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Abstract

Designs targeted for FPGAs are becoming increas-
ingly larger and more complex. The need for /O often sur-
passes the number of 1/0 pads that can be provided at the
perimeter of the FPGA chip. Asaresult, thesedesignshave
to be implemented in larger FPGAs, the size of which is
fixed by the number of I/O padsand not by thelogic heeded,
reducing the performance of theimplementation. Providing
FPGA chips with 1/0O pads that are spread out across the
whole chip area drastically reduces this problem. In this
paper, we present a quantitative analysis of the impact of
area-1/0in FPGAs.

1 Introduction

Over the past years Field Programmable Gate Arrays
(FPGAS) haverapidly becomewidely accepted as an attrac-
tive means of implementing digital circuits. They provide
designers with a flexible implementation medium. How-
ever, as agenerd rule of thumb, FPGAs can only achieve
about 10% of the functionality of custom VLS circuits of
the same silicon area and fabrication technology [3]. As
aresult, large complex designs have to be partitioned into
smaller parts and spread across multiple FPGASs.

Recent advances in interconnection technology have
inspired the integration of multiple FPGAsinto Multi-Chip
Modules (MCMs) [5]. These modulescreate theillusion of
one very large FPGA without having the low yield associ-
ated with the fabrication of very large VLS chips. How-
ever, to maintain thisillusion, the FPGAsrequireamassive
amount of I nput/Output (1/0). Inthis paper wewill quantify
and compare the traditional perimeter-1/0 architecture, us-
ing only the chip edge to accommodate /O pads, and the so
called area-1/O architecture, placing 1/0 pads anywhere on

the chip. Although it seems obvious that area-1/0 FPGAs
are more suited for integration into larger systems, we will
show that thislargely depends on the designs being imple-
mented.

This paper is structured as follows. First we intro-
duce the basic ideasfor area-1/O FPGASs. Then we proceed
with an analysis of the main differences between area-1/0
and perimeter-1/0 FPGAs. Finally, we compare the perfor-
mance of area-1/0 versus perimeter-1/0 FPGAS.

2 FPGAsfor Multi-Chip Modules

Since the introduction by Xilinx in 1985, different
types of FPGASs have become commercially available. Al-
though each type hasits own distinct features, the common
characteristics are very much similar (seefigure 1). Thear-
chitecture of an FPGA consists of atwo-dimensional array
of Configurable Logic Blocks (CLBs), providing the logic
processing power. These can be programmed to implement
an arbitrary logic function of up to 5 variables.

In between the CLBs, there are routing channels pro-
viding programmable routing resources. They consist of
a number of wire segments and programmable routing
switches. The switches connect pins of the CLBs to wire
segments or connect two wire segments with each other.

Switch matrices interconnect the wire segments of
neighbouring routing channels. It must be noted that in
most modern FPGA types so called “long lines’ exist.
These are segments that span multiple channels, bypassing
some of the switch matricesto providefaster long intercon-
nections.

External interconnections are implemented by /O
blocks (I0OBs). These are programmable to provide inputs
and/or outputs for the FPGA.

The most common way of making the actual electrical
connection betweenthe | OBsand the external worldisdone
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Figure 1. Overview of the common character-
istics of FPGASs.

by wirebonding. This technique uses a thin wire (called
a wirebond) to bridge the gap between an /O pad on the
FPGA chip and an external 1/O pad (for exampleon awafer
in a MCM). Due to the restrictions on the length of wire-
bonds, the I1/O pads have to be located at the perimeter of
the FPGA. Fig. 2 shows how such a perimeter-1/0 FPGA
could be integrated on awafer of aMCM.
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Figure 2. Integration of a perimeter-1/0 FPGA
in a MCM using wirebonding.

A major implication of therestriction of 1/O padsto the
perimeter of the chip isthat the total number of 1/0 padsis
limited. Due to growing pin requirements of large designs,
this number of 1/O pads in perimeter-1/0O FPGAS is often
found to be insufficient.

