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Cost-Effective Triple-Mode Reconfigurable Pipeline
FFT/IFFT/2-D DCT Processor
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Abstract—This investigation proposes a novel radix-42 al-
gorithm with the low computational complexity of a radix-16
algorithm but the lower hardware requirement of a radix-4 algo-
rithm. The proposed pipeline radix-42 single delay feedback path
(R42SDF) architecture adopts a multiplierless radix-4 butterfly
structure, based on the specific linear mapping of common factor
algorithm (CFA), to support both 256-point fast Fourier trans-
form/inverse fast Fourier transform (FFT/IFFT) and 8 8 2-D
discrete cosine transform (DCT) modes following with the high
efficient feedback shift registers architecture. The segment shift
register (SSR) and overturn shift register (OSR) structure are
adopted to minimize the register cost for the input re-ordering
and post computation operations in the 8 8 2-D DCT mode,
respectively. Moreover, the retrenched constant multiplier and
eight-folded complex multiplier structures are adopted to de-
crease the multiplier cost and the coefficient ROM size with the
complex conjugate symmetry rule and subexpression elimination
technology. To further decrease the chip cost, a finite wordlength
analysis is provided to indicate that the proposed architecture
only requires a 13-bit internal wordlength to achieve 40-dB
signal-to-noise ratio (SNR) performance in 256-point FFT/IFFT
modes and high digital video (DV) compression quality in 8 8
2-D DCT mode. The comprehensive comparison results indicate
that the proposed cost effective reconfigurable design has the
smallest hardware requirement and largest hardware utilization
among the tested architectures for the FFT/IFFT computation,
and thus has the highest cost efficiency. The derivation and chip
implementation results show that the proposed pipeline 256-point
FFT/IFFT/2-D DCT triple-mode chip consumes 22.37 mW at
100 MHz at 1.2-V supply voltage in TSMC 0.13- m CMOS
process, which is very appropriate for the RSoCs IP of next-gen-
eration handheld devices.

Index Terms—Computation complexity, cost effective, hardware
utilization, next-generation wireless communications, pipeline ar-
chitecture, R42SDF, triple modes.

I. INTRODUCTION

N EXT-GENERATION mobile multimedia applications,
including mobile phones and personal digital assistants

(PDAs), require much sufficiently high processing power for
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multimedia applications. Multimedia applications include
video/audio codecs, speech recognition, and echo cancellers.
The speech recognition requires the speech extraction and auto-
correlation coefficient computations [2] in the voice command
application. The video codec is the most challenging element
of a multimedia application, since it requires much processing
power and bandwidth. Hence, a flexible and low cost pipeline
processor with the superiority of high processing rate is re-
quired to realize necessary computation-intensive algorithms,
such as 256-point fast Fourier transform/inverse fast Fourier
transform (FFT/IFFT) and 8 8 2-D discrete cosine transform
(DCT) [3]–[5]. Additionally, a major integration challenge
is to design the digital baseband and accompanying control
logic. The WiMAX baseband is constructed around orthogonal
frequency division multiplexing (OFDM) technology requiring
high processing throughput. The fixed, IEEE 802.16e [1],
version of WiMAX also needs a 256-point FFT computation.
Many researchers have recently concentrated on designing
an optimized reconfigurable DSP processor to achieve a high
processing rate and low power consumption in next-generation
mobile multimedia applications [3], [4]. The software-based
architecture such as the coprocessor and dual-MAC designs
have been proposed by Chai et al. [3] and Kolagotla et al. [4],
respectively. However, they induce the large chip size because
of the high flexibility. Vorbach et al. have also presented hard-
ware-based concepts such as the processing element (PE) array
[5], which achieves a high processing rate with reasonable
flexibility. However, the processing kernel has the flaw of a
low utilization rate with a large array memory and muti-MACs,
leading to poor cost efficiency. The specific application-specific
integrated circuit (ASIC)-based design on a fast computation
algorithm provides high cost efficiency [6]–[8]. Tell et al. [6]
presented the FFT/WALSH/1-D DCT processor for multiple
radio standards of the upcoming fourth generation wireless
systems. Conversely, some designs [6]–[8] only support 1-D
DCT computation, and have no 2-D DCT support. However,
2-D DCT is desirable for the video compression among wire-
less communication applications. This study not only presents
a single reconfigurable architecture for the 256-point FFT/IFFT
modes and the 8 8 2-D DCT mode, but also achieves high
cost-efficiency in portable multimedia applications.

