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Abstract

This paper proposes an eflicient paired-net routing
algorithm. A paired net consists of two nets assigned
to adjacent tracks and columns. The paired-net rout-
ing approach is applied for differential drive nets in a
bipolar ECL LSI to decrease signal skew and enhance

signal integrity. Paired nets can cause a new type of

cyclic constraint, which does not appear in the conven-
tional vertical constraint graph. To wire these paired
nets, the new type of cyclic constraint must be detected
and resolved. We applied our approach to two actual
bipolar ECL circuits: a 4.0-k-gate circuit, which oper-
ated at 3 Gbit/s, and a 5.6-k-gate circuit, which oper-
ated at 2.5 Gbit/s. The experimental results verily the
effectiveness of our paired-net routing approach.

1. Introduction

As VLSI fabrication technology advances, intercon-
nection technology has become a bottleneck what is
adversely affecting LSI performance. In a high-speed,
bipolar ECL LSI, differential drive nets (Fig. 1) and
other nets are routed independently. This is because
low skew and high signal integrity in differential drive
nets are critical to chip performance. The paired-net
routing approach shown in Fig. 1 is applied to the
routing of differential drive nets in a bipolar ECL LS]
to decrease signal skew and enhance signal integrity.

A paired net consists of two nets, A and B, assigned
o adjacent tracks and columns. Crosstalk between the
two nets is negligible because spacing between the adja-
cent tracks/columns is adjusted before routing to avoid
coupling capacitance between interconnection wires in
a bipolar LCL LSI.
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Figure 1. Differential drive nets.

A paired net possesses two advantages. One is that
the two nets composing a paired net are equal in length
and are routed along the same path. The other is that
the two nets are equal in their number of crossings.
This means that the number of crossings between net A
and nets other than net B, and the number of crossings
between net B and nets other than net A, are equal as
shown in Fig. 2(a).

Equality in length is important for reducing signal
skew in differential drive nets in a bipolar ECL LSI. It is
clear that paired-net routing makes two nets composing
a pair of differential drive nets equal in length.

It 18 also important to ensure there are an equal
number of crossings in the nets. This is because if
the number of crossings is not equal, there will be a
difference in the coupling capacitance between the two
nets, which will increase the signal skew.

With paired-net routing, equality in the number of
crossings yielded by differential drive nets can be ac-
complished. Figure 2(a) shows an example of equality
in the number of crossings obtained with paired-net
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Figure 2. Crossings between a pair of differ-
ential drive nets and another net. A pair of
differential drive nets, A and B routed (a) with
paired-net routing and (b) without paired-net
routing.

routing and Fig. 2(b) shows an example of how the
number of crossings becomes unequal when paired-net
routing is not applied.

In Figs. 2(a) and (b), nets A and B compose a pair
of differential drive nets. Net C does not compose the
differential drive net. In Fig. 2(a), pair A and B are
applied with paired-net routing. One crossing Fqy re-
sults between net A and net C and one crossing Py
results between net B and net C. The number of cross-
ings between the differential drive net and another net
is equal. In Fig. 2(b), pair A and B are not applied with
paired-net routing. One crossing FPu; results between
nel A and net C and four crossings Py, Po2, Pos, Poa te-
sult between net B and net C. The number of crossings
are not equal. Figure 2 illustrates how that paired-
net routing can accomplish equality in the number of
crossings between a differential drive net and another
net.

Paired nets are necessary in the design of bipolar
ECL LSIs that operate at the GHz level. In traditional
routing, differential drive nets are modified into paired
nets manually after all the nets have been routed auto-
matically. This is because it is impossible to wire paired
nets using existing routers. However, recent increases
in chip size [1]-[4] have made such manual routing im-
possible.

This paper proposes an efficient paired-net routing
algorithm that wires the paired nets and the other nets
in the same channel simultaneously. The algorithm is
based on grid-based channel routing. Also presented
are the results of applying our proposed approach to
two actual ECL LSIs.

2 Routing Paired Nets

In what follows we describe our paired-net routing
approach in detail. Let H and V be respectively the
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Figure 3. Example of pin placement including
pins of paired nets.

number of tracks and columns in the channel routing
area. These tracks are indexed 1 through H/V from
the top/left. Let 7,(1 <: < H — 1) index a track and
7, (1 <7 <V —1)index a column. Adjacent horizontal
wire segments of the paired nets are assigned to tracks
i,i41 and adjacent vertical wire segments of the paired
nets are assigned to columns j,j + 1.

