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In this study, we propose an X-architecture
routing algorithm for a clock network. With the
definition of 16-pattern X-routing for a pair of points,
our algorithm applies these patterns to simplify the
selection of merging segments whereas using the
DME approach and constructs an X-clock tree with
zero skew. An X-flip is employed to shorten the
wire length of each pair of points as possible for
minimal clock delay. Moreover, a wire sizing is
applied to remove snaking wires for saving routing
resource. Experimental results on benchmarks
compared with other algorithms show that our
improvements in terms of clock delay, wire length,
power consumption, and via cost are 16%, 0.8%,
1.5%, and 17.4%, respectively.

Keywords : Nanometer process, X-Architecture, Clock
routing, Clock delay, Clock skew.

[. INTRODUCTION

In synchronous VLSI design, clock routing
dominates chip performance. Wire delay has a
first-order effect on clock routing performance due
to wire lengths increase rapidly with the shrinking
geometry in nanometer scales [1]. Minimal clock
delay and zero skew are two major requirements
for a clock routing. Many techniques were
proposed to treat them carefully. The MMM
(method of means and medians) algorithm [2]
generates a topology by recursively partitioning a
set of sinks into two equal-sized subsets
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downwardly and then connects a centre of mass of
entire set to centers of mass of two subsets
upwardly. The GMA (geometric matching algorithm)
algorithm [3] geometrically matches a set of sinks
and contributes 5-7% less total wire length than
MMM.

Tsay [4] achieved an exact zero skew tree
(ZST). The approach recursively combines pairs of
sub-ZSTs at a tapping point to create an upward
ZST. The location of the tapping point is
determined to achieve zero skew with a condition
ratio x. If 0=x<1, the tapping point is located on a
point along the wiring path between two subtrees. If
x< 0 or x>1, the tapping point is exactly on the root
of one of them and a snaking wire is required for
balancing clock skew. The DME (deferred merge
embedding) algorithm [5] was another popular
method in clock routing field. It generates a ZST
and gets 8-15% wire length reduction over MMM
and GMA. However, all above approaches base on
Manhattan architecture and only deal with
horizontal and vertical wires, such as metal layers 1
and 2 (M1 and M2), on routing space.

Current manufacturing technologies [6] have
the sufficient lithographic considerations and
support routing wires with arbitrary angles,
especially for diagonal wires (£45°) using extra
metal layers 3 and 4 (M3 and M4). Basically,
decreasing the wire length can reduce the wire
delay. The X-architecture [7] wire topology is
defined as the combination of diagonal, horizontal,
and vertical wires and contributes improvements of
10%, 20%, 30%, and 20% in terms of chip
performance, power consumption, die cost, and
wire length, respectively.

Figure 1 shows the potential of saving wire
length based on X-architecture. A dotted wire
connecting two points s; and s,, has an arbitrary
angle q with x- aX|s and its Euclidean distance is L =
[(x1- xz) +(y1- y2) ] . The wire connecting two points
based on Manhattan architecture with length
Ly=L(sina+cosa) is shown in Fig. 1(a). In general,
Ly=4L/mmr = 1.27L on average. Figure 1(b) shows a
wire based on X-architecture and its wire length is
Lx=L(0.41sina+cosa). Basically, Lx = 1.055L on
average. Obviously, the X-architecture contributes
the shorter wire length than that of the Manhattan
architecture.

) s,
(X, Y2) ¢ Metal 2 (Xp Yz) Metal2 ~ Metal 4
S Metal 1 s L 5 —— Metal 1 / Metal 3
1 B v 1
X3y e 0 Y1) /Py

#Via=1 Ot
(a) (b)

Fig. 1 The wires connecting two points are based on (a)
manhattan and (b) X architectures.



The X-architecture shortens the wire length
dramatically, but it may generate more vias than
that of the Manhattan architecture. As shown in Fig.
1, the X-architecture requires two vias at the
bending point Pg while the Manhattan architecture
needs just one. Shen et al. [8] proposed a ZST
clock routing algorithm based on X-architecture
and associated with the balanced bipartition
approach and the DME algorithm [5], named as
DME-4. Liquid routing model [7] routes signal wires
with diagonal, horizontal, and vertical directions in a
single layer as long as possible for via minimization,
but it may cause unnecessary detours. Wang and
Mak [9] presented a dynamic programming
approach called node via minimization (NVM) to
optimize via cost for a clock routing tree based on
X-architecture.