He et al. [9] has presented several reliable architectures and
the detailed comparisons of the corresponding hardware cost
for efficient pipeline FFT processors. The comparison results
of these architectures indicate that the has the highest
butterfly utilization and lowest hardware resource usage in
the pipeline FFT/IFFT architecture. However, the radix-2
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algorithm has a higher multiplicative complexity than the
high-radix FFT and other mixed-radix algorithms. Results of
comprehensive comparison further indicate that the proposed

-based pipeline processor achieves a higher utilization
with a smaller hardware requirement than -based
pipeline processor [9] in the 256-point FFT/IFFT mode, and
thus has higher cost efficiency. The proposed -based
design also achieves satisfactory performance for the DV
encoding standard with the lowest cost in the 8 8 2-D DCT
mode. Finally, the chip implementation has been applied in the
TSMC 0.13- m 1P8M CMOS process, which only consumes
22.37 mW under 1.2 V at 100 MHz. Thus, the proposed design
is very appropriate for reconfigurable system-on-chips (RSoCs)
IP in next-generation mobile multimedia applications. The re-
mainder of this study is structured as follows. A new
FFT/IFFT and 8 8 2-D DCT algorithm is given in Section II.
Section III demonstrates the proposed FFT/IFFT/2-D DCT
pipeline architecture using the algorithm. The finite
wordlength analysis is given in Section IV, and indicates
that the proposed architecture achieves the required system
performance in both 256-point FFT/IFFT and 8 8 2-D DCT
modes with the lowest hardwire cost. Section V tabulates
the comparison results in terms of hardware utilization and
cost to demonstrate the high cost-efficiency of the proposed
architecture, and also discusses the chip implementation. The
final section draws conclusions.

II. NEW RADIX-4 -BASED FFT/IFFT AND 8 8 2-D DCT
ALGORITHM

A. Radix-4 -Based FFT Formula

The FFT of the -point input is given by

(1)

where . Applying a 3-D linear index map

(2)

The common factor algorithm (CFA) [10] form can be written
as

(3)

where the butterfly structure of the first stage takes the form

(4)

Notably, the radix-4 butterfly structure only requires trivial
multiplication, which involves real-imaginary swapping and
sign inversion, and which does not require any complex
multiplication of the type shown in (4). The structure has
only four four-input complex adders and some shuffle cir-
cuits. Decomposing the FFT computation with a higher radix,
induces increasingly complex multiplications in the single
butterfly structure. The radix-4 based is more cost-efficient than
higher-radix-based butterfly structures. Following a similar
decomposition procedure, (3) can be decomposed as

(5)
Meanwhile, the butterfly structure of the second stage can be
obtained as

(6)

Clearly, the decomposition creates three multipliers: ,
, and , as written in (6). The three full complex mul-

tipliers from the second butterfly stage can be simplified as one
single constant multiplier in the proposed architecture.
The constant multiplier cost can be further reduced by applying
the subexpression elimination algorithm. The detailed hardware
structure is described in Section III. The second radix-4 but-
terfly structure in (6) is the same as the first radix-4 butterfly
structure in (4) after simplification of the common factor of the
constant multiplier. The complete radix-4 DIF FFT algorithm
is obtained by applying the CFA procedure recursively to the re-
maining FFTs of length N/16 in (5), as illustrated in Fig. 1. Fig. 1
indicate that the proposed radix-4 algorithm decomposes the

