a1 Ll gl ol

B awld S SbeS )L Ul hsds Bemeadl Sladl LUL Olidl ook
Lelad Ll (692 mppedl gl Ot UV FEC pglany [12] JUab 3 W) 56

is¥l o) i) Lulse =wad RCFFC (Radially Coupled Coaxial Fast Faraday Cup)
B4 el ¢ raasall sz o

Conical line

Center conductor with a blind hole of 2.25 mm diameter

RCFFC Celrs Lag i 55! g (slal)b Ol =34 e

25



il gl e oMy el o6 o RCFFC (s Olnid) by sll Js) ahaie 35 S s
36 S (Sa Sl Bl e Jpmamdl g sl Jmal) 3ol aniledd i (6T g e

MN-type
Connector

(a)
RCFFC (615l 0lbnis o Lyl Sl 2 shais =35 |2l

-20 TTTT T T 0.000 1 1T T T 17

| B B B )

-3()_. sn i 50.4—- > - ‘ : 3 _-
&0 —-0.005 e | B
T i =g so.o-__/\/\/\/\/\_
&£ 60— w-': ~ . -

70— 0010 498 G TR e

80— i 496 ot okt B St B

-90 L L L L L L R B -0.015 LA S B S S S A

0123456789 00 01 02 3 03 04 05 06
Frequency (GHz) Time (ns)
(a) (b)

i B B A B B B

-80
1—s [:s A Capacitive peaks
11 21 pacitive pea
B anana e I e
0:1:2:3:45 6789 00 01 02 03 04 05 06
Frequency (GHz) Time (ns)
(a) (b)

el dayy (353 llakesll) umd) 13 RCFFC (56 0l ZC 830l) ity S21.511-36 |SLal

(e olalasly)
26



Gengbliing ¢S sl bz [13] JUEl (3 0gi U1 6 (il oS0 ailall b aa e 35 35U 585 1 O
el LS Al et e lall sl 1 W) 8L 15 1gwy3g fanall

37 St el LS adilall ol ld) b sl g el 3 lpedsizal

Material under test

Carrier and sample
holder

(a) (b)
e 5yl e (il e ol e et il ads =37 ISC2))

Wl Ll ol e ) ) el HT 30 el 0 o 205 25 5 2 e Ogtm Ul s
38 S el (3 s W s 3330 slsy gpﬂﬁ\ A ol O s jeall e ) el H2

-u - 16
- 10 0MH; =
5014 ” : 50, @ - -
4s & 40 +HI (15% aw) :é ......
+ T 45 o H2(15% aw) 4
a0 [* o WGHz 40 +HI(10% a.w) o | 2GHZ (e
s, & I — et 35 JHRlTeaw) e e
EARARAAA AR R - 4+ 1 (5% a.w) 2 .
ED] .‘|; _g * - 0 SGHz 10 ©HZ (5% aw) o SGHz sassssriee 43
& & D 1o 15 +HI (17 a.w) 0 5 1o 15
2518 i) L % 8w tadded watcr) 251 om2 (0% a.w) % wow (added water)
200 & % LN 20
15 *ittjt'&t."-?g 15
&
t o Fe * * L 2PN i- g o b B g ™
10 **3‘3**;;;;;: ]Dt$*;i3$$+43_$_§ g 90
5 5 AR S &R PGEEEEF
0
1] 1000 2000 3000 4000 5000 0 1000 200 3000 4000 S000
Frequency (MHz ) Frequency (MHz)
(a) (b)

A2 ol oy Joall o JUeS AW s =38 (S

39 ISE)l sl Bl s sz WL 335 5L3jL @ gt Ul g

27



-45
-50 + ¥
—_ + + + 2 Lo
o -55 stk T
= * o00©0O0O g o
-60 + o +
2 _,_+"'"'Ooooooo_gz@"‘?q>4>
— -65 6 0O o©° = B
4 cQoQ® + + HI (10% a.w) s
70H0002% OHI (10% a.w) m
75 & + + HI (0% a.w) s
2o OHI (0% a.w) m
500 2000 3500 5000
Frequency (MHz)
(a) (b)

33 L3jb oeal) Bl Bomys i i gl =39 ISl
D T a0 S 2L Lt Jledl) i) ol diy b yshary gL oG [14] JWa 3

Ko Jo o Slexr s Loy 106 IISWCNTS (single-walled carbon nanotubes)
gl

et s e el o) e Jend 335 e ASTM D4935 el i cres pslon Oyl ey
40 JQ’:J\ (8 GHz Jos 235 ) 1.5 GHz Jasd) 335 e kd)

