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ABSTRACT

With the growth in chip size and reduction in line
width, delays in driving long lines have become
increasingly important in determining overall c¢hip
level performance. In synchronous systems the
proper distribution of the clock signal is critical
in determining system throughput.. This paper con-
siders the problem of optimally driving clock
lines. A general delay model is developed and
applied to a clock tree where the path distances
from the root mnode to each of the leaf nodes are
all equal. This strategy reduces clock skew and
increases clock rates, A tree delay model is
developed and ig used to determine the optimal
number and placement of buffers within the tree sec
that the clock delay is minimized. An example of a
clock tree driving a synchronous crossbar network
is provided, and minimum delay and corresponding
number of buffers are indicated as s function of
the minjmum line width and network size. For a
64*%64 network this minimization technique yielded
an order of magnitude delay reduction over standard
single exponential buffer usage.

1.0 Introduction:

Developments in VLSI fgbrication technology
have rapidly increased the size of chips as well as
reduced minimum line width. As this continues,
delay in control and data lines is becowming criti=~
cal in designing high performance systems [SINHS2,
CART84]. Driving long lines can be especially acute
in globally synchronized clocked systems. Two such
systems whose clock distribution properties have
been analyzed are discussed im FISH83 and WANNS3,
These studies indicate a close relationship between
delays in clock lines and system performance (data
rate). To reduce clock skew the clock distribution
often takes the form of a H~tree [WANNS3]; Kung
[RUNGB2] has shgvu that the delay in a full H-tree
increases as O(N”) vhere N is the network size.
This paper presents a technique for minimizing
delays in clock trees. The procedure is based on
the sectioning and inserting of buffers in the
clock line to minimize the propagation deley, and
yields the number of buffers, their positiom and

* This research has been sponsored in part by
funding from ONR Contract NOO014-8D—C-0761 and NEF
Grant MC5-78-20731.

size, In a 64*64 crossbar network example an order
of magnitude reduction in the clock distributiom
delay is obtained over the simgle optimum exponen-
tial buffer case.

The propsgation delay along a single section
of a line is first modeled by a buffer driving a
line and a load. The section delay is minimized,
and the total line is thenm divided into a pumber of
sections such that the total line delay is mini-
mized. This technique is then applied to a clock
tree, which is first reduced to a sipgle electri-
cally equivaleat line by repeatedly folding the
tree. The pumber of buffers, their position and.
size that minimize the delay are obtained for the
folded clock tree. These folded line parameters are
mapped back into equivalent parameters for the
unfelded clock tree preserving the minimum delay.

2.0 Delay Model of g Sectiom:

The basic circuit comfigeuration is showm in
Figure la and consists of (a) a source which is an
NMOS transistor with pullup to pulldown ratic of k,
a gate capacitance of € g+ and a pulldown resis-
tance of R, ; (b) & line of® total length L with
diq;rihuteﬁ resistance and capacitance lumped into
values B; and Cp; and (c) an NMOS transistor load .
with a gate capacitance of € 1 The inductance of
the line is neglected and it if assumed that the
width and material of the 1line are uniform and
fixed,

In general k is greater tham 1 and hence the
largest propsgation delay occurs when point P, is
charged to the power supply voltage. In this
analysis the worst case pullup delay will be used,
although if superbuffers were used the smaller
pulldown delay would be appropriate. (It is also
pessible to employ the pair delay). The line is
modeled by a series resistor and shunt capacitor.
The load (gate capacitamce of the next transistor)
is in parallel with the line capacitance.

The complete delay model for a section is
shown in Figure lb. The signal propagation time
from point Pl to point P3, defined as the product
of the equivalent resistance and capacitance of the
section, is given by

d! = (k*Rg' + RI-)*(CSI + CL)
= K*R *(Cyy + CL) + Rp*Cp + Ry*Cyy N

The first term is the delay in driving the
line and load transistor capacitances by the source



transistor. The second and third terms represgent
the delays involved in driving the line and load
capacitances, (CL and C 1) by the line resistance
(RL)' For a given L, Eince the width and material
of the line are fixed, these two terms camnot be
reduced any further. For a long line, C, will be
large and the delay associated with the first term
can be wminimized by using a technique proposed by
[JAEG75]. A series of buffers starting with a
pinimum size buffer and expomentially increasing in
size is used (Figure 2). The delay d; in driving a
capacitance C is then given by

dC = k*tau*e*ln(clcgs) (2)

where tau is the product of the resistance R  and
capacitance C, of a minimum gize tranmsistor,

