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KEK
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KEK ( )

·
CM KEK

(

/ 35keV)

[29]
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CM 2

1 3

*2

CM

(Gnd.)

Gnd.

*2
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.

(f ≲10 kHz).

(f ≲100 kHz)
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2.

2.1. CM

1

1 KEK

;

KL: klystron, P.B.: pre-buncher, ACC.: acceler-

ator structure, PRM: profile monitor, GV: gate

valve, HV: high voltage station.

S

55 MeV

3

CM

CM/2 (CM1)

(CM2) CM/1

(CM3)

CM 2

( )

(I0) (R0) (V0)

1:N(N : )

CM

( l ∼ 20 m (CM1,

CM2), l ∼ 15 m (CM3))

( )

I
b

Io

Vacuum pipe

Ceramic

Magnetic fields

Beam current

Induced current

R0

Output voltageVo

Coil

CM

e  beam- 

2 CM

.

CM

[30]

2.2. CM

3 CM

Spring

BNC Receptacle

Aluminum Case
RF Contactor

Spring

21

Internal terminator

Toroidal Ferrite Core

Insulating

Ceramic

Coil

φ 45mm
Beam

 Polyimide film 

Test input

Output

 Polyimide film 

1-Turn Calibration Coil

3 CM .

CM (Al )

( 12001H[31])

25

BNC Gnd.

BNC ( )

1 50 Ω BNC

CM

4
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( 4 ) 1:N

BNC

4 CM

4 CM. :

: .

3.

3.1.

5

5 (a)

5 (a) CM

. (1 ) CM(

)

. (b) . CW

.

1 1:N

5 (b)

CM

CM

(VG)

VG(ω)

VG(ω) = AjωL1(ω)I0 (1)

L1 jωL1

I0

A

15 m

50 Ω

( AC100 V)

Gnd.

Gnd.(PS Gnd.)

Gnd.

PS Gnd. *3

PS Gnd.

3.2. Gnd.

5 6

Gnd.

Gnd.

PS Gnd.

Acc Gnd. 1

Acc Gnd.

CM

Acc Gnd. (Acc Gnd. /off-state)

(Acc Gnd. /on-state)

*3

.
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( 4 ) 1:N

BNC

4 CM

4 CM. :

: .

3.

3.1.

5

5 (a)

5 (a) CM

. (1 ) CM(

)

. (b) . CW

.

1 1:N

5 (b)

CM

CM

(VG)

VG(ω)

VG(ω) = AjωL1(ω)I0 (1)

L1 jωL1

I0

A

15 m

50 Ω

( AC100 V)

Gnd.

Gnd.(PS Gnd.)

Gnd.

PS Gnd. *3

PS Gnd.

3.2. Gnd.

5 6

Gnd.

Gnd.

PS Gnd.

Acc Gnd. 1

Acc Gnd.

CM

Acc Gnd. (Acc Gnd. /off-state)

(Acc Gnd. /on-state)

*3

.

6 Gnd.

.

CM

CM CM

BNC Gnd. (Acc Gnd.)

( 7 ).

CM

*4

7 CM . BNC

BNC

.

4.

4.1.

8

*4 .

CM

CM Gnd. Gnd.

. Gnd.

Gnd.

.

CM Gnd.

.

Acc Gnd. Gnd.

.

.

8 (Gnd. Line)

.

(d c )

.

8 6 (

z = 0) ( l)

( z = l)

(e1 e2) (Z1 Z2)

(Z4 Z5) Gnd. Line (Z3

Z6)

6

e1 = VG(ω) ̸= 0 e2 = 0 Z1 = Z2 = 0

Z4 = 50 Ω Z5 = 0

L1 ∼16 mH ( µr=12000
(
f ≲ 30× 103 Hz

)

µr(f)=4.1×108f−0.96
(
f ≳ 30× 103 Hz

)
)

*5

Gnd. Line

8

Line1( ) Line2(

)

(Gnd. Line)

(Z3

Z6)

8

CM

*5 f ≳ 30× 103 Hz

( [31]) .
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(Case I) e1 = VG(ω) e2 = 0 Z3 =

Z6 = 0 Z4 = 50 Ω Z5 = 0 6 Acc Gnd.

Gnd. Line

(Z3 = Z6 = 0)

Acc Gnd. PS Gnd.

Z4 = 50 Ω ( )

(e1 ̸= e2 Z4 ̸= Z5)

PS Gnd.

Acc Gnd.

CM

(Case II) e1 = VG(ω) e2 = 0 Z3 =

+∞ Z6 = 0 Z4 = 50 Ω Z5 = 0 6

Acc Gnd.

