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An All-Purpose Transmission-Line Model
for Interconnect Simulation in SPICE

Mustafa Celik,Member, IEEE, Andreas C. Cangellarisiember, IEEE and Abdul Yaghmour

Abstract—A new all-purpose multiconductor transmission- the framework of nonlinear circuit simulators such as SPICE
line model is described for efficient and robust interconnect [1]-[11]. Such models are extremely important to electrical
simulation using nonlinear circuit simulators such as SPICE. performance evaluation of integrated electronic systems, since

All types of interconnects, i.e., uniform, nonuniform, lossless, - . . o o
lossy/dispersive, can be handled by the proposed model. Fur- they facilitate the simulation of these systems within a familiar

thermore, coupling of electromagnetic radiation to interconnects and well-established circuit simulation environment.
can be directly modeled without the need for developing a new A comparison of the aforementioned transmission-line mod-

subcircuit. Another advantage of the proposed model is that e|s reveals variability in their modeling accuracy and compu-

it enables sensitivity analysis with respect to both circuit and . = S .
interconnect parameters, thus facilitating interconnect circuit tation efficiency, which is due to one or more of the following

optimization. Chebyshev expansions for the spatial variations factors:
of the interconnect voltages and currents are used to effect 1) physical properties of interconnects;

highly accurate numerical approximations of the Telegrapher's ) pandwidth of interest to specific transient simulation;
equations using as small a number of degrees of freedom as 3) specific design application

possible. A simple rule of thumb is provided for the selection of o
the order of the approximation given the frequency bandwidth For example, the method of characteristics is ideal for model-

of interest. Numerical examples are presented to demonstrate the ing lossless transmission lines; however, its extension to lossy
validity of the proposed model and illustrate its application to a - gispersjve interconnects becomes computationally inefficient,
variety of interconnect-induced noise interactions in high-speed . . . . L
electronic systems. e_spgqally for lines which are electnca_lly I_ong a_nd exhibit
significant loss. (For the purposes of this discussion, a trans-
mission line is considered to belectrically long when its
length spans several wavelengths at the upper frequencies in
the bandwidth of interest). While one might argue that for
such types of interconnects model order-reduction techniques
. INTRODUCTION such as the asymptotic waveform evaluation (AWE) and its
HE RAPID growth in size, density, and complexity ofénhancements provide a computationally efficient alternative
modern integrated circuits, combined with the quest fdp], [9], [11], the stability of the circuit resulting from the
several hundred megahertz clock frequencies, has made theaggwection of the generated macromodels with other nonlinear
of transmission-line modeling of interconnects a requiremegitiving and receiving electronics still remains an issue of
for all state-of-the-art circuit simulators. Such transmissiorgoncern.
line modeling capability allows distributed electromagnetic From the above discussion, it becomes obvious that a single
effects, such as long interconnect-induced delays and crosstalkpurpose transmission-line model that can provide highly
as well as package-induced inductive noise, to be taken irtocurate broad-band performance without penalizing efficiency
account for accurate electrical performance prediction ars not available yet. Insteadhybrid approaches are being
proper power/signal distribution network design. proposed where, with the frequency range of validity and
Over the past 15 years a variety of models have beeamputation efficiency of several models properly quantified,
proposed for interconnect simulation. In most cases, thairselection of th@ptimal models made based on a predeter-
development was driven by the desire to effect computarined modeling error and desired computation efficiency [12].
tionally efficient and accurate interconnect simulation within Even though such hybrid approach is very sensible from
an engineering point of view, there are important advan-
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unit-length electrical properties might be. In addition, if then the physical properties of the interconnects and can be
model can support sensitivity analysis with respect to botomputed using the results in [15], [16].
circuit and interconnect parameters, it becomes an invaluablérhe general approach to include the MTL systems into a cir-
tool for efficient interconnect optimization. Finally, the use ofuit simulator is to treat them as linear multiports described by
such a model for accurate simulation during the final stagassuitable relationship between terminal voltages and currents
of design (for the purpose of design verification) is highly
desirable, especially if the model is compatible with model- A(s)Vils) + B(s)Li(s) = F(s) (3)
order reduction schemes. where V,(s) and I,(s) are column vectors containing,
The description of such an all-purpose transmission-litgspectively, the terminal voltages and currents of the
model is the subject of this paper. This model was orignulticonductor-line system, whil&(s) describes the effect of
inally presented in [13] as part of a methodology for thg|l sources present along the transmission line. The matrices
application of Krylov subspace order-reduction techniques fof(s) and B(s) are described in terms of the per-unit-length
linear circuits containing transmission lines. In Section IMTL parameters. In order for the above equations to be
the fundamental steps in the development of the model &@mpatible with the MNA formalism, these matrices must be
reviewed. Section Ill deals with issue of the proper selectigiist-degree polynomials im.
of the order of the numerical approximation and establishesTo achieve this, the linearity in of the left-hand side (LHS)
relevant selection rules. In Section 1V, the incorporation @f (1) and (2) suggests an approximation in which spatial
the proposed transmission-line model into the modified nod@erivatives are calculated explicitly and terminal voltages and
admittance (MNA) matrix equations is presented, and thirrents appear explicitly in the resulting approximation. The
application of the resulting circuit model for sensitivity analymost direct way to effect such an approximation is to segment
sis is discussed. Section V presents model validation studieg{@s transmission line into sections of lengtki, which is
well as several examples from the application of the proposgosen to be a small fraction of the wavelength, and using
model to the analysis of transmission-line circuits. Finallyy jJumped-element circuit model for each section with series
some concluding remarks are given in Section VI. elementsL(Al), R(Al), and shunt element§/(Al), C(Al).
The disadvantage of such an approach is that the choice of
Al depends not only on the minimum wavelength of interest
N ) ) in the simulation, but also on the electrical length (i.e., the
In addition to modeling crosstalk and interconnect dela¥nq in wavelengths) of the interconnect. More specifically,
effects, transmission-line theory can be successfully used {fE o etical and numerical studies have shown that the number
the modeling of the coupling of electromagnetic radiation 16¢ segments per wavelength needs to increase as the electrical
interconnects. By now, the physics of this electromagnefig o of the interconnect increases, in order to keep the
interaction is well unders_tood [14]. M_ore sp§C|f|caIIy, It 1$3umerical dispersion error and, hence, the artificial distortion
generally accepted that if the quantities of interest are the o propagating pulses below a desirable level [17], [18].
induced voltages and currents at the interconnect terminatiops, 5 example, consider a 10-cm interconnect embedded in

