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Latency Insertion Method (LIM) for the Fast
Transient Simulation of Large Networks

José E. Schutt-AinéSenior Member, IEEE

Abstract—in this work, a finite difference formulation is used range of interest. The resulting macromodel equivalent circuits
to simulate large networks. The method makes use or introduces can be used in conjunction with standard circuit simulators.
reactive latency in all branches and nodes of a circuit to generate Work was later introduced to reduce the number of spurious

update algorithms for the voltage and current quantities. A crite- . o
rion is established that guarantees the stability of the algorithm poles generated by the reduction process. This includes the com-

for specified choices of the time step. Because of its linear numer- plex frequency hopping techniques, and the Krylov subspace
ical complexity, several orders of magnitude in speedup over ma- methods [5]-[8]. More recent work on model order reduction

trix-based methods are obtained. Nonlinear networks can also be techniques have focused on the passivity of the reduced equiv-
simulated by the formulation. Several comparisons are made with alent circuits [9], [10]

standard simulators in order to evaluate the accuracy and effi- In thi d . d inf lati hat lead
ciency of the algorithm. In all cases that satisfy the stability cri- n this study, we use a time-domain formulation that leads to

terion, good agreements with established techniques are obtained.the generation of update algorithms for the simulation of net-

Index Terms—Algorithm, discretization, latency, network, sta- works. The algorithms exhibit Ilnea_r Computa_tlonal complexity
bility. and are scalable. Because of the time domain nature of the for-

mulations, they can be extended to handle nonlinearities.
First, we present a formulation of the method for the case of
. INTRODUCTION linear networks by deriving the update algorithms. Next, the sta-

HE need for an increased density of 1/O pin connectiorlity of these algorithms is addressed followed by an extension

and the reduction in size of high-speed digital circuits haw the formulation to special elements and nonlinear networks.
led to an increase in the complexity of interconnect schemes.Apally, several networks are analyzed and simulated using the
the board and package levels, the implementation of mun”ay@,ethod for comparison with standard simulators. Tradeoffs be-
interconnects has led to structures with a high density of pd¥een speed, stability, and accuracy are examined throughout
sive components. As a result, the three-dimensional (3-D) rfBe comparisons.
ture of present-day networks has rendered their analysis more
challenging.

These challenges are also emerging at the chip level. As out-
lined by the International Technology Roadmap for Semicon- Distributed networks are often used to describe signal propa-
ductors (ITRS) [1], the timeline acceleration in processor pegation on uniform transmission lines (Fig. 1). This model is also
formance forecast has led to an increasing gap between masithigh-frequency representation of an interconnection. Fig. 2
facturing technology and present-day design tools. Total int&hows a more general interconnection topology in which signals
connect lengths will lead to unprecedented wiring density whigfan propagate in more than one direction. Such a model can be
will require novel design methodologies placing more emphasigwed as the high-frequency representation of an arbitrary net-
on interconnect issues. work. In analyzing an arbitrary network, we can define a branch

The simulation of very large networks consisting of largas a connection between two nodes (excluding the ground ref-
numbers of nodes is a major problem in the computer-aidegence node). In defining the desired topology for such an anal-
design of integrated circuits. Circuits of this size can typicallysis, the following requirements are made.
require several days of CPU time on a workstation. Several 1y gach pranch of the network must contain an inductance;
investigators have introduced algorithms and numerical tech- * oeryise, a small inductance is inserted into the branch
nigues such as the asymptotlc waveform evaluanc_)n (AWE) g generate the latency.

[2]-{4] method to approximate network transfer functions. The 2y Each node of the network must provide a capacitive path
fundamental idea behind model-order reduction rests in the ~ ¢, ground:; otherwise, a small shunt capacitor is added to
implementation of a circuit representation based on a smaller generate latency at that node.

number of poles than the original network. These poles account

for most of the behavior of the network over the frequenc e . L
q y In addition, it is also assumed that by using combinations of

Thévenin and Norton transformations, all branches and nodes
Manuscript received October 25, 1999; revised April 20, 2000. This papean be converted to this topology. After all augmentations and
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Fig. 1. Discrete distributed model for uniform transmission liReL, G, andC' are the resistance, inductance, conductance, and capacitance per unit length,
respectively.

Fig. 2. Network with interconnect topology.

of a current source, a capacitance, and a conductance to ground Ly Rj By

from every node.

