
IEICE TRANS. INF. & SYST., VOL.E89–D, NO.2 FEBRUARY 2006
1

PAPER Special Issue on Parallel/Distributed Computing and Networking

A Coarse-Grain Hierarchical Technique for 2-Dimensional

FFT on Configurable Parallel Computers∗

ziavras@adm.njit.edu Xizhen XU† and Sotirios G. ZIAVRAS†, Nonmembers

SUMMARY FPGAs (Field-Programmable Gate Arrays)
have been widely used as coprocessors to boost the performance
of data-intensive applications [1][2]. However, there are sev-
eral challenges to further boost FPGA performance: the com-
munication overhead between the host workstation and the FP-
GAs can be substantial; large-scale applications cannot fit in a
single FPGA because of its limited capacity; mapping an ap-
plication algorithm to FPGAs still remains a daunting job in
configurable system design. To circumvent these problems, we
propose in this paper the FPGA-based Hierarchical-SIMD (H-
SIMD) machine with its codesign of the Pyramidal Instruction
Set Architecture (PISA). PISA comprises high-level instructions
implemented as FPGA functions of coarse-grain SIMD (Single-
Instruction, Multiple-Data) tasks to facilitate ease of program
development, code portability across different H-SIMD imple-
mentations and high performance. We assume a multi-FPGA
board where each FPGA is configured as a separate SIMD ma-
chine. Multiple FPGA chips can work in unison at a higher SIMD
level, if needed, controlled by the host. Additionally, by using a
memory switching scheme and the high-level PISA to partition
applications into coarse-grain tasks, host-FPGA communication
overheads can be hidden. We enlist the two-dimensional Fast
Fourier Transform (2D FFT) to test the effectiveness of H-SIMD.
The test results show sustained high performance for this prob-
lem. The H-SIMD machine even outperforms a Xeon processor
for this problem.
key words: Configurable Computing, FPGA, SIMD, Parallel
Processing, Memory Switching, FFT, Hardware-Software Code-
sign.

1. Introduction

FPGAs have emerged as a new powerful computing
paradigm deemed appropriate for datastream process-
ing. They are usually customized to implement compu-
tationally costly datapaths when coupled with a host.
The host may be a microprocessor or a workstation
in charge of program scheduling, dataflow control and
data partitioning. There are several ways to connect a
host to FPGAs. First, like in the Altera Nios SOPC
[3] embedded system, the host is a microprocessor em-
bedded into the FPGA(s) and the rest of the FPGA
resources can be used to implement custom instruc-
tions as an extension to the microprocessor’s ISA. Sec-
ond, the host may be a workstation while the FPGA
resources form a coprocessor that communicates with
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the host via an I/O interface [5][6]. Each connection
mechanism has its own objectives, pros and cons. The
microprocessor-FPGA architecture can take advantage
of a friendly programming environment and more effi-
cient data exchanges. However, frequent host interven-
tions are needed and the logic capacity of an FPGA chip
can be easily consumed up. The workstation-FPGA ar-
chitecture yields greater parallelism but at the expense
of higher communication overheads and a daunting al-
gorithm mapping process. Our H-SIMD design tries
to alleviate the drawbacks of the latter mechanism by
applying a coarse-grain hierarchical technique to facil-
itate ease of program development and to overlap as
much as possible communications with computations.
This is possible since the FPGA board is customized
to the application by macro instructions issued by the
host machine.

The current trend in high-performance comput-
ing emphasizes low cost in the form of PC clusters
[15]. Targeting low cost systems of small volume, the
implementation of parallel computer architectures on
FPGAs has recently become an interesting research
topic [14][21]. Many research projects have studied de-
sign environments for configurable systems, such as the
SPLASH-2 [8], PipeRech [9] and Garp [10] compilers.
They can be used to port generic applications to vari-
ous FPGA platforms. Thus, it is difficult to sufficiently
explore data parallelism inherent in application algo-
rithms. [18] employs an FPGA resource manager to
allocate and deallocate FPGA resources for concurrent
applications. [13] proposes a three-step approach to
map generalized template matching applications onto
reconfigurable computers. [13][18] implement their de-
signs as software running on the host to specifically
explore data parallelism in applications.

