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This thesis presents two new transmission line models for time domain simulation of transmission
line circuits, i.e. a two level transmission line model and a time domain companion model. The first
model is based on lumped discretization in which the transmission line is replaced by an N segments
of lumped R,L,G,C components. This model can avoid the simultaneous solution of a large number of
variables by computing an equivalent macromodel of each transmission line that has no internal nodes
and splitting the analysis into two levels. The first level deals with a normal circuit analysis in which
each transmission line is replaced by its equivalent macromodel while the N—Segmented model of
transmission line is analyzed at the second level to update the equivalent macromodel at each
timepoint. This latter analysis can be done efficiently using a set of recursive formulae whose
complexities depend linearly on N . The second model is a novel model obtained by applying the
numerical differentiation formulae directly at the telegrapher equation to obtain a first order differential
equation with respect to the distance parameter. This time discretized spatial differential equation can
be solved analytically to give a true time domain companion model of the transmission line whose state
variables are the spatial distribution of its voltages and currents. To cope with the computational
complexity in storing and updating these distributions, a piecewise exponential approximation is used.
With this model, the timestep. selection and accuracy of approximation can be chosen to control the

local truncation-error of the time domain simulation.
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evice ,~ ~.device

/ Vl Vz N

' \

l v(x,1) l

ow(x,1) _ _{ 61(x t) Q5D | pix, t)}
ox ot

Oi(x,t) _[ 8v(x 1)
ox ot

MY 4 Gu(x z)}

g7 2.5 gilunnaassaLay

(2.17)

(2.18)



13
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AN (2.17) uaz (2.18) Aa
v(0,1) =v,(1), v(l,t) =v,(t) (2.19)

i(0,8) =i (t), i(1,6) = —i,(t) (2.20)

Waaiunisulasantlanmannisi (2.17) uaz (2.18) wiazldgtuuuluddsannisi (2.21) uay (2.22)

2
% = (sL + R)(sC + G)V(x,5) (2.21)
X
2
% = (sL+R)(sC +G)I(x,5) (2.22)
X

o

ANN3N (2.21) WAy (2.22) %ﬁgmmuﬁqiﬂﬁnmmma@ﬂ bt
V(x,s)=K,(s)e’" + K, (s)e " (2.23)

I(x,5) = K,(s)e’ " + K (s)e " (2.24)

Tned l(s):\/(sL+R)(sC+G) waganiuuiann1anel K, (s), K,(s), K;(s) war K,(s)
uwnunduluannnsi (2.23) uay (2.24) uaadsuannisinadliaglugilosasananiadnean (Two-port)

azlfgunisi (2.25) Aa

11(3) B YO(S) el(s)l + e—ﬂ(s)l _2 VI(S)
12 (S) - e/l(s)l = e—l(s)l — ez(s)z + e—ﬂ(s)l VZ(S) (2.25)
o
sC+G
Y.(s) = 2.26
o(5) sL+R (226)
ANt AN (2.25) 1dngud azlddn
Y, (), () =1,(s) = e "X () (5) + 15(9)] 2.27)
Yo($)V(8) = I, (s) = e " [Ty ()W, (5) + 1, (5)] (2.28)
udavnmsuasnduanlansaglfaunistessne s ulamunnananda
V() * Iy (1) — iy (2) = v,y (8) * by (2) + 1, (2) * B, (2) (2.29)
1y (0)% B (0) = 15(6) = v, (0) * By () + i, (1) * s (1) 2.30)

Tmein
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(1) =L {Y, ()} (2:31)
hy ()= L e 0"} (2.32)
hy(t)=L" {Y o (s)e } (2.33)

ann13dl (2.29) uaz (2.30) UNBAINGT N9AAIYNT 9m azfieaiinisinaeulagiuletaaat

a o

annisanedan dulussas Tneid s lsinsuAniies 4 faie vi(1), v,(2), i(t), waz i,() fa
TieaINaNnI1sN (2.29), (2.30) AUABIENNT KCL Fltaans azrinl¥lgpsudanntafiemnsneyd

AIAUAAZAA

24.3  aaulgduiuuiauia [14]

AINANNIEN (2.29) wag (2.30) Hunusndasiiniginreulagiuisinn 6 waildaaiu Tunisvin
paulagfuiugunsoinladeituuReuin - Gvazaasnaastwasuneiifeswilangdine  nedlaas

vi(#)* (1)

'
aa v

Tunsainsdiasnisaauaumney v, (¢)* A, (¢) wiagldnasdszunnuiaridu ¥, (s) deendlssunns

WUy Pade’ [15] walwigtuuuwes ¥ (s) duammnsananisudasnduanantldlnaazaguglunuime
doueanud wasanulasnauantanauanazle X et | o uaL
! () =7 9D+ 2 g p; waz g,
i=1

P LV g/ /2
duArah udaGuvinpeulagiuiiogn ¢, Aail

t

n+l

[w@n e

-7)dt

n+1

w(@) =),

tn+] n
E | 1@ X0 450, <) ldr
0 i=1

\/7v1(tn+l)+\/72 gvi(r)e” " dr (2.34)
i=1 ()

sl t, t

iesan quvl(r)e”'(’"“ T)dr—quvl(r)e”’(’"*‘ Ydr + Iqlvl(r)e”‘“"“ dr
0 0 t

n+l

n

tn+1
p,(lnn tn)J.qlvl(T)ep,(t T)d2'+ J'qlvl(z.)ep,(lm T)dz.

ty

tn
Pil J.qivl (7)e” “Odr + %qi [Vl (@, )epih" +v (tn+l):|
0

g unsan letasnisld

n+l

patilunsAuaunanauligtues v, (z) * hl(t)|H foan ¢
“in+l

1
o

natredneulgiunqanaineui dafunis@aanisAaunainganalGusiuluiyna

q
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LULINADIFARILULADIT

LAt ALe LA oA AT A NN T UL adan (Segmentation) wWreNALLIANAR LR
IuenuuusiasetieensnAuansnamnn L‘W'@ﬁmLm'%'ﬂuLL‘u‘uﬁw@@\‘1@mﬂ@‘ﬁ'@zﬂﬂﬂﬁ@?ﬂumﬁmm
MatuEmea Aadandaedaiuiiudinessedy  Wevnlutausnresnifasiiaue’s
ANUIUNIULILIANABIANYA wemia L aesillldeusss uazfnaunasiaueuAaluniszens

NAUB LL‘LI‘LI"%’]@@Qﬁ 1ﬂ WunnuanaeeaeguuLvan b

3.1 wuuaIaad N nau (N-Segmented Model)

U7 3.1 uaneuUUAaevuULutisdantessedeeandy N view wiazvieuriuenadlulfisntin
wWig 7 visaununn nsldmiaatinuudnaes N vieuillununaiedslungas udednaesmudng us
\Hasanatuauvianivazulsduanumuusugn nanAedieInlfauusiubngs ffasldaiuuvon

é{ o U o o dld ] -;19/ ¥ %
1NAU M IENN9ANaaIN1INNNNNANRaIaaNaIRRan e L LiRes Idnaunnauld doa

Other — : Other
. Transmission Line .
devices devices

(n)

Ing (ty)
+

Oth
er Wit

devices

Other
devices

7
- OR OR T — L.
R/2 R2 R L
C G/2$C/2 ::E}C/z

Uit 3.1 (n) asaslWiiiisenausagansds (1) 29asiWilugy (n) Hunuaedasdgulua 1899919y

L2 L2
’:\&W

(7)

N viauguilulaiauuunieg 1978 wnuu)

a o

AR AAUDULIANMNAA LS NLLLRNAMUL N YaUaaNNIAIUI AU NN RLFTEI

WUUANABIANYA (Companion Equivalent Macromodel) fiauandlugily 3.4 gaflunuuanaaandinies
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A3l NITANUIINILLLANABIANYATENANE ARt 19del  azEraInnIsunuanads iR uLy

809 N viou udaldnadnsueneasasnuanalilugli 3.2

IL(L]‘) Vi(ty)

Other
devices

Other
devices

7U7 3.2 vasasdaiuuaas LA aeNaEdIIY N viauiiaan 1,

Io(t ~ . : In(t
of ‘;) Vo(t) Vilty) o hw N+.‘( ©
+ Gy (h) | +

D) Ji(t ) Gan(h) §

W
(@)

W

y n(ter) VN(tk)

vo(t) )@ FGuh G g

< N-segments )

717 3.3 wyanaesaadauy N viawiian ¢,

wasantiu MREnsdssnanudenpiusinetlszani R, L, G, C lugit 3.2 vinlildguuunlnsiaes

° = o = o S = o v X,
BLURNABNNEIAN tk Lﬂumgﬂm 3.8 W?JT@LTEIﬂLL'LJ‘LI"Q’W@'?J\‘]‘V]Nﬁuﬂﬁiﬂﬁ‘tﬂ”lmm\‘l’ﬂuwuﬁLL'Z\]'JLL’J’W AN

1%
o

° ] v o = a Ao A Iy N s o e £ o v
10y N NAUTUNNIN IWEWN']H'J@FJLLL@@ﬂlﬂﬂq?ﬂigﬂqmﬂwwuﬁLL‘U‘U@@?JL@ﬂ?ﬂ@ﬂﬁ@\ﬂ sﬂﬂmﬁlmm@m?

o 1 ! o 1 ldl Y o é’
NITATUIATAN VENLLILAINDN N viauninan tk 13598

L
Gi,i+1 (h) = (RHI + L/l/;rl j ! i= 071329' : 'aN —1 (3.1)
C .
Gi,i(h) = Gi +7[’ ] 071329”'7N (32)
L, L
. i, ()
Ji(tk—l):%Vi(thl)—f_ h 17 h I . =012, N (3.3)
Ri +7i Ri+l + £l
h h

Tnef Ly=L,,=0,R =R, =0 uaz h=t,—t,,

3y ° ° o oA < , a 4 | a ol
ﬂ’]Lﬁ"]quLUU@q@@\i‘ﬁuWﬂu\ﬂﬂLLV]H@’]F;I@QIH'N@?W’]N‘]JNW @Nﬂ’]ﬁ"}\i"\i‘ﬂ/]\iﬂﬂﬂ@ﬁ@giugﬂLJJ‘V]ﬁ‘ﬂ"ﬁ‘V]
= 1 d‘ ¥ ¥ o v ° a a < Cal oI/
Rawelugy esesldigatnnnlunisauns widrazdunedammsnduinaaguduuuiaoll  (General

Sparse Matrix) [16] PRNGifal P

niddetRaatuuaaesluiungaesiBandn  uuUsIaeasaNya  (Companion  Equivalent
Macromodel) 2a9gnedstadlunuuataasiazinldiflunisudaunisasasunuiuuanaeatunuils lnah
Tinaaanasmilowiy waziialidnlads lunsnuuusiaesasysil azaaauauuAnlunisaiuam

