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Figure 3: Mapping a Circuit to a 8-Input, 1-Output Memory Block

Future Directions

This paper has outlined recent research into FPGA mem-

ory architectures. We are currently extending this work in
several ways:

o We are investigating alternative memory architectures,

in particular, dual-port arrays. Our initial results show
that dual-port arrays are very suitable for inclusion in

FPGAs.

We are investigating other means of packing logic into
In particular, Altera has an-
nounced a new memory block in which each array can
be used in a product-term mode [16]. In this mode, each
array can be used to implement any 16 functions with

unused memory arrays.

up to 32 inputs and containing 32 product-terms. It
remains to be seen if such an architecture can be used
effectively.

We are investigating how well our architectures and al-
gorithms work when migrated to very large arrays and
very large numbers of arrays.
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Figure 2: Memory/logic interconnect architecture.

There have been two published algorithms that performs
this packing automatically [9, 10]. Both algorithms determine
which parts of the logic circuit can be efficiently mapped into
the memory arrays, and figure out the best way to do this
packing. This task is much harder than previously developed
FPGA synthesis algorithms [11, 12], since memory arrays are
large, and typically have multiple outputs.

To evaluate the algorithm in [9], we used 29 large bench-
mark circuits. For each, we implemented the circuit two ways:
(a) we used standard experimental CAD tools ( [13, 12]) to
implement the circuit assuming no memory arrays are avail-
able; (b) we used the new algorithm to pack as much of the
circuit as possible into the available arrays, and then imple-
mented the rest using the same standard experimental CAD
tools. In each case, we counted the number of logic blocks re-
quired to implement the circuit. On average, assuming only
one 2 K-bit memory array is available, circuits implemented
using method (b) required 60 fewer logic blocks than those
implemented using method (a). In other words, on average,
60 logic blocks worth of information was packed into the avail-
able array.

To appreciate the significance of these results, consider the

following. Using a detailed area model, we have estimated
that the chip area required by a single 2 K-bit memory array
is the same as the area required to implement 16 logic blocks
(including routing) [14]. This area would be wasted if an un-
used array is not used to implement logic. Using our packing
algorithm, however, not only is this area not wasted, but it is
used more efficiently that it would have been used if the array
was replaced by logic blocks. Had the array not been present,
the user would be able to implement 16 logic blocks of his/her
circuit in that chip area, while, using our algorithm, the user
can implement 60 logic blocks of circuitry in the same chip
area. Thus, the presence of embedded memory blocks leads
to density improvements even if the user’s circuit requires no
storage at all.

We also investigated how the array size and flexibility af-
fects its ability to implement logic [15]. The larger or more
flexible the array, the more logic that can be packed. On the
other hand, a larger and more flexible array consumes more
chip area. Overall, we found that a 2 K-bit array that can be
configured as a 2Kx1, a 1Kx2, a 512x4, or 1024x8 provides
the best tradeoff.
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Figure 1: Two ways to group two 256x4 BMBs

the flexibility of the interconnect matrix, a total of 133 unique
memory configurations can be implemented.

The chip was implemented and fabricated through the
Canadian Microelectronics Corporation. Full details on the
architecture and implementation can be found in [6].

3.2 Architecture Study

Using size and speed information obtained during the im-
plementation of the prototype configurable memory, we then
performed an architecture study to determine (1) the opti-
mum number of BMBs (for a given total memory size), and
(2) whether or not the flexibility of each BMB is warranted.
We considered architectures with between 8 Kbits and 64Kbits
of memory. Full details on these studies are available in [7].

First consider the optimum number of BMBs. For a given
total memory size, the more BMBs, the smaller they are.
A smaller BMB is faster (since the wordlines and bitlines
are shorter), however the interconnect will be slower (since
there are more BMBs to connect). In terms of area, the
more BMBs there are, the larger the device, since there is
more overhead (interconnect matrix, decoders, multiplexors,
etc.). In terms of flexibility, if there are more BMBs, the
device will be more flexible (in terms of the total number
of configurations that can be implemented). Considering all
three criteria, we found that 8 BMBs was optimum for all
memory sizes we considered.