The SIMD mode of computation demonstrates
high data parallelism. For a multi-FPGA target sys-
tem, we configure in our work each FPGA chip as a
separate SIMD architecture. Multiple FPGA chips can
be synchronized to work in SIMD at a higher level con-
trolled by the host. Our approach facilitates ease of
program coding since programs are developed in the
form of function calls for which the code implemen-
tation already resides in the FPGAs. The host sends
function IDs as well as corresponding parameter values,
if needed, to the FPGAs in a manner that attempts to
balance the workload across FPGAs. Based on PISA,
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application tasks are partitioned into the host, FPGA
and nano-processor layers, in decreasing order of task
granularity. The host layer, at the top of the H-SIMD
machine, is implemented in the workstation by a high-
level language. The program developed for the host
could be easily ported to different FPGA platforms if
the entire software hierarchy was implemented on the
FPGA platform and the H-SIMD configuration was em-
bedded in them. This portability resembles that of the
JAVA virtual machine [19]. More specifically, similar
to the approach for PC clusters in [12][15][20] we sug-
gest that an effective ISA be developed at the host layer
for each application domain. Frequently used instruc-
tions in that domain should belong to this ISA. To this
extent, the hardware design is customized to the ap-
plication. We have created libraries of effective ISAs
for matrix multiplication and discrete cosine transfor-
mation [26][27]. The invocation of these instructions is
actually implemented as function calls at the host layer.
These functions are to be coded efficiently for individual
FPGAs. Due to different communication bandwidths
across the host-FPGA system, PISA is designed in a
workload-oriented manner that attempts to balance the
pipeline flow crossing the three layers. Based on the
PISA implementation, the workload becomes finer as
we go from the host to the nano-processor layer. An-
other major advantage of the H-SIMD machine is the
employment of a memory switching scheme for data
loads/stores involving the host and the FPGAs. The
switching between pairs of data memory banks over-
laps operand communications with computations, thus
hiding the communication overheads to improve perfor-
mance.

2. Multi-Layered H-SIMD Machine

2.1 H-SIMD Architecture

The H-SIMD control hierarchy is composed of three
layers, as shown in Fig. 1. It comprises the host con-
troller (HC), the FPGA controllers (FCs), and the
nano-processor controllers (NPCs). HC lies in the
host machine and controls all the FPGA chips in the
SIMD mode. Inside each FPGA, an FC is designed to
run all the on-chip NPCs in the SIMD mode as well.
The NPCs control the execution of nano-processor-level
code. PISA facilitates the logical interconnection of the
three layers by allowing to logically partition the appli-
cation into the HC, FC, and NPC layers. These layers
can be handled efficiently at run time to balance the
pipeline flow from the host down to the on-chip NPCs.
Task scheduling and the coarse-grain dataflow control
of applications are left to the HC. As shown in Fig. 2,
the FCs convert application program functions repre-
sented by coarse-grain host SIMD instructions (HSIs)
into sequences of medium-grain FPGA SIMD instruc-
tions (FSIs). Then, the NPCs execute sequences of

HC (host controller)LDM1 CDM1 FC FPGAn
SRAM Bus SRAM Bus SRAM BusPCI Bus

LVDS Bus
EDM1 LDM2 CDM2EDM2 LDMn CDMnEDMnNPC NPC NPCNPC NPC NPCNPC NPC NPCFCNPC NPC NPCNPC NPC NPCNPC NPC NPCFCNPC NPC NPCNPC NPC NPCNPC NPC NPC FPGA2FPGA1

Fig. 1 H-SIMD machine architecture.