WuiLaasads uiun g wrauuuaaesanya 13 uiadednll
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3.2 Ll,'i.l‘l.l'i’mm'sw:;l,a (Companion Equivalent Macromodel)

Io(ty) Y (h) I (ty)
Other +t $ $ +t Other
devices VU(_ o Jolte) FY,h) Y 3 AN(CY) VNS | devices

JUT 3.4 2993A N ANTIUNUAILANAILIULLIA1ABNANYATIIAT 1,

o

AzaeENAINNIFausRsTeLULAaesanedLY N vieustisiisasniilu 2 ngussil
o/ 4 a2 A ~
1. sasdsasasmelu ud 9,0, 0,

2. saudsasasaauan laur v, uaz vy

azynlanunndeuannisi@ely (Nodal Equation) 28dibusnaedadanty N viauatnedng

!
Y v olo| |J
¥s = A+ (3.4)
y; Yy, |V I J
o

A A T
V=[] Wimnmafuaaatsaudswsasuniely
v=[ve v = 2 e, L
0 VNI {lumnmesaedaifianlsnseaninfauen

= T 6 1 o/
I= [IO IN+1] L‘ﬂumﬂm@ﬁ]@\‘iﬂﬁm’lLLﬂi‘ﬂi:ﬁLL@ﬂ’mu@ﬂ
P R N ' '
= e 'S 1 = ¥ a
1 N-1 LﬂummemmmmumﬂmLmﬂmﬂumﬂu

A A T ' '
J:[JO JN] Winmnefueaanszuan mada luniasen

aun1sf (3.4) @wnsnnndnglasnislud e lugtlaauduiusaesdoudsusasunisuan
WAZAINUTNSLRANIBNEN URIRULAABNANE ALY N Tieuatnadng tasalugannisi (3.50) viga (3.59)
o X
W

I=Y,v-J, (3.5n)

1, Yo You |l Vo _ Jo (3.50)
/ .

N+l Yon Yy vy Iy
| —— o
Yy Im

e Y, =y, -y, Y'yl, Iy =d—y;¥ 3
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o

aun99 (3.5) iWuniseBuneneuunsasanyaninan 7, S9liilunaly Asiuanslugily 3.5

Iy (tﬁ) Y () Ing (t)
+ +
Vo(tk) Jo(te) Y, Y g @ L) VN(tk)

N ° N
3‘1/‘1/7 3.5 HULIRIABNANYAVIIAT tk

TURBURATINLAN 191RLEINITDNINIFINABINITNIUINAINNA WA UM I wU LA aeag1s
A9atinedne uwnuLuLANaasdnadewy N viau asilsfnnulunisaiunainan Y, waz J,, tluay
> ° L a a Ay 9 2 a ~ ° % o =
FARIN1atNNLUsEANENIN naqRaRes dAMANHIEALAMYaIaNnITN (3.4) uiAuInlinsydungn o

alfnanninnisisamasEanuURa N wAiasasnFani [16] wazasldasune 13 luiadadn ld

dl 1 1 = 6 = s 1 6 o 1
waziiesaINdANTes wvanduesuaninunud (Y, ) buu Y, y,, ¥, asiudaidusessiauin
duna1 (h) Auidlunsin e a1 AN AAaANIFINABNNITNININ ANKNYIFNTURILAAN A AL

s e A = ° ° o B AR = Y o Y ° P
WANNAALH AN AN NABANITAINABINNTNNNN U TURBANINENASLRtNLAN A 1NNsatn I 1T s naan
AN2ANABINITNIL hAZLTAzT]NAN297 A 89NN TN NRLLLN NN A UILNAT A 1IAAIN1D

° o -dl | % :‘/ & o vl a .y a s 10 o
@’mﬁg‘ﬂLL'U'U'V]Li_]uiﬂvl,@‘ll‘ﬂ\‘i‘ﬂu’m‘ﬂumﬂq ﬂ“]x‘ﬂ’ﬂ‘ﬂl@‘ﬂLL‘LILI?J@\‘]LN‘Vlﬁ‘ﬂsﬁ‘Hﬂ\‘iLL@@NWLLM%T@%@’]H@

AmFunisAtuaumAl Jy, SasseinnigAuniluiiiqainatnn an WesaIndInisAn
wiAn J,, dusiasldendaudlsussiunaznszuanigliluenn danildandaulsnielu (V) aasanagdesiog
gAY ndsanfiwianniseaslinaasiiudautlsniauen (v) udo grstunisausnmsouls

neluwresaradariuildainnisdngtllvsiaesannisi (3.4) lasan

v=Y"! (j—ygv) (3.6)

wdoAnsaulsnszuanielufiazgnaruaniddainddsoulsussiunialy by dwfunsiinldnislszano
\EeeuiusuLLaatIaa NAUNAY Huazlddn

. 1 . . L, .
L, (tk):*Z—[vi—l(tk)—vi(tk)-k”hi_lg (tk~1):| (3.7)
R, +7"
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3.3 UWHUDNAILNIUNITINABINATNIUWIAAIUTUUL LA BIR LRI L URDITY

asi . . ARTOUNL - o
T8 unsiiuuuaassansdeuuaesiulildin - Iduanluwmgfianeaunisanasmiananlu
9117 3.6 Tngutiinnsanassnsineuasniiu 2 dussil
1. N9I18BINNHNNUTUAT (Circuit Level) n1sanaasnisvinauludutiiiunisanans
Naeuaas i s lumuasdefnauuuaIaeanyannglil- 3.5 n19aaeenig
o AT . @ v . “
auluduiiayldnaeatrasasdseanududaulsussiuniauen  fa v (f,) uay
vy ()
2. MEINR/RINTNNNRTIUAEAS (Transmission line component Level) N1931a89019
. A \ : : v .
nmelufungestiiunisAtuwiniianeaninzedwsiazaeds lngarlfuuudnaes N vieu

L e o o Y o o T o 4 o o
mm‘umLL'}JiLLNmum;m@nﬂmmnmmmmmimmﬂumuwum WaAU MR

s9995n18 1

t,=0; k=1; h=h,

T~

t.=t,th

Update
Yo(h), Yon(h), v (h),
Jo(t_ -0, It ;h) according to
Equation (5)

Circuit Level Analysis to obtain
terminal variables of
transmission lines.

v

Transmission Line Component
Level Analysis to obtain its
internal variables

v

Update all capacitor voltages and
inductor currents

Select a new
timestep h

JU7 3.6 UaLTAIENIUNITAIABINITVINIUN NI YENINATANANT [TULLAIADIAEAIULLABNTY
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Twidall aziauadsianiziizalunisAmunmuiaaesanya wazdaulsneluresarads tne

ANue

Wi Wi ot Wiya
W =
Wor Wy = Wong

Tnedl YW =y, sulmsazamnsadauaunisees Y, uay J, anaunish (3.5) luaile

Yy =Y, WTyg

J,=J-w'"]

(3.8)

(3.9n)

(3.97)

AwFunsaruwniman - W lugunisil (3.8)  sudedldnisuendotlsznauuea-g (LU

factorization) [10] aazilsznatfagdune 3 duneuaasalyli

Y = LU (factorization)
La= yg (forward elimination)

Uw = a (backward substitution)

v
o

Weaganndwyisng Y lugunisi (3.10n) 9

N
matrix) AU

X X 0 0
X X X : ] @ AN 9 -
Taei X ilupnilad e
Y=({0 X 0 s
’ X
0 0 X X
Yi,i = Gi—l,i + Gi,i + Gi,i+1’ A Yz/ = sz

_ _G01 0 Zping O O
3T 00 0 o 0 —Gyn

nliawisnd L uay U armnsomldaingnanisatunuutiuaud (Recursive formula) Asil

2
I o—y Y =02,
JsJ JsJ L ) i
j-1,j-1
L Yj,j+1 ’ J = 0’1’2" N
= 1, j=012,---
Y. .
U. . —=_5" j=0,12,--

,N -1
,N -2
,N—1
,N -2

(3.10n)
(3.107)

(3.10m)

ﬁg'ﬂmeﬂumﬁnﬁmmumm (symmetric band

(3.11)

(3.12)

(3.13n)

(3.137)

(3.13m)

(3.1349)
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Lj,szk'zo j=0,1,2,"',N_1,k¢j+1,kij (313“])

o

AmiugasruinlunismAnuving a uar w luasunis? (3.109) uaz (3.100) Bdusail

L...a.
q. =——LAribl j=0,12,---,N—-1 (3.141)
gl L
JsJ
GO j:091729'”7N_2
a,= N-1,N N1 (3.147)
Ly iy J =
ay_ =N -1
Wia = e ] (3.14m)
’ _Uj,j+le+1,2 j=012,--«/N-=2
a, =N -1
Wi = = ] (3.144)
a,,—U, Wi, j=012,---,N=2

fahu w azgnin il lumnsAmonen Y, waz Jy, Tugainsf (3.9) ndeanndufarlfmans
wiuwlsnne luresanaganinaunisi (3.6) seiazaansalddn L war U defluunmesaes Y @
fuanlfudaanldldan  Weldefulaneluessnsdadafiasldaunns? (3.7) lunsiunnsmnss
wlsnazuaniely  lnefpenududenansniasiuan (Complexity) thuasimnuduius i aduiu
AUIUTIaNt R raIdnads (V) Fagaelilun1e19? 3.1 Wananntis unnnssnaadnIsiaeldunn
Funanasd funreui 1 uay 2 Tunnsuansinisznatuea-g1ed Y waznisAIuomm w thiazraien

ATUAELIAABANITIANABINITNINNY BAZDNUIAZLT N9 a09N199 NN UN RN AsuTLIAT e 1977

o o | o * . h " '
aua WanAngUuuundullFaeswadunaidy A =;—A’}X; M =0,1,2, .., 10 Gazinliasian

wansieiuees L, U, uay W e 11 gUluswintiu AsiuaIne 11 Arfinnusnliudariuaasasdmi
Wlumdaaanuanietindunn 1wl asagdlsdnlunisdtaasnisniaumiananaeseasaiadei 50
ansnldaruonvieutes (N ) Nge welilinanasaessasiuiugn nennaldlunisiiaesnis

o = o o & G a o o 1 1 )
NIUAZHANNANAUS LT T QAU LA IR e Utia IR IanE 49 (N)

F13N7 3.1 mimmmmwﬁ”ﬂ%’@uiumm‘ﬁmmm\igym‘mmummﬁmmmdmﬁ/"mdﬂﬂ/ WaZNIg

Aandatlan e luaeasnsdldnsd 2 1Ay

Number of operations
Computational Step Equation
+/— X/~
1. nsuensiLsenauies-gues Y 3N-4 4N-5 (3.13)
2. NNTANUITUNN W 1 3N-2 (3.14)
3. AU FanLlsusasnne i NN N*-1 (3.6)
4. puatumsanlsnssuanielu 3N 5N (3.7)
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35  msrgngaa llguuusiansanaRauLunan Ty

