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Abstract

This paper presents a novel approach to reducieg th
complexity of the transient linear circuit analyfs a hybrid
structured clock network. Topology reduction isffiused to
reduce the complexity of the circuits and a predamtked
Krylov-subspace iterative method is then used téopa the
nodal analysis on the reduced circuits. By prog®wiae of
the simulation time step based on Elmore delay indbde
delay of the clock signal between the clock sowand the
sink node and the skews between the sink nodesbean
obtained efficiently and accurately. Our experiraénesults
show that the proposed algorithm is two orders agnitude
faster than HSPICE without loss of accuracy andbilia
and the maximum error is within 0.4% of the exaetay
time.

1. Introduction

Clock network distributes the clock signal from ttieck
source to the local sink nodes on a chip. The desfghe
clock network determines the clock frequency ané th
behavior of the synchronized circuits on a chip.deep
sub-micron VLSI technology, clock distribution hascome
an increasingly challenging problem for VLSI desigrand
careful design of clock networks is essential
high-performance VLSI circuits.

As the process variation becomes an important faato
the design of clock distribution networks in deep-snicron
technology, the portion of the clock skew introdiid®y the
process variations on the wire width and the clbcifer
size can no longer be ignored. Hybrid structureat t
consists of both tree and mesh structures are tolEant of
process variations. Another major advantage of idybr
structured topologies is that even very non-unifdoad
distributions have very small impacts on the losledw so
that changes in clock loads or locations causke lthange
on clock timing. As a result, retuning of the grdres is
rarely necessary [9]. Grid based hybrid structuobock
networks are becoming more widely used in the togpl
design of clock networks. However, compared witeetr
structured clock networks, a hybrid structured kloetwork
that consists of both tree and mesh is more diffiéor
timing analysis and optimization. The root of tlenplexity
stems from the more complicated topology as more

in

interconnects are present at cross nodes and e riargber
of loops exist, which makes traditional analysisthod
inefficient.

As the clock frequency climbs to GHz range, the
inductance effect can no longer be ignored espgaidien
the chip has faster on-chip rise times and longsirassion
wire length. High order RLCM circuits are typicallged by
analysis tools to obtain better accuracy. With VLSI
integration toward system on a chip and shrinkiegtdre
size, the complexities of clock networks due toraoted
parasitics become too large to be analyzed effigicloy
current transistor-level SPICE-like simulation ol A fast
yet accurate analysis method using high order mfmtehe
hybrid structured topology is urgently needed fo tlesign,
analysis and optimization of high-performance clock
networks.

Grid based or hybrid structured clock network degij
[11] use the Elmore delay model for meshes to ¢aieu
delay and skew. EImore delay model is widely useddst
delay approximation. One shortcoming of this madehat
it does not include the inductive effects and frst order
moment approximation. Higher order propagation yela
can be obtained through moment matching methods &sic
AWE [3], PRIMA [4], Multi-node Moment Matching [5].
But they are efficient only when used to handlettke and
tree-like topologies. The path tracing algorithnhieh is
linear and is the core of the Rapid Interconnectl&ator
[6], is responsible for efficiency of methods in [4] [5].
Those methods, however, become less efficient r@sici
matrices with coupling loops require more (at least
super-linear) CPU time to solve. Therefore, a fast
accurate algorithm for the timing analysis of thgbiid
structured clock networks is still urgently needéat
topology design and post-design verification.

In this paper, we propose an efficient method rialyze
the mesh-tree (hybrid) structured clock networksocic
networks modeled as RLC circuits are used in outhate
for high accuracy. Since the problem size is vargé for
real designs, we use a divide-and-conquer scheme to
perform the complexity reduction. The resultingaaithm
can give faster yet more accurate results for lybri
structured clock network over existing methods.

There are many underlying tree structured wiresedri
by the overlying mesh, each tree branch structare le
reduced into a transient circuit source with aniejant
conductor. Also, the nodes on the mesh structust ju



connecting to resistors and inductors can alsarbplified.
The use of lumped transmission RLC models incretises
problem complexity. But the RLC chains originatenfrthe
lumped transmission model can also be simplified vi
topology reduction.

