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Abstract— In this paper, we propose a new FPGA switch box
design style — the extended switch boxes. An extended switch box
is multi-level in nature. It consists of a kernel and extension(s)
connected to the kernel, while many conventional switch boxes
only consist of the kernel part and are referred to as single-level
switch boxes. We show that with a much reduced total number of
manufactured switches in the chip, this new design has a guaran-
teed complete mappability from any global routing to a feasible
detailed routing of the entire FPGA chip. The interesting results
seem to open a new avenue for designing FPGA routing struc-
tures.

I. INTRODUCTION

A typical 2D-FPGA architecture is shown in Fig.1. It con-
sists of The functional blocks (or logic cells) are marked by L,
which are separated by vertical and horizontal channels. There
are W (called channel density) prefabricated parallel wire seg-
ments running between each pair of adjacent L-cells in both
vertical and horizontal channels. The wire segments in a verti-
cal (or horizontal) channel are aligned into W vertical (or hori-
zontal) tracks; each track within a channel is assigned an inte-
gerin{1,...,W}asitstrack ID. There are C-boxes in the chan-
nel between adjacent L-cells. A Switch Box (S-box), located
at each intersection of a vertical and horizontal channels, con-
tains programmable switches to connect wire segments run-
ning from its surrounding C-boxes. The S-boxes in Fig.1 are
4-way. A k-way S-box with W terminals on each side is de-
noted by (k,W)-SB.

When an FPGA is used to realize a specified Boolean func-
tion, the pins used to realize the Boolean function are parti-
tioned into groups (called nets). Then the pins in each group
are connected together to form a real net by using available
wire segments and switches in both C-boxes and S-boxes; dif-
ferent nets are disconnected. The latter process is referred to as
a routing. Conventionally, the routing process is divided into
two subsequent steps, global routing and detailed routing. In
this paper, we simply use the term of global routing to spec-
ify the connection topologies for all nets. The detailed routing
decides the exact assignment of wire segments and switches

*1 Partially supported by the NSERC and the Alberta Research
Excellence Envelope.

Tx Partially supported by a Hong Kong Government RGC Ear-
marked Grant, Ref. No. CUHK4236/01E, and Direct Grant
CUHK2050244.

Hongbing Fan

University of Victoria
Lethbridge, AB. Canada T1K 3M4  Victoria, BC. Canada V8W 3P6

Yu-Liang Wu~T

The Chinese University of Hong Kong
Shatin, N. T., Hong Kong

track ID

tical channel i t
vertl chann 1234 — 4/@\
e []6 ] T/Jm“yj -
Eﬁ;ﬁéﬂa‘ LJl ‘L,,‘ !__LJl ‘L, ‘ !_ L | pinotiogicoa [ob b kL.
I o R o A ) -
i — S [ — S [ — switches 4
e ] R inCbox
logic cell L L] LD | | 11 ﬁ ﬁ ‘T
(e el ]
B N I R I WA switches L/ e
iam V;W et f; | Emima R S
Sl aiais lill = indn s O ) I
T

Fig. 1. The architecture of a 2D-FPGA.

used to materialize the complete routing. As the connectivity
within C-boxes is complete, the routability of the entire chip
is fully dependent on the structure and connectivity of the S-
boxes [1, 2, 3, 4,7, 8, 9, 11, 12, 10]. Routability justification
of an FPGA chip is always a tough job which is done usually
by experiments as the results are router and benchmarks de-
pendent.

In order to complete a detailed routing for the entire chip,
the notion of a so-called greedy routing architecture has been
addressed [9, 10, 12]. The approach starts the detailed routing
from a pre-specified S-box. Then routings of adjacent C-boxes
are determined and serves as the predetermined side(s) of other
neighboring (and unmapped) S-boxes. This process is repeated
(propagated) until the entire chip routing is done. Depending
on the propagation order (e.g., either spiral or snake-like [9,
10, 12]), the process can be decomposed into a sequence of h-
side predetermined k-way S-box design problems for k = 3,4
and 0 < h < k. An h-side predetermined (k,W)-SB B is said
to be mappable with the h-side track fixed if for each k-way
global routing GR with density at most W, all nets in GR can
be realized in B simultaneously such that if a net N in GR joins
terminals of some predetermined sides, then these terminals
are reserved for N only. We simply call mappable if h = 0.

With this design scheme, we need to study the following two
problems.

Problem (1) Design a (k,W)-SB which is mappable with h-
side track fixed, and contains the minimum number of switches.

(2) Design a greedy routing structure so that on replacing the
S-boxes in an FPGA by proper mappable with h-side track
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Fig. 2. The extended S-box architecture.

fixed S-boxes, the FPGA chip is perfect mappable and contains
the minimum number of switches.

