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Abstract- With the continually increasing operatingmand an efficient technique for unified or global sim-
speeds, the boundary between EM problems aulation of EM and lumped/distributed components.

general circuit designs is narrowing rapidly. There i There have been few attempts in the literature to
a great demand for efficiently combining EM soluaddress the above issue. These approaches can be
tions with general purpose circuit simulators such ac|assified into two categories. In the first category
SPICE. In this paper we present a novel and a untime-domain global simulation is performed based
fied approach based on model-reduction techniquign the extension of EDTD techniques to include
to combine EM formulations such as FEM, directlnumped components [2], [3]. However, such an ap-
into general purpose circuit simulators. The methoproach suffers in a general circuit environment con-
is two to three order faster than the previously pukiaining stiff systems due to numerical instability [4].
lished methods and is suitable for simulating |ar9‘Approaches in the second category are based on the
number of electromagnetic devices in a general Ci'steady state frequency-domain techniques such as
cuit environment consisting of lumped/distribute(harmonic balance method [5]. However, extension of
circuit elements and nonlinear terminations this idea to obtain general transient solutions by di-

. rectly coupling FEM equations with nonlinear cir-

| - Introduction cuits leads to a large set of differential equations,

The trend in the microwave and VLSI industriesSolution of which will be prohibitively CPU expen-
is to design faster circuits and to integrate marSive. In addition, in many practical applications be-
functions in a single design. Consequently, desigicause of the intricate frequency dependence in FEM
are made with higher operating speeds, sharper requations (e.g. hybrid FEM/boundary integral sys-
times, shrinking device sizes and low power cort€ms) [6], it may not be possible to combine them
sumption. These aspects are making the signal intedirectly with nonlinear differential equations. Hence
rity analysis a challenging task and are highlightin‘there is a need for an efficient and accurate technique
the interconnect effects, such as ringing, signal delefor global simulation of entire circuit comprising of
distortion, reflections and crosstalk [1]. At very higflumped, EM and nonlinear components.

frequencies lumped and distributed interconnec |p this paper, we describe a novel method to ad-
models based on quasi-TEM approximations will Dejress the global simulation of EM, lumped linear and

come inaccurate and sophisticated full-wave EN,qqjinear components efficiently. The main contribu-

models which take into account a_II_ poss@le fleI(tions in the new technique are summarized below:
components and all boundary conditions will be re

quired. This needs the simulation of large number «(1) The modified nodal analysis (MNA) [7] is
interconnect EM models along with other lumpec extended to include FEM formulations and a
linear and nonlinear components. Also on a parall. ~ new stencil for FEM analysed EM devices is
front, there is a need for simulating lumped compc derived.

nents such as resistors, capacitors and inductors ¢ 2y an algorithm for model-reduction of linear por-
along with EM devices in a nonlinear environment -~ tion of the global ciruit is presented to reduce
Both the'above me_ntloned issues yvhlgh are curren the size of the problem under consideration.
challenging the high-frequency circuit designs de
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(3) A new minimum realization algorithm is devel- is the total number of variables in the MNA
oped to obtain a macromodel in terms of mini Linear subnetworkT
mal-order state-space representation from tt R .
reduced-order description. Proposed algorithi | ]

ﬂ

Nonlinear elements

v v

Il - Formulation of Circuit Equations

guarantees the number of extra states requir g L:Jmped/distributed
: : o H ' elements
durlpg macromodeling to be minimum whlle% g ‘ y
retaining the accuracy. + 3 .
v o €¢---->
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£
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Subnetwork k containing.
Consider a general nonlinear netwagk  whicl '
contains linear lumped components, EM componer
and arbitrary linear subnetworks. The linear lumpe
components may be described by equations in eitt
time-domain or frequency-domain, whereas the no
linear components may only be described by time- The linear multi-terminal subnetwork  can be
domain equations. The arbitrary linear subnetworkgaracterized in the frequency-domain by its termi-
may contain EM devices that are best described nal pehaworWlthout loss of generality, the terminal
the frequency-domain. Let the linear subnetworks tgglatlons for sgbnetwo_rk can be representeo! by fr_e-
. . : uency-domain equations in the form (described in
grouped into a single subnetwork . Without loss og

. o . ection C)
generality, the modified nodal admittance (MNA)
matrix [7] for the networkp can be formulated as () = Y(S)V(9) 2)

EM based model

[
)

Fig. 1. Nonlinear Network @ containing linear
subnetworks with lumped and EM components

wheres is the complex frequenc,(s) is the com-
(1) plex frequency-domain admittance representation of

the subnetworkt vV (s) is the vector of terminal
F(vg(1) —by(t) = 0, tooT] voltage nodes that connects subnetwark  to net-
work @ and I (s) = L(i(t)) ; L denotes the
Laplace transform.

