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Abstract—We present a Waveform Relaxation approach for be slow. Alternative approaches are based on macromodeling
fast transient S|mulat_|on Of electrically long high-speedchannels. techniques. The channel is first represented as an equivalen
The proposed technique is based on a two-level transverse @n gy it which is extracted by curve fitting with passivity
longitudinal partition of the coupled interconnect. All couplings t, ints f the tabulated ttering data [6]-[14%c®
and feedback from terminations are represented as correctin  CONStraints ifrom the tabulated scattering data [_]-[ A}c
sources, which become exp“cit in a Waveform Relaxation fnae- aVa"abIe, thIS circult can be Comb|ned W|th term|nat|0nd a
work. We show that the proposed schemes are consistent anddirectly solved with SPICE [13]. Unfortunately, also this
allow for very efficient implementations. Simulation resuts show approach may be too slow for the long transient simulations

speedup factors of up to two orders of magnitude with respect hat are required for a detailed Signal Integrity verifioati

to circuit-based (SPICE) solvers. . . .
In this work, we use a different approach. We also derive a
I. INTRODUCTION macromodel for the channel, which is expressed in closed for
as a combination of rational functions and delay operators
This paper presents a fast simulation technique for complgxthe Laplace domain [6]-[14]. Analytic Laplace transform
and electrically long coupled interconnects, terminatgd knyersion leads to a functional expression of the channel
possibly nonlinear drivers and receivers. Common exampiggpulse responses, which allow to cast convolutions in a
for such structures are point-to-point links connectirfiedent  recursive form [5], or equivalently as IIR (Infinite Impulse
chips and routed through geometrically complex paths mnmniresponse) filters. These characteristics are exploitedhima
through packages, printed circuit boards, connectors S |evel Waveform Relaxation framework [16]-[30], where the
nal Integrity verification of such systems via fast simwati gyerall simulation problem is split and approximated as a
is of paramount importance [1]-[4]. set of individual decoupled and simpler simulations, which
Electrical characterization of multi-chip links is uswall require reduced computational cost. Convergence to thet exa
available in form of tabulated frequency samples of thest-sc solution is recovered by applying relaxation sources, istns
tering matrix. These are available either from direct me&su ing of inter-channel couplings and reaction from termioasi
ment or from simulations. In the latter case, the overalhcied  Numerical results show that our preliminary implementatio
characterization is typically obtained by cascading ifiial  of the two-level WR scheme outperforms SPICE by more than

scattering matrices for the single blocks forming the clenntwo orders of magnitude in runtime, with the same level of
such as connectors, via fields, or transmission line segmenfccuracy.

which are computed using 2D or 3D field solvers [2]. Con-

versely, driver and receiver circuits are intrinsicallynfinear

and require adequate representation, either as trankistir Il. DELAYED-RATIONAL MACROMODELS

circuits or as nonlinear behavioral macromodels. The above

characteristics make the transient simulation of multpch We consider a fully-coupleé-port (P even) channel termi-

links a quite challenging problem. nated by single-ended drivers and receivers. Figure latepi
Various approaches are available for setting up a transiéhis structure for the cas® = 4. We make the assumption

channel simulation [1], [2], [3], [4]. If the terminationgea that the only coupling between different nets occurs within

approximated by linear circuits, the entire solution carpbe  the channel, with no explicit coupling between individual

formed in the frequency domain, and the transient ternonatidrivers and receivers. This case is quite common in prdctica

voltages and currents can be derived as a postprocessing &gplications.

via inverse Fourier Transform. The reliability of this appch ~ The channel is known from its sampled scattering matrix

is limited by the inexact representation of termination$. AH;, ¢ CP*F at the discrete frequencies, | = 1,...,L.

ternatively, the transient scattering impulse respondethed The first step of our proposed technique is the derivation

channel can be computed via inverse Fourier transform, aoida macromodel, which can be cast in a form suitable for

the transient solution of the terminated channel can bdrdda transient analysis. We define as Delay-Rational Macromodel

via convolution. This approach is numerically robust but caDRM) [6]-[12] the Laplace-domain scattering matrix with