-points FFT computation by cascading the number of
radix-16-based butterfly (R16-BF) computations, which can be
split into two cascading radix-4-based butterfly (R4-BF) compu-
tations as depicted in (4) and (6). When the variables of , ,
and were treated as constants for each single output

as depicted in (3) and (5), the summation rages in-
dicate that the required computation results of first and second
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Fig. 1. CFA decomposition procedure of the proposed radix-4 -basedN -point
FFT algorithm.

radix-4 butterfly stage were N/4 and N/16, respectively, as de-
picted in Fig. 1. The radix-4 algorithm has the same multi-
plicative complexity as the radix-16 algorithm, but still retains
the radix-4 butterfly structure. Significantly, the radix-16 algo-
rithm clearly has a lower multiplicative complexity than other
low-radix algorithm, such as a radix-2 algorithm. For instance,
the number of complex multiplications of the 256-point FFT
computation adopting the radix-2 and radix algorithms are
1539 and 224, respectively. Thus, the proposed design based
on the new radix-4 algorithm has a lower multiplication com-
plexity (85.4%) than the design [9], [12]. Furthermore,
as mentioned before, the radix-4 algorithm does not require any
multiplication in the single butterfly structure.

B. Radix-4 -Based IFFT Formula

Following the similar procedure, the radix-4 IFFT algorithm
can be obtained as follows. The IFFT of the -point input
is given by

(7)

In (7), the coefficient can be implemented with the
simple right-shift circuit. This study focuses on the 256-point
pipeline FFT/IFFT computations, where the eight right-shift is
induced. Thus, the IFFT derivation results can be written as

(8)

where the butterfly structure of the first and second stage has the
form

(9a)

and

(9b)

Notably, the only difference between FFT and IFFT algorithm
are the sign bits as given in (4), (6), (9a), and (9b). Therefore, the
pipeline FFT/IFFT processor can be easily implemented with
a single module by controlling the sign coefficient. Addition-
ally, the proposed pipeline IFFT processor has a similar but-
terfly structure and a single constant multiplier structure with
the proposed pipeline FFT processor, which could replace the
three multipliers: , , and .

C. 8 8 2-D FFT and 8 8 2-D DCT Formula

Two concurrent 2-D DCTs can be calculated by the single
2-D shifted FFT (SFFT) algorithm [11] from the input
reordering and post computation. This study presented a
high-speed pipeline processor to support the triple-mode
256-point FFT/IFFT/8 8 2-D DCT with the radix-4 algo-
rithm. Two concurrent 2-D DCTs results can be obtained by
the proposed radix-4 -based architecture in the 8 8 2-D
DCT mode. The 8 8 2-D DCT of the input signal

is given by

(10)

This study neglects the post-scaling factor of
in (10). The input data

could then be reordered as

(11)
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where . After the scaling and input data
reordering of (11), (10) can be recast as

(12)

The value of is then calculated with the 8 8 2D
SFFT with a time-domain shift of 1/4 samples

(13)

where . In (13), the 8 8 2-D FFT
of the input signal is given by

(14)

where . Since the input data
form a real-valued sequence, the second half output can be de-
rived as

(15)

where . By combining (13) and (15), the
8 8 2-D DCT output can be recast as

(16)

where . Equation (16) adopts only the real value
of and the imaginary value of to calcu-
late the . By combining two reordered input sequences

for two independent sequences
, and forming a complex input

sequence , the double
throughput of 2-D 8 8 DCT of
can be derived by single 2-D 8 8 SFFT computa-
tion. Consequently, two independent 8 8 2-D DCTs

of , respec-
tively, can then be created as

(17a)

(17b)

To help understand the serial pipeline operation, the 2-D loca-
tion and can be substituted as
and , respectively. Then, the specific 2-D linear
index map is applied as follows:

where

(18)

The word numbers of the shift registers in the post-computation
of the fourth stage can be minimized by following the specific
mapping in (18). The 8 8 2-D FFT CFA form can then be
written as

(19)

The butterfly structures for 8 8 2-D DCT, corresponding to
(10)–(19), are summarized as follows.