------------------------------- g

l <o
e e T |
-».--“3.82 %O Pkt ID) Da — G2l

d b i

1
e AT

(@ +x1
(a) Type I jig

Bt et toR

b) +x 2
(b) Typell jig

ASTM D493 ,LlType 2 jig sType 1 jig ks 40 (el

28



41 e sl anlall foas (o g st Sl B gl pir Cnaemnad) SIS ASGY) SMsles (nd &
42,

O S11 - Measurement
-70 - 1 O S21 - Measurement
S11 - Simulation
S21 - Simulation
-80 T T T v T T T T A T v
o 1 2 3 4 5 6 7 8

Frequency (GHz)
(@) A=Al
(a) S-parameter

Type 1jig ¢ S11 -41 j<e

20 - — L | —
1 Cr ' = R
=30 7 [ - [ .
1 [ B | -
-0 1 | - N ]
50 —
-80 —
- 0 S11 - Measurement

dB in Level

70 H 1 1 ! 1 i - - - T S21 - Measurement
i S11 - Sirwlation
S21 - Sirwlation
-80 T T T T T T T 1
(] 1 2 3 a4 5 (=7 7 2

Frequency (GHz)
(a) 2FEHAlS=
(a) S-parameter

Type 2 jig ¢+ S11 -42 K2

29



gl Ledl
dy o) Ayl

s 1.2

NV SN (N N B ROCNUE HESA UYL N B b slgal) ddolially 250 oS a5ladl @ as O
A ally 2ol sl oSy Sally dsliall @l (35 ¢hors)snd) Sy iy SGUI ol

relative awd! LS afl cold complex madl sl L Glagdl o el opsb
Al Je 36 Leas relative permeability and) ablall 2oLy dielectric constant
Bkl els, (frequency domain ssspl) Jubi 3 =31 aelly time domain gl Jid) (3 Ld=ly
@3l JB) o e Lzagds wa b SO tWO-port wls ol cone-port network wsl-i s

Lol Sk ) el leld Ss J)slll sy o olal

[16] [15] [3] Lges S olomedll i Ko losY) danle S5
SV LE fales o3 LD @

.Transmission/Reflection (TR) measurement cells
kel — dmgual) (ks o) (g5t amgll L5 WD @
.Open-ended coaxial (or waveguide) cells

.Resonance cells w1 Lo o

A o Tey nblial) alend ol 5 3l oSO Al el aiadl ol sy TR i b susans
Jlasy) bl sl oLy complex reflection coefficient S11 SKaVl Lk suiall
VNA o2 L4 5l plseal complex transmission coefficient S21

30



Jobae n Toy nblial) 6 slgall 2l cold Bl olall oYy open-ended i b i Lo
J sy diall sy Jois dadal) 5] giall so ) e Ul o srad (U sei aagdal) AV ) L WSSY)
RESIEWY | RS &M.wo 8oAs J&,;‘Y JJJMSU Yalas

Bales diplal) ods (Mo L ale 2355y 3 WSy (ape (9335 J# aks e 6k TR Gy )l e
(Leatbas o5 oIl Gl b mog &) L) 2ds) LoV e WLA Sl sl s Ty ( oLal) dmia) aids
A3 IS [1O] 5Lt oy Bl oy Aol s9medl) o £1LaIL Uasdl ol il Jrany

Aaylasd UL B 5ot (592 a5 s —43 |Sal)

1/ 9 350 eSU Al ) el sl odsaa dsaadl Bllly a2l Olajyleb) e ddall sy & SIS
L) Lelasy SV Lolak (stindl bl o Tedy ¢imbliall 2o Lol

[16] [15] [3] Wiasel S st ¥1 of wlajleh) i S ol dnale S5 oo
e Nicolson-Ross-Weir (NRW) method
e NIST iterative method

e New non-iterative method
e Short circuit line (SCL) method

o ity B Bl 2 Jsadl (3 g o LS sl il ey eegiy Rl dl ol @ (il
o e G b ey (Bremablial) 2 lodly LS Al ) il odlsanl s3le w2 Sl sl Y)
A5 IS dterative 2SI NIST as2y Lol coesusS Lemmss plaszaly 335 IS e NRW 12 gokes

S g ) (o B 39y o ) ) ad B

31



bl g ¢S) ailadl Clu U] a5las =1 Jgudd

Conversion S- Material Speed | Accuracy
techniques parameters properties
NRW S21:S11 Ur¢er Fast Medium
NIST S21<S11 ur=1¢er Slow Good
New non- S21S11 ur=1¢er Fast Good
iterative method
SCL S11 er Fast Good

Ladezais g ady bl Slade OV STiw L3l Bk e Ladll dedde 3 Lle LSS LS

Transmission/Reflection(TR) measurement cells 44,k 2.2

(! o) Jeoxdd) 2l s o e @ (MUT) Jlas V1 i wy o ooy 22l ol plisaal L3
VNA s 25) VNA i)l Gl e plasanl Blall S casdl Bgime oldy ) ol oy
sl o el W sl e S candl Byiee Jo fad S alsy WL als «e Calibration