HSIs HC

FSIs FCs

NPIs NPCs

133MHz    PCI  bus
960MB/s   SRAM bus

Fig. 2 The PISA ISA for H-SIMD (current implementation).

machine-level nano-processor instructions (NPIs) for fi-
nal code execution. Additionally, the HC, the FCs, and
the NPCs run at different frequencies. HC is the slowest
component while the NPCs are the fastest. It should
be noted here that the term nano-processor in the con-
text of reconfigurable systems was coined in [2]. The
H-SIMD machine configures one of the FPGA chips as
the master FPGA which is responsible for sending an
interrupt signal back to the HC once the previously ex-
ecuted HSI has been completed at the nano-processor
level. Similarly, one nano-processor within each FPGA
is configured as the master nano-processor that sends
an interrupt signal back to its FC such that a new FSI
can be initiated. The combination of HC and the FCs,
however, is different from the conventional SIMD con-
troller scheme because the former is based on decen-
tralized control of the H-SIMD machine while the latter
depends on centralized control.

On the programming side, PISA plays a critical
role in the H-SIMD machine for bridging the perfor-
mance gap between sequentially issued HSIs and their
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parallel execution on the FPGAs. The pyramidal na-
ture of PISA with its three layers implies that larger
numbers of instructions can be executed by lower lay-
ers in any given amount of time. The HSIs are task-
level host instructions issued by HC and decoded by
the FCs. The host should be a PC or workstation good
at high-level languages. At the second layer, the FSIs
sequenced by the FCs aim at function-level processing.
The FCs further convert the FSIs into blocks of NPIs
to be executed by the nano-processors in the SIMD
mode. In this way, the task-level HSIs are executed
in parallel by the FPGA-level SIMD machine and the
applications fully exploit the FPGA parallel datapath
resources. The PISA instruction set is tailored to the
specific application in an effort to yield high perfor-
mance. The developed PISA ISA for 2D FFT is pre-
sented in Section 3.

2.2 Memory Switching Schemes

The communication overhead between the host and
the FPGA chips is very high primarily due to the
non-preemptive nature of the host’s operating system.
Based on tests in our laboratory, the one-time interrupt
latency is about 3.5 ms for a Windows-XP installed Dell
Precision 650 workstation with the 133MHz PCI bus.
This penalty is intolerable in high-performance com-
puting because, for example, the 1024-point IEEE754-
based complex FFT takes about 640 us on a single
floating-point unit running at 80 MHz (which is within
the range of the current FPGA technology). If the host
frequently intervenes in FPGA operations, the speedup
benefits gained from the parallel FPGA implementa-
tion can be significantly reduced or even removed. Yet,
given the system configuration of the host machine, the
latency is fixed and cannot be reduced unless a preemp-
tive operating system or special hardware interface is
enlisted. In order to overcome the interrupt latency
problem, a data prefetching scheme involving memory
switching is designed for H-SIMD to overlap host com-
munications with FPGA computations. We make sure
that the computation time on the HSIs is longer than
the total host communication time, which is the sum of
the data reference and host interrupt response times.

Data flowing from HC is directed into the high-
speed SRAM banks on the FPGA board. The HC-
level memory switching scheme is shown in Fig. 3. The
SRAM banks are organized into three functional mem-
ory units: the execution data memory (EDM), the
loaded data memory (LDM) and the communication
data memory (CDM). The EDMs and LDMs are func-
tionally interchangeable. They alternate between HSI
execution and HSI data load/retrieve. At one time,
EDM is connected to the FCs to supply their operands.
On the contrary, LDM is connected to the host, and
is ready to receive the next HSI and its new operands.
When the FCs finish their current HSI, they will switch

EDM LDM
FSIs Inst MemFC(LL,IF,ID,EX)nano-processor arrays

SRAM Bus host Interrupt HSIs counterSRAMcontroller M-LAD BusFPGA
SAG HSIsCDM

Fig. 3 HC-level memory switching in H-SIMD.

