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Abstract Applications based on Discrete Fourier
Transforms (DFT) are extensively used in several areas
of signal and digital image processing. Of particular
interest is the two-dimensional (2D) DFT which is
more computation- and bandwidth-intensive than the
one-dimensional (1D) DFT. Traditionally, a 2D DFT
is computed using Row-Column (RC) decomposition,
where 1D DFTs are computed along the rows fol-
lowed by 1D DFTs along the columns. Both application
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specific and reconfigurable hardware have utilized this
scheme for high-performance implementations of 2D
DFT. However, architectures based on RC decompo-
sition are not efficient for large input size data due
to memory bandwidth constraints. In this paper, we
propose an efficient architecture to implement 2D DFT
for large-sized input data based on a novel 2D de-
composition algorithm. This architecture achieves very
high throughput by exploiting the inherent parallelism
due to the algorithm decomposition and by utilizing
the row-wise burst access pattern of the external mem-
ory. A high throughput memory interface has been
designed to enable maximum utilization of the memory
bandwidth. In addition, an automatic system gener-
ator is provided for mapping this architecture onto
a reconfigurable platform of Xilinx Virtex-5 devices.
For a 2K × 2K input size, the proposed architecture
is 1.96 times faster than RC decomposition based im-
plementation under the same memory constraints, and
also outperforms other existing implementations.

Keywords Multi-dimensional signal processing ·
DFT · Algorithm-architecture co-design

1 Introduction

Discrete Fourier Transform (DFT) is widely used in
digital signal processing (DSP) and scientific computing
applications. In particular, the two-dimensional (2D)
DFT is used in a wide variety of imaging applications
which need spectral and frequency-domain analysis
such as, image watermarking, finger print recognition,
synthetic aperture radar (SAR) processing and medical
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imaging. The image sizes of many of the applications
have increased over the years. In SAR processing [1],
digital holographic imaging [2] and medical imaging,
for instance, the required data size could be as large as
2,048 × 2,048. Therefore, there is a need for new algo-
rithms and architectures to support 2D DFT of large
data sizes.

Existing 2D DFT implementations include software
solutions, such as FFTW [3], Spiral [4], Intel MKL
[5] and IPP [6] which can run on general purpose
processors, multicore architecture [7], and supercom-
puters [8, 9]. Though these platforms can achieve
high performance, they are not suitable for embedded
applications.

There are also many hardware solutions. Several of
them are based on the Fast Fourier Transform (FFT)
[10]. These include the dedicated FFT processor chips
[2, 11–14], and field programmable gate array (FPGA)
based implementations [15–20]. As for the FFT chips,
their manufacturing cost is quite high, and once a chip
is manufactured, its functionality and performance can-
not be changed anymore. This is why FPGAs have
become an attractive alternative for 2D DFT imple-
mentations. In fact, FPGAs are being widely used in
various embedded signal and image processing systems
such as smart cameras, radar image reconstruction in
which FFT is a key component.

In this paper, we describe FPGA architectures for
2D DFT that are targeted for large data sizes. In
architectures, such as those in [17], the performance
degrades significantly when data size increases and the
data does not fit in the on-chip memory. In these archi-
tectures, the bottleneck is the data transfer between the
off-chip and on-chip memories. This problem has been
addressed in [2], but it requires an additional trans-
pose operation. In this work, we avoid transpose op-
eration by implementing a new two-dimensional (2D)
decomposition algorithm, and also design a customized
memory interface which maximizes the external mem-
ory bandwidth. The proposed algorithm partitions the
original data into a mesh of sub-blocks, performs but-
terfly type operations between sub-blocks and then
computes local 2D DFT on each of the sub-blocks.
The size of the sub-blocks is a function of the available
FPGA resources and is determined automatically. The
experimental results demonstrate that our architecture
based on the 2D decomposition algorithm achieves
better performance than optimized architectures based
on Row-Column (RC) decomposition.

The rest of the paper is organized as follows.
Section 3 briefly introduces 1D and 2D DFT and
derives the proposed 2D decomposition algorithm.
Section 4 describes in detail our novel FPGA archi-

tecture for 2D DFT. Section 5 describes the automatic
system generator. Various configurations of our archi-
tecture are evaluated in Section 6, and concluding re-
marks are given in Section 7.

2 Background

In this section, we first briefly review the basic algo-
rithms of 1D and 2D DFTs in order to better under-
stand the proposed 2D decomposition (Section 2.1),
and then present the problems of implementing 2D
DFT by using RC decomposition in FPGA based archi-
tectures (Section 2.2).

2.1 1D DFT and 2D DFT

A DFT of an N-point discrete-time complex sequence
x(n), indexed by n = 0, 1, . . . , N − 1, is defined as:

X(k) =
N−1∑

n=0

x(n) · Wnk
N , k = 0, 1, . . . , N − 1, (1)

where WN = e− j2π/N . The computation complexity of
an N-point DFT is O(N2), and an N-point FFT is
O(N log N).