First, the time variable is discretized, next the voltage and
current quantities are collocated in half time steps to generate
sequences of the formn_l/Q’ Vn+1/2’ V2 for voltages Fig. 3. Branch equation formulation.
andI™, ™1 1"*2 for currents.

A. Branch Algorithm

Each branch is represented as a combination of a voltage
source, an inductor, and a resistor in series. Curfgnis as-
sumed to be directed from nodeat voltageV; to node; at po-
tential V; (see Fig. 3).

The discrete time equation reads

Vn—l—l/? _ V»n+1/2

i J

IiT’H—l - I7n n+1/2

Fig. 4. Node equation formulation.
At . )
where M; is the number of branches connected to nb@ex-

Solving for the unknown current leads to cluding connections to ground). This yields

C‘Vn_l/Q M
At n n n 27— n— ‘n‘
IZ'H — I+ (Vi +1/2—Vj +1/2_RUIZ +Eij+l/2)' AL + H; lek
Li; ® VinH/Q _ = k=1 4)
At G

At each time step, this operation is performed over/gll

fori = 1,2,...,N,. At each time step, this operation is per-

branches of the network in order to update all the current valugsrmed over allV,, nodes in order to update all the voltage quan-

B. Node Algorithm

tities.
Computations of all branch currents then all node voltages

Each node is modeled as a parallel combination of a curréli€ alternated as time progresses; thus a complete network sim-
source, a conductance, and a capacitor to ground as showH!f#ion can be summarized by the following algorithm.

Fig. 4. The equation reads

o <Vn+l/2 _Vn—l/Q

K3 K3

At

M;
n+1/2 n n
)"‘GiVi 2 H; :—Z ik
k=1

®)

For time=1, N,
For branch=1, N,
Update current as per (2);
Next branch;
For node=1, N,
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Fig. 6. Derivation of LIM equivalent circuit for mutual inductance; left:
original representation, right: equivalent circuit.

Vi '—ICI—‘ Vi

dvC  E
Fig. 5. Multidirectional network. V. ._AMN_-I-_O‘_. V.
H J
Update voltage as per (4); Lo aC E

Next node; V=YY ML v,
. 1 )
Next time;

Fig. 7. Derivation of LIM equivalent circuit for branch capacitor. First,

. . backward Euler companion model is built; next, latency is introduced through
Altogether, N, (N, + IV;) operations are performed to obtain; P y g

N(N,, + N,) values, hence yielding an optimally efficient al- ’
gorithm. the numerical efficiency of the method for large networks with
low latency. For such networks, insertion of small reactive ele-
lll. STABILITY CONSIDERATIONS ments lead to smaller time steps from (7) leading to longer sim-

A numerical stability analysis of the latency insertion methodlations.
(LIM) is now performed to establish the relationship between
the time steps and the parameters of the network. From a wave V. NETWORK REDUCTION OF SPECIAL ELEMENTS
point of view, because of the nonisotropic nature of the discreteThe LIM formulation is based on branch or node topology
network, a signal propagates with different speeds in differegiquirements that are not met by some circuit elements. Those
directions. Ifa node is chosen as the reference and voltage vaggments can be transformed through reduction or augmenta-
tions at another node are observed, propagation in one directigi before they can be incorporated in the formulation. These
can be analyzed through the use of the Telegrapher’s EquatiqAgjude mutual inductance, branch capacitance, and controlled
In the discrete domain, choosing thg direction as shown in sources. The transformation is performed by insertion of a delay

Fig. 5, the formulation reads and by representation with the numerical integration-based
AV AslL compar?ion.models [13]. For 'Fhe coupled inductor system
" Am = Ly At + Ry, (5a) shoyvn in F|.g. 6 a traqsformat|on must be .performed to an
AT, AV equivalent circuit Fhat will represent the combln.ed' effect of thg
A = Cy At + G Vi (5b) seIf-_and mutual inductances. The system satisfies the matrix
" relation
whereA ; andA, refer to the forward and backward differential oI
operators, respectively. First, in the case whfeandG;, are V=L n ®)

negligible, numerical stability at nodewill be achieved if for

an oscillatory response in the time domain, the resulting sigrf4fere
propagating in the; direction is attenuated. If we assume a V= [Vl — Va} 7 [Il}
dependence in the form of the discrete oscillator [11], the asso- T V=V, |’ | I
ciated condition is and
At I — [Ln L12} 9)
Az > VIiCr (6) Ly Lo |~
which is analogous to the Courant—Friedrichs—Lewy (CFL) crD the discrete domain
terion for wave propagation in a discrete grid [12]. This condi- Vol AT (10)
tion is still valid whenR,, and@,, are nonzero. When translated At
to a per cell basis, the relation becomes or
At < /L Ch. (7) % =L7'v. (11)