We then investigated whether the flexibility in each BMB
(the ability to take on different aspect ratios) is worthwhile.
Again considering speed, area, and overall device flexibility it
was determined that the BMB flexibility ¢s worthwhile. The
ability of the device to implement different memory config-
urations is severely hampered if we reduce the flexibility of

each BMB.

4 Embedded Memory Architectures

We then investigated the embedding of flexible memory ar-
rays onto an FPGA. One of the challenges when embedding
memory arrays onto an FPGA is to provide enough inter-
connect between the memory arrays and the logic resources.

The design of a good memory/logic interface is critical. Since
memory access time is often the performance bottleneck in
many systems, it is crucial that the memory/logic interface
provides a flexible high-speed link between logic and memory.
If the interface is not flexible enough, many circuits will be
unroutable, while if it is too flexible, it will be slower and
consume more chip area than is necessary.

Figure 2 shows the memory/logic interface architecture we
investigated. We assume that the arrays are positioned in a
single row across the width of the chip, as is the case in Altera
10K parts [1]. Positioning the arrays in this way allows for
easy connections to logic, as well as easy connections between
memory arrays that are combined to implement large user
memories.

Each memory block is connected to the logic routing
through a memory/logic interconnect block. Each such block
programmably connects each memory pin to one of the ver-
tical tracks connected to the upper and lower halves of the
logic array. The block only allows a small subset of possi-
ble connections; in [8] we show that the optimum density and
speed occurs if each memory pin can be connected to between
4 and 7 logic routing tracks.

FPGA memory arrays are very often combined to imple-
ment larger user memories, as shown in Figure 1. It is shown
in [8] that these memory-to-memory connections are very
difficult to implement in an FPGA, and often result in an
unroutable circuit or an implementation that is slower than
necessary. To improve the ability of an FPGA to imple-
ment these connections, we include a number of memory-to-
memory switches, as shown in Figure 2. In [8], it is shown
that, by incorporating these switches into our FPGA archi-
tecture, the memory access time (including routing into and
out of the memories) is reduced by up to 25%.

5 Mapping Logic in to Memory Arrays

Unfortunately, embedding large memory arrays onto an
FPGA requires the FPGA vendor to partition the chip
into memory and logic regions when the FPGA is designed.
Since circuits have widely-varying memory requirements, this
“average-case” partitioning may result in poor device utiliza-
tions for logic-intensive or memory-intensive circuits. In par-
ticular, if a circuit does not use all the available memory
arrays to implement storage (or in the worst-case, uses none
at all), the chip area devoted to the unused arrays is wasted.

This chip area need not be wasted, however, if the unused
memory arrays are used to implement logic. Configuring the
arrays as ROMs results in large multi-output lookup-tables
that might very efficiently implement some logic circuits. Fig-
ure 3 shows this graphically. The left-hand side of the fig-
ure shows a circuit; each square represents a gate with be-
tween one and four inputs and one output. Each such gate
would normally be implemented using a single logic block in
an FPGA. Thus, this implementation would require 13 logic
blocks. If, however, a 8-input, 1-output memory array is avail-
able, the circuit can be implemented as in the right-hand side
of Figure 3. In this case, only 4 logic blocks and one memory
array is required.



Memory Requirements® |

eight 128x22, two 16x27
16x80, 16x16

two 256x69 (buffers),
16x18 (register file)
three 28x16, one 28x3

System

Graphics Chip

Neural Networks Chip
Translation Lookaside
Buffer

Proof-of-concept
Viterbi Decoder

Fast Divider
Communications Chip 1

2048x56, 4096x12 (ROM)
two 1620x3, two 168x12,

two 366x11
Communications Chip 2 | six 88x8, one 64x24
Communications Chip 3 | one 192x12

Table 1: Example systems.

these devices vary greatly from manufacturer to manufac-
turer; since embedded FPGA memory is new, the best way
to include it on an FPGA is not known. The goal of research
projects in this area is to investigate novel FPGA memory
architectures, and examine some of the issues that arise as
FPGA vendors embed memory onto their devices. The early
work of this project dates back to 1993, before any vendor of-
fered memory on their chips; some of the early results signif-
icantly affected the architecture of these commercial devices.
The experiments being performed today will have a direct
impact on the architecture of next-generation FPGAs.