=

WULANAR9ENEUL 2 Fun liuaue ldudtu iWukuusnassiidss@nsninlunisisamanusa
NIAIEeAsgendINsuuLLLanaes N visuaslinseluneas Geaziinangaanisatuandludu
U v 1 = = d‘ | o o & a ¥ o o 1 1 1 ] cal o
gavineudndn wiaeiegasiiduanuduiusidaduiuaiuwureutesaesanssds aeelsfa wwuanans
pananadaaunsnliulseliiansnsasennnusaluniswesiiulilldan - eanisandunisaiwanlu

. ) ) Ao ‘ ) Y oA A o g ao o a '
uneviaudesaasanads Tunsindyonuluwieudestulidiiag nlienadeilfianauuamnuanlo

Tunsfudgegunureauuuanaes Iiduwuusiassaadeuuumaiadusmuanalilunneed 3.2

A7N7 3.2 AT NUAABULAIDBNTITUFINT VDIULILA1ABNAILANULLVAETY

L o 3 : L AU
FUN LUUIADIR AU LURANEITU ,
7iau
i(t) iy
o N+1
T T
vi(t) W)
Y v 6P ol GO0 60 v 6P v G0 v g
° @ 0@ Sap W @ e 3L N
L“), vo(t) G Vy(t) G
[ A 'A'A% A AAs
1 m G’ m m E
Iy 2' i8] Ge 2
LA Go Vi) GP v
- . r __
5 N
@ 68 2@ Fo¥ o 0@ g6 4
2 2
il)(t) v(](t) G (LN) V.\J(t) iN» l(t)
— VA —
log, N
1™ G 1™ G 1
0 P N 2
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wuudnagfuieaniduiomn log, N +1 guuunlumnsed 3.2 duasnduuuudiaesianya

Auisnun aazigaslunisnldsuuuuanaes andunisligandunile wansl3luaunis? (3.15) Taah

o

Aunliauuduresuuuaassutiseanidu log, N +1 dudsiij=0,1,2, ..., log, N

v
o

TUNIATUIUMIULILIANABIANYATRIAES (LUUANaesidl log, N) duavfasaunmiiay
:I/ o o o 2}/ |:}/ -:ll =< :// a; o ] o
FULRIULUANABINNAIGY Aeustun 0,1,2,--- aunsdun log, N azaeunsieteneaslsenauen

asuneAslugln 3.7 Faduuuudnaesidszneudsevieutasla 2 view nisazmuuudnaesluiungaau

= o ) - \ o A A Py .
ABNITELTINLULL[NNEN 2 Wﬂuﬂ@ﬂuiﬂl,ﬁ@@ 1 W@uﬂQWLL@ﬂ\ﬂugﬂW 3.8 qmﬁ‘luﬂ’]ﬁ‘ﬂquﬁ")ﬂmsﬁu ] SLWNI

Da

Tulsuanal3luannisi (3.15)

(33

i(t) (A}(Lj) v (eGP 13(ti)
VO(tk) B VW

4 () . : ' (@)
0@ 35 100 $60 1@ 39
2
gij‘ﬁ‘ 3.7 BULAIABNAIEIAN 2 w’aua’m“lmﬁwm t
io(t) GU i(t)
vo(t) ® o ® v,(t)
: Gl ) GU+D
B 32— @ £

Uit 3.8 maannasgusaNuLLAmealugiiii 3.7 aan ¢,

N G 7?
GE] ) _ [(j)L ] — j=012,---,N—-1 (3.150)
2G," +Gg
GYth 2 LG ) G(j) 2
A c__ ([')L ](‘) j=012,--,N—1 (3.15)
2 2 2GY +GY
] G(j)[(j) )
U L tin () j=012,--,N—-1,i=0,1,2,---,N -1 (3.15m)

i - ) ) i
2G,” + G

(028 (0)]
JUD — GL [m ()

JPAIE ] S S (¢ 1=0,1,2,,N—-1,i=012,,N—-1 (3159
PTGV +GY ’



24

AuFuandounlsusesunieluneas  wasdanlsnszianialuneas  tuazAuanldainannim

(3.16) uar (3.17) mNasU  Teedinieauliuazfewindaunduainuuuaiaesiudun  log, N,

N N . - y - .
log,—. log,—, ..., 0 uazldAmusssunidanaisansdnema v, (z,) waz v,(¢,) wiawiuuas
2 2 2 4 o\"k 2\%k

'
al

Atlaussiutlowdnlanavisaesdng  Auandldlugdn 3.9 Tunisigesllldasinvuali
Ve =v(8,) uaz v, = v,(t,)

G, (v, +v.)~1,

t)= 3.16
v(t,) 26, +G, (3.16)
i = ;Li"'ﬁ(vi —Vi) i=0,1 (3.17)

L
iy(t) " G vit) G vy(t) B0
Vx—= # Vy

7UN 3.9 uamsnmizAruanuaauznagluy v (t,) reevieugeslaTiieal ¢,

dapuauuLanansanaduLvatedunaadn  lunstinuisiasaesanadeinnsnzanasasdnynyio
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a

o
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o 1A =
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annsnliinaanaiamesinlanenaeaniuls  (LTE) Iigeau  Teilanaaziinlinisanaasnig

N niuAall e

PRIANNLFUITUN1AANFIU T9933UBIUL LR ABIAIAILAD

ARZAATUALIIBILLLANADIAN A

'
a v

ad asanndusniiunliduiigegaueusazanadeioniian liliiiuass wianiaaanAnnzEusy

a

Tl uaztmisndduilsranagalud aanaunis (4.25) uaz (4.26) uLdFa9RIARRLIIANRANAATIARTY

(i)

o

AMNNIANBURL (errory,,) fadladunnndn 10 wlefifusvasAianaiamnanzsinlaianisanduisuas

azaeniuld wnAdanatnannsandusuguiuhl dTuneuitaziivgeuUUANaIANE Ao UNH AN

a d‘ | ! % A 1 ! a d‘ o ¥ = v &
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ARENIAT 10 wefidusiaed LTE N19AUIMUIAITRANAIAAINNNIAREUALLATELITINTIUAY IFauns
7 (4.21) WAL (4.30) ANNAAL

Start

-t

t,=0, n=1, hy=h

»le
Ll
v

NumVar = 2x#Segment + 2

A 4

Create Matrix Equation (4.15) t,=t., +h,

A 4

Ry =, /2 Solve Matrix Equation h,.q = 2xh,

Z b
<—-<4</7

h, <=hyy >¢ N LTES THE,
Update Transmission Lines
Variables Y
v
Merge Segment
N
v
Divide Reduce Order
Transmission Line each Transmission lines
7Y
Y Y
Segment N RDE <=
#MAX 0.1xLTE
Y
N h>=h.«
N
Y
A 4

gijﬁ 4.4 WAUDNAIENIHIBNNIFAIABNN 1IN NIUNATN NN VA NTLULLA1A AL AN N IAIU9A7

fauinisanaasnisinauazinallgnisanaasnisinnunaanandaliiiy - aziinsiinawnadu

X | ' = 2 ° o o vz X PP =
wanTuugeein Walinsanaesnisinauaiisain lfisaanlunsiindyaiunialuseasinag
o . K AV SR e o AYay o
wasuulasiias uaznisiinauadunaiilazinllGess) wiagldWiauamaald (4, ) asuwiafien

Aanansmanzinlanada lsiifu LTE,
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45 nmsrEnanallgnsssannuuudiuaannnamy

1918z11ANNNg Telegrapher lwanni1sf (4.5) wunnlszanneyinsteaiauiuna ALl niE
fawat deluiilazidenldnisszunnnuu@maananany [10] inldaunisi (4.5) nanendlu
ow(x,t 0 -Lj2 ow(x,t 0 -R
wxnt,) —(w(x,tn)—w(x,zn_l))—M + w(x,z,)
Ox -C 0 \A Ox -G 0
(4.43)

WemNazadnsa lllun1g19n9asaannuasaul suNn Tl saluanngg (4.44) way (4.45) %in

VHAeuannisn (4.43) udldsaluannish (4.46)

0 = (R + &j w—rid)
A= g = h | D= {0 L} (4.44)
- (G ¥ EJ 0 € co
h h
w,(x)=w(x,t,) (4.45)
W, () _ Aw!(x)4 Bw () + DDt (4.46)
ox Ox

T1N1991889N1IMNUAINI0ATTHY HBARILTAY 7, ANNNITRIULLAIARIANANT

szannuayiustaanIRaILag @:ﬁgmmuﬁﬂmumiﬁ (4.47)

w] [ A ]
5 W, (x) B+ DA A W, (x)
= w,(x)|=] DB+D’A B + DA A w,(x)| (4.47)
X . . . .
w,(x)| |[D"'B+D'A D"?B+D"'A - B+DA A|w,(x)]
wastNIuUA L

| A | W, ()]

B+ DA A w, (x)

M= DB+D’A B+ DA A , W(x)=[ w,(x)
ID"'B+D"A D"’B+D"'A .- B+DA A] W, (x)

o

QLANNNTDBIUANNNTN (4.37) Tnad Lot

iw(x) =Mw(x) (4.48)
ox
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TINNALRALFINLAASIUANNNTN (4.49) wazanniI7resuLafaasnazsin il lunnsauanmnung

IRAENAITIIAN f, "Fuandl¥luannisi (4.50) Tnedi C, = [0 0o - I]
w(x) =e"w(0) (4.49)
w,(x) = C,e™w(0)

W,(0)
L0
w@=[m o . v,

w,(0)

n—1

w, () ="¥,(Ow,(0)+) ¥, ()Hw,(0) (4.50)
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51 Ravlylunsnngau

o

Heulalunimegeunatiy azwiveantadu 4 Saulasaiuseiiae
1. Uszinnuaduuudnany wuuenaeentinn llunnmegeusin Ussnaufaeuuuanass 3

=
LUL A
®  LULRNARIENYAULLABNT (A)
e uuAaeagagantalaLnauLliinNandusy (B)