EDM and LDM to begin a new iteration. An FC is a
finite-state machine responsible for the execution of a
computation HSI. The FCs have access to the NP array
over a modified LAD (M-LAD) bus. The LAD bus was
originally developed by Annapolis Micro Systems and
used for on-chip access [4]. The M-LAD bus controller
is changed from the PCI controller to the FCs. The HSI
counter is used to count the elapsed cycles for computa-
tion HSIs. The SRAM address generator (SAG) is used
to calculate the SRAM load/store addresses for the
EDM banks. CDM stores the nano-processor computa-
tion results which can be transmitted via the 8Gbytes/s
LVDS (low-voltage differential signaling) connection to
other FPGA chips. Each SRAM bank has its own
960Mbytes/s bus and the aggregate SRAM bandwidth
can sustain high-performance applications. LVDS can
transfer large amounts of data between chips while
keeping low the power consumption and wire count.
It employs a differential mode of transmission where
every channel uses a pair of lines.

The nano-processors form the execution units
in the H-SIMD datapath. Their functionality can
be customized according to the application. In
our implementation, the communications among the
nano-processors are based on a nearest neighbors
NEWS (North-East-West-South) grid interconnection.
Data needed by a nano-processor can be routed
from its north/east/west/south neighbor by using an
NR/ER/WR/SR NPI. The nano-processors reside at
the lowest layer of the H-SIMD machine hierarchy.
Each nano-processor consists of two parts: a fine-grain
custom datapath and large-sized register files. The for-
mer can be suitable for FFT, matrix multiplication
(MM) or any other customized NPIs. The latter in-
cludes the load register file (LRF) and the execution
register file (ERF) shown in Fig. 4. Both register files
work in a “memory” switching capacity, similarly to
the LDMs and EDMs. They alternate the execution
of FSIs with data loading from the FCs. After the
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Fig. 4 Nano-processor datapath and control unit.

nano-processor finishes data processing with ERF, its
datapath will configure another LRF as an ERF and
will then begin a new program flow. At the same time,
the just switched-out ERFs will be configured as LRFs
to be loaded with new operands from the EDMs con-
trolled by the FCs. These operands will then be ready
to be processed. The interrupt request/response la-
tency between the FCs and their own nano-processors
is one cycle only as opposed to the tens of thousands of
cycles between the host and the FPGAs, thus gaining
a performance boost.

3. PISA Design and Task Partitioning for 2D
FFT

3.1 PISA ISA for 2D FFT

FFT is an efficient algorithm to compute the dis-
crete Fourier transform (DFT). FFT can reduce the
computation complexity of the N-point DFT from
O(N2) to O(NlogN). For a discrete-time sequence
x(n), for n=0, , N-1, its 1D DFT is defined as [7]:

X(k) =
N−1∑
n=0

x(n)e−jnk2π/N k = 0, ..., N − 1, where

the twiddle factors e−jnk2π/N can be pre-computed
and stored in the on-chip memory of the FPGA. The
2D FFT can be carried out by applying 1D FFT
in parallel to all rows and then in parallel to all
columns, or vice versa. We exemplify here the tai-
loring of PISA for the H-SIMD design methodology
with 2D FFT. As already mentioned, the H-SIMD ma-
chine can fit a wide variety of applications charac-
terized by data parallelism. Three HSIs are needed
for 2D FFT and sit at the topmost layer. Their ob-
ject methods are: 1) host fft2 load(LDMi, Nh): This
HSI will load each FPGA’s LDMi memory sequen-
tially via the host PCI bus (host-based DMA control

is used); 2) host fft2(HA,HB , Nh): HA is the in-
put matrix of size NhxNh and HB = fft2(HA); 3)
host fft2 retrieve(LDMi, Nh): The final results are
stored in the switched-out LDMi and can be retrieved
by the host sequentially via DMA through the PCI bus
when the last issued HSI is done.