Butterfly stage I:
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Butterfly stage II:

Butterfly stage III:

The additional stage of 2-D DCT:

The time-domain shift stage of 2-D DCT:

Butterfly stage IV:

(20)

Two 8 8 2-D DCT computation results and
are calculated concurrently in the post-compu-

tation of the butterfly stage IV. The 8 8 2-D IDCT com-
putation can also be obtained following a similar decomposi-
tion procedure. Because of the cost-effective constraint in the
physical design, this study only considers the triple-mode FFT/
IFFT and 2-D DCT computations. The derivation results of the
radix-4 -based FFT/IFFT/2-D DCT algorithm indicate that all
butterfly computation can be easily implemented with four four-
input complex adders and some shuffle circuits. The radix-4
butterfly structure has no multipliers. Additionally, the regular
structure can be easily derived in both the 8 8 2-D DCT and
256-point FFT/IFFT pipeline processor architecture.

III. PIPELINE 256-POINT FFT/IFFT/8 8 2-D-DCT
PROCESSOR ARCHITECTURE

He et al. presented several pipeline FFT/IFFT architectures
[9]. The serial delay feedback (SDF)-based architecture is

Fig. 2. Block diagram of the R4 SDF-based 256-point FFT/IFFT and 8 � 8
2-D-DCT architecture.

known to have a low hardware cost and high cost-efficiency
advantages with the feedback type shift registers architecture
[9], [12], [13]. The delay-feedback type shift register ap-
proaches are always more efficient than other corresponding
approaches in terms of memory utilization since the butterfly
output share the same storage with its input [9]. The
pipeline architecture has the same computation complexity as
the radix-4 algorithm, and few hardware requirements as the
radix-2 algorithm. This study presents a reconfig-
urable pipeline architecture with a low computation complexity
as the radix-16 algorithm, and low hardware requirements as
the radix-4 algorithm. Significantly, the proposed triple-mode
radix-4 butterfly structure, like the radix-2 butterfly structure,
does not require a complex multiplier or constant multiplier.
Section V presents detailed comparisons between the
and architectures. This section describes a novel
radix-4 single-path delay feedback architecture to
support the three modes, 256-point FFT, 256-point IFFT, and
8 8 2-D DCT, based on the radix-4 DIF FFT algorithm
obtained in Section II. Fig. 2 shows a block diagram of the
purposed -based 256-point FFT/IFFT and 8 8 2-D
DCT pipeline processor. Based on the proposed
pipeline architecture, the cost-effective 256-point FFT/IFFT
processor is first constructed. This processor only requires four
butterfly stages with 255-word shift registers, two constant mul-
tipliers and one complex multiplier with one coefficient ROM,
represented by black solid color in Fig. 2. Fig. 2 indicates that a
single data stream passes through two constant multipliers and
one complex multiplier to realize different combinations of ,

, and of , as illustrated in (3). Using
some control circuits, one additional radix-2 butterfly (R2-BF)
with an one-word shift register and additional eight-word shift
register, two concurrent 2-D-DCT operations are calculated
from the single 2-D-SFFT computation as depicted in (11),
(17a), and (17b). These extra circuits were embedded at the
first butterfly stage, the additional stage, and the fourth butterfly
stage, which is represented by the gray color in Fig. 2. These
circuits complete the input reordering, time domain shift, and
post-computation in the 8 8 2-D DCT computation, respec-
tively. Notably, only one radix-2 butterfly and nine-word shift
register are needed to support additional two 8 8 2-D DCT
computations in the original pipeline SDF-based FFT/IFFT ar-
chitecture. The proposed architecture has, in total, four radix-4
butterflies, one radix-2 butterfly, two constant multipliers, one
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TABLE I
CORRESPONDING EQUATION NUMBERS FOR EACH BUILDING BLOCK

Fig. 3. Block diagram of the radix-4 butterfly architecture.

complex multiplier, one coefficient ROM, and a 264-word shift
register. To help understand the corresponding functions of
each building block, the respective equation numbers related to
each element are shown in Table I. The detailed operations of
each element are described as follows.