(&) Coupled channel with terminations h(t) * z(t) . Due to the exponential kernel, this convolution

|i|: jil can be discretized on a uniform time gtid= k6 and approx-
H imated as a superposition of scalar three-tap Infinite lisgul
|T3|: :IT4| Response filters. Dropping for simplicity superscriptsand
restricting to the case of a single pole term, { fixed), we
(b) Longitudinal partitioning have

i j] [E " j] E . y(te) = aoyr—1 + Pox(ty—r) + Bra(te 1 k) + Bow(te2-i)
)]
73 T4 where coefficientsyy, £o,1,2 depend on the polg, residueR,

and discretization time stefy and where

(c) Transverse partitioning

- - T
(7 = D, =7 r=ki+7., where k=% (6)
denotes the integral part of the delayith a remainderr. <
- Ds_ . Y . , . €
| 73 lil G lil T4 | 0. A detailed derivation of (5) is available in [32].
(d) Two-level partitionin The above formulation of the time-domain channel model
P g can be cast in a compact operator notation. If we denote with

a and b the vector-valued arrays collecting all time samples

ty, kK = 0,..., K of the scattering signals that impinge into
A ] L= Dss | [ Z | and are reflected from all channel ports, respectively, we ha

. . . . b=Ha, (7)
Fig. 1. System topology (a) and various partitioning schenengitudinal
(b), transverse (c), and two-level (d). Light and dark grads denote where each element of the matrix-valued operd&iorcorre-

longitudinal and transverse decoupling and relaxatiorrcesy respectively. sponds to a superposition of time-domain recursive convolu
tions (5). Application of this operator requires a compiotz!
cost that scales only linearly with the number of samgies

elements We turn now to the formulation of the termination equations.
MBI NI . N The scattering wavé that is reflected by the channel is clearly
HbI( Z Z ’”” ——mn_ =8’ 4 Db (1) the impinging wave into the terminations, viewed as a single
S0t s — P multiport element. Therefore, we cast also the termination
wheres is the Laplace variable, j denote output and input €gquations using a scattering representation as
port, respectively, corresponding to the selected saagfer a=F(b), (8)

responser®J are delays corresponding to the various arrival
m

times of the signal reflections induced by an input unit pulswhere operator7 is diagonal (it couples only impinging
The rational coefficients and reflected waves at a single port) but can be nonlinear,

dynamic and possibly include time-varying source terms as

o 0. . ; )
QY (s) = Rm;{ (2) inthe case of drivers. The compact notation (8) assumes that
5 — Prin any differential terms in the termination equations haverbe
are used to approximate attenuation and dispersion effectssuitably discretized over the assumed grid
The identification of (1) from the sampldd,, i.e., solving 1. SYSTEM PARTITIONING AND WAVEFORM
min |[H(jwr) - i, 3) RELAXATION

The direct solution of coupled equations (7) and (8) would

where the minimum is taken over the unknown delayé equire the direct solution of nonlinear equation
and matrix rational functiong€)%’(s) is performed using the

m

so-called Delayed Vector Fitting (DVF) [7], which is well b="HF(b) 9)

documented and is not further commented here. We remagkbe performed at each time step. This is what SPICE does,
that also the passivity of (1) is easily checked and enfgrcegsing Newton-Raphson iterations repeatedly. Here, we want

see [10], [12]. _ _ to avoid any direct nonlinear solution and/or time-stegpin
~ Analytic inversion of (1) can be carried out, leading to thReration. This can be accomplished by system partitioing
impulse response Waveform Relaxation. The following three sections desrib
M N the proposed longitudinal, transverse, and combined syste
hid (t Z Z Rr;bjnep,,m ) u(t — 759) + DWI§(t) partitioniong schemes, which lead to corresponding Wawefo