After the order reduction based on topology issteid,
the system equations formulated by Nodal Analybig)(
are solved by a preconditioned Krylov-subspaceatives
method [7], which shows an almost linear perforneaimc
practice. With the simulation results, the delaynei

between the source and sink nodes can be obtaiped b

interpolation. Since the delay times of the sinke®span a
small period in the transient waveforms, we carthier
decrease the steps to get better simulation relkatied on
Elmore delay estimation for simulation intervals.
Experiments show that our method is two orders of
magnitude faster than Hspice without introducingy an
significant error.

We organize this paper as follows: Section 2 presidur
simulation model and the formulation of Nodal Arggyin
the time domain. Section 3 presents the detailedlysis of
the structure reduction via equivalent circuit mo&ection
4 describes the delay analysis through hierarchical
simulation step tuning. The overall algorithm isaabiven
in this section. At the end of this paper, experiml
results and conclusion are proposed.

2. Description of the Simulation M odel

2.1 Hybrid Sructured Clock Network

Our topology is a tree-mesh-tree hybrid structina is
very suitable in SOC technology [8].

In our simplified topology for timing analysis, dock
source, which is treated as a voltage source insigat
simulation, drives a global H or X tree that inrtudirectly
drives the mesh structure. And the local treegdrget the
clock signal from the mesh structure and transhatdignal
to the sink nodes. Figure 1 shows the hybrid cktolcture
that we use in our analysis and simulation [8].
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2.2 RLC Simulation Model

We use the RLC model to describe the electromagneti
behavior of clock networks. The distributed trarssiaon
wire between any two nodes are modeled as a cHain o
connected resistors and inductors with capacitetsvéen
the wire and ground as shown in Figure 2 wherentlash
structure consists of both R and L, C parametermeffl
wires.

Fig. 2 Mesh Structure in Hybrid Structured Clock Network

Also, the wires in the tree structures are also etextl as
RLC circuits just like the wires in the mesh stures
which is shown in Figure 3 below:
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Fig3 Tree structure in Clock
MNetwork
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In order to efficiently simulate the timing chatexistic
of each wire, we further divide each wire into saldrRLC
sections to get a lumped transmission line modiglurg 4
shows the lumped transmission line model [10]. We
incorporate the lumped transmission line modelingour
test case generations.

Fig 4 Transmission Line interconnect model

In our model, the bottom local tree structures esist at
any inner nodes of the mesh networks and the triassm
line inner nodes. The positions of tree roots, depths of
trees and the branch numbers are randomly generated

Similar to models proposed before, we only consttier
load capacitance in the sink node since the loaibteace
of the clock pin of MOSFETs is very large. The wol
model for the clock networks is adequate and ateura

2.3 Nodal Analysisfor General RLC circuits

Modified Nodal Analysis provides a good solutiorr fo



general circuits. However, it may lead to circuiatntes
that are non-symmetric positive definite, which ntause
the iterative method to converge slowly. As a resu use
the nodal analysis to avoid the problem. The veltsgurce
at the clock sources can also be modeled as clgoemntes
to avoid the introduction of extra current variable

We first transform the differential equations into
algebraic equations by using trapezoidal differeme¢hod:
Supposéh be the analysis time step.
finite difference equation will have

| ZCV .o

ck+l = h c,k+l (

(1)

denote the branch voltage and

V, ck + Ick)l
Where Vck’ Ic,k’Vc,k+1’ c,k+1
branch current of the capacitor on step k and &tep
respectively andC is the value of the capacitor. Similarly
the current through an inductbrat stegk+1 is:
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Fig. & Linear Model of L and C Component
The companion models of L and C component is shiown
Figure 5 where G,G_ stand for £ h respectively; IS
h'a

IS, stand for @V +l; and GeV ;+l ; in (1) and (2)
respectively.