The FSIs in the middle of the PISA hierarchy
run on the FPGA hardware. Assume that there are
q FPGAs with p nano-processors each. There are
four FSIs: 1) FPGA fft load(Fa, LRFi, Nh): There
are two register files in nano-processor i, LRFi and
ERFi. FC will execute this instruction by loading
each nano-processor’s LRF with a row vector of size
Nh from matrix Fa of size Nh/q x Nh. Fa is the start-
ing addresses of the input; 2) FPGA fft(Fa, Fb, Nh):
matrix Fb of size Nh/q x Nh is produced by apply-
ing 1D FFT to each row of the input matrix Fa; 3)
FPGA fft transpose(Fa, Fb, Nh): matrix Fa of size
Nh/q x Nh is transposed and stored into the FPGA’s
CDM via the high-speed SRAM interface with source
starting address Fa and destination starting address Fb;
4) FPGA lvds comm(Fa, Nh): matrix Fa of size Nh/q
x Nh within one FPGA is transmitted by a LVDS con-
nection to neighbor FPGAs.

The NPIs constitute three instructions:NP load(Ra

, Nh), NP retrieve(Ra, Nh) and 1D Nh-point FFT,
NP fft(Ra, Nh). The last instruction is produced by
the Xilinx CoreGenerator [22] or Annapolis CoreFire
libraries [11]. The customized FFT nano-processor is
shown in Fig. 5. The input data in our experiments is
a vector Ra of Nh = 64, 256 or 1024-point values rep-
resented as 16-bit complex or IEEE754 single-precision
floating-point numbers. Ra is the starting address of
the vector residing in the ERF memory of each nano-
processor.

The input matrices for 2D FFT have size NhxNh,
where Nh= 1024 in the current implementation due
to the recent CoreFire6.2.03 release and the capacity
constraints of the on-board SRAMs. Each FPGA is as-
signed Nh/q vectors of size Nh, where q is the number
of FPGAs in the H-SIMD machine. For each FPGA
chip, the FC issues FPGA fft(Fa, Fb, Nh) to carry
out Nh/q Nh-point 1D FFTs which can be run on
the nano-processor arrays in parallel. After finishing
the FFTs of the first dimension vectors, the FCs ex-
ecute FPGA fft transpose(Fa, Fb, Nh) to transpose
the results and write back into the CDMs. Then,
FPGA lvds comm(Fb, Nh) is invoked to broadcast the
results from CDM to the neighbor FPGAs’ EDMs in
the ring network. The inter-FPGA communication cost
is negligible due to the high-speed 8Gbytes/s LVDS
connections between FPGAs. After that, FC issues
another FPGA fft(Fa, Fb, Nh) to transform the sec-
ond dimension vectors. The FCs also respond to nano-
processor interrupt requests by first initiating a new
FFT execution for the nano-processors and then load-
ing new data into the LRFs. All these steps are done
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Fig. 5 Nano-processor FFT datapath.

within the FPGAs without host intervention.

3.2 Analysis of Task Partitioning in 2D FFT

The bandwidth of the communication channels in the
H-SIMD machine varies greatly. Basically, there are
three interfaces in H-SIMD: the PCI bus with a band-
width Bpci of 133MHz x 64 bits, the SRAM bus with
a bandwidth Bsram of 960Mbytes/s, and the LVDS
inter-FPGA connections with a bandwidth Blvds of
8Gbytes/s. In the case of 2D FFT on an NhxNh