Relaxation iterations. We remark that only the final twoelev
(4) relaxation of Sec. llI-C is interesting from the computatib
which in turn can be used to compute the channel resporssandpoint. The first two schemes are presented separately i
y(t) due to any input signat(¢) through convolutiory(t) = order to illustrate the advantages of each partitioninatsgy.

m=0n=1



o Ro D is block-diagonal with2 x 2 blocks after a suitable permu-
PN b; a; b; a; tation depending on the port numbering is applied. In a good
- =~ design, operatof is “small” in some sense with respect

and can be interpreted as a second-order correction. We can
restate (7) and (8) as
Fig. 2. Definition of the decoupling source for a single ifaee port. 0 —Ca

b =Da+0 (13)
A. Longitudinal Partitioning a =F(b),
Longitudinal partitioning involves a cut at all channel fsor Whe_re arrayd collects the crosstalk cqntributions, which can
in order to separate the channel from its terminations. TRE interpreted as dependent correction sources applied to a

hanging terminals are then connected to suitable decaupl#ft Of decoupled channels. Figure 1c provides a graphical
networks, which ensure that the partitioned system is equilustration of this transverse partitioning scheme. _
alent to the original. This condition is easily achieved by We now introduce a transverse Waveform Relaxation
the circuits depicted in Fig. 2, where we used the definitictfheme, which corrects solution estimates through itevati
{a,b} = v £ Ryi of the (voltage) scattering waves in termg! by applying the coupling term8 not instantaneously, but

of port voltage and current. Panel (b) of Fig. 1 provides @elayed by one iteration. We have system

graphical illustration of this process. b, =Da,+0,
Waveform Relaxation is now introduced by using the de- a, =F(b,) (14)
coupling blocks as relaxation sources. We define an iteratio 0, =Ca,.

index » and we relax the instantaneous coupling of the two

X . which is solved with a suitable initial condition, e.§4 = 0.
gqua_tlons (7) and (8) by delaying one of the terms by °Yhe main difficulty is the solution of the first two coupled
iteration. The result is

equations in (14). On one hand, this problem is simpler

{ b,=Hay, 1, (10) than (10), since only two port variables are involved at the
a, =F (by) . time (operatofD is block diagonal). However, its solution still
The iterative process starts with zero initial conditioms= 0 requires the exact solution of a nonlinear system. This ig wh
and stops when the approximation error estimate we introduce a two-level partitionin scheme and relaxaiion
Section IlI-C.
51/ =a, —ay_1 (11)

. . o . C. Two-level partitioning
is below a prescribed threshold. The longitudinal partitig

and relaxation has the main advantage of not requiring an In this section, W?.Comb'f‘e the qdvantages of longitudinal
and transverse partitioning into a single two-level Wavefo

coupled solution, since the two equations in (10) are ju . )
applied one at the time, until the solution estimate stzddli Fcéelaxan.n spheme. We §tart with (14) gnd we app_ly a fur-
. : ther longitudinal partitioning and relaxation to the firgtot
through iterations. X . . .
equations, as in Section IlI-A. We obtain
B. Transverse Partitioning { buw =D a1 +60, 1,

We now introduce a transverse partitioning strategy, which a,,=F by,
is alternative or complementary to the longitudinal pati o 7
s altemnative or complementary to the longitudinal paming where iteration indexeg. and v correspond to transverse

of Section Ill-A. This second partitioning scheme is motiad o . : .
. . S . and longitudinal relaxation, respectively. Transversaxation
by the physical structure of most point to point links i ; .
. forms an outer loop. At any step of this outer loop, i.e., for

state of the art technologies. In order to guarantee suﬁjmeﬁxed the outer relaxation sourcés_; are known and fixed
bandwidth for high-speed applications, several indepe’nd? H 1