In this study, we propose a new X-based
clock routing algorithm that combines the DME
approach and the pattern-matching routing. For a
set of clock sinks (points), the GMA concept is first
adopted to determine each pair of points. With the
given definition of 16 kinds of X-pattern wires for a
pair of points, the algorithm constructs its
parallelogram and merges its segment for
centralizing all of the sinks (points). An X-flip is
employed to shorten the wire length of each pair of
points as possible. Moreover, a wire sizing is
applied to remove all of the snaking wires for
saving routing area. Experimental results on
benchmarks compared with other algorithms show
more improvements in clock delay, wire length,
power consumption, and via cost.

The remainder of this study is organized as
follows. In Section I, we first give the problem
formulation. Section Il introduces the FED delay
model dedicated for estimating the wire delay.
Section IV presents our algorithm. Experimental
results are shown in Section V. Finally, we
conclude this study in Section VI.

II. PROBLEM FORMULATION

Here, we define our X-architecture with the
limitation of +45° routing wires and four metal
layers, M1 and M2 for horizontal and vertical wires,
M3 and M4 for +45° wires. Basically, the
X-architecture wire connecting two points has
many kinds of routing paths. These routing paths
may contain one or two more bending points that
need vias to connect metals in different layers.
Therefore, we use the simplest X-pattern that just
needs a bending point for via cost minimization. We
want to formalize the X-patterns for a pair of points
and let these patterns be a library as parts of our
problem formulation. These X-patterns can help us
to determine the best merging segment for a pair of
points whereas the DME approach is applied.

Firstly, we assume that a pair of points based
on X-architecture will be connected from the start
point, s;, to the end point, s,. Then, the routing area
can be tiled into four zones denoted as LT (left-top),
RT (right-top), LB (left-bottom), and RB
(right-bottom) respectively, as shown in Fig. 2(a).
Therefore, the zone location of each start point can
be obtained through their coordinates. Secondly,
the zone of the start point, s;, is tiled into four
subzones denoted as SLT (sub-LT), SRT (sub-RT),
SLB (sub-LB), and SRB (sub-RB), as shown in Fig.
2(b). The zone location of each end point can also

be obtained. With the relative locations of s; and s,,
there are two kinds of X-pattern wires. As shown in
Fig. 2(c), one is the upper-tiled wire denoted as
PTN_1 and another is the lower-tiled wire denoted
as PTN_2. An illustration is referred in Fig. 2(c), if
the start point, sy, locates on LT of routing area and
the end point, s,, locates on SLB of s;, their
X-pattern will be PTN_2. If the start point, s,
locates on LT of routing area and the end point, s,,
locates on SLT of s, their X-pattern will be PTN_R
which is randomly chosen between PTN_1 and
PTN_2. Table | shows all the cases of X-pattern
wires (i.e., 16-kind of X-patterns) for a pair of
points.

{ Os, .S, Sz ‘ Sz
: : O |
s | PTN_2i 7
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Se O Sg : PTN.1 N
O LT | RT e) SLT A SRT  sLT SRT
LB RB SLB s, SRB  SLB SRB
) is o i i ~
S, iSe S3 ; . PTN_1
s, e} o PTN.2PTN2
o | S,0f ] -40)s,

(a) (b) ©
Fig. 2 (a) A routing area is tiled into four zones, (b) the zone s, is
tiled into four subzones, and (c) X-pattern cases of s;-s,.

Table | 16-kind of X-patterns for a pair of points.

Zone location of Zone location of end point
start point SLT SRT SLB SRB
LT PTN_R PTN_1 PTN_2 PTN_R
RT PTN_1 PTN_R PTN_R PTN_2
LB PTN_2 PTN R PTN R PTN 1
RB PTN_R PTN_2 PTN_1 PTN_R

With the X-architecture clock routing, vias are
required at bending points. NVM [9] defines two
kinds of vias depending on their locations as shown
in Fig. 3. An edge via, EV, is needed when we
route a tree edge. A via which locates on an
internal node or leaf node is defined as a node via,
NV. Reducing the number of vias is also critical in
X-clock routing.

n, A Edgevia E Node via

L = ] /
Metal 3 Metal 4
D]

= o
—— Metal 1 | Metal 2

ig. 3 The definition of via types.

Therefore, the problem of an X-architecture
clock tree construction is defined as follows.