transmission-line theory leads to results of sufficient engi- gielectric with relative dielectric constant of nine. If the

neering accuracy. In particular, under the assumption that e imum frequency of interest in the simulation is 10 GHz,

cross-sectional dimensions of the multiconductor transmissigq, corresponding minimum wavelength is easily found to be
line (MTL) are small compared to the minimum wavelength of ., Hence, the line has an electrical length of ten, and
interest in the incident electromagnetic fields, the distributiqfe results in [18] suggest that the number of segments per
of voltages and currents along tfé conductors of anV + \4yelength should be 26, resulting in a total of 260 segments
1 conductor MTL with the( + 1)st conductor taken as o the approximation of the transmission line. Clearly, such

reference is described by a hypeerIiF: system which has 0§ rge number of segments is unacceptable, since it results
following form in the Laplace domain: in very large numbers of lumped-circuit elements, especially

Il. DEVELOPMENT OF THENEW TRANSMISSION-LINE MODEL

d ) ) ) ) ) when dealing with MTL's. _ o

gV (@5 8) == (R(&") +sL(«")I(«, ) + P(z',s) (1) The alternative to the aforementioned segmentation is the
d ) ) ) ) ) use of spectral_expan_slons for the representation of the voltage

(@ s) ==(G(z') +sC(2")V(2', ) + W(a',s) (2) and current distributions along the interconnects. Spectral

approximations exhibit exponential convergence, and thus,
where,V (2, s) andI(z’, s) are, respectively, the column vec-highly accurate numerical solutions can be achieved with
tors of theN line voltages and current®(z"), L(z"), C(z"), as few as three degrees of freedom per wavelength [19].
and G(«') are, respectively, frequency independent per-unithe implementation of such spectral approximations for the
length resistance, inductance, capacitance, and conductanaesient analysis of high-speed interconnects was originally
N x N matrices, ands is the Laplace variable. The moreproposed by Palusinski and Lee [20], and later used by
general case of transmission lines with frequency-dependettters for the analysis of nonuniform transmission lines [21],
per-unit-length matrices is discussed in detail in [1B{z’,s) [22]. In that work, a rigorous Galerkin procedure was used
andW (z', s) are column vectors of lengtlV that incorporate in conjunction with Chebyshev polynomial expansions for
the effect of the incident radiation in the form of distributedhe representation of the spatial variation of the interconnect
sources. These voltage and current sources are dependetihges and currents. Chebyshev expansions were also used
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for the representation of the position-dependent per-unit-lengthin order to construct the numerical approximation of Te-
transmission-line parameters. However, use of the Galerkitégrapher's equations, a collocation method is used with
process results in a rather complicated discrete model, makoadlocation points such as those in (4). Substitution of (5) and
its direct incorporation in standard-circuit simulators rathg6) into Telegrapher’s equations, and use of the fact that the
cumbersome. This is especially true when dispersive inteferivatives of the polynomialg,, at the collocation points are
connects with frequency-dependent losses need be modeldshown in closed form [19], leads to the following system of
The model proposed in this paper is based on an alternativeear equations:

discretization approach, commonly referred to @seudo-
spectral approximation. As will become apparent from the Z V(xm, $)D
technical discussion that follows, this approach leads to a much o
simpler discrete model that can be interfaced with existing

l l
SPICE-like circuit simulators in a very simple and direct = _§[R($n) + sL(xn)[I(zn,s) + §P($n73) (12)
fashion. M
Z I(xnlv S)Dnrn