This inequality can be viewed as a causality condition in yging the forward Euler numerical integration formula
tracking a propagating signal through a lattice of circuit ele-

ments. The condition imposes some constraints that may limit "t =1 4817 (12)
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Fig. 8. Top: coupled line structure with capacitive terminations. The electrical parametérsard55 nH/m,C; = 77 pF/m,L,,, = 147 nH/m, andC,,, = 22
pF/m. The length of the lines i= 14 in. Bottom: discrete distributed model used to represent the transmission line system. The number a¥cell§(s The
cell element values aré:;. = dL;/N, L. = dL,,/N,C,;. = dC,/N,C\r. = dC.,,/N,R;. = 0 Q;.

whereé is the time step and” is the time derivative of *. line was used as a sense line. \oltage responses were measured
Using (11) as the discrete derivative and expanding, we get at the near ends of both drive and sense lines. For the computer
simulation, the discrete distributed model for coupled transmis-
It =17 + 6g11(Vi — Va) + 6912V = Vi) (13a)  sion lines shown in Fig. 8 was used. The system consisted of 50
I = I 4 8g21(Vi — Vo) + 8g22(Va — V3)  (13b)  cells. Mutual inductors and capacitors were modeled using the
method described above. Fig. 9 shows the waveforms obtained
more explicitly and using = At for both experimental and computer simulations. Good agree-
ment was obtained for both drive and sense line responses.
I = B ()
+ o (V;H/Q B VJLH/Q) At=J, (14a) V. NONLINEAR FORMULATION
One advantage of time-domain formulations for circuit
It =17 4 go (V]L"Jrl/2 — Va"+1/2) At analysis rests on the ability to handle nonlinear behaviors. In
/2 /2 addition to interconnects, most integrated circuits contain a
+ 922 (V2 -V )At =J2> (14b) |5rge number of nonlinear devices such as diodes and tran-
sistors. When the number of these elements becomes large,

where matrix-based methods become inefficient. Since the latency
Lo insertion method uses a time-domain formulation, the extension
911 = Li1Loy — Lialoy to nonlinearities is straightforward. For such devices, the cur-
— Loy rent—voltage relation is expressed through a nonlinear function.
921 = Li1Lys — Ligkos (158)  without loss of generality, such current-voltage relation can
—Lo be expressed as= f(v) such thaty = f~1(i), wheref~! is
P2=7 7 "1 T the associated inverse function (Fig. 10). In a similar manner
11422 12421 . . .
Ly, as in the linear case, the branch and the node formulations are

(15b) separated.

When the nonlinear element is inserted into a branch with

The system can be represented by the equivalent cirdaitency (see Fig. 11), the discretized formulation becomes

shown in Fig. 6, in which the current sourcésand.J, depend
on the history of the coupled system. After this transformaltion(,/,,,H/2 oyt g <_]Z+1_Ifj> LR,
the resulting branches can be easily inserted into an existing i Ty At E
network. In a similar manner, branch capacitors can be trans- 21/t
formed and represented by their discrete numerical integration +f (Iii ) ) (16)

companion models [13] (see Fig. 7). In order to generate the.l_he unknown curreni™*! can be solved by iteration using
latency, a small inductor is inserted within the branch. Similﬁr& K

[

f 1

b22 = Ly1Loy — LiaLoy

yn+l n+1/2
JIij _Eij

. . 1
transformations can be performed for other elements includ NivJ\:tlon—Raphson algorithm. When th? Val’lalﬂ?—_’é an.d
inductors to ground. (I7;7") are replaced by andV, respectively, the iteration

In order to validate these transformation methods and ass&¥gula for the current solution becomes

the accuracy of the resulting algorithms, computer simulations Li; X0 ] RoX® o H v
and laboratory experiments were performed and compared. F%r((kﬂ) _ () _ At [ — L] + Rij T2+
the experimental setup, a coupled microstrip system was de- o Lij av

signed and terminated as shown in Fig. 8. One line was used Af + R+ X

as a drive line and excited with a 12-ns-wide pulse; the adjacent a7
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Drive Line at Near End Sense Line at Near End
A 0.8 4————+—+—+—+—+—

Yol

Volis
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Fig. 9. Computer simulations of distributed model (top) and experimental waveforms of coupled microstrip lines (bottom) for the circuit of Rgn@aat t
end(z = 0) for line 1 (left) and line 2 (right). The pulse characteristics are magnitudeV; width = 12 ns; rise and fall times= 1 ns. The photograph probe
attenuation factors are 40 (left) and 10 (right).

i=f(v)

Fig. 10. Nonlinear element.

