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AbstracﬂL ment of the circuit have been avoided by the use of a hierarchical de-

This paper describes a novel methodology to automate the desigamposition approach; we extend here the ideas of [20] from the
of the interconnect distribution for multistage clock circuits. Wesimpler case of single-stage unbuffered clocks to the more general
introduce two key ideas. First, a hierarchical decomposition of themultistage problem. This paper presents an overview of the algo-
layout divides the problem into a set of local Steiner-wired latctrithms and implementation details that support this methodology:;

clusters (to minimize and balance local capacitance) fed globallydditional details may be found in [19].

by a balanced binary tree (to maximize performance). Second, we This paper is organized as follows. The hierarchical decomposi-
recast the global clock distribution problem as a simultaneousion is introduced in Section 2. The overall optimization strategies
optimization of clock topology, clock segment routing, wiresizingfor the global and local portions of this decomposition are outlined
and buffering. The hierarchical decomposition reduces the problenh Sections 3 and 4. The details of the buffer modeling and wiresiz-
complexity and allows use of more aggressive optimizatioihg used in this strategy are given in Sections 5 and 6. The experi-
techniques. Integration of the geometric and electricalmental results of Section 7 clearly show the merits of this approach,

optimizations likewise allows more aggressive performance goalgyhile Section 8 gives our concluding remarks and some suggestions
Experiments with an industrial design comprising over 16,000qr future work.

latches demonstrate the efficiency of the approach: a complete . . .
clock distribution solution met a 200MHz cycle time specification2 Hierarchical Decompaosition
with only 310ps of skew, met strict current density constraints,
exhibited good delay matching across uniform wire width andpol
device variations, and was completed in under 10 CPU hours.

Since the best single stage routing methods require extensive to-
ogy search algorithms [8][9], designs larger than a few thousand
latches remain intractable. Fortunately, the performance of the net-
1 Introduction wprk is dominated by the large dglays near the root of the tree,.and
this allows for a tremendous savings in effort by using a convenient
It has been shown that clock skew can reduce system perfogartitioning of the circuit. It is apparent that the size of the problem
mance by as much as 10% in high speed VLSI designs [1]. Furthedpuld be reduced considerably by largely ignoring the details of the
the delay dominance of the interconnects for modern technologiggaf wiring and concentrating on the longer upper wires of the tree
has put more control of this skew problem into the hands of the phygring optimization. This observation has motivated a hierarchical
ical designer. As such, the convergence upon a good clock circlflecomposition of the problem: a collection of Steiner-wired latch
layout requires tight interaction between the clock circuit synthesisg|usters connected by a balanced wire tree. This decomposition of

placement, and timing analysis steps. Currently, the automation prene circuit and how it fits in the design flow is illustrated in Figure 1.
cess of multistage clock circuit design is divided into two steps; cir-

cuit topology selection with routing [2][4][6,9], followed by a buffer Figure 1. Flow of clock optimization methodology.
insertion and wiresizing step [5][10][11][12]. The first step produc-

es a clock circuit topology with a wire or delay-balanced routing. clustering LaEiCh locations Original

The second step inserts repowering buffers into this large net and {} and capacitanc placement angl
sizes the devices and individual wire segments to satisfy perfor- topology selectio routing files
mance constraints. Although the buffer insertion steps consider de-| pology

lay sensitivities for manufacturability concerns, the routing algo- ; . ) Updated

i : : P o i : routing Steiner point an P

rithms which provide their input circuits do not consider this. As a — p @ placement anl
result, arbitrary topology and routing decisions are made which are| || Wiresizing buffer p&aﬁement. routing files
blind to the needs of the buffering and sizing steps and may seriously _buffer Wire widths.

