Global Wire Bus Configuration with Minimum Delay Uncertainty *

Li-Da Huang!, Hung-Ming Chen!, D.F. Wong?
!Department of Computer Sciences, University of Texas at Austin, Austin, TX 78712
2ECE Department, University of Illinois at Urbana-Champaign, Urbana, IL 61801 U.S.A.

Abstract

The gap between the advances and the utilization of the
deep submicron (DSM) technology is increasing as the new
generation of technology is introduced faster than ever. Sig-
nal integrity is one of the most important issues in over-
coming this gap. With the increasing coupling capacitance
between the high aspect ratio wires, the delay uncertainty
is unpredictable in the current design flow. We present an
algorithm to generate the global wire bus configuration with
minimum delay uncertainty under timing constraints. The
timing window information from the timing budget(or spec-
ified in IPs) is integrated with the modern accurate crosstalk
noise models in the proposed algorithm. HSPICE simula-
tions show that the algorithm is very effective and efficient
when compared to the buffer insertion scheme with mini-
mum delay. The standard deviation of the delay obtained
from the Monte-Carlo simulation is improved up to 73%.
This global wire bus configuration can be adopted in early
wire planning to improve the timing closure problem and
increase the accuracy of the timing budget.

1 Introduction

The advancement of the integrated circuit (IC) technology
has been following the Moore’s Law closely in the past few
decades, and introduced a huge value in the electronic mar-
ket. Based on the newly introduced/developed technologies
in the leading foundry [21], the rate of scaling is even faster.
New generation of technology is introduced every two years.
This will lead to billions of transistors integrated on a sin-
gle chip performing different tasks designed in IPs. However,
without carefully designed and verified interconnects to con-
nect these high speed devices, the advantage gained from
DSM technologies can not be converted to profitable prod-
ucts. Signal integrity is one of the most important issues
in the gap between the advances and the utilization of the
modern technologies. To eliminate this gap, the intercon-
nects need to be planned and verified to control the delay
uncertainty and to avoid logic hazards. Hence the design
flow is evolving into interconnect-centric methodology [8],
or introducing a regular interconnect structure [16] to have
a more predictable noise behavior.

Among the signal integrity problems, crosstalk noise is
a particular concern because it can lead to delay and logic
hazards. Noise analysis and avoidance techniques are nec-
essary to control the delay uncertainty on signals and to
reduce the faulty triggers because of the increasing coupling
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capacitance and the reduced noise margin [17]. In the cur-
rent design methodology, most of the analysis is applied in
the late physical design phase because the detailed layout
data can only be gathered at that phase. If there is any
timing violation, the design has to be modified. It is not
rare that the iterations in the design flow can not generate
a reliable design data base. This problem can be solved by
providing a predictable routing source such as global wire
buses.

Buffer insertion is an effective way to improve the delay
on a long wire and to control the crosstalk effect [2, 1], but
only the delay or switching factor is considered in [14]. The
timing window and crosstalk noise are discussed in [23]. Es-
timation of the worst case crosstalk noise by aligning the
aggressor signals is presented in [11, 6]. These methods usu-
ally need iterations to generate the results, and are adopted
in static timing analysis. [3, 7] propose a more accurate
crosstalk noise model that allows more complicated rout-
ing patterns. Recently, there are experimental chips with
built-in measurement circuits to verify the accuracy of these
proposed crosstalk models [4, 5].

In this paper, we will minimize the delay uncertainty
by inserting buffers on a global wire bus under timing con-
straints. The information about timing windows, peak value
of the crosstalk noise, and buffer locations are embedded into
a graph. The best bus configuration is represented as the
shortest path in that graph. The paper is organized as fol-
lows. Section 2 will review the crosstalk induced delay, and
describe the problem formulation. The algorithm of global
wire bus configuration with minimum delay uncertainty will
be presented in section 3. The experimental results are in-
cluded and discussed in section 4. Section 5 will conclude
the paper.