Acc Gnd.

PS Gnd. Acc Gnd.

(

) Gnd.

1

Acc Gnd. CM →
→ → → →

→ Gnd. (

Gnd. Line )

Acc Gnd. PS Gnd.

Gnd.

CM

BNC Gnd. Acc Gnd.

PS Gnd. Gnd.

Gnd. Line

Gnd. Line

Line2

Gnd.

CM BNC Gnd.

(Acc Gnd. ) Acc Gnd.

(Z3 ̸= 0, Z6 ̸= 0) PS Gnd. Acc Gnd.

Gnd. Line

Case III

Gnd. Line (L = 0.33 µH)

(R = 15 Ω) *6

e1 = VG(ω) e2 = 0 Z3 = (R + jωL)/2

Z6 = (R + jωL)/2 Z4 = 50 Ω Z5 = 0

(Case III)

6

8 Gnd.

(Gnd. Line)

*7 e3 Gnd. Line

PS Gnd. Acc Gnd.

Gnd.

Gnd.

Case III

(Z4 = Z5 = 50 Ω)

(Case IV) 4

1 .

Case Acc Gnd. Gnd. Line Z [Ω]

Ext. Loads Z [Ω]

I Z3 = Z6 = 0

Z4 = 50, Z5 = 0

II Z3 = +∞, Z6 = 0

Z4 = 50, Z5 = 0

III Z3 = Z6 = (R+ jωL)/2

(R = 15 Ω, L = 0.33× 10−6 H)

Z4 = 50, Z5 = 0

IV Z3 = Z6 = (R+ jωL)/2

(R = 15 Ω, L = 0.33× 10−6 H)

Z4 = Z5 = 50

Case I–IV 5

Gnd. Line Z3 Z6

4.2.

(balanced-unbalanced cir-

cuit) 6

*6

. LCR

(f ≲10 kHz)

.
*7

.
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(Case I) e1 = VG(ω) e2 = 0 Z3 =

Z6 = 0 Z4 = 50 Ω Z5 = 0 6 Acc Gnd.

Gnd. Line

(Z3 = Z6 = 0)

Acc Gnd. PS Gnd.

Z4 = 50 Ω ( )

(e1 ̸= e2 Z4 ̸= Z5)

PS Gnd.

Acc Gnd.

CM

(Case II) e1 = VG(ω) e2 = 0 Z3 =

+∞ Z6 = 0 Z4 = 50 Ω Z5 = 0 6

Acc Gnd.

Acc Gnd.

PS Gnd. Acc Gnd.

(

) Gnd.

1

Acc Gnd. CM →
→ → → →

→ Gnd. (

Gnd. Line )

Acc Gnd. PS Gnd.

Gnd.

CM

BNC Gnd. Acc Gnd.

PS Gnd. Gnd.

Gnd. Line

Gnd. Line

Line2

Gnd.

CM BNC Gnd.

(Acc Gnd. ) Acc Gnd.

(Z3 ̸= 0, Z6 ̸= 0) PS Gnd. Acc Gnd.

Gnd. Line

Case III

Gnd. Line (L = 0.33 µH)

(R = 15 Ω) *6

e1 = VG(ω) e2 = 0 Z3 = (R + jωL)/2

Z6 = (R + jωL)/2 Z4 = 50 Ω Z5 = 0

(Case III)

6

8 Gnd.

(Gnd. Line)

*7 e3 Gnd. Line

PS Gnd. Acc Gnd.

Gnd.

Gnd.

Case III

(Z4 = Z5 = 50 Ω)

(Case IV) 4

1 .

Case Acc Gnd. Gnd. Line Z [Ω]

Ext. Loads Z [Ω]

I Z3 = Z6 = 0

Z4 = 50, Z5 = 0

II Z3 = +∞, Z6 = 0

Z4 = 50, Z5 = 0

III Z3 = Z6 = (R+ jωL)/2

(R = 15 Ω, L = 0.33× 10−6 H)

Z4 = 50, Z5 = 0

IV Z3 = Z6 = (R+ jωL)/2

(R = 15 Ω, L = 0.33× 10−6 H)

Z4 = Z5 = 50

Case I–IV 5

Gnd. Line Z3 Z6

4.2.

(balanced-unbalanced cir-

cuit) 6

*6

. LCR

(f ≲10 kHz)

.
*7

.