impact the quality of the results. Further, other manufacturability Insertion

concerns, such as electromigration, have been left unaddressed. Fi-
nally, all of the algorithms for these two-step approaches deal with  girst the latch locations and latch pin capacitances are taken

the circuit in a flat manner. from the placement and routing files of the pre-placed ASIC. The
In this paper, a more complete framework has been developdstches are then clustered into small groups for the local clock signal
which combines the steps of topology selection, routing, wiresizingdistribution. These clusters are passed to the global distribution op-
and buffer insertion. By combining all of these steps together, topotimizer which uses a tightly integrated set of algorithms to construct
ogies can be selected which respect the requirements of the repave global clock tree. These algorithms include topology selection,
ering buffers during the optimization. This permits the investigatiorrouting (Steiner point placement), wiresizing, and buffer insertion.
of physical design solutions which balance the driven loads usinghe placement of the clock objects and the wire width specifications
the interconnect network alone, removing the need for additionadre then passed along as constraints which augment the placement
dummyloading to equalize delays [15][16]. Further, a new wiresiz-and routing files of the design.
ing scheme is introduced to address the concerns of electromigrﬁ- . . . .
tion. Finally, the complexity problems associated with a flat treat3 Global Distribution Optimization

For the optimization of the global distributions, we have adopted
a simulated annealing method similar to [9]. All simulated annealing
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problem formulations may be described in four basic parts: 1) thknowledge of the buffering to be added later. In this work, we
state representation, 2) the move set, 3) the cost function, and 4) ttleoose a compromise: optimize a multistage tree with a fixed buffer
cooling schedule. The annealer vigorously explores complete alteand size configuratiom.e. fixed levels of the tree at which the Stein-
native tree topologies, and invokes deterministic Steiner point placer branch points will be driven by buffers. We refer to this emma

ment techniques to render a complete routing for each visited topadtantbuffer insertion heuristic. The intention is to find a layout that
ogy. Each complete tree is then sized and buffered, as we shall detisfies this configuration well with only minor postprocessing
scribe later in this section, for each annealing perturbation. Theodifications. It should be noted that the problem of selecting the
central idea is to search aggressively for an optimal clock layout, araliffer sizes and insertion points is not addressed in this paper. One
to evaluate each layout after a fast, heuristic sizing and buffering cgbossible approach is to use the algorithm presented in [12] on a
culation. For the global distribution, the state is representecdby a MMM [2] or zero-skew [4, 9] clock tree to estimate the buffer sizes
nary treeas shown in Figure 2. The actual Steiner point locations arand locations, and then use this configuration with the optimization
found by theDeferred Merge Embeddin@®ME) technique of [7].  described here. It is assumed that such decisions will be made by the
Also, snake wirds not included in the routing as its effect is small designer in a clock planning step. Finally, it should be noted that the
and it is unlikely to be used in practice. constant buffer insertion heuristic used here is not an integral part of
the optimization strategy and is adopted in the interest of computa-

Figure 2. Binary tree representation of the state. . -
tional time only.

internal nodes or root\ /central driver This constant buffer insertion configuration method is illustrat-
Steiner points p . ed in Figure 3. First, all tree topology manipulations are made with-
routing out any knowledge of the buffering. This allows a full exploration of
Th \>.<-n > _— branch the geometric design space without being inhibited by the leveliza-
A ~ points tion that buffering inherently introduces. This is actually accom-
plished byerasingall of the buffers in the tree before changing the
) topology and theinserting buffers into the new tree according to
\ the given constant buffer configuration. The tree is then routed from
\ 4, the bottom-up, now accounting for the delay effects of the buffers.
S/\ — rgglﬁr—r;oints ™ clock sites Wire sizes are then selected for the segments to reduce current den-
n sities and interconnect delays without impacting skew.

or leaves

. . Figure 3. Buffer insertion steps.
Each noden, has both a lefl, and a rightr, child as well as a

parent nodg). The other notation adopted here is defined concretely

below:
P(u, v) = set of segments on the path from nad® v
n = a segment on patk(u, v)
In = Manhattan length of segment n
= XXl * Yn =Yl
Tn = subtree driven by segment n
Sy = setof clock sites of subtree n a) Manipulations b) Buffer insertion c) Multistage tree
Cd, = c. + C. = downstream capacitanc§l) performed on step. is routed and
j ] j J single stage tree. wiresized.
n n
tI + tdI +t +td ) )
td =— 1 T For the move set, the fundamental state manipulator is the re-
n 2 connection of a single subtree within the state. This is accomplished
= 0 for clock sites by removing the parent node from the tree graph and reconnecting it
DC to form a different topology. The global optimization cost function
ty = rnl]?n + Cdn% = delay of wire segment n is a weighted sum of figures of merit which includedlierage de-

lay, askewterm, and theotal wire lengttof the global route. These
The delays are computed in a bottom-up mannetdyat any  terms are defined concretely below:
node is theveragenode-to-site path delay fromto any of its sites,

s §,. Since we are interested in zero-skew trees, these path de-  delay = RoCdy+ 1 p|iD€_|_i +cald
lays are often (but not always) all the same. ‘ 0‘ p% Pi gp L2 It