A 2D DFT of N × N samples, x(i1, i2), is defined by,

Y(k1, k2) =
N−1∑

i1=0

N−1∑

i2=0

x
(
i1, i2

) · Wk1i1+k2i2
N , (2)

where k1, k2 = 0, 1, . . . , N − 1.
The Row-Column (RC) decomposition algorithm,

decomposes a 2D DFT into multiple 1D DFTs as
follows,

X̃
(
k1, i2

) =
N−1∑

i1=0

x
(
i1, i2

) · Wk1i1
N , for k1 ∈ [0, N − 1],

(3)

and

Y
(
k1, k2

) =
N−1∑

i2=0

X̃
(
k1, i2

) · Wk2i2
N , for k2 ∈ [0, N − 1].

(4)

With RC decomposition, a 2D DFT on N × N data
can be computed by first performing N row-wise 1D
DFTs, and then N column-wise 1D DFTs. If the 1D
DFTs are implemented using FFT, the complexity is
O(N2 log2 N).
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Fig. 1 Basic 2D DFT architecture utilizing external memory.

2.2 Impact of Large Data Size on Conventional
2D DFT Architectures

In an FPGA implementation of RC decomposition
based 2D DFT, the input 2D data is initially stored
in the external memory, and row-wise DFTs followed
by column-wise DFTs are performed. The basic archi-
tecture utilizing Synchronous Random Access Memory
(SRAM) based external memory is shown in Fig. 1.
For row-DFTs/column-DFTs, fixed number of rows/
columns of input data are loaded into FPGA local
memory, as shown in Fig. 2, and several 1D DFT cores
are operated in parallel. This operation is repeated
until all the rows/columns are traversed. This kind of
implementation performs very well for small data sizes,
since the row and column access times are same for
SRAM.

For large data sizes, however, the SRAM solution be-
comes impractical due to the limited size and high cost.
In this case, Synchronous Dynamic RAM (SDRAM),
which has much larger capacity, should be used as

Row-wise DFT Local Memory

Step 1 Step 2

Step nExternal Memory

(a) Row DFT

Column-wise DFT Local Memory

Step 1 Step 2

Step nExternal Memory

(b) Column DFT

Fig. 2 Data access pattern from external memory for row-DFT
and column-DFT.

external memory. Because of its high throughput and
high capacity, SDRAM is a standard component on
most FPGA boards.

SDRAM has a three-dimensional organization, com-
posed of banks, rows, and columns. It has non-uniform
access time; accessing consecutive elements in a row has
a low latency, while accessing data across different rows
has a high latency. So if RC decomposition is used, row-
wise DFTs are much faster than column-wise DFTs,
since SDRAM memory organization favors data access
along rows. Thus, column-wise data access is a major
bottleneck for 2D DFT implementations.

Moreover, though the DDR2 and recent DDR3
standards for SDRAMs can achieve higher data rates
for reads and writes to external memory, existing mem-
ory interface designs fail to utilize the bandwidth of the
SDRAM device for column-DFTs. Even with a custom
memory interface design, for large data sizes, conven-
tional 2D DFT implementation with RC decomposition
results in poor performance.

An alternative and a popular approach to overcome
the imbalance of row-wise and column-wise memory
accesses is to employ a transpose operation on the data
as an intermediate step in 2D DFT [2]. However, it re-
quires data to be transferred to and from memory three
times, which is cumbersome and inefficient for large
data sizes.

In the next section, we propose a new 2D decom-
position algorithm which does not need the transpose
operation to mitigate the data access problem of RC
decomposition based algorithms, and can be efficiently
mapped onto FPGA based architectures.

3 Decomposition Algorithms for DFT

In this section, the decomposition of 1D DFT is de-
scribed in Section 3.1, followed by the 2D decompo-
sition algorithm for 2D DFT in Section 3.2 and the
functional components of the 2D DFT in Section 3.3.

3.1 Decomposition of 1D DFT

A 1D DFT of length N can be decomposed and com-
puted by a series of smaller transforms and permu-
tations. We first represent DFT in the matrix-vector
multiplication form as

[
X0 X1 . . . XN−1

]T = FN · [
x0 x1 . . . xN−1

]T
, (5)

where FN is the twiddle factor matrix.
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The decomposition of 1D DFT is essentially repre-
sentation of FN as a product of sparse matrices and is
described as follows [21–23].

FN = PN,p
(
Ip ⊗ Fm

)
D̃N

(
Fp ⊗ Im

)
, (6)

where N = p · m, where p and m are both integers. Im

is an m × m identity matrix, D̃N is a diagonal matrix
of twiddle factors, and ⊗ is the Kronecker or tensor
product and can be expressed as

D̃N( j, j ) = W( j mod m)·� j/m�
N for j = 0, 1 . . . N − 1, (7)

An ⊗ Bm = [
ak,l Bm

]
0≤k,l<n for An = [

ak,l
]

0≤k,l<n. (8)

Finally, PN,p denotes permutation with stride p.
The traditional radix-2 FFT can be considered a

specific case of recursive decomposition with factor
p = 2.