The obvious solution to this shortage of I/O padsisto
use larger FPGAs. This meansthat the size of an FPGA is
no longer determined by the number of CLBs required, but
by the number of 1/O pads. This phenomenoniscalled pin
limitation. It hasa negative effect on the performance of an

implementation since:

e the size of the FPGA hasto increase to accommodate
therequired I/O pads, leaving large amounts of silicon
unused;

e the length of interconnections in these FPGAS is
higher, reducing the speed of an implementation (e.g.,
lower clock rates).

Another less than preferable solution to the pin limita-
tion problem is to reduce the 1/0 pad requirements by en-
coding input and output signals (e.g., serial 1/0 instead of
paralel 1/0). In most cases thisis only possible by also re-
ducing the speed of an implementation.

A much more promising solution to alleviate pin lim-
itation has recently become possible. It uses the so called
flip-chip technique to make the electrical connection be-
tween the /O pads on the FPGA chip and the external 1/0
pads. Thistechnique usestiny solderbumpsto attach achip
(upside down) on awafer. The I/O pads can now be placed
anywhere on the chip, allowing a new FPGA architecture
called an area-1/0 FPGA. Fig. 3 shows how such an area
1/0 FPGA could be integrated on awafer of aMCM.
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Figure 3. Integration of an area-1/O FPGA in a
MCM using flip-chip.

The main advantages of area-1/0 are:

e alarger number of 1/O pads, eliminating the occur-
rence of pin limitation problems;

e smaller 1/O pads, reducing the area requirements for
1/O structures;

¢ reduced external interconnection lengths;

¢ reduced routing congestion.



In conclusion, it seems that perimeter-1/0 FPGASs are
not ideally suited for integration in MCMs due to the pin
limitation phenomenon. It seems obviousthat area-1/0 FP-
GAs are a better dternative. In the following sections a
more quantitative approach will be presented.

3 Analysis of Areal/O FPGAs versus
Perimeter-1/0 FPGAS.

The previous section outlined the differences between
area-1/O and perimeter-1/0 FPGAS. In this section we will
elaborate on these differences on a quantitative basis. Par-
ticularly, much attention will be paid on the pin limitation
phenomenon, overlookedin apreviousanalysis of area-1/O
FPGAs[5]. In fact, we will show that it is the pin limita-
tion problem of perimeter-1/0 FPGASs that makes area-1/0
FPGASs superior for the usein FPGA MCMs.

We shall proceed as follows. First, we will briefly
introduce the models used to quantify our claims. Then
we will discuss the pin limitation phenomenon for both
perimeter-1/0 and area-|/O FPGA architectures. Finaly,
we will present a detailed quantitative comparison of both
architectures.

3.1 Models

3.1.1 FPGA models

FPGASs consist of square lattices of NV x N CLBs. Inter-
connections between these CL Bs are assumed to follow the
shortest Manhattan-style path through the routing channels.
We expressthelength of these interconnectionsasthe num-
ber of rowsand columnsbetweenthe CLBs. Itisreasonable
to do so—notwithstanding thefact that (e.g., by introducing
area-1/0O pads) the actual distance between these rows and
columnsmay dlightly vary—sincein FPGAstherouting de-
laysarelargely determined by the number of programmable
interconnections that must be traversed [8]. This number
is proportional to the interconnection length expressed in
rows and columns. Therefore, from now on, we expressal
dimensionsin rows and columns or, equivalently, in lattice
units.

Interfacing to the outside world is done by means of
I/O padsinthe | OBs. In perimeter-1/0O FPGAS, thesearelo-
cated along the perimeter of the chip. We denote the pitch
of these I/O pads by d,, (see Fig. 4). For the Xilinx FPGAs
(XC30XX and XC40X X series) wefind that d, = 0.5 (I/O
pad pitch is half the CLB pitch).