To this point, current methodologies have held buffer insertion grew sum= ‘td +1 —td —t ‘
and wiresizing as strictly postprocessing steps. As it was pointed out i % I rr 2
in [12], the power-delay product of a clock distribution network can 0

be reduced significantly with the insertion of repowering buffers. wirelength = % l;

However, there did not seem to be a great difference between vari- i 0

ous buffer insertion-point and sizing configurations (although this

may change for deep submicron technologies). In short, finding thl%0
Egstggfetge:ﬁs?\ljg(\e/\;itltqstggllti)trt]lgogfrlfgour:r?gggz ifrcr)1r ?o%gsnr:agtetscl)gssrgfy . represent the subtree delays of the left and right children respec-
P P p J tively. The delays, andt, represent the interconnect delays of the

merging this o.ptimization. step With the othe.rs. On the oth.er hand, \'k/ires connecting the left and right subtrees to rniotiieally, these
would be a mistake to simply optimize a single stage without any ’

Here,P is the set of all root-to-site paths in the network and the
t is commonly denoted as node 0. In the skew sum teramd



delays should balance, and their difference should be zero for atbnstant. The local optimization cost function is a weighted sum of
nodes in the design. In cases where the layout is poorly balancetige following terms:
this sum can effectively capture the skew introduced by any and all

nodes in the circuit. load penalty= " EK‘CK - Cfan‘
A modified version of the Lam-Delosme cooling schedule [17] a
is used to control the progression of the state to a good globally op- SKeW penalty= ’ EK(%_ﬁimit)u(Sk_ Simit) (3)

timized solution, and the number of moves performed at each tem-

perature is proportional to the number of objects in the state. Altotal wirelength= g lel + yD(JIK| = 1)

though much care has been taketuttethe schedule to this prob- k Keggk

lem, the parameters found for one design do not vary much for the

other benchmarks. The specific values for the temperatures #rhere,u(x)is the usual Heaviside step functiarfq) = 1if x > 0,
weights are not presented here, but it should be noted that the magid= 0 otherwise)K is the set of all clusters alig is the set obn
emphasis was placed on the wirelength term, and the least emphag@ges in clustek (|e| is the wire length of the connecting edge, as

was on the average delay. computed by the greedy L-flipping algorithm). The first term biases
. . L ) the clustering toward a solution where the average capacitive load-
4 Local Distribution Optimization ing is near some specified fanout tar@t,, The second term limits

The latch clustering ideas from [20] are used for the local distrifh® Size of each cluster so that the intra-cluster skew will remain low
bution of the clock, which are reviewed here briefly for clarity. TofOr €ach local route. Itis important to note that the global optimiza-
find the topology and routing of the local distribution, the Delaunaylion Step will select the tap point to each cluster when the global tree
triangulation is used. The interest in this construction is simply witHS constructed and, consequently, the skew can only be estimated
thenear neighboiinformation that it conveys about objects in a 2D during the clustering step. The tap points are constrained to the latch

space. The intention is to use a Delaunay triangulation to producdfations themselves so the ter, is aworst-caseintra-cluster
graph of nearby clock sites to identify which clock sites are close t§<8W estimate:

one another and can possibly be wired together. The connecting edg- el 0
es will also supply us with a means of estimating the cluster route% =p d 5 egE + CVH (4)
lengths. An example of this is shown in Figure 4 below where a De- elTe, DTK viv, 0

launay triangulation has been constructed from the clock sites of the ) ] - )
Tsay r1 benchmark (a) and the resulting latch clustering is shown in  Equation (4) is the delay found by driving all of the latches in a