After replacing all the capacitances and inductanoe
the network with their companion models, we ob&ijoure
resistor equivalent network. Once the topologyhef tlock

network and parameters of its components are given,

resistors in the equivalent network remain the sameny
analysis time point under the fixed time step, otig
equivalent current sources in the network change fiime
to time.

The equivalent resistor network can be describethby
Nodal Analysis equation below:

GV, =1S, 3) g, = Z 9 4

j=1,j#i
Here Gy, is an x n symmetrical matrix with element, g
(i#) stands for the conductance between node i avid js
the vector of node voltage at time point t,' IS the current
vector at time point with each element standing for the
equivalent current that flows from a node to theugd.

3. Sructure Complexity Reduction

The biggest difficulty in performing nodal analysit a
RLC modeled clock network is its huge circuit mafsize.
Reduced order transfer function methods can siamfly
reduce the order of the problem but itself is asdme
intensive algorithm. We want to demonstrate thabubh
structure or topology complexity reduction, we calso

reduce circuit complexity while such reduction imgle
and easy for implementation.

3.1 Reductions of Series or Parallel Connected
Elements

Circuits that have parallel or series connectednetds
named type 1 and 2 in Figure 6 can be simplified to

For capacitors, this equivalent one via simple algebraic operations(€3) and

type 1 and type 2 circuits can also change backantid by
().

Ge =G1+G2,l. =11+1 2 (5)
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3.2 Simplification of Tree Structures

In order to simplify the tree structures at thettot of
the whole topology, equivalent conductance and ectirr
source of the tree must be computed first. Bechumeches
would have the same parent node (the number adreilit
has is called its degree), we must start at theotoof the
tree. We reduce leaf branches first (node with eled).
Once a branch has been reduced, we subtract ientpar
node’s degree by 1, and add address informatioitsof
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Fig. 6 Type 2
Three Typas of G
Equivalent G ! |::> —/\/\/\,—G—
Circuits
Type 3

parent node into a root chain while coefficient®imation
of this branch is added into a branch chain. Thersearch
the new root chain made to find whether new lealeso
exist. If they do, we repeat this process untilnaa leaf
nodes can be found. When the tree is reduced ctehple
we obtain the equivalent conductance of the. trégure 7
shows how to simplify a branch. In Eq. (8) i€ used in
succeeding simplification process as;, GG,...G¢ ‘s
appearance in Figure 7.

G = ZG Gmdde-q@m“ G

+
If We store coefficients in (9) durlng the reduatio
process, the total current of a tree can be expdeby a

QQJ nmdde (8)




linear
inductances:
1 1
a=G [d,b=1-a,c=G_[&,d= e= ©)
M GHtGum G tGicse

Now we have branch chains we have made during the

reduction process that have recorded all the irdgion of
branches from the bottom of the tree to the roct. We
them to compute the linear combination like thisstf the
equivalent current of each branch is computed, themdd
them to their parent nodes. When we reach the érbeo
branch chain, the total current of the tree is iokth

Equations below can be proved using equivalentitgén

Figure 7,

Fig. 7 Simplify a
Branch
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Here fbonom I middier Itopstand for the equivalent current of
the bottom, middle, and top nodes in a branghy.is the
current absorbed by cell block at time poingatb, ¢ are
defined in (7), 1§, 1S are the currents of inductance and
capacitance. Details of these formulas are showFigare
7. Here we store'hiom, I'misaie Of €ach branch in order to
recover the voltage of the tree noo‘gp\lvill be added into
current of the top node later.