3.2 2D Decomposition Algorithm

The general form of 2D DFT is described in matrix
form as follows:

Y = FM · X · FT
N = FM · X · FN, (9)

where input X and output Y are of size M × N; FM and
FN are DFT matrices which are symmetric.

The expression (FM · X) is traditionally calculated
by applying an M-point DFT for each column of X.

As described in Section 3.1, an M-point DFT can be
replaced by the sparse matrix product form as depicted
in Eq. 6. Hence, by partitioning a column of size M into
p sub-blocks, the expression (FM · X) can be written
as follows:

FM · X = PM,p · (Ip ⊗ FM/p
)
D̃M

(
Fp ⊗ IM/p

) · X, (10)

where the permutation PM,p term in Eq. 6 is taken into
account in the final stage.

Similarly, the expression (X · FN) in Eq. 9 can be
written as follows:

X · FN = X · (Fq ⊗ IN/q
)
D̃N

(
Iq ⊗ FN/q

) · PN,q. (11)

Extending such a partitioning to both row-wise and
column-wise elements, the 2D decomposition of Eq. 9
on a p × q mesh is written as follows:

Ỹ = (
Ip ⊗ FM/p

)
D̃M

(
Fp ⊗ IM/p

) · X

· (Fq ⊗ IN/q
)
D̃N

(
Iq ⊗ FN/q

)
. (12)

Y is obtained by applying a bit-reverse permutation (P)
on Ỹ of Eq. 12.

3.3 Functional Components of the 2D
Decomposition Algorithm

Equation 13 pictorially demonstrates the sequence of
operations involved in the computation of the decom-
posed 2D-DFT.

Y = P

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

(
Ip ⊗ FM/p

)
D̃M

(
Fp ⊗ IM/p

) · X · (
Fq ⊗ IN/q

)
D̃N︸ ︷︷ ︸

Step 1︸ ︷︷ ︸
Step 2

(
Iq ⊗ FN/q

)

︸ ︷︷ ︸
Step 3

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (13)

Input X of size M × N, is partitioned into a p × q mesh
where each sub-block in the mesh is of size M/p × N/q.
The four main steps are described below Fig. 3 presents
the functional flow of the proposed 2D decomposition
algorithm.

Step 1 Row-wise data exchange with twiddle-factor
multiplication:
There are q sub-blocks in each row, and each
element inside one sub-block has to do data

exchange with the corresponding elements
in the other (q − 1) sub-blocks. This data
exchange (DX) operation can be implemented
as a q-point 1D FFT followed by a twiddle-
factor multiplication (with D̃N). Since there
are M/p · N/q elements in each sub-block,
there are (MN/pq)(q · log2 q) arithmetic oper-
ations with q-point 1D FFT for each row, and
(MN/pq)(q·log2 q)p for all rows. Including MN
operations for twiddle-factor multiplication
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Multiplication

Data Exchange
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Twiddle-factor
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Local
2D-DFT

Permutation

Data exchange stage

Fig. 3 The functional flow graph of 2D DFT.

(D̃N), it takes a total of (MN/pq)(q·log2 q)p+
MN ≈ O[MN(1+log2 q)] arithmetic operations.
Note that all q-point 1D FFTs can be com-
puted in parallel.

Step 2 Column-wise data exchange with twiddle-
factor multiplication:

Y2 = D̃M
(
Fp ⊗ IM/p

) · Y1

Similar to Step 1, the DX is repeated for the
p sub-blocks in each column. This step has a
complexity of O[MN(1 + log2 p)] operations.

INPUT:

Input size: N × N

Local 2D DFT size: K × K

Mesh size: (N / K ) × (N / K )

Local memory size: S × S

1. Data Exchange (DX)

for i = 1 : (N / S) × (N / S)

Load DX data into local memory

for j = 1 : 2(S/(N / K ))

Compute (N / K )-point 1D FFT with twiddle-factor

multiplication

Store the result back to external memory

2. Local 2D DFT (LDFT)

for i = 1 : (N / S) × (N / S)

Load LDFT data into local memory

for j = 1 : 2(S/ K )

Compute K -point 1D FFT

Store the result back to external memory

Fig. 4 Pseudo code for 2D decomposition algorithm for 2D DFT.

Step 3 Local 2D DFT on each sub-block:

Ỹ = (
Ip ⊗ FM/p

)
Y2

(
Iq ⊗ FN/q

)

After the row-wise and column-wise data ex-
change with twiddle-factor multiplications, 2D
DFT computation is performed on each sub-
block of size M/p · N/q. This operation is fully
parallel for all sub-blocks, and only limited by
resource constraints in the underlying archi-
tecture. No data communication is required
between any sub-blocks.

Step 4 Output permutation:

Y = P(Ỹ)

A bit-reverse permutation is required before
generating the output. This is done by the host
computer before display.