In this paper, we will describe recent research into FPGA
memory architectures, mostly performed at the University
of British Columbia and the University of Toronto. Section
2 outlines the requirements of a FPGA memory architec-
ture. Section 3 describes research into stand-alone config-
urable memory architectures, in which the goal is to provide
a flexible memory architecture that can be used for many dif-
ferent applications, each with very different memory require-
ments. Section 4 then describes work in embedding these
memory architectures on an FPGA; the challenge here is to
create an interconnect architecture that is flexible, yet small
and fast. The projects outlined in Sections 3 and 4 assume
the memory arrays are used to implement the storage parts of
circuits; Section 5 shows that the arrays can also be used to
efficiently implement the logic parts of circuits. Finally, Sec-
tion 6 outlines some of the future directions of this research
area.

2 Requirements of a Good Memory Ar-
chitecture

Since FPGA memory will be used in many different con-
texts, it must be flexible. Table 1 shows a number of circuits
described in recent circuits conferences and journals as well as
three circuits obtained from a Canadian telecommunications
company; each of these circuits requires a different number of
memories and different memory sizes.

1In this paper, a memory written mxn consists of m words of
n bits each.

Another element of flexibility not reflected in Table 1 is
that the logical memories within a circuit will be used in many
different contexts, and will therefore communicate with each
other and with the logic in many different ways. Some cir-
cuits require a single large bank of memory that is connected
directly to logic subcircuits. Other circuits might contain
smaller memories connected to a common bus; this bus then
might drive (or be driven by) one or more logic subcircuits.
A third type of circuit might require many small memories
distributed throughout the circuit, each connected to its own
logic subcircuit. Again, a good FPGA will be able to im-
plement circuits that interact with memory in many different
manners.

In general, the more flexible an FPGA architecture, the
more programmable switches and programming bits are re-
quired. Programmable switches add delay to the paths within
a circuit implementation; if these paths are part of the cir-
cuit’s critical path, the achievable clock speed will suffer. Sim-
ilarly, the extra switches and programming bits will use area
that could otherwise be used for additional circuit elements.
Thus, the design of a good FPGA architecture involves find-
ing a balance between area, speed, and flexibility.

3 Stand-Alone Memory Architectures

The first research project in this area investigated efficient
stand-alone field-configurable memory architectures. Such an
architecture is not embedded on an FPGA, but rather is im-
plemented on a separate chip. The primary reason for con-
sidering such an architecture is that it allowed us to focus on
the memory itself, without having to worry about the inter-
connect of the configurable memory to the logic part of an
FPGA.

This research project had two components: we first built
a prototype proof-of-concept configurable memory [6], and
then performed an architecture study to determine the best
parameters for such an architecture [7]. The architecture we
proposed is very similar to what was subsequently included

in the Altera FLEX 10K device [1].
3.1 Prototype Configurable Memory

The prototype configurable memory consists of four ba-
sic memory blocks (BMBs), each containing 1Kbit of mem-
ory. Flexibility is provided in two ways: the aspect ratio
of each BMB is configurable, and the BMBs can be com-
bined in a flexible manner. First, consider the aspect ra-
tio of each BMB. Although the physical layout of the array
is fixed, a programmable multiplexor connected to the data
lines of each BMB allow each BMB to appear to the user
as a 1024x1, a 512x2, a 256x4, or a 128x8 memory. The
aspect ratio of each BMB can be configured independently.
Second, a flexible interconnect matrix is provided to allow
the user to programmably combine the BMBs to implement
larger user memories. Figure 1 shows two ways in which two
256x4 BMBs can be combined. The interconnect matrix is
flexible enough that all possible BMB combinations can be
implemented. Considering both the BMB’s flexibility and
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Abstract

Recent dramatic improvements in integrated circuit fabrica-
tion technology have led to Field-Programmable Gate Arrays
(FPGAs) capable of implementing entire digital systems. Un-
like the smaller circuits that have traditionally been targeted
to FPGAs, these large systems often contain memory. Archi-
tectural support for the efficient implementation of memory
in next-generation FPGAs is therefore crucial.