. 2, .
®  LULRNARNANY AN TIALNLAMLLANNNTAaAR WAL (C)

a

2. #ipradnade feslsznausarisanadaniinoingoyidy (Lossy) wazansasiiliianonu

u
=
fryLasl (Lossless)
4 Naa A s Y o

3. madngnuaadniuaud  wasihunlilunismeasysiasiviansdinduiuaudidngiu

U

PR A o

waznacinauiuaud ld g e liidulsvasesnisazieawsasdyoynluans

4. dszAnEmwlumsanaunu Reulaniazldnaaeudss@nininlunisanduiuiiusieiing
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naifinasnszaneaasdty s luasinnanaanulaegnaennan  wazldinianlaan
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funaTaINIINAgLT Fowinun s Ran st azusiflusde dasielai
1. N1SNAFAUAMNNUNUSITRILLLINRDY (Test-A) aznagavingFauiieunani1sanans
AN TTIN8N T AL A BN AL ATALLLE NN 78 AR AL uazllandusy
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2. msnedaulssAnEninaainisulisviautan uazsausIn (Test-B) aznnaauls=ans-
NINUIBINITAADUALLLLANABIAL A %\mxﬁmsmwmn']?l,n_iwi@uﬂ@ﬂmegmqmﬁuﬁ
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AN1TATLANANNANAIATIN e lunsiinnIsnszanevesdynydluaaiAiae uariinag
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3. NMSNARAUNISTAILANANNULNUENIUNITAAEUAL (Test-C) arnaaaunfFaLfiaLNIg
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53 n9ashildlunisnagay

RS v0 R,L, G, C v1
— A ——=——] =
i0> len=1m <i1

7171 5.1 293N 145 lunIsNARBLLLILA1ABIA1LIA

a o

2997zl 5.1 HlinsasTia FunsmpdetHan T UEeLLS aesitiaue lunAdei B9
azrdnanslngldFaunadiinan (h) 1 10 Ms azuiaraazdeanaaniils 3 Augnaiugatae
1. @289 ATNA4eU 2 WuAleTuAe
o gadwuulifianugads (R=0 W/m, G=0 mho/m, L=TmH/m, C=10MF/m,
len=1m) TaailrBuiiuaudidu 10 W uazArtlsyaanaddi 100 Ms
®  FadaluUNANNGULAE (R=10 W/m, G=0.1 mho/m, L=1mH/m, C=10MF/m,
len=1m) 98 =a FAnAufupdifly 10 W wazAnilsAananiil 100 Ms
2. unasilALsIARANAN aznageuly 2 uuuAleiuAe
o Fyanadutiule Whudyyaduiilafiinisufauesdyyimean o v i 2 v i

1981 0.2 ms Aalugiil 5.2
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54 HNanIsnadal

54.1 NISNAKDIUANNUNUEIDILLUINADY (Test-A)

seaziunrewsiaznItinldlunimaseutiuliuandlilunimdg 5.1 Taaldrmnafimassiie

co o o v o Ay ° 0 =g o ° o Y
mmqﬂmmmmmiﬂumm@m 5.3 Ha7 1HA1N17A1889N1991919a s ML LA aeaie@N LU TRLaA

=

a :// o v A o 1 3 o
Wheuimauluginamnisnan wananiu delifiaenuanssnetiedeyaiqnnan 20 9A109ULLAA0Y
angdamelammnan IiiiiudsanuuvieuteanianisuLiiqanaiusazan erduan A RANaIAAN
neandusuliguiuanaeld  wazdslduansdnianannlun1sandudu (error,,;) wazARaNa A

o dl ! vy
wazinLane (error,,; ) 1e4nqAnAusazan lifae

AT 6.1 NTAIFNNT AIMFLNITNARBLULLIA18BIAIEIAN

Input Z0 R, L, G,C RS,RL Ztype Plot Variables
TA-01 Step 10 | 0,10% 0,107 10 | Lossless v, v,
TA-02 Step 10 | '0,10° 0, 10° 5 | Lossless v, v,
TA-03 | Sine(21*10*) | 10 | 0,10°, 0, 107 10 | Lossless v, v,
TA-04 | Sine(21*10") | 10. [ 0,107, 0, 10" 5 | Lossless v, v,
TA-05 | Sine(2*10°t) | 10 | 10,10° 0.1,10° | 10 Lossy v,
TA-06 | Sine(2*10°t)-| 10} 10,10°,0.1,10° | 5 Lossy v,

Tun1smagay TA-01 D9 TA-04 HHAZUAAIHAAIMIIALNLN 1 (v,) uazussduiilu 2 (v,) ulsau
WUAUIIgINULLAa84 (A, B, C) a15UN1INARAL TA-05 LAY TA-06 UALLAAIHALRNIZAIMINALT

U 2 (v,) uhsuieunsdinarsdauuuianuguds duatadsnnilddanugods

o

WAZAMSUAN M LN sudnan ATl usail

o Aupa AENANIIANARINTINNLIAE IERULATADIAN LA UILIA BT

a

URY - ABNAN131aedn 1 aulns lFuiuanaaeanadannala i auuu liinnan

=)

o

u

i(

e  Fdwn AaNANITANARIN1INNNLIAE IE LU LA ADIAN8 9N AN DA WU LR N IA RS EL
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<) Figure No. 1
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7171 5.4 giluadnsua9n1391889N1991 19N NAA89Ag 1ugLi 5.1 munadl TA-01 Tumngedl 5.1

N 9 any ° o RN
mmzmﬂmmﬂ@m@mimmmmmmmi‘mmu HANU

o  uadunald = 10 Ms

®  3UIUIALIAN = 80

® LalivgAIIaas = 800 Ms

o

o ddanaalunsandusugeganaeniuls = 10”

NumPts  #NumSeg

( 20), #segnment= 1,
( 21), #segment=_7,
( 22), #segnent= 7,
( 23), #segnment = 8,
( 24), #segnent= 8,
( 25), #segnent= 9,
( 26), #segnment= 8,
(.27), #segment= 8,
( 28), #segnment =7,
(1 29), #segnment = 6,
( 30), #segnment= 5,
( 31), #segment= 5,
( 32), #segnent= 4,
( 33), #segment= 4,
( 34), #segnent= 4,
( 35), #segment= 3,
( 36), #segnment= 2,
( 37), #segment= 1,
( 38), #segnment= 1,
( 39), #segment= 1,
( 40), #segnment= 1,

=3.
RDE=5.
=6
RDE=7
=8
RDE=5
=8.
RDE=5.
=5.
=5.
=3
RDE=1.
=4.
RDE=2.
=2.
RDE=3.
=2.
RDE=1.
=6
RDE=5.

=4.

errorypr

029859e- 009,
530971e- 005,

. 331006e- 005,
.620233e- 005,
. 619582e- 005,
. 325894e-005,

426822e- 005,
320582e- 005,
942984e- 005,
264979e- 005,

. 808070e- 005,

748792e- 005,
489677e- 005,
938256e- 006,
057496e- 006,
222398e- 005,
574697e- 005,
240039e- 005,

. 325654e- 007,

113803e- 007,
164203e- 007,

LTE=2.
LTE=2.
LTE=1.

LTE=
LTE=

error; iy

236068e- 001
569812e- 001
791535e- 001

2.284125e-001
LTE=1.
1

393355e- 001

. 250792e- 001
LTE=2.
LTE=S.
LTE=1.
LTE=S.
LTE=5.
LTE=S.
LTE=S.
LTE=S.
LTE=1.
LTE=3.
LTE=5.
LTE=9.
LTE=7.
LTE=7.
LTE=6.

042732e- 001
562986e- 001
905705e- 001
463075e- 001
955165e- 001
526039e- 002
382994e- 001
152031e- 002
642150e- 002
335469e- 001
875437e-001
183043e- 001
953398e- 004
151086e- 004
453064e- 004
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<) Figure No. 1 i

File Edit Yew Insert Tools ‘wWindow Help
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Uil 5.5 giluadns9n1391889N1991 19N NAAI89Ag lugLi 5.1 munadl TA-02 Tusngedl 5.1

N 9 any ° o RN
mmzmﬂmmﬂ@m@mimmmmmmmi‘mmu HANU

o  uadunald = 10 Ms

AMUIUYALIAT = 80

® LalivgAIIaas = 800 Ms

o

o ddanaalunsandusugeganaeniuls = 10”

NumPts

e T T N e i T e i T e e N2 N

20),
21),
22)
23),
24)
25),
26)
27) ,
28),
29),
30),
31),
32),
33),
34),
35),
36)
37),
38),
39),
40) ,

#NumSeg

#segnent = 1,
#segnment =7,
#segnment= 9,
#segnment = 9,
#segnment =10,
#segnment =10,
#segnent =10,
#segnent =10,
#segnment =9,
#segnent = 9,
#segnment = 8,
#segnment = 9,
#segnment = 9,
#segnment =11,
#segnent =11,
#segnment =11,
#segnent =12,
#segnment =11,
#segnent =10,
#segnment = 9,
#segnment = 8,

=5,
RDE=9.
=7
RDE=7
=5
RDE=7
=9,
RDE=8.
=8.
=7.
=9
RDE=7.
=9.
RDE=7.
=9.
RDE=9.
=8.
RDE=9.
=8
RDE=8.

=7.

errorypr

386416e- 009,
832821e- 005,

. 868818e- 005,
..337848e- 005,
. 073170e- 005,
. 620867e-005,

272792e- 005,
540483e- 005,
804457e- 005,
867907e- 005,

..393963e- 005,

240722e- 005,
849992e- 005,
900346e- 005,
230807e- 005,
865812e- 005,
191816e- 005,
384171e- 005,

. 587894e- 005,

128387e- 005,
990507e- 005,

LTE=2.
LTE=S.
LTE=2.

LTE=
LTE=

error; iy

981424e-001
426416e- 001
368187e-001

3. 043550e- 001
LTE=2.
2

025470e- 001

. 882716e- 001
LTE=4.
LTE=1.
LTE=2.
LTE=1.
LTE=2.
LTE=9.
LTE=1.
LTE=S.
LTE=S.
LTE=2.
LTE=1.
LTE=2.
LTE=2.
LTE=2.
LTE=1.

812532e- 001
526562e- 001
574360e- 001
083483e- 001
462290e- 001
133480e- 002
538153e- 001
226028e- 002
017103e- 002
265195e- 002
878260e- 002
721968e- 001
864540e- 001
789770e- 001
083767e+000
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<) Figure No. 1 1 ]

File Edit Yew Insert Tools ‘wWindow Help

=0fx]

lcezmga xarsa2en

Tirne Simulation Flot

o
Gy
=

45

711 5.6 giluadnsa9N1391889N19Y1 19N NAAI89Ag TugLi 5.1 munedl TA-03 Tumnsedl 5.1

= g any ° o RN
mmzmﬂmmﬂ@m@wimmmmmmmi‘mmu HANU

o  uadunald = 10 Ms

AMUIUYALIAT = 60

® LalivgAI1aas = 600 Ms

o

o ddanaalunsandusugeganaeniuls = 10™

NumPts

D i T e e i T N i L T e N N

1),

20),

#NumSeg

#segnment = 1,
#segnment =5,
#segnment= 7,
#segnment = 9,
#segnent =12,
#segnment =17,
#segnent =20,
#segnment =21,
#segnment =21,
#segnent =24,
#segnent =28,
#segnment =31,
#segnent =32,
#segnment =33,
#segnment =33,
#segnment =34,
#segnment =33,
#segnment =32,
#segnent =32,
#segnment =32,

=0.
RDE=6.
=4
RDE=5
=8
RDE=8
=9,
RDE=8.
=9,
=9,
=9
RDE=9.
=8.
RDE=7.
=7.
RDE=7.
=9.
RDE=7.
=6
RDE=7.

errorypr

000000e+000,
095720e- 005,

. 861360e- 005,
./989354e- 005,
. 057707e- 005,
. 608522e-005,

457317e- 005,
456039e- 005,
198694e- 005,
041717e- 005,

. 764195e- 005,

405421e- 005,
663729e- 005,
701837e- 005,
208130e- 005,
811238e- 005,
638254e- 005,
309465e- 005,

. 354551e- 005,

069988e- 005,

LTE=1.
LTE=1.
LTE=1.