An dternative configuration is used in FPGAs with
area-1/0. Here the 1/0 pads (and the |OBs) are distributed
on alattice, covering the whole chip. We denote the pitch
of thislattice by d, (seeFig. 5).
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Figure 4. Perimeter-1/0 FPGA (d, = 0.5).

-

caafaan
maafaan

<DDBBBD
caafaan

%ﬁDDDD
caafaan

IOBs CLBs

Figure 5. Area-l/O FPGA (d, = 0.5).

3.1.2 Design

At thispoint, the difference between adesign and itsimple-
mentation should be appreciated. A designis merely a col-
lection of interconnected logic gates. Some properties, like
interconnection length, have no meaning for them. Theim-
plementation of adesign, however, isthe physical structure
that results after placement and routing of the design in a
target architecture. It is only then that the af orementioned
properties get their meaning.

Beforeadesign can beimplementedin aFPGA it needs
to be technology mapped. This process transforms the de-
sign to a collection of logic gates with fanin less than or
equal to thefanin of the CL Bsof thetarget FPGA. If needed,
it must also be partitioned into smaller subdesigns (e.g., if
it can not fit into one FPGA). After that, the design is ready
to be placed and routed in the target FPGA. For the remain-
der of this paper the notation B will be used to denote the
number of technology mapped logic gatesin adesign.

To quantify /O related issues of FPGAS, it is impor-
tant to understand what determines the 1/0 requirements of



adesign. A quantitative description is given by Rent'srule
[4,9]. Inshort, Rent’srule statesthat, when adesignis par-
titioned, there is a relationship between the (average) num-
ber of logic gates B; in a (sub)design, and the (average)
number of 1/O connections (or pins) P; it requires.

P,=CB/, 0<r<l. 1)

HereC denotesthe average number of terminals (fanin plus
fanout) per logic gate, and r isaconstant called the Rent ex-
ponent. In [6] values of r between 0.47 and 0.75, and val-
ues of C' between 3 and 5 are said to be observed. Also, r
seems to serve as a quantitative measure for the intercon-
nection complexity of a design. A high value of r indi-
cates a complex design. Rent’s rule corresponds more or
lesswith the intuitive notion that a complex design requires
alarger amount of 1/O connectionsthan asimple design. A
typical complex design [6] is said to have a Rent exponent
r = 0.65. An exampleillustrating Rent’srule on such ade-
signisshownin Fig. 6. Note that if Rent'sruleis applied
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Figure 6. lllustration of Rent’s rule showing
the relationship between the number of pins
P; and the number of logic gates B; when
partitioning a design (C = 5, B = 1024, r =
0.65).

to the whole design (B; = B), we will use the notation P
instead of P;.

3.2 Pin Limitation in Perimeter-1/0 FPGASs

Inthis sectionwewill show the quantitativeimpact that
placing the 1/0O pads on the perimeter has on the design im-
plementation size. We will show that the extent of this ef-
fect largely depends on the complexity of the design we
want to implement.

Consider adesign with B logic gates. We want to im-
plement this design in an FPGA with B CLBs, satisfying

the logic block requirements of the design. This meansthe
grid of CLBsinthe FPGA hasto be square with side N,:

N, = VB. )

However, as we explained earlier, in perimeter-1/0 FPGAs
the number of 1/0O padsis limited by the perimeter of the
FPGA chip. Since the pitch of the I/O padsis d,, the num-
ber of 1/O padsisgiven by

AN,/d,. ©)

The /O requirements of a design are determined by its
size and its complexity. These requirements are quantita-
tively described by Rent’s rule (Eq. 1). Designs that are
more complex (higher Rent exponentsr), requiremorel/O.
Aboveacertain complexity (r > r,), the requirementswill
eventually exceed the number of available I/O pads on the
FPGA (given by Eq. 3), and the implementation will be pin
limited:

P >4N,/d,, 4
Substituting Eq. 1 and Eq. 2 in Eq. 4, thisleads to
1 4
rer:§+logB<Cdp>. (5)

This equation is depicted in Fig. 7. It shows us that for
largedesigns (with ahigh number of logic gates B) the Rent
exponent r,, for which the design becomes pin limited lies
somewhere around 0.56. Since the Rent exponent r of de-
signsvariesfrom 0.47 and 0.75 it is clear that the complex-
ity of adesign plays an important rolein the pin limitation
behaviour. Consequently, for complex designs, perimeter-
1/0 chipswill frequently suffer from an insufficient number
of 1/0 pads.

For pin limited implementations the size of the FPGA
N, needsto be larger than given by Eq. 2. If the perimeter
hasto contain the required number of 1/O pads, the follow-
ing equation must be satisfied:

P=4N,/d, . (6)

Using Eq. 2 and Eq. 5, and substituting Eq. 1in Eq. 6, leads
to the size N,, of the FPGA needed to provide both the re-
quired number of CLBs and the required number of 1/0

pads:
\/E, r S rp
N, p = (7)

d
T CB", 1r2>r,

depending on whether the implementation is pin limited or
not (determined by Eq. 5).

In conclusion, it is clear that pin limitation is likely to
occur when complex designsareimplemented in perimeter-
1/0 FPGAS (see Eq. 5 and Fig. 7). As a consequence, the
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Figure 7. The maximum Rent exponent r, for

which an implementation of a design (C = 5)

in a perimeter-1/0O FPGA (d, = 0.5) is not pin
limited, as a function of the design size B.

FPGA sizeisno longer determined by the number of CLBs
needed, but by the required number of I/0O pads. We will
show later that this has negative repercussions on the per-
formance of such implementations.

3.3 Pin Limitation in Area-1/O FPGAS

We can perform the same calculations in the case of
area-1/0 FPGAS, to show that pin limitation is not likely to
occur in this case, even with complex designs.

Consider again adesign with B logic gates. Thelogic
block requirements lead again to a square grid of CLBsin
the FPGA with side N, given by:

N, = VB. (8)

Sincein area-1/O FPGASs the 1/O pads can cover the whole
chip with a pitch d,, the number of 1/O pads available is
now given by

NG /dg 9
As with perimeter-1/0 FPGAS, above a certain complexity
(r > r,), therequirementswill exceed the number of avail-
able1/O pads on the FPGA (given by Eq. 9), and theimple-
mentation will be pin limited:

P> N;/dg . (10)
Subgtituting Egs. 1 and 8 in Eq. 10, thisleads to
r>r,=1-—logg (Cd[f). (12)

Notethat thisequation differsfundamentally from the equa-
tion determining pin limitation in the case of FPGAs with

perimeter-1/0 (EqQ. 5). A comparison between the pin limi-
tation behaviour of perimeter-1/0 FPGAs and area-1/O FP-
GAs is shown in Fig. 8. It shows that (for C = 5 and
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Figure 8. Comparison between r, and r,, the
maximum Rent exponent for which an imple-
mentation of a design (C' = 5) in an area-1/O
FPGA (d, = 0.5) is not pin limited, as a func-
tion of the design size B.

d, = 0.5) an area-1/0O FPGA implementation will never be
pin limited, since the Rent exponent of adesign is never as
high as 0.9. It must be noted however that area-1/0 FPGA
implementation could be pin limited if the pitch d, of the
1/0 padsisexceptionally high. Fortunately, for modern FP-
GAsd, issmall enough(e.g.,d, = d, = 0.5) topreventpin
limitation from occurring. However, choosing d,, should
be done carefully, ensuring that the number of 1/0 padsis
useful. For example, for a complex design (r = 0.7) with
B =1024logic gatesand C' = 5 terminals per logic gateit
is sufficient to have (solving Eq. 11 for d,):

1—r

de < = 1.2649.