In this paper, we focus on Problem (1) only. To judge a S-
box, [2] introduced the so called flexibility of a S-box which
is the maximum number of switches joining one terminal in
the S-box. Thus, it is desirable to design S-boxes which are
mappable with h-side track fixed S-box, and have the minimum
number switches as well as the minimum flexibility.

In [12], the authors designed an optimum mappable with 1-
side track fixed (3,W)-SB with ‘%2 + 2W switches. In [8], the
authors proposed h-side predetermined (4,W)-SB (which is
mappable with the h-side track fixed) with 3W2+ 3w, Jw2 +
2W,5W2+W switches and flexibilitiesW +3,3W, 3W, respec-
tively forh=1,2,3. A 4-side predetermined (4,W)-SB is the
switch box with all possible switches and hence it has 6W 2
switches of flexibility 3wW.

The S-box family constructed in [8] can be shown to be op-
timum and mappable. However, in this paper, we will show
that it is possible to further improve upon those “optimum” S-
boxes should we be allowed to adopt a different design style.
The goal of this paper is to design S-boxes to replace the h-
side predetermined k-way S-boxes proposed in [8] with (1)
fewer number of switches; (2) smaller flexibility; and (3) easy
to detailed-route. Our idea is to design a S-box with two levels.

In Section 2, we provide the architecture of h-side extended
k-way S-box for any 0 < h < k. According to this architecture,
we are able to provide workable h-side predetermined 4-way
S-boxes (0 < h < 4) in Section 3, and compare them with the
h-side predetermined 4-way S-box presented in [8]. Section 4
is a conclusion.

Il. THE EXTENDED SWITCH BOX ARCHITECTURE

Let k, h be integers such that 0 < h < k. Let W be any pos-
itive integer. A (k,W)-kernel is simply a (k,W)-SB. A 1-side
extension of a (k,W)-kernel K is a set of W terminals each of
which is connected to some of the terminals in a side of K. The
new S-box so formed is called a 1-side extended (k,W)-SB. If
the terminals in an extension is connected to every terminal in
a side of S, it is called a full extension. An h-side extended
(k,W)-SB is a S-box obtained by attaching h 1-side extensions
to h different sides of a (k,W)-kernel. Fig.2 shows the struc-
tures of a 1-side full extended 5-way S-box and a 2-side full
extended 5-way S-box. Full extended S-box has high routabil-
ity.

Theorem 1 An h-side fully extended (k,W)-SB is mappable
with the h-side track fixed if and only if the kernel is mappable.

Proof. Let B be an h-side fully extended (k, W)-SB with kernel
K. For any global routing GR with density at most W, if GR
is mappable with the h-side track fixed in B, then the detailed
routing induces a detailed routing of GR in K. On the other
hand, if there is a detailed routing of GR in K, then this detailed
routing can be easily extended to an h-side track fixed detailed
routing to B as B has h-side full extension.

This completes the proof. |

We usually have a full extension to ensure the mappability.
By Theorem 1, the problem of designing extended S-boxes
becomes the problem of designing mappable kernels. In [5],
for any fixed integer k > 1, we have constructed a mappable
(k,W)-kernel with O(W) switches. Combine with Theorem 1,
we have the general result about the extended S-boxes.

Theorem 2 Let k, h be integers such that 0 < h <k. Let W be
any positive integer. There is a h-side extended (k,W)-SB with
hw? 4+ O(W ) switches, which is mappable with the h-side track
fixed.

We note that an h-side extended (k,W)-SB is a replacement
of h-side predetermined (k,W)-SB in FPGAs.

I1l. THE EXTENDED 4-WAY SWITCH BOXES

We describe two families of (4,W)-SBs which will be used
as the kernels in our extended 4-way S-boxes.

A conventional (k,W)-SB can be modeled by a graph. Label
the terminals on the i-th side by vi 1,...,viw, fori=1,... k.
An edge vj jvp q represents a switch joining the j-th terminal on
the i-side and the g-th terminal on the p-th side. Then a (k,W)-
SB is a k-partite graph ((V1,...,Vk), E) with vertex partition
(V1,...,Vk) where Vi = {vi j|j=1,...,W},i=1,....k E is
the set of switches.

We have developed a reduction design technique in [5], that
is, for any fixed k, any (k,W)-SB can be built by combin-
ing some small S-boxes. Let SBy = ((V1,Vo,...,Vk),E1) and
SBy = ((Ul, Uy, .. .,Uk), Ez) be a (k,Wl)-SB and a (k,Wz)-SB,
respectively. The disjoint union of SB;1 and SBy, denoted by
SB1+ SB», is a (k,Wl—I—Wz)-SB ((Vl UUy,Vou Uy, ..., VU
Uk),E1UE3), where all the unions are disjoint unions.