(unbalanced circuit)

(balanced

circuit)

(single-ended circuit) (differential circuit)

Gnd. Line

Gnd. Line

2

[25]

(d, differ-

ential mode)

(c, com-

mon mode)

(normal mode)

d c

(mixed mode)

2

V1

I1 V2 I2 c

Vc Ic d Vd Id

(2)–(5) 8

d

V1 ̸= 0, V2 = 0

I1 = −I2 2 c

4

z

( ) ( )

Vc(z) ≡
1

2
(V1(z) + V2(z)) (2)

Ic(z) ≡ I1(z) + I2(z) (3)

Vd(z) ≡ V1(z)− V2(z) (4)

Id(z) ≡
1

2
(I1(z)− I2(z)) (5)

d c

1/2

d

c

c

c

|Z2| (or |Z5|) ≫
|Z3| (or |Z6|) Line2

Gnd. Line

4.3.

[33]

9

4

9 c d

4 . (a)–(c) 2

.

8

4 9 (a)

9
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(a)–(c)

9 (a)–(c)

4

PS Gnd.

d

c

Gnd. Line

PS Gnd.

9 (a)

(edd) d

( 9

(a)–(c)) d

d

9 (a) (ecc) c

c d d

9 (b) (edc) c

d

d d

9 (c) (ecd) d

c c

c d

d 9 (c)

2 9 (a) (b)

c

2

2

CM

(edd) d

d

c

(ecc ecd)

d

c

c

c d

*8

c d

2 9

2 .

(a)–(c) edd d d d

(a) ecc c c c → d

(b) edc c → d d d

(c) ecd d → c c c → d

5.

CW

10 Case I( 1 )

10 (a) ( [dBV])

*9 10 (b) ([deg.] ±180o

) ( )

d ( ) c

( )

∼6 dB

*8 c d

.
*9 f=0.1 MHz 0 dBV (1 V)

.
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(a)–(c)

9 (a)–(c)

4

PS Gnd.

d

c

Gnd. Line

PS Gnd.

9 (a)

(edd) d

( 9

(a)–(c)) d

d

9 (a) (ecc) c

c d d

9 (b) (edc) c

d

d d

9 (c) (ecd) d

c c

c d

d 9 (c)

2 9 (a) (b)

c

2

2

CM

(edd) d

d

c

(ecc ecd)

d

c

c

c d

*8

c d

2 9

2 .

(a)–(c) edd d d d

(a) ecc c c c → d

(b) edc c → d d d

(c) ecd d → c c c → d

5.

CW

10 Case I( 1 )

10 (a) ( [dBV])

*9 10 (b) ([deg.] ±180o

) ( )

d ( ) c

( )

∼6 dB

*8 c d

.
*9 f=0.1 MHz 0 dBV (1 V)

.

c

CM (CM1, CM2)

11 Case II( 1 )

12 Case III( 1 )

Case II

Gnd. Line

CM (CM3)

13 Case IV( 1 )

d

Case III

“ ”

c d

c

10 Case I . (a)

(b) . ( ): d(c)

. : l = 15 m.

11 Case II . (a)

(b) .
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12 Case III . (a)

(b) .

13 Case IV . (a)

(b) .

6.

6.1.

(2)–(5)

( )V1(I1) V2(I2) ( )Vc(Ic) (c

) Vd(Id) (d )

(
V1(z)
V2(z)

)
≡ TV ·

(
Vd(z)
Vc(z)

)
=

(
1/2 1
−1/2 1

)(
Vd(z)
Vc(z)

)
(6)

(
I1(z)
I2(z)

)
≡ TI ·

(
Id(z)
Ic(z)

)
=

(
1 1/2
−1 1/2

)(
Id(z)
Ic(z)

)
(7)

( )

T−1
V (T−1

I )

( )

(z=0) z

( )

(ZG)

(
Vd(0)
Vc(0)

)
=

(
edd
ecc

)
− ZG ·

(
Id(0)
Ic(0)

)
(8)

ZG

ZG ≡
(
ZGdd ZGdc

ZGcd ZGcc

)

=

(
Z1 + Z2 (Z1 − Z2)/2

(Z1 − Z2)/2 Z3 + (Z1 + Z2)/4

)
(9)

edd (ecc) d (c)

(
edd
ecc

)
≡ T−1

V ·
(

e1 + e3
−e2 + e3

)

=

(
e1 + e2

(e1 − e2)/2 + e3

)
(10)

(8) (9) (10)

c

(i) ZG

Z1 ̸= Z2 ( )
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12 Case III . (a)

(b) .

13 Case IV . (a)

(b) .

6.

6.1.