A. Radix-4 Butterfly and Radix-2 Butterfly

The derivation results of the radix-4 -based algorithm reveal
that both the FFT/IFFT butterfly computation in (4), (6), (9a),
(9b), and the 8 8 2-D-DCT butterfly computation in (20), can
be easily completed with the radix-4-based butterfly architec-
ture. The only difference between the 8 8 2-D-DCT and the
256-point FFT/IFFT butterfly computation is the summands and
minuends at the butterfly stage one and four, which can be easily
realized with the multiplex circuits in the radix-4 butterfly struc-
ture. Significantly, the number of the two first stages in the 8

8 2-D-DCT computation can be completed concurrently at
the first butterfly stage in parallel. Additionally, the input re-
ordering operation at the first stage and the post-computation
operation at the fourth stage of the 8 8 2-D-DCT mode are de-
scribed in detail. Fig. 3 illustrates the proposed radix-4 butterfly
structure, which only includes four four-input complex adders
with no complex multipliers inside. This configuration means
that the proposed radix-4 butterfly structure has a low hardware
cost of higher-radix butterfly structures. Moreover, the proposed
radix-4 algorithm has the same complex multiplication com-
plexity as the radix-16 algorithm, so has the high cost efficiency
of lower radix architectures. To obtain the additional stage of the
8 8 2-D DCT mode in (20), one additional SDF-based radix-2
butterfly structure with one word shift register is required, as il-
lustrated in Fig. 2. The additional stage of the 2-D DCT mode
only requires two 2-input complex adders and one shift register,
giving it a small hardware penalty.

B. Memory Structure

The memory structure of butterfly stage is well known to
be an important issue for the high cost-effective FFT/IFFT
pipeline processor design. From the exiting researches, there
are mainly two different approaches: delay commutator (DC)
[9] and delay feedback (DF) [9], [12], [13]. In this study, the
DF-based memory structure is adopted and depicted in Fig. 2.
In order to compute the radix-4-based butterfly computations,
the input data and the intermediate results have to be reordered
as four concurrently data streams using memory as shown in
Fig. 3. Each radix-4 butterfly unit applies the three parallel
memories to store the serial data input and butterfly output in
the feedback paths as presented in Fig. 2. The timing sequence
of N-point FFT computation can be divided into four stages,
each containing N/4 clock cycles. In the first N/4 cycles (i.e.,
first stage), the butterfly units simply store the input samples
into the first feedback memory. Similarly, the second and third
feedback memory are filled in the second and third stages.
After the 3N/4 cycles, the butterfly units retrieves the ,

, and samples from the feedback
memory, performs corresponding operations with the sample

and then feeds the output into the next butterfly
units as depicted in Fig. 2. The required number of memory
cells for the th stage is . Thus, the 256-points
FFT/IFFT computations require the 64 3, 16 3, 4 3, and
1 3 word shift registers in the first, second, third, and fourth
butterfly stages, respectively. Significantly, the SDF-based
pipeline FFT/IFFT structure is highly regular, which has the
high effective memory structure with the simpler routing com-
plexity [9], [12], [13]. In this study, the shift registers were all
realized by the cascaded flip-flops, which are composed of two
latch circuits.

C. Input Reordering and First Butterfly Computation

Consider the new radix-4 algorithm presented in Section II.
The proposed SDF architecture is estimated to need 64
3-word shift registers at the first butterfly stage in the 256-point
FFT/IFFT mode. Although the 8 8 2-D DCT mode only
requires 16 3-word shift registers at the first butterfly stage,
the 8 8 2-D DCT mode needs a swapping buffer to complete
the input reordering and post-computation in (11) and (17) from
the 8 8 2-D SFFT computation. Notably, the number of shift
registers at the fourth butterfly stage for the post computation
in the 8 8 2-D DCT mode depends on the sequential order of
the input data at the first butterfly stage. Following the specific
linear mapping in (18), the number of shift registers can be
reduced to only eight words at the fourth butterfly stage, as
revealed in Fig. 2. Comparing with the other linear mapping,
the proposed architecture could reduce at least 96% shift
registers cost. The segmented shift registers (SSR) structure is
also proposed to realize both the input reordering and butterfly
computation operation at the first stage to support the 256-point
FFT/IFFT and 8 8 2-D DCT modes.

