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Nomenclatures

Magnetic Flux Density Vector
Capacitance

Electric Flux Density Vector
Thickness of n-th Layer
Electric Field Vector
Conductance

Magnetic Field Vector

Current

Electric Conduction Current Density Vector
Inductance

Resistance

Voltage

Voltage, Current in the Air Region (Input)
Voltage, Current in Sample
Admittance

Impedance

Characteristic Impedance

Input Impedance of n-th Layer
Attenuation Constant

Phase Constant

Permittivity

Permittivity of Vacuum

Equivalent Permittivity



n

Relative Permittivity of n-th Layer
Propagation Constant

Wavelength

Permeability

Initial Permeability

Equivalent Permeability

Relative Permeability of nth Layer
Permeability of Vacuum
Conductivity

Angular velocity
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EMC

EMI

EMS

ETC

ITS

SAR

TEM

TE

™™

Abbreviations

Electromagnetic Compatibility

Electromagnetic Interference

Electromagnetic Susceptibility

Electronic Toll Collection

Intelligent Transport System

Specific Absorption Rate

Transverse Electro-Magnetic

Transverse Electric

Transverse Magnetic



ABSTRACT

A Study on Development of EM Wave
Absorbers for ETC

According to the increase of occupation density of microwave frequency
band in use, electromagnetic environments become congested extensively. It
often cause TV ghost, radar false echoes by wave reflection from adjacent
constructions. Especially, in the area where strong reflectors, such as high
building, steel tower, iron bridge, etc., exist around radio wave facilities, the
performance of such apparatus often deteriorates due to multipath
interference between direct wave and those reflected from these
constrictions. Thus, to Countermeasure the electromagnetic wave
interference, the radiated electromagnetic fields of digital electronic products
must be measured and must not exceed the specified levels.

In addition, the increase of new devices Electromagnetic Interference
(EMI) or Electromagnetic Susceptibility (EMS) problems. Therefore, the
international or local regulations suggest certain standards for EMI / EMS.

These problems can be eliminated by using EM wave absorbers. It is
important to develop absorbing material for preventing EMI.

MnZn-ferrite or Carbon is useful as a microwave absorbing material
because their electric and magnetic loss contribute to the microwave
absorption efficiently.

This thesis deal with basic research for development of EM wave
absorbers in sheet type for Electronic Toll Collection (ETC), By controlling
the MnZn-ferrite ratio, the Carbon ratio, the thickness, the kind of binders,
the milling time, EM wave absorbers were prepared and examined.
Matching frequency shifts toward higher with decreasing thickness of the

absorber, and absorption ability controlled by adjusting MnZn-ferrite and
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Carbon amount. MnZn-ferrite and Carbon composite microwave absorbers
mixed with CPE were prepared at 70C in temperature. The fabricated EM
wave absorbers show a reflection coefficient - 23 dB at 58 GHz in
thickness of 3.3 mm by transmission line method. In case incident wave
angle was 15°, the EM wave absorber was observed -17 dB at 58 GHZ
with the thickness of 3.38+0.05 mm, in case incident wave angle was 30°,
the EM wave absorber was observed -14 dB at 5.8 GHZ with the thickness
of 3.38+0.05 mm, in case incident wave angle was 45°, the EM wave
absorber was observed -12 dB at 5.8 GHZ with the thickness of 3.38+0.05

mm by free space method.
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oA 2D A (222)=
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Fig. 2.8 General Transmission Line.
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(2.24)
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Vz)=Ve "+ Ve =V+1 (2.25)

)= (Ve —vet)= (v ) (2.26)

Q
Q

2 wof grdgtel A 4 (2259 A (2.26)3 #2 FEj7F "

232 HEASF =3

WA A (213)3 A (214) 2 4 22D 4 (2.22)90 A

p=p = ju (2.27)
e=¢ —j¢ (2.28)

dE
dH’[ ’ ’’ 4 ’r r’ ’

dzJ =—jw( —je' VE, = (— jwe —we")E, =— (we' + jwe ) E, (2.30)
dV(z) .