Given a set of n clock sinks, S = {sy, Sy, ..., Sn},
and a set of 16-kind X-pattern wires for a pair of
sinks (points), the objective is to construct a ZST
based on X-architecture with zero skew and
minimum values in terms of clock delay, wire length,
and via cost.

lll. DELAY MODEL

Elmore delay (ED) model [10] is widely used
for the calculation of wire delay in the clock tree
synthesis. A wire with width w and length | can be
modelled as a m-RC circuit. Figure 4 shows a
single wire and its equivalent circuit, where r is the
sheet resistance, c, and c; are the unit area and
fringing capacitances, respectively.

_— cl c,lw — c,lw cl
i L Lwv L L

(a) (b)
Fig. 4 (a) A single wire and (b) its equivalent m-RC model.




Due to the ED model has the overestimated
delay, this model causes limited accuracy in wire
delay. Alternately, the Fitted Elmore delay (FED)
model [11] is more efficient and accurate than the
ED model. The wire delay based on the FED model
with a load capacitance C_ at sink i is denoted as

FED(C,, I, w; ) = r(l, /w,)[0.5(Dc,w; + Ec, I, + FC, || (1)

where the coefficients D, E, and F are obtained by

a curve fitting technique that approximates HSPICE

simulation data. Cq; is defined as the capacitance

of a tree rooted at node i,
C_ifiisasink§;

Cows.i =1 3 [(De,w, +Ec, )l /F +C
JjeT (i)

where T(i) is the set of tree edges at the

downstream of node i. Then, the FED delay from

root to sink k can be calculated by

Delay(k) = 3" r(l,/w,)[0.5(Dc,w, + Ec, ), + FC,,, .| (3)
ieP(k)

where P(k) is the set of tree edges along the path

from root to sink k.

] if iisaninternal node(

load, j

IV. PATTERN-MATCHING-BASED X-CLOCK

ROUTING ALGORITHM

Given a set of sinks S = {sy, S5, ..., Sy}, we
apply DME approach associated with a set of
16-kind of X-patterns for a pair of points to
construct a ZST with minimal clock delay, wire
length, and via cost. Our algorithm called
pattern-matching X-clock routing (PMX) will be
described in the following subsections.

A. Determine Pair of Points in GMA (DPPG)

Since GMA is a bottom-up geometric matching
algorithm for the clock tree construction, it can find
the pair of points which has the shortest distance
from the start point to other end points. The GMA
focuses primarily on path-length balancing and
addresses on clock skew minimization. Thus, we
firstly use GMA to determine pair of points for
minimum total wire length.

B. Choose Proper X-Pattern (CPXP)

To apply our defined X-patterns for a pair of
points determined by DPPG introduced in IV.A, the
routing area is firstly tiled into four zones, LT, RT,
LB, and RB. Then the zone location for each sink
or point can be determined through its coordinate.
With the given set of 16-kind of X-patterns for a pair
of two points referred in Table |, we can choose the
proper X-pattern wires for this pair of points, called
the technique of CPXP.

For a pair of points, s; and s;, shown in Fig. 5,
the start point, s;, locates on LT of routing area and
the end point, s,, locates on SRT of s;, their
X-pattern wire will be PTN_1 denoted as
CPXP(s1,52) = PTN_1. Then we exchange their
roles to get the other proper X-pattern. The start
point, s,, locates on RT of routing area and the end
point, s;, locates on SLB of s,, and its X-pattern will
be PTN_1 or PTN_2 depending the random one,
ie., CPXP(sl,sz) = PTN_R. Finally, the X-pattern
for the pair of points is determined by the
intersection between CPXP(s,,s;) and CPXP(s,,s;).
Figure 5 illustrates the proper X-patterns for the

clock tree which contains 8 sinks, such as,
CPXP(X1,X2) N CPXP(X2,X1)= PTN_1 N PTN_R
= PTN_1 and CPXP(X4,X6) N CPXP(X6,X4) =
PTN._R N PTN_2 = PTN_2. If CPXP(Xs, Xns1) N
CPXP(Xn+1, X,) = PTN_1 N PTN_2, we have to
assign PTN_R to their intersection.

| X2

[ E—
X14
X6 X1 : X1 .
1 X5
LR .
X9 LB 1 # RB .
¥y X15 [ X12
- 1
X4 1 X3 Metal 4
X13 |
I / Metal 3
—s X8
4 I | Metal 2

X10
X7 '
— Metal 1

Fig. 5 The proper X- patterns for the clock tree with 8 sinks.