(b). cluster through a single segment whose length is equal to the wire
. . . . used by this local route. It is usually very pessimistic in practice, but
Figure 4. The Delaunay triangulation and latch clustering. provides us with a strict upper-bound. The final term in (3) is simply
s i o] the total wirelength of all of the local routes pluseatimateof the
Fo ;;';" A 4 mr global route length. The global estimator part is an empirically de-
DR, e -y [ 1T : rived equation. HerdD is the chip diameter ang  is a constant se-
By T g i R T, S lected to be about 1.2.
o prl w iy, AEE ] B R Y Figure 5. The state representation of the latch clustering.
J et | At L ral | : :
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a) Delaunay triangulation b) latch clustering

As with the global route optimization, simulated annealing is
used to find an optimal local clustering. The state of the local distri- : . - ;
bution is given in Figure 5. We will consider the vertiaess clock a) three clusters wittnedges  b) with routing estimates
sites (latches) and the edgesas possible wire connections. If two .
sites gre to bze connected together, the edge connecting their corg— Buffer MOde“ng
sponding vertices is deemed todwe A cluster can therefore be rep- In this section, the modeling for the repowering buffers is de-
resented by a subgrapgBe(Vc,Ec) whose sites correspond to verti- scribed. The design of the repowering buffer is a pair of series con-
ces,v V. , and connecting wires correspondri@dgese 0 E. .  nected inverters. The first inverter acts as an input stage and cleans
For the sake of minimizing wire, the restriction that cluster subup the risetime of the input signal for the second inverter. Without
graphs will not contain any cycles is imposed. The Steiner wire eshe first inverter, there would be a potential for signal degradation if
timates, shown in Figure 5b, are found by using a greedy version dfie previous stage is heavily loaded. The second stage has been sized
the L-flipping algorithm given in [14]. We have found through ex- (30X minimum transistor width) to drive a typical interconnect net-
perimentation that this algorithm finds routes which are typicallywork on a 1cm chip in a 0.35um process.

30% shorter than a zero-skew route connecting the same points. In this work, we use a linear circuit approximation, similar to

All of the fundamental moves employed to manipulate the statéhat of [18], to model this buffer design: a time-dependent time-de-
exchange a single latch between any two clusters. Whenever a latidyed ramp voltage source with a fixed output impedance. The time
is exchanged, the Steiner wire estimate algorithm is re-run on thgelay and risetime of the ramp voltage source are controlled only by
source and target clusters to assess any change in total wire use gl input signal to the buffer input. The driven interconnects are
capacitive loading. In addition, cluster splitting moves have beemodeled by the admittance approximation technique of O’Brien and
implemented so that the total number of clusters need not remafavarino [13]. In our application, a reduced order circuit (pi-model)



is computed which approximates the response of the complete in- high current carrying wires near the root are widened to reduce cur-
terconnect network with the driven loads. To compute the buffer rent densities while, at the leaves, the currents are low so they are
delays, an equation for the transient response of the linearized buff- set tow,,, to reduce loading and save power. In this work, a special
er model when driving an arbitrary pi-model has been derived. This balanced wiresizing schengadopted which follows this idea. In
parameterized equation is solved by using the Newton-Raphson this scheme, a fixed maximum wire width is selected for the seg-
technique for each buffer in the design. ments that are directly driven by the buffer. Then, where each wire
The accuracy of such linear buffer models and interconnect Splits (Steiner point) as the route progresses to the leaves, the wire
driving-point model has been demonstrated in [18] and [13] re- segment width is reduced by half. This sizing progression contin-
spectively, and we have observed similar results in this work. In ues to the sink pins of the subtree or until the minimum wire width
Section 7, we will investigate how the accumulation of these errors is reached.
over several levels of buffering impacts the final design. In the next The motivation for this sizing is an attempt to equalize the cur-
section, the wiresizing technique used with this buffer modeling is rent densities across the design. As a first order approximation, the

discussed. peak currentiy, through any wire segmenmt, is a function of the
. - . . capacitive load driven by the segmeddi,, and the risetime of the
6 Wiresizing a Multistage Design driving signal (Figure 7). In this diagram, andc,, are the wire re-

