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Abstract—Reconfigurable hardware has become a well-accepted
option for implementing digital signal processing (DSP). Tradi-
tional devices such as field-programmable gate arrays offer good
fine-grain flexibility. More recent coarse-grain reconfigurable
architectures are optimized for word-length computations. We
have developed a medium-grain reconfigurable architecture that
combines the advantages of both approaches. Modules such as
multipliers and adders are mapped onto blocks of 4-bit cells.
Each cell contains a matrix of lookup tables that either implement
mathematics functions or a random-access memory. A hierar-
chical interconnection network supports data transfer within and
between modules. We have created software tools that allow users
to map algorithms onto the reconfigurable platform. This paper
analyzes the implementation of several common benchmarks,
ranging from floating-point arithmetic to a radix-4 fast fourier
transform. The results are compared to contemporary DSP hard-
ware.

Index Terms—Digital signal processing (DSP), floating-point
arithmetic, medium-grain reconfigurable hardware, synthesis
tools.

I. INTRODUCTION

ANY applications rely on digital signal processing
(DSP) to achieve their functionality. However, these

computationally-intensive algorithms place great demands on
the processing power of the underlying hardware. As tech-
nology continues to advance, reconfigurable hardware has
become a viable option for implementing DSP [1]. Not only
do these devices enable rapid development and prototyping,
but the configuration can be changed at any time—even after
deployment.

Using reconfigurable hardware for DSP requires fundamental
tradeoffs between performance and flexibility. Traditional
fine-grain devices such as field-programmable gate arrays
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(FPGASs) can implement arbitrary logic equations. However,
implementing a multiplier on a fine-grain device requires a
large number of cells. The resulting interconnection delays
hinder the resulting performance. For this reason, many FPGAs
embed dedicated multipliers within the reconfigurable fabric.
The Xilinx Virtex-4, for example, contains special XtremeDSP
slices that can perform 18-bit multiplication and 48-bit addition
[2].

Recently, researchers have proposed new reconfigurable
architectures in which each cell performs 16-bit or 32-bit
operations [3]. These coarse-grain devices achieve high perfor-
mance for DSP. Some examples are the 1-D RaPiD array [4],
the 2-D KressArray [5], and the heterogeneous Pleiades [6]
and MONTIUM [7] architectures that combine fine-grain and
coarse-grain components. On the commercial front, the PACT
XPP architecture contains one or more arrays of processing
elements, each of which holds an arithmetic logic unit (ALU)
or a memory [8]. The Adapt2000 ACM from QuickSilver Tech-
nology uses a hierarchy of heterogeneous nodes; different types
of nodes can implement 32-bit binary arithmetic, bit-oriented
operations, general-purpose code, and memory control [9].

As a third alternative, medium-grain reconfigurable hardware
attempts to balance performance and flexibility. Each cell works
with 4- or 8-bit data, so word-length modules require a group of
cells. However, cells typically support a wide variety of opera-
tions. Examples of proposed architectures include the hexagonal
CHESS array [10], the rectilinear PipeRench [11] and DReAM
[12] architectures, and the Elixent D-Fabrix that uses 4-bit cells
and switchboxes [13]. In previous work, we have developed a
novel medium-grain reconfigurable architecture that strives for
efficient circuit-level implementation [14], [15]. Each cell can
perform binary arithmetic or memory operations.

Mapping DSP onto reconfigurable hardware requires sophis-
ticated software tools. Most commercial platforms support a
wide range of features, including design synthesis, timing anal-
ysis, and circuit simulations. As an initial step, we have created
software tools that allow users to map algorithms by hand. A
simulator is provided to verify the designs. We have used the
software to implement several benchmarks and evaluate the per-
formance of the medium-grain architecture. This analysis forms
the main focus of this paper. We have also presented initial re-
sults in [16] and [17].

Section II summarizes the VLSI design of the medium-grain
architecture. Section III describes the software tools used to
implement and test algorithms. Section IV shows the basic
modules used for fixed-point and floating-point arithmetic.
Section V summarizes the implementation of the selected
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Fig. 1. Functional diagram of element.

benchmarks and gives the estimated execution times. Section VI
compares the performance and features of the proposed ar-
chitecture with digital signal processors and other types of
reconfigurable hardware. Finally, Section VII concludes this

paper.