We call a net assigned to track 7 an upper net, and
a net assigned to track i + 1 a lower net. All pins con-
nected with the paired nets are assumed to be located
at adjacent columns.

2.1 Paired nets and vertical constraint
graph

Figure 3 shows an example of pin placement in-
cluding pins of differential drive nets. Py (X = Aj,
Ay, By, Ba, C, ..., H) represents a pin. The pins are
at both the top and bottom of a channel. The value
of X represents a net that connect pins. In these nets,
there are two pairs of differential drive nets, (A, Ay)
and ( By, By), which are applied with paired-net rout-
ing. All other nets are not applied with paired-net
routing. These nets are called unpaired nets.

No two nets can occupy the same part of a column.
Therefore, if it 1s assumed that there is only one hor-
izontal segment per net, then it is clear that the hori-
zontal segment of a net connected to the upper pin of
a particular column must be positioned above the hor-
izontal segment of a net connected to the lower pin of
that column. This relation is a vertical constraint.

Vertical constraints are represented by a directed
graph called a vertical constraint graph [5]. The ver-
tical constraint graph (VCGQG) for the pin placement in
I'ig. 3 is shown in Fig. 4. Each circle denotes a node
that represents a net. (We use the terms “node” and
“net” interchangeably in this paper.) Each arrow de-
notes a directed edge that represents a vertical con-
straint between two nets. A directed edge from netl «
to net b means thal net ¢ must be placed above nei
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Figure 4. Conventional vertical constraint graph
generated by the pin placement in Fig. 2.

b. In this paper, we call such a VCG a conventional
VCG to distinguish it {rom a modified VCG, which
will be described later.

In a conventional VCG, there is a possibility that
some vertical constraints may form a loop, a condition
called a cyclic constraint [5][6]. An example of a cyclic
constraint is ¢ — b — a. This means that net g must be
placed above itself. Therefore, if there is a cyclic con-
straint in a conventional VCG, the routing requirement
cannot be achieved without dividing some nets.

In Fig. 4, no cyclic constraints exist. If there are
no paired nets in the given routing requirements, it is
possible to wire all nets completely using traditional
channel routing.

Using traditional channel routing, it is not, however,
possible to wire paired nets (A;, Ay) and (13, By). This
18 because these paired nets cause a new type of cyelic
constraint, which does not appear in the conventional
VCG shown in Fig. 4. To wire these paired nets, a new
type of cyclic constraint must be detected and resolved.

To create the new type of cyclic constraint, we mod-
ify the conventional VCG. The procedure for modify-
ing the conventional VCG is as follows. First, pairs
of nodes representing paired nets in the conventional
VCG are merged. This is done because we want to
route each paired net as if it were one single net. Fig-
ure 5(a) shows the procedure for merging two nodes
of the paired nets (A, A3) to A and (By, By) to B. A
and 13 are called virtual nodes. We call such a modified

VCG a PN-VCG.

2.2 Resolving the new type of cyclic con-
straint

Let us examine the cyelic constraints in a PN-VCOG.
In Fig.  5(b), we can detect the cyclic constraint
¢ — A — 3 — ' by decomposing the PN-VCG into
strongly connected components. Note that this cyclic
constraint is different from the one that appears with
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Figure 5. Modified vertical constraint graph
(merging two nodes of paired nets).
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Figure 6. Vertical constraint graph after reso-
lution of the CCPN.

the conventional VCG. This cyclic constraint is a prod-
uct of the paired nets, and we call it a CCPN (cyclic
constraint for paired nets). A CCPN is defined as a
cyclic constraint that consists of virtual nodes.

To connect all pins with the paired nets in Fig. 3,
the CCPN and the other cyclic constraints must be
resolved by splitting the horizontal wire segments of a
net.

We resolve the CCPN by splitting the horizontal
wire segments of an unpaired net that is included in
the CCPN. The number of additional vias required for
splitting the paired nets is twice that required for split-
ting an unpaired net. From the electrical standpoint
then, it is desirable to limit the number of vias, because
they increase capacitance. The PN-VCG obtained af-
ter resolving the CCPN is shown in Fig. 6.

2.3 Track assignment

After the CCPN is resolved, an upper net and a
lower net must be determined. The vertical order of
these nets can directly cause vertical and horizontal
wire segments to cross. At such crossings, the capac-
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itance between the two metallic wires becomes large.
We specify the vertical relation of a pair of wiring nets
so as to minimize the number of crossings, and thereby
the capacitance, between two metallic wires.

