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ABSTRACT

The understanding of the electromagnetic couplings in MTL (multi-conductor transmission lines) is very import-
ant in EMC studies. The FDTD (finite difference time domain) method is one of the important techniques for

analyzing MTL in the time domain. We proposed a new FDTD method based on the implicit difference approxi-

mation, instead of the explicit approximation in the conventional FDTD method. The circuit model is
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derived and generalized to easily accommodate arbitrary circuits at both the source and load termination. The

proposed implicit FDTD method is thought to be superior to the conventional FDTD method in terms of gener-

ality and robustness of the algorithm.
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domain analysis)& ©]2d 0 F v]$ o2 $-u, Hx
ol st Nt A WY& Gy A
e A7 AP ek AFH AT A A
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Multiconductor Transmission Line;multi-dimension)
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Al A¢HEE implicit FDTD (Finite Difference Time
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(n.+1) lines

L
source - load

network - network

38 A A=
Fig. 1. MTL system.
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€ z (812 ¥4)Er & o), source end®] HRAE 028
3} 37 load end?] YA & L2}t 312 2@ 19} A source
329 load 3 2E MY R uHY JH S st
gele 3z Axts do 2 F2E VMG A
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1. &t M&M (Two conductor lines : n = 1)

& A4 (MTL:ng > 1)o)] o 8 implicit FDTD
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(k-1)dz  kdz  (k+1)dz

t-274

1% 2 FDTD mesh. (a) 7} &9] 3. (b)Ate 23,
Fig. 2. FDTD mesh. (a)conventional explicit FDTD mesh.
(b) proposed implicit FDTD mesh.
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MTL WA 4] (1)& A 2}31A}. Central difference] 2]
%l finite difference approximationg A}g-3l9, A P
oxel A Ve 409 UFH = HGE 95
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L=[*@®) +F' @) +FE—) +1F 't ~1))/4  (3a)

%Iz': =[IF@ -1 (1) H1*(E —wa) — * ' (¢ —12))/(2d2) (3b)

—%I,—P =[O+ O -FE—1) - "¢ —-1))/Q0)  (Bo)
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+9 FANE AL ok

“BO | _ 1| +Z2) (Ye=-Z7N)||VHe | |SE
PO 2 |(Ye=22) (e +ZZH| @] (st
(42)

Skl _ LI HZ: =Yp) —(Z5"' +Yo)| VA1)

SEH o 2| =z +Y) HEZ =Y ||[VE -1

| HR-dz/2 —L - dzfe| | FGE-10)
t2N VL defr —R - dz2|| P 1)
-1 -1
+dz- 25 VAV —1,4)2) +dz “l TE2 (t—1/2)

(4b)
Ze=L-dzfty+R-dz[2Y-=C - dz[t; +G - dz[2 (5a)
Zp=L-dzfty;—R-dz[2Yy=C - dzft;~G - dz[2 (5b)

A2 AolA Sk §F = 47 (t—1)9 (t—14/2) N A
Axel Mg, AR FEN st BEAL WA 9
AZHE 1EL 2 AZbichd, Skt SFE olv] oA
d AGE 3 Be ALE BEZRE dF M
W Eo] A4 oz BEY & A A, A7 A
A9 @e 2E St stE 82 wdE vehyR
constant current sourceE 573} A4 4 YA V).
olo] it & e 1y 39A B FE.

IS > _c*)_
* Yol | sk 1213\/*
2
- HOROCERONO NI
_52‘_\/” Sb Y(:‘*Z::1 '
= 2 5
12| 3. Coupled implicit FDTD 7 $-¢] k15 meshel A &)

5718z 2d.
Fig. 3. Equivalent circuit model at k-th mesh in the coupled
implicit FDTD.
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—_ -1
—(Z—Czi 2 Adte] (k—1) WA =29 kA T

= A7t A A2 dZ(coupling) H o] AR U &
Aok ol e FHAA 4 (4E coupled implicit
FDTD A 4ol 8tah g, Ye=2Z"9] 271 0]