A4 IS (DY 8 ) B Aed 3 ol (b L)) hes OF o Bl 8 35S0 anidal)

VNA
@ P

MUT

Connector
calibration plane

Connector
calibration plane

b line g ¢S ottt s 3 TR ag b 44 Sal)

32



AR Lot (3 s ) A1) L e aliall ) ol (3 pSSL ) oy

M)@wwdwwuaw\ﬁwwu}&uduww}wwum

0dn) i) pelawry Bplall o oy 8L LY Loy ol e Jgad) o o VINA L D3 0 (1
(VINA L) by 330

b lal) a Lty L oS 2l 2l Glas a)les s 0 (2
SueS Al 2 oS Boles el Uty o W) Ree cams Bsdas e Jsedd) de

WU ZLEES U VS DOV

TR aab ol @

e B ey Bl dln gl lelall w13 Sl atlas Wl danlly st dmsll NS pusens
Adleg dbwgte wlaa g die oLl 513

bl g ladly SUeS W 56 S Ol S5 2

TR b ss ®

L s e Las V) e o 83samsll B Sl s LA (3 a3gds dag L]

gkl Job wliclas e dnad) 8T ColSTI3] Bagu L) 35 0S5 .2

sty danyles Loib dateis S Agla (la)lss) Ol a] sae dargy dedal) (3 LS LS

b Lkl Lol 250 S 3l 26 5513 =1 .Nicolson—R oss—Weir (NR'W)

33



[17][16] Nicolson-Ross-Weir (NRW) 4agiall 3.2
gblial) 2Ll gp@\ Wl 2l ile Clas (o5 boles Al b o
S el @ LYl die Cads Bgduas & (el deylgs J53) Caddl Bgdae oY1 AU (1
[Ssample]l ) Bsias 3513
e b slas¥l e of (5120 8220 S2T.ST1T) candl sian oMalas 2 2 b)) ods Vs a
Asotropic o~ aless 2wl il <513 ( S12:822) o ( S21.STT) gl

U Bl Wiy (b)) s 2 wie) jleaVly WSeW) elas casdl elales Lag s

_ r(1—T2%
ST W
T(1-T%)
VNA 5800 3080 b e s oo S21STT e Jyadi 3 eom
d SVl sl boles s el 25 1 51 foay
:( reflection coefficient )I' SKu¥) Jules
=X+vX? (3)
2 2
Sll - 521 + 1
X="— @
S21

:(transmission coefficient) T ,Las¥ Joles

34



S11 Sz — T

'= 5
1—(s11 +s20)T
:(relative impedance) Z, a.l axloll
u 1+T
Z = —_—= — 6
r e 1-T (6)

IT] <1 oty o B SV ok aallal) aadl) 0685 0 ot sF adlpadll palall g plil gt

18] Re{Z,} > 0 corp Z i) anileddd il i) 0555 Ol
tk LS bl dLedly JL STl Al 26 B3 (3 Jasadl £

Uy =]

ZCn?L n (%) (7)

cZ, 1 1

&= (7) ®)
(relative permeability) i) dblall Lol <o 1 U,
[(relative permittivity) @il S il ot : &,
(reflection coefficient) SV Lbes : T
.transmission coefficient)) jLzzV) foles : T
.(relative impedance) a..dl alll : Z,.
SVl age Job o L

a3l f

35



LS L} ;)«'25\ :\-Fjw :C
[18] ot &5 Jolibs i pacd) Dgheze o (Auld! dnlygd! o) el BBghuas ) A1 (2
[Scell] Al cass e s [Ssample] dal) Cxid Bshias (oMl (g AL ol
Lo t\jﬁ OV STiaw (5y92l o) Lgae ozl ol Lol JISCa0 e sl dorgy Ll dmn U oLl ] (3 Wyl LS
b lial) G- Loly 5L eSS Al 28 LS

[18]4awbliall Lalaudl y il g8l 4 Jladl A5 (b YA 4.2

0y W slgall Gunblines S (asladl s LYs O
classical - 7 mm cell LSS dyyp8t ol 3 (1

Jotl o) sl i lab e Ll s b3 gl Cut clobl st (592 B Las 5 duall my £
A5 S 3 WS ke 7wl ods (3 4y sy ((Connector)

g ! outer conductor
ampie / inner conductor

,,,,, v

VNA _ ar 4 . VNA
Port | 21, Port 2

d, L d,
classical — 7mm cell 1S Lalh als -45 el

saleld WMAA}J@Q\ uafLA;-\ LS B ul& 5% d}w ‘&j Jreses) uﬂ\cfzj\ 8o el Ldo 4 odd
) Slsedd 33 LA 5 Y Bl 3 knal sl 01 LS (31350 sl Lokl O )