Recall that our goal is to wiresize the routed clock layout we sistance and capacitance of the segment computed from the width,
create after each perturbation of the clock topology proposed by the w, the lengthl,, and the height) (assumed to be a constant for all
annealer. Hence, the constraints are not only to handle sizing for interconnects), afiand the bulk resistivityp , and capacitance per
performance and reliability, but also to complete this operation unit area,e , of the interconnect laydy,/dt is the fastest rate of
very quickly. It has been demonstrated in [12] teducingthe de- change of the voltage at noddt may be approximated bydd/2tr
lay sensitivity of a multistage design is often more desirable than (wheretr is the 10% to 50% risetime). The maximum current den-
minimizingit in the interest of wire area (and power). Further, we sity is this peak current divided by the cross-sectional area of the
will show here that such a minimization of sensitivity (and delay) segmentywyh.
may not be possible for some multistage designs. In this section, a2 The loadsCd, in a clock net are wire capacitance dominated
new fast Wil’esizing teChnique useful with multistage clock circuits and are typ|ca||y very |arge in Comparison to the individual seg-

is discussed. ment capacitances, As any path is traversed in such a binary tree
For the single stage designs of [5][10][11], the delay can be from a driver to any pin, the driven load is cut roughly in half at
minimized as the driver output impedanie, is usually small for each branch (or Steiner) point, splitting the driving current equally.
large drivers (~10 Ohms) and the loadi@g, is very large for root With each child segment carrying half of the parent’s current, only
wires. This results in very wide root wires (10X to 200, half the wire width is needed to achieve the same current density as

which have little sensitivity to width variations. For multistage de- the parent segment. In short, this sizing scheme tries to achieve the
signs, however, the repowering buffers are much smaller and, same current density for all of the segments along any driver-to-pin
therefore, have larger output impedances (100 to 500 Ohms). Cou-path. Although this sizing scheme is intended for the equalization
pled with driving smaller loads, such delay minimization algo- of current densities, it is still possible to seek minimum delay sen-
rithms can produce very narrow interconnect wires, with the opti- sitivity. To see this, consider the average root-to-latch delay:

mal wire width near or below,,;,in many cases. Although these _ 0 0
widths are optimal and the design has low delay sensitivity at the td = = g 0 tbuffi + tintiD
nominal point, the design is still susceptible to wire width varia- NS %q 0B(root,s) i OP{root,s) g
tions. This is illustrated in Figure 6.

®)
Figure 6. Effect of width variations on an optimal sizing. _1 E RaCd + 2ip|_iD€Iiw +cd %
| i |
>‘A >~A Ns g%q O Bgoot,s)I ig Pgoot,s)WEjZI *1 1
which includes both buffer and interconnect delalysf{ andtin-
minimum , t)). The notation used here is the same as above with the addition of
optimal B(u,v)which is the set of buffers on the path from nodv. Here
delay atw, width ma | b ~ ’
be less y the buffer delays are modeled by constant output impedeRaes,
thanw. and the interconnect delays are in the usual EImore [3] form. This
min is a lower order approximation when compared to the modeling of
the previous section, but it does capture the dominant behavior of
the circuit. All paths from theoot node to each of the latches in
the design,sJ §, , are considered in this sum. The wire width,

dela

dela

width
variation

| | | | » ! I » i - . o
Wos W W W W' W corresponds to the maximum wire width of the route at the driving
min ° < . min point of each buffer and the wire segments decrease in width as the
] ) paths trace out to their targets. From the derivative of this delay
a) single stage design  b) multistage design with respect tav, the optimal width is:
In these plots, the possible wire widths are plotted collectively 2ip|_ C.
against the total delay of the design (device + interconnect). In this s g i0 Pgoot 9 Ij gs. |
abstraction, the x-axis represents the wire widths for all of the in- , = R ’ l (6)
terconnects in the design ang represents their optimal values. 0 Ij
Therefore, as all of the interconnects deviate from thgselues, g Z Roe ET 2
the total delay increases. st &ji UB(root,s) j i2

In practice, a monotonically decreasing sizing is preferred. The ) o ) . ) ) )
When such an optimal initial width is realizable the design will



have minimum sensitivity, otherwise a larger width must be selecteduster skew + global skew) is less than 50ps for all designs. In all of
and the sizing scheme can only produce a roughly equal distributidhese cases, the designs have been optimized without the use of
current densities along any path. In the next section, the experimesnake wire The small amount of skew introduced by omitting this

tal results will demonstrate the utility of this sizing scheme and thextra wire shows that such detour paths are unnecessary.