In this paper, we will describe recent research into FPGA
memory architectures. We seek to uncover not only the best
architecture for the memory arrays themselves, but the best
architecture for their interconnection, and the interconnec-
tion of the memory architecture to the rest of the FPGA. We
also show how memory arrays that are not used to tmplement
storage can be used to implement the logic parts of circuits
very efficiently. Many of the early research results have al-
ready been used in commercial FPGAs; others are likely to be
used in the future.

1 Introduction

Since their introduction in 1985, Field-Programmable
Gate Arrays (FPGAs) have rapidly become the implemen-
tation medium of choice for many digital circuit designers.
The reconfigurable nature of FPGAs provides risk-free large-
scale integration that has been applied in areas as diverse
as telecommunications, high-speed graphics, and digital sig-
nal processing. Unlike Mask-Programmed Gate Arrays (MP-
GAs), which must be personalized by the MPGA vendor, FP-
GAs can be programmed by the user in minutes. For small
and medium volumes, this reduces the cost, and shortens the
time-to-market.

Unfortunately, there is an area and speed penalty associ-
ated with user-configurability. Unlike MPGAs, in which cir-
cuit elements are connected using metal wires, in an FPGA,
programmable switches are used to connect circuit elements.
These programmable switches add resistance and capacitance
to all connections within a circuit, lowering the achievable
clock frequency. The switches also require significant chip
area, reducing the amount of logic on each device. In some

FPGAs, Static RAM (SRAM) bits are required to control

*This work is being supported by B.C. Advanced Systems Insti-
tute, NSERC, the UBC Centre for Integrated Computer Systems
Research, Cadence Design Systems and Cypress Semiconductor

the programming switches, reducing the number of circuit
elements even further. For the most part, this has limited
FPGAs to the implementation of relatively small logic sub-
circuits, often the “glue-logic” portions of larger systems.

Recent years, however, have seen dramatic improvements
in processing technology. Today, 0.35um and 0.25u processes
are common, and even smaller feature sizes are on the hori-
zon. These smaller feature sizes have lead to impressive im-
provements in the density of integrated circuits (ICs), which,
in turn, have had a profound impact on the possible applica-
tions and design of 1Cs.

The impact of improving process technology is very evi-
dent in the evolution of FPGAs. Recently, FPGA vendors
have introduced devices capable of implementing relatively
large circuits and systems. These large systems are quite
different than the smaller logic subcircuits that have tradi-
tionally been the target of FPGAs. One of the key differ-
ences is that these systems often contain memory. Therefore,
next-generation FPGAs must be able to efficiently implement
memory as well as logic. If they can not, the implementation
of such a system would require both FPGAs (for the logic
portion of the system) and separate memory chips. On-chip
memory has several advantages:

e Implementing memory on-chip will likely decrease the
number of chips required to fully implement a system,
reducing the system cost.

e Implementing memory and logic on separate chips will
often limit the achievable clock rate, since external pins
(and board-level traces) must be driven with each mem-
ory access. If the memory access time is part of the
critical path delay of the circuit, on-chip memory will
allow a shorter clock period.

e For most FPGA packaging technologies, as the devices
get larger, the number of logic elements grows quadrat-
ically with the edge-length of the chip. The number of
1/O pins, however, grows only linearly. Thus, the avail-
ability of I/O pins is increasingly becoming a problem.
This problem is aggravated if an FPGA is connected to
an off-chip memory, since many I/O pins on the FPGA
must be devoted to address and data connections. If the
memory is implemented on-chip, these pins can be used
for other purposes.

Several vendors now offer devices with significant amounts
of on-chip memory [1, 2, 3, 4, 5]. The architectures of