A. Two-Conductor Transmission Line m=0

The development begins with the simple case of a = —i[G(xn) + sC(2 )]V (&n, $) + iW(xn,s) (13)
two-conductor transmission line of length ie., (0 < 2 2
' < 1). The transformationz = 2z'/l — 1 is used forn = 0,1,---, M, where
to map the domain[0,!] onto the domain[—1,1]. Let J
V(xnv3)7-[(377“3)7P($n73)7W($n73)7n = 071727"'7M —gm(a:) IDnm. (14)
be the values of voltage, current, and distributed sources at dx =z,
the pointsz,, defined by Let D be the(M + 1) x (M + 1) square matrix with elements

£, = Cosﬂ7 n=0,1,---, M. (4) Dnm_. Then, the above system of equations may be cast in
matrix form as follows:

Clearly, zo = 1 andz,; = —1 correspond, respectively, to DV .(s) = —Z(s),(s) + Py(s) (15)
the far- and near-end terminals of the transmission line. It can N * >
be shown that the use of the Chebyshev polynomials of type 1 DI,(s) ==Y (s)Vs(s) + W(s) (16)

Tn(x) = cos(mcos™ z) for the approximation of the spatial,
N : - where
variation of the line voltage, current, and distributed sources

lead to the following expressions [13]: Vi(s) =[V(xo,5), -, Viear, )
M IS(S)I[I(.Io,S),---,I(.IA4,S)]T
= l
Vi(z,s) T;)V(-Tma 5)gm(x) (5) P.(s) = §[P($0, s), -+, Pz, 8)]T
M l T
I(z,5) = > I{Tm,$)gm(z) (6) W.ls) = 5lW (o, ), Wiz, 5)
"EO and, Z(s) andY (s) are diagonal matrices
P(z,s) = Pz, s)gm(x) (7) L.
g::o Z(s) = diag{R(zo) + sL(zo), B(z1) + sL(z1),
M
wo R(zar) + sL(zm)} (17)
W(xv 3) = Z W(xma S)Qm(x) (8) l
m=0 Y(s) = 3 diag{G(z0) + sC(x0), G(z1) + sC(z1),
whereM is the number of polynomials used in the expansions, oo, Glap) + sClap) ) (18)
gm(z) are given by . )
) . The next step in the development of the model deals with
() = (1 = 2Ty (=) (=)™ (9) the restructuring of (15) and (16) in the desirable form of (3).
" emM?2(x — ) For this purpose, we use the following colon notation to select
andc.. is defined as specific rows and columns of a matrix. L&tbe a matrix. Then
m Afisjmm) 1S the(j —i+1) x (m—n+1) submatrix ofA which
S 2, m=0,M (10) is between théth andjth rows, andnth andnth columns of
™, otherwise. A. Similarly, A, is @ column vector of lengtty —i + 1)

having as elements the elements of th¢h column of the
matrix A between (and including) rowisand j. Recognizing
that (12) and (13) constitute the approximation of a two-point
(11) boundary-value problem, two boundary conditions (involving
the values of terminal voltages or the values of the terminal
where 6,,,,, is the Kronecker delta. currents or impedance relationships between the terminal

It is noted that the polynomialg,,(x) have the Lagrange
polynomial-type property

9m (xn) = 6rnn
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voltages and currents) need to be specified for the probl&@n MTL's
to be well posed. This implies that two of the equations in 1o procedure for MTL's is analogous to the one for a

(12) and (13) associated with the terminal quantities neggly_conductor line. In this case, the voltage, current, and dis-
to be eliminated in favor of the aforementioned boundagyy, eq sources for each conductor are expanded in Chebyshev
conditions. Without loss of generality, the first and last of th§eries. Following the procedure used in the two-conductor line

equations in (12) are the ones eliminated. Consequently, usiigie the discrete form of Telegrapher’s equations for an MTL
the aforementioned colon notation, (15) and (16) are cast\ji, N active conductors becomes

the following form:

D .- 07[Vis)
|: Da Db :||:Vnear(3):|
Ya(s) Yu(s)]| Via(s) o - D VN(S)
Tnear(s ZM(s) Z'WN(s) 7 11H(s) Py(s)
+ |:Za(8) —Zb(s) ZC(S) Dc :| Ifar(s) — |:Ps(3) :| I : : : + :
D, -D. Df YC(S) ‘AIS(S) 5(3) N1 NN N N
V.(s) - Z"(s) Z77(s) (s) Py (s) o
1
D .- 07[1I'%)
where the following array notation has been used: [ Do L : ]
Do =D@:n,0141) 0 - D N(s N
Dy =Dionsy Vi) o YNV ] [WhE)
_ =— : : : + :
D. =D.p1,2:m1) YN-l( ) YN].V( ) VNI( ) WA}( )
Dy =D.pr41,0m+41) ° ’ ’ ° 8(25)