Lij Ry v Ejj

v, .JYVY\_IWW_.E_-OL. Fig. 12. Nonlinear node equation formulation.
i Vi

| .
jj
Fig. 11. Nonlinear branch equation formulation. f(Vin—H/Q) with X and7, respectively, the iteration algorithm
becomes
whereH = V"% v H/2 _ g2 The subscriptk)

refers to thekth iteration. These are performed on the branch

. . . . M;
under consideration at a given time step. _ ) G LG —H - Zlﬁv iy
In the case where a nonlinear element provides a path to - N t —
ground, the network with latency, shown in Fig. 12, is used. TheX T = X*) — c ol
i i i 4G, il
discretized equation reads [At + } + X
19)
Vn—l—l/? _ Vn—l/?
C; | = z +GiV7;"+1/2 The iteration is performed until convergence to the node
At voltage solution. It must be emphasized that in both branch and

M; node cases, the iterations are performed only on the branches
—H'+ f (Vi"H/Q) =Y I (18) and nodes containing the nonlinear elements. This leads to a
k=1 significant computational advantage over standard modified
nodal analysis (MNA) methods in which the iterations are
The voltage V;""*/* can be solved iteratively usingperformed over the entire network consisting of both linear and
the Newton—Raphson algorithm. Replacin‘gi,"ﬂ/2 and nonlinear components.



86

Fig. 13.

(a)

32.2nH

530

(b)

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 48, NO. 1, JANUARY 2001

R
(a) Network with zero latency to be simulated. (b) Augmented network used for'simulation with LIM. The base values are shown for the imdluctive a

capacitive elements. For each simulation, these values are divided by a scaling factor to approximate the response of the circuit in (a).
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Fig. 14. Simulation results for various levels of scaling of the reactive elements of the networkof Fig: 13(b) to emulate the actual responseaitire net
Fig. 13(a). Response waveforms shown are for nodes 1 and 4. Inductive and capacitive elements of Fig. 13(a) are divided by the scaling factor.

The complete nonlinear network simulation is thus summa- Else
rized by the following algorithm:

For time=1, N,
For branch=1, N,

If branch is linear
Update current as per (2);

Else

Iterate and update current as per an;

Next branch;
For node=1, N,

If node is linear
Update voltage as per (4);

Next node;
Next time;

Iterate and update voltage as per (19);

Generalization of this algorithm to networks with transistors
(e.g., MOSFET, BJT) follows naturally from the previous devel-
opments. In particular, when inverse functions relating voltage
and current variables cannot be extracted analytically, nonlinear
devices can be represented by their linearized Newton—Raphson
equivalent circuits at each iteration [13]. The derivation and il-
lustration of these schemes are outside the scope of the present
work and will be the subject of a future paper.
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; Tg.
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Fig. 15. Nonlinear circuit used for computer simulations.

TABLE |
ELEMENT VALUES FORTEST CIRCUIT OF FIG. 15

Inductance (nH) | Capacitance (pF) Resistance (2) | Diode Parameters
L,=428 C=3.2 R\=65 Saturation current;
L,=0.25 C,=0.1 Ry=10 =10%4a
L,=0.25 C,=9.8 R,=100 _
1,=0.25 C,=0.1 R¢=30 Thermal voltage:
L=427 C=7.8 Rg=100 Vy=0026V
Le=109 C=0.1 Ry=47
L,=209 C,=178 R,,=100
L,=0.25 Cy=4.8 R,=25
Ly=0.25 Cy=8.9 R,,=40
L,=0.25 C,=0.1 Ry,=30
L, =0.25 R,=5
L,,=36.6 R =2
L ;=10 R,.=8
1,,=0.25 Ry=50
L,;s=30 Ryg=100
L =20 Ry)e=100
L,,=40
VI. LATENCY SIMULATIONS scaling of the time step leading to a reduction in computational

peed. This compromise is a consequence of the stability con-
ition (7) and is also a strong function of the excitation used in
transient simulation.