Fig. 4(a) shows the 12 proposed operation mechanisms of
the first butterfly stage to finish the input reordering and the
first-stage computation. Operation mechanisms 0–3 are adopted
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Fig. 4. Block diagram of the proposed first radix-4 butterfly stage in theR4 SDF-based 256-point FFT/IFFT and 8� 8 2-D-DCT architecture. (a) The proposed
12 reconfigurable operation mechanisms of the first butterfly stage. (b) The timing sequences of operation mechanism in the first butterfly stage. (c) The storage
content in SSR in the 8 � 8 2-D-DCT mode. (d) The content of the 8 � 8 2-D DCT computation result in SSR.

in the FFT/IFFT computation, and operation mechanisms 4–11
are adopted in the 8 8 2-D DCT computation. In the 8 8
2-D DCT mode, reconfigurable operation mechanisms 5 and 6
are adopted for the butterfly computation, and reconfigurable
operation mechanisms 4 and 7–11 are adopted for the input re-
ordering. Fig. 4(b) lists the corresponding timing sequence of
the first butterfly stage, which discusses the relationships among
the input data, output data, and respective operation mechanisms
during each clock (block number) in the 8 8 2-D DCT mode.
Additionally, Fig. 4(c) and (d) illustrate the data content before
and after the butterfly computation in SSR, respectively. The
first stage butterfly computation is completed by applying op-
eration mechanisms 5 and 6. Most results of 8 8 2-D DCT
computation are then pushed back into the SSR, as shown in
Fig. 4(d), where denotes the computation results from
(20). Fig. 4(d) presents the complete computation results. The
64 3-word shift register is segmented as ,
which is easily realized by three dependent clock domains with
a simple 3-bit counter controller, as depicted in Fig. 4(c). These
three segments in the SSR are called the power-saving, swap-
ping and storage segments, and their sizes are 40 3, 8 3,

and 16 3, respectively. Since 2-D DCT mode as depicted in
(19) has a low computation complexity, the first, second, and
third butterfly stages have shift registers comprising 40 3, 8

3, and 2 3 words, respectively. These shift registers are set
as power-saving segments, and gated to reduce power consump-
tion. To perform the input reordering operation, 64 serial input
data words are split into eight blocks of eight words, as shown in
Fig. 4(b) and (c). The block numbers, written inside the brackets
in Fig. 4(b) and (c), denote the serial input sequential order of
eight-word blocks. In Fig. 4(c), the terms and , respectively,
represent the 2-D DCT image data in the previous and current
frame, which both contain 64 points in each frame. Following
the operation mechanisms 4, 7, 8, 9, 10, and 11 in Fig. 4(a), the
serial input data of each block adopt the swapping segment as
the swapping space to achieve the required storage ordering in
the storage segment.

The detail timing sequence of the proposed 8 8 2-D DCT
computations is given as follows. Operation mechanism 4
pushes the input data into the swapping segment from
the clock number 0 to 7 (block number 0). At the same time,
the original data in the swapping segment are
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Fig. 5. Block diagram of the proposed constant multiplier architecture.

simultaneously pushed into the storage segment as illustrated
in Fig. 4(a) and (c). In the following 16 clock cycles, operation
mechanisms 5 and 6 replace the swapping segments with the
input data and (i.e., block number 1
and 2), as presented in Fig. 4(a)–(c). Operation mechanisms 5
and 6 provide the original swapping segment data
and for the first butterfly stage computation in
(20), along with the data in the storage segment. At the same
time, 48 new 8 8 2-D DCT results of , as
listed in the top three rows of Fig. 4(d), are pushed into the
storage segment by the feedback path. Furthermore, the other
16 new 8 8 2-D DCT results, which are listed in the final
row in Fig. 4(d), are pushed directly to the second butterfly
stage, as shown in Fig. 4(b). Notably, the 48 different 2-D DCT
results in the storage segment are pushed out one-by-one due
to the swapping operation by the swapping segment data in
the following 48 clock cycles. Following a similar procedure,
the serial input data of block numbers 3, 4, 5, and 7 complete
their respective swapping operations by operation mechanisms
7, 8, 9, and 11. The block number 6 is stored into the storage
segment directly by operation mechanism 10 as illustrated in
Figs. 4(a) and (c). The input reordering operation is finished
after a period of 64 clock cycles, which includes 7 clock cycles
of input swapping latency.