LTE=
LTE=

error; iy

727458e- 002
917724e- 001
744905e- 001

1.391387e- 001
LTE=1.
9

152692e- 001

. 762849e- 002
LTE=2.
LTE=2.
LTE=2.
LTE=1.
LTE=1.
LTE=2.
LTE=2.
LTE=2.
LTE=1.
LTE=1.
LTE=2.
LTE=2.
LTE=2.
LTE=1.

433044e- 001
214046e- 001
012878e- 001
740103e- 001
341581e- 001
525581e- 001
543934e- 001
155044e- 001
858180e- 001
441956e- 001
498040e- 001
544692e- 001
094667e- 001
866527e- 001



HANIFI1RRINTTVINNULUSLN 5.1 NSl TA-04

<) Figure No. 1 1 ]

File Edit Yew Insert Tools ‘wWindow Help
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An efficient approach based on conventional techniques for transient analysis of trans-
mission line circuit initially modelled as large number (V) of segments of lumped compo-
nents is presented. This technique avoids the simultaneous solution of a large number of
variables by computing an equivalent macromodel of each transmission line and splitting
the analysis into two levels. The first level deals with a normal circuit analysis in which
each transmission line is replaced by a simple lumped equivalent two port companion
macromodel having only three resistors and two current sources. However, the initial
N-segmented model of transmission line must be separately analyzed at the second level
in order to update the transmission line companion macromodel at each timepoint. This
latter analysis of the transmission line can be done efficiently using a set of recursive
formulae whose complexities depend linearly on N. A simulation result of this technique
is presented and compared with SPICE program.

1. Introduction

Model of interconnects in the form of transmission lines have become significant in
design and simulation nowadays. There are two basic ways to handle transmission
lines in transient simulation, by convolving with their impulse response!? or replac-
ing them with segments of lumped components®? as shown in Fig. 1. Our approach
is based on the second method and relies on conventional techniques. Unfortu-
nately, the number of segments must be very large, e.g. 100, in order to model the
transmission line with sufficiently good accuracy. If this approach is implemented
by treating each component in the segmented model as an individual component in
the circuit and formulating, the circuit equation accordingly, the associated matrix
and variables can be quite large and cannot be efficiently handled by normal sparse
matrix techniques.®

This article introduces a practical technique to speed up the transient analysis of
a transmission line circuit. Each transmission line is treated as a circuit component
with two level of models, i.e. the N-segmented model shown in Fig. 2(a) and the

*This paper was recommended by Nobuo Fujii, Guest Editor.
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Fig. 1. (a) Transmission line circuit. (b) A model of transmission line using segments of either T,
T, or IT model.
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Fig. 2. (a) The N-segmented model of the transmission line at timepoint tx. (b) The companion
macromodel of the transmission line at timepoint 4.
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companion macromodel at each timepoint as shown in Fig. 2(b). The companion
macromodel will be internally computed so that it is timepointly equivalent to
the N-segmented model when the dynamics of each inductor and capacitor are
time discretized by a standard implicit integration method such as Backward Euler
or Trapezoidal rule.® Since the companion macromodel has no internal node, all
internal capacitor voltages and inductor currents in the N-segmented model are
called internal variables of the transmission line.

The presented implementation will compute the transient values of these inter-
nal values as well as other variables in the circuit at each timepoint by dividing the
analysis into two levels, i.e. the analysis at the circuit level and at the transmission
line component level. At the circuit level, the transient analysis at each timepoint is
carried out by using traditional numerical methods, i.e. implicit integration formula,
NR iteration and LU factorization. However, only the companion macromodel of
the transmission line is used at this level of analysis to obtain all the circuit variables
except for the internal variables of the transmission line. Hence, this analysis yields
the terminal voltages vo(ty) and vy (tx) of the transmission line that are used as in-
put voltage sources for another level of analysis that involves only the transmission
line. In this second analysis, the N-segmented model is used where each inductor
and capacitor are replaced by its companion model associated with the numerical
integration method. This analysis gives the values of the internal variables of the
transmission line and updates the values of its companion macromodel parameters
to be used at the next timepoint. Note that the values of each R, L, G, and C com-
ponents in the N-segmented model can be different from one segment to the others.

2. A Two Level Transmission Line Models

In this section, we shall show that such an equivalent macromodel exists by deriving
its determining matrix formulae. Applying conventional implicit numerical integra-
tion formula to each R, L, G, C component in Fig. 2(a), the companion model
of the transmission line at timepoint £ can be generally represented as shown in
Fig. 3. As an example, if Backward Euler integration formula is used, then it can
be shown that '

L.
Giiv1(h) = (Rm 2t h“) , 1=0,1,2,...,.N -1 (1)
co.
Gii(hy=Gi+ 5, 1=012....N (2)
» Lit1,
. fo —in(tr-1) ——glﬁLm(tk—l)
Ji(tk—l):TVi(tk—l)“F T I , i=0,1,2,....,N
Ri—{—ﬁ R+ 1":1

where Lo = Ly1+1 =0, Ry = Ryy1 =0 and h =ty —tg—1.
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Fig. 3. The N-segmented companion model of the transmission line at timepoint ¢.

This is the first level of companion model of the transmission line, called
N-segmented companion model, at timepoint 5. If this model is used to directly
represent the transmission line for transient analysis of the circuit at fx, a large
sparse matrix equation must be solved which can lead to an excessive use of com-
putational time. Therefore, a second level of model, called companion macromodel,
is proposed to simplify the circuit analysis without losing the accuracy. It is based
on the concept of exact macromodeling” in which a companion macromodel of the
transmission line is computed and used instead of the N-segmented companion
model. To elaborate this concept, the voltage variables of the N-segmented model
are partitioned into two groups, i.e. (i) 91, %2,...,0n—1 called the internal voltage
variables, and (ii) o and vy called the terminal voltage variables. Hence the Nodal
equations describing the N-segmented companion model, starting at internal nodes
and followed by terminal nodes, can be written as

Y Tl | 0 J
1 = |+ ()
ys3 Y2 7 T T
where
V=[01 - @N-l]T is the vector of internal voltage variables,
v = [vg vn]|T is the vector of terminal voltage variables,
I=[I Iny|T is the vector of terminal currents,
J= [.fl - jN_l]T is the vector of constant currents injected into
the internal nodes,
I =lJo In]T is the vector of constant currents injected into the

terminal nodes.

This equation can be reduced by performing elementary matrix operations to
obtain an equation describing the relationships between terminal voltages and cur-
rents of the N-segmented companion model as follows

I=Ymv—Jum (5a)
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where
Ym=y:—ysY 'yi; Jm=J3-ysY ]

or equivalently

Ip Yo Yon||w Jo
= — . b
[INH] [YON YN} [”N] [JN] (5b)
[ N —
YM Im

Equation (5) describes the companion macromodel of the transmission line since it
contains no internal variables. Its circuit representation is shown in Fig. 4.

Io (tk) YON(h) IN+1(tk)
—AAA
Yvy I
+ +
vo(t) Tty ) ﬁ' Y o) Yy 2 @ It vi(t)

Fig. 4. The companion macromodel of the transmission line at timepoint tk.

Clearly, the transient circuit analysis can be performed much faster when the
companion macromodel is used instead of the N-segmented model. However, both
Y and Jy must be computed in an efficient way as will be discussed in the next
section. We first note that the value of all admittance matrices, i.e. Y, y2, ¥a,
depend on h not tz. Hence if fixed timestep is used, Y is constant and needs to
be computed only once throughout the transient simulation. On the other hand,
Jum has to be updated at every timepoint since it depends on the previous values
of internal voltages and currents in the transmission line. Therefore, the terminal
voltages (v) of the transmission line obtained though the transient analysis using
the macromodel must be used to compute and update the internal voltages and
currents. Using Eq. (4) the internal voltages can be obtained from

V=Y 1(J-ylv). (6)

Then each internal currents can be easily computed by using the values of in-
ternal voltages. For example, in the case of Backward Euler, we obtain

. 1 . N L;. ]
in, (k)= - Ui 1(ts) —Di(te) + ==ip; (te=1)|; ~wherei=1,...,N.

h
Rz+7

(M)

Using these two level of models, the flowchart for transient analysis of any trans-
mission line circuit can be shown in Fig. 5 from which the analysis is splitted into
the following two levels.

68




118 M.

Fig. 5. A transient simulation algorithm using the two level transmission line models.
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(i) Circuit level. This first level is performed on the circuit by replacing each
transmission line with its companion macromodel as shown in Fig. 2(a). This
analysis yields the circuit variables including the terminal voltage vo(tx) and
vn (tg) of the transmission line.

(ii) Transmission line component level. This second level of analysis is performed
on each individual transmission line by using its N-segmented model for com-
puting and updating the internal variables.

3. Actual Implementation and Computational Complexity

In this section, specific details about how to efficiently compute and update the
companion macromodel of the transmission line are given. Let

g
Wi W12 ... Wi ,N-1 "
w = satisfy Yw =yx . (8)
w21 W22 ... W2 N-1

Then Yy and Jur as given in Eq. (5) can be rewritten as
Yuv =y2—wlys (9a)
Iy =3 -wTJ. (9b)

To compute w from Eq. (8), the LU factorization is used and consists of the
following 3 computational steps.

Y =LU (factorization) (10a)
La=ys (forward elimination) (10b)
Uw =a (backward substitution) . (10c)

We now exploit the sparsity and regularity of Y by observing that it is a sym-
metric band matrix as follows

(X X 0 ... 07
XSS
Y = 0 x 0 ; X = nonzero terms (11)
s - X
(0 ... 0 X X|
where
Yii=Gic1:+Gii + Giiy1, Yij =Y, = -Gy
and

~Gor 0 .00 0

=1 0 0 ... 0 —Gnoin
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Hence, both L and U will have the same sparsity structure as Y and can be
computed with the following recursive formulae.