C. Determine Coordinate of Tapping Point

(DCTP)

The determination of a tapping point P, for a
pair of points is a key part in a ZST construction.
Figure 6(a) shows the X-pattern of a pair of points,
the bending point Pg is on the bend of wires where
two edge vias should be inserted. Figure 6(b) is the
equivalent FED model of Fig. 6(a) for determining
the coordinate of tapping point P, The roots of
subtree; and subtree, are denoted as s; and s,,
respectively. The wire delay is defined as from P; to
a root node. We can use binary search [12] to
determine the zero skew condition, x, and force two
wire delays based on X-architecture, dy(s;, Py and
dy(s2, Py), to be equal. For 0<x<1, we can get P,
that it locates the connecting wire between two
subtrees with zero skew. But, for x<0 or x>1, an
extra snaking wire is added to balance wire delays.

subtree,

I c\oad‘ 1

subtree,

—

—— Metal 1 / Metal 3 9

A EdgeVia #Via=2
(©)]
Fig. 6 (a) The X-pattern for a pair of points and (b) its equivalent
FED model for determining the tapping point P.
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D. Wire Sizing

Adding snaking wires is the normal method for
zero skew during a clock tree construction. Here,
we may size the wires where are attached by
snaking wires to remove the snaking wires and
improve clock delay. It is noted in [13], wire sizing
can release the routing resources occupied by
snaking wires, but it may cause extra power
consumption due to the wider wires. We should
treat them carefully.

For simplicity, we discuss only the case that
x<0, i.e., the zero skew condition of x is smaller
than zero. It means that the clock skew is a
negative value and dy(s;, Py) is larger than dy(s;, Py
as shown in Fig. 6(b). A widen wire can
compensate the clock skew to satisfy the zero



skew constraint. Therefore, w, can be derived

through the following formula.

- 1,(0.5Ec I, + FC_,) (4)
27 (1,/w,)-(0.5Ec,l, + FC_,) +0.5Dc, (I, - 1,)

E. DME-X

A traditional DME algorithm consists of
bottom-up and top-down phases and always
obtains the ZST construction with minimum total
wire length. The bottom-up phase constructs a tree
of wire segments which represent the possible
placement of internal nodes for generating a ZST
and the top-down phase then resolves the exact
locations of all internal nodes in the ZST.

DME-4 [8] constructs a tiled octangular region
(TOR) for each point in bottom-up phase illustrated
in Fig. 7(a), where the radius of a TOR is the
distance between its centre and boundary. The
merging segment of two TORs for a pair of points is
determined as shown in Fig. 7(b). Then, the
top-down phase resolves exact coordinates from
the merging segment to construct the ZST.

TOR
N P
(a) (b) (c)

Fig. 7 (a) The TOR of sy, (b) the merging segment adopted in
DME-4, and (c) the merging segment in DME-X.

Differently from the TOR construction of DME-4,
our DME-X integrates two phases to simplify the
merging-segment phase. In Fig. 7(c), we construct
a parallelogram and assign two opposite acmes as
s; and s, whose interior angels must be 45° with
each other. Two X-pattern wires, PTN_1 and
PTN_2, are easily determined with the identical
wire length and the coordinates of two tapping
points P, and P, can thus be calculated by DCTP(s3,

52).

S

merging segmeﬁ\

F. Power Estimation

In our X-clock routing, the power consumption
is just estimated by charging the equivalent wire
and sink capacitors. The total power consumption
in a clock tree is represented as follows.

Power =" Ciog i FurVis” ©
Ve,

where F. and V4 are the clock frequency and
supplying voltage.

G. X-Flip

While the ZST construction is used for a pair of
two points, its X-pattern may be improved by X-flip
for shortening the wire length. Figure 8 illustrates
the improvement after launching X-flip. As shown in
Fig. 8(a), both tapping points X9 and X9’ were the
candidates of X1 and X2. But X9 was rejected due
to it did not directly match to the proper X-pattern of
X1 and X2. Tapping points X10 and X10’ were in
the same situation. The above two cases resulted
in longer wire length. This disadvantage can be
modified by X-flip to re-evaluate the distance
between two sets of tapping points. After launching

X-flip to shorten wire length, Fig. 8(b) shows the
improvements of 4.9% and 3% in terms of total wire
length and power consumption, respectively, than
that of Fig. 8(a).

X3 "TTs X10 X3 *
X10
X13 e, X » x4
o X10' vy | —
X9 o x13
XJ' X9’ X1 & X9

(a) (b)
Fig. 8 (a) Before and (b) after launching X-flip.