X . . . . from previous outer iteration. Therefore, we can apply aein
links are usually routed in close proximity for chip to chi L L L
L : : . ongitudinal relaxation in order to solve individual chats
communication. This leads to multiport interconnect syste 20 RS . . :
. . ) . This inner loop is initialzed by using the solution estimtitat
whose scattering matrix has a particular structure. Siheget . ) : ) .
) : . . . . is available at the end of previous outer iteration
is no direct electrical connection between different links
which are only coupled through electromagnetic interactio auo0=0au 17, (16)
occurring during the signal propagation along the channel . . : . ,
ng. 9 gnal propag d WhereZ, is the total number of inner iterations for any fixed
transmission and reflection coefficients are usually mugjela : : ;
. : . Once the inner loop has terminated, the outer relaxation
in magnitude than near and far end crosstalks. Conseque .
. sgurces are updated according to
the scattering operator for such systems can be decomposed

as au =C auz, (17)

=D 12 . . . :
& tC (12) and the process is repeated until convergence is achieved. A
whereD collects all direct transmission and reflection coeffigraphical illustration of the two-level partitioning sche is
cients, and operatdr collects all crosstalks. Clearly, operatomavailable in Fig. 1d.

(15)



~ Convergence of inner and outer loops is detected by mc 08 ‘
itoring the respective residual norms with respect to a pr (g - - -Passive model
scribed threshold
Suw = llapy = apu—1l| (18)
5:“‘ = ||a';U':I;L - a’/_/,—171“71 || . (19)

The norm¢, , measures the amount of correction that i
applied to the solution by the-th inner iteration, whereas the
normé, measures the difference between two outer iteratior
computed at the end of the inner loop. Throughout this wor 2
we use theco-norm, i.e., the maximum deviation among al
time samples of all port responses, in order to monitor urifo %

—
—

0

convergence. -
D. Linear convergence analysis -4 ‘ * * * * ] * * *

0 1 2 3 4 5 6 7 8 9 10

We now address the convergence of the three propos __ fi (H2) x 10°

Waveform Relaxation schemes. The analysis is carried out

in the frequency domain by assuming linear terminationSg. 3. Comparison between macromodel and raw scatteringplea for
characterized by a scattering matdx and internal source S11 of Case lIl.

vector Y. Only the main results are presented here, for a
complete derivation and proof see [32]. The frequency-doma
formulation of the two-level Waveform Relaxation scheme
reads

IV. NUMERICAL RESULTS

The performance of the proposed Waveform Relaxation
) scheme is illustrated on four benchmarks. Case | is a simple
structure with two segments of 9-conductor coupled lossy
transmission lines separated by a discontinuity due to a via
For simplicity, we assume that a constant number of innfield. The other structures (Cases II-1V) are chip-to-chigd
iterationsZ is performed, independent on the outer iteratioim real industrial products (courtesy of IBM), charactedz
index p. Defining by various topologies and electrical length. In particular
Case Il connects a CPU to an I/O card through a PCB

B;L,l/ =D A;L,u—l + (-D;L—l ;
AHvV - I‘Blh'/ + T B (20
©, =CA,1 .

— z _
Pz=P+('D)"(I-P) (21) and a connector, Case lll connects two CPUs on different
where PCB'’s through a flexible backplane, and Case IV connects
P=(I-TD) (o), (22) two CPU’s on the same PCB. In all cases the number of ports

is P = 18, corresponding to a victim channel (ports 9 and 10)
it is possible to prove by direct substitution [32] that tlteoe  surrounded by eight aggressor channels. Figure 3 illestithe
between the solution estimat4,, 7 at the outer iteration. accuracy of the computed passive Delay-Rational Macroinode
and the exact solutior ¢, reads for Case Il by comparing one of its scattering responses

to the raw frequency samples. The plot shows an excellent

_ _ — _PH
Epnz = Auz — Aexact = ~PAcxacr - (23) accuracy throughout the modeling bandwidth. Similar tssul

Convergence and consistency is thus guaranteed if theraped¥ere obtained for all cases.