(2)–(5)

( )V1(I1) V2(I2) ( )Vc(Ic) (c

) Vd(Id) (d )

(
V1(z)
V2(z)

)
≡ TV ·

(
Vd(z)
Vc(z)

)
=

(
1/2 1
−1/2 1

)(
Vd(z)
Vc(z)

)
(6)

(
I1(z)
I2(z)

)
≡ TI ·

(
Id(z)
Ic(z)

)
=

(
1 1/2
−1 1/2

)(
Id(z)
Ic(z)

)
(7)

( )

T−1
V (T−1

I )

( )

(z=0) z

( )

(ZG)

(
Vd(0)
Vc(0)

)
=

(
edd
ecc

)
− ZG ·

(
Id(0)
Ic(0)

)
(8)

ZG

ZG ≡
(
ZGdd ZGdc

ZGcd ZGcc

)

=

(
Z1 + Z2 (Z1 − Z2)/2

(Z1 − Z2)/2 Z3 + (Z1 + Z2)/4

)
(9)

edd (ecc) d (c)

(
edd
ecc

)
≡ T−1

V ·
(

e1 + e3
−e2 + e3

)

=

(
e1 + e2

(e1 − e2)/2 + e3

)
(10)

(8) (9) (10)

c

(i) ZG

Z1 ̸= Z2 ( )

(ii) e1 ̸= e2

(iii) Gnd. Line (e3)

(iv) Gnd. Line (Z3)

(v) Gnd. Line (Z6)

(vi) ZL

Z4 ̸= Z5 ( )

Gnd. Line

(9) (10) c

c

1

c

(v) (vi)

c

Gnd. Line

(i)

c

c → d (edc) d → c (ecd)

9

edc = ZGdcIc(0) (11)

ecd = ZGcdId(0) (12)

(

)

(8) 2

(Id(0), Ic(0))

(
Vd(z)
Id(z)

)
≡ Td ·

(
Vd(0)
Id(0)

)
(13)

(
Vc(z)
Ic(z)

)
≡ Tc ·

(
Vc(0)
Ic(0)

)
(14)

Td (Tc) d (c)

β = 2π/λ

( A )

Td ≡
(

cos(βz) −jZd sin(βz)
−j sin(βz)/Zd cos(βz)

)
(15)

Tc ≡
(

cos(βz) −jZc sin(βz)
−j sin(βz)/Zc cos(βz)

)
(16)

Zd Zc

(
Zd

Zc

)
=

(
2v(L11 − L12)
v(L11 + L12)/2

)
(17)

( B )

L11 L12 L

1

1-2

L

L ≡
(
L11 L12

L21 L22

)
=

(
L11 L12

L12 L11

)
(18)

L11 = L22 ̸= 0 L12 = L21 = 0

*10. (13) (14)

z

z = l

(ZL)

(
Vd(l)
Vc(l)

)
= ZL ·

(
Id(l)
Ic(l)

)
(19)

*10 RG-223/u .

L11 = L22 = 0.26 µH/m v/c = 0.641 .

1 2 1

. 1 2

2 .

L11 = L22 L12 = L21 = 0 .

.
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ZL

ZL ≡
(
ZLdd ZLdc

ZLcd ZLcc

)

=

(
Z4 + Z5 (Z4 − Z5)/2

(Z4 − Z5)/2 Z6 + (Z4 + Z5)/4

)
(20)

(20)

(Z4 ̸= Z5)

c

d

(8) c

z = l (19) c

(
Vc(0)
Ic(0)

)
= ZG1 ·

(
edd
ecc

)
+ ZG2 ·

(
Vd(0)
Id(0)

)
(21)

c

d d → c

(
Vc(l)
Ic(l)

)
= Tc ·

(
Vc(0)
Ic(0)

)
(22)

(
Vc(l)
Ic(l)

)
= ZL1 ·

(
Vd(l)
Id(l)

)
(23)

(22) (23)

ZG1 ≡ 1

ZGdc

(
−ZGcc ZGdc

1 0

)
(24)

ZG2 ≡ 1

ZGdc

(
ZGcc Z2

G

−1 −ZGdd

)
(25)

ZL1 ≡ 1

ZLdc

(
ZLcc −Z2

L

1 −ZLdd

)
(26)

Z2
G ≡ ZGddZGcc − ZGdcZGcd (27)

Z2
L ≡ ZLddZLcc − ZLdcZLcd (28)

4

(i) d

(ii) d d → c

(iii) d

d → c

(iv) d d → c

c → d

9 4

d

c

d

(
Vd(l)
Id(l)

)
= Td ·

(
Vd(0)
Id(0)

)
(29)

(22) (29)

6.2.