II. HARDWARE ARCHITECTURE

Our medium-grain architecture uses an innovative two-level
approach to combine high performance with high flexibility.
The device as a whole contains an array of 4-bit cells. Each
cell, in turn, consists of a 4 x4 matrix of lookup tables, or “el-
ements.” The lookup tables can assume only two structures:
one for memory operations, and the other for binary arithmetic
[14]. To implement DSP, individual cells are grouped into word-
length modules, such as multipliers, adders, and memory units.
These modules are then connected together into entire algo-
rithms. A dual interconnection structure optimizes data transfer
both within and between modules [16]. Typical devices might
contain a 32x32 or 64x 64 array of cells.

A key difference between the proposed architecture and fine-
grain devices is the interconnection network. In an FPGA, each
logic block can connect to any other logic block via a rich set of
local and global lines. In our design, elements within a cell can
only connect to neighboring elements in two ways. Similarly,
each cell can only connect to neighboring cells and a hierar-
chical routing backbone. This optimized design offers the ad-
vantages of higher performance and lower power consumption.
We demonstrate in this paper that the resulting medium-grain
architecture retains sufficient flexibility to implement DSP.

In this section, we describe the VLSI design of the elements,
cells, and interconnection network. We also give circuit simu-
lations that validate the performance of the architecture. More
information about the VLSI design appears in [15].

A. Elements

Fig. 1 depicts a functional diagram of an element. The com-
ponent behaves as a 32-bit random-access memory (RAM) with
separate read and write ports. This feature allows the cell to read
from one address and write to another address simultaneously.
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Fig. 2. Cell in memory mode.

The memory is divided into two banks of 16 latches, numbered
0 to 15 in Fig. 1. For read operations, address rag.3 selects one
latch in each bank, and read enable req.; determines which latch
should drive the output 7o. If neither bank is enabled, the ele-
ment connects input 7z to this output. Write operations proceed
in a similar manner: address wayg.3 selects one latch in each
bank, and write enable weg.; determines which bank should re-
ceive the input ws.

Mathematics functions use the element as a four-input, two-
output lookup table. The four inputs are placed onto the bits of
rag.3. We also refer to these bits as a, b, ¢, and d. The outputs
of the two selected latches drive outputs y and z, which connect
to inputs ¢ and d of neighboring elements.

The element may use a variety of circuit styles to implement
this functionality [15]. These designs must optimize the read
datapath to achieve high performance for mathematics compu-
tations. One simple approach divides the datapath into a series of
n-transistors controlled by a CMOS decoder. The complemen-
tary outputs of the selected latch propagate through the n-tran-
sistors toward ¢ and z. Weak cross-coupled p-transistors restore
the rail-to-rail voltage swing. This approach has low latency and
does not require internal clocking.

B. Cells

As stated previously, each cell uses a matrix of elements to
perform memory and mathematics operations. This approach
provides fine-grain flexibility without the large interconnection
overhead of FPGA:s, since the cell can only assume two struc-
tures. In memory mode, shown in Fig. 2, the elements imple-
ment a 128 x 4 bit RAM. Each element manages a 32 x 1-bit
portion of the memory. Input rag.7 specifies the 7-bit read ad-
dress, with ra; serving as the read enable. Similarly, wag.7 spec-
ifies the write address and write enable. Lines wig.3 and 70q.3
define the input data and output data, respectively. Finally, r%¢.3
specifies the default value of r0¢.3 when the read enable is off.

In mathematics mode, shown in Fig. 3, the elements are con-
figured to execute 4-bit binary arithmetic. Each element now
acts as a 16 x 2-bit lookup table. The cell broadcasts inputs



16 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 16, NO. 1, JANUARY 2008

Yo

L
d
ZNL

S
| s |

Y2

S N
1 |

—

Fig. 3. Cell in mathematics mode.

ao.3 and bg.3 across the rows and columns of the structure. In-
puts co.3 and dg.3 are passed to the four elements in the top row.
The cell collects the output yg.7 from the seven elements on the
right and bottom. The critical path through the structure consists
of seven elements.