The pseudo code of the 2D decomposition algorithm
for the case when the image is of size N × N is pre-
sented in Fig. 4. The sub-blocks are of size K × K, the
mesh is of size (N/K) × (N/K), and the local memory
is of size S × S. Note that 1D DFT is computed along
rows and columns in each stage. Also notice that there
are other 2D decomposition methods, such as Vec-
tor Radix FFT [24], which recursively decomposes the
2D DFT into small-sized ones, like 2 × 2 or 4 × 4 2D
DFT. While such methods can effectively reduce the
number of multiplications, the recursive decomposition
makes hardware implementation and memory address-
ing much more complicated.

4 Proposed 2D-DFT Architecture

Figure 5 gives a bird’s eye view of the FPGA architec-
ture for implementing the 2D decomposition based 2D
DFT. It is composed of several components that can
be classified broadly into Domain-specif ic components
and Infrastructure components. Components such as
processing elements (PEs) are designed specially for
the 2D DFT application and hence are domain-specific.
Infrastructure components, including PowerPC, mem-
ory interface, host connection and UART, provide
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Fig. 5 Block diagram of the FPGA architecture for 2D decom-
position based 2D DFT.

high-level control and support for the domain-specific
components.

4.1 Domain-specific Components

As shown in Fig. 6, the PE array consists of multiple
PEs, where each PE is formed by a primitive 1D FFT
IP core and a complex multiplier. The primitive FFT
is used for both data exchange and local 2D DFT. In
our design, we adopt Xilinx pipelined FFT IP [25]. The
complex multiplier is used for twiddle-factor multiplica-
tion during data exchange. All PEs operate in parallel
and access data from/to multi-banked local memory si-
multaneously without conflicts. The number of PEs and
size of the primitive FFTs is determined by the memory
bandwidth and available FPGA resources as explained
in Section 5. Note that for ease of implementation, an
input size of N × N is always assumed, where N is a
power of 2, otherwise zero-padding is applied.

The input data is stored in the external memory
(SDRAM), and is logically partitioned into a mesh of
sub-blocks. During each step mentioned in Section 3,
portions of data are loaded into the FPGA local mem-
ory, processed, and then stored back to the external

memory. There are two identical local memories that
serve as ping pong buffers. These local memories are
implemented with dual-port Block RAM (BRAM) on
the FPGA. The operations are described in details
below.

In the data exchange stage which consists of the first
four blocks in Fig. 3, first, equal number of samples
from the same position in each sub-block is loaded into
local memory. This data is then used for computing
both row-wise and column-wise data exchanges. Note
that the data from the external memory is accessed
only along the row direction as depicted in Fig. 7.
This pattern is especially advantageous for accessing a
dynamic memory, such as DDR2 and DDR3 SDRAM,
which only favors row-wise burst access. The operations
are repeated until the entire data is traversed, as shown
in Fig. 7.

In the local 2D DFT stage (corresponding to the fifth
block in Fig. 3), fixed number of contiguous sub-blocks
of the 2D data are loaded into FPGA local memory and
the PE array computes 1D transforms along rows and
then along columns. This operation is repeated for all
the blocks.

4.2 Infrastructure Components

PowerPC is utilized for loading the input data into ex-
ternal memory, UART debugging and ethernet TCP/IP
connections, and also run-time configurations for the
domain-specific components, such as processing ele-
ments and data path controller. It is implemented as
a Hard IP core in Xilinx FPGA, particularly the FX
series in Virtex-4 and Virtex-5 device. If PowerPC
can not be supported in case of LX, SX series of
Virtex FPGA series, other soft-core processors like
Microblaze can be utilized. UART block is used to
provide a basic terminal to show status and debugging

Fig. 6 The proposed 2D DFT
architecture.
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Fig. 7 Data access pattern
from external memory for
data exchange and local 2D
DFT stages.

Data Exchange

Local 2D FFT

* Pictorial mapping to memory space

Local Memory

Step 1 Step 2

Step n

Step 1 Step 2

Step n

Local Memory

External Memory

External Memory

information. For host connection, currently Ethernet
interface is preferred because Xilinx supports Hard
tri-mode MAC (TEMAC) for Virtex-4 and Virtex-5
[26]. A light-weight implementation of the TCP/IP pro-
tocol library, lwIP [27], is loaded to support ethernet
communication.

High Throughput Memory Interface While the PE ar-
ray can finish computations very fast, the bottleneck is
the interface to external memory. Xilinx’s Multi-Port
Memory Controller (MPMC), for instance, is a very
versatile controller supporting SDRAM/DDR/DDR2
memory. However, its peak throughput is only 50%
of a DDR2-SDRAM DIMM’s peak transfer rate. To
alleviate this bottleneck, we design a customized high
throughput memory interface.

