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Abstract 2 Problem statement

This paper presents a fast simulation method for long cauple We consider a generic chip-to-chip link withfully-coupled
multi-chip interconnects. The channel is representedijina electrical ports £ even), terminated by possibly nonlinear
time-domain passive delay-rational macromodel, whictlémi  single-ended termination circuits (drivers and receivers
tified from tabulated scattering samples. A two-level Wavef graphical illustration of the system topology is depictedtie
Relaxation (WR) framework is then applied in order to parfor left panel of Fig. 4. The mathematical formulation of theeint
fast transient simulation of the terminated channel viatarn i action between channel and terminations can be obtained as
ative process. A new over-relaxation scheme is introduoed f
improving the convergence of the WR iterations. { b(t) = h(t) * a(t) 1)

Fy(ag(t);bg(t)it; £) =0, q=1,...,P

1 Introduction

The electrical verification of point-to-point links conrieg
different subsystems requires extensive simulation [1,TAjs
analysis is quite demanding, since multiple coupled chiann
must be simulated concurrently in the time domain, in ord
to investigate all possible sources of signal degradatiolud-
ing intersymbol interference, crosstalk, jitter, and rioedr dis-
tortions induced by driver and receiver circuitry. Long &é

. . b=Ha,
guences need to be analyzed for each sensitive channeklincl { a—F(b) (2)
ing multiple aggressor patterns to assess worst-casergzena ’

The most direct simulation approach involves a linear anawhere the linear operat6{ represents the channel, and where
ysis based on convolution, combined with a statistical posthe explicit nonlinear operatof is diagonal.
processing. This technique allows very fast and comprehen-We assume that a Delay-Rational Macromodel (DRM) is
sive analyses. Unfortunately, nonlinear effects of devand available for the channel [5, 4]. In the Laplace-domain, &\ DR
receivers are only approximated, so that the results may nman be expressed as
be fully representative. Alternative approaches basedion d

where the first row represents the convolution betweenigahs
scattering wavea(t) entering the channel and the channel im-
lgjulse response matrk(¢), and second row collects all nonlin-
ar and dynamic equations representing drivers and reseive
or convenience, also the terminations are representdukin t
transient scattering form. Using a more compact operatia-no
tion, we have

rect circuit-based (SPICE) simulations allow direct treant N M S N

of nonlinear transceiver models. In these simulationst- sui HY(s) =Y Qil(s)e™ "™ + D™,

able macromodels of the channel are first identified fronveati m=0 ?)
tabulated scattering responses and then synthesized @& SPI N N, Rixi

compatible netlists. Main drawback of this approach isirnat wl(s) = Z —r

which can be considerable for complex channels. n=1 %~ Pmn

In this work, we propose an alternative approach that is ab\lﬁh erei
to preserve SPICE (or better) accuracy, with dramatic Sgeed oy i are suitable delays, ar@®/(s) are rational coef-
in runtime. The technique we pursue in this work is based %tients. The identification of (3) can be performed from tab-
a two-level Waveform Relaxation (WR) [3, 8, 9, 11, 12, 13], 04 scattering matrix sampl& € CP** avaiable at the
One relaxation loop is based on transverse partitioningedi discrete frequencies;, | — 1 L through Delayed Vec-

at decoupling individual channels though suitable reia_)xat_ tor Fitting (DVF) or the Delayed Sanathanan-Koerner (DSK)
Sources. A sgcond relaxat|or_| loop is _bas_e_d ona Iong'tUd"\?érations, see [5, 4]. Model passivity can also be checkeld e
partitioning, aimed at degoupllng each |n(_j|V|dua| charfrmh enforced [6, 7]. The main advantage of DRM operators is that
its terminations. The basic scheme was first presented jn [10theirtime-domain application can be cast as a delayedsieur
The main contribution of this paper is a new formulation,,nyqution, whose numerical evaluation has a cost thaesca

based on a successive over-relaxation [14, 15]. The new f§zy jinearly with the number of time steps to be computed.[10
mulation is able to fix possible convergence issues of thie basrhus, the time-domain evaluation of the first row in (2) is ex-
scheme through the introduction of an over-relaxationpara tremely efficient.