Mathematics mode is optimized for the powerful multiply-
accumulate (MAC)

y7:0 = (a3:0 X b3:0) + 3.0 + d3.0- (D
Here, each element evaluates the 1-bit MAC
(2z4+y)=(axb)+c+d. (2)

The cell can implement many other functions as well, including
addition, subtraction, bit shifting, and control logic. The fine-
grain flexibility of the elements permits cells to work with un-
signed or two’s-complement data.

Alternative designs of the cell are also possible, including
a bit-serial design that uses five elements [18], and a super-
pipelined design that achieves very high throughput [19].

C. Interconnection Network

The interconnection scheme used in the medium-grain archi-
tecture facilitates the mapping of word-length modules such as
multipliers, adders, and memory units. Fig. 4 depicts the local
network. A mesh of 4-bit busses running horizontally, vertically,
and diagonally allows cells to exchange data with their eight
neighbors. Crossbar switches connect the inputs and outputs of
the cell to the local network. The local mesh contains pipeline
latches that improve throughput by exploiting the data-parallel
nature of DSP. The architecture dedicates one clock cycle for all
cell computations, and one clock cycle for local communication
between cells. Additional pipeline registers can be placed in the
datapath if required.

Fig. 5 illustrates the global network, which resembles an
H-tree. This structure can transfer data efficiently between any
two cells. Each level of the tree contains four input busses and
four output busses. The number of bits per bus starts at 4 bits
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Fig. 4. Cells with local interconnection network.
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Fig. 5. Global network.

and doubles at every level. (To save area, one could limit the
bandwidth to a predetermined value.) Switches in the global
network route data in word units, resulting in lower complexity
and configuration overhead.

Like the local mesh, the global H-tree contains pipeline
latches to improve throughput. The latency between any two
cells equals half the number of busses traversed. Hence, cells
A and B in Fig. 5 are separated by four clock cycles. This
architecture simplifies the mapping process, as the outputs of
a module can be collected onto a single bus and routed to the
inputs of another module. All 4-bit portions of the data incur
the same latency over the H-tree.

D. Simulations and Prototype

We have performed layout simulations of the basic cell in
180-nm CMOS technology with all parasitic capacitances ex-
tracted [15], [17]. The simulations show that the cell can be
pipelined at a clock rate of 267 MHz. We have also created lay-
outs of the crossbar switches used in the interconnection net-
work [20]. According to simulations, the latency through the
switches will not constrain the overall clock rate. Given the deep
pipelining of the interconnection network, we do not anticipate
any problems with maintaining the clock rate across a fully pop-
ulated chip.

We have also performed circuit simulations of the cell in
a more aggressive 90-nm technology. In this case, the design
runs at speeds of 1 GHz without accounting for parasitic ca-
pacitances. We estimate that the clock rate would decrease to
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Fig. 6. Screenshot of software tools.

720 MHz in 90-nm layout, based on the corresponding results
in 180-nm technology.

Finally, we have fabricated initial prototypes of the cell in
500-nm technology. Functional testing has verified that the cell
operates correctly in memory mode and mathematics mode.

III. SOFTWARE TOOLS

We have created a suite of software tools for mapping algo-
rithms onto the medium-grain reconfigurable architecture. Cur-
rently, the software allows users to construct modules such as
multipliers, place these modules on the array of cells, and con-
nect their inputs and outputs. In this way, users can easily as-
semble entire algorithms. A built-in emulator gives users the ca-
pability to feed data into their designs and obtain cycle-by-cycle
results. This component contains an accurate model of the cells
and interconnection structures. Future developments will auto-
mate the synthesis process.

Fig. 6 contains a screenshot of the editor used for designing
modules such as multipliers. The user can define the config-
uration of each cell in a separate window and select between
memory mode and mathematics mode. Shown on the screen
is part of the finite-impulse response (FIR) filter described in
Section V. The user can toggle the display of the interconnec-
tions.

Unlike software tools for other platforms, the emulator does
not estimate the propagation delays on the physical device. The
pipelined interconnection network allows the architecture to run
a fixed clock frequency, regardless of the current configuration.
Instead, the emulator allows users to count the number of cy-
cles required by the algorithm. Multiplying the cycle count by
the clock period produces the total execution time. Thus, the
medium-grain reconfigurable architecture decouples the circuit
design from the software interface.

5 3 3 3
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Fig. 8. 16-bit fixed-point multiplier.

IV. ARITHMETIC MODULES

Most algorithms used in DSP contain a large number of mul-
tiplications and additions. As described in this section, map-
ping both fixed-point and floating-point arithmetic onto the re-
configurable architecture is quite straightforward. The diagrams
that appear here illustrate the basic structure of such modules.
(The software tools necessarily require more details.) Users can
create libraries of common modules to quickly assemble entire
algorithms.

A. Fixed-Point Adder

Fig. 7 depicts a 32-bit fixed-point adder. Essentially, the struc-
ture is the pipelined equivalent of a ripple-carry adder with 4-bit
computational units. Notice the carry signal propagating from
cell to cell across the local network. The adder generates the
output in digit-serial order during the clock cycles indicated.
For maximum efficiency, the modules driving the adder should
generate data in this fashion as well. The H-tree preserves the
relative ordering of the data between modules.

B. Fixed-Point Multiplier

Fig. 8 illustrates a 16-bit fixed-point multiplier. The structure
of this module resembles a carry-save multiplier, and can be
extended to any word length [15]. One input is applied to the
top row of cells in digit-parallel order; the other input is applied
to the right column of cells in digit-serial order. The output is
generated in digit-serial order by the seven cells on the right and
bottom. The matrix of elements inside each cell supports both
unsigned and two’s-complement arithmetic.

C. Shifter

Shifters are a necessary component of many computations,
including floating-point arithmetic and CORDIC rotations. One
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Fig. 10. Diagram of floating-point adder.

can implement either a linear or logarithmic shifter on the re-
configurable architecture. A linear shifter has a simple structure
that resembles a fixed-point multiplier. However, a logarithmic
shifter usually requires fewer cells, as in the 16-bit left shifter in
Fig. 9. The top row of cells can shift the data from zero to four
bits to the left. The second and third rows act as multiplexers that
apply optional shifts of 4 and 8 bits, respectively. The module
uses the global network to connect these two rows, as some data
must travel between non-neighboring cells.

D. Floating-Point Adder

The reconfigurable architecture can implement floating-point
arithmetic using fixed-point modules as building blocks. For ex-
ample, Fig. 10 gives a diagram of a floating-point adder that
operates on inputs z and y. A comparator first determines the
difference between the exponents x. and ¥.. This result is used
to align the significands x5 and y, by shifting one or the other
to the right. A fixed-point adder computes the sum, while a mul-
tiplexer selects the larger of the two exponents. For complete-
ness, the module should also realign the result, but this operation
is best performed after completing all floating-point manipula-
tions.

Although one could design an adder to work with floating-
point numbers in IEEE format, a hybrid representation reduces
the hardware required for individual operations. Suppose that
numbers contain a 28-bit denormalized significand and a 10-bit
exponent, both in two’s-complement format. Also, assume that
the last two bits of the exponent are always zero. This prop-
erty implies that the significand is only shifted in 4-bit units,
reducing the size of the shifter. Conversion to and from IEEE
single-precision format would be straightforward.

Fig. 11 shows the resulting implementation of the floating-
point adder. The structure requires 52 cells, or the equivalent of
a 208-bit fixed-point adder. The latency through the module is
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Fig. 11. Implementation of floating-point adder.
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Fig. 12. Diagram of floating-point multiplier.
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Fig. 13. Implementation of floating-point multiplier.

57 clock cycles, measured from the first input to the final output.

E. Floating-Point Multiplier

A diagram of a floating-point multiplier appears in Fig. 12. As
before, the operation can be reduced to fixed-point operations.
The module multiplies the two significands x; and y, and adds
the two exponents z. and ¥.. The final stages realign the result
by shifting the significand left and subtracting the appropriate
value from the exponent. An encoder determines the appropriate
degree of shifting.

Fig. 13 depicts the implementation of the floating-point multi-
plier. This example uses the same number format as the floating-
point adder. Notice that the outputs of the multiplier connect di-
rectly to the encoder for high efficiency. In all, the structure re-
quires 104 cells and has a latency of 74 clock cycles. Much of
the latency originates from the dependency of the shift register
on the final output of the multiplier and encoder. Notice that all
modules mapped on the reconfigurable architecture can initiate
one operation per clock cycle.

V. DSP BENCHMARKS

To evaluate the medium-grain architecture, we have used the
software tools to implement and test several benchmarks for
DSP hardware. This section presents three examples: a 12-tap
FIR filter, a 16-stage CORDIC unit, and a 256-point fast fourier
transform (FFT). We assume that the input data has 16-bit fixed-
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point format, although the algorithms may calculate interme-
diate results to higher precision. This section describes the im-
plementation of each benchmark and compares the execution
time to other solutions. For clarity, the diagrams shown are much
simpler than the view provided by the software.

A. FIR Filter

Fig. 14 gives a block diagram of the 12-tap FIR filter. This
structure harnesses the power of the reconfigurable architecture
by performing all operations in parallel. The input x is passed to
12 multipliers. Each unit ¢ is configured to multiply the data by
a fixed coefficient b;. The outputs of the multipliers are added
in pipelined fashion so that the output y becomes

y[n] = boz[n] + biz[n — 1] + -+ + byiz[n — 11].  (3)

Fig. 15 depicts the implementation of the filter on the recon-
figurable architecture. The structure consists of four identical
modules, each of which handles three coefficients. Each module
occupies an 8 x 8 block of cells and contains three multipliers
and three adders. To implement higher-order filters, one would
simply add more modules. The current design allows filter co-
efficients within the range [—1,1). However, the design uses
20-bit adders to mitigate rounding errors.

The global interconnection network offers several features
that simplify the mapping process. The input lines of the
H-tree broadcast the z input to all modules simultaneously.
Each module collects the outputs of the three multipliers into
a bundle and passes them to the inputs of the corresponding
adders. All three outputs incur the same latency over the H-tree.

Fig. 17. Implementation of one CORDIC stage.

The tree structure is also useful for connecting adjacent mod-
ules in sequence. The arrows in Fig. 15 suggest one method for
traversing the tree.

The 12-tap filter has a latency of 61 clock cycles from the
arrival of the first input to the computation of the last output. The
critical path involves 20 cells, 15 local busses, and 74 levels of
the H-tree. The total execution time for a 256-point data stream
equals the latency plus 244 clock cycles, or 316 clock cycles.
Hence, the expected execution time of the 12-tap filter is 0.44 ps
when running at the estimated clock rate of 720 MHz in 90-nm
technology.

B. CORDIC Unit

CORDIC transformations offer one way to perform complex
mathematical operations, such as division, square root, and rect-
angular-to-polar conversion. A typical CORDIC transformation
for n-bit inputs contains 7 stages, each of which follows the di-
agram in Fig. 16. Initially, the system sets x and y to the inputs
(such as the rectangular coordinates) and z to zero. Iteration ¢
then updates the data as follows:

¢ =xF2
Yy =y£2 e
2 =z+ f(i). 4)

The value of f(4) and the choice of addition or subtraction de-
pends on the sign of y. After n stages,  and/or z will contain
the desired results and y will be essentially zero.

We have mapped a 16-bit CORDIC stage on the reconfig-
urable architecture, as shown in Fig. 17. A 4 x 8 block of
cells contains two adder/subtracters, two shifters, one constant
adder, and a small decoder that determines the sign of y. The
implementation contains a number of features to improve per-
formance. The two shifters translate data no more than four bits
to the right. The remaining shift amount is performed with hard-
wired connections. In addition, the two values of f(4) needed for
the current stage are hardcoded into the constant adder. Finally,
all modules work with 24-bit data rather than 16-bit data to al-
leviate rounding errors.

Algorithms could compute CORDIC transformations in two
ways. A low-area approach would use a single CORDIC stage to
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process a group of data points one iteration at a time. After par-
tial reconfiguration, the stage would be ready for the next itera-
tion. A high-performance approach would cascade 16 CORDIC
stages to form a 16 x 32 block. The latency through a single
stage is 17 clock cycles; the latency through the entire block
would be 313 clock cycles, including the communication delay
over the global network. This latency translates into 0.43 s at
720 MHz. The throughput of the CORDIC transformation is the
maximum possible: 720 Msamples/s.

C. FFT

Fig. 18 gives a diagram of a radix-4 FFT. Each sample is rep-
resented as a complex number with 16-bit real and 16-bit imag-
inary portions. The algorithm as a whole consists of four com-
putational stages. During each stage, the system reads four sam-
ples from memory, calculates a so-called “dragonfly” operation,
and stores the results back into memory at different addresses. A
sophisticated memory unit allows all eight operations to occur
simultaneously. The process repeats for the remaining groups
of samples in the dataset.

The “dragonfly” is described by the matrix equation

Yo 10 1 07710 1 0 Xo
vi| o1 0o —j|l|1 0 -1 o] |WmX,
Y| |1 0 =1 o]0 1 0 1/||WX,
Y; 01 0 j1Llo1 o -1]lwsx,

®)

This operation consists of three complex multiplications and

three complex additions or subtractions. “Twiddle factors”
W1, Wy, and W3 are generated by a lookup table.

Fig. 19 gives more detail about the special memory unit. The

two structures shown are superimposed on top of each other.

Fig. 20. Implementation of FFT.

Each cell divides its internal memory into two banks: one for
reads and one for writes. The two banks operate independently,
with separate address and control signals. Each column of cells
forms a read memory for one of the inputs to the kernel. Each
row, in turn, forms a write memory for one of the outputs. A 4 x
4 block of cells can manage one 4-bit portion of all eight inputs
and outputs.

The overall implementation of the FFT appears in Fig. 20.
The kernel of the algorithm maps onto a 32 x 16 array of cells.
Input data arrives in memory as a fixed-point number with
16-bit real and 16-bit imaginary portions. The adders work with
24-bit data to avoid rounding errors. A separate lookup table,
not shown in Fig. 20, generates the “twiddle factors” used in
the multipliers.

The 256-point FFT has a latency of 68 clock cycles between
the two memories. The critical path involves 19 cells, 13 local
busses, and 72 levels of the H-tree. Since each processing stage
handles 64 groups of samples, the time required per stage equals
the latency plus 63 clock cycles, or 131 clock cycles. Multi-
plying this number by 4 yields the total execution time, 524
clock cycles or 0.73 s at 720 MHz.

VL

In this section, we analyze the performance and flexibility of
the medium-grain architecture. We first compare the execution
times of the DSP benchmarks to several digital signal proces-
sors and FPGAs. We then compare the alternatives on a more
architectural level. Initial results have been reported in [16] and
[17].

ANALYSIS

A. Performance Comparison

Table I compares the execution times of the FIR filter and
FFT to the reported results for several fixed-point DSPs. The
devices selected for this comparison represent some of the most
advanced DSP engines available today: a Blackfin processor
(ADSP-BF533) from Analog Devices and two TMS320 pro-
cessors (TMS320C2 and TMS320C4) from Texas Instruments.
The execution times for these platforms were calculated from
data available at the manufacturers’ websites. For comparison,
we also include the execution time for a 1.4-GHz Pentium 4 run-
ning the FFT benchmark [21]. The “scaled time” values are nor-
malized to 180-nm technology, assuming that the clock period
scales linearly. All implementations work with a 256-sample
dataset with 16-bit fixed-point data, except for the Pentium 4,
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TABLE 1
COMPARISON WITH DIGITAL SIGNAL PROCESSORS

Parameter ADSP-BF533  TMS320C2 TMS320C4  Pentium 4  Proposed  Proposed
Technology (nm) 150 90 180 180 90
Clock frequency (MHz) 750 300 1000 1400 267 ~720
FIR: Execution time (us) 2.39 9.02 1.29 1.18 0.44

Scaled time 10.82 2.58 1.18 0.88
FFT:  Execution time (us) 3.10 9.25 1.24 14.29 1.96 0.73
Scaled time 11.10 2.48 14.29 1.96 1.45
TABLE II
COMPARISON WITH RECONFIGURABLE HARDWARE

Parameter XC2V500 XC2VP4  XC4VSX25 Proposed Proposed

Technology (nm) 150 130 90 180 90

Slices / cells 3,072 6,768 10,240 4,096 4,096

Package size / estimated area (mm?) 384 384 729 ~492 ~123

FIR: Clock frequency (MHz) 218 258 323 267 ~720

Utilization 0.32 0.27 0.05 0.06 0.06

Equivalent area (mm?) 129 104 36 30 7

Execution time (us) 1.27 1.07 0.87 1.18 0.44

Area X time 164 111 63 35 3

Scaled time 1.52 1.48 1.74 1.18 0.88

CORDIC:  Clock frequency (MHz) 190 198 299 267 ~720

Utilization 0.20 0.20 0.06 0.13 0.13

Equivalent area (mm?) 71 77 44 64 16

Execution time (us) 1.45 1.39 0.92 1.17 0.43

Area X time 112 107 40 75 7

Scaled time 1.74 1.92 1.84 1.17 0.87

FFT: Clock frequency (MHz) 232 293 458 267 ~720

Utilization 0.52 0.23 0.12 0.13 0.13

Equivalent area (mm?) 200 88 87 64 16

Execution time (us) 1.34 1.06 0.72 1.96 0.73

Area X time 268 93 63 125 12

Scaled time 1.61 1.47 1.44 1.96 1.45

which handles floating-point data. The time required to load the
data into memory is not included.

As shown, the proposed architecture surpasses the perfor-
mance of DSPs in similar technologies. These results are not
surprising, as reconfigurable hardware can exploit the paral-
lelism of DSP. The deeply pipelined design does have one draw-
back: filling the pipeline at the beginning of each execution stage
consumes many cycles. Processing larger sample sets would im-
prove the results, since the modules would have higher utiliza-
tion.

Table II repeats the comparison with three Xilinx FPGAs: a
Virtex-II (XC2V500), a Virtex-II Pro (XC2VP4), and a Virtex-4
(XC4VSX25). All three devices contain special features to ac-
celerate DSP, including dedicated 18-bit multipliers, and in the
case of the Virtex-4, 48-bit adders as well. The clock frequencies
for the FIR and CORDIC benchmarks were calculated by map-
ping the respective intellectual property (IP) cores using max-
imum pipelining and the highest effort level. The results for the
FFT were taken directly from the datasheet for the FFT IP core
using a radix-4, burst-mode algorithm with the data load time
subtracted.

Comparing the scaled execution times, the Virtex-4 does
slightly outperform the proposed architecture for the FFT
benchmark. We anticipate that further optimizations to the al-
gorithm—in particular, decreasing the pipeline fill time—would
improve the result. The proposed architecture does achieve
notably higher performance for the other two benchmarks.

Table II also gives an estimate of the device utilization for
each benchmark. For the Xilinx devices, the value given is the
number of slices consumed by the algorithm, divided by the total
number of slices in the device. For the proposed architecture,
we assume that the target device has a 64 x 64 array of cells.
We then estimate that the device would have an active area of
492 mm? in 180-nm technology, based on individual layouts of
the cell and switches. This result would scale down to 123 mm?
in 90-nm technology. The package sizes of the Xilinx devices
are given for comparison.

Although direct comparison of the areas is difficult, due to
the differences in technologies and die sizes, the results indicate
that the medium-grain architecture incurs significantly less area
overhead than commodity FPGAs. Note especially that the de-
vice utilization is roughly equivalent to that of a larger Virtex-4
in significantly better technology. The area X execution time
parameter, which provides some indication of the power con-
sumption, is significantly lower for the proposed architecture in
90-nm technology. However, we should stress that these values
are only preliminary estimates.

B. Architecture Comparison

As demonstrated in Section VI-A, the medium-grain recon-
figurable architecture does not implement algorithms in the
same manner as FPGAs. Synthesis tools for FPGAs translate an
algorithm into a series of logic expressions, which map onto the
1-bit cells. The interconnection structure routes data between
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cells in bit-length units. In contrast, the proposed architecture
represents algorithms as a set of modules composed of 4-bit
cells. The elements inside the cell allow the architecture to
maintain 1-bit flexibility. The global H-tree routes data between
modules in word-length units. The pipelined interconnection
network unifies all computations, so that the device always runs
at the maximum clock frequency.

The method used to implement several important operations
also differs from FPGAs. For example, the Xilinx Virtex-II fea-
tures embedded 18-bit multipliers and fast carry logic within the
basic cells. The Xilinx Virtex-4 uses special DSP blocks that can
perform 18-bit multiplication and 48-bit addition. In contrast,
the medium-grain cell array integrates multipliers and adders
with other modules. Each cell can perform mathematics func-
tions or memory operations, so designers can create powerful
memory units as well. As always, designers can customize the
word length and number of modules to suit application require-
ments.

The proposed architecture also has several advantages over
coarse-grain reconfigurable devices. Coarse-grain cells gener-
ally perform a limited number of 16- or 32-bit operations. To
implement the control logic necessary for DSP, some architec-
tures integrate the coarse-grain array with a separate fine-grain
array or microprocessor. Another option is to use a heteroge-
neous array of cells, as with the PACT XPP and QuickSilver
Adapt2000. In contrast, the proposed architecture uses the same
cells to perform binary arithmetic, memory operations, and con-
trol logic. The 4-bit granularity also gives designers more flex-
ibility over the word length.

VII. CONCLUSION

In this paper, we have discussed the implementation of several
DSP benchmarks on a medium-grain reconfigurable architec-
ture. The initial results provided by the software emulator show
great promise with respect to other solutions. On one hand, the
execution times of several benchmarks meets or exceeds the per-
formance of advanced DSPs and FPGAs. On the other hand, a
number of architectural innovations make it possible for the ar-
chitecture to implement DSP efficiently.

Some key features of the architecture are as follows.

e Two-Level Array: The proposed architecture contains a
two-level array of 4-bit cells and 1-bit elements. This
approach allows the design to achieve the performance
required for binary arithmetic, as well as the flexibility
required for control logic. For instance, we demon-
strated that the same cells can implement fixed-point and
floating-point arithmetic, CORDIC stages, and sophisti-
cated memory units for a radix-4 FFT.

* Two-Mode Cell Configurations: Traditional fine-grain re-
configurable hardware suffers from complex interconnec-
tion structures. In contrast, the cell only assumes two con-
figurations: one optimized for memory operations and the
other for mathematics functions. Since the design requires
minimal routing resources at the fine-grain level, each cell
behaves like a medium-grain computational unit. The re-
duced area overhead can be clearly seen in the comparisons
with FPGAs.

* Hierarchical Interconnection Structure: The interconnec-
tion network used on the device recognizes that algorithms
are composed of discrete modules, such as multipliers and
adders. Hence, the architecture provides a mesh of busses
for data transfer within a module, as well as a global H-tree
for connecting modules together. The higher levels of the
H-tree manipulate data in word-length units. All 4-bit
portions incur the same latency between modules. We
found that this interconnection scheme greatly simplifies
the mapping process.

* Pipelined Execution: All cell computations and data
transfers are pipelined for high throughput. The uniform
pipelining scheme allows the device to maintain the
maximum clock frequency at all times, regardless of the
current configuration. One drawback of this approach is
that the deep pipelines require a significant number of
cycles to fill up during each execution stage. The perfor-
mance results for the FFT illustrate this trend. However,
once the pipeline is filled, the device can generate results
at very high throughput, leading to lower execution times.
Algorithms that work with larger sample sizes achieve
greater speedup.

Taken as a whole, the proposed architecture supports a large ap-
plication space with a number of orthogonal axes. Designers can
customize the word length, amount of parallelism, and number
of modules to meet the needs of the application. In this manner,
systems can balance performance and flexibility while mini-
mizing development costs.
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