buffer modeling in this optimization framework. ) _ o

Figure 7. Estimating the current through an interconnect. 7.2 Tandem vs. Simultaneous Routing and Sizing

p To demonstrate the merits of our new simultaneous application

DCn Dan of the topology search, routing, and wiresizing, the circuits from the

05 + Cdn[& above hierarchical decomposition results have been wiresized using
a single-pass delay optimizer, similar to the one described in [5].
This wiresizing algorithm is not the same as the one presented in

"n

p n ﬁ\ In Section 6, but simply finds a minimum delay wiresizing, without the
c _ﬁf\/m_(;dn electromigration constraints. The same circuits were then re-opti-
_n n mized with this single-pass wiresizing delay optimizer in the inner-
2 T IE I loop of the annealing. A comparison of the results is given below.

- ) Table 2. Comparison of sized solutions.
a) abstraction of a wire b) circuit equivalent of (a)

segment and subtree benchmark tandem simultaneous
. . wire . wire
7 Experimental Results sites l\Qnre area | defay }\éwre area | delay
To investigate the validity of this methodology, the clock opti- (Kum) (Kum?) (ns) | (Kum) (Kum?) (ns)
mization framework and supporting algorithms given above haverT 26 11 153 0.1 117 148 0.12
been implemented in C and were run on several test cases. In Secligh 508 231 268 0.75% 231 242  0.06
7.1, the results from [20] are revisited to demonstrate the advantages 362 294 209 027 297 380 0.09
of the hierarchical decomposition. Then, the merits of our new s r4 1903 594 788 0'77 608 765 0' ;3
multaneous application of the topology search, routing, and wiresiz k :
ing are demonstrated in Section 7.2. Section 7.3 gives a detailed | 2 3103 891 1124 1.3p 9¢5 11p1 1pl

at the new balanced wiresizing scheme and Section 7.4 demonstrates In these results, wire area has been included as it is a good figure

the complete framework on a large multistage ASIC design. of merit when comparing different wiresizing solutions. The skew
results have been omitted as they remain below 50ps in all cases.
7.1 Hierarchical Decomposition First, notice that the wirelength, wire area, and delay results are very

To investigate the validity of the hierarchical decomposition th similar for both the tandem and the simultaneous solution strategies.
9 y P n one case (r2), however, the performance of the tandem solution is

standard set of Tsay benchmarks [4] have been used. Our 'mem'ﬂgarly three times that of its simultaneously solved counterpart.
here is to compare the solutions obtained by splitting the problem thon further inspection, we have found the problem to lie with the

those obtained from fat circuit approach. The optimizer was first lected topology for this circuit. This suggests that performing si-

. ; e
run on the benchmark set to produce flat single stage designs. T . o : ;
same benchmarks were then broken into local and global problen%%}gg:whsi ctr? ‘():(;lr? %3(’: CLOrUhE'?'?engtz;fsngrév'll(le%\t/?s'gpg?g{etopo'Ogy

and solved in tandem by our algorithms. All routes use minimum
wire widths, although wiresizing will be considered in the next secy o

tion. Table 1 shows the difference in wireability and performance Balanced Wiresizing Scheme

between the flat solutions and the split versions. The next experiment will demonstrate the new wiresizing
Table 1. Comparison of flat and split solutions. scheme of Section 6 and validate equation (6). Here, the r2 bench-
mark of Tsay [4] has been selected from the optimized flat circuits
benchmark! flat hierarchical decomy. of Table 1 as an example of a large single stage clock circuit. When
- - applied to this circuit, equation (6) produced an optimal width of
sites (l‘é"&ﬁ) d((re]lsa)y 5(k2‘§" (I\élejrr?w) d(ﬁgy 5(k2‘§" 10.5um for the widest wire segment. Here, the driver impedance is
P P Ro=10 Ohms. The tree was then sized with no lower bound restric-
rl 26 12 1.13 R 11 042 28 tion on the wire widths. Although unrealistic without such a width
r2 598 242 3.28 7 231 1.10 41  restriction, this sizing produces the theoretioaimum delay sen-
r3 862 31 3.7§ 21 294 1.24 46  sitivity circuit. The wires were then resized with a minimum wire
r4 1903 625 14.4 38 596 453 B4  width limit of wy,j, = 1um imposed, which is consistent with the
5 3101 954 26.5 1] 891 8.40 47  technology of this benchmark. Figure 8 compares the total delay of

each circuit (driver + interconnect) as all wire widths are varied from
. . ; - ; %0% to 150% of their nominal values. This plot shows that equation
with the best previously disclosed solutions in [8]EY, the aver- gy joes indeed predict the optimal width for minimum delay sensi-
age wirelength improvement is about 2%. But, the shortest-patfy iy, as well as the impact of the minimum wire width restriction.