2 Crosstalk Induced Delay and Problem Formulation

Due to the increase in coupling capacitance of overall net
capacitance, the delay of a signal is now a dynamic phe-
nomenon that depends on the activity of nearby signals. The
aggressor signal generates crosstalk noise waveform on the
victim wire. Since the noise waveform is superimposed on
the waveform of the victim signal, the resultant waveform
will reach the threshold of the repeater in different times
depending on the relative switching time of the aggressor
and victim signals. Fig. 1 shows the delay induced by the
crosstalk noise waveform. This crosstalk induced delay is
a complicated function of the peak value of the crosstalk
noise, and the relative timing of the aggressor and victim
signals. Hence it is hard to predict and represents as the
delay uncertainty [15, 13, 10] in the timing of whole circuit.
Global wire bus, which has been provided as a predictable
routing sources in VLSI design, is our focus in this paper.



We show the problem as follows.
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Figure 1: The crosstalk noise waveform is superimposed on
the victim waveform. The resultant waveform will be de-
layed to toggle the threshold of the buffer. The timing
difference between the initial waveform and the resultant
waveform is the crosstalk induced delay.

Problem 2.1 Given a bus containing n wires with different
timing constraints and timing windows of input signals, in-
sert buffers on each wire to meet the timing constraints with
minimum delay uncertainty.

We assume all wires in the same bus will be routed in the
same conducting layer. Therefore, with the timing window
provided or specified by the local blocks, each wire can have
the timing information of its neighbors on both sides. With-
out considering the crosstalk induced delay, the number of
buffers on each wire is within a range for a given timing con-
straint. Once the number of buffers on each wire has been
decided, the configuration of the bus will be fixed. How-
ever, it is not obvious to find out which bus configuration
has the minimum delay uncertainty because of the crosstalk
induced delay. Intuitively, the buffers can be staggered to
relieve the crosstalk by reducing the overlapping length of
two parallel wires. This will increase the number of buffers,
however it is unnecessary to avoid the crosstalk between two
wires if the timing windows are not overlapping. In addi-
tion, the same number of buffers can not be inserted into
every wire if the timing constraint is different on each wire.
Staggered buffer insertion can not both minimize the delay
uncertainty and satisfy all the timing constraints in a given
bus. Furthermore, not all overlapping of two parallel wires
will increase the crosstalk. In [22], a sensitive wire can re-
duce the crosstalk noise by having a slow switching wire as
a neighbor. The slow switching wire becomes a protector
instead of an aggressor. Therefore, the buffer insertion in
a given bus with minimum delay uncertainty is a nontrivial
problem.

2.1 CrossTalk Noise Signature CTNS

To evaluate the crosstalk effect within different timing win-
dows, the crosstalk noise information is presented as a rect-
angular window on the time axis with Vjeqr height, which
can be accurately computed as in [20]. This aggressor in-
troduces the crosstalk noise with Vpeqr on the victim wire,
which is represented as Fig. 2. Note that this representation
is not the waveform of the crosstalk noise, instead it contains
the information about timing of the aggressor and the peak
value of the crosstalk noise. We call this representation the
crosstalk noise signature(CTNS). Fig. 3 has a victim wire
with two wire segments on the aggressor. Each aggressor
wire segment introduces a CTNS. If the width of the ag-
gressor timing window is greater than the shift time(i.e.,
delay) between the two wire segments, the two CT N Ss will
be overlapping on the time axis. We can combine these two
CTNSs into a bigger CTNS. Since the two wire segments
are on the same wire, the occurrence of the crosstalk noise
on the victim wire will not happen at the same time. The
peak value of the crosstalk noise is the maximum of the two
Vpeak value within the overlapping timing window of the
two CTNSs. Therefore, the combined CTNS is actually
the contour of the two overlapping CT N Ss, as in Fig. 4.