Worst case analysis of the LIM can be performed by an
lyzing networks with low latency. Such a network is show
in Fig. 13(a). In order to simulate its transient response usi
a LIM approach, the augmented network of Fig. 13(b) is im-
plemented. Base values are first chosen for the reactive ele- VIl. NONLINEAR AND L ARGE NETWORK SIMULATIONS
ments. These base values are then divided by a scaling factoss a first step, the accuracy of the method at estimating tran-
before each simulation with larger scaling factors correspondiggnts in nonlinear networks is evaluated. For this purpose, the
to better approximations of the actual transient response of $igsic linear network shown in Fig. 15 is analyzed. The network
circuit in Fig. 13(a). consists of resistive, reactive, and nonlinear elements. Actual

Simulations were performed for scaling factors of 1, 5, 1Qalues used in the simulations are shown in Table I. The non-
and 100. The excitation was a pulse with rise and fall times pear elements are diodes which obey the well known equation
1 ns and pulse width of 4 ns. The resulting transient response
waveforms are shown in Fig. 14. As expected, a sufficiently ac-
curate response can be obtained; however, this also requires a Ip = Is(e"P/V7 — 1) (20)
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Fig. 16. Plots of waveform for nonlinear circuit for SPICE (left) and LIM (right). The pulse characteristits fare: magnitude= 1 V, rise and fall times= 1
ns, pulsewidth= 4 ns.

Fig. 17. Top: Basic cell used for nonlinear analysis. Numbers refer to nodes of circuit in Fig. 15. Bottom: Cell arrangement for large network analysis

wherelp andVp, are the diode current and voltage, respectively, TABLE I
Is is the saturation current, arid- the thermal voltage. The COMPARISON OFRUN TIMES

inverse function associated with this nonlinear behavior is Number of Nodes | SPICE (sec) | LIM (sec)
1,000 g .25
Ip 10,000 334 4
Vp=Vr 1n<I— + 1) . (21) 15.000 701 6
o 20,000 1224 9
25,000 1892 11
The analytical expressions for the derivatives of these func- 30,000 2935 13

tions, as required by the iteration algorithms (17) and (19), can

be easily obtained. Both voltage and current iterations are usg®l shunt capacitance at every node. The method is the circuit

in the solution process; moreover, when the bias voltage acrasglog of the finite difference time domain (FDTD) method.

the diodes is below a threshold value, a linear model fofth¢ Based on the Yee algorithm [15], the FDTD method gener-

relation is used [14]. ates field solutions in time and space from the update equa-
The network which is defined as a basic cell is excited withtions. Although the FDTD method can be very intensive, it is

pulse. The resulting waveforms are simulated using both SPIGR optimally efficient algorithm [16] and has linear computa-

and the proposed formulation. Plots of the waveforms are shotisnal complexity. Scalar formulations of the FDTD method

in Fig. 16. They indicate a good agreement between the tlave been used to analyze uniform transmission lines [17]. The

methods. present method can thus be viewed as a generalization that intro-
Next, larger networks are constructed by cascading segmesiges nonuniformity and multidimensionality in the transmis-

of the basic cell network totaling in larger numbers of nodes agibn lines. Accuracy, stability and efficiency of the LIM method

branches (Fig. 17). A pulse with shorter duration is used for tlage increased for higher frequency or faster signals which justi-

excitation. Simulations are performed again using SPICE afigs its characterization as a high-frequency simulation method.

the proposed method for 100 time steps. Table Il shows the com-

putational performance comparison between the two methods. IX. CONCLUSION

Several orders of magnitude are gained through the use of th

%n efficient method for the simulation of large networks has
LIM approach.

been presented. The method introduces or uses latency behavior
in the network to generate update equations for the branch cur-
rents and node voltages. First simulation algorithms were de-
Since the LIM formulation introduces latency, it is a highrived for linear passive networks; the formulation was then ex-
frequency method that approximates an arbitrary network asemded to handle nonlinear elements. Comparisons with SPICE
multidirectional interconnect with inductance in every branchave shown speedups of several orders of magnitude.

VIII. REMARKS AND OBSERVATIONS
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