After reducing all the tree nodes in the netwohe size
of linear equation set is reduced. By solving thewn
equation set, the root node’s voltage is known.nTive can
compute voltages of internal nodes in the tree ftioenroot
down to the tree bottom along the branch chainrselg.
Suppose we get the voltage value of the top noda in
branch, then the voltage of the middle and theonothode
can be computed using (13) and (14)

13)

t - t t
V middle = € WViop ~ el middie

(14)

t — t t t
Vipottom = @ D/middle +d I L~ Ibottom)

3.3 Reduction of R-L Nodes

The node just connecting to a conductor and anctodu
is called RL node. All the RL nodes also can baiced to
further reduce the size of equation set. Currentheke
branches can be treated as a source flowing framdg to

combination of currents on capacitances and L node directly as shown in Figure 8. Because tlmmber

of the RL nodes can be up to the half of the totethber of
mesh nodes, even if the overall topology contaiodrae
structures, the dimension of equations can be estixy
half by the structure reduction.

LM el

RLN- sl j f :
E:) m Fig. & Simplify a RL

Node
When backing solve the voltage of the RL node, ae c
use formula (15):

I'.-‘\lu-::h_

VRLnode manode"'nwLnode ODS_ 15)
wherem, n, o in (15) are computed and stored using (16)
during the reduction process.

m=0[G,n=1-m,0= (16)

+G,

34 Reduction of Transmission RLC Chains

The presence of lumped RLC chains in our topolagy f
clock network is coming from the transmission limedel
as has been used in [10]. Each wire of trees ohewess
divided into several RLC sections modeled as a Rh&in
circuit.

In this subsection, we show how a RLC chain circait
be further reduced by an equivalent circuit congjsiof
only the cross nodes. This is done by repeatedly
transforming a¥Y model circuit to am model circuit as

shown in Fig. 9:

Fig.9.Y model circuit ton model cwcun
In Fig. 9, E, and E, are the currents inflowing into

Ib

node @ and nodeb respectively, and the corresponding
arrowheads show the current directions. To comjplge
equivalent currents and resistances shown in gie-hand
side of Fig. 9, we first look at nod@& and we have:

L Ve = RU(E,—1,) +R, (B, + 1 + 5850 41,
= (R+R+22)E, +RI +RI, +2V, R, - 221,

We define the following equivalent resistors:

r -RR*RR*RR  (17)
b RC ’

r -RR*RR*RR  (18)
C Rj 1



&:&&+%§+&R.

As a result, we have
[5L_55}{&L,&£J
Re Ry Re R

EoV%e Ve Vo,
Similar result can be obtained for ndale

(19)

" Ry R

£V VeV _[&u_@j_[@_@j
° R, R: Ry Ry Re Ru
We further define the following equivalent currents
=Rl RL - (20)
Ro Ry
| _RL_RL  (21)
*“R R
| =Rl _RL (22)
Re Re

Finally we can represenf, and E, in terms of those
equivalent currents and resistances as follows:

Ea :VbR_dea _%-Flab_lac' (23)
_Va-Y, _V 24)
Eb_ b__b_lab_lbc' (
Ry R

Equations (23) and (24) essentially give us tihemodel
representation of the same circuit as shown in the
right-hand side of Fig. 9.

3.5 Topology Reduction and Reconstruction

First, we suppress all the tree structures as ¢ti@e3.2;
then we reduce all the RL nodes as in SectiontBed) we
repeatedly apply th¥ model tor model transformation as
in Section 3.4 starting from the node at one enith@fchain
until we reach the node at another end of the chisiirer
the topology reduction of the hybrid network, wegeed to
further solve the linear equations (3) of the rexusystem

by preconditioned conjugate gradients methods. [7]
Topology reconstruction does the inverse stepsrAfte

can be obtained by a one-dimensional root findireghmd
such as Brent method or Stephenson method via the
evaluation of the spine after the interpolation.

In order to better tune the simulation step, thimam
delay of the measured nodes, which can be takémeasnd
time for simulation, must be approximately estirdat€his
can be archived by using Elmore delay model as Emo
model gives the upper bound on the worst-case gedjmm
delay for interconnects [11]. As a result, we sylie
maximum Elmore delay into several hundreds or thnds
simulation steps depending on the accuracy needed.