The vertical relation between an upper and lower net
is represented as a constraint in the PN-VCG. We call
this constraint a paired-net constraint. The paired-
net constraint does not forbid overlapping of vertical
wire segments for distinct nets; it only represents the
vertical relation between two nets that compose the
paired net. In Fig. 7, paired-net constraints are shown
by an unfilled arrow. In the PN-VCG, a paired-net
constraint is directed from the node of an upper net to
the node of a lower net.

After an upper and lower net have been decided
upon, all nets are assigned to tracks in the channel. Ex-
isting channel routing algorithms (for example, Refs.
[5], [6], and [7]) cannot be used to assign the paired
nets. We modified the left-edge algorithm [7]. The
modified parts in the assignment procedure are as fol-
lows:

Procedure track.assignment.(7) ;

begin
01: while Assignment of track 7 is possible do
begin
/* Select a net */
02: Select a node N without incoming edges

i PN-VCG that does not overlap
with the other nets assigned to track i
/* Assign the paired nets */

03: if N is a virtual node then
begin
04: Assign the upper net of N
to track 7 ;
05: Assign the lower net of N
to track 7+ 1 ;
end;

/* Assign an unpaired net */
06: else Assign NV to i
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Figure 8. Routing results.
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Figure 9. (a) Bundle and (b) variable-width net.

end;
end;

Figure 8 shows a routing result. In Fig. 8, (A4, A3)
and (B, Bz), the hatched patterns, are the paired nets.
These nets are confirmed as being assigned to adjacent
tracks. A horizontal segment of net C, which Is an
unpaired net, is split into two parts at column 7" to
resolve the CCPN.

With a little modification, our paired-net routing
algorithm can be applied to the routing of a bundle,
which consists of more than three nets, and a variable-
width net. Examples of both are depicted in Fig. 9.

3 Experimental Results

Our paired-net routing algorithm was implemented
in C language on a SparcStation 20. We applied it to
the routing of two actual LSIs, which we refer to as the
I'1 chip and the I'2 chip.
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Figure 10. Routing results with paired nets in a
portion of the F1 chip (Layout 1).

Figure 11. Routing results without paired nets
in a portion of the F1 chip (Layout 2).

3.1 F1 chip

The F'1 chip is a 4.0-k-gate bipolar ECL circuit and
consists of 2059 nets. It is comprised of 1016 pairs of
differential drive nets (2032 nets) and three variable-
width nets.

We produced two layouts of the Il chip to evaluate
our paired-net routing approach. Layout 1, which cor-
responds to a real circuit, is the routing that resulted by
applying paired-net routing to all the differential drive
nets. Layout 2 is the routing result without paired-net
routing. Both layouts involve variable-width nets. The
cell placement and global routing, which is performed
by TAGROUTE [8], are used for both layouts. I'ig-
ures 10 and 11 show the routing results for Layout |
and Layout 2 respectively in a portion of the F1 chip.

We examined the inequality in length of the two nets
comprising the differential drive nets and the inequality
in the number of crossings yielded by the differential
drive nets in one channel of the F'1 chip. Both of these
greatly mfluence signal skew and integrity.

The experimental results in Table 1 show that with
our paired-net routing approach, the maximum in-
equality in length decreased by 86% and the maximum
imequality in the number of crossings decreased to 0.
There was a shight increase in CPU fime, total net
length, and chip size. Our experimental results sub-
stantiate the effectiveness of our paired-net routing al-
gorithm. The I'I chip achieved 3-GHz operation [4].

Layout 1 Layout 2
max. inequality in 21 pum 147 pm
length
% 14 100
max. mequality
in the number of 0 16
crossings
% 0 100
CPU time 43.23 sec 40.17 sec
% 108 100
total net length 1301.71 mm | 1297.36 mm
% 100.3 100
area 12.53 mm” 12.34 mm?
% 102 100

Table 1. Experimental results

3.2 F2 chip

The F2 chip is a 5.6-k-gate bipolar ECL circuit
and consists of 1184 nets. The F'2 chip is composed of
82 pairs of differential drive nets (164 nets) and 1020
unpaired nets.

The F2 chip achieved 2.5-GHz operation [3]. The
entire chip layout of the F2 chip is shown in Fig. 12.
We applied our proposed approach to the differential
clock nets of the F2 chip.

4 Conclusion

We have proposed an eflicient paired-net routing al-
gorithm. We applied it to two ECL circuits: a 4.0-k-
gate circuil, which operated at 3 Gbit/s, and a 5.6-k-
gate circuit, which operated at 2.5 Gbit/s. Our experi-
mental results verify the effectiveness of our paired-net
routing algorithm.
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Figure 12. The entire chip layout pattern of the F2 chip.
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