5= (Bt jel)I==2Z 1) (2.31)
d

iz(j) —— (G+jwO) V=Y, V() (2.32)

of Mo} 4 (2200~4 (2328 Musty 2& Feo How Y
e thg e HE ARselE 4 AAES O F Avh F, 2

oMo V, I= MEdAeR B H o desty vt X

£

_/I:
J53l2e L C R Ge AAFANA U, d,op’, we o 5344 @}

12 gesd

W

o
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Loy, Cod,Rown’, Gowe'

(2.33)
o2 Ha, oy QEHAE BEATIZY A G A Letd
v=V2ZY = V(R+jwL)(G+jw O (2.34)
= V" + jop Nwe” + jwe’) = jw e
o) W, e AR ST AE
.= ﬁ: \/R—i—gw[/ _ (wu'/+jwﬂ’) _ \/,U//_jl,b,/ _ ﬂ
¢ Y, G+ jwC (we” + jwe") e —je’ V e
Holy.
=y L= (2.35)
e 8,8,
b ool BxAFIRoMY EAAYUA Z.= 913 (Electromagnetic
fields) 1A FFdId=ef Al A 5S¢ 5 Aot
£F 7] FolAe &, w o g lolm &, pl o Fe ool

£ = R\ Y

) (2.36)
1= pih, = b, (' — ") = pa,

(2.37)
7 "ot mEbA] 23 H(free space)oll A9 T d el et A4 E o
w3 o] @ H
o
Zp=y[=-=120m = 37702 (2.38)
2] (235)F 4 (2.38)2 A F3kA 719
z, = o (2.39)
ST



of

2 23AR YW o

w3 AFFH Qele) WA ARALE 747}

Yo = 3B, = JwAEH, (2.40)
v= V2V = V(B+ juL)(G+ jwO) = Vi + jou )(we” + jwe) (2.41)

— \/Jw(u/_ju//)Jw(g/_Jg//):]w \/(M/—j/vt//)(g/—jg//)

Ve 2
=JjwvVen=72nf Veu=j2n———m——= 71— +/€.
JVMJf\/uJ/\m I\ Verks

# FAE pok e e 7HARL AT o]
= AsAres 4 @233 H&otd 2xArzs} & 5 v
A (225)ek 4 (22609 Vie 77, Vet = 747 AddelM Fehgd 9l

A (2.25)9F 4 (226)= A=A rE xdsto] TxATFIR Ao A ol

SICE RS



_Vd) Z, + Ztanh(yd)
- Id) ¢ Z+ Ztanh(yd)

(2.42)

Z, = Zqtanh (yd) (2.43)
7V " A7A ge AEsAY T dgEHY e AdEFA 5

Adyd ot mebA A (2410 A (2.34), (2355 A&t el A

A gEol R HEA EwolAe) owas
7, =Zgtanh (yd)= /£ tanh (o Vep d) (2.44)

At skA] 71
z, = 1/% tanh (jw /e, p, d) (2.45)

AL ARERA PEE ASAR AR AFsHe] ALT A 5ol
o] 7] faHE FA o

o]
=
3 AFF) AFYAEL 2,9 Lobok G

Id

tt
R
j‘:_l,
ol
N
i—";
o,
=5
1+
>
rE
=
j‘:_l,
N
155!
1+

==

2l (2.25)~(226) 025 AU} AF HEAA G (reflection coefficient)

Vet VT,
I'y(z)= ervz = V+e ot (2.46)
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-Ve/z, v .
I(z)= ez v 7 =—T(2) (2.47)

2 4o _golAE

V- oz;,—1
FV(O) = F: ﬁ (248)
L

e Qele] A polH Rewg B ouuat

Aatsk Al71d

- @) 14

T R AFE At dudaE YER Y

I[g) = =2 (2.51)

o) gt zed AAFEANAE 7} A
242 Ave F4%ol Holyrn B 4 . AW rrp FwHow ool
W Ryl me g oA SR F47h Qojubn Iz} 1olw ekt
2 ARFFE QoA eEvol10]
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Fig. 2.10 Basic Composition of Electromagnetic Wave Absorber.
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24 A3 F A WAAS 54

E5A WAATE 245 g

AFEE = ARl= 292119

2 =i A A Sheetd I}

= ogue g 2o WA

e o R

Network Analyzer®t 23 (2.12)¢] Sample Holder7} A}-& 9 t}.

19 2.11 Anritsu 37369D UIEH A o} dg}o] A
Fig. 2.11 Anritsu 37369D Network Analyzer.

a9 212 WiltronA el Sample Holder

Fig. 2.12 Sample Holder of Wiltron.
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29 2132 One-Port Method £—20%[11]1S At&3te] S5 Ao gE5%
A5 Al52 2 mm , 4 mm Sample =Ho|tt, 18 (2.14)+=
A== "5 o]72 Sample Holder® ©@(a)9} HolA E A
(b)e] zdelth WA A de FiEol Sampleo] APHE= Holm o
Holder= Network Analyzer(Anritsu 37369D)¢+2] dAZAA] Eo] ¢li= Sample
Holder©] t}.