Y2

Lij =Y, -2, j=12,...,N-1 (13a)
Lj-1,i-1
Ljv1j=Yi31, 7=12,...,N-2 (13b)
Uj,jzlv j:172a"-7N_1 (13C)
YA.
wﬁdzif%,j=LZ“”N42 (13d)
Lix=Uk; =0, j=12...,N-1 k#j+1 and k#j. (13¢)

Similarly, recursive formula for computing a and w in Eqs. (10b) and (10c) can
be derived and given as follows

aj,lzwL’L‘L‘j“’]%‘l—*l j=1,2,...,N-1 (14a)
0 j=12...,N-2

£ 3 14b

7l 555 VN o
—Uj,]‘+1’u)j+1,2 3= 1,2,...,N -2

w 7 =1 (14d)
1 = >
’ aj.1 —Uj,j+1wj+1,2 ] = 1,2,...,N—2.

Then w is used to compute Ynt and Jyp from Eq. (9). The remaining task is to
update the internal voltages according to Eq. (6). This can also be done efficiently
by using the previously computed values of L and U factors of Y. Once the internal
voltages are computed, the internal inductor currents can be directly updated using
the formulae that are similar to Eq. (7). Table 1 summarizes the computational
complexity of all steps associated with a transmission line and shows that they
all depend linearly on the number of segments (N). Note that the computational
complexity of the transient simulation at the circuit level is now independent of
N. Furthermore, if fixed timestep is used then the first two computational steps
need to be carried out only once since they are always the same thoughout the
simulation time interval. However, to facilitate timestep control mechanism in which
the stepsize can be adjusted according to accuracy requirement, only a small finite
set of timestep values should be used, e.g. b = hmax/2; M =0,...,10. With these

71



A Two Level Transmission Line Model for Transient Analysis 121

Table 1. Number of operations for computing and updating the transmission line macro model.

X Number of operations
Computational step

+/— X /= Equation
1. Factorization of Y N -2 3N -6 (13)
2. Determination of w N -2 4N -5 (14)
3. Update companion macromodel 4N —6 6N —9 (6)
(capacitor voltages)
4. Update companion macromodel 2N 3N (7)

(inductor currents)

choices, there can be only 11 different values of L, U and w. Hence these values
should be stored in the internal memory and retrieved back for later uses. Therefore
a large value of N can be used to achieve high simulation accuracy without severely
effect the overall execution time.

4. Simulation Results and Conclusion

The proposed two level transmission line models are implemented in a proprietary
general purpose circuit simulator LEK.® The circuit in Fig. 6 is used to test for the
program efficiency and accuracy. This circuit utilizes a lossy transmission line as
a 0.5 uS delay element in a positive feedback loop to generate a 2 MHz oscillating
waveform whose amplitude is limited to approximately +0.8 volt by two nonlinear
diodes. The transient simulated waveforms were shown in two cases. The first case,
shown in Fig. 7(a), demonstrates the accuracy and consistency of our technique as
timestep h is decreased. The second case, shown in Fig. 7(b), gives a comparison
between the simulated waveforms obtained by using 3 techniques, i.e. our proposed
2 level technique, conventional one level technique and the state-based technique?
that is implemented in SPICE3f.5. The conventional one level technique was carried
out by directly replacing the transmission line as RLGC lumped segments and
using SPICE3f.5 to perform the transient simulation. The total CPU time of a
Pentium based microcomputer for a complete transient simulation excluding the
input/output processes and another simulation information were shown in Table 2.

We conclude that the two level transmission line models presented in this paper
is highly efficient as far as lumped segments approximation of transmission line
is used. This technique can be extended to couple transmission lines and even
support non-uniform segment approximation. Furthermore, the detailed waveforms
of the internal nodes and currents within the transmission line are obtained at no
additional cost. It should be pointed out that this two level approach is introduced
to speed up the execution time without degrading the accuracy. However, waveform
accuracy can always be improved by increasing the number of segments (V) and/or
dlecreasing the stepsize (h). The advantags of the tws laval ansraach is that lares
value of N and/or small value of & can be easily accommodated without significantly
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Fig. 6. A lossy transmission line circuit for testing.
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Fig. 7. The simulation result of voltage at node 2 of the circuit in Fig. 6. (a) The simulation
results of the two level technique with selecting different stepsizes. (b) The comparison between
the two level technique, the one level technique and the state-based technique.
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Fig 7. (Continued)

Table 2. Comparison the efficiency of transient simulation between State-based technique, one
level technique and the two level transmission line models technique.

State-based One level
technique technique

(h=1n1s) (h=1mns) (h=1ns) (h=0.5 ns) (h=0.1 ns)

Two level technique (100 segments)

1. Operating system LINUX LINUX MSDOS MSDOS MSDOS
2. Circuit equations 10 607 7 7 7

3. Transient timepoints 2,590 3,636 2,517 5,017 25,016
4. Total CPU time (seconds) 38.86 308.38 15.27 28.94 124.84

effect the computational speed. The 11 choices of timestep, i.e. b = Amax, Amax /2,
hmax/22, < 3 hmax/2'%, mentioned in this paper is a good suggestion since the ratio
of the largest to smallest timestep will be 210 — 1,024. Other choices of timestep
can be selected but the total number of choices should not be large in order to allow
the efficient use of memory in storing different values of L, U and w. To compare
this two level approach with the method described in Ref. 4, we would like to point
out that there is some similarity in the sense that lumped models are used and
companion macromodels are derived. However, the transmission line macromodel
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given in Ref. 4 is always non-symmetrical, i.e. Yp(h) and Yn (k) are always different,
while our proposed macromodel can be symmetrical when T or II lump models
are used. We believe that our two level approach should lead to a more efficient
implementation. Finally, the proposed two level approach is not an iterative or
relaxation method. Therefore, there is no convergence problem.
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Abstract

This paper presents a practical implementation
of traditional numerical methods for computing the
transient response of any arbitrary electronic circuit with
particular emphasis on handling transmission lincs, cach
of which is modeled as RLGC segments. This technigue
sindivided the transient analysis into 2 levels, The first
level deals with a normal circuit analysis in which each
trensmission line is replaced by a simple lumped 2 port
companion model having only 3 resistors and 2 gurrent
sources.  However, the M-Segmented model of
fransmission line must be separately analysed for
preparing and updating the transmission ling lumped
companion model, The analysis at this second level can
be made computationally efficient by bypassing repeated
matrix calculation. A simulation result of this technigue
is presented and compared with results obrained by using
the number of lumped approximation are 25 and 100
sepments,

1. Introduction

Model of intercomnects in the form of
transmission lines have hecome Significant in design and
simulation nowadays. There are 2 basic ways to handle
ransmission lines in transient simulation, by convolving
with their impulse response [1], [2] or replacing them
with lumped element equivalent models [3], [4).Our
approach is based on the second method, becauwse it
relies or conventional technigues. Unfortunately, the
number of segments can be very large, e.g. 100, in order
w give good accuracy, If this approach is implemented
by reating each component in the segmented model as a
component -in the circuit and formulating the circuit
equation accordingly, the associated matrix can be guite
large and cannot be efficiently handled by normal sparse
matrix techniques [5].

This article introduces a practical technique to
speed up the transient analysis of transmission line
circuit. Each transmission line is treated as a circuit
component with two levels of models, ie the
M-Segmented model and the lumped companion model
at each timepoint as shown in Figure 1. Each segment of
M-segmented model consists of R, L, G, and C

(-TBI3-5146-0V9E/510.00 £1998 IEEE.
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components connected in either T, T, or IT configuration
as shown in Figure 1(b). The lumped companion model
is internally computed so that it is timepointly equivalent
to the N-segmented model when the dynamics of each
inductor and capacitor are time discretized by a standard
implicit integration method such as Rackward Euler or
Trapezoidal rule [6]. Since the lumped companion madel
has no internal node, all internal capacitor voltages and
inductor currents are called internal variables of the
transmission line,

A s Transmission Ling lesftyd
e,
b fvgltyd "'H?Ihq i |
Reference line
(a)

Figure I. (a) Transmission Line cireuir. (b) N-segmented

model of iransmission line with either T, T, or ITmodel

(¢} Lumped comparnion model of the transmission line at
rinapoin f where h=t - ..
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The presented implementation will compute the
transient values of these internal values as well as other
variables in the circuit at each timepoint by dividing the
analysis into two levels, ie the analysis at the circuit
level and at the transmission line component level. At
the circuit level, the transient analysis at cach timepoint
is carried out by using traditional numerical methods, ie.
implicit integration formula, NR iteration and LU
factorization. However, only the companion model of
the transmission ling is used at this level of analysis o
obtain all the circuit variables except for the internal
variables of the transmission line. Hence, this analysis
yields the terminal voltages wo(t) and wvyin) of the
transmission ling that are used as input voltage sources
for another level of analysis that invaolves only the
transmission  line. In  this  second  analysis, the
N-Segmented model is used where each inductor and
capacitor are replaced by i companion model
aszociated with the numerical integration method. This
analysis gives the values of the internal variables of the
transmission line and updates the values of its lumped
companion model parameters to be used at the next
timepaint,

2. Two Level Transient Analysis Algorithm

This two level Transient Analysiz algorithm iz
divided to 2 levels as shown in Figure 2, The detail of
this algorithm 15 described below,

(i) Circuit Level: This first level is performed vsing
normal transient simulation routine by replacing
cach transmission linge with its lumped companion
model as shown in Figure 1{c). Therefore, at this
level, the transmission line will have a stamp as
shown in Figure 3. I is clear that the LHS (Left
hand side) of the matrix stamp has W be updated
only when the value of the time step changes, so
only its RHS (Right hand side) vector has to he
updated every time iteration. We will intraduce the
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Yes T
C Exa )
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Figure 2. A Two level Transient Analysis Algorithm.

KOl
¥y [i"n':h]""}'un':h]' =¥an(h) volty }]. [fﬂ'l-l-h}
Vil =¥yulh) You {0+ ¥y (B) | v (te 3] | Tyt h)

Figure 3. The transient analysis stamp of a lumped
companion model in Figure 1{c).

loit] L, L L1
l —"‘+ .JTL'T ............ =~ - -
Wit TG TG c CI2 T wylt)
. | ;

Tt
i

formula for finding Jumped ‘companion ‘model
parameter in the next section,

(ii) Transmission line component level: At this
second level of analysis, the lumped companion
model  is replaced by its MW-segmented | maodel
asgociated with the numerical integration method
for computing and updating the intermal variables.
This second level analvsis can be made
computationally efficient by exploiting the linear,
regular and sparse properties of the N-sepmented
madel as well as judiciously selecting the timestep

: RE S

Figure 4. An N-segmented model of a lossless
transmizsion line using J1 models.