D. =D1.p41,1)
Dy =D1:p41,2:0m)
Ya(s) =Y @:m41,m41)(8)

Yi(s) =Y @war41,1)(8)
Y. (s) =Y (1:m41,2:00)(5)
Z4(8) =Z(2:01,m41)(5)
Zy(s) =Z(2::m,1)(5)
Zo(s) =Z@.p2:0)(5).

AlISO, Viear(s) = V(@ar, ), Viae(s) = V(20,5), Lnear(s) =
Iz, 8), Irar(s) = —I(z0, s), while

‘Afs(s) =[V(wr,s)- - Viza-1,5)]" (20)
I.(s)=[I(x1,s) - I(zp—1, )", (21)

Equation (19) can be written in a compact form as

Tnear (3)
Ao [ [t )
Vi(s)
_ | Ps(s)
= [Ws@} : (22)

In the time domain, the above equation becomes

AR {vnear(t)} LAl d {vm(t)}

Vfar (t) dt | Var (t)
w0 | g [ | _ ot
) |+ 0 | = [ @
D,(t) 0,(t)

where Vi(s) is the vector of voltage samples along tiik
conductor

Vi(s) =[Vi(zo,s) - Vi(za, s)]*
Z“(S) _ % diag{Rij(wo) + sLij(aZo), e Rij + SLij(xj\l)}

and P4(s) is the vector of the samples of the distributed
voltage source along th&h conductor

Pi(s) = L [P(zo,5), -, Plaa, o)

whereI'(s),Y"(s), and W(s) are similarly defined. Intro-
ducing the vectors of terminal voltages and currents as

Viear(s) =[Viazar, 8), -, VN (zar, 8)]F (26)
Via(s) =[Vi(o,s), -+, VN (w0, 5)]" (27)
Licar(s) =[IHxpg, 8), -, IN (zag, 8)]F (28)
Iiar(s) = =[I*(x0,8), -, I (o, )" (29)

and arranging (24) and (25), we obtain (30) shown at the
bottom of the following page, where the following notation
has been used. The matrii(i:jymm) is the V-block diagonal
matrix with each block being the matri;.; ..y The matrix
Z(i:j,m:n)(s) is defined as

X Z%il:j,m:n)(s) e Z%i]:\;,rn:n)(s)
Z(isjmin)(8) = : ' : (31)
235 (5) Z (i gmen)(9)
V(s) = V' (s),---.V" ()] where V'(s) is given in (20).

Y (i.j.mny(s) and I(s) are defined similarly taZ ;. .n)(s)
andV(s), respectively. Finally’g(s) andW g(s) are prop-

which is compatible with the numerical integration algorithnerly rearranged versions of the source vectors in (24) and (25),

used in SPICE.

respectively.
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Equation (30) can be simply written as is easily confirmed that as the order of Chebyshev expansion
R 7 R 7 increases, the collocation points tend to concentrate at the two

(AT + AV (s) + (BT + 5B )J(s) = F(s) (32)  end points of the line. This, when combined with the collo-
cation procedure used by the pseudospectral approximation,

where results in an unnecessary oversampling of the voltages and
1, s) currents at the end points and an undersampling at the center

J(s) = Y(S) (33) portions of the line. In addition to loss of accuracy at the

I(s) higher end of the spectrum, the crowding of the points at the

andV, = [Vz;ear V%;r]T,It _ [Iz;ear I ]” are, respectively, boundaries could also reduce the time step of the numerical

integration to much smaller values than what is dictated by
W‘ physics of the problem.
way to overcome these difficulties is by mapping the
collocation points of (4) to another set of points such that the
minimal spacing near the end points is stretched. A systematic
way to effect this stretching was proposed in [23]. It is
Because of the direct compatibility of the MTL model agffected through the following equation for the selection of
expressed by (32) with the MNA formalism, its incorporatiotthe collocation points:
into a SPICE-like circuit simulator is effected simply by
entering (32) as a stamp into the overall circuit matrix. In ;A :
view of this, the orderd! of the Chebyshev approximation arcsin(a) ’
has a direct impact on the size of the overall circuit matrix.Wh
It was shown in [13] that highly accurate expansions can
be effected using as few as four Chebyshev polynomials Yo = cos(nm/M). (37)
per wavelength. Thus, for a transmission line of length
with Apin the minimum wavelength of interest, the order ofhis stretching implies that the spatial derivative matrix should
approximation)/ is chosen as be modified. The new derivative matri®?’ is given by

the vectors of terminal voltages and currents of the MFLs)
represents the distributed sources along the conductors in
MTL.