The customized memory interface, as shown in
Fig. 8, has a 128-bit wide internal data-bus. Since the
DDR2 SDRAM device has an operating frequency of
200 MHz and an user application in FPGA runs at
100 MHz, the memory interface operates at 200 MHz
and has a 256-bit wide data bus between the interface
and the application. This enables data transfer rates of
up to 256 bits at 100 MHz or 3,200 MB/s. Together
with double buffering technique on local memory, the
customized memory interface enables us to completely
overlap communication with computation and avoid
any loss of performance due to communication bottle-
neck. This memory interface can be ported onto any
FPGA board with SDRAM DIMMs.

Fig. 8 High throughput
memory interface. Memory Interface

(200 MHz)

Backend
FIFOs

Command
interface

DDR2
SDRAM

Controller

Address
Generation

DDR2
SDRAM
DIMM

(200 MHz) 25612812864

 Local Memory
 (100 MHz)
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5 Automatic 2D DFT System Generator

Given the specifications of input data and hardware
platform, we propose a 2D DFT system generator
to automatically generate a 2D DFT implementation
based on the proposed 2D decomposition algorithm.
The automation flow is shown in Fig. 9. A design opti-
mizer first determines the best decomposition based on
input specifications to obtain the size of the primitive
FFT. Then, according to the available FPGA resources
and memory bandwidth, the optimizer calculates the
number of PEs. The information is passed to the sys-
tem generator, which generates hardware module in
Verilog or VHDL. Then, the HDL files are fed into
the FPGA tool to produce final configuration bit-files.
Note that no user intervention is required for the entire
process.

5.1 Choosing Size of the FFT IP Core

The input specifications include data size, target de-
vice, memory type, and accuracy requirement. The data
size is a power of two, typically from 512 × 512 to
4,096 × 4,096. The target FPGA platform is Virtex-5
from Xilinx. For memory type, only DDR2 SDRAM

D esign param eters :
- Im age size
- Accuracy requirem ent
- M em ory type
- Target dev ice

FP G A Specs.
FPG A  Specs.

FPG A  S pecs.O ptim izer

O ptim ized settings:
- D ata W idth
- Length of P rim itive  FFT
- N um ber of P Es

Infrastructure
(N etlist)

S ystem
G enera tor

P rocess ing
E lem ents

(H D L)

M em ory
Inte rface

(H D L)

FP G A Tool

FP G A  bit-stream

Fig. 9 Automation flow of generating architecture for 2D de-
composition based 2D DFT.

is currently supported to provide large memory band-
width. However, the memory interface can be easily
extended to other memory types by replacing SDRAM
controller block. The user can choose either 16-bit
implementation for resource constrained designs, or 24-
bit implementation for high accuracy designs.

Let N = K · L. Then the sub-block size is L × L for
a mesh of size K × K. The design optimizer is used
to find the best decomposition, i.e. L and K for a
given N. Since our architecture uses high throughput
memory interface (Section 4.2) and double-buffering
technique to overlap communication with computation,
the communication cost is not be considered in the
modeling. Moreover, if the local memory has a fixed
size S × S, then there is an implicit constraint on the
possible values for K and L namely, K ≤ S and L ≤ S.

Assume that it takes Tdx to complete row-wise and
column-wise data exchange operations, and Tldf t to
complete local 2D DFTs, respectively. Then the total
DFT computation time Ttotal for input data of size
N × N can be calculated as

Ttotal = (
N2/S2

) · (
Tdx + Tldf t

)
. (14)

Since the local memory can hold up to (S/K)2 blocks
for data exchange and (S/L)2 blocks for local 2D DFTs
each time, then if Tdf t(n×n) is defined as the time re-
quired for a 2D DFT computation of size n × n,

Tdx = (S/K)2 · Tdf t(K×K), (15)

Tldf t = (S/L)2 · Tdf t(L×L). (16)

For pipelined implementations, Tdf t(n×n) is propor-
tional to the 2D DFT size n × n, and

Tdx = (S/K)2 · c · K · K = c · S2, (17)

Tldf t = (S/L)2 · c · L · L = c · S2. (18)

where c is a constant. It can be seen that both data
exchange time Tdx and local 2D DFT time Tldf t depend
only on the local memory size.

To fully utilize standard IP cores, only Q-point DFT
will be implemented to accomplish both K-point and
L-point DFTs, where Q = max{K, L}. So if the FPGA
can support P Q-point processing elements, then

Tdx = Tldf t = c · S2/P. (19)

Combining Eq. 19 with Eq. 14, we have

Ttotal = 2 · c · N2/P. (20)

This implies that the time to complete DFT depends
on data size N × N, and the number of processing
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Table 1 Resources required for Xilinx pipelined FFT IP.

FFT point 32 64 128 256

Virtex-4 24 bit DSP48 16 16 24 24
BRAM 0 2 6 8

16 bit DSP48 6 6 9 9
BRAM 0 1 3 4

Virtex-5 24 bit DSP48E 24 24 36 36
BRAM 0 2 5 7

16 bit DSP48E 8 8 12 12
BRAM 0 1 3 4

elements, P, which is, in turn, determined by the re-
sources available on the FPGA.