matrix, let us assume that Nh/q x Nh sub-matrices
of an NhxNh matrix are uniformly distributed among
the q FPGAs, with p nano-processors each. The
host fft2(HA,HB , Nh) HSI consists of three opera-
tions on the input matrix HA, i.e., the Fa sub-matrix
of size Nh/q x Nh from matrix HA will go through 1D
FFTs on its rows and transposed columns, sub-matrix
transpose and inter-FPGA communications. We de-
note the execution time of the three operations as
T1D fft, Ttrans, and Tfpga−fpga, respectively. The to-
tal computation time for host fft2(HA,HB , Nh) is:
Tcompute(host fft2) = 2∗Nh/(q∗p)∗T1D fft+Ttrans+
Tfpga−fpga + Tinitialize fft.
On the other hand, the communication time Ti/o pci of
host fft2 load/retrieve depends on the available PCI
I/O bandwidth and the interrupt latency Thost int:
Ti/o pci = 2 ∗ b ∗N2

h/Bpci + Thost int,
where b is the width in bits of each transaction.
Pipeline balancing is guaranteed if Tcompute is greater
than or equal to Ti/o pci, and the computations fully
overlap I/O communications. Specifically, the follow-
ing approximations should hold for 2D FFT:
Tinitialize fft > 3 ∗Nh ∗ t,
T1D fft > Nh ∗ t,
Ttrans > 2 ∗Nh ∗Nh ∗ t/q,
Tfpga−fpga > Nh ∗Nh ∗ (q − 1) ∗ b/(q ∗Blvds),
Thus,
Ti/o pci = 2 ∗ b ∗N2

h/Bpci + Thost int,
Tcompute(host fft2) > 2∗Nh∗T1D fft/(q∗p)+Ttrans+
Tfpga−fpga+Tinitialize fft = (2∗Nh∗Nh/(p∗q)+2Nh∗
Nh/q+3∗Nh)∗t+Nh∗Nh∗(q−1)∗b/(q∗Blvds) where t
is the nano-processor cycle time. For the configuration
p=6, Bpci=133MHz x 64bits, Thost int = 3.5ms, b=32

and t=11ns on 16-bit complex numbers, the simula-
tion results in Fig. 6a show that the computation time
varies with the size Nh of the matrix and the number
q of FPGAs. The communication time is independent
of the number of FPGAs because the data traffic on
the PCI bus, given a problem size Nh, is fixed and the
input vectors from the host are uniformly distributed
among all the FPGAs. With increases in the matrix size
for 2D FFT, the computation time grows faster than
the I/O communication time, which is exploited by H-
SIMD to implement host-level memory switching (the
FPGAs waste no time to wait for data loads/retrievals).
This condition is easier met for applications with high
computation load (e.g., floating-point matrix multipli-
cation) rather than with low computation load (e.g.,
integer FFT). In fact, a full overlap is achieved when
the input matrix has size greater than 896 and there
are two FPGAs. If more FPGAs are enlisted, H-SIMD
is difficult to fully overlap communications with com-
putations for 2D FFT on 16-bit complex numbers.

At the FC level, FPGA fft(Fa, Fb, Nh) is car-
ried out on all the nano-processors while vectors of
size Nh are loaded into LRF at the same time. For
effective nano-processor-level memory switching, the
execution time TNPI fft of the 1D Nh-point FFT
NPI fft(Ra, Nh) must be greater than p times the
register file reference time TNP load, i.e., TNPI fft >
p ∗ TNP load, where TNPI fft = Nh ∗ t and TNP load =
Nh/(Bsram∗Nbank). Nbank is the number of the SRAM
banks available to each FPGA. In fact, this condi-
tion can be easily met when Bsram=960Mbytes/s, p=6,
t=11ns and Nbank = 6, as shown in Fig. 6b. If compu-
tations do not overlap fully communications at the FC
level, more SRAM banks can be employed to provide
higher aggregate bandwidth.