.conical cell abysdl Ll ads say L& LOs e @l g ll JUsY) g e

[18] conical-13mm cell ibg sl ol i ids (2

36



A3mm U Crasll 3 2 ol sl 1SS g 2l oda @
W YL 52 ST ( Z, ) characteristic impedance aa gl asld) 5ls Jow

60 In (router conductor) (9)

/. =
© Ve

Tinner conductor

291 50 Lexed 055 01 g BT ISs] Olad
P>
Lo B LS s Toyrer conductor
'gf\"'w\ B kb aai : Tipner conductor

33l o jladly Crad) oo Bl (b e Wolo| (gl gy LB i WL B oo abade 46 2 g
(Al o = Y Loy — Al el Bl 055 08) LVl dns md Oy ne il ot
(& = 2.1) PTFEE oladl a5l - St 01kl 0)

Sample Holder outer conductor

Sample
; L inner condhictor

VNA -

Portl [T . ' Port2
PC7 T PCT
Connector  Borders of the containment area: ~ Connettor
? dielectric walls ‘

d, L d,

.conical-13mm cell aby sl L als— 46 (Sedl

mm Jbste¥ oa el (Kall s ab-d

37



Normal ASTM D4935 jig ,.sli conical-38.1 mm cell ibssdt ol d) s (3
[8]
A7 Kl w62 T mm byl Jot Joby 38,1 mm Cranlt (3 ) ol s 204 oda 3
Modified ASTM D4935 sl conical-38.1 mm cell byl ol ids (4
(8] jig
A7 JKad e 31 4mme by 5l Js Jsby 38,1 mm Gzl (3 ! ol el 24 o
Sty poiin Likae (3 poiin a5l &l Modified ASTM | @3 J) et S park Lozl
.park add o Jls

ubl) AGIAT gaa 31 Jlaall Cppad dilSa) Al 2 5.2
e Bmgin Gkl € oy ([ 8] b (3 3y LS Park aJd (o558 JU) o Yl vt i lll ods (3
RERYY RV SCVNEIPIEC IR IPESCS B Y. WO =5 PO G IS Y ESE O [ NE PR B Y
Lol oSt ) 638 & il amloll 2ad (3 18 w0 Tl (L8l bos slad 3 e rlie b8 gl s
) el n gly s IS a SO s i Park oWl o6 a6y L gl abai e 3L50)
el Al (3 Wl plaBW) abk adge s 1) BLEYL dsdl
elodl cpsshall sl (gdite Jlazul o ez (o3l J) e Si 43y b e (ol s
Ji3) i ST (PTEE)Oskid) 830 29 ¢5 50w ablgze 312 Gkt ol Wle 53be e 0Lyt opdicg
bl g A1 o) o3 Bl gzt [I] ol @ 29 WTasy Loy bl Jo e 05k B30 0 5
47 K« Conical Hybrid Adapter (CHA)slsbly 05lid) 4l s

. Conical Hybrid Adapter (CHA)clsbly 0glidl dile sl bl g bl Jot ool 24 - 47 (2l

38



Al 3ol i L @op plesYl abi ke Sl vyl (3 pr Wl jad) OF did> e 131 s deey
Bl T Tl e

A s e TS Bl e fanll s
CST 2021 zatp @8] &b 3 LT ) ol ads 2 Yy

CST 2021 sty @ slsbly 0sbid afile comn bg 2 o2 old oldl als 2 dd 1130

Wil 3le gy Oolidl At wisle JoV1 el s g2 Sy Ol (ing Bl BTy B daty gt
S8 S 51 L Janll 51 (515 05l 83e g ks poie ¢ 5lsh

[19][18]4+a citds 43 shuan (e D) Alad) il 48 shuna Clua 6.2
g AL e () JESY) smie (LS Jsbll Cla 2 [Sampre] el o Bsias LA
A8 |Kad anditwo port network Gsiis i e (3

ALY b S BLoly 156 ag WL 2l e Bl JLas) e Sl O deasid) folas 250 Lal,

‘//Efercne Planes \

Sl = ﬂ{l | . 32 = BEz
¢ »! -« »
a;(0) —é—} a;(#,) —é—} Two-port {—!— az(¥2) "—é— a,(0)
| | Network : |
by(0) <—— bi(f1)  — —» () 5y
Port 1 Port 1’ Port2 Port 2’
x;=0 x; =4, xX; =4, X2 =