As primitive FFT size increases, the number of DSPs
and BRAMs both increase, as shown in Table 1. For
an FPGA with limited DSP and BRAM resources,
we need to keep the value of Q as small as possible,
so that more PEs can be accommodated. Since Q =
max(K, L), and K · L = N, the smallest value of Q is√

N. However, if
√

N is not an integer, we need to
find a factorization of N so that K and L are close
to each other. Once the optimal factorization is found,
the length of the primitive FFT cores, Q, can be de-
termined. For instance, if N = 1,024, Q = 32, and if N
increases to 4,096, Q = 64.

5.2 Choosing the Number of PEs

After choosing the size of the FFT IP core, the number
of PEs is determined. Based on the hardware resources
of the target FPGA and resources required by the
FFT IP core given in Table 1, the 2D DFT generator
calculates the maximum number of PEs, PRES, that can
fit onto the FPGA. The external memory type/interface
plays an equally important role in determining the
number of PEs, since the pipelined Xilinx FFT IP [25]
can input 1 datum/cycle. For instance, suppose that
the data width of a complex datum is 32 (16 × 2) bits,
and if FFT IP is running at 100 MHz, its data rate is
400 MB/s. Now, let PBW be the maximum number of
PEs that can be supported by the available memory
bandwidth. If the external memory is one DIMM of
DDR2-400 SDRAM, which can offer 3,200 MB/s data
rate, up to 8 PEs can be supported, and PBW would
be set to “8”. In this case, the performance of the 2D
DFT cannot be improved with more PEs. Eventually,
the number of PEs is decided by the minimum of
PRES and PBW, i.e.

P = min
{

PRES, PBW
}
. (21)

Once the design optimizer decides the number and
type of the primitive FFT IPs and memory partitioning,

the system generator generates all the required hard-
ware modules, namely, infrastructure block, FFT core
block and memory interface block. The infrastructure
blocks such as UART and host connection are fixed,
whereas other blocks are user specified and provided
in a template format, with several parameters that are
set based on decisions of the design optimizer. After the
generation of these modules, scripts for Xilinx flow are
produced to run Xilinx tool automatically. Finally, the
configuration bit file consisting of both hardware bit file
and software binaries are generated from FPGA tool.

6 Evaluation

In this section, the 2D DFT architecture generated
using the DFT system generator is evaluated. First,
the evaluation of high throughput memory interface is
presented in Section 6.1, and the resource utilization
is analyzed in Section 6.2. Then, the evaluation of
performance for various input sizes is presented and
compared with existing solutions in Section 6.3. Finally,
the numerical accuracy of the 2D DFT is analyzed in
Section 6.4. For the evaluations, Xilinx 10.1 tool set
and Modelsim 6.4 are used, and Virtex-5FX device is
considered as the candidate FPGA device.

6.1 Memory Throughput for RC- and 2D
Decomposition- Based Architectures

The performance of the memory interface is measured
in terms of the number of cycles taken to read/write
data from/to DDR2 SDRAM to/from local memory.
The performance for read, write and read + write
operations for various memory access patterns for an
input size of 2,048 × 2,048 and local memory size of
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Fig. 10 Memory access time for different access patterns when
on-chip memory size is 128 × 128.
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Table 2 Resource utilization
and memory requirement for
different configurations.

Primitive FFT Bit width # of PEs DSP BRAM Slice LUTS Mem. BW
(36 kbits) required (MB/s)

32-point FFT 16 bits 4 PEs 36 137 25,536 1,600
8 PEs 72 137 35,238 3,200

16 PEs 144 145 54,442 6,400
24 bits 4 PEs 112 145 33,294 3,200

8 PEs 224 145 46,326 6,400
64-point FFT 16 bits 4 PEs 36 139 26,882 1,600

8 PEs 72 141 37,958 3,200
24 bits 4 PEs 112 149 34,991 3,200

8 PEs 224 153 50,132 6,400

128 × 128 is shown in Fig. 10. It can be observed that
column access is much slower compared to other access
patterns, and hence it would be the bottle-neck for di-
rect RC method. On the contrary, data exchange (DX)
and local DFT (LDFT) are both row-wise accesses.
Therefore, the proposed 2D DFT avoids the perfor-
mance penalty caused by column access and hence can
achieve a higher performance.

6.2 Resource Utilization

The resource utilization of the PEs (Xilinx FFT IPs,
complex multipliers, and the control units) and the
memory requirement in terms of bandwidth, are sum-
marized in Table 2. This evaluation is based on
the device XC5FX200T, which has 384 DSP slices,
456 BRAMs (16 Mbs), 30,720 logic slices, and 122,880
slice LUTs. For large image sizes from 1,024 × 1,024
through 4,096 × 4,096, the size of the FFT IP can be
either 32-point or 64-point. The data representation
can be either 16-bit or 24-bit. The infra-structure block
uses fixed number of resources of 8,149 logic slices and
47 BRAMs including TEMAC for host interface. We
assume the operating frequency of the IPs is 100 MHz
and the external memory device to be one DDR2-400
SDRAM DIMM operating at 200 MHz.