This technique is applied to the section in
Figure la for driving the capacitance (A cgl)
giving the minimized section delay as

d, = k*tau*e*ln{(ch+cgl)lcgs} + xL*cL+RL*Cg1 (3

Consider a lime of total 1lemgth L° with «x
indicating distance along the line, 0 <= x <= L°,
Let R(x) and C(x) describe the variations of the
resistance and capacitance. The line is divided
into n sections with the position of the end of
section i given by L., i=l,..,n (Figure 3). Notice
that the load tramsisfor of section i is also the
source tramsistor for section (i+l) and Ly = 0. The
delay d; in section i is givem by )

4 = k¥taure*1al{C(Ly)-C(L; )40, ¢5,)H/Cpq:) +

[R(Li)-a(Li-l)]*ch(i*l)' i.-l,..,n (4)

The total line delay, defined as the sum of the
individual delays in all the sectioms, is given by:

o
d = . (k*tau*e*ln[{C(Li)-—C(Li_l)-rcgs(iu)}
1-
Icgs(i'l-l)]) +

(ROL; )-R(L; ) Y P{C(L;)~C(L;_ O} +

i=]
n
- ({R(Li)-n(Li-l)}*ch(i"'l)) (5)

The total delay is seen to be a function of
the lengths of the individual sections as well as

the number of sections. Assume that the number of
sections into which the line is divided is known,
then the partial derivative of ¢ with respect to
L;, i=l,...,n can be determined, set equal to zero,
and the resulting equations solved to obtain L.,
i=l,...,n. Thus, the lengtha of the individual sed-
tions that give the minimum delay can be obtained
for a given value of n. A global minimum is deter-

mined by repeated application of this procees with
varying n.
3.0 Clock Delay in Intercopnection Networks:

Figure 4 shows the structure of an N*N  ayn-

chromously controlled crossbar network built from
2*2 modules [DHARB3]. The analyeis presented here
focuses on minimizing the delay in the clock dis

tributien. As shown in WANNS3, unequal delays in
the clock 1lipe give rise to clock skew, which
reduces the throughput of the network. Using a tree
structure ensures that all clock line lengths are
equal, thus reducing clock skew and inereasing
throughput.

In general, large interconnection networks are
‘built from many chips and the clock distribution
tree consists of a part that resides on the board
containing the chips and distributes the clock to
each individual chip, and a part which distributes

the clock to submodules within a chip, The part of
the tree residing on the board consists of metal
lines having negligible resistance; preliminary

analysis indicestes that the delay in this part of
the tree is small compared to the internal chip
delay and hence can be nueglected., The analysis
presented here is restricted to the clock tree
internal to a chip and to network chips of sizes
NN, ¥ = 2", m an integer.

Figure 4 shows the clock distribution tree for
an 8*8 network. Due to the horizontal and vertical
symmetry, the voltage at all points in the tree
equidistant from the root must be equal at all
times and all such points cen be comnected: without
altering electrical behaviour. Thus, two or more
identical parts of the tree can be folded into one
single structure. Xn doimg so, the resistance of
the folded txee decreases whereas the capacitance
increases by the same factor. The tree for an N*N
network can be reduced to s single line by repeated
folding (Figure 5). The resulting structure has
2a+] sections, with the resistance per unit length
decreasing by a factor of 2 from one section to the
next and the capacitance per unit length increasing
by a factor of 2, Figure 6 shows the variation of

capacitance, resistance and depth of fold with the
length of the line. The depth of fold of a section
of the folded line is defined as the number of sec~
tions of the original tree that were folded to form
the equivalent section of the folded line. Notice
that the depth of fold is constant over a given
section of the folded tree, and increases by a fac-
tor of two from one section to the mext.

While the equations previously developed for
minimizing the delay are easily applied to continu-
ous functions, the minimization procedure becomes
complex and computationally intensive if the
discontinuous functions of Figure 6 are used.
Hence, these functions are approximated by the con-
tinous functions givem below

2 5

by*x ba*x be¥*x
C (x)=a,(e . ~1)+a,(e . -l)+...+a5(e 3 -1) (8)

2 agnt

)+...+c4(1-e ) (9)

2 5

he*x
5

Na(x)-gl*e . *82*!*e . +...+35*:4*e (10)

Once the fabrication parameters are known (e.g.
resistance and capacitance of the line material),
the coefficients (i.e., ai’b"""hi) above can be
found via a computer program.