) S Bgheas Olud dax U diall i) Jig - 48 IS

il g (00) A e ol (1

. [18]Sempty cell 21 )6 oy sl ezl Lelee

39



Sempty cell. 21 |
= |exp (—jB(d, + Lsample + d2))|
X |exp (_a(dl + Lsample + dz))| (10)

Sl 3 jlasY) el B
oY il ol e W) Gl A gloi oy el 1 dy
RPICIRERUREREWESKUE S I S S e [ 23

DY as Job Lsample

Rty ] o sal L} )L:;.;Y\ el Olus =

=2 (11)
As
T BN e ety 33U (3 dsl) Job 1 A
2 = 20 (12)
RRRY/TRrS
A @il Jb A
_ _ In (lSempty cell.21 |) (13)

dl + Lsample + d2

bl i ol e cand)l Baine Olud LU GBI 3 2yl o Ly

s11' = s11 X exp(jB(2d,)) x exp(2ad;) (14)
S21° = Sp1 X eXp(jﬁ(d1 + dz)) X exp(a(d1 + dz)) (15)

40



S12 = S12 X eXp(j.B(dl + dz)) X exp(a(d1 + dz)) (16)
S22 = S22 X exp(j,B(Zdz)) X exp(2ad,) (17)

Bl 3 Jpaml il LS aile b 0SUe 5 Loy o ST Slin 0713 2RL Slgbdl ki IS o0
DbV de caid dsdne e

b lidl) B lendly JU S 2l 26 2 e Bledl 3 Jgadd) ) 0 89 7 Wbl sgm £

5L NRW )\l wlshas o 49 K2

Use following

S-parameters

511,512, 522,521

Calculation
Reflection
coefficient

Calculation
Transmission CE":U_'?“C'"]:F 'E:r;-ECt with the
coefficient condition || =

b

Calculation
permeability

w

Calculation Calculation is done in real and

permittivity imaginary terms

w

NRW 55 ~49 |2

[15] NRW aujjlss ol @

41



LSS e W) G dmgpe (1
akdar g 20 )l LS e goasl) AL (2

NRW anjlos Css @
Gz Blad) e 055 B U HlasV! e dnad) Jsb d5B Y W1 s AL 3 cazs (1
50 e amsll Job
e 055 O g ) 3T 0B aplll alSCall s (2

2.5 -
E'
2 R
15
1+
0.5 :
8 10 12

Frequency (GHz)
- NRW 2.)lss plasecat PTFE 0skid) 850 afile ol bl o541 =50 K2

DlasV) feles Lyl
T = |T|exp(j (0 + 27mn)) (18)

eV oles Jlas : [T
eV Leles 305 0 O

.WJ.LC«:TL

42



gpféﬁs W 26 M8 3 ol e palsall jleeV) e Al Job A5V N LS Bae 3 oSS Al
IRV ZLEES U VS DOV

rdu S e 89 7 w0 s

cZ,

e =J e [—in(T) — j(6 + 2mn)] (19)
¢ Z, .
& = ot [—In(T) — j(6 + 2mn)] (20)

43



I il
3119 dordad

LAY e dadad 1.3
Bghan ol Wil il e Gl LS AW ol e Sl 01 2.3 5841 2.2 5580 oW1 Lad S5
bl S aslad o SU oS aill el zlpanY NRW ajlgsy 2l
CST S plsanl LW de ardd of NRW aujls amo 0 il ol e a3
Bgian ol gl LU Aally ol BUy Js1s U e iy eenad) OF e Microwave Studio 2021
ST Sl 3 LS s

——— R1 i

y

OO ERRARRAE g
S NSY il

% S g l =

v e = = = e O

(CST a1 mals s o Bjlias) 2e =51 IS

5 ooty R2 = 3.04 1M i il L R2 = T s ot 5o i b,
g 9 L)

60 (72 N
ZC = ﬁln(m) ~ 500

DAL eS Aile caly Olid ik 51 U2 3 amezsl) il ads (3 2l 33LS PTFE ol plascea ¢
My =1 bl ity g, = 2.1

44



6 A s 33 el glay L eas ) Caall shasel e slyal) S oS AW et 5013 CST sy
b lial) d-Lecdly 250 ¢S i)

Electric Dispersion: Nth Order Model, N=2 (Constant Tangent Delta Fit)

2.1011
2,101

Eps' (Fit)
2.1008 -
2.1006 -
2.1004

2.1002

2.1 1
2.0999

Frequency / GHz

(@)

Electric Dispersion: Nth Order Model, N=2 (Constant Tangent Delta Fit)
0.00045 ; T ; ; T ; 1

0.0004
0.00035 -
0.0003 -
0.00025
0.0002 -
0.00015 -
0.0001 -
5e-05 7

0

— Eps" (Fit)

Frequency / GHz

(b)