I1l. CHEBYSHEV-APPROXIMATION ORDER SELECTION

_aeilown) - g g M, 0<a<1 (36)

ere

M=4—"+2 (34) D = AD (38)

)\min
For transient simulations, the minimum wavelength is decidé¢hereD is the original derivative matrix and is a diagonal
on the basis of the maximum frequengy,..,, which is matrix

required for accurate resolution of the rise and fall times of the . 5
arcsin{a) /1 — (ayn)

input waveform. Letr,,,;, be the smallest of these two signal Apn = . (39)
parameters. A conservative estimatefgf.,. is then [12] @
1 The parametery determines the amount of stretching. The
Jmax = (35) choicea = 0 results in the original collocation points given in

Tmin

(4). Through a series of numerical experiments it was found
The criterion in (34) for the selection dif works well for that best results are obtained whens chosen to be-0.9.

moderately long lines (i.e., lines of length less thaNyiy). As discussed in [23], when the modified Chebyshev method
However, for longer lines, a modified Chebyshev pseudospggs-used, a resolution of two points per wavelength is suf-
tral method, which leads to a more favorable criterion for thigient for high numerical accuracy. This implies that the
selection ofM is recommended. The mathematical attributasrder of approximation suggested by (34) can be relaxed.
of this modified Chebyshev method are discussed in detailNore specifically, when electrically long interconnects need be
[23]. For the purposes of this paper, we restrict ourselves to giddeled(! > 4\,,;,), the modified Chebyshev pseudospectral
intuitive justification of the method, and discuss its impact ogxpansion is applied with the order of approximatid

the selection of the order of the expansion and the accurag@jected according to the following modified criterion:
of the solution.

It is clear from (4) that the interpolation/collocation points M=295 l + 2. (40)
are not uniformly distributed along the line. Furthermore, it Amin

[A D(Q:M,M+1) R D(Q:M,l) } |:Vnear(3):|

Yo m+0)(8) Ygr(s) ] | Via(s)
N N N N Inear(s) ~
n |:ZA(2:J\4,J\4+1)(3) —Zm)(s) Zamzan(s) Doz } Itar(s) | _ [133(8)} (30)
Dovyimsy —Damsryy Dasgrenn Y (emsr2m)(s) I(s) Wgl(s)

V(s)
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IV. CIRCUIT FORMULATION AND SENSITIVITY ANALYSIS From (30) to (32) and (46), it is immediately clear that
Consider a circuit\" which contains linear lumped Compo_the per-unit-length parameters of the MTL's appear explicitly

nents, multiconductor transmission-line systems, and nonliné'&rth_e_ _MNA ma_trix of th_e o_verall circuit. _Consequently,
elements. Without loss of generality, the time-domain MNAENSsitivity analysis of the circuit responses with respect to any

matrix equations for the circuit can be written as [24] interconnect parameter can be perfqrmgd in exactly the same
manner as with respect to lumped-circuit elements [25]. More
K specifically, it is straightforward to show that the MNA matrix
dup(t) . . e ; R .
Cnv—g +Grun(t)+Y Prirn(t)+inc(n(t) =ba(t)  for sensitivity analysis of our circuit is the same with the
k=1 MNA matrix used for the simulation of the circuit. Indeed,

(41) suppose all responsé§(s) have been obtained from the solu-
tion of (46). Leth be an interconnect parameter with respect
to which response sensitivities are desired. Differentiation of
g with respect toh yields

where,un(t) is a vector of sizeV,, containing the waveforms
of the node voltages, independent voltage source currents,
inductor currentsh,s(¢) is a vector representing the excitation
from the independent source&,, and C, are constant _ _ _

matrices formed by linear lumped componenits, (var) is @+ 5C) 0X(s) _ Ob(s) <%’ n 3@>X(8)' a7)
a vector of functions describing the nonlinear components in oh oh oh oh

the circuit, Py is a Ny x 2n; selector matrix, with entries

1 or 0 that maps,(t) (the terminal currents of théth line  The calculation of the partial derivatives on the right-hand side
system) into the node space of the circkiit K is the number (RHS) of (47) essentially involves calculation of the partial
of MTL'’s, andny, is the number of conductors in th¢h MTL.  derivatives of the per-unit-length inductances, capacitances,
The transmission lines are described in the frequency desistances, and conductances of the MTL. Once these deriva-
main by (32). For example, for théth transmission-line tives are known, sensitivity analysis of the circuit responses
system we have with respect to interconnect parameters can be performed in
a straightforward fashion.
(A + sA)Vr(s) + (BY + sBU)Ik(s) = Fi(s), The ?ime—domain sensitivity analysis is performed similarly.
k=1,---,K (42) For simplicity, let us assume that the circuit contains only
linear elements and we are using a fixed time-step trapezoidal

where integration. Then the solution at= nAt is given as [25]:
I (s)
Ji(s) = | LIn(s) (43) 2 2
Vi(s) <G+ EC):c(nAt) =— <G - EC).’L’((TL — 1)A¥)
andF;,(s) is the vector of distributed sources for ttte MTL. +b(nAt) +b((n — 1)At). (48)