—_7
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o Ye=27'9 27028 E &3} 7-& decoupling
AL dojd F e

n,>—12i \/ RG ©
VIC - dz

i \/l+(CR—LG)2 dz* (CR+LG) dz

4? LC 4 JVILC

(7
Z, 4 (6)s} 4 (o] DFEHEE Aol WF n,
8} 1,8 A3 decoupling 27 Yo=2Z'o] & H
o A7 AM, n= AEAY Lol F/HH LR Ure
segment (F, mesh)®] 7} =1, iy& AFH 41571
% segment& FH}3ed £85HE A7 &, chara-
cteristic time delay® A z}g 4 A} E3, 2] (5)e)
A Yot Ze 2z AgAe] 54 ol=vdagg ¢
Hdig 7138 5 At Ye=Z77F &8s 22
gtol| A 4] ()& A Heatd ohg a3t

k ok
@) ] _[Ye o][vt@ +[5R} (8a)
+rv )] Lo v ]lvEre] | st
skl [+G-dzj2 —C-dz/u|[V*(E—1a) ]
SZ "‘C'dZ/Td +Gd2/2 Vk_l(t—“[d)
+R-dz/2 ~L-dzftg|[IF(t—1)) }
N+L-dzfry —R-dz)2 || (t =10
- -1
+dz- Y, IVF’”"/Z(t—rd/Z)+dz[ ]h’f"“(l-m/ﬁ
+1 -

(8b)
g npe} Zro] 2 (Ba)illM e §¥ Y Ho| dfztd
ydo] Ho, kA =9 (k1) A k=g 4
(8b)ell A vrette= AAH S AR B ot &
Aol Ak F, A 8)2 Ao} AT FHAA

460

decoupling®| 7, 4] (4)2} HlEle] 4] (8)& decoupled
implicit FDTD #7342t &} 2] (8)& 57} 3
Erde fHE 29 49 2ok 4 8) £ 29
4% KHA meshol o & implicit FDTD =9 o)t} o)
g o] g5t A4 A A AL Yo BE meshD
Feig 32 vdg A 29 59 o] ¥HA

> 2
e §YC CDS“ SKCD ch v

18 4. Decoupled implicit FDTD 7 $-2] k15 meshol 4]
g ENYE vy,
Fig. 4. Equivalent circuit model at k-th mesh in the
decoupled implicit FDTD.
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(A7 1l M9 SE, Sk(k=1,..,n) 5L A9
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k=09 k=n M9 stz AFe J% a9
AdEe 71E9 32 A g ool g whge
B Mg} (19 Sa) e} (c).

ol A, Almulold A= AHH Wie o
7} 2l o] segment F(nL)ehe F-A3A A
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w2 QO
s |l
:='0
(a)
W
S‘& ch EYC? Sk+1
Z;kdz
(b)
(V%)
), § Y
Sr” Yol
Z!=Iz

(c)

332l 5. Implicit FDTDoJ| 2] & @l A$M 269 A
7t g 2.
(a) source end:k =0,
(b) % mesh:k=1,-,(n,—1).
(c)load end:k =n,.
Fig. 5. Equivalent circuit model of two-conductor trans-
mission line system.
(a) Source end : k = 0.
(b) Internal mesh:k=1,-,(n,—1).
(c) Load end :k = n,.

57 50, RLCG 571 320 98 d4$H 4y
3 Hlaste B o 32 Mo BHIYeE AA Fa
A1}k E8 meshe] Al 7S 74 e AL 4§
AMZA hI e B dAde de4e 1R &

4 W7} So} A9 KEHE EY 4 AUt &, 7]
& 9] explicit FDTD W' A & meshe] A|7+& 743
3 A4 e A% AZAE SLA AP et ol B
3k, A ¢HE implicit FDTD ¥ oA & AL 9%
A 2A g AHH T8 S FHdEA 2
A8 At de FHAHY FHAN AL 94
AR meshe] NZHE A AtolelE hy < 9]
A 7Y vpg A st}

Cog, F&d A4 48, 2 R=G=0¢ o
© 4 6) B 19 49 571 32 2d e o]gH
2 A8sl2 SPICEA A &4 A$A 84 mya
A€l 3 Branin’s method [3]¢] 32 P2 PP
& & vk Bk opg}, o] g 13 71 &4 FDTD
714 o] magic time step3} AT & F A, o
e A4 ES 25 implicit FDTD 713 9] 8242
8 F9 e 9H d8 @ 4 9o