3. Computing and Updating the Lumped
Companion Model (A Case of Lossless [T
Model)

For simplicity, we further discuss the above

control scheme to bypass repeated matrix  ideas by assuming the case of a lossless transmission line
calculation. with the selection of IT model. So, the transmission line
circuit from Figure 1(b) can be represented by the circuit
in Figure 4,
348 TT31-1.2



From the previous section, it is clear that there
are three main functions involve with the analysis in the
trensmission line component level: (i) computing the
parameters vofh), yexihl, yufh) of lumped companion
model (1{) computing the parameters Jofty s, B), Juftes, B
of lumped companion model ar each time iteration
{iif) updaring the internal parameters af its N-segmented
model. We assume that Backward Euler integration
formula [6] is used to approximate the time derivative of
each inductor current and capacitor voltage. Hence, the
nadal equations [6] of the analysiz of the MN-segmented
model at timepoint t, can be written as follows.

x o wiit) Jilt )
X KX ox ¥alt) i -t
o ;: k ) J:{"'I; 11 )
X X X
_0 X X V,-J—I{I-I::'r ';N-Iut-llh}
Yin) Vi) e
C 2h h oo
where Yu ='];+T‘ Yirh = Xiin -_E" 1= L2, Nl

and b=ty -1,

Let w = EW., Wi aaes WN.JT Sﬁ.ﬂﬁﬁ" Ywee,
where ¢, is a unit vector, Then, the parameters yq(h),
yu(h} and ymdh) of the lumped companion model at
timepoint t; can now be computed from the following
formula,

Yolh) = yu () = = %["%{Wu*wn-l}] @)
4§
Yuw(h} = ]:._Iwﬂ—l {3]

The equivalent current-source Jyt.,, h) and
Jidtey, h) can also be computed from the following
formula.

M
-Tn{lk-nh1.|='%""aUk-:}"‘il{'-::-i:""Ewlil':'u 1 h) @

=l

H=1
It B = A () # iltyin) + 3 Wi T (0 1)

(2]
where T.{tl...hh%v.ut..w L) <G Sand =1,
2, ..., N-1.

Finally, the internal variables of N-segmented
model at each timepoint can be updated by solving (17 in
which is J,(t,,.h) and T (1, h) substituted by the

fallowing formula
Tultenh) = Joltya by + yolh)*volly) +
Youulh)* [voltir) - vailtaar)] (6)

TT31-1.3
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Tl B = Jgltpa, b + ol vt ) +

Yore(h)® [Vasllie ) = Veiltea)) (M

After solving the eguation (1) for all wiu)
which are the internal voltage variables, then use these
voltages to compute the internal inductor currents it}
by using the formula on the equation (8).

)= i) + %[v...m-v. @)+ i=12, N ®

| jl!? I
tH
4

B e R T T T TR BT Y

fb)

Figure 5 (a) Benchmark Circuit, (b) Stmulation result of
voltage ab pode 2.

4. Experimental result

Ta verify the efficiency of this 2 level transient
analysis technique. A benchmark circuit in Figure 5(a)
was simulated with the simulator that operates under
MS-DOS operating system, Pentium-166 MHz and 32
Mhytes of RAM. The voltage on node 2 was plotted by
tranzient simulation with Tstop = LTINS Tstep =
0.3*107 s, and 10,016 timepoints. Simulation results of
voltage at node 2 were plotted in Figure 5(b) for the



cases in which the transmission line is divided to 25 and
100 segments, respectively.

List of desired Number of segments
parameters 25 100 N
Memory Usage to
store (bytes)
— LU factor of Y 1,650 6,600 11*6N
= Yo(Yn), Yon 132 132 11*2%6
= Jo, In 12 12 2%6
-v 1,584 6,534 | 11#(6N-6)
— Internal
variables at t,_; 294 1,194 12N-6
Number of
Multiplications and
divisions for
computing
— LU factor of Y 51 201 IN+1
= Yo(,Yn), Yo 75 300 3N
= Jo, In 146 596 6N-4
- w 72 297 3N-3
= Internal 123 498 5N-2
variables at t;,
Number of selected 11
timestep values

Table | Transient simulation result of the benchmark
circuit in the Figure 5(a)

Table 1 presents lists of desired parameters to
measure the efficiency of this technique, which is
divided to 2 main groups: (i) the amount of memory
usage and (ii) the speed of this technique in terms of the
number of multiplications and divisions.

Detailed sets of memory usage® are described in
5 categories: 1. The portion to store the LUfactor of
matrix Y for using in the circuit level calculation step.
These memory amounts will relate with the number of
selected timestep values, which is 11 in this case. 2. The
portion to-store the parameters yg (h), yn(h), Yon(h) of the
lumped companion model for using in the transmission
line component level calculation step. These memory
amount also depends on the number of selected timestep
values. 3. The portion to store the parameter Jy(ty.;, h), Jy
(tx.1, h) of the lumped companion model, which changes
on every timepoint. So, we reserve only 2 variables to

21 single precision = 6 bytes
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store their values. 4. The portion to store the vector w of
dimension N-1 which has to be recomputed when the
value of timestep changes. 5. The portion to store
internal variables at timepoint ty.,, i.e. N-1 capacitor
voltages and N inductor currents, respectively.

The second group presents the number of
multiplications and divisions in computing algorithms,
Addition and Subtraction can be neglected, because their
execution time is very small compared with the total
computation time.

5. Conclusion

An efficient approach based on conventional
techniques for transient analysis of transmission line
circuit with large number of segments of lumped models
is presented. To avoid the simultaneous solution of a
large number of variables, the analysis is splitted into
two levels, i.e. the circuit level and the transmission line
component level, each of which deals only with its own
variables. Therefore, the overall computation time can be
reduced. Furthermore, a customized algorithm for
handling the transmission line analysis has been devised
to significantly speed up its execution time.
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ABSTRACT

This paper presents a multilevel transmission line companion macromodel based on the segmentation modeling for the time
domain simulation. The techniques described in this work exploits the characteristic properties of the segmented
transmission line model for a more efficient analysis. At each timepoint, multilevel transmission line macromodels will be
internally computed and only its simplest macromodel will replace the transmission line in the network for performing the
time domain analysis. This analysis yields the terminal voltages of the transmission line that are used as input voltage
sources for another analysis that involves only the n‘ansmissien,eﬁgeﬂ' his second analysis gives the values of the internal

B . X T P SN R B P R R e : i i
variables of the transmission line and updates the values of its S variables to be used at the next timepoint, Both of

these analysis can be done efficiently by exploiting the identical pwpﬁtiqg__of each subsegment of the transmission line
model. Furthermore, if at any time t, the value of the input variables of a subsegment do not change its value from its
previous timepoint, then its value at all the subsequent time steps will remain the same until a change in the input variables
of the subsegment occurs. The latent.subsegment vgriablcs! can thus be used in the upper level without recomputation. Test
results show that this multilevel macromodeling ean speed up the computation about 10 times compared with direct
calculation without macromodeling:After the latency tci:‘mique is applied, a 50% speed improvement can be further

achieved while yielding almost identical numerical results.
Keywords: Multilevel Trdﬁsmis)\%n line Macromodeling, Time domain Simulation, Latency.
N

‘ 1. INTRODUCTION

Time domain analysis of the lransmis;gffon line _ﬁraﬁit is very important for the study and design of high-speed electronic
circuits nowadays. There are two basic ways to_jlandlc ‘transmission lines in the time domain simulation: by convolving with

their impulse responses or using lumped element equivalent circuits.
y ‘. 744 I2A 43

The first approach is based on the Gﬁén function. First, the-)ﬁspefsive transmission line structures are evaluated in the
frequency domain. The frequency domain data are then transformed into the time-domain impulse responses. For each
integration, the outputs of the linear lossy multiconductor l@c the convolutions of the inputs with their impulse
responses. The difficulty of this approach lies/in the determination of the impulse responses of an arbitrary multiconductor
line system. The inverse fast Fourier transforrﬁﬂﬁé@;-ﬁechnique_ﬂi:ﬁé" numerical inverse Laplace transformation technique
[2], and even the explicit analytical approach [3] have been used to determine these impulse responses. These convolution
simulations also suffer from a common drawback: the convolution operation needs to extend over the entire past history.
Therefore, the convolutions at I‘agge timepoints will be very time-consuming, i.e. “Quadratic complexity”. Schutt-Aine et al
[4, 5] reformulated the convelution equations using a scattering parameter ¢ Qgpmaﬁh;ﬂlat led to “well-behaved™ impulse
responses. Even though thcsclré’éponses decreased monot&liﬁilfj,"ﬁéfﬂ?ﬂiﬁiﬁe‘dﬁr#ion could be greater than the total
simulation time, depending on the values of R, L, G, and C of the line. Therefore the quadratic complexity of impulse
response based method still remains. To avoid the time-consuming convolution integrations, the state-based approach [6]
has been proposed. This approach utilizes information about the internal states of a transmission line at a given time to solve
for the states at the next time point. The voltage and the current at the sample points are kept as the states of the line. The
voltages and the currents are assumed to be piecewise linear between adjacent sample points. Based on this assumption, the
state variables can be determined by using integrations on space, hence avoiding convolutions. However, the efficiency of
the approach will degrade for the similation. with“many sharp edges in the lific's waveforms since the samples must be
chosen densely in the regions where waveforms are fast varying. A recursive convolution method has been developed [7] in
order to overcome the computational complexity. The major problem in recursive convolution is that the rational
approximation based on the moment matching model of transmission lines.eannot guarantee stability'of the reduced model
of the transmissiomline
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The second approach, called ‘ﬁwmnlumn Technique”, is implemented by modelling lossy and lossless transmission lines
as scgments connected in serics with cach segment consisting of lumped R, L, € and G elements. Each segment can be
modeled i either T, T, or IT model as shown in the figure 1. Tts simplicity with the convenience of being able to use existing
simulators without modification have made this technique populer in the pust, Unfortunately in many cases the number of
segments must be large (e.g. 100) for accuracy reasons, which lead to large computation times.