ter, which is tuned in a preprocessing phase in order to guara

tee the best convergence rate. Although we cannot prove ti#at Inner and Outer Waveform Relaxation

the over-relaxed scheme will be able to guarantee conveegen The main disadvantage of (1) or (2) is that, for each time
in the general case, we show its practical effectivenesssmt a step, there is an instantaneous coupling between chandel an
of industrial benchmarks. terminations. Within a time-stepping framework, this webul

,j denote a particular element of the scattering transfer
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Figure 1: Spectral radius of operal®y forZ = 2, 4, oo plotted

versus frequency for Cases A and B. ) ) i
Convergence of inner and outer loops is detected by monitor-

ing the respective residual norms

require the concurrent solution of the fully-coupled chalrio- £(u,v) la,., —a n 6)
gether with its terminations using a nonlinear solver. Tikis ' for T
what standard SPICE solvers do. We use a completely differen 61, L) = llapz, —au-11,l- (")

approach here. Our unknowns are vectors collecting all imghen below a prescribed tolerancethese norms are used as
samples of all port variables, rather than individual tiraens  stopping conditions for the iterations.
ples. These unknowns are computed collectively through an A more formal convergence analysis can be performed in the
iterative scheme that refines an initial estimate via a Wavef frequency domain by assuming linear terminations withipass
Relaxation (WR) approach. scattering matrix", such that|T'D|| < 1. In this case, the
We start by reviewing the two-level WR scheme presentegberator mapping one iteration onto the next can be explicit
in [10]. A first level exploits a decoupling process betweegonstructed as
different channels, by decomposing the channel operator as T
H = D + C, whereD collects all transfer matrix entries rep- Pr=P+ (D) (I-P), (8)
resenting direct transmission and reflection coefficieatglC  with P = limz_, ., Pz = (I— FD)—l (T'C) and where for
collects all near and far end crosstalks. Atransversetjpanitig  simplicity a constant numbér of inner iterations are assumed,
and “outer” relaxation loop with indey is obtained by delay- independently on the outer iteratipn Under such hypothesis,
ing the application of the coupling operatoby one iteration. the error of the iterative solution at the outer iteratiorwith

This can be expressed as respect to the exact solution reads
K
{ b,=Da,+0,_1, 0,1 =Ca, (4) Ex1=Ax1 — Aexact = —P7 Aexact - )
a, = F (by) As aresult, a necessary and sufficient condition for corarrg
is the unitary boundedness of the spectral radius of thatiter

to be solved fo, = 1,2,... with a suitable initial condition,
e.g. 6 = 0. The evalyatlon of thg relaxation sourg_, o { P} < 1, (10)
is performed via recursive convolutions. The above outer re )
laxation is motivated by the small correction that is expdct Which must hold for all frequencies. .
at each iteration as an effect of the inter-channel Coupﬁhg Two industrial benchmarks will be used to illustrate the—pro
which for a well-designed link are small. This conditionslb Posed WR schemes. Case "A” is a fully-coupled 18-port chan-
also ensure fast convergence of the WR iterations. nel prOViding the electrical link between CPU and an IO card.
A second “inner” relaxation loop is also introduced in ordefc@s€ "B is a similar 18-port channel connecting two boards
to avoid the concurrent solution of individual (decoupleln-  through a connector. Both cases are courtesy of IBM. Figure 1
nels and their terminations. A longitudinal partition igplipd ~ '€POrts the frequency-dependent spectral radius of iberap-
in order to separate channels from terminations, and poit va€ratorPz for the two cases. We see that case A is expected to
able estimates are refined through a longitudinal relamatith ~ CONVerge, since condition (10) holds. Case B s insteadaege
index v, whereas channel and termination equations perforfi Nave problems, since there are some frequencies for which
updates to the interface variables alternating in timenediy, condition (10) is violated. The results confirm these propos

operator

this can be represented as tions. Figure 2 reports the inner and outer error estimaes (
(7) through iterations (witll = 4) for the two cases. The er-
by, =Da,, 1+6, 1, 5 ror for case A converges below the adopted stopping thrdshol
a,,=F(b.,), () whereas the outer error for case B blows up. For case A, the

transient results are in perfect agreement with SPICE,as3Fi
to be solved for any fixed for v = 1,...,Z, with a suitable shows. However, a 1000-bit SPICE simulation requires about
initial condition, e.g., the available solution estimatei@vious 23 minutes, whereas the same deck is solved by WR in only 31
transverse relaxation stéeg, o = a,,—1,7,_,. Further details on seconds, with @4 x speedup. No validation is possible for case
this scheme, denoted as WR-LPTP (Waveform Relaxation v since the transient waveforms are not even bounded throug
Longitudinal and Transverse Partitioning) are availablplD]. iterations.