Lower valuesfor d, will only resultin area-1/O FPGAswith
too many 1/0 pads, wasting valuable silicon.

In conclusion, area-1/0 FPGAs will usually not suffer
from pin limitation problems. Asaconseguence, the size of
the FPGA will be determined by the CLB requirements of
the designswe want to implement and, therefore, be smaller
than the size of a corresponding perimeter-1/0 FPGA.

3.4 Comparingthe Performanceof Area-1/O ver-
sus Perimeter-1/0 FPGASs.

Using Eq. 11 and Eq. 5 enablesusto compare Area-1/O
versus Perimeter-1/0 FPGAS.



3.4.1 AreaRequirements

The area requirements of an implementation in a FPGA
consist of three parts:

¢ the arearequirementsfor the CLBs;
¢ the arearequirementsfor the routing resources;
o the arearequirementsfor the I/O structures.

As long as the implementations are not pin limited, the
area requirements for the CLBs are the same for area-1/0O
and perimeter-1/0 FPGAS, determined by the CLB require-
mentsof thedesign. If, however, the (perimeter-1/0) imple-
mentationispin limited, the size of the FPGA isdictated by
the 1/0 regquirements of the design. Note that this does not
necessarily imply that the actual number of CLBsis higher.
Theextrasilicon area could be left unused. Still, itiseasier
to include this area with the CL B area requirements.
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Figure 9. Area requirements (number of
CLBs) for a perimeter-/O FPGA (d, = 0.5)
versus an area-l/O FPGA (d, = 0.5), as afunc-
tion of the Rent exponent r of the design the
FPGA needs to hold.

For the routing resources, things are a little bit more
complicated. Due to the fact that in area-1/O FPGASs the
|OBs are spread across the whole chip, we shall see later
on that the routing requirements can be expected to be
lower. On top of that, if a perimeter-1/0 FPGA implemen-
tation is pin limited, the total amount of routingis asoin-
creased. Overall, the area requirements of the routing re-
sourceswill be lower for area-1/0O FPGAS, but this effect is
on a much smaller scale than the differencesin CLB area
requirements.

The same appliesto the arearequirements of the actual
1/O structures. We can assume that the number of 1/0 pads
(both in the perimeter-1/0 and the area-1/O case) equal the

number required by the design (by choosing the appropri-
ate N, and d,). Since, the I/O pads for flip-chip (in area-
1/O FPGA ) can be expected to be abit smaller than the I/O
pads for wirebonding (in perimeter-1/0 FPGAS), the area
requirements for the 1/0O pads will be slightly lower in the
area-1/0O FPGASs.

So, for our purpose, the area requirements of FPGAs
can be approximated by the area needed for the CLBs (us-
ing Eq. 8 and Eq. 7). Fig. 9 shows a comparison between
the area requirements (expressed in number of CLBs) for a
perimeter-1/0 and an area-1/O FPGA. It is clear that area-
1/O implementations are only useful for complex designs
(r > rp).

3.4.2 Interconnection length

Much of the research on interconnection length estimation
isbased onwork by Donath[1, 2]. It showstherelationship
between the Rent exponent r of a design and the average
interconnection length L of its implementation in a square
grid. The results presented in this section are based on our
extensions of this work. For a more detailed discussion of
the subject werefer to [7].