-i_ﬂl:-llt- Transmission Line i, ity ——

| ol Bt

R a

line

o fine with either I T, or 1{ model

Sflgure 1. fa) Transmission | ]
e5 on conventional technigues. It infroduces a

The approach presented in this paper is

practical technique to speed up the transicnt 1seala I ine circuit. The transmission line is treated as a
lumped circuit component with log:N level ol (il B e sho m in Table 1. These log:N level companion
macromuodels will be internally computed @6 that they are timg alent to the N-segmented model, shown in the
figure 1{b) when the dynamics of each inductof.and cap: scretized by a standard implicit integration method
such as Backward Euler or Trapezoidal rule [¥]-Note-d t companion macromodel at logsN-level has no
internal node. Therefore all internal HMMW)’VV ents in other level models are called internal

vuriables of the transmission line
\

The presented implementatio aliics as well as other variables in the

circuit at each timepoint by divid nalysis i : : gircuit level and at the transmission
line component level. At the |, the trans & carried out by using traditional
numerical methods, e implicil integri ration, and LU factorization [9]. Only the

level-log:N companion macromodel of the transmission line is used at thi i 1 1o obtain all the circuit variables
except for the internal variables of the transmission line. Hence, ﬂlls analysis yields the terminal voltages vt and vuit) of
the transmission line that are used s mwdtage sources for another analysis level that mvolves only the transmission
line. In this second analys Iml all level€ of companion mod:l are mﬂ'lus u‘ullysts gives the values of the internal
variables of logsN S | i ers 1o be uscd at the next
tumepomnt. To over case of the variables of a
subnetwork are found t d in the uppd:' level withaut
recomputation.

QW’]NﬁﬂimﬂJ‘Vi']’Wl?_l'mﬁl
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Level Multilevel Transmission Line Companion Model ment
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Table 1. N-level Transmission line companion model and theirs parameter.



83

2. TRANSMISSION LINE MACROMODEL

In this section, we shall demonstrate the concept of building log;N level companion macromodels by using an example in
which the transmission line is modelled as two IT segments as shown in the figure 2. Applying the conventional implicit
numerical integration formula to each L, C component in these two segments, its companion model at timepoint t, can be
generally represented as shown in figure 3. As an example, if Backward Euler integration formula is used, then it can be
shown that

L7
.. C Ie I B c:
G, = ,G(\:G+£,II:&+IU,IZ=152—1L1+IL2,I3=—C1+I,_Z,I,_i= h » Igi =——Vai (1)
: L h 2 2 L h
R+ R+—
h h
where 11 and ;/(», are previous values of current and voltage at ;. This 2 segments companion model has only two levels
of macromodel i.e. level-0 as shown in figure 3 and level-1 as shown in figure 4.
1(t i,(t
WO R L vt R L @

Vyltd V(L)

figure 2. The two segments of [Tmodel at timepoint t;.

i,(t i,(t
io(D) G v G _3f)>
vo(t) — AN~ AV — vyt
Ge G
I () 7( I, (ty) G¢ Iy (ty) _ZC—

figure 3. The level-0 companion model of figure 2 at the timepoint t;.

From the companion model (level-0) in the figure 3, the middle node vi(t), can be eliminated to form an upper level
(level-1) macromodel as shown in the figure 4. Hence these two consecutive level of macromodels are timepointly
cquivalent with respect-to their common terminal-nodes. The parameters of the upper level macromodel are shown in the
equation (2a)-(2d). Applying this concept to the N-segmented Transmission line model, it’s easy to defining another log,N
level companion model parameters as follows. First, the N-segmented companion model on the level-0 of Table 1 are
grouped into N/2 segments, which a submodel contains 2 cascaded IT segments as shown in the figure 3. This give the level-
I companion model-which can be computed by eliminating all middle node of N/2 subsegments in the level-0. Clearly the
number of node voltages in the level-1 macromodel will reduce to only N/2 nodes. Next, the level-1 companion model are
further grouped into N/4 segments again and all of the middle nodes are eliminated to obtain a level-2 companion model.
This process will be repeated to level 3, 4, ... until log,N respectively. The result on the level-log;N is the transmission line
companion macromodel, containing only two nodes, which will be used in the analysis of circuit level.




84

io(0) : 1,0 G;
1y G 3 L= (2a)
L — L
vt — » AN = Vz(tk) 2GL +GC
' 2
-+
‘ . ' . G_c:20L Ge 2G{ (2b)
L) = 13(ty) -2—C 2 2 2G, +G¢
. G L(t) -
Lt )=—22 K2 4t (2¢)
1{t) 2G, +Ge 1(t)
figure 4. The level-1 companion macromodel of the figure 3 at the ['3 (t) = M +I5(t,) (2d)
timepoint tk. 2G, +G¢
2.1 Compute the transmission line companion macromodel

We can summarize the formula for computing the companion model on the level j; j=0, 1, 2, ..., log;N as shown in the
equation (3a)-(3d).

N G(’” 2
Glh =[(—])‘]—m =0, 1,2, ..., N-1; (32)
269+ GY
G(‘-Hl) 2G(j) +GU) 2G(j) 2
U S [. L1 i=0,1,2, ..., N-1; (3b)
(3} ()
2 2 ZGI:i +(J(2]
wo_ GV : ,
[} =ﬁ+l!-' j=0, 1,2, .., N-1;i=1, ..., N-1 (3¢)
26" + G
. Ggow )
o = kel ) i=0,1,2, .., N-1;i=1, ..., N-1 (3d)
°o2G0 + Gy :
22 Update Internal variables of the transmission line

L L . . N N
The transmission line internal variables will be computed and updated backward from level log;N to log, PR log, 20
0. This computation yiclds the terminal voltages vo(ti) and va(ti) of each subsegment of the transmission line that are used as
input voltage sources for computing its internal node v,(t) as shown in the figure 5. The formulae is describes in the
equation (4). Finally, we will compute and update the inductor current only in the level-0 by using the equation (5).

G (v, +v,)-1,

4
2Gy +Ge 4)

vi(ty)=

. : h .
T :l[.\+E(Vl*Vi+|) l=0,1; (5)

where v, and v;., are the terminal voltage of the inductors in N-segmented transmission line model.
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figure 5. Update the internal variables v (1) of a subsegment of the transmission line.

3. MULTILEVEL TRANSMISSION LINE MODEL WITH TIME DOMAIN SIMULATION

| 1,=0: k=1;h=t, |

1
e

[ r /1 i
v

Computing
Macromodefling (Level Log,N)

¥

Circuit Analysis (M NA) toe abtain
circuit variables

¥

Computing Transmission Linc
intcrnal variablcs

v

Update all capacitor voltages and
inductor currents

Sclecta new
timcstep h

figure 6. Time domain simulation of the transmission line circuit.

Using these multilevel of macromodels, the flowchart for transient analysis of any transmission line circuit can be shown in
figure 6, from which there are two processes dealing with the multilevel macromodels. Firstly, the companion macromodel
is computed by dividing into log, N levels using the equation (3a)-(3d). Then, only the companion macromodel on the
level-log,N as shown in the Table 1 will replace each transmission line in the circuit for performing the MNA circuit
analysis. This circuit analysis yields the circuit variables including the terminal voltage vo(ty) and vn(ti) of the transmission
line. The next process is performed on cach individual transmission line by using its N-segmented model for computing and
updating the internal variables. This process is also divided into logsN levels by using the equation (4)-(5). The result of this
second analysis process will be used to compute the new companion model in the next timestep.

4. LATENCY

The segmentation model of transmission line consists of many repetitive subnetworks such as 128 segments. In such case,
we can bypass some of the calculation in case most of the subnetworks are inactive or latent, i.e., the value of their electrical
variables docs not change from the previous timepoint. This usually happends when the transmission line is driven by a step
input. These considerations have led to the development of latency technique to combine with the macromodeling concept.
If at any time t, the value of the variables of a subnetwork is found to be constant, then there is no need to find the value of
the subnetwork variables at all the subsequence time steps until a change in the input variables of the subnetwork occurs.
Thus, the same subnetwork variables can be reused in the upper level without recomputation.
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5. EXPERIMENTAL RESULT

The proposed multilevel transmission line macromodels are implemented in a proprietary general purpose circuit simulator
LEK [10]. The circuit in figure 7(a) and figure 7(b) are used to test for the program efficiency and accuracy. The first circuit
consists of a single transmission line with parameters R=0.01€/cm, L=2.5nH/cm, C=1pF/cm, 1=lcm, a load resistor and a
source resistor of 50 €2, which matches the characteristic impedance of the line. The voltage source is a pulse. The result of
voltage at node 2 were shown on the figure 7(c). The second circuit utilizes a lossy transmission line as a 0.5 uS delay
clement in a positive feedback loop to generate a 2 MHz oscillating waveform whose amplitude is limited to approximately
+0.8 volt by two nonlinear diodes. The results were shown a comparison between the simulated waveforms obtained by
using 3 techniques, i.c. our proposed multilevel macromodeling technique, conventional one level technique and the result
from spice3f5. The conventional one level technique was carried out by directly replacing the transmission line as RLCG
lumped segments and using spice3fS to perform the transient simulation. The total CPU time of a Pentium-1I based
microcomputer for a complete transient simulation excluding the input/output processes and another simulation information
were shown in Table 2 and Table 3.

R=0.0tQem, L=2.5nH/em, C=1pF/em, 1=Tem
10pF "
P
v,(O)-o.lIV'
e
7,=50Q, T,=0.5uS
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figure 7.(a) The first benchmark circuit, (b) The second benchmark circuit. (¢) The simulation result of voltage at node 2 of
the figure 7(a). (d) The simulation result of voltage at node 2 of the figure 7(b).

Spice3f5 | One level Technique | Multilevel technique (128 Segments)
(h=10ps) (h=10ps) No Latency With Latency
. Operating System LINUX LINUX DOS DOS
2. 'Circuit Equations 7 387 3 3
3. Transient Timepoints 1,011 1,185 1,047 1,047
4. Total CPU time (seconds) 2.09 18.21 1.48 1.15

Table 2. Comparison the efficiency of transient simulation between spice3f5, one level technique and the multilevel
transmission line macromodeling technique of the circuit in the figure 7(a).
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Spice3f5 One level Technique | Multilevel technique (128 Segments)
(h=1ns) (h=Ins) .
No Latency With Latency
1. Operating Systcm LINUX LINUX DOS DOS
2. Circuit Equations 10 391 6 6
3. Transient Timepoints 2,587 3,636 2,517 2,517
4.  Total CPU time (seconds) 10.56 73.2 6.59 5.99

Table 3. Comparison the efficiency of transient simulation between spice3f5, one level technique and the multilevel
transmission line macromodeling technique of the circuit in the figure 7(b).

6. CONCLUSION

We conclude that the multilevel transmission line macromodels presented in this paper is highly efficient as far as lumped
segments approximation of transmission line is used. To avoid the simultaneous solution of a large number of circuit
variables, the transmission line macromodel will be internally computed and substitute the transmission line component in
the circuit. Therefore, the overall computation time can be reduced. The latency technique which is used in the paper will be
degraded for the simutation with voltage distribution of the transmission line are varying with time as shown in the figure
7(b) circuit.

This technique can be extended to couple transmission lines and even support non-uniform segment approximation.
Furthermore, the detailed waveforms of the internal nodes and currents within the transmission line are obtained at no
additional cost.
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