In the time domain, the above equation becomes

R L, d . L d Differentiation of (48) with respect ta yields the desirable
Aiur(t) + A, %”k(t) + By jr(t) + By, %Jk(t) = fi(t),  equation

k=1, K. (44)

— 2 .\ dx(nAt)
Combined with (44), (41) is a first-order nonlinear differential G+ EC h
equation and can be solved using the numerical-integration

algorithms implemented in SPICE. = —<% + 2 %’)'c(nAt)
Let us now assume that the circuif contains only linear aﬁ At aﬁ
elements. Combining the formulations for all transmission B <%¥ 2 %)x((n _ 1A
lines with the Laplace transform of (41), one obtains the oh At Oh
frequency-domain MNA matrix for the circuit/, shown in 2 _\0x((n—1At)  Ib(nAt)
(45) at the bottom of the page, or, in the familiar compact - <G— EC> ah + =5
form _
o _ + ((n — 1)At) (49)
(G4 sC)X(s) =b(s). (46) h
Gy +sCy  [P00]  [P00] - [Px00] 7[Vals)] [bn(s)
(Af 4+ sAD)PT B+ sBi 0 e 0 Ji(s) Fi(s)
(A +543)P; 0 By +sBy - 0 Jas) | = | Fals) (45)

(AR + sAl ) PL. 0 0 o BRE 4 sBL ] LJk(s) Fr(s)
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Fig. 1. The output frequency response of the circuit of Example 1. Fig. 2. The output transient response of the circuit of Example 1.
V. NUMERICAL EXPERIMENTS Fig. 1 depicts the magnitude of the voltage response at the

In the following, a series of numerical examples are pr‘Jjoad resistor calculated using: 1) the exact result obtained
sented to demonstrate the validity of the proposed all-purpd&@m straightforward transmission-line theory; 2) the proposed
transmission-line model and illustrate its application for signgiodel using a Chebyshev expansion of order = 30;
distortion prediction in digital and analog circuits containingnd 3) the proposed model using the modified (“stretched”)
interconnects. SPICE3f4 [26] was used for the computefebyshev method with collocation points given by (36) with
implementation of the proposed model. In all cases, tHd = 30 anda = 0.9. Itis clearly seen that use of the modified
SPICE simulations did not exhibit any numerical instabilitie$>hebyshev method leads to a highly accurate response up to
In general, numerical stability of spectral approximations ¢f0 GHz in accordance with (40). On the other hand, use of
linear hyperbolic systems is of concern only when an explidfie original Chebyshev method with/ = 30 predicts the
integration algorithm is used. For the stiffly stable integrd€sponse accurately up to a frequency of about 7 GHz, in
tion algorithms used in SPICE, the proposed pseudospec@gfordance with (40). The comparison of the transient response
discrete models pose no numerical stability difficulties. Fdpredicted by the proposed model) with the exact response is
the sake of completeness, we mention that the numeri€éflown in Fig. 2. Clearly, the proposed Chebyshev expansion-
stability and convergence properties of spectral approximatidp@sed model for the transmission lines accurately captures the
of hyperbolic systems have been examined extensively Wave properties of the solution (i.e., propagation delay and
the literature [19], [27], and are well understood. As a brigfultiple reflections).
summary we mention that if an explicit integration algorithm In order to demonstrate the superiority of the proposed
is used, the maximum allowable time step variesiga/? Chebyshev expansion-based transmission-line model over the
for the standard Chebyshev pseudospectral approximationsegmentation approach where the line is modeled as a cas-
order M. Clearly this leads to time steps much smaller thaggde of several lumped circuits, this simple transmission-line
those used in conjunction with standard low-order finitesircuit was also simulated using a 30-segment lumped-circuit
difference approximations, where typically the time step vari@pproximation of the line. With the minimum wavelength of
as 1/M. However, as discussed in detail in [23], use ofterest being 2 cm and a line length of 20 cm, this choice
the shifted collocation points in the modified pseudospectiedrresponds to a minimum wavelength resolution of three
expansions of Section Ill helps relax the time-step constragggments. The number of degrees of freedom used for the
significantly. transmission-line modeling in the 20-segment approximation