2. LB d&M (multi-conductor transmission
lines;n .= 2)

o] Aol @ AEA (np=1)9) 3t HAPE
implicit FDTD 71'§& MTL (n. =2)o i3t 2 &
g & UAxEE g

4] (1)o] MTL ®34eiA L, C, R, G4 Y EE
£ real, symmetric, positive-definite¥t 42 & 7}A 9,
gdwty o2 tz sFo| ohrt. F, MTLE 2}Hztel
line2 L, C, R, G ¥4 3 ¥ E 9] off-diagonal 3}HE ol
o)zl M2 A3 (coupling) Hof Ac}. ol A, e} 4
N W4 YHEL EA9 diagonalizationd F 3l
© W, diagonalization transformations}4-& 4=3%t
Fof z4z}9] transformed line g SHH < @d A4
Ao g 7hFate g4 st FoaM MTL siA 9 £
AE das Ag F Aok 2, duHAQ 19
3 3 & E Ao diagonalizationdl= WL o3 Wi
f uoglow, owt i) YL A diago-
naiizationdhs= & olv] g A w U1, 4, 51
B =EdAs F09 38 L3 CE& A diago-
nalization® 4% ¢l¥& transformation 38 T, 9} T,&
o] &3 A (1) BEHOZ decoupling A7+ W
Y-8 A}-& %t} Transformation 8 T, % T/& T8
e AL F 49 (19 dd. LF CE A4

diagonalization® <= %l+= transformation 3 & 7%
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T8 olg3tel 4 (D9 Viz, 9} 1z, DE W4 ARa}
W 083 2ok

Vig, =Ty - V(2 t) (9a)
Iz, )=T;- I (2, 1) 9b)

2 98 A (Dl 3§31 $EH O 7 decoupling €
MTL 434 & & + Ak

Wiz, D L,(2, 1)

62 +Lm 6t + Rm.Dlm(zy t)
=Vem(2, )~ RporrIm(z, 1) (10a)
ol,(z, t) OVm(z, )

Fy +C, ot + Gmp V2, t)
=Itm(2, ) =~ GmorrVm(z, 1) (10b)
o714,

Ly=T,;'LT, and C,,=T;' CT, (diagonal) (11a)
Ry=T,'RT;and G,,=T;'GTy (not diagonal) (11b)
Ve=TyVegyand Ie=TIg, (11¢)
T, '=TTand T;' =77 (11d)

A A EofA ot A m & HPE modal systemS
omigich dwtd o g qF R,H G, 7t PHo
ot 7] &N Ru=Rmp=Rnp + Rmorr B Gu=GCmp
+G ot 72o) diagonal part Ryp, Gup 2 off-diag-
onal part Rnorr Gmorr® 242t E3l8t] A28 &
A}

4] (10)2] modal systemo] A& HH S tiztA 83
EUoE BUY 4 UAEE Ruorr™ Gmorroll 83l F
o]A & off-diagonald}tEo] R F &0 o|g3ly
t} oA Tt oJHF HHP o7 $H | off-diagonal
BEL vl ALSAY 4&F £ AT, £
PFEL BF A4 gog B 4 Qs il 4 (10)
& decoupled system2 & 7+3¥ 4 Qith o] 49, 4
& o2 MTLo] n 70 €] decoupling® modal @ A
$HME2 M 7A=Y, zbzhe] decoupled modal line&
A 38 Ly, Conw Rup, Gep® A8 AR
@y Aol slFso] Gl oju] AHE & A
%A 9] implicit FDTD 714 & 292 #8438 + UA
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g9t 2 #4A4E F 9 FAFHeE 4¥EYE oFH
2t