6.95mm

3.05mm

i <=

2mm

I |

i |

I |

I |

I |

I |

| |

! I

I |

| L

S R e, SF N IR L

e ey [t st Yoo mneos (T
| b - - ~

(a) 2 mm Sample(¥#) (b) 4 mm Sample(2¢)

19 213 A ZE Sample =9 (a) 2 mm (b) 4 mm

Fig. 2.13 drawings of samples.
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13 214 Sample Holder 9 X ¢ 3™ =

Fig. 2.14 The Cross Section and Plane Sample Holder.

19] A=AFE WEAFE2A Anritsu 37369D

 =rdMe daFsA A 1
& AHgste SAesla, SHE MAELS ol &ete v 22 Yyes
Al kst 9 T

4, Sample HolderE AF&3tx 2982114 H+= AP o] Network

Analyzer®] Porte} Sample Holder A}o]el
S, (0)2 AA ] i WA AF A P

AA MAAFE 24T DL fo)

Eol glo] WAATIW WAAS

2222 Short Sampled A=
Sample Zo]7} £ 4 wje} 20 A wje] JdIAdwt ALbstA w o),
A 29(2.15) ¥ #Zo] Sample Zol7F £ 4 wo] dyd~

1+,
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22(2.16) 9 7o) Sample 2ozt 20 A W wALAS S, (20)e AA ] 9
A S (03 2A B adue o0 A g omula 4 (253)7 2

1+.5,(20)
Z\20 = _— .
(20) =5 () (2.53)
Reference
NETWORK Pl'a”e
|
ANALYZER P55
|
# SAMPLE
e HOLDER
| 7 Zg
EavYavav
|
Sll(,e ) 4,/!

19 215 A =9 Zo]r} £91 Sample Holder

Fig. 2.15 Sample Holder with sample length Z.

Reference
NETWORK P"a”e
ANALYZER
SAMPLE
HOLDER
Y Zg
,,,,, N
S.(2p), /!

Iy 216 AEe dol7t 20 91 Sample Holder

Fig. 2.16 Sample Holder with sample length 2¢.

=)
2
i)
=
it

gk Network Analyzer® Port2} Sample Holder= +&°] $lo]
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2l (254)9F 4 (255)F

Z) = Ztanh(yl) (2.54)
Z(20) = Ztanh(2+() (2.55)
s ol 2 & vk 4 Q50T 2 2550 ol e HAE TS gy,
2tanh ()
tanh(2vy¢) = ———— 2.56
anh 2y¢) 1+tcmh2(’y€) ( )
o ¥, 2 (256)= Wi stH
Z20) = Lh(f) (2.57)
1+ tanh?®(y0)
tanh(rt) = % (2.58)
o] ®ty. A (2H8)EFE 1y, £ & =FotH
B 1 y |22(0)— Z(2¢)
Noo= 7 tanh Z00) (2.59)
B Z(20)
Z, = ZU) 5700)— Z(20) (2.60)
o] H©th. 2 (259)¢ 2 (2.60)= HPHA =W
1 _ [22(0)— Z(2¢)
¢ Ttk Z00)
€, _'727Tf 570) (2.61)
Z(0)



[, = —jgc}-%tanh‘l\/—22(2(_25(%) (2.62)
22(0)— Z(20)
Z(2¢)

- Z(0)

o] T8kl X tH12].
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31 AR FFA Y AT

AaE5A AZSE-E Open Rollerg ©]43to] Sheetd =
ot 2GS 2 ARAAS BolFa ok "ol et 2ol duyEg A
E& Mixerol Al A A7t AWLE 70°Ce A

=
e 823 A oA Sheetd

&3t3d & Open Roller?] H 2%

Ao EF5AE A@o13].

(a) Mixer (b) Open Roller

(c) Sheet

29 31 ARFFA A2
Fig. 3.1 Fabricating process of EM wave absorber.
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3.2 MnZn-ferrite®] T &uo M AIgFFEA

ri

= es AIdEFFAES
ferritee AF&31% o,

& A

%31 AREEA AZA A

Table 3.1 Manufacturing of EM wave absorbers.