6.1

Case1–4 (sim.)

e1 = VG(ω)

e2 = 0

3 .

Case Acc Gnd. Gnd. Line Z [Ω]

Ext. Loads Z [Ω]

1 Z3 = Z6 = 0

Z4 = Z5 = 50

2 Z3 = +∞, Z6 = 0

Z4 = Z5 = 50

3 Z3 = 0, Z6 = 15

Z4 = Z5 = 50

4 Z3 = +∞, Z6 = 15

Z4 = Z5 = 50

50 Ω

c

Case 3 Case 4 Gnd. Line

(Z6)

14– 17
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ZL

ZL ≡
(
ZLdd ZLdc

ZLcd ZLcc

)

=

(
Z4 + Z5 (Z4 − Z5)/2

(Z4 − Z5)/2 Z6 + (Z4 + Z5)/4

)
(20)

(20)

(Z4 ̸= Z5)

c

d

(8) c

z = l (19) c

(
Vc(0)
Ic(0)

)
= ZG1 ·

(
edd
ecc

)
+ ZG2 ·

(
Vd(0)
Id(0)

)
(21)

c

d d → c

(
Vc(l)
Ic(l)

)
= Tc ·

(
Vc(0)
Ic(0)

)
(22)

(
Vc(l)
Ic(l)

)
= ZL1 ·

(
Vd(l)
Id(l)

)
(23)

(22) (23)

ZG1 ≡ 1

ZGdc

(
−ZGcc ZGdc

1 0

)
(24)

ZG2 ≡ 1

ZGdc

(
ZGcc Z2

G

−1 −ZGdd

)
(25)

ZL1 ≡ 1

ZLdc

(
ZLcc −Z2

L

1 −ZLdd

)
(26)

Z2
G ≡ ZGddZGcc − ZGdcZGcd (27)

Z2
L ≡ ZLddZLcc − ZLdcZLcd (28)

4

(i) d

(ii) d d → c

(iii) d

d → c

(iv) d d → c

c → d

9 4

d

c

d

(
Vd(l)
Id(l)

)
= Td ·

(
Vd(0)
Id(0)

)
(29)

(22) (29)

6.2.

6.1

Case1–4 (sim.)

e1 = VG(ω)

e2 = 0

3 .

Case Acc Gnd. Gnd. Line Z [Ω]

Ext. Loads Z [Ω]

1 Z3 = Z6 = 0

Z4 = Z5 = 50

2 Z3 = +∞, Z6 = 0

Z4 = Z5 = 50

3 Z3 = 0, Z6 = 15

Z4 = Z5 = 50

4 Z3 = +∞, Z6 = 15

Z4 = Z5 = 50

50 Ω

c

Case 3 Case 4 Gnd. Line

(Z6)

14– 17

14 Case 1 . (a)

(b) . ( ): d(c)

. : l = 15 m.

15 Case 2 . (a)

(b) .

16 Case 3 . (a)

(b) .

17 Case 4 . (a)

(b) .
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7.

7.1.

(NA)

rf

NA

NA

2

4 (≥3 )

*11

CM SE Balanced

(BA)

NA 18

18

.

1 CM rf

2 3 CM BA NA Gnd.

CM Acc Gnd. ( ) Acc Gnd.

( )

3 NA

S 3

S Sds21 Scs21 (

C )[34, 35] Sds21(Scs21) SE

d (c) S21( )

CM 1 (BNC)

BA

*12 19

*11 NA(Agilent, PNA N5221A 10

MHz∼1.3 GHz) . CM

10 MHz

.
*12 BA

(Gnd.)

.

2

2 Gnd.

Gnd. ( 19

). Gnd. CM

Acc Gnd. . Gnd. 8

( )*13

SE BA .

19 .

20 CM

20 CM

.

BNC Gnd. CM

*12

Gnd. Gnd. Line

CM/BNC

CM Acc Gnd. NA Gnd.

Gnd. Line

*14

21

NA rf SE CM

CM SE

BA 2

Gnd. Line .
*13 “coaxial-line-type balanced-unbalanced trans-

former” “balanced-unbalanced transformer”

“balun” .
*14 *4 Acc Gnd. /

.
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7.

7.1.

(NA)

rf

NA

NA

2

4 (≥3 )

*11

CM SE Balanced

(BA)

NA 18

18

.

1 CM rf

2 3 CM BA NA Gnd.

CM Acc Gnd. ( ) Acc Gnd.

( )

3 NA

S 3

S Sds21 Scs21 (

C )[34, 35] Sds21(Scs21) SE

d (c) S21( )

CM 1 (BNC)

BA

*12 19

*11 NA(Agilent, PNA N5221A 10

MHz∼1.3 GHz) . CM

10 MHz

.
*12 BA

(Gnd.)