wiring used at cluster level in our hierarhical solution saves an aver- . o . . . o
age of 6% over the our best flat solutions. This reduction of leaf wire 1 he Sizeéd circuit with the minimum wire width restriction was

use also reduces the downstream loading capacitance and improfgdracted and simulated with HSPICE and the peak currents and cur-
the performance of the network by more than 3X in most cases. Suffnt densities of the upper 14 wire segments in the tree were mea-
a reduction in delay can reduce the process induced skew. Finala?‘Irecj and are given in Figure 9 (the current density values are in pa-

the sacrifice to the timing is minimal as the skew (worst-case intr ‘éntheses). All current values are in mA and all current densities are
in mA/unY. The original unsized circuit (minimum wire widths for

First, we note that even our flat solutions compare favorabl



all segments) has been included for comparison. These figures cleakew should not be permitted to impact the design by more than 10%
ly show how this sizing scheme equalizes current densities acros$ the cycle time.The circuit was clustered with these fan-out and

the interconnect network.

Figure 8. Delay sensitivity minimization.

1.8r

1.6F

total delay (ns)

minimum delay
L4r sensitivity circuit

With Wyin = 1um
restriction

L L L
1.2 13 1.4

1.1
wiw,

Figure 9. Peak segment currents and current densities.

A 38
(er/umz) (12)

b) minimum wire width design

7.4 Large ASIC design

skew limitations: Gget= S00fF,Sjmit = 50ps. All of the clusters are
routed with wires of minimum width (0.35um) for wireability and
power concerns. The output impedance of the repowering buffers
used gives an optimal maximum wire width of 0.04um for this de-
sign, which is too small to be realized. We know that by selecting
any larger wire width, the delay will only increase and the sensitivity
will be roughly constant across the design space (see Figure 6). As
a result, the maximum wire width for the global interconnects has
been set to 1.4um (4X thatwf,;) to meet the delay target of 5ns.

The resulting layouts of the local and global distribution are giv-
en in Figure 11 and the physical details are summarized in Table 4.
Note that the chip layout is very detailed with 16,818 latches, so only
the lower 1mm X 1mm portion of the latch clustering is shown. The
solve time for this circuit was 1.1 hours for the local distribution and
8.0 hours for the global distribution on an IBM PowerPC 850 run-
ning AlIX 4.1. This circuit was then extracted and simulated using
HSPICE. Both the estimated and simulated performance of the cir-
cuit are given in Table 5.

Table 4. Summary of 16K latch circuit physical design.

tree wirelength (Kum) 521 no. of clusters 1032
tree wire area (Kur) 345|| avg. latches/cluste 16
cluster wirelength (Kum] 1,466 no. of buffer levels 5
total wirelength (Kum) 1,986 no. of buffers B7

Table 5. Summary of 16K latch circuit performance.

| predicted HSPICE
delay (ns) 5.32 4.76
skew (ps) 224 310

Although the actual average root-to-latch delay (measured from
the input of the central driver to the input of the latches) was below
the performance target (5ns), both the actual skew and average rise-
time were higher than expected. Nonetheless, the optimization does
a good job of balancing the buffer loading and delays, resulting in
low predicted and actual skew. Further, the accuracy of the model-
ing is sufficiently good and does not accumulate significant error
over the many stages of this large design.