The overall algorithm can be described as follows:

Solver ()

{

capture the maximum Elmore delay
determine the simulation step from maximum delay
build node chain from the net-list file ;
build capacitance and inductance chain ;
build branch and RL node chain ;
simplify tree structure ;
simplify RL nodes;;
simplify transmission RLC chains
build G, matrix ;
while timepoint < simulatetime

refresh current on local trees;

refresh current on RL branch ;

refresh current on Transmission RLC chains

refresh |S,, vector ;

solve (3) using PCG ;

reconstruct volage of Transmission RLC chains

reconstruct voltage of RL nodes;;

reconstruct voltage of tree nodes ;

if all the voltages of sink nodes overpass the
threshold

print the delay time via interpolation

refresh current of inductances;

refresh current of capacitances;

timepoint+=timestep;

voltages at the nodes of the reduced system are }

computedE, and E can then be computed via (23) (24),

the voltages at the intermediate nodes of the cbambe
obtained iteratively by the voltage at one end bé t
reconstructed chain plus the voltage drop on thevatgnt
resistor. Then the voltages at the RL nodes aneé muide
tree structures can be simply computed via equdtién)
and (13) (14).

4. Simulation Time-Sep Tuning

After we finished the structure reduction, a hiehécal
simulation time-step tuning scheme is used to lyetdelay
time between sink nodes. By cubic spine interpofatihe
ramp response or the step response is plottedy Diate

5. Simulation Result

Our algorithm is implemented in C language. The
number of nodes in our test cases ranges fromus#mal to
0.2 million. Statistics information is shown in Takl. All
the experimental results are obtained on Sun 8yarc
workstation with 4 250 MHz CPUs, 8 GB memory.
Simulation steps are controlled for the desiredueszy. We
analyze the circuit till the delay times of all thimk nodes
are obtained.

From the results, we can clearly see that, thrpestyof
topology reduction all contribute to the speedupheéW no
local trees are present, the speedup is not as Evgases
with many local trees. However, the reduction ofiRides



and RLC chain still lead to a decent speedup.

Note that in order to make a fair comparison, GJ
times listed in Table 1 include the build-up timels as the
topology reduction and matrix building.

is within 0.4% of the given by HSPICE. Note the wecy
can be further improved by decreasing the simulasieps.
It is clear that the proposed method is fast wialso
accurate for hybrid structured clock networks.

The maximum relative error of the 50% delay measure

Table 1 Experiment results of the speed and accuracy

Total Mesh Number HSPICE Solver Speedup Step time Max
Nodes Size of Tree time (sec.) | time (sec.) over relative
Branches HSPICE error
1451 10*10 54 23.49 0.36 65.25 0.1ns 0.37%
2531 16*19 192 50.10 0.16 313.125 0.1ns 0.22%
6561 20*20 400 208.85 1.89 110.50 0.1ns 0.27%
7739 14*13 96 259.74 3.73 69.63 0.1ns 0.37%
19901 100*100 0 2039 49.75 40.98 1ns 0.29%
29021 20*20 306 2159 35.91 60.12 1ns 0.35%
189091 30*30 720 NA 177.10 NA 5ns NA

6. Conclusion and Future work

This paper has proposed an efficient technique for

analysis of hybrid structured clock networks modebes
general RLC networks with tree and meshes in tiomain.
At each time step, after integration approximatibn

Norton-form companion models, we first perform the

topology/structure reduction for many RLC trees, iRides
and transmission RLC chain circuits to reduce cexipes
of the original network. Then precondition conjugat
gradient (PCG) based iterative method is used e gbe
reduced resistor-only networks using nodal
formulation. Experimental results have demonstreteat
the node reduction technique contributes at leastarder
of magnitude speedup over methods without nodectaniu
The resulting new algorithm is two orders of magé
faster than HSPICE at almost no accuracy loss.

The topology reduction is first step toward effitie
extraction of the timing characteristic of clocktwerks.
We are working on topology reduction via hieraraliic
partitioning the mesh network to further increade t
speedup and accuracy of the whole algorithm.
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