.

2

2 Gnd.

Gnd. ( 19

). Gnd. CM

Acc Gnd. . Gnd. 8

( )*13

SE BA .

19 .

20 CM

20 CM

.

BNC Gnd. CM

*12

Gnd. Gnd. Line

CM/BNC

CM Acc Gnd. NA Gnd.

Gnd. Line

*14

21

NA rf SE CM

CM SE

BA 2

Gnd. Line .
*13 “coaxial-line-type balanced-unbalanced trans-

former” “balanced-unbalanced transformer”

“balun” .
*14 *4 Acc Gnd. /

.

21

.

( 15 m) NA

2 NA ( 2 3)

(Z6)

Gnd. Line

22

Z6

22 Gnd. Line

Z6 .

7.2.

NA

Z4 = Z5 = 50 Ω

Z4 =

50 Ω, Z5 = 0

2

c

6.2

Case 1 (exp.) 23

ACC Gnd.

d c 5 dB

14 (Case 1 (sim.))

Case 2 (exp.) 24

ACC Gnd. d

d c 21 dB c

d

Case 1

(exp.) Case 1 (exp.)

c d

Case 2 (exp.)

15 (Case 2 (sim.))

d

c

(> 80 dB)

c

Case 3 (exp.) 25

ACC Gnd. Gnd. Line

d c

Gnd. Line

c

16

(Case 3 (sim.))

Case 4 (exp.) 26

ACC Gnd. d

d c 17 dB c
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Gnd. Line

c

17 (Case 4

(sim.)) d

c

(> 80 dB)

4

23 Case 1 . (a)

(b) . ( ): d(c)

. : l = 15 m.

24 Case 2 . (a)

(b) .
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Gnd. Line

c

17 (Case 4

(sim.)) d

c

(> 80 dB)

4

23 Case 1 . (a)

(b) . ( ): d(c)

. : l = 15 m.

24 Case 2 . (a)

(b) .

25 Case 3 . (a)

(b) .

26 Case 4 . (a)

(b) .

8.

27 CM

27 (a) CM1 CM2

CM3

27 (b) CM1 CM2

CM3

∼1 µs ( )

CM1 347 nC/pulse CM2 225

nC/pulse

50 mV/div

200 ns/div

CM2

CM1CM3

(a)

50 mV/div

200 ns/div

CM2

CM1CM3

(b)

27 CM .

(a) CM3 CM . (b) CM3

CM .

CM3

3.2

Acc Gnd.

CM1 CM2

Acc Gnd.

*15

*15 CM

BNC DC

CM1 CM2

CM3 OL .

.
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28

CM3 ( ) 28 (a)

28 (b) CM3

CM1 CM2

200mV/div

400ns/div

(a)

CM3

CM1

CM2

CM3

50mV/div

400ns/div

(b)

28

CM3 ( ).

CM3 ∼1/10

29

CM ( )

29 (a) 29 (b) CM1

CM3 CM1

3 (

∼4 MHz, ∼11 MHz, ∼16 MHz)

4 MHz -30 dBm

CM3 4

CM1

2

CM3 CM1

20 dBm

(a)

CM1

(b)

CM3

29

CM ( )

CM3 CM1

CM1 CM2

CM3 CM1

*16

27 (a) CM3

f∼6.5 MHz 29 (b)

CM3

f 2

*16 CM3

DC

. DC Gnd. Line

(AC )

. CM3 CM1 CM2

Gnd. Line

.

３－ 18



28

CM3 ( ) 28 (a)

28 (b) CM3

CM1 CM2

200mV/div

400ns/div

(a)

CM3

CM1

CM2

CM3

50mV/div

400ns/div

(b)

28

CM3 ( ).

CM3 ∼1/10

29

CM ( )

29 (a) 29 (b) CM1

CM3 CM1

3 (

∼4 MHz, ∼11 MHz, ∼16 MHz)

4 MHz -30 dBm

CM3 4

CM1

2

CM3 CM1

20 dBm

(a)

CM1

(b)

CM3

29

CM ( )

CM3 CM1

CM1 CM2

CM3 CM1

*16

27 (a) CM3

f∼6.5 MHz 29 (b)

CM3

f 2

*16 CM3

DC

. DC Gnd. Line

(AC )

. CM3 CM1 CM2

Gnd. Line

.

e3 ( 8 )

*17

e3 c

d

d

9.

e3

c

d

Gnd. Line

c → d d

30

Gnd. 2

Gnd. 6.1

(10) c

R0 = 50 Ω

2

6.1 (9)

*17

“ ”

.