MnZn-ferrite (wt.%) CPE (wt.%) A‘E(:Enj)ﬂ
35 65 2, 4
40 60 2, 4
45 55 2, 4

2 mm, 4
ot FSAMOE MES FSAAL FAT doly

3.2 ~3.7°

UEt A . o] AR FE o] 8ske] AlEdoelAdd A3 58 GHz theelA
o AuEFSyT WH3le a7y 3.87 2o ey
R i —+— Real
1. —o— Imaginary
1 P OSSOSO 1

P T N OSSO
>
=
2
S
I
—_
[1}]
o
1 R T
5 7 TR c; (;06; """"""""""""""""""""""""""""""""""""""""""""""""""
‘ o o "
@ o o0 OOO Oeoo 20000 .
0 I . 1 # 1 5 I i 1 ¥ 1
2 4 6 8 10 12

Frequency [GHz]

19 3.2 B4 (MnZn—ferrite : CPE = 35 : 65 wt.%)

Fig. 3.2 Complex Permittivity (MnZn-ferrite : CPE = 35 : 65 wt.%).
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a9 3.3 B2 F A48, (MnZn—ferrite : CPE = 35 : 65 wt.%)
Fig. 3.3 Complex Permeability (MnZn-ferrite : CPE = 35 : 65 wt.%).
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a9 34 548 AE& (MnZn-ferrite : CPE = 40 : 60 wt.%)
Fig. 3.4 Complex Permittivity (MnZn-ferrite : CPE = 40 : 60 wt.%).
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Fig. 3.5 Complex Permeability (MnZn-ferrite : CPE

= 40 : 60 wt.%).
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Fig. 3.7 Complex Permeability (MnZn-ferrite : CPE = 45 : 55 wt.%).
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-20 T T T T T T T T T T

2 4 6 8 10 12

Frequency [GHz]
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Fig. 3.8 The Simulated Result of MnZn-ferrite EM wave absorbers.
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Alg el e 237 58 GHz WelA -5 ~ -10 dB9 WAMAI G &
A

Fo9got B =RAA 24399 $7 4 mm ol d, 20dB o] 49 A
F45e wERAE 2R

3.3 MnZn-ferrite 9l Carbon& H7}% A9 FFEA

ol Ay 2AAdEA QB2 MnZn—ferrited] A& 45% A v I
e =AEA A7 Carbond AP a[14] ¢8| = F 329 o] W3}

AMAAM F7 4 mme HES Azpsto] 74z dapFaA Aol wiek wkAb

2 248, 24 43 a9 39 ~ 19 31160 Yehhlth

32 ARFRA AEA A
Table 3.2 Manufacturing of EM wave absorbers.

MnZn-ferrite Carbon CPE AWZF7
(Wt.%) (wt.%) (wt.%) (mm)
5 60 4
35 10 55 4
15 50 4
5 55 4
40 10 50 4
15 45 4
5 50 4
45 10 45 4
15 10 4
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Thickness 4 mm
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©

fre, relsrprmsmmms ey —=—MnZn : Carbon :CPE =35: 560

—o—MnZn : Carbon : CPE =35 :10 : 55

—&— MnZn : Carbon : CPE =35 15 :50

-25 T T T T T T T T T T

2 4 6 8 10 12
Frequency [GHz]

12 3.9 MnZn-ferrite : Carbon : CPE &3&td|o] w& wkALA <=
Fig. 3.9 Reflection coefficient of MnZn—ferrite : Carbon : CPE with

composition rate.
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Fig. 3.10 Reflection coefficient of MnZn-ferrite : Carbon : CPE with

composition rate.
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Thickness 4 mm
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Reflection Coefficient [dB]
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Fig. 3.11 Reflection coefficient of MnZn—ferrite : Carbon : CPE with
composition rate.
A2 &4 AFEA MnZn-ferrited] =HEA A5 Carbons H7Fs F7
dmm?e] A aEFFA A E 9| REARA

= Z|
MnZn-ferrite?t 7}A 3 AHES @S "R dAHo=2 5 ~ 10 dB &€ A

AZ FA 2 mm, 4 mm= ‘8/\1 ZdolHzle] 2o Z=HWorg A3l
Matlab Z 2719 & 2

L ER AT 0]
3184 Y etk £ &8 7F MnZn-ferrite : Carbon @ CPE = 40 : 5 @ 45
wt.%2] AlEd el g FA 52 mm, T35 58 GHzollA WEALAIG7F -10 dB
o]0 g2 o =%l o MnZn-ferrite : Carbon : CPE = 40 : 10 : 50 wt.%2]
AEHolA 2 T4 42 mm, T35 58 GHzol Al WHAMAIG=7} -19dB ] o
=59l 12, MnZn-ferrite : Carbon : CPE = 40 : 15 : 45 wt. %9 7%= F7
3.3 mm, T35 58 GHzolA WHAMAIG -21 dBeolAto]l o SE Ut Al E# A
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Ast, Carbon®l H7hgel FABFH AFFERF/E A%

H [¢}
= = 7 dfded, g2 FAe duEFaA AAE d52 5 AT

P

45

AD A neeennnre s —e—Real |-

100 | R i
30 4

25 - ﬂ ------------------------------------------------------------------------------------------------------

201 rrrrr T ———

Permittivity

Frequency [GHz]

a9 312 B85 dE (MnZn—ferrite - Carbon : CPE = 40 : 5 : 55 wt.%)
Fig. 3.12 Complex permittivity (MnZn-ferrite : Carbon : CPE =
40 : 5 55 wt.%).