2 A (6)L o1 %3l nL7]2 modal lined] FA|
o Z4¢ ¢ gle nE 7 F, 4 (DE 722 modal
lined] E=gAoZ L3, n7le characteristic
time delay 148 7387 €} d&2o=2, Z47he] mo-
dal lineol] th3}s 9] characteristic time delay 14
£ 7}A & implicit FDTD mesh& 9HE ¥, 7+7+9} mesh
o) 53 PolA 9] implicit FDTD 4] & 494 R},
o] A oA 53] FHFIJol T H & A (10)9] &
# o a8 Rt Guoll BdE e AL
& zt7) & Hyg g H 43k Aok &, 4 (10)
o FW 49 AL A7t A 9] v]A] MTE T
gho] Absla, 94 o] AlAbE A|7Et o9 A
o) FAREVOZ ARG ¥ Ao EAfse
off-diagonal 59| 3k Al4te T go] #4082 B
"o}

! 2
Gm;'u' Vu((k— 3 )dZ,t"‘ ] )

1 Taj
and R, - 1, (k- 5 ddz, t > )

oj4te] F4] AL oA A GAHOZE ALH ]
A AZEt ol M AL FRIZEEH ALHAY o
2% 4% 9t} <& Eol, interpolation, Euler forward
rule & 712 2] explicit type2] FDTD method& ©]
£33l q &3 4 Art ol /g2 Gauss-Jacobi
method o A AH8-313 A& WHE AN W # vl
g Alolgt g 4 2o, 9 FEL A A7t A
A 8o g hrdr

1Y 62 source 3|2 9 load 32 E X I AAl
MTL system®| E7} 38 2dL BojFr} o7,
Xdo de3lE AHA ZE AFELS HE (vector)
dele gEslgen, vy Skl St AR ¢
Abshe fieldol o8 AR He o7 At Vet o7
AR 152 FEH Ruorr® Gmorrdll 21 & off-diagonal
el Y sl Tt JePR 45 Wl
o} 2 g 6(a)9} 1F 6(c)ol A sourced] £ ¢} load 3 =
o A AdH v BEEL 47 sourced} load
2o M vlgtE MTLY 7} 3|22 M 25 moded ¥
7t obd 9 line Mol AHE HHH
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(a)
L (V)
ska CD Yonc §Ym QD skt
(b)
(Vo ) Alle!
Sma Yé <i> § LN
; TV z T.S&l TlYchv1%
©
12 6. Implicit FDTDo] €] & MTL Al2% 2] A3 57t

Mz v,
(a) source and :k =0.
(b) % modal MTL:k=1,---,(n,— ).
(c)load end:k = n,.
Fig. 6. Equivalent circuit model of the MTL system.
(a)source end:k =0.
(b) internal modal MTL :k=1,--,{n,—1).
(c)load end:k=n,.

25, moded M52 HA ¥ modal MTLH & ¥z 5
o] gt} o]al P EHL k=08 k=n,o|A HE WS
2 EAIG A 8)F 4 (9B AYst) dg 5+
ool A& FHoE HaEsiy e 2

10, D=[T;* Yc - TT1- VO, ) +T; - Sy (12a)
VU )=[T) Yoo TV VU, ) +T;- Sup (12b)

A (120 A [T)+ Ve » Ty 12 sources} load ol A
wlelE MTLS) Wi §7F A=neaz 58 5

gloul Unty o2 full matrix & Ej o]},

a9y 6914 BEo], decoupling® moded MTL %
B o slza R &43] 2224 sources}
loadZ<} 3 29te SHH o ALE 5= loy, o
A3z MTLS A 4 #A o] ZA dedt=HA Bt
o] e} +=9]& ubeo & implicit FDTD 71 el &%
AA MTL system 2] 3|4 #4& a3t ohga
xig= 3

@A 1. AXE Ay

1. L3} Co|A} ¥ transformation matrices, Ty %} T;
& 34

2. MTL 9] decoupling coefficient matrices& 23 :L,,
Com Ry and G,

3. 2] (6)& o] &3t n.& HH:
7, > max (1—21 V Ronj; Gomip)-

j=nz

4. 2] (& ©]-83}4 characteristic time delay& 24 :
To=diag (g, Tans)-

5. Diagonal characteristic admittance matrix& 2% :
Yme=dz C, Ty +(dz/2)G,.p

A 2. Al A tel A 2] A

1. %4 A ¥ 2 2E constant current source 3 24 :
j=le,n, k=1,.,n,

[S:lkj] =[ +ijjdz/2 "‘ijde/‘td"
S:,Lj —C,,.j;dz/td,- +G,,,,-,-dz/2

Vo t=14)) }
V:,; Yt —14))