N - . . .
v () 0D ? is the vector of node voltage wave- The difficulty in solving (1) and (2) simultaneous-

forms appended by independent voltage source cii-$ due to the fact that they implicitly contain a mix-
rent, linear inductor current, nonlinear capacitoture of frequency- and time-domain representations.
charge and nonlinear inductor flux waveforms,  This can be efficiently addressed using the following

N, xN N_xN three basic steps:
«C,00 % and coO ® ® are constant P

matrices describing the lumped memory and meny; 1) Using = moment-matching techniques,

oryless elements of network |, respectively, ornd(z)r m(l)r:jé|2) is approximated by a- pole lower-

*b, 00 * is a constant vector with entries deter- 2) Usingg- pole lower-order model, ainimal-

mined by the independent voltage and curreﬁ’trder state-space representation in the time-domain
sources, is derived.

« F(v,) is afunction describing the nonlinear ele- . 3) The derived differential equations are solved
¢ L simultaneously with (1) using standard numerical
ments of the circuit,

. _ _ techniques or any general-purpose circuit simulators.
*Dp=[d; ;{0 B1in{1, ... N}, jo{L .. ng} wi

th a maximum of one nonzero in each row or col-1ll - MNA formulation of linear subnet-

umn, is a selector matrix that maiggt) 10", the works containing EM models
vector of currents entering the linear subnetwork |, order to perform model-reduction on a linear

m, into the node spad‘ﬁ'\'(p of the netwark Ny subnetwork comprising of lumped components and

d .
C(pav(p(t) + G(pv(p(t) +Di(t) +

where
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EM models as needed by step #1, MNA representap/ - Time-domain Macromodel of Y_(s)
tion of the linear subnetworkt is required. This is Th h Model-Reducti

accomplished by extending the modified nodal anal- roug odel-reduction

ysis to include EM models and also by deriving a Generally, solution of equations represented by
generalized stencil for FEM based formulations. Bg3) s highly CPU intensive. In addition, simulta-
CaUSQ of Space |ImltatI0nS Only the final form of thﬂeous solution of (1) and (2) requires time-domain
MNA is given below and is presented for the case gépresentation foiv (s) . Application of model-re-
network ¢ containing a single linear network with gjyction techniques such as complex frequency hop-

single EM model. ping (CFH) [8] solves both these problems. Using (3)
a g- pole lower order model fory (s) can be ob-
sSW+G P 0 V(s) J tained as:
0 F $A:sB+C||1%| " |RO (3)
0
K 0 Q X(s) Yi1 Yio - Ylnn vV, Iy
where e | =
N_x N Yo Y5 Y \ I 4
«C,GOO ™ ™ are constant matrices determined b "2 7 Ty [ | P @)
by lumped linear components of subnetwark ; e q'K (K
N . = ) i . i
JOO ™ is a constant vector with entries deter—YJk(s) v+ 3 k' L= k) =ny

]
s

mined by independent voltage and current sources ' d
of subnetworkrt , Moments of FEM based components required in

N . . model-reduction can be calculated as described by
*V(s)OO " is the vector of Laplace-domain nod 9

voltage waveforms appended by independent volt- '

age source current, linear inductor current wave- YSiNgq- pole lower-order description (4)raini-
forms of linear subnetworkt mal-order state-space representation in the time-do-

main is derived as

e
«i°0o s the vector containing Laplace-domain )
terminal currents entering the EM based subnet- [Z] = [Al[Z] +[B][l 4

work; N® is the number of terminals in EM based :
subnetwork, [Vrd = [C][2] + [Pl 7
* X(s) is a vector of unknown field components from

FEM formulation of EM based subnetwork wherei,T andVy are the vector of terminal cur-
. . . ' rents and voltages of linear subnetwark . Gilbert's
A, B, C are matrices derived in terms of nodal/edg

based FEM elemental matrices of EM based Su§i_agonal construction technique [10] is used to derive
network a macromodel which guarantees a “minimal-order

«P and K are binary incidence matrices that mapate-space representation” for the multiport transfer
. NE N unction represented by (4). The macromodel thus de-
1"00"  into the node space] of subnetworkived is both controllable and observable.

m and termiNnaI voltages of EM subnetwork into e gifferential equations represented by the
node spacel] ™ of subnetwork , respectively, macromodel (5) can now be combined with (1) mak-

. . _ t .
*Q is a functional matrix which relates the!N9 Use of the relation Vy = (D) V. Using stan-

unknown filed component¥(s)  to terminal volt.dard nonlinear solvers, resulting unified set of
ages of EM based subnetwork differential equations can be solved to yield accurate

“F ,R(s) are matrices obtained by incorporatin%Obal transient solutions for the entire nonlinear cir-

boundary conditions associated with the EM bas it [11].
subnetwork.

(5)

Tt
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V - Computational Results nonlinear components. A generalized stencil for EM

L . devices with FEM formulation is derived for inclu-
An example is given below (Fig. 2) to demon-

strate the merits of the proposed technique. The IiSion In MNA analysis. Also a new minimum realiza-
Prop que. @on algorithm is used for macromodel synthesis. The

ear network contained a single high-spee 4 techni id Hicient
interconnect. To verify the accuracy of the proposeRfOpose echnique an provides an €eflicient means

global simulation technique, cross-sectional dimerf@" Mixed frequency/time simulation.
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