4.0

Permeability

Frequency [GHz]

9 313 HA4aMFAE (MnZn-ferrite : Carbon : CPE = 40 : 5 : 55 wt.%)
Fig. 3.13 Complex permeability (MnZn-ferrite : Carbon : CPE =
40 © 51 55 wt.%).
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Fig. 3.14 Complex permittivity (MnZn-ferrite : Carbon : CPE =
40 + 10 55 wt.%).

4.0

Permeability

0.0 , . , : , ; , : ,

Frequency [GHz]

a9 315 B4R FE2E (MnZn-ferrite : Carbon : CPE = 40 : 10 : 55 wt.%)
Fig. 3.15 Complex permeability (MnZn-ferrite : Carbon : CPE =
40 : 10 : 55 wt.%).
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Fig. 3.16 Complex permittivity (MnZn-ferrite : Carbon : CPE =
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—a—40: 5:55 =M 5.2 mm
1 — —o—40:10:50 SN 4.2 mm
—a—40:15:45 S 3.3 mm

Reflction Coefficient [dB]

-30 , . , ' , ; I : , ;
2 4 6 8 10 12

Frequency [GHz]
19 3.18 MnZn-ferrite®] Carbon #7}=Fel w& A 3} A
Aol A Bl o] 4 2 ot
Fig. 3.18 The Simulated results for MnZn-ferrite EM wave

absorbers of Carbon amount.

Thickness 3.3 mm

Reflection Coefficient [dB]

B8 —o— Simulated Result
—e— Measured Result

-30 r ; .

I L 1 . I
Frequency [GHz]
¥ 319 74 33 mmSl AaFFAYg A Ao
Fig. 3.19 Measured results of EM wave absorber with the thickness of 3.3.
mm.
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MnZn-ferrite] Carbons 7} AugoA9o Eduje FAo wE whAp
A Aledelds #S Edz A AaFFAE Al#ste] Aladeld 2
ot A Ads 29 319 e AT

19 3199 M| MnZn-ferrite : Carbon : CPE = 40 : 15 : 45 wt.%, 7
33 mmE AEdeoldd Ayt 58 GHzolA AFFIG4E Holi WHAMASF
-21dBE yEtSla, A4 SA4% A3 g2 ASF9g 58 GHzolA 43 F
7l 33 mmz WHAMAS -23 dBE uWERHTh AlEE ol Ay A5 3S v alsid
= W WRAMASTE ofRbe] AfolZb ey g 5% Fukg 5.8 GHzolA At

F4% 09% oo & SAL wolw AW} A9 YA AL B 4 Ak
34 Aste] YAz BE AFFFA AREFFT A

2 232 Y MnZn-ferrite : Carbon : CPE = 40 : 15 : 45 wt.%= %4
#H AA FA7F 33 £ 02 mmel AaF5AE 30 cm x 30 emd] A7 2 A #FE)od
et Aol datErs SAS A FAskAE. o714, 30 am x 30 cn<]
712 AgFFAE AZE A% AR FAE = FUF ol A e

m -, =

3.20& A zk3l A 1ksS4=A o] AlRlo|t}

1% 320 30 em x 30 em®] A7 2 AZHE AaFA

Fig 3.20 The Fabricated EM wave Absorber with the size of 30 cm x 30 cm.
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a9 3212 At AdolM o Az dvEFaaA 54

Fig 3.21 Measuring set-up of EM wave absorber by free space method.

a9 322 ARait AodA ASFFA Y wAMA¢ =AHAAHES JEd A
ot} Hulo] Uiatztol]l wE AGFFEAY HAMAFEE dAMZ 15°Y u -16 dB
o3, U7 30°Y W= 14 dBM oM, UAZ 45°Y wi= -11 dBE Y ERS

. A7 2 =wodAE 58 GHzold 7] 33 mme HaFFAsE Bx=2
stol FaRATh AW FfEr A A ZHSA AT 30 x 30 are] 2719
AHEFAL AL A ol gl Aol FAS 047t YRm o2 Qdd A
b Z bl wmheh obel Aol ebdl B2 AR A A%EFA 54 vheh)

dFaares AT Ho= olFsta Yas& Hola Utk

rlr
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REAL A5

Fig 3.22 Reflection coefficient vs. incidence angle of EM wave absorber

results in free space.
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