Example 1: The first example deals with a simple losslests the same with the one used for the Chebyshev model of
transmission line with per-unit-length parametdrs= 2.5 order 30. The normalized errors in the frequency responses
nH/cm andC = 1 pF/cm. The line length is 20 cm. Thewith respect to the exact solution are shown in Fig. 3. Clearly,
phase velocity on the line is 20 cm/ns. The source and lo&ithebyshev expansions outperform the segmentation approach.
impedances are resistive of value 25 We are interested in Furthermore, this figure illustrates the benefit from using
predicting the transient response of the line for a trapezoidhe modified (“stretched”) Chebyshev method, namely, an
pulse of rise and fall times of 0.1 ns and width 1 ns. From (35)icrease in the bandwidth over which the error is kept be-
the maximum frequency of interest is predicted to be 10 GHpw a specific level at the expense of a degradation in the
Thus, the minimum wavelength is 2 cm, and (40) suggests tlexiponential convergence of the approximation. To illustrate
modified Chebyshev expansions of order at least 27 shotids point further, the normalized absolute error in the spa-
be used for good accuracy. If instead, standard Chebyshi distribution of the voltage is plotted in Fig. 4 for the
expansions were used, the order of expansions would becéde of f = 8 GHz. The modified Chebyshev expansion
according to (34). with the shifted collocation points provides for three orders
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expansion. 02 1
Example 2: This example deals with the simulation of pulse
propagation in the packaging interconnection system shown in ° B R e e
Fig. 5. The two systems of coupled interconnects are identical, N o
with length/ = 5 cm and per-unit-length line parameters .oz L 5\ — D ;
8 9 10
Ly = Loy = L3z = 4.976 nH/cm, Lo = Loz = 0.765 Time in nS
J— = J— J— J—
nH/em, Lyz = 0.152 nHiem, €1y = Cp = Oz = 1.082 Fig. 7. Sensitivity of the capacitor voltage response with respect to stripline
pF/cm, Cio = Ca3 = —0.197 pFlem, Ci3 = —0.006 pF/cm, parametei = w/b. The input pulse and the voltage response calculated for

Rii = Rss = Rs3 = 3.448 Q/cm. Dielectric losses are w/b = 0.21 ande, = 4 are also shown for reference.

assumed negligible. The rise and fall times of the input voltage

were taken to be 0.1 ns. The width of the pulse was 1 ns. Wiind requires all lines to be identical and equally spaced [7].
a minimum wavelength of interest of (approximately) 1.3 cmn contrast, the proposed model is completely general, even
the lines are about four wavelengths long fa= 10 GHz. allowing for nonuniform MTL’s and MTL’s with frequency-
Thus, Chebyshev expansions of order eight were used. dependent parameters, as discussed in detail in [13].

Fig. 6 compares the far-end voltage responses (calculatedExample 3: The purpose of this example is to illustrate the
using the proposed model) for the active and victim lines witipplication of the proposed MTL model for sensitivity analysis
thoses obtained using the Berkeley SPICE lossy interconnedth respect to interconnect parameters. For this purpose, and
model. The purpose of this comparison was to validate théthout loss of generality, a balanced-stripline interconnect
proposed model for the case of lossy lines. Excellent agrestructure is considered. Létbe the ground-plane separation,
ment is observed. It is pointed out that the lossy MTL modet the width of the center-strip conductor, andthe relative
in Berkeley SPICE restricts coupling to adjacent lines onlyermittivity of the insulating medium. With the assumption
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Fig. 8. Sensitivity of the capacitor voltage response with respect to stripline relative permittivitihe input pulse and the voltage response calculated
for e, = 4 and w/b = 0.21 are also shown for reference.

of perfect conductors and infinitesimally thin center strip, thef amplitude 1 V and rise time 1 ns. Figs. 7 and 8 depict
characteristic impedance of the stripline is given in closdtle sensitivity of the voltage response at the capacitor with

form by [28] as follows: respect to the parameteksande,., respectively. The voltage
waveform at the capacitor is also depicted in both figures for
307 K'(k) the purpose of reference. The plotted sensitivities are actually
0= Jo K(k) (50)  the quantitiesh(9V/dh) in Fig. 7, ande,.(8V/de,) in Fig. 8.

The validity of the calculated sensitivities can be examined

wherek = tanh(mw/2b) and K represents a complete eIIipticby _con_sidering the Taylor-series approximation for the time
function of the first kind withk” its complementary function. derivative of the voltage response