Figure 2: The crosstalk noise signature(CTN.S) on a victim
wire segment is defined as a pulse with Vjeqr on time (¢1,12)
from one aggressor wire segment. (t1,%2) is the timing win-
dow of the aggressor signal. Vpeqr is the peak value of the
crosstalk spike on the victim wire.
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Figure 3: Two wire segments on both aggressor wire and
victim wire. The wire segment d on the victim wire is over-
lapping with two aggressor wire segments a and b.
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2.2 Delay Uncertainty Index DUI

After constructing the CT N Ss of all wire segments on the
victim wire as in Fig. 4, the timing window of the input sig-
nal on the victim wire is calculated for each wire segments
on the victim wire. Since the arrival time of the signal in
the later buffer stage equals to the arrival time of the sig-
nal in the previous buffer stage plus the shift time [12], the
timing window of each wire segment on the victim wire is
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Figure 4: Signal on each aggressor wire segment introduces
a CT NS on the victim wire segment d. Because of the delay
on the aggressor wire, the shift time is the timing difference
between both CT N Ss. The combined CT NS on the second
victim wire segment is the contour of both CT N Ss overlap-
ping with each other.

actually the shifted timing window of the input signal. The
shifted timing window on each wire segment forms the mask
of the CT NS on the corresponding wire segment. Only the
portion of the CTNS in the mask will introduce crosstalk
induced delay. In order to simplify the description, we as-
sume the signal on the aggressor is switching in the opposite
direction of the signal on the victim wire. If the mask is over-
lapping with the CT' N S, it is possible that the crosstalk will
introduce delay. The area, A, of the CT NS within the mask
is proportional to the delay uncertainty, since the crosstalk
noise is within the timing window of the signal on the victim
wire as shown in Fig. 6. The masks of the later wire seg-
ments on the victim wire will have a bigger coverage on the
CTNS than the masks on the previous wire segments, as in
Fig. 5. Assuming the arrival time is equally distributed in
the timing window, the area can be weighted with the prob-
ability of both the aggressor and victim signals that are in
the mask range. The delay uncertainty index (DUI) of a
victim wire segment is defined as:

[=4. -t . (1)
tmask tocTNS

The higher value of I means it is more possible that the
crosstalk noise will introduce delay. The DUI of the victim
wire with m wire segments is the sum of the DUIs on all
wire segments.

m—1
L= Y _ I 2)
=0

In the next section, we will propose an algorithm to min-
imize the DUI.
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Figure 5: The mask (timing window) of the later wire seg-
ment on the victim wire has a bigger coverage than the mask
on the previous wire segment.
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Figure 6: The combined CTNS on a victim wire segment
and the mask. The area A in shadow is part of delay uncer-
tainty model.

3 The Algorithm BCMDUI: Bus Configuration with Min-
imum Delay Uncertainty Index

To simplify the presentation, we assume only one kind of
buffer and wire size will be used in minimizing the delay
uncertainty of a given global wire bus. This algorithm can
be easily extended to include any buffer library and wire li-
brary. The bus configuration is defined as the locations of
the inserted buffers. This algorithm will find the bus con-
figuration with the minimum DUT under given timing con-
straints. There are two phases in the proposed algorithm.
The first phase is to find out the number of buffers equally
distributed on each wire of the bus. The second phase is to
search for the best offset of the buffer locations given from
the first phase to further decrease the DUI.

Because each wire has different timing constraints, the
ranges of the buffer numbers are different for each wire.
Given a timing constraint on an unbuffered wire, there ex-
ists several buffer insertion schemes that meet the timing
constraint. Fig. 7 is the simulation result for the equally
distributed buffer insertions on a wire with different lengths.
We can have {2,---,5} buffers on the 20mm wire with the
delay less than 1.8ns. In [1], with only one buffer and one
width of wire in the buffer and wire libraries, the equally
distributed buffer insertion schemes give the minimum El-
more delay with the given buffer numbers. We define the
specifications of a global wire bus as follows:

1. n is the number of the wires on the bus B. w; is the
it" wire of B, 0 < i < n.