Al el e bl el () CST ey @ anlall Oskish 5L (sial) LS ailall e =52 K2l
L SuaS Al et e sl ol (b)) LS

[0-10] a3 I i 2,15 21011 aad gl adilad) ol add) o) OF 04 (52 ISC2)l
0.0001 s 4o 795 2B ol sl ol OF Ll adg 35701 3b3jl me jadses aed O e GHZ
371 3b35b aned s1ss 0.0004

MATLAB gz, ¢ NRW sl 4 blssly CST maly o ol 2l ol Bghae ohsinal & 4
53 K Sl Al e sel3 ol e

45



Er

T T T T T T T T T
2 i .
Re{sr} X 4.0025
15— Y 2.09993 N
1 -
05" Im{e,} 7]
0= I I 1 r 1 I | I -
(1] 1 2 3 4 5 6 7 8
fo
Mur £, 850 a6
N 1 T T T T T 2 ]
Re{#"} X 3.995
Y 1.00226
05— —
Im{u,}
o | | 1 i i i | | | -
] 1 2 3 4 5 [ 7 2]
fo

NRW zsjylos gedos any oMWl (3 05k 5310 anbliall a Loy LSO adjlall et =53 (el

NRW alskls olill a3 b plisal Lede Joadd @ & gt 335 53 ISCadl el
S Sl el oS ads eal F Lo (o3 JU1 8505 251G anlysg [B] S s axdé ¢ UG
Lede Sl 5ok

(Alail) el A o) &L A8 Blslaa g dalad 2,3
@ ol il VU i &L [B] ol Byl (3 Bmisl) L ks B G AR b B e Gaoel)
Bl 2 dé 54 Sa) g ([8] (3 angall i) e SSI ls ylhe ik @ ey (21519, 17 JISCaW)
CST zety

CST by & aps! Ll s -54 JSad

46



6,

Cpaalaal) G lmal) Dy cpdll g 19 0 Ol 1.2.3
CST a5 2y 3 55 el 3 amedsh) ol pyleall i &

8,=28.2°

6,=13.1° [ Unit]: mm

(@)

8,=46.97°
6,=24.94°

DEE

(b)

CST 2021 ety 3 - case 1 padh jlali (b) case 0 kel jLali (2) 1 oL s =55 |l
Lot it 3y Ayl 2 ae Lo Jam g el 0)6 & V) cpusn ()01 S b [8] s ST 4
Sk 150 mm S glew (o ST Job slaxsl @ 5 e B3l L 150 mm S slew Jskey g0 1S
o N ade Jsadl &l (easl QU1 2 Jgadt gl 15 0 plall e IS VEWR bl 56 JCeds
b e Jam @ A e @ OB (s a LSy plald

VSWR

VSWR

— VSWR case 0
— VSWR case 1

Nle=025]

1.5
Frequency / GHz

(CST 2021 gty 35581 3 1,0 8okl VSWR =56 (K20

47




) dsdadly )L A Jé s g &)ae — 2 gud

case park / GHz obtained from
simulation / GHz
0 1.08 1.23
1 0.53 0.57

&l ciliuas Jidi Al 49352 Al 2,23
b 2B &) Sl 0 45 35 2 oYU 2208 (57) K s

:46.97° \\
:21.23°  [Unit] : mm N

b
@ (®)
: 8, ] ? 16.6
7, ; 16.6
............. I A Ty
6,=46.97°
6,=21.23° [Unit] : mm

(©)

4l :b 3ad b 2 AW ia )l wlbd 04y 352 VW ES12-57 (S

48



YU e Al ST gl eon ) J1 3 Jgud) glays 4y 352 VU VSWR Ll 58 el gby

VSWR

L

— VSWR case 2
VSWR case 3
— VSWR case 4

Frequency / GHz

(CST 2021 55141 sty 2 45 3, 2 alll VSWR =58 K2

45352 SN L end s ar el g B e fead 355 el @5,las — 35

case park /GHz obtained from
simulation / GHz
2 1.26 1.45
3 1.24 1.44
4 2.3 2.56

8] b 3 b Lope Il p O BSIR e e Jsadl ¢ 3 il OF 3 Jgud gl

49



&l Ciliaeal Jiad 1) 79 69 5 Al 3.2.3
b 2B &) Sl 0 75 655 oYU 2208 (59) K s

6,=46.97° [Unit] : mm §
6,=19.31°

@) (b)

6,=46.97°
6,=19.31°

[Unit]: mm

(©)

T WA e 6 AU b S AW A L s x0T 56,55 oYU s512-59 (S
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VSWR

— V5WR case b
— VSWR case 7

1 1.5
Frequency / GHz

(CST 2021 51412 75 6, 5 4sl VSWR -60 (K2

2.5 3

74655 <N 22 (1K AL sisTey CST 2021 alascnl Laganad (3 Jonll 555 o &)lis — 490

case park /GHz obtained from
simulation / GHz
5 2.27 2.52
6 1.59 1.71
7 2.26 2.48