Figure 4: Graphical illustration of terminated channeftfland WR-SOR partitioning scheme. Dark (light) gray bodesote
outer (inner) relaxation sources, respectively.

4 Successive Over-Relaxation overhead both in computation and storage. The scheme is con-
In Section 3, we observed that there may be cases wheistent, since setting — oo leads to the original system (2).

the standard WR-LPTP algorithm does not converge, since theAt any outer iteration, the actual solution is performed by

spectral radius of the iteration operator exceeds one and capplying a second level of (longitudinal) partitioning fasthe

dition (10) does not hold. We now construct a new relaxatioW/R-LPTP scheme, with suitable relaxation sources and inner

scheme that overcomes these difficulties. This new algurithiteration indexv. The resulting WR-SOR scheme reads

is denoted as WR-SOR and uses a Successive Over-Relaxation

technique, as described in [14, 15]. { buy=Day,-1+0,-1, (15)
The starting point is system (2), where operatpiis split A = F (bpv) + @urs
into its (block-) diagonal parP and remainde€ The right panel of Fig. 4 provides a graphical illustratidritis
scheme. At the initialization stage= 0 we set

{bDaCa =0 (11)

a— F(b) =0.

6, =0
. . : { po =FI(0). (16)

We multiply both equations by an over-relaxation parameter 0
(to be determined) and we adtl — Da) and(a — F (b)) t0  The convergence of inner and outer loops is detected as for
both sides of first and second equation, respectively, oib@i  the WR-LPTP algorithm, by monitoring the respective realdu

norm estimateg,, , andd,, as in (6)—(7).
(12) The convergence of the WR-SOR scheme can be assessed by

a frequency-domain analysis as for the WR-LPTP scheme. The
Rearranging the various terms and introducing the outaxrel r€sulting expression for the iteration operator is
ation indexu, we obtain

{ bﬂ :Dau—i—Bu_l
a, = ‘F(blt) + Lp;t—l ’

nb—nDa —nCa+b—Da =b-—"Da
na —nF (b) +a — F (b) =a—F(b).

Pr,=1-1 {I - (I‘D)I} (I1-P). 17)
(13) " The error of the iterative solution with respect to the exadt-

tion can also be formally computed as
whered,, and¢y,, are the outer relaxation sources, defined as

{ Z“ 8 _ Zg EZ“ _Z])_-Gz‘é) )J; 7.7&1“ ’ (14)  Therefore, convergence and consistency of the WR-SOR
g g g scheme are guaranteeif...{Pz,} < 1.
System (13) is a generalization of (4), which can be obtained OperatorPz ,, is parameterized by. It is thus possible to
by settingn = 1 in (13)-(14). The introduction of the overre- find a valuen,,; such that the spectral radius Bf; ,, is min-
laxation adds an outer relaxation sougggalso to the equation imized and the convergence rate is optimal. \We first provide
corresponding to the channel terminations, causing agibtgi the feasibility conditions for this optimization. For anyed
frequencyw, let us denote

SIC,I = AIC,I - Aexact = _npgnAexact (18)

o : - A(w) € eig{A(w)} ¢=1,...,P (19)
—— WR-LPTP
Nl \&‘ | the generic eigenvalue of matrix
S0 j A={[r- D) a-p)} (20)
:750.4- E
g oal | such thatz , = I—nA from (17). The WR-SOR scheme will
oz} ] converge if
] L—m@) <1 V. (21)
_Oj , , , , , , , , , ] A straightforward derivation leads to the feasibility cdiah
2 4 6 8 t[1nOS] 12 14 16 18 20
. . 2cos Pg(w
Figure 3: Case A, comparison between WR and SPICE results. 0 <1 < fhnin = 1min W%) (22)
’ q
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