In [6], we have designed the following optimum or near
optimum mappable (4,W)-SB H(W) with at most 19W /3
switches.

hHg ifW = 6h,
(h—1)He+H; ifW =6h+1,
. hHg 4+ H> ifW =6h+2,
HW) =19 (He 1 Hs ifW = 6h4 3
hHe + Ha if W = 6h+4,
hHg 4+ Hs ifW =6h+5.

Where H; (see Fig. 3) is a mappable optimum (4,1)-SB for
i=1,2,3,4,5 and a mappable (4,i)-SB fori=6,7.

Now we propose to use H(W) as a (4,W)-kernel in our
h-side extended (4,W)-SBs. Let ES(W,h) be the h-side full
extension of H(W). Fig. 4 shows the general structure of



Fig. 3. A family of mappable 4-way S-boxes.
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Fig. 4. ESW,h) forh=0,1,2,3,4.

ES(W,h) and Fig. 5 provides the family of ES(3,h) for h =
0,1,2,3,4. The following theorem is a consequence of Theo-
rem 1.

Theorem 3 ES(W,h) is a mappable with the h-side track
fixed. ES(W,h) contains at most hW2 +6.3W switches, and
the flexibility is at most W + 4.

Comparisons of ES(W,h) and the h-side predetermined
(4,W)-SB G(W,h) in [8] is given in Table I, forh=0,1,2,3,4.

4-way S-boxes are widely used in industry. We have pro-
vided a family of better S-boxes than the h-side predetermined
S-boxes proposed in [8] in terms of the number of switches.
Moreover, since H (W) consists of some Hgs and at most one
H; fori=2,3,4,5,7, we can design an efficient detailed rout-
ing algorithm for H(W) and hence for ES(W,h). This is an
useful observation as the mapping of global routings to de-
tailed routings has been shown to have no efficient algorithm
in general.

If the nets in a global routing are 2-pin nets, the authors in
[4] designed the following (4,W)-SB U (W), which contains
6W switches, and is mappable for 2-pin net global routings.

Cf hHy  ifw=2n,
U(W)—{ hHa+Hy ifW = 2h+ 1.

Fig. 5. ES(3,h) forh=0,1,2,3,4.

TABLE |
COMPARISONS OF ES(W, h) AND G(W, h)

h [ [ESWR[< | [GW,nE | F of | ks of
ES(W, h) G(W, h)

0 | 63W NA 4 NA

1 | W2+63wW 15W2+3W | W+3 W+3

2 | 2W2+63W | 35WZ+2W | W+3 3w

3 | 3W2+63W | 5WZ+W W+4 3w

4 [ aW2+63W | 6W? W+4 3W

For FPGAs in which only 2-pin net global routings are con-
cerned, we propose the h-side extended S-box, ESy (W, h) to
be the h-side full extension of U(W). Fig. 5 actually shows
also the family of ESy (3,h) for 0 < h < 4. Again from Theo-
rem 1 we have the following result.

Theorem 4 ESy (W, h) is mappable with the h-side track fixed
for 2-pin nets global routings. The number of switches in
ESu (W, h) is at most hW2 4 6W, and the flexibility is W + 3.

IV. CONCLUSIONS

This is probably the first work giving the theoretic justifi-
cation for designing multi-level (or multi-staged) S-boxes for
improving FPGA mappability. In this paper, we have inves-
tigated the problem of optimum S-box designs for achieving
a perfect mapping upon the entire chip. Such a mapping can
be achieved using the greedy routing structure that can con-
struct an optimum routing on the entire chip from local opti-
mum routings around individual S-boxes.

To achieve such a goal, we have proposed a novel notion
of extended switch box architecture which consists of a ker-
nel and an extension level. Applying the reduction design
technique for S-boxes, we can design all types of mappable
S-boxes with significantly reduced number of switches and
switching flexibilities. In particular, we have obtained a family
of 4-way S-boxes which is the best in any aspect compared to
other known 1-level S-boxes. These S-boxes can be used in the
conventional FPGA chip (as shown in Fig.1.) to achieve a per-
fect mappability on the entire chip applying the greedy routing
schemes.



It is quite interesting to see that by adopting the proposed
extended S-box design style, the switch density of an S-box
can be significantly reduced in achieving the same routabil-
ity compared to the conventional single-level based S-box de-
signs. The results seem to point out a new avenue for design-
ing new FPGA routing structures breaking beyond the conven-
tional boundary between S-boxes and connection boxes (e.g.
by merging the extension level of the proposed extended S-
box with the neighboring connection boxes). Meanwhile, the
trade-offs between the number of manufactured switches and
signal path delays attributed to the multi-level structures would
be an important issue too. This will be our future focus of in-
vestigation.

We also note that the two-level construction of S-boxes pro-
vides more freedom for designers. We may not need full ex-
tension if we do not want perfect mappability, this way we will
have various S-boxes for various purpose. We also point out
that it is important to investigate Problem (2).
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