An approximate expression fdk /K’ is
PP P / V(h+ Aht) V() |\ 0 (VDY ga
ot ot ot oh
K'(k 1 1 k!
I (k) ==ln <2 + ﬁ), 0<k<07 (51) The characteristic time for the charging of the capacitive load
(k) 1=Vk Cy, is proportional to the productoCr. As h increasesZgy

decreases. Thus,is expected to decrease also. Faster charging
with ¥ = /1 — k2. These expressions, combined with thef the capacitor implies an increase in the time derivative of
pure TEM properties of the stripline, allow us to write closedthe capacitor voltage response during the rise-time period of
form expressions for the per-unit-length inductanteand the incident voltage. From Fig. D2V (h,t)/0t0h is positive

capacitanceC of the stripline during this period, which yields, according to the equation
above, an increase iBV/dt for h >0 as expected. At later
L= ZoJeJe, C=\Je/(cZo) (52) times, the slope of” with time should be reduced, for the

steady state to be reached fasterhass increased. This is

wherec is the speed of light in vacuum. Thus, the derivativ %onﬁrmed by the negative value 8fV(h, )/6t0h during the

. . ater part of the transient response. Similar arguments appl
of L and C with respect to the interconnect parameters P P 9 PPl

. . . ) for the sensitivity of the voltage responsecss increased.
w/d ande, can b_e obtalne_d ina s'_[ra|ghtforward fashion. Example 4: This example is used to illustrate the impact
A 15-cm section of stripline withw = 31.5 um, b =

) that radiation noise can have on the IF output of the mixer
150 pm, ande, = 4 was driven by a pulse generator, g receiver. The interconnect at the RF port of the receiver
and terminated at a 5-pF capacitor. The input impedang€iaken to be a microstrip line of length 2 cm and per-unit-
of the generator was taken to be resistive, with a value Féfngth parameters of = 3.7 nH/cm andC = 0.87 pF/cm.
75.131). This is the value of the characteristic impedancﬁhe antenna is mode|ed by a time_harmonic Vo|tage source
of the stripline calculated from (50). To account for ohmigith input resistance of 78. The frequency of the RF signal
losses in the interconnect, the strip thicknéssas taken to js 250 MHz and its magnitude is taken to be 20 mV. The LO
be 5 pm with conductivity o = 5.8 x 107 S/Im. The per- signal has a magnitude of 10 mV and frequency 281.25 MHz.
unit-length resistance was obtained approximately using tiiee mixer circuit used is shown in Fig. 9. The details of the
simple expressioR = (ocwt)~!. The input pulse was a stepvalues of the various components in this circuit can be found
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per-unit-length parameters, the mathematical details for its
extension to MTL’s with frequency-dependent parameters is
possible and has been presented in [13].

In addition to its modeling versatility, the proposed model
has several other useful attributes which were discussed in
detail in this paper. First, the use of (spectral) Chebyshev
expansions for the spatial variations of the interconnect volt-
ages and currents leads to numerical solutions of very high
accuracy. In particular, this high accuracy is achieved using a
very low spatial sampling of only three points per wavelength.
Thus, interconnects which span several wavelengths at the
highest frequencies of interest can be modeled very efficiently
and accurately. Second, the proposed formulation is such that
sensitivity analysis with respect to interconnect parameters can
be effected in exactly the same manner used by standard-circuit
simulators for sensitivity analysis with respect to lumped-
element component values. This capability makes the proposed
model very suitable for interconnect optimization.

Finally, coupling of electromagnetic radiation to intercon-
nects can be modeled directly without the need for developing
a new subcircuit. More specifically, the proposed model allows
for the efficient simulation of such interactions in a SPICE-like
simulator even when the victim lines are nonuniform. All that
is needed is for the user to specify the values of the elements
of the per-unit-length matrices at the collocation points used
by the model. The same holds true for the incident field. Thus,
fields with arbitrary spatial variation, subject (of course) to the
constraints that make the transmission-line theory-based model
for such interactions valid, can be accommodated.

A series of numerical experiments using a SPICE3f4 imple-
mentation of the model were presented in order to validate the
model and demonstrate its attributes. In all validation studies,
Fig. 10. Electromagnetic radiation coupled o the interconnect at the RF pifle calculated frequency and transient responses were found
of a mixer causes significant distortion of the IF output. . . . .

to be in excellent agreement with those obtained either from

_ _ _ o o _ closed-form solutions or computer simulations using standard
in [29]. The interfering noise is a periodic signal of Gaussiagp|CE.

pulses. The period is taken to be 4 ns. Each Gaussian pulse in
the periodic signal has an effective width of 4 ns also (i.e., each
pulse is centered in the 4-ns interval which corresponds to one
period). The 3-dB pulse width is taken to B&/0.7 ns. The
model in [15] was used for the calculation of the distributed?]
sources along the interconnects. The direction of propagation
of the incident radiation is taken to be along the axis of the2]
microstrip line, with the electric field linearly polarized in the
direction perpendicular to the microstrip ground plane. Theg;
maximum amplitude of the electric field is 0.5 V/m. Fig. 10
compares the IF waveform in the absence of radiation noiﬁg]
(solid line) with that resulting when noise is present (dashed
line). The resulting signal distortion is clearly illustrated.

Fig. 9. The mixer circuit used in Example 4 (from [29]).
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