+ijjd2/2 “Lmjde/de I:'j(t"“tdj) ]
+Lmj1'd2/fdj "‘R,,,jde/Z I:‘;l(t"‘td,')

mCjj

-1 nL
+dz Yoy [ ] ¥ Ty VE P =14/2)
+1] u=1

+1

nL
| Z Rwu I:.‘_]/Z (t—‘rd,'/Z)

u=1,u%j

+dz - Yiji

— nL
+d2[ l] : Z Tyuj 1:,;‘/2 (t—'tdj/Z)
1

—1] u=
nL
+dz 1 Z iju V:,,:‘lz (t_rdi/z)
1) w=1,u#j
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2. 32 AEH| ¥ o8 o e g ¥
unmoded MTL 34 :

source-end: [(0, ) =(T;Y nc TTV (0, £) +T;Spr
load-end: —I(I, ) =(T;Y c TT WV (U, 1) + T, Sz

3.7(0, ) and V ({,, ) 2 €], modal system?] source
end®} load endolA 2] AY WE9t HF WEV,
0, 1), 1,(0, 8), V,u(I,, t) and 1,(I, HE A F

Vml0, =TTV (0, 1)

In(0, 8)=Y,c V (0, £) +Sp;
Vll, D=TTV (I, 1)

I, )= YooV I, ) +Smk

4. 19 6(b)& ©l&F modal MTLY) W ¥ HsES
AX k=1,.,0,—1).

Valkdz, )= =Y & - (SET'+8E)/2
L(kdz, )=(SET -SkD)/2

. Algaiold dat 9l HE

A 27 o) A A g implicit FDTD %H-& wgto
2 718HA MTLA 29 si4 22232 /e
ohoigrE X229 implicit FDTD Wy ] 584
& 2A1317] $1% prototype 2 2A], A3, A A,
AHYEHEZAM TAHE ol Ay R 32§ 34
bt E 22 P ()32 a4 g 34
H o 2 RMNA (Reduced Modified Nodal), (2) 3}
g ANTY x2d WRoeg 3y A7 =3Y
(Fixed timestep control), (3) A A& oz A
Euler-Backward rules} Trapezoidal rule, (4)3 & &)
Aoz LU 283, (5 Ruorr, Guorrdll B E
359 A4 WY o2 Interpolation WY& |33
Aot FF, B} o] kA 82 9ste (HHA
Y A zbe] #-43 o]F 93 Newton-Raphson H, (2)
EE3Q NS AT AA 2HYP2F LTE (Local
truncation error) ¥ 3} variable precision ¥ (3)skin

efectE 312 ¢ MTL a4 Wi ge F717F a+€ct

464

A rEE implicit FDTD Wy el 8848 2AMs7)
s, A3 E& (1o A] Al 79 MTL oA 32
g2 Hest. dad A Hzg Wy gy g
& F2 EF oM AFste e Y F5 =
E2ad g AHEstd Ao FaEddHe L
P C P9 2 2w IYNG AL Yo
R, AR &4 &35 sotstd A9
DC ohmic A #utg st R JFE A4sgdw
(skin effect &3+ FAD, G YE & 28 31A FUtt
(G=0; 70 HgMoH G PE& FA ). o]
o] AAPL uE gdaaiAn AdubAel Al 4
£ W Es3 9oy implicit FDTD WHe] £84&
ZAeE oM E 28 Ao drje] A Al B
Mol ARE FrEANM AFdhe A9 vln
gt B @3] YA s, implicit FDTD ¥y 9
s Y # AUk Ao 84 AN
= A Blzo] A7)7} Aol FFAHQ WA E 87
A v - oletgol UARE, & 194 K] implicit
FDTD ¥yo] 71&¢] FDTD %o vdl] & 4
9] mesh& AM&3tell & &N Axg ATHL
1 ¥ 4= AUt o), implicit FDTD Wi ol &8
4E& Y FHEe Foleta B 4 ok Al
ALEE meshe] 27)& 2(6)ol 9)&d G=0ojrg
AEl o2& n, =18 ANLEHY, dAZE 2(6)d A
o] grRvhE Rz AA st dgsd. Az
Foll A1} meshe] 7] A7)l oste] AAFoz A
Ahdch $HH, siA g 9g A ES dAgMe A
A7t Rz REoAle] A &9 W3lg HEat