As a final experiment into the quality of the circuit generated,
we investigate the effect of uniform process variations on the inter-
connect design. If the interconnect distribution has been well de-
signed and balanced, then we should expect that only a small amount
of skew will be introduced when the design is exposed to uniform

A 16,818 latch ASIC design on a 1.2cm X 1.2cm chip has beeRVer- and under-etching. To clarify this, consider the illustration of
obtained from the IBM ASIC foundry of Burlington, VT, and was '0ad and delay matching in Figure 10.
processed by these techniques. Many of the detailed specificatiofggure 10. Delay mismatch due to wire width variation.

of this circuit are regarded as confidential and could not be released.
As a result, the circuit has been cast in a 0.35um technology, giving
each latch an input capacitance between 1fF and®fF (=42 mOhnp
um, e =0.35 fF/urﬁ h = 0.15 um). Realistic circuit performance
specifications were selected for this design and are summarized as.,
follows: K

(]
Table 3. Performance specs for ASIC design. o

design target

200MHz (T =5ns)
500ps

The skew tolerance here stems from the rule of thumb that the

performance
skew tolerance

t‘ skew >

1 1
Ch

tbl [bz 1 I

td, + th? [

A | I I

Cdl Cd2 tdl + tbl I I I
td, +th; td,+ th T T —
1 1 2 2 thin nominal WideCd

a) matching two buffers

b) load line of (a)

In this vertical delay diagram, two identical buffers with differ-



ent subtree load€¢; andCd,) are being matched. In this example,

ble 6.

subtree 1 is larger (in wirelength and wire area) than subtree 2 Blhje 6. Effect of uniform process variations.
they are both routed in such a way as to equalize their total intercon-

nect and buffer delays€ td; +tb; =td, +th,). As a result, any wire
width variations will cause a greater change in the path delay
buffer and subtree Xd; + tb,) then in buffer and subtree @if +

over- under-
of nominal | etched etched E?ctiNP Sé%\g’g
(-0.2um) | (+0.1um)

thy), as illustrated in Figure 10b. A similar argument can be made fdlelay (ns) 476 451 4,99 3.9]] 6.5

device variations (where the output impedance varies instead of
capacitive load), so the minimization of this type of effect is desi
able.

Figure 11. ASIC latch clustering and multistage tree layout.

4

o |

b) cluster sample
(lower left Imm X 1mm corner)

To see the effect of over- and under-etching on the ASIC desig

Red dev. (ps 58 64 55 63 54
Skew (ps) 310 323 305 327 285

For this design, the devices cause more delay variation than the
interconnects. The interconnect-caused delay variations are within
+/- 250ps while the device-caused variation is about an order of
magnitude larger. Nonetheless, the standard deviation and skew
numbers indicate that the distribution of delays does not change
much as the various loads tend to increase or decrease together. This
is a result of both the optimization and wiresizing scheme. The opti-
mizer balances delays by finding similar subtrees for all of the buff-
ers at each stage. This creates interconnect subtrees which are of
similar size across any given buffer level. Further, the wiresizing
scheme tends to create similar segment delays across any level of the
tree by enforcing the same wire width on segments which are of
roughly the same length. Taken together, these properties tend to
make the clock circuit look similar, both geometrically and electri-
cally, along any root-to-latch path. These results demonstrate this
and show the benefits of such a design approach in the face of uni-
form process variations.

8 Conclusions

We have presented a comprehensive clock circuit optimization
framework for ASICs. This approach has been motivated by the
shortcomings of the current multistep design methodology, which
are exhibited when faced with the aggressive performance and man-
ufacturability concerns of modern submicron ASIC technology.
This methodology allows for the simultaneous application of topol-
ogy selection, routing, wiresizing, and buffer insertion algorithms
for the optimization of multistage clock circuits. A hierarchical de-
composition of the circuit has been used to reduce the complexity of
these large multistage ASIC designs. This methodology has been ap-
plied to a realistic ASIC design of 16,818 latches in a 0.35um pro-
cess and has produced a clock distribution with a performance level
over 200MHz and a skew of less than 400ps. Further, these skew re-
sults remain tight under both interconnect and device process varia-
tions. These results were obtained in less than 10hours of CPU time
on an IBM PowerPC 850 and have been verified by HSPICE. In fu-
ture work, we will explore methods for optimization with respect to
cross-chip non-uniform variations. Further, improving the accuracy
of the linearized device models used seems limited. Therefore, an in-
vestigation into either delay look-up tables or an accurate wire and
device sizing postprocessing step is prudent.
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