.

Gnd. Line Gnd. Line

.

e3
.

30 CM

.

10.

KEK
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A.

31

31 . (a)

2 (z = 0, z = l)

. (b) .

31 (a) 2 (z = 0, z = l)

2 T (z)

T (z)

(
V (l)
I(l)

)
= T (z)

(
V (0)
I(0)

)
(30)

V (z)( I(z))

VT (z)(IT (z)) VR(z)(IR(z))

V (z) ≡ VT (z) + VR(z) =
√

Z0(Ae−γz +Beγz) (31)

I(z) ≡ IT (z)− IR(z) =
1√
Z0

(Ae−γz −Beγz) (32)

VT (z) = A
√
Z0e

−γz IT (z) =

(A/
√
Z0)e

−γz VR(z) = (B/
√
Z0)e

γz

IR(z) = (B/
√
Z0)e

γz

γ

γ = (α + jβ)z

γ = jβz β α Z0

ejωt

2

V (0) =
√
Z0(A+B) (33)

I(0) =
1√
Z0

(A−B) (34)

V (l) =
√

Z0(Ae−γl +Beγl) (35)

I(l) =
1√
Z0

(Ae−γl −Beγl) (36)

(
V (0)
I(0)

)
=

( √
Z0

√
Z0

1/
√
Z0 −1/

√
Z0

)(
A
B

)
(37)

(
V (l)
I(l)

)
=

(
e−γl

√
Z0 eγl

√
Z0

e−γl/
√
Z0 −eγl/

√
Z0

)(
A
B

)
(38)

(37) (38) (A, B)

(
V (l)
I(l)

)
=

(
e−γl

√
Z0 eγl

√
Z0

e−γl/
√
Z0 −eγl/

√
Z0

)

×
( √

Z0

√
Z0

1/
√
Z0 −1/

√
Z0

)−1 (
V (0)
I(0)

)
(39)

=

(
cosh(γl) −jZ0 sinh(γl)

−j sinh(γl)/Z0 cosh(γl)

)

×
(
V (0)
I(0)

)
(40)

cosh2 z − sinh2 z = 1

(39)

(40)

T (z)

T (z) =

(
cosh(γz) −jZ0 sinh(γz)

−j sinh(γz)/Z0 cosh(γz)

)
(41)

γ

T (z)

T (z) =

(
cos(βz) −jZ0 sin(βz)

−j sin(βz)/Z0 cos(βz)

)
(42)
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A.

31

31 . (a)

2 (z = 0, z = l)

. (b) .

31 (a) 2 (z = 0, z = l)

2 T (z)

T (z)

(
V (l)
I(l)

)
= T (z)

(
V (0)
I(0)

)
(30)

V (z)( I(z))

VT (z)(IT (z)) VR(z)(IR(z))

V (z) ≡ VT (z) + VR(z) =
√
Z0(Ae−γz +Beγz) (31)

I(z) ≡ IT (z)− IR(z) =
1√
Z0

(Ae−γz −Beγz) (32)

VT (z) = A
√
Z0e

−γz IT (z) =

(A/
√
Z0)e

−γz VR(z) = (B/
√
Z0)e

γz

IR(z) = (B/
√
Z0)e

γz

γ

γ = (α + jβ)z

γ = jβz β α Z0

ejωt

2

V (0) =
√
Z0(A+B) (33)

I(0) =
1√
Z0

(A−B) (34)

V (l) =
√
Z0(Ae−γl +Beγl) (35)

I(l) =
1√
Z0

(Ae−γl −Beγl) (36)

(
V (0)
I(0)

)
=

( √
Z0

√
Z0

1/
√
Z0 −1/

√
Z0

)(
A
B

)
(37)

(
V (l)
I(l)

)
=

(
e−γl

√
Z0 eγl

√
Z0

e−γl/
√
Z0 −eγl/

√
Z0

)(
A
B

)
(38)

(37) (38) (A, B)

(
V (l)
I(l)

)
=

(
e−γl

√
Z0 eγl

√
Z0

e−γl/
√
Z0 −eγl/

√
Z0

)

×
( √

Z0

√
Z0

1/
√
Z0 −1/

√
Z0

)−1 (
V (0)
I(0)

)
(39)

=

(
cosh(γl) −jZ0 sinh(γl)

−j sinh(γl)/Z0 cosh(γl)

)

×
(
V (0)
I(0)

)
(40)

cosh2 z − sinh2 z = 1

(39)

(40)

T (z)

T (z) =

(
cosh(γz) −jZ0 sinh(γz)

−j sinh(γz)/Z0 cosh(γz)

)
(41)

γ

T (z)

T (z) =

(
cos(βz) −jZ0 sin(βz)

−j sin(βz)/Z0 cos(βz)

)
(42)

B.