1 o do

H LA gl At i,
Table 1. Comparison table of simulation results.

conventional proposed
input explicit FDTD implicit FDTD
nse time|# of sections |time step |# of sections|time step
Ceamplel | Sops | a5 | s | 5| lops
(PCB, 1 dim.)
vatju;ble 2 | 6.25ns 2 100ps 2 100ps
(PCB, 2 dim.) SOpAsi 88 15ps 5 15ps
eampled | 100ns | 1| lops | 2| 100ps |
ribbon, 2 dim.) 761:8“ ) 5 100ps 5 100ps
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BX/E A449) A2 H48 9% Implicit FDTD 7193 $71 812 vy

. 1=20c -
500 ® +
+ ¥
v, Vne® Vig(t) 50Q
(a)
20um ! 20um 20um l
[ 1 [ ] 10pm
£=12 100p
(b)
>
Tr
©

28 7.4 B2 1:PCB 4] Bl W44, n =1,
@Y= B)IUHE. OYY A 3.
Fig. 7. Example 1 : PCB two conductor lines, n; = 1.
(a) circuit. (b) PCB cross section. (c)input Signal.

12 v ;
I t 1
| | |
1 vs L 1
1
I | l
| 1 i
%o.a A ———p = — — + — — —
g I ! i
= |V L .
(=]
> o8 i e e S
| l t
| i |
04 - - g - = e e e
| | |
02 O[SV
’ | | 1
1 ! !
2 1 1 I
0 4 [ 8 10
Time [nsec)

J2 8 Al (2 1 (g N2l A olH At
(Vs: 998 A3, Vypinear end H3L, Veg:far end
A3t 1, = 50ps, Ry, = 860/m)
Fig. 8. Simulation result for Example 1 (Fig.7).
(Vs:input signal, Vyg:near end voltage, Vgg:far
end voltage, (7, = 50ps, R Vg, =86Q/m)

: s v v
v,(&/
R.=50
-

7] Y18t F&3] FAA B AU

R A2, 219 7o) K2l ule} 2He PCB
%9 g9 HEeHn,=1) 2 E et A4H ¥
T L, C, Rpe, G9 @&ES 47} L=0.805969 uH/m,
C=88.2488 pF/m, Rpc=86.207 Q/m, G=022 A
A £, 4 HYE 50ps9 G5 AL AR
© step el AL AT o A 99 near
end 9} far endoj| A o} z}zhe] AF Vg R Vel A4t
Az 29 8o Bl uie} e} AR AL Vi ¢
Vrg Abolole Mol A 9] propagation delayol &)
Fate THEY Al Ado] ASE FAY £ Yo
o, §3d A %L e AgAAM 9 At 87
o2 gr|gte} o] F Hgt Abolo] hols} vbe AR
L golg 5 vt 2 ghell zhzbel Agtel A AHQ
& 2 A 7y AHIME Fehe] FDTD 5&
EFE 712 7igel % Ao vins B of 2
dAshe AL #$A 5 AN

I 1=0.25

J
R:=50, | l
: Vi
v
2 Ry=50
Rs=50
(a)

15mil,  45mil 15mil,  45mil 15mil

L 1 [ 1 [ ] $138m
glass )
epoxy 47mil

(b)
Vi(t)

v

‘ N
. 7
r
©
T8l 9. oA 32 2:PCB 49 b5 A$4.n =2,
@I VR E. YUY AE.
Fig. 9. Example 2:PCB three conductor lines, n = 2.
(a) circuit. (b) PCB cross section. (c}input Signal.
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Voltage(V}

3 .
2 —|-

Time [nsec]