2. DT; is the delay timing constraint on w;.
3. tr? is the transition time of the input signal on w;.

4. TW; = {taf,ta} is the timing window for wire ¢ with
tas and tq; being the first arrival time and last arrival
time of input signal on w; respectively.

Given wire w; with the delay timing constraint DT, the
feasible buffer number range(F BN R) R; for w; is {rmin, 'maz }
where rmin < Tmasz, both are non-negative integers. Since
the buffers are equally distributed on w;, the buffer loca-
tions are well defined for a given » € R;. There are r + 1
wire segments on w; separated by r buffers. The transi-
tion time tr] and shift-time st} of j** segment on w; with r
buffers can be calculated as in [12]. Assuming w; and w;+1
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Figure 7: HSPICE simulation results for wires with lengths
ranged from 5mm to 40mm. The buffers are equally dis-
tributed on the wires. Given the timing constraints on a
fixed length wire, the feasible buffer number range(FBNR)
is defined as the numbers of the inserted buffers without
violating the timing constraint.

are next to each other with R; and R;;; as the FBNRs

respectively, the I ((i’?)'l) (defined as the DUI of the w; as

the aggressor, w;+1 as the victim for z € R; and y € Ri+1)
can be calculated according to section 2. The I((;'j'ml)’i) for
w;+1 as the aggressor and w; as the victim can be obtained
likewise. Then I(¢,3+1)(,,,), which is the DUI for w; with x
buffers and w;4+1 with y buffers, can be defined as the linear

combination of 7%tV and I((H'l’i):

(z,y) y,z)
I(iyi+ Dy =a- IGV + 610550 ()

where a+ 3 = 1. For example, I(1,2)(3,4) is the DU for w;
with 3 buffers and ws with 4 buffers. It is the linear combi-
nation of I ((;”Z) and [ ((42’;)) with w1 and w2 as the aggressors
respectively. By adjusting the weights, some critical wires
can have more controllability on delay uncertainty.

Given global wire bus B with n wires ordered as wo, -+, Wn—1,

we first construct the graph G(V, E) as:

1. V = {s,t}U{v;}, where s, t represent the source node
and sink node respectively. v, is the node added for
each wire w; € B with each integer number r € R;,
where R; is the FBNR for w;.

2. E = {(s,09)} U {U;,vi"'l} U {vn~t,t)}, for each i €
{0,---,n—1}, 2 € Ro,y € Ri,z € Rit1,w € Rn_1

3. Edge cost: C(s,v9) = 0,C(vj,t) = 0, for other edges
in {vi,vit'}, each cost is assigned as the I(4,i+1)y,..

Fig. 8 is the simple example that illustrates the graph
constructed for a bus containing 3 wires with Ry = {3,4,5},
R; = {3,4,5,6}, and R2 = {3,4}. We apply the shortest
path algorithm from s to ¢t on G. The nodes on the shortest
path are the bus configuration of equally distributed buffers
with minimum DUI.

Figure 8: The graph for bus with 3 wires. There are three
options({3, 4, 5}) of the number of buffers inserted in wo,
four options({3, 4, 5, 6}) for w;, and two options({3, 4}) for
wz. The highlighted path is the shortest path representing
the bus configuration with minimum delay uncertainty index
with equally distributed buffers.

Based on the result of the first phase, the positions of
the buffers on each wire are allowed to offset its position
within the independent feasible region(IFR) defined in [19]
or any other reasonable region without violating the timing
constraint [9, 18]. Assuming each buffer can be relocated
to the middle of the left region, right region, or its original
position, there are three possible positions for each buffer
in the first phase output. Fig. 9 is an example of buffer
locations in the same graph with offsets on wy. We encode
the buffer locations within the region as 0 for offset to the
left, 1 for original position, and 2 for offset to the right.
The configuration of the buffered path on each wire can be
encoded into a number x as follows:

m—1
X = Z code(1) - 3 (4)

=0
0 < x < 3™ — 1, where m is the number of buffers ob-
tained from the first phase, 7 is the i** buffer on that wire,
and code(i) € {0,1,2} is the offset code of buffer i. We
then construct another graph Gr(Vr, Er) as the same pro-
cedure when constructing G(V, E) except that the node v

now represents the x** configuration on w;.