Figure 9 shows our algorithm, called the
pattern-matching-based X-clock routing with X-flip
(PMXF), which combines the above subsections.
The time complexity depends on the set of n clock
sinks and the running time of DPPG(), DCTP(),
CPXP(), X-Flip(), DME-X(), and WireSizing(). Since
the worst running time for the first two sub
procedures is O(logn) and the remains are O(n),
therefore, the time complexity is O(nlogn) or
O(nlog®n).

Input: A set of S sinks and 16-kind of X-patterns for a pair of points
CCj)ul'(put: A ZST based on X-architecture with zero skew and minimal
elay

begin

1 While(|S| > 1)

2 { (s1, S2) = DPPG(S); //Determine a pair of points using GMA
3 Pattern = CPXP(s;, s2)NCPXP(sy, s1); //Choose proper
X-pattern

P; = DCTP(s1, Sz, X); //Find tapping point P; of s; and s,
If(x<0) WireSizing(si, S2); //Adjust w,

If(x>1) WireSizing(sz, s1); //Adjust w;

DME-X(s1, S2, Py, Pattern); //Construct the clock tree
X-Flip(s1, s2); //Reduce wire length

9 Insert(S, Py); //nsertPito S

10}

0 N O OB

end

Fig. 9 The pattern-matching-based X-clock routing algorithm

V. EXPERIMENTAL RESULTS

Our algorithm has been implemented with
C++ and performed on a PC with P4-1.7GHz and
512MB  memory. The 0.13um fabrication
parameters for FED model adopted in DME-4 [8]
and our experiments are shown in Table Il. The
IBM benchmarks [4], r1-r5, are used to evaluated
our algorithm.

Table Il The adopted parameters based on 0.13um process.
D

r 0.623Q/um 1.12673xIn2 Fei | 100MHz |
Ca 0.00598fF/um E 1.10463xIn2 Vad | 1.2V |
C 0.043fF/um F_| 1.04836xIn2

Due to Ilimited experimental results in

literatures [8-9], Table Il shows the comparison of
PMXF, and DME-4 [8] in delay, wire length, and
power. The ratio here is defined as PMXF/DME-4.
From the table, the PMXF has better performance
of 16%, 0.8%, and 1.5% on average in terms of
delay, wire length, and power respectively than that
of the DME-4. Figure 10 shows the X-clock tree
construction of r5 based on the PMXF.

We also compare our wire length and via
costs with NVM [9], even if NVM does not list the
delays and other results. The NVM adopts the ED
model and the unit wire resistance and capacitance
are 0.075Q/um and 0.118fF/um. For fair
comparison, we also implement our algorithm with



the same delay model. As shown in Table IV, the
PMXF performs efficiently on via minimization in
terms of edge via, EV, and node via, NV, than that
of the NVM. The total via cost is reduced up to
17.4% on average.

VI. CONCLUSION

X-architecture has been proven more
effective in terms of wire length and clock delay
than Manhattan architecture. With the above
experimental results, we observe that the DME-4[8]
adopts the balanced bipartition in pair-up
procedure to reduce the wire length and
capacitance variation of merging segments as
possible. Moreover, our proposed algorithm
employs the pattern-matching-based method
associated with X-flip in pair-up procedure to
minimize the delay and wire length and thus
performs well in clock delay, power, and via cost.

In the extended works, we will integrate the
considerations of buffer insertion, crosstalk
reduction, and DFM (design for manufacture) with
the nanometer process into our PMXF.
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mark EV | NV | total via | wire length (um) EV | NV | total via (ratio) wire length (um) | delay (us) | power (W) | runtime (s)
r1 267 | 654 | 832 1486 1200300 509 | 720 1229 (0.827) 1364700 (1.137) | 0.137993 | 0.163641 7.491
r2 598 | 1542|1859 | 3401 2354000 1209 | 1658 | 2867 (0.843) 2788433 (1.185) | 0.320785 | 0.374030 30.144
r3 862 (2232|2689 | 4921 3074900 1658 | 2335 | 3993 (0.811) 3696636 (1.202) | 0.498202 | 0.514669 66.957
r4 1903 | 4723|6046 | 10769 6145000 3712|5200 | 8912 (0.828) 7363705 (1.198) 1.614070 | 1.185089 790.046
r5 3101 | 7863 | 9818 | 17681 9152300 6042 | 8504 | 14546 (0.823) | 10854213 (1.186) | 2.095517 | 1.952519 | 1689.281
Average - (0.826) (1.181)




(145220,145220)

Fig. 10 The clock tree construction of r5 based on PMXF.
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