dgo*x

dl*x
Rh(‘)'cl(l'e )+c2(1-e

hy*x hy¥*x



3.1 Minimization of Clock Line Delay:

In order to apply equatiom (5), the source
capacitances C i’ i=l,....,n have to be obtained.
. Consider the esbllt of incrgﬁsing t%ﬁ value of C .

on the delay of the (i-1)"" and i~ sections, §82
delay in the (i-1)T® section increases because the
capacitance igh this section increases, while the
delay in the i~ section decreases since the buffer
ig larger. Evidently, there is an optimum value
that results in minimum delay. To determine this
optimum value of € si requires the minimization
process to treat C _."as an independent variable.
While this coulﬁ be done in a more general
analysis, in this analysis we aesume that all
buffers in the actual (not folded) clock tree have
& minimum size transistor at their input. lLet the
depth of fold at peint x be N(x). Then in the
folded clock line the input capacitance of a buffer
located at distance x from the root will be
N(x)*C,.

Next consider the effect of dividing the
folded clock line into n sections in the manmer

described in sectionm 2.0, The source capacitance
of the i“" section, ani, is then given by
cgﬂi - N(L1+-..+Li_1)*cm, i-l.-o-’ﬂ (11)
This expression for C gi ¢an mow be subsituted into
(5); the expreasion§ for capacitance, resistance
end depth of fold functions also will be replaced
by their approximste functioms, C, (x), R, (x) and
Na(x) respectively yielding the fipal approxima-
tion to the delay as

n
d= i-l(k*tau*e*ln[{ca(Li) - ca(Li-l) +

Ra(Li-l)*cm}l"a(Li)*cm]) +

n
({Ra(Li) - Ra(Li-l)}*{ca(Li) - ca(L'_l)}) +

i=l "
n
) 1({R3(Li) = B (L )1 (Lo)%cy) (12)
1‘
where L° = L. (13)

From (12) and {13) the positions of the individual
sections L., i=l,...,n that give the minimum delay
can be determined ueing standard continuous func-
tion computer optimization schemes.

Let the resistance per square be denoted by
R o+ and the capacitance per square microm by C, .
r6d typical vaiues of R__ and C,q for a 5 miczon
linewidth NMOS technoiggy ared given in Table 1
[MEADBO]. Let lambda denote the minimm resolu-
tion of the process (minimum line width is
2*lambda). Let the parameters with a superscript
(") indicate the value of the scaled parsmeters.
Then the scaling of the key parameters as lambda
scales from lambda to k _*lambda (k_ < 1) are a3
follows [MEADBO): 8 8

Req 'qu/ks Coq ™ csqlks

Ra” = By

clll’ = ks*cm

Material R c
ohms/sqisre pF/s¢d micron
Metal 0.03 0.00003
Polysilicon 15-100 0.00004
Diffusion 10 0.0001
Table 1

Furthermore, assume that the largest square
chip that can fabricated be with adequate yield,
has a side dimension 1less than or equal to 1.5 cm.
Also asgume that this restriction applies as the
linewidth decreases. Experience obtained from
designing a 2%2 network module {DHAR82] indicates
that for a techmelogy with lambda of 2.5 microns, a
32%32 petwork will occupy a chip area of about 2.25
8q. em. If L, is the length of a square chip occu—
pied by an hR*N network with a line resolution of
lambda, then the length of a aquare chip L h’
occupied by an N“*N” network with 2 linme resolution
of k_*lambda is givem by L = LW % /N,

Next the clock line parameters will be
selected assuming that the fabrication technology
provides only one layer of metal. Clock line rout-
ing will 1likely be laid out ie part on a material
other than metal, In the example presented here,
90% of the clock line is metal and 102 is diffu-
sion.

Consider equation (12} and (13). The functions
ca(x). R _(x) and Na(x) car be determined. Also, Rps
cm and 1L” are known for a particular network size
and lambda. Hence (12) can be minimized to obtain
the minimum delay in the folded clock tree. The
actual minimization of equation (12) was performed
using a program that finds the mipcimem of a non-
linear continuous function constrained with a set
of non-lineer but continuous equality and nomn-
equality relations.