D. Constant Multiplier

Based on the derivation results in Section II, the radix-4
algorithm requires some complex multiplications, namely

, , in the
256-point FFT/IFFT mode in (6), (9), and , ,

, in the 8 8 2-D DCT mode in (20). Due
to the finite range of and in (6) and (9b),
namely 0–3, the three complex multiplications,

, , and can be
written as ,

, and
. Follow

-ing the similar procedure, , , , and in
(20) can be expanded as , , ,
and . The system has
in total 38 different twiddle factor values, which could be
implemented as 38 different constant multipliers by only
shifters and adders. Based on the SDF-based architecture,
the proposed design only has to calculate one complex
multiplication in (6), (9), and (19) during each clock cycle. The
38 twiddle factor values can thus be reduced to the extension
of two different values of and using the complex
conjugate symmetry rule. Accordingly, the other 36 twiddle
factor values can be expressed as the real-imaginary swapping
or sign inversion of these two constant values. Moreover, the
repeated shifters and adders of two constant multipliers could
be simplified using the subexpression elimination algorithm
[14] as illustrated in Fig. 5. According to our implementation
results, the small cost penalty for the multiplexer control (i.e.,
S0, S1, and S2) could be neglected as shown in Fig. 5.

Following the three steps to reduce the complex multipliers
to the most economical constant multipliers are summarized as
follows. First, the twiddle factors from (6), (9), and (20) are real-
ized as the constant multipliers, which only contain shifters and
adders as shown in Fig. 2. Second, the complex conjugate sym-
metry rule is applied to decrease the number of complex mul-
tiplications (12) to only two constant multiplications per stage
with some shuffle circuits as shown in Fig. 5, thus achieving a
constant multiplier cost reduction of 94.7%. Finally, the subex-
pression elimination algorithm [14] is adopted to reduce the
number of shift circuits by more than 20%, and the number of
complex adders by 50% in the one constant multiplier, as de-
picted in Fig. 5. The strictest constant multiplier is obtained in
the purposed architecture by following these three steps. The
cost penalty of the constant multiplier is thus minimized.
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Fig. 6. Block diagram of eight-folded algorithm in the coefficient ROM.

TABLE II
DATA CONTROL OF THE COEFFICIENT ROM

E. Eight-Folded Complex Multiplier

The proposed architecture has only one complex multiplier
and one coefficient ROM to realize the complex multiplication
of twiddle factors in (3), in (8) and

in (20). Significantly, the implementation of the
time-domain shift for 8 8 2-D-DCT computation needs one
feedback path. To decrease the ROM size, the complex conju-
gate symmetry rule and subexpression elimination [14] is ap-
plied to devise one eight-folded complex multiplier as shown in
Fig. 6. The proposed eight-folded complex multiplier only has
to store 32 words in the coefficient ROM, reducing the ROM size
by 87.5%. The ROM address and data control circuit are also
easily realized by the 8-bit counter controller given in Table II.

F. Post Computation

Clearly, the 256-point FFT/IFFT modes only require 1
3 word shift registers at the fourth butterfly stage of the pro-
posed architecture. However, the 8 8 2-D DCT
mode has to implement the post-computation at the fourth but-
terfly stage in (17a) and (17b). As described in Section III-A,
the proposed architecture follows the specific linear mapping in
(19) to minimize the number of shift registers at the fourth stage.
Fig. 7(a) depicts the analysis of the order of the fourth butterfly

results following the specific linear mapping. Notably, the gray
solid line in Fig. 7(a) represents the input data order that do not
follow the required sequence. For instance, ,

, and should be regarded as
three groups for the fourth butterfly computation. However, the
sequence of the input data at the fourth butterfly stage is ,

, , , , . Then, and
should be reordered. Thus, the proposed overturn shift register
(OSR) structure at fourth butterfly stage resolves this simple re-
ordering procedure without any performance degradation, as de-
picted in Fig. 7(b). The desired ordering is obtained with the
OSR structure at the fourth butterfly stage, along with the input
reordering operation at the first butterfly stage as discussed in
Section III-A. The full-pipeline architecture can then
easily follow the two concurrent 8 8 2-D DCT outputs.