(b}
2210 A A2 2A2d 9 AEdIN At (a)r, =
25ns. (b) t, = 50ps.
(Vsne signal line®] near end St Vgpg:signal
line} far end A}, Veng:coupled line2] near end
A<}, Vepg i coupled line®] end A gL, Ry, =86Q/m)
Fig. 10. Simulation result for Example 2 (Fig. 9). (a) 1, =6.
25ns. (b) 1, = 50ps.
(Vsng:near end voltage of signal line, Vgpg:far
end voltage of signal line, Vong ! near end voltage
of coupled line, Vcpg:far end voltage of coupled
fine, Ryc =86Q/m)

A dAle 29 99l B¢l upel ke PCB 72
¢) MTL #&o|t} (n.=2). Rpc=86Q/m, G=02&
st e, AAtd MTLY 3¥ W4 Ly Ce Z4z
ot 7

L= 1.10418 0.650094 H/m (13a)
0.690094 1.38019

C= 40.6280 —20.3140 F/m (13b)
—20.3140 29.7632

el MTL3| 2o th$ signal line ¥ coupled line?]
near end ¥ far endol A9} zhzte] At Veng, Vsre,
Vsngs Vere9) Al A3t 229 100 B vle) 2o
34} near end®] At Vgne7?t far endoliA 9] A9t
Vere B0+ 27 el e, ol near endo] S
electrical coupling®] ¢t & 39} magnetic coupling
o) A% E3prk & wake] AYE {713k v
far endol M M2 Fzte BFoz Agol {7
g7 gFoltk E shie FEHe 2 94y e
] rise time 7,0 WA A A EFQ w8 e] A &}
Atte Hojtl & rise time 1,0] S0ps A= E A4
ol A ¢ 415 ¢] propagation delayR. v} $83] 2-& 7
Lo 28 9 43 o)A 2} impedance mismatch
of o) WAl A FEQ A7 FAoA AA FElF el
AMAeg Ad gelo AEZ velA |t olo
e NEe] w3 & TDR (time domain reflectometry)
ARL Falo 4A #FHE vigp A g Aol
g F olth Al E AANFHA AL date 49
A s} plRANA R, Fehe] 7P E ol R A
e Ao # A S FAY F AU

v o A WA oAl 2 o] 2ol npet FE
ribbon cable 72 2] MTL (n,=2)ol} step Hel ] &
B A age] QArse 7 2-0)th Rpe=10Q/m, G=0
o2 &3, Aitd A4M Wy LY Ce teat 72t

Lzl 0.7485 0.2408] JHjm (142)

0.2408 0.7485

=[ 249819 —6.2661} F/m (14b)

—6.2661 24.9819

MTLo] GaiAl Qatehe ramp geiel 9% A}
A7) Eol olg B4 A B4 A g
= e

s
E(t)=X E, () (15a)
t/r,0<t<1,)
= i " (15b)
E, (1) { o>
Ve(z, =V (t—z/c) (16a)

- ~4.236/1,
()= pv(0<i<z,) (16b)

4.236/1,
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BX/E 449 A7 #4 L A8 Implicit FDTD 71¥3} $71 82 2 g

2m

E' 500 500

500 500

50 mits f,=7.5mils
-—+—‘ t=10mils
: a=35
—_—

Tr t
()
a2l 11, A 32 38 Aasst YA ribbon cable,
np = 2.
Fig. 11. Example 3:Three-conductor ribbon cable excited

by the external field, ny =2.
(a) circuit. (b) cross section. (c) external field.

02

Voltage[mV]

° 50 100
Time {nsec]

(a)

Voltage{mV}

O3 12 oA 32 329 1) AlEdeld At
(a) 7, = 100ns. (b) z, = 10ns.
(Ving:line 12] near end A, Vipg:line 12] far
end B3, Vicg:line 29] near end A, Vopg:line
29] end A S, Ry, = 100Q/m)
Fig. 12. Simulation result for Example 3 (Fig. 11). (a)t,=
100ns. (b)t,= 10ns.
(V ng:near end voltage of signal line 1, Vpg:far
end voltage of signal line 1, V,ng:near end voltage
of coupled line 2, Vg :far end voltage of coupled
line 2, Ryo=10Q/m)