4. Implementation and Test Results for 2D
FFT

4.1 H-SIMD Machine Programming

We implemented the H-SIMD machine on a host PC
workstation and an Annapolis FPGA board [4] con-
taining two Xilinx Virtex-II 6000 FPGAs. There are
six Samsung 512k x 36bits SRAM banks and one Mi-
cron 16M x 32bits DRAM bank around each FPGA.
The host is given a program of 2D transformation
Hfft2(Nh, Nh) = fft2(HA), where HA and Hfft2 are
matrices of size NhxNh. Nh/q vectors of size Nh are
assigned to each FPGA for 1D Nh-point FFT, where
Nh is the size of the HC-level matrix. The host pseudo-
program with its HSIs is:
host fft2 load(EDMm, Nh);/*load EDMs*/
do in parallel for all the FPGAs{
host fft2 load(LDMm, Nh); /*m=0,..., q-1*/
host fft2(HA, HB, Nh);
wait for Interrupt(masterFPGA);
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host fft2 retrieve(LDMm, Nh);}
On the other hand, the FCs execute each computation
HSI by first decoding it and then initiating a sequence
of nano-processor operations. The program flow is run
by the FCs. The “for loop” is implemented by the
SRAM Address Generator (SAG) and the FSI instruc-
tion queues. The FC-layer pseudo-code goes as follows:
for(m = 0; m < p; m + +)
{FPGA fft load(Fa, LRFm, Nh); }
do in parallel for all the nano processors{
FPGA fft load(Fa, LRFm, Nh);/*m=0,..., p-1*/
FPGA fft(Fa, Fb, Nh);
WaitForInterrupt(masterNP);
}
FPGA fft transpose(Fa, Fb, Nh);
FPGA fft comm(Fb, Nh);
do in parallel for all the nano processors{
FPGA fft load(Fa, LRFm, Nh);/*m=0, ..., p-1*/
FPGA fft(Fa, Fb, Nh);
WaitForInterrupt(masterNP); }

4.2 Implementation Results

We implemented H-SIMD on the Annapolis board with
two kinds of nano-processors for 16-bit complex num-
bers and IEEE754 single-precision floating-point num-
bers, respectively. The two 1D FFT cores were gen-
erated by Xilinx CoreGenerator6.2 [22] and Annapolis
CoreFire3.8 [11]. The CoreFire Design Suite3.8 is a
dataflow-based application package that provides end-
users with a large collection of cores, including host
access cores. We implemented a 32-bit counter in the
FPGAs to count the elapsed cycles between the initi-
ation of the first HSI and the completion of the last
HSI. After Xilinx ISE6.2 Place& Route, six 89MHz
nano-processors can fit in one FPGA for 16-bit com-
plex numbers while only one 80MHz nano-processor for
single-precision floating-point numbers. 2D FFTs on
64x64, 256x256 and 1024x1024 matrices were tested.
The results were compared with results produced by
Matlab. Our H-SIMD machine has precision 10−5 if
the Matlab results are assumed as the benchmark. The
timing results break down into inter-FPGA communi-
cation, interrupt overhead, PCI reference time and 1D
FFT/transpose computation time, as shown in Fig. 7.
The performance depends heavily on the interrupt over-
head, 1D FFT/transpose computation time and host-
PCI reference time. All the other factors contribute
little to the total execution time, which is desirable
for the H-SIMD design. When Nh is set to 64, the
frequent interrupt requests to the host contribute ex-
cessively to the performance penalty. When Nh is set
to 256, the computation time does not increase long
enough to overlap fully the sum of the costs for host in-
terrupts and PCI-SRAM memory sequential references.
If Nh is set to 1024, the designed overlap is so good that
the interrupt and communication overheads are hidden,
and all the nano-processors work in parallel.

We count only arithmetic operations for the input
16-bit complex numbers and use the million-operations-
per-second (MOPS) metric for the purpose of bench-
marking. The operation count is consistent with the
one in [24]. For complex-data and real-data FFTs, the
number of operations is 5∗N∗log2N and 2.5∗N∗log2N ,
respectively. Based on the same 2D FFT problem, we
compare in Table 1 the H-SIMD MOPS for 16-bit com-
plex numbers and its MFLOPS for IEEE754 single-
precision numbers with the performance of a 2.8GHz
Xeon processor as presented in [17]. The H-SIMD ma-
chine suffers a great deal of performance loss due to
frequent host interventions when the application does
not have enough parallelism to exploit. However, it
can outperform the powerful Xeon processor when ap-
plications show enough parallelism. This proves that
H-SIMD fits well the data-intensive applications.