IV. FINITE WORDLENGTH ANALYSIS

The next generation mobile-multimedia system can handle
high-quality multimedia operations with embedded 256-point
FFT/IFFT and 8 8 2-D DCT pipeline processor [3]–[5].
The system performance should then satisfy the relative spec-
ifications. A higher system performance undoubtedly implies
a larger chip cost and greater power consumption, owing
to the wider internal wordlength. Since the chip cost and
system performance are known to be a tradeoff, this study per-
formed a finite wordlength analysis to estimate the appropriate
word-length for both 256-point FFT/IFFT and 8 8 2-D DCT
system requirements.

A. Pipeline 256-Point FFT/IFFT

In the 256-point FFT/IFFT modes, the output signal-to-noise
ratio (SNR) performance was estimated under different noise
environment. First, the input data of the double floating-point
precision were generated from the ideal IFFT(FFT) model by
passing the additive white Gaussian noise (AWGN) channel
model under five noise levels: 20, 40, 60, 80, and 100 dB. The
input data with noise were sent into the proposed
pipeline FFT/IFFT architecture, which was modeled at different
fixed-point levels. The output SNR was obtained by comparing
the original input data with the fixed-point model output. The
results after 100 000 iterations were averaged as depicted in
Fig. 8, where the - and -axes represent the data word-length
and the whole system output SNR, respectively. These analyt-
ical results demonstrate that the output SNR saturated as the
data word length increased. The output SNR was increased
by 20 dB for each additional three bits. The 13-bit internal
wordlength for each function units produced satisfactory results
under 40-dB noise environments, satisfying the IEEE 802.16e
WiMAX [1] standard.

B. Pipeline 8 8 2-D DCT

In the 8 8 2-D DCT mode, the performance of the pro-
posed pipeline architecture was measured in common
video compression standards, including the high-quality DV
standard [15]. The DV standard defines some tolerances that
the 8 8 2-D DCT computation maintains the accuracy and
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Fig. 7. Block diagram of the proposed fourth butterfly stage in the R4 SDF-based 256-point FFT/IFFT and 8 � 8 2-D-DCT architecture. (a) The data context
of the fourth butterfly stage in the 8 � 8 2-D DCT mode. (b) The OSR structure of the fourth butterfly stage.

Fig. 8. Finite wordlength analysis of the proposed pipeline R4 SDF-based
256 points FFT/IFFT architecture.

consequently an acceptable reconstructed video quality [15],
[16]. The DV standard applies four measured error criteria,
namely the probability of occurrence of error, mean square
errors (MSE), peak mean square error (PMSE), and steady
AC coefficients [16]. Following the procedure in the preceding
subsection, the double floating-point precision is assumed to
be precise in comparing with the fixed-point computation.
The zero-mean white input sequences are generated by a
random-number generator in the range [ 128, 127]. After the

repeated 100, 000 loops, the probability of occurrence of error,
which is greater than 1, is less than . Moreover,
the steady AC coefficients of the proposed fixed-point 2-D
8 8 DCT model are all zero under the equal-values input.
Fig. 9(a) and (b) depict the MSE and PMSE simulation results,
respectively. Notably, the proposed architecture could satisfy
the limitation of MSE and PMSE of the DV standard, when
the internal wordlength is greater than 12 bits. Thus, the 13-bit
internal word length for each function units is the qualified
internal wordlength for the DV standard. Fig. 9(c) and (d)
indicate that the overall mean error (OME) is below 0.01,
and the peak signal to