From Table 2, we see that the number of BRAMs
and Slice LUTs utilized by 64-point FFT are slightly
higher than 32-point FFT, though the number of DSP

Table 3 Performance for different input sizes.

Input size Primitive # of PE Computation Frame
time (ms) rates

1,024 × 1,024 32PT FFT 8 5.4 182
4 10.7 92

2,048 × 2,048 64PT FFT 8 22.4 44
4 43.4 23

4,096 × 4,096 64PT FFT 8 90.4 11
4 174.3 5

resources utilized is the same for both the cases. The
number of DSP resources and the memory bandwidth
required increase almost linearly with the number
of PEs. Also, there is a large increase in DSP re-
sources and memory bandwidth, when the data-width
is changed from 16-bit to 24-bit.

From Table 2 we also see that the target FPGA can
fit either 16 32-point FFT cores with 16-bit data width,
or 8 32-point FFT cores whith 24-bit data width, or 8
64-point FFT core with 16-bit, or 8 64-point FFT cores
with 32-bit data width. The DSP resource requirement
for the 16 FFT cores (32-point and 64-point) with 24-
bit data representation exceeds that supported by the
Virtex5 FPGA and hence cannot fit in the device. Also,
the configuration with 16 64-point FFT cores with 16-bit
data width cannot be supported due to local memory
constraints. Thus, for both cases, the 2D DFT system
generator (see Section 5) would set PRES as “8”. Note
that PRES could be higher for other FPGAs with larger
capacities.

Table 2 also list the required bandwidth for each
configuration, and based on the table, the 2D DFT
system generator is able to determine PBW. For exam-
ple, if we have 1 DIMM of DDR2-400 SDRAM with
a bandwidth of 3200 MB/s, then for 64-point FFT IP
with 24-bit representation, PBW = 4. Although PRES

in this case is “8”, the final number of PEs is “4”,
based on Eq. 21. However if we have 2 DIMMs of
DDR2-400 SDRAM, then the available memory band-
width is 6,400 MB/s, and the final number of PEs is
8. Note that PBW could be higher if more DIMMS or
a faster memory device, such as DDR2-800 SDRAM,
is used.

Table 4 Performance comparison for different architectures for
input size 2048 × 2048.

RC Transpose 2D-DEC

Computation time (ms) 44.0 30.4 22.4
Frame rates 23 33 44
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Fig. 11 Comparison of the computation times (normalized to
RC-based method) for different image sizes.

6.3 Comparison of Timing Performance

Table 3 shows the performance of the 2D DFT architec-
ture for different input sizes and different architecture
configurations. The performance is specified in terms
of frame rate, which refers to the number of frames of
input data that the 2D DFT architecture can process
in a second. The size of the FFT primitive is chosen
by the design optimizer (see Section 5). It can be seen
that the performance is inversely proportional to the
input data size, but directly proportional to the number
of PEs.

Table 4 compares the performance in terms of com-
putation time and frame rate for FPGA implemen-
tations corresponding to (1) RC decomposition, (2)
Transpose (row-DFT − transpose − row-DFT) and (3)
the proposed 2D decomposition algorithm. This com-
parison is done for identical architecture constraints
such as one DDR2-400 SDRAM DIMM, 128 × 128
local memory size, 16-bit implementation and for an
input data size of 2,048 × 2,048. The evaluation of
the candidate architectures is performed using the pro-
posed high throughput memory interface for the case
when there are 8 PEs. The table shows that under
identical conditions, the 2D decomposition architecture
provides a 96.4% improvement compared to the RC
decomposition architecture and a 35.7% improvement
compared to the transpose-based architecture. The im-
provement can be maintained across different image
sizes, as shown in Fig. 11.

Further, Table 5 presents a comparison of other
existing 2D DFT implementations with the proposed
2D decomposition based DFT (2D-DEC) architecture
that utilizes maximum memory bandwidth on Virtex-5
FPGA. Uzun et al. [28] have used SRAM as the exter-
nal memory with Virtex-E FPGA. Our 2D-DEC archi-
tecture provides significant performance improvement
over [28] for the same input data size of 1,024 × 1,024.
Dillon [20] has used two cascaded Virtex-II FPGAs
for row-DFTs and column-DFTs and large SRAMs for
intermediate data storage. In contrast, our 2D-DEC
architecture uses a single FPGA with cheaper DDR2
SDRAM as external memory. Furthermore, our dataw-
idth is 32 bits compared to 16 bits in [20]. Lenart et al.
[2] have implemented a transpose based architecture
with DDR SDRAM memory. Our 2D-DEC architec-
ture operates at 100 MHz compared to 250 MHz and
still provides performance improvement by avoiding
transpose operation.