8] M @ Sb eoye Il o 055 BRI e e gad) & g sl OF 4 Jgudl lay

adlie (3 b et g el BSIR e Ledke Jsadl ¢ ) el o Lyl 45 39 2 gl gl

A0 Dl &L Al e (peat A3La) 423

Cnas bt P e DL Lede o ) il e (L) e clr] S al da S )L 3L B e
NS WOCRY PR P s LS WO [ DL CIPN [y PR 1 [ PRy PR A g sl suels i
52 1S29.6 J aggles S glly 2L Lpatsenad g aedl) e Yo 30.2Mm ) Sl by sl 5ucls Lo
61 Sa)l (3 eios
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el dn CST 2021 Stows 2 AUb 8 s 3 alaie —61 2

3GHz 555 a3 s shaal ) sy sl VSWR Jolel 62 J@S gy

VSWR

— VSWR_case2
VSWR_case 2 After OPT

o
=
[
B B . T B e T . S L -
T R e D e e e e P
T N — AL A WY — NS
] ‘ E E . E i
(0] 0] 0.5 1 1.5 2 25 3

Frequency / GHz

b sl plaiY) Blee baw 4 CST 2021 s 3 2 J-UVSWR -62 el

o (3 Ty Cazy 05 OF V) o) JU) 35 Sl sl Jog 5l 306l o (i Gad o S5 o
AU B A (3 axdl wme Lo g (Oskidl) Wile s3le W) Ad b e (g3l JUH B3l (s 8

L g Aal) Bas iy £ Ui ¢ gt ¢y ol aladicd) d3ila) 4l )2 3.3

oo JBsly 7 mim ol A bl il Jlasal e oS3 [B] b e (case 1) T A esas s3le] ¢
byl sl ) 0sled

Loadl ) Oglis Jisl ey Oss 30 gl Bbsl) tebline oS asladl 3y CHA suudi 2l sl ¢
19mm A3mm7mm 4mm I mm 0.5 mm) byl Jsi s osliald ailzz Jigbl 5512,

63 el ((31.4mm25mm .
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CHA Lyl o u)ufj LL; bl mn il ol jLald (T L e (case 1) 1 b -63 L2
Jsl o (€) Lpppe = 0.5 MM Jolay 05kis Jissl on (b) Lgsdd 1> U1 Solidl JLssl 05t ()
ook Jso) wa (€) Ly e = 1 MM Jsbs 05kis Jissl o (d) Ly pe = 0.86 mmJsks osks

s 05k Jsl mn (8) Lt = 7 MM Jsks 0kis Jiso) oo (H)Lprpe = 4 MM Jskay
ol 0skis 3l o (1) Lipgpe = 19 MM Jskay 0kis Jis) wo(h) Ly = 13 mm
Lptre = 314 MM Jsky Lyl LS Je 0kis J3) o (§) Ly re = 25 mm
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iz Jlsbl 0gladl Jusl g Lyl U1 0skidl Jissl 090 CHA 1 VSWR s colSa518 sy
Doy sl U Oskad) Jssl Oy 3T ik Layly 65 SKidly 64 it by 5 e 05kl

0 VSWR

—— VSWR case 1 with Lptfe = 0 mm
VSWR. case 1 with Lptfe =0.5 mm
—— VSWR case 1 with Lptfe=0.86 mm
—— VSWR case 1 with Lptfe = 1 mm
—— VSWR case 1 with Lptfe = 4 mm

VSWR

VSWR d=0.031858
146 P Ry S s—
5 5 5 5 5 5 - 5 —— VSWR case 1 with Lptfe = 0 mm
1.4 1 ' : ' ' ' ' : VSWR case 1 with Lptfe =0.5 mm
1.35 —— VSWR case 1 with Lptfe=0.86 mm
1.3 4 — V5WR case 1 with Lptfe = 1 mm
—_ /SW wi —
% 195 VSWR case 1 with Lptfe = 4 mm
124
1.15 A
1.1
1.05 A
1- i i i i i i i
0 0.1 0.2 0.3 0.4 0.5 [0.62877]| [0.66063 [5382

Frequency / GHz

(b)

¢ 0.5 mmOmm) aizz Jisbb byl 515 1 0skid) Jissl we (Case 1) T dll VSWR 64 (2
VSWR<1.25 & Joaht Jig oz (b) 23 S b Js (2) (4mm (1 mm.0.86mm