Vi) = [ g] PV (t> 1) (160)
Ie(z2, t)=1;(t—z/c) (172)
. 0023769/, i< )
I (= [—-0.023769/1:,] pAO<t<z

- 0

Ir ()= [0] PA (> 1) (7¢)

9 AeA AF & 9 YA rise timed 97|
8], ¢=2.99792.10° m/s&= Re| £E& v @}
z}zhe] Akl A4 Adte Y 120] B wish 2
t}. % signal line& ground linedl] i3] Mz A
o278 ¥o 7] wWEo ¥ A%E A2 anti-symmetric
3 BAE 24 g AAAo] near end ZLEHE
QJA}8}7) W&ol far end Mt Vet near end A
Vaedl thle] A x}u}e} propagation delay 9] Al
b A BAE A Aok A4 Al Fojd A
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9] e Fdl e FDTDZ| Yl ¥} ringing @4
ol Aid ez AA Yehde Hojgt & + gle d,
el A7lN FHHCR hFjAo & FAY
29 shtets @ 4 ek

N4 &

dRtE o2 FDTD H'H-2 MTL Al 25 2] A7} &)
Ag T vie T Wy Fo sz delAn
Aed, & =EAME 71£9 FDTD 7|4 E& HF &
implicit FDTD 7] & Al¢ratsdch #let® implicit
FDTD 719 & Z2aydssle dFA AFAd +
29 84 ¢ FYstel Bron, A gHolH P
71E9 R 443 dAEe AHE LAt

B =84 A A2 implicit FDTD 71Y-& F# 9
explicit numerical approximationd] 7} 2 & %1 U+
FDTD>1' ol "] 8k}, 2 31%91 Avty 2 daeE
9] 7914 (robustness) HolA -3 Zog wod
ot £3), 7|&o THEE i REe) FDTD 7|He] §
7HAQ] 32 RAE 1A FFo2MN, MTLY
source % load Toll A2 E 322 YRo] HAH of
it} AlEdold TP e FEE F£4 3y
of 3t HHo] JURAW, £ =FdA+= implicit
FDTD 43128&g F7} 38 wdg BIAFoEH
QR 2o MTLE #e, 34 & 4+ AEF 3to,
MTL9] source ¥ load ©of] v AAE x93
doje] vt dFE A Sl vty E 2 3} gl
o] A H&E F UAEE o, 49 A4
Z23 & goldA sttt ®3 SPICES) 7o| g
&5 de 32 498 package TR 1Yol A}
¥ implicit FDTD ¥7} 32 ®d& F7138o MTL
2E ANY £ U7 R 2§82 Eo| v
S HY E + At

gozo H& RAZ= oF AH5He BEA B
A& off-diagonal 59| B} A &# ZAMS WY
o) s, HAM A A why, R dxut Ak
of thg si4olA el &) gAY BA &4,
skin effectol] ¢ HEA AFE9 Fops FE44S
ejgte BEE&AHQ A HHe AR 5 474 ¥
+ At
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Bx/dF A$A A7 4 & A% Implicit FDTD 7183 57t 32 =29

#F 43 M(Sang Heung Lee) 3 3] 9
19664 1B SH
19884 28 :29distn T3d
3 AAFes 4
(84D
19924 28 : 23Utz Wy
ARz EJF
8}4 A}
19904 108 ~19914 3H 32 AAFNATY 33
E43NEQRTY 9&4d
!
19954 3A~8A: FxHerI¢d FRAAATAE
a4
19924 3A~EA 3SR 3 AT o
A+
E[A ok Az mdy 9 AEHolMH, VLSI 4
Al 5

F 2 H(Ki Jun Lee) AL

19554 18 2384

19784 2A: A gdigte FIANE FAZK(HAA
et 2HFEAD

19814 2/ 833 871¢d A7 ¢ ARFHHY &
A(F-84 b

19864 28 : 377487 1ad #H7 2 ARG &
A(F8teAp

19864 9Y~EA: 3o 3tn FAG HAF Y}

i
%7 A #-oF :Mixed-mode AlE#|°]4, interconnection
wdg, VLSI 44 §F

#F R (Song Jae Lee) 34

FZFATH=EA A9 A3E F=x
A FE g FANYG AT} 2w
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