6.4 Accuracy Evaluation

As mentioned earlier, the proposed 2D DFT is im-
plemented using Xilinx pipelined FFT IPs, which are
fixed-point cores. Due to finite wordlength effects,
accuracy is a major design issue that needs to be
analyzed.

An N-point Xilinx pipelined FFT core consists of
log2(N) stages of radix-2 butterflies. For an N × N
2D DFT, therefore, every input element needs to be
operated by 2 log2(N) stages of radix-2 butterflies, ir-
respective of the decomposition algorithm used. To
prevent overflow, Xilinx provides corresponding func-
tion (right-shifting 0–3 bits) on each pair of two stages
in the FFT IP. The corresponding control bits can be
programmed by the user. In this work, we first scale the
input array so that |x(i1, i2)| < 1/2.4142 [29] to prevent
overflow in the first stage. Then we right-shift 1 bit for
every pair of stages to prevent overflow in the FFT
computation. This half-a-bit-per-stage scheme works
for a broad class of signals [30].

To quantify the output accuracy, we feed uniformly
distributed random numbers into the 2D DFT. We

Table 5 Performance
comparison with existing
works.

Input size Method Technology External memory Complex Frame
data (bits) rate (fps)

1024 × 1,024 Uzun [28] Virtex-E, 180 nm, 27 MHz Quad SRAM 2 × 16 13
2D-DEC Virtex-5FX, 65 nm, 100 MHz Single SDRAM 2 × 16 182

2,048 × 2,048 Dillon [20] Virtex-II×2, 130 nm, 125 MHz Dual SRAM 2 × 8 120
Lenart [2] ASIC, 130 nm, 250 MHz Dual SDRAM 2 × 16 20
2D-DEC Virtex-5FX, 65 nm,100 MHz Single SDRAM 2 × 16 44
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Table 6 SNR(dB) of proposed 2D DFT, where the input set is drawn from uniformly distributed random number and |x(i1, i2)| <

1/2.4142.

DFT size 64 × 64 128 × 128 256 × 256 512 × 512 1,024 × 1,024 2,048 × 2,048

16 bit 70.56 69.94 69.67 69.36 68.72 67.72
20 bit 94.50 94.50 93.92 92.97 92.16 91.59
24 bit 118.77 118.17 117.52 117.15 116.81 116.03

adopt a commonly used criterion, Signal-to-Noise-
Ratio (SNR), which is defined as:

SNR(dB) = 10 log10

Poutput

Pquantnoise
,

where Poutput is average output power, and Pquantnoise is
acquired by comparing the hardware output with Mat-
lab floating point results. The SNR results for randomly
generated input data are listed in Table 6.

From Table 6, three observations can be made. First,
SNR of the 2D DFT is mainly dominated by Xilinx FFT
IP. For example, a 16-bit 1,024-point Xilinx FFT has
an SNR around 73 dB [25]. The 16-bit 2D DFTs have
lower SNRs than 73 dB, because the 2D DFTs have
more stages of radix-2 butterflies. Second, we can gain
about 6 dB of SNR when 1 additional bit is added to
the data width. This observation is consistent with the
results in [25]. Based on this, the user can decide the
data width. Thirdly, the accuracy is insensitive to the 2D
DFT problem size (as shown in this case). To explain
this, one should notice that the denominator of the SNR
equation is dominated by data width, which is fixed,
and the numerator is dominated by the signal power
(or amplitude). In Fig. 12, we record the internal max-
imum amplitude of every stage in the 2D DFT. The
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Fig. 12 Maximum amplitude of every stage in a 2048 × 2048 2D
DFT, where the input is uniformly distributed random numbers.

values are maintained around a certain value (0.75 in
this case), irrespective of the number of butterfly stages.
That means the signal power is almost fixed through-
out the whole computation. As the denominator and
numerator are both fixed, the SNR value can be main-
tained. Besides, Fig. 12 indicates that the internal data
utilizes full data-width but never lets overflow occur. It
also proves that the scaling scheme works well.

If accuracy is not critical, it is recommended to use a
smaller data-width to minimize the hardware resources
occupied by the primitive FFTs. Typically, a 16-bit
Xilinx FFT core occupies only 30–40% of resources
compared with a 24-bit design. With saved resources,
we can put more primitive FFTs into the FPGA to
further accelerate the 2D DFT computation.

7 Conclusion

In this paper, we have proposed an efficient architec-
ture to implement the 2D DFT for large input sizes
based on a novel 2D decomposition algorithm. This ar-
chitecture provides high performance by leveraging the
inherent parallelism of the 2D decomposition and by
scheduling data communication to overlap with compu-
tation. The memory bandwidth problem is alleviated by
employing a custom-designed high throughput memory
interface. In addition, a system generator is provided,
which can automate the generation of an optimized
version of the 2D DFT architecture for various input
sizes. The evaluation of this architecture shows sig-
nificant performance enhancements over existing 2D
DFT implementations.
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