radius (the magnitude of the largest eigenvalue) of opego ~ Figure 4 depicts the spectral radius of iteration operator
is such that P; for different values of the inner iteratioris = 2,4, cc.

pmax{Pz} < 1. (24) A set of realistic linear terr_ninations_ (4Q drivers and 1 pF
receivers) were used for this analysis. In all cases thetigpec
This condition may be checked with a suitable frequenegydius does not exceed one, implying that convergence is
sampling process. Finally, we remark that the condition feixpected, according to (24). Running the WR loops on a
convergence of pure transverse relaxation of Section li$-B sequence of 500 bits led to the results depicted in Fig. Srevhe
recovered by solving exactly the inner loop, or equivalentthe evolution of the inner loop error estimate (continuous
by taking the limit forZ — oo, obtaining line) and outer loop error estimate (dots) is plotted. A glob
iteration count is used in order to simplify visualizationda
pmax{P} <1, (25) interpretation. The figure panels show that the inner ii@nat
whereas convergence of the pure longitudinal relaxation @pnverge quickly, although onlf = 4 inner iterations are
Section IlI-A is guaranteed when used in this examples. Similarly, the error between suoaess
outer iterations (dots) converges down to the the prestribe
pmax{TH} < 1. (26)  stopping threshold, in this cage= 10~°.
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TABLE |
COMPARISON OF SIMULATION TIMES REQUIRED BYSPICEAND BY
DIFFERENT IMPLEMENTATIONS OF PROPOSEWMVR SCHEME TO RUN1000
BITS ON CASEII.

)
/“
e
e
P
7
v
'

B e I N Bl = I U i
: i i # % N R R Solver CPU time | Speedup
Global iteration Global iteration SPICE 22m 55s —
WR (Matlab) 62s 22 X
Fig. 5. Evolution of the inner (continuous line) and outeoté) loop errors WR (C, 1 thread) 31s 44 X
through iterations for all cases. WR (C, 9 threads) 58 275 X

Figure 6 reports the evolution of the input voltage of thasing 9 concurrent threads. A major speedup is observed,
victim channel (Case II) through the first WR iterations. Iparticularly for the C-based parallel implementation. Jée
this analysis, nonlinear and dynamic behavioral model$ief tpreliminary results show excellent scalability of propb¥€R
MrLog class [31] were used for the drivers. It can be showgtheme, which is capable of processing thousands of bits on
that such macromodels can be easily cast in the comp#dly coupled multiport channelsi{ = 18 ports) in seconds.
form (8), thus plugging naturally in our WR framework. These

plots demonstrate that the final solution is indeed achidéyed V. CONCLUSIONS
applying small iterative perturbatipns, thus providingraqs We presented three Waveform Relaxation (WR) schemes
of concept of the proposed technique. for transient simulation of complex multiport channels twit

We conclude with some remarks on efficiency. Table dossibly nonlinear terminations. These schemes are based
reports a comparison of the simulation times required n a longitudinal and/or transverse partitioning of theustr
SPICE and by various implementations of our WR schentere through suitable decoupling sources, which are rdlaxe
to run a pseudo-random sequence of 1000 bits on Case lltlmough an iterative process. All schemes are consistemt an
particular, we compare a prototypal Matlab implementationonverge quickly on a set of industrial benchmarks. Suitabl
a more advanced implementation coded in C language, arahditions for convergence were also presented through a
a preliminary parallelized version (OpenMP paradigm [33])near analysis.
specifically tailored for multicore hardware, which was run Numerical results show that the same level of accuracy of



SPICE may be achieved in much faster runtime, especiajiy] A. Chinea, P. Triverio, and S. Grivet-Talocia, “Passidelay-based
if the WR scheme is parallelized for multicore hardware.
The major speedup with respect to SPICE is mainly due to

the

optimized treatment of the small coupling terms due tes]

inter-channel crosstalk, which are handled as second-orde
corrections. A generic SPICE solver is not aware of this

structure, hence it is not able to exploit it to enhance nicaér [16]
efficiency.
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