(31) (32)

V1(z) ≡ V1T (z) + V1R(z) =
√

Z0(A1e
−γz +B1e

γz)(43)

I1(z) ≡ I1T (z)− I1R(z) =
1√
Z0

(A1e
−γz −B1e

γz)(44)

V2(z) ≡ V2T (z) + V2R(z) =
√

Z0(A2e
−γz +B2e

γz)(45)

I2(z) ≡ I2T (z)− I2R(z) =
1√
Z0

(A2e
−γz −B2e

γz)(46)

( ) ( )

Vc(z) ≡
1

2
(V1(z) + V2(z)) (47)

Ic(z) ≡ I1(z) + I2(z) (48)

Vd(z) ≡ V1(z)− V2(z) (49)

Id(z) ≡
1

2
(I1(z)− I2(z)) (50)

c d

Zc(z) Zd(z)

Zc(z) ≡
VcT (z)

IcT (z)

≡ 1

2

(
V1T (z) + V2T (z)

I1T (z) + I2T (z)

)
=

1

2
Z0 (51)

Zd(z) ≡
VdT (z)

IdT (z)

≡ 2

(
V1T (z)− V2T (z)

I1T (z)− I2T (z)

)
= 2Z0 (52)

Zc(z) Zd(z)

Z0

1/2 2

C. S

S ( ) S

32 (a) 2

( ) 32 (b) 4

32 (c) 3

2

4 3

32 (a) 2 ( ) . (b) 4

. (c) 3

.

32 (a) (Port 1) (Port 2)

2

1 S

(Scattering Matrix )

S ≡
(
S11 S12

S21 S22

)
(53)

Sij(i, j = 1, 2) S S

S12 = S21
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V1 ≡ V1T + V1R =
√
Z0(a1 + b1) (54)

I1 ≡ I1T − I1R =
1√
Z0

(a1 − b1) (55)

V2 ≡ V2T + V2R =
√
Z0(a2 + b2) (56)

I2 ≡ I2T − I2R =
1√
Z0

(a2 − b2) (57)

a1 = A1e
−γz b1 = B1e

γz

ai

bj(i, j = 1, 2)

ai bi

S

S11 ≡
(
b1
a1

)

a2=0

, S12 ≡
(
b1
a2

)

a1=0

(58)

S21 ≡
(
b2
a1

)

a2=0

, S22 ≡
(
b2
a2

)

a1=0

(59)

S

(a1 = 0 or a2 = 0)

ai bj(i, j = 1, 2)

a1 =
1

2
√
Z0

(V1 + Z0I1) (60)

b1 =
1

2
√
Z0

(V1 − Z0I1) (61)

a2 =
1

2
√
Z0

(V2 + Z0I2) (62)

b2 =
1

2
√
Z0

(V2 − Z0I2) (63)

a =

(
a1
a2

)
, b =

(
b1
b2

)
, b = S · a (64)

S

32 (b) 4

4

4

ai bj(i, j = 1, 4) 2

addi accj

(i, j = 1, 2)


bd1
bd2
bc1
bc2


 =

(
Sdd Sdc

Scd Scc

)


ad1
ad2
ac1
ac2


 (65)

(64)

4 S Sdd

2×2

(
bd1
bd2

)
= Sdd

(
ad1
ad2

)
+ Sdc

(
ac1
ac2

)
(66)

=

(
Sdd11 Sdd12

Sdd21 Sdd22

)(
ad1
ad2

)

+

(
Sdc11 Sdc12

Sdc21 Sdc22

)(
ac1
ac2

)
(67)

(
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= Scd

(
ad1
ad2

)
+ Scc

(
ac1
ac2

)
(68)

=

(
Scd11 Scd12

Scd21 Scd22

)(
ad1
ad2

)

+

(
Scc11 Scc12

Scc21 Scc22

)(
ac1
ac2

)
(69)

((47)–(50) )

[34]

32 (c) 3

3

3

4 ai

bj(i, j = 1, 3)

as bs *18



bs
bd
bc


 =



Sss11 Ssd12 Ssc12

Sds21 Sdd22 Sdc22

Scs21 Scd22 Scc22






as
ad
ac


 (70)

Sss11 S

3 4

[36]

*18 s single-ended s .
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