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Abstract— Reconfigurable hardware has become a well- that combine fine-grain and coarse-grain components. On
accepted option for implementing digital signal processing. Tradi- the commercial front, the PACT XPP architecture contains
tional devices such as field-programmable gate arrays offer good one or more arrays of processing elements, each of which

fine-grain flexibility. More recent coarse-grain reconfigurable
architectures are optimized for word-length computations. We holds an ALU or a memory [7]. The Adapt2000 ACM from

have developed a medium-grain reconfigurable architecture that QuickSilver Technology uses a hierarchy of heterogeneous
combines the advantages of both approaches. Modules such ashodes; different types of nodes can implement 32-bit binary
multipliers and adders are mapped onto blocks of 4-bit cells. Each grithmetic, bit-oriented operations, general-purposgecand

cell contains a matrix of lookup tables that either implement memory control [8].

mathematics functions or a random-access memory. A hierar- ) . . . .

chical interconnection network supports data transfer within As a third alternative, medium-grain reconf_'g.u_rable hard-
and between modules. We recently created software tools that Ware attempts to balance performance and flexibility. Eath c
allow users to map algorithms onto the reconfigurable platform. works with 4-bit or 8-bit data, so modules such as 16-bit mul-
This paper analyzes the implementation of several common tipliers would require several cells. However, cells tyig
benchmarks, ranging from simple floating-point arithmetic to support a wide variety of operations. Examples of proposed

a radix-4 Fast Fourier Transform. The results are compared to . .
contemporary digital signal processing hardware. architectures include the hexagonal CHESS array [10], the

Index Terms— Digital signal processing, floating-point arith- rectilinear PipeRench [11] and DReAM [12] architectures] a
metic, medium-grain reconfigurable architectures, synthesis tds. the Elixent D-Fabrix that uses 4-bit cells and switchboxXe3.[
In previous work, we have developed a novel medium-grain
reconfigurable architecture that strives for efficient wit-c
level implementation [14], [15]. Each cell can perform bina
Many applications rely on digital signal processing (DSPFjrithmetic or act as a small memory.
to achieve their functionality. However, these computzity- Mapping DSP onto reconfigurable hardware requires a
intensive algorithms place great demands on the processsaphisticated set of computer-aided design (CAD) toolsstMo
power of the underlying hardware. As technology continwes tommercial software supports design synthesis, timindyana
advance, reconfigurable hardware has become a viable op#is) and circuit simulations. As an initial step, we haveatzd
for implementing DSP [1]. Not only do these devices enabl@AD tools that allow users to map algorithms by hand. A
rapid development and prototyping, but the configuratiom caimulator is provided to verify the designs. We have used
be changed at any time—even after deployment. the software to implement several benchmark algorithms and
Using reconfigurable hardware for DSP requires fundamegvaluate the performance of the medium-grain architecture
tal tradeoffs between performance and flexibility. Tramfiil This analysis forms the main focus of this paper.
fine-grain devices such as field-programmable gate arraysSection Il gives a brief overview of the medium-grain
(FPGAs) can implement arbitrary logic equations. Howeveatconfigurable architecture. Section |1l describes théwsok
implementing a multiplier on a fine-grain device requires #ols used to implement and test algorithms. Section IV show
large number of cells. The resulting interconnection delayhe basic modules used for fixed-point and floating-point
hinder the performance. For this reason, many FPGAs emlmithmetic. Section V summarizes the implementation of the
dedicated multipliers within the reconfigurable fabriceTkil- selected benchmarks and compares the resulting execution
inx Virtex-4, for example, contains special XtremeDSPedic times with other DSP hardware. Section VI discusses the
that can perform 18-bit multiplication and 48-bit additif¥]. proposed architecture with respect to traditional findrgaad
Recently, researchers have proposed new reconfiguratd@rse-grain devices. Finally, Section VII concludes thpgp.
architectures in which each cell performs 16-bit or 32-bit
operations [2]. These coarse-grain devices achieve high pe
formance for DSP. Some examples are the one-dimensionaDur medium-grain reconfigurable architecture uses an inno-
RaPiD array [3], the two-dimensional KressArray [4], and thvative two-level approach to combine high performance with
heterogeneous Pleiades [5] and MONTIUM [6] architecturdsgh flexibility [16]. The device as a whole contains an array

I. INTRODUCTION

Il. HARDWARE ARCHITECTURE
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Fig. 1. Cell in mathematics mode.
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Fig. 4. Global network.