0x3 + 0x3' + 0x32 X=0
0 1 2 0 1 2 0 1 2

= = >
2x3  + 2x3' + 2x32 X =26

Figure 9: The buffer position with offset in the feasible re-
gion is encoded as an integer. In this example, three buffers
are inserted into the wire. The different buffer positions are
encoded as integers from 0 to 26.

Fig. 10 illustrates the Gr(Vr, Er) constructed from the
result of Fig. 8. The best offsets of the buffer locations will



be obtained from shortest path from s to ¢ on Gr(Vr, Er)
as in Fig. 10. The resultant buffer positions are shown in
Fig. 11. The summary of the algorithm BCMDUI is in
Fig. 12.

Figure 10: The graph for finding the best offset of the buffer
position. Each node represents an offset code, x, defined in
Fig. 9. The shortest path corresponds the best bus config-
uration with offsets based on Fig. 8.
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Figure 11: The resultant buffer positions from the solution
of Fig. 10.

4 Experimental Results and Discussion

The algorithm BCM DU is implemented in C++ program-
ming language, and tested on PentiumIII(750MHZ, 256 MB
DRAM) machines. The delay uncertainty is obtained by
the Monte-Carlo simulations in HSPICE on Sun Sparc Ul-
tral0(440MHZ, 256 MB DRAM). The technology parame-
ters in Table 1 are from T'SMC 180nm process.

The non-inverted buffer consists of two cascaded invert-
ers that the W/L ratio of the second stage is five times
the first stage. These SPICE simulations in Table 2 show
that the delay uncertainties were decreased a lot when com-
pared to the bus configuration with minimum Elmore delay
on each wire. The standard deviations of the delays are
improved from 39% up to 73%. Without considering the
switching activity, minimum Elmore delay buffer insertion
scheme can not guarantee the minimum delay because of

Algorithm BCMDUI(B, DT)

1. Calculate the FBNR of each wire on B with
given DT.

2. Construct graph G(V,E).

3. Calculate the DUIs between each wire on B,
and assign the internal edge cost as the DUIs
4. Obtain the shortest path from s to ¢t on G.
5. According the output from step 4, construct
Gr(Vr,EF)

6. O0Obtain the shortest path from s to ¢ on Gr.
7. QOutput the nodes on the shortest path from
step 6, which represent the bus configuration with
the minimum DUI.

Figure 12: Summary of Algorithm BCMDUI

the crosstalk induced delay. The average delay on the mini-
mum Elmore delay buffer insertion is larger than the result
from BCMDUI in each case. Table 3 compares the re-
sults between the staggered buffer insertion and BCM DUI.
Since the delay constraints for wires on the bus are not fully
considered, the buffers are inserted more than necessary in
the staggered buffer insertion scheme. The average delay
is increased as compared to BCMDUI. In addition, even
though the standard deviation of the delay has been reduced
by staggered buffer insertion, the reduction is still limited
because of not considering the timing windows of the signals.

name | description value
width | the M5 line width(um) 0.28
space | the space between two M5 lines 0.28
Cc the coupling capacitance(fF/um) | 926
Ca the area capacitance(fF/um) 118

r sheet resistance(2/sq) 0.078
Cb input capacitance of buffer(fF) 21
Rb output resistance of buffer(Q) 70

Table 1: Technology parameters

5 Conclusions

The DUI proposed in this paper is the information con-
taining the peak voltage of crosstalk noise and the timing
windows of both victim and aggressor. Based on DUI, the
graph representing the bus configurations embedded with
DUI is constructed and the shortest path gives the bus con-
figuration with minimum DUI. The offsets of the buffer lo-
cations are considered in the second phase of BCM DUI to
further reduce the delay uncertainties. Experimental results
show the delay uncertainties were decreased significantly as
compared to bus with minimum delay.
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