Lptfe = 0.86mm s Lyl 51> 0gladl Jiss e VSWR J e Liadl oS (a64) JSKadl s
Job ais tlI3VSWR e o et byl 505 Oglidl Jsl O 04 aieg s VSWR slsp alls 52
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Jsl 0gs addt ol ud VSWR<1.25 Lo cf CHA 2 oie fows sl (03700 J) 50 2l
335 3= Jors BUG 0.86 MM sk 0skid) Jlssl e Lle 0.66 GHZ 355 5> Jans bosd 11 0slid)
sx 145 [0-0.37]GHZ i1 o 25 Jasl VSWR 055 086 mm Jsb s $30.62 GHz
(be64) el )l Laif 5213

et sfcase 1 padl el Jiail mils clacl CHA st 24
by st 0yl bl 220 VSWR i (263) 520 e

52l by sl Lol ez e 2w VSWR aa3 ai(31.4mme25Smme 1 9mme 1 3mm7mm)

05k

0.51 GHZ 555 3> &l Jaw oy TIM 6T Jsb ool 8 208 il 0 L] (De65) IS 4l

.0.099 GHz s> Jor I ods adl com

Oskidl by sl dzes e Wlm gl

VSWR
9 T
—— VSWR case 1 with Lptfe = 7 mm
e —— VSWR case 1 with Lptfe = 13 mm
S —— VSWR case 1 with Lptfe = 19 mm
G N A —— VSWR case 1 with Lptfe = 25 mm
o —— VSWR case 1 with Lp...31.4 mm
= S . S W S A SRS S
[
=
e
c 5 SR PR 7 S Y S W S 4 AR . X L N S
3 SN ot N N el L e T AN T
{ e I : \ ; ; '. ¥
] 0.5 1 1.5 2 2.5 3
Frequency / GHz
(a)
VSYVEC
5 9938 . WEDI‘418?2 . .
g o] —— VSWR case 1 with Lptfe = 7 mm
2I6 — VSWR case 1 with Lptfe = 13 mm
’ —— VSWR case 1 with Lptfe = 19 mm
L / —— VSWR case 1 with Lptfe = 25 mm
o 2.2 1 ““JJJJ | —— VSWR case 1 with Lptfe=31.4mm
' e
< ) IS S, S R
14 ------------------------------------------------------------------------ /
1LY e e =3
1 - : ' : . . . } . f
0 0.05] 0.099106 |0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.51783 6

Frequency / GHz

(b)

¢ 19 mm13 mm) aakiz Jisbl byl s U Oslad) Jlsol = CHA a2t VSWR -65 Kl
VSWR<1.25 & e Ji oz (D)sasl J1 Jsb e () (7mm ¢« 31.4 mm.25 mm
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JUbs anlll 181 5é55 6 50 ohmd) r o5 e 0.86 MM Cshss Jsb e bl anilal) 03 0555
dis sh BV Jekall e Ls Liadl 35l 05 o ald Job S amilal) e glay 67 Sl e B8 S

J7mm

Zc

52
51 1

—— 7 case 1 with Lptfe = 0 mm
7 case 1 with Lptfe = 4 mm

50 1

49 Z case 1 with ptfe = 0.86 mm

48 1

Zc

47
46
45

43 t t t t t
0 0.5 1 1.5 2 2.5 3
Time / ns

s bl by sl sl ) oskad) JeslCHA il ads Job s anlell -66 ISl

Zc
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—— Z case 1 with Lptfe = 13 mm
—— Z case 1 with Lptfe = 19 mm

—— Z case 1 with Lptfe=31.4 mm

30

0 0.5 1 1.5 2 2.5 3
Time / ns

ik bl by sl 51 4 0skid) Jissl wCHA i ads Job e 2l —67 (2l
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OSlEl 392

(I BU Jsb et ae [8] Syb 6 (case 1) 1 A1 5812 (a

adlzz Jlbl byl fols 41 lisedd sl B ] o Sl oo T 8L 328 2

.68 [KLad ((Bmm/mmSmmcImm)

7

(©

(d)
Lol oo 1 B ke Jlgb) an ) L) jLall (T 5L e (case 1) 1 b -68 2

.8mm (d)7mm (c) 5mm (b)1mm (a):Length of inner conductor in adapter

sl bl by sl fsls ) sl sl U Jies) e 2lsdd VSWR ((2069) (et gl
Smm ) e o8 VSWR J i el (8mm7mm.Smm.Imm)

@2 JB1 05 e 7MiM J) e w58 Jgkell aad sl 06 VSWR<1.25 (¢ feadt JUd adls W
(b69) KLeh (1.05 GHz J1 5> adsl
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VSWR

VSWR

6.5 T ;
67 —— VSWR case 1 with Linner into adapter = 1 mm
5.5 11 —— VSWR case 1 with Linner into adapter = 5 mm
5T —— VSWR case 1 