A cost-performance analysis of the H-SIMD ma-
chine and a Xeon processor is in order now. The ten
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Fig. 7 Execution time breakdown of 2D FFT on (a) 16-bit
complex numbers and (b) IEEE754 single-precision floating-point
numbers.

Table 1 Performance comparison of the H-SIMD machine and
a 2.8GHz Xeon workstation for 2D FFT.

Matrix
size

H-SIMD on
16-bit

complex
numbers
(MOPS)

H-SIMD on
IEEE754

single
precision

real numbers
(MFLOPS)

2.8 GHz
Xeon on
IEEE754

single
precisions
(MFLOPS)

64 68.8 33 2700

256 1796 557 3100

1024 7643 2630 2300

million system gates in the Virtex II FPGA consume
about 400 million transistors [22]. The H-SIMD ma-
chine built on the Annapolis board contains two Vir-
tex II FPGAs. Our current implementation employs
roughly 700 million transistors. On the other hand,
a 2.8GHz Xeon processor contains about 286 million
transistors [23]. For 1024x1024 FFT on IEEE-754
single-precision numbers, it takes 23 ms on a Xeon pro-
cessor as opposed to 20 ms on the H-SIMD machine.
According to a widely used VLSI complexity model,
the cost C of implementing an algorithm is defined as
C = A ∗ T 2, where A is the chip area and T is the

Table 2 Cost-performance comparison of the H-SIMD ma-
chine and the Xeon processor.

System

Transis-
tors
(mil-
lions)

Execution
Time(ms)

VLSI
Cost
(nor-
mal-
ized)

Speedup
(nor-
mal-
ized)

2.8GHz
Xeon

286 23 1 1

H-
SIMD

(Virtex-
II)

700 20 1.85 1.15

execution time. The chip area is directly proportional
to the number of transistors, so we substitute in the
cost equation the latter for the former. The VLSI cost
and speedup results in Table 2 are normalized with re-
spect to the Xeon processor. The H-SIMD machine
provides a speedup of 15% but its VLSI cost increase
is 85%. This is due to the slow FPGA clock frequency
(around 90MHz) of the implementation on Virtex II
6000. [16] reported 210MHz floating-point operations
on Virtex2Pro. For recent FPGAs, like Virtex 4 and
Stratix II, both Xilinx and Altera claim clock frequen-
cies of 500MHz [3][25]. The slogan “silicon is free” is
widely acceptable for system-on-chip designs. However,
unlike the gigahertz microprocessors with power prob-
lems, state-of-the-art FPGAs still have much room to
increase their clock speed. We should expect to see a
dramatic cost reduction in the near future with steady
advancements in FPGA technologies.

5. Conclusions

Our multi-layered H-SIMD machine paired with an ap-
propriate multi-layered PISA software codesign is ef-
fective in data-parallel applications. To yield high per-
formance, task partitioning is carried out at different
granularity levels, involving the host, the FPGA con-
trollers and the nano-processors inside the FPGAs. The
H-SIMD’s memory switching scheme is able to fully
overlap I/O communications with FPGA computations
to bridge the gap between sustained and peak perfor-
mance. In our current implementation of 2D FFT, we
have demonstrated the effectiveness of the H-SIMD ma-
chine on applications with enough parallelism. More re-
cent FPGAs could improve performance even further.
Our multi-layered design approach is not limited to 2D
FFT. It can be applied to other applications as well
which are rich in data parallelism [26][27]. In the fu-
ture, we will continue efforts to extend current PISAs
for more data-intensive applications.
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