3.2 Minimization Results:

Figures 7 show the variation of capacitance
with length, for various network sizes with lambda
varying from 2.5 to 0.5 microns, The broken lines
are the approximate curves and have been fitted
with an error of less than 1X. Similar curves can
be obtained for the variation of resistance with
length, Figures 8 shows the variation of the depth
of fold with line length,

Figure ¢ shows the variatiom of the line delay
with network size and lembda for the folded clock
tree. Both minimized and unminimized (i.e., a sin-
gle exponential buffer drives the entire folded
line) delays are illustrsted. In section 4.0 it is:
shown that these delays hold for the unfolded clock
tree also. Comparison of the minimized snd unminim-—
ized delays show that there is z substantial reduc-
tion in the line delay due to the minimization
technique. For a network size of 64%64 there is

‘more than an order of magnitude reduction in 6 the

delay. Observe that as the metwork size decreases
and lambda increases, the difference im the mini-
mized and unminimized delay decreases. This can be
explained as follows: The delay ir a line given by
(3) is the sum of (a) delay due to driving the line
cazpacitance by a buffer and (b) delay due to driv-
ing the 1line capacitance by the line resistance.



The first part of tne delay is minimum when the
total line capacitance is driven by one buffer
whereas the second part is minimum when the line is
divided into mumerous small segments and each one
is driven separately. When the network size
decresges and lambda increases, the contribution to
the wnminimized delay due to the second part is
small and hemce there is little or no reduction im
the delay due to minimization. Hence "small" lines
(definition of a small line depends on the lemgth
of the line as well as the resistance and capaci-
tance per unit length of the lime) cam be driven as
8 whole without incurring any significant delay
penalty.,

Figure 10 shows the variation of the pumber of
buffers required to obtain the minimum delay with
lapbda and network size. As the size of the network
increases and lembda decreases, more buffers are
needed to obtain the minimum delay. This is because
the contribution of the product of the resistance
and capacitance to the total unminimized line delay
increases as the network size increases and lambda
decreases. Since this delay term decreases as the
number of buffers increases, the variations shown
in Figure 9 are produced. For the current state of
V1SI technology, only a few buffers would be
required to drive the lonmgest limes in ninimum
time. Of course, more buffers would be needed for
long diffusion or polysilicon lines whose resis-
tance per square is much larger than metal.

4.0 Placement of Buffers:

Starting from the root of the tree of Figure
&4, traverse the tree to each leaf. In doing so,
mark off lengths of L,, L,, ... and from the
root. These are the positions of the buffers.
Number the buffers so that all buffers in a path
from the root to a leaf of the tree that ere at a
distance of Ly from the root are numbered i. Notice
that the number of btuffers as predicted for the

folded clock tree has increased duetﬁo the process

of unfolding the clock tree. The i~ buffer in the
folded clock tree has now been distributed im the
actual clock tree into all buffers that are oum—

bered i. This distribution of a beffer in the

folded tree to that in the unfolded tree takes
place according to the depth of fold functionm. The
input capacitance of each of these distributed
buffers is N times less than the input capacitance

of the buffer in the unfolded tree, where N is tgg-

depth of fold at that point. Consider the i
buffer in the folded tree being distributed in the
a%gve manner in the unfolded tree. The delay in the
it™ gection of the folded tree is given by equation
4, Consider the effect of unfolding the tree on
each term of (4). The capacitance beirg drivem by
each buffer in the unfolded tree decreases by a
factor of N(L,_ ,) while the resistance increases by
the same factSr. The first term of (4) consists of
& ratio of capacitances and since the numerator and
denominator decrease by the same factor, it remains
unchanged in the unfolded tree. The gecovud and
third terms are products of capacitance and resis—
tance which alsc remain the same with gnfolding.
Hence, (4) also gives the delay in the it gection
of the unfolded tree. Since no delay term is
affected by the unfolding, the delay in the
vnfolded tree is equal to the delay in the folded

_ MEADS0 Mead, C. and Conway, L.:

tree and is also the minimum. Figure 11 shows a
folded clock tree and the positions of the buffers
in the actual cleck tree.

5.0 Conclusion:

The delay minimization equations developed im
thisz paper were applied to the case of a binary
tree distributing clock to all sub-modules of an
N*N intercomnection network chip. For N = 64, the
minimiration resulted in more than an order of mag-
nitude reduction in the delay. In order to apply
the analysis of a line to the clock tree structure,
the clock tree was first collapsed to the form of a
single line by making use of its symmetric strue-
ture. The wminimization of delay is achieved by
recognizing that the contribution of the product of
thn resistance and capacitance to the total line
delay increases faster than the line lemgth, Since
the resistance and capacitance of a line are typi-
cally proportional to the linme length, less delay
is encountered if & mumber of smaller length lines
are driven rather than the whole line. For long
lines, the reduction in delay is appreciable. Such
reductions are possible only if the the contribu-
tion of the resistance-capacitance product to the
delay is significant, The minimization technique
gives the number, position and size of the buffers
required to obtain the calculated delay.
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