Fig. 10 shows the averageinterconnection length L for
perimeter-1/0 and area-1/O FPGAs (for C' = 5, B = 1024
and d, = d, = 0.5), asafunction of the Rent exponent
r of the design. Note that, aslong as the perimeter-1/0 im-
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Figure 10. Average interconnection length L
for the implementation of a design (C = 5,
B = 1024) in a perimeter-1/0O FPGA (d, = 0.5)
and an area-1/0 FPGA (d, = 0.5), as afunction
of the Rent exponent r of the design.

plementation is not pin limited (r < r,), the average inter-
connection length L is slightly lower in the area-1/O case.
Thisis dueto the fact that the external interconnections (to
the |OBs) are on average shorter. Assoon as the perimeter-



I/O implementation is pin limited (- > r,), the size of the
FPGA isdetermined by the I/O requirements of the design.
Thisresultsin a dramatic increase of L, since both thein-
ternal (between CLBs) and the external (between CLB and
IOB) are stretched in the larger perimeter-1/0 FPGA. An
example of such a pin limited implementation is shown in
Fig. 11. In order to keep the interconnection length as low
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Figure 11. Pin limited implementation of a
design (r = 0.66, B = 256, C = 4) in a
perimeter-1/0 FPGA (Xilinx XC4010), showing
the “doughnut” shape of the used CLBs.

as possible the placement of the design resultsin thetypical
“doughnut” shape.

To compare both architectures, we define the relative
interconnectionlengthgain I" as

L Epjia
Lp

; (12)

where L, (L,) is the average interconnection length for a
perimeter-1/0 (area-1/0) implementation. Fig. 12 showsthe
gain I' as a function of the Rent exponent r of the design.
It clearly shows that, for complex designs only, area-1/O
FPGA implementation resultsin large gainsin interconnec-
tion length. For simple designsthe gain is only marginal.

3.4.3 Routing Requirements

Therouting requirements of adesign are determined by the
number of interconnectionsV per routing channel. Theav-
eragevalue W can be cal culated by dividing the averagein-
terconnection length by the number of routing channelsin
the FPGA. As such, the routing requirements are a combi-
nation of the arearequirementsof adesign and theintercon-
nection length of itsimplementation.

100

80 -

60 |

40 1

20 |

o ' ' ' r ' '
0.4 0.5 " 0.6 0.7

Figure 12. Relative interconnection length
gain I (in %) of an implementation of a de-
sign (C = 5, B = 1024) in an area-l/O FPGA
over a perimeter-1/0 FPGA implementation,
as a function of the Rent exponent r of the
design.

Fig. 13 shows the average number of interconnections
per routing channel 1, as a function of the Rent expo-
nent - of adesign. It shows that, as long as the perimeter-
I/0 implementation is not pin limited (r < rp), the av-
erage number of interconnections per routing channel W
is dlightly lower in the area-1/O case. This is again due
to the fact that the external interconnections (to the IOBs)
are on average shorter, consequently reducing the routing
requirements. As soon as the perimeter-1/0 implementa-
tion is pin limited (r > 7,), the picture changes. Thein-
creased number of routing channels reduces the routing re-
quirements. Note that due to the “doughnut” shaped place-
ment (see Fig. 11) the routing requirementsin apin limited
perimeter-1/0 FPGA are unevenly distributed.

4 Conclusions

Our analysis shows that providing FPGAs with area-
I/Ofor integrationin MCMsisapromising ideafor theim-
plementation of conmplex designs. Compared with tradi-
tional perimeter-1/0 FPGASs, we demonstrated significant
reductions in average interconnection length and area re-
quirements. Thisis mainly due to the fact that area-1/O re-
solvesthe pin limitation problems of complex designs. For
simple designs the gains are only marginal.

There are, of course, various cost factors that hinder
or prevent the production of area-1/O FPGAs in the fore-
seeable future. Nevertheless, the maturing flip chip tech-
nology and, above all, the fact that the increased number
of 1/Os in area-1/0 FPGAS enables complex designs to be
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Figure 13. Average number of interconnec-
tions per routing channel W for an imple-
mentation of a design (C = 5, B = 1024) in
a perimeter-1/0 FPGA (d, = 0.5) and an area-
I/O FPGA (d, = 0.5), as a function of the Rent
exponent r of the design.

implemented in large Multi-Chip Modul esthat are substan-
tially more performant, in time, will make area-1/O FPGAs
avauable aternative to consider.
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