Fig. 2. Cell in memory mode.

the datapath if required.
of 4-bit cells. Each cell, in turn, consists of a4 matrix Fig. 4 illustrates the global network, which resembles an H-
of 1-bit lookup tables, or “elements”. This structure can bee. This structure can transfer data efficiently betwemn a
configured in two ways. In mathematics mode, shown in Fig. W0 cells on the array. Each level of the tree contains fopuin
the elements are configured to execute 4-bit binary arificmetousses and four output busses. The number of bits per bus
In memory mode, shown in Fig. 2, the elements implemeftarts at 4 bits and doubles at every level. (To save area, one
a 128«<4-bit random-access memory with separate read afguld limit the bandwidth to a predetermined value.) Sveh
write ports. in the global network route data in these word units, resglti

To implement DSP, the array of cells is partitioned int§! lower complexity and configuration overhead.
blocks of various sizes. Each block is configured to impleimen Like the local mesh, the global H-tree contains pipeline
a specific module, such as a multiplier, adder, or memolgtches to improve throughput. The latency between any two
unit. Cells within a module exchange inputs and outputs wifi€lls equals half the number of busses traversed. Hends, cel
their immediate neighbors, whereas modules work with data/ and B in the figure are separated by four clock cycles. This
word-length units. We previously proposed a dual interezan architecture simplifies the mapping process, as the outguts
tion network that optimizes both types of communication][172 module can be collected onto a single bus and routed to the
A local mesh connects neighboring Ce”sy and a g'obal |.i.[]putS of another module. All 4-bit portions of the data will
tree routes data between modules. We recently enhanced ig8ir the same latency over the H-tree.
design to simplify the mapping process.

Fig. 3 depicts the redesigned local network. A mesh of 4-bit
busses running horizontally, vertically, and diagonallpvas We have created a set of CAD tools for the medium-grain
cells to exchange data with their eight neighbors. Crosshaconfigurable architecture [18]. These tools accuratelgeh
switches connect the inputs and outputs of the cell to thige cells and interconnection structures. Currently, ditware
local network. The local mesh contains pipeline latches$ thallows users to construct modules such as multipliers,eplac
improve throughput by exploiting the data-parallel natafe these modules on the array of cells, and manually connect
DSP. The architecture dedicates one clock cycle for all céfieir inputs and outputs. In this way, users can assembieent
computations, and one clock cycle for local communicaticaigorithms. A built-in emulator gives users the capabitity
between cells. Additional pipeline registers can be placed feed data into their designs and obtain cycle-by-cycleltgsu

Ill. SOFTWARE TOOLS



Fig. 6. 32-bit fixed-point adder.
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Fig. 5. Screenshot of CAD tools.

Future developments will automate this synthesis process.
Figure 5 contains a screenshot of the editor used for Fig. 7. 16-bit fixed-point multiplier.
designing modules such as multipliers. The user can define
the configuration of each cell in a separate window and select
between memory mode and mathematics mode. Shown on @yeles indicated. For maximum efficiency, the modules dgvi
screen is part of the FIR filter described in Section V. Thée adder should generate data in this fashion as well. The
user can toggle the display of the interconnections. H-tree preserves the relative ordering of the data between
Unlike CAD tools for other platforms, the emulator does nonodules.
e_stimate the propagat?on delays on the physical Qevice. Tlge Fixed-Point Multiplier
pipelined interconnection network allows the architegettw ) . o , o
run a fixed clock frequency, regardless of the current configu F19- 7 illustrates a 16-bit fixed-point multiplier. The stru

ration. Instead, the emulator allows users to count the mampUre Of this module resembles a carry-save multiplier, aad c

of cycles required by the algorithm. Multiplying the cyclebe extended to any ‘,’VO“P' !ength [19]. On(.a input is aPp'_ied to
count by the clock period produces the total execution timt€ 1P row of cells in digit-parallel order; the other inpist

Thus, the medium-grain reconfigurable architecture delesup@PPlied to the right column of cells in digit-serial ordeiner
the circuit design from the software interface output is generated in digit-serial order by the seven aails
' the right and bottom. The matrix of elements inside each cell

IV. ARITHMETIC MODULES supports both unsigned and two’s-complement arithmetic.

Most algorithms used in DSP contain a large number @. Shifter

multiplications and additions. As described in this settio ghifters are a necessary component of many computations,
mapping both fixed-point and floating-point arithmetic ontghejyding floating-point arithmetic and CORDIC rotations.
the reconfigurable architecture is quite straightforwafde one can implement either a linear or logarithmic shifter on
diagrams that appear here illustrate the basic structure Qf yeconfigurable architecture. A linear shifter has a #mp
such modules. (The CAD tools necessarily require MO cture that resembles a fixed-point multiplier. Howeer
details.) Users can create libraries of common modules IHbarithmic shifter usually requires fewer cells, as in t&
quickly assemble entire algorithms. Compared to the exesnpyit |eft shifter in Fig. 8. The top row of cells can shift the

in [17], the redesigned interconnection structure off@EREr yata from zero to four bits to the left. The second and third
modularity, as the local network operates independentth@f s act as multiplexers that apply optional shifts of fonda
global network. eight bits, respectively. The module uses the global né¢wor
A. Fixed-Point Adder to connect these two rows, as some data must travel between

non-neighboring cells.
Fig. 6 depicts a 32-bit fixed-point adder. Essentially, the

structure is the pipelined equivalent of a ripple-carry esddD- Floating-Point Adder

with 4-bit computational units. Notice the carry signal pro  The reconfigurable architecture can implement floating-
agating from cell to cell across the local network. The addepint arithmetic using fixed-point modules as building tac
generates the output in digit-serial order during the clodkor example, Fig. 9 gives a diagram of a floating-point adder



.— "n Fig. 11. Diagram of floating-point multiplier.
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Fig. 12. Implementation of floating-point multiplier.

E. Floating-Point Multiplier

A diagram of a floating-point multiplier appears in Fig. 11.
As before, the operation can be reduced to fixed-point opera-

. ) . tions. The module multiplies the two significands and y,,
that operates on inputsandy. A comparator first determmesand adds the two exponents andy,. The final stages realign

the difference between the exponenisandy.. This result o reqyit by shifting the significand left and subtractihg t

is used to align the significands; andy, by shifting one or o oriate value from the exponent. An encoder determines
the other to the right. A fixed-point adder computes the sufle appropriate degree of shifting.

while a multiplexer selects the larger of the two exponefibs. Fig. 12 depicts the implementation of the floating-point

cqmpletengss,. the module should also realigp the resutlt., Prlrhltiplier. This example uses the same number format as the
th'TQ’ opera'tlon 'S best performed after completing all flugi floating-point adder. Notice that the outputs of the muikipl
point manipulations. ) ] ~connect directly to the encoder for high efficiency. In dile t
Although one could design an adder to work with floatingsrycture requires 104 cells and has a latency of 74 clock
point numbers in IEEE format, a hybrid representation reduceycles. Much of the latency originates from the dependency
the hardware rngred f(_)r |nd|V|duaI_ operations. Suppbse t of the shift register on the final output of the multiplier and
numbers contain a 28-bit denormalized significand and a 1Qycoder. Notice that all modules mapped on the reconfigarrabl

bit exponent, both in two’s-complement format. Also assumg hjtecture can initiate one operation per clock cycle.
that the last two bits of the exponent are always zero. This

Fig. 9. Diagram of floating-point adder.

property implies that the significand is only shifted in 4-bi V. DSP BENCHMARKS
units, reducing the size of the shifter. Conversion to aothfr 14 eyaluate the performance of the medium-grain reconfig-
IEEE single-precision format would be straightforward. urable architecture, we have used the CAD tools to imple-

Fig. 10 shows the resulting implementation of the floatingnent and test several benchmarks for DSP hardware. This
point adder. The structure requires 52 cells, or the eqeital section presents three examples: a 12-tap FIR filter, a 16-
of a 208-bit fixed-point adder. The latency through the meduktage CORDIC unit, and a 256-point Fast Fourier Transform
is 57 clock cycles, measured from the arrival of the first tnp|4|:|:-|-)_ We assume that the input data has 16-bit fixed-point
to the computation of the final output. format, although the algorithms may calculate intermediat
results to higher precision. For each benchmark, we describ
the final implementation and compare the execution time to
- other solutions. For clarity, the diagrams shown are much
simpler than the view provided by the CAD tools.

Jr
A. FIR Filter
COMP MUX
Fig. 13 gives a block diagram of the 12-tap FIR filter. This
EXCH structure harnesses the power of the reconfigurable actiniée

by performing all operations in parallel. The inpuis passed
Fig. 10. Implementation of floating-point adder. to twelve multipliers. Each unitis configured to multiply the



[n] - _ TABLE |
EXECUTION TIME OF 12-TAP FIR FILTER
b b b
! e N e ! Device Technology  Frequency Time
Analog ADSP-BF533 750 MHz  2.38s
e e Vin] TI TMS320C62 150-nm 300 MHz  9.02s
TI TMS320C64 90-nm 1000 MHz  1.28s
Our approach 90-nm 750 MHz  0.4%
Fig. 13. Diagram of FIR filter.
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0.42 us. Table | compares the execution time with several
advanced digital signal processors. (Results from FPGAs we
not available.)

L

B. CORDIC Unit

Fig. 14. Implementation of FIR filter. CORDIC transformations offer one way to perform complex
mathematical operations, such as division, square roat, an
rectangular-to-polar conversion. A typical CORDIC tramsf

data by a fixed coefficient;. The outputs of the multipliers mation for n-bit inputs containsn stages, each of which
are added in pipelined fashion so that the outpliecomes follows the diagram in Fig. 15. Initially, the system sets
andy to the inputs (such as the rectangular coordinates) and
yln] = box[n] +brzln = 1] +... +buzln — 1. (1) 46"6r0, Iteration then updates the data as follows:
_ ) ] ] ] =xF27
Fig. 14 depicts the implementation of the filter on the F oyt o 5
reconfigurable architecture. The structure consists of fou y, =Y z @
identical modules, each of which handles three coefficients 2 =z+ f(i)
Each module occupies arx8 block of cells and contains three-l-he value of f

multipliers and three adders. To implement higher-ordtarl| depends on the sign of. After n stages,z and/or > will

one WO_Uld simpl_y_ add more modules. The current desighyqin the desired results, apdwill be essentially zero.
allows filter coefficients within the range-1, 1). However, o have mapped a 16-bit CORDIC stage on the recon-
the design uses 20-bit adders to mitigate rounding errors. figurable architecture, as shown in Fig. 16. A8 block of

The global interconnection network offers several feature < -ontains two adder/subtracters. two shifters. omstemt
that simplify the m_apping Process. The_input lines of the adder, and a small decoder that determines the sigp. of
tree broadcast the input to all modules simultaneously. Eachry,q jmnlementation contains a number of features to improve
module collects the outputs of the three multipliers into 8o formance. The two shifters translate data no more tham fo
bundle and passes them to the inputs of the correspondifg v, the right. The remaining shift amount is performethwi
adders. All three outputs incur the same latency over the Hardwired connections. In addition, the two values fdf)
tretz. 'll'he _tree structure 'Sh also usefl_JI fohr CLf)_nnectlng atjac needed for the current stage are hardcoded into the constant
modules in sequence. The arrows in the figure suggest Qigyer Finally, all modules work with 24-bit data ratherrtha

method for traversing the tree. 16-bit data to alleviate rounding errors.
The 12-tap filter has a latency of 61 clock cycles from the

arrival of the first input to the computation of the last outpu
The critical path involves 20 cells, 15 local busses, and 74
levels of the H-tree. The total execution time for a 256-poin
data stream equals the latency plus 244 clock cycles, or 316
clock cycles. Simulations in 90-nm CMOS technology indécat
that the architecture can operate at a clock rate of 750 MHz.
Hence, the expected execution time of the 12-tap filter is Fig. 16. Implementation of one CORDIC stage.

(i) and the choice of addition or subtraction




One term One term

S I B
SO
J S N
JA

=
=
~
=
-
C
3

Fig. 17. Diagram of FFT.
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Fig. 18. FFT memory unit.
Algorithms could compute CORDIC transformations in two

ways. A low-area approach would use a single CORDIC stage
to process a group of data points one iteration at a time.
After partial reconfiguration, the stage would be ready Ffar t

X X
next iteration. A high-performance approach would casd#ide X:H:x
CORDIC stages to form a 3632 block. The latency through

X X

X X

a single stage is 17 clock cycles; the latency through thieeent
block would be 313 clock cycles, including the communica-
tion delay over the global network. This latency translates
into 0.42 us at 750 MHz. The throughput of the CORDIC
transformation is the maximum possible: 750 Msamples/s.

Fig. 19. Implementation of FFT.

C. Fast Fourier Transform

We previously mapped a 256-point FFT on the reconfig-
urable architecture using a simple radix-2 algorithm [1¥ith The overall implementation of the FFT appears in Fig. 19.

the redesigned interconnection network, we can now upgrae)  qata arrives in memory as a fixed-point number with 16-

to a radix-4 FFT. Fig. 17 gives a diagram of this aIgorithn%: real and 16-bit imaginary portions. The adders work with

Each sample is represented as a complex number with 16 Abit data to avoid rounding errors. A separate lookupetabl

real and 16-bit imaginary portions. The algorithm as a wholg, shown in the figure, generates the “twiddle factors” used

consists of four computational stages. During each stéduge, fp the multipliers
system reads four samples from memory, calculates a sedcal o
“dragonfly” operation, and stores the results back into nrgmo The 256-point FFT has a latency of 68 clock cycles between

. o . the two memories. The critical path involves 19 cells, 13loc
at different addresses. A sophisticated memory unit allalivs : .
. . . busses, and 72 levels of the H-tree. Since each processing
eight operations to occur simultaneously. The processatepe

for the remaining groups of samples in the dataset. stage handles 64 groups of samples, the time required per

“ i . : : stage equals the latency plus 63 clock cycles, or 131 clock
The “dragonfly” is described by the matrix equation cycles. Multiplying this number by 4 yields the total exdout

Y, 101 0 101 0 Xo time, 524 clock cycles or 0.70s at 750 MHz. The execution
Yi| |01 0 —j 10-=1 0 Wy X4 3) time is slightly greater than the Xilinx .\f!rtex-_4, as shownm i
Yo| —|10-10 010 1 WoXs | Table I, but less than contemporary digital signal prooess
Ys 010 j 01 0 —1 Wi X5 The results would improve for larger sample sets, since the

_ _ _ o modules would have higher utilization. Filling the pipaliat
This operation consists of three complex multiplications! a the beginning of each execution stage limits performance.
three complex additions or subtractions. “Twiddle factdis,,

W,, andW3 are generated by a lookup table.

Fig. 18 gives more detail about the special memory unit. TABLE I
The two structures shown are superimposed on top of each EXECUTION TIME OF 256-FOINT FFT
other. Each cell divides its internal memory into two banks: i :

. Device Technology  Frequency Time
one for reads anq the other for writes. The two bar_1ks operate —apalog ADSP-BF533 750 MHz _ 3.1ps
independently, with separate address and control sighatsh TI TMS320C62 150-nm 300 MHz  9.2Bs
column of cells forms a read memory for one of the inputs to ! TMS320C64 90-nm 1000 MHz ~ 1.24s
he k | Each int f it f Xilinx Virtex-Il 150-nm 195 MHz  1.48us
the kernel. Each row, in turn, forms a write memory for ONe  Xilin Virtex-ll Pro 130-nm 223 MHz  1.30us
of the outputs. A 44 block of cells can manage one 4-bit Xilinx Virtex-4 90-nm 421 MHz  0.6%us

portion of all eight inputs and outputs. Our approach 90-nm 750 MHz 0.7



VI. ARCHITECTURECOMPARISON Oak Ridge Institute for Science and Education (ORISE)

As demonstrated in the previous section, the medium-grdff DHS through an interagency agreement with the U.S.
reconfigurable architecture does not implement algorithrRpartment of Energy (DOE). ORISE is managed by Oak
in the same manner as FPGAs. Synthesis tools for FpcRidge Associated Universities under DOE contract number
translate an algorithm into a series of logic expressiori8E-AC05-000R22750. All opinions expressed in this paper
which map onto the 1-bit cells. The interconnection strrectu@'® the author’s and do not necessarily reflect the policids a
routes data between cells in bit-length units. In contrémt, Views of DHS, DOE, or ORISE. _ .
proposed architecture represents algorithms as a set aflesod _ 1Nis researqh has been sponsored in part b}’ the Boeing
composed of 4-bit cells. The elements inside the cell alldfg?dowed Chair at the School of EECS, Washington State

the architecture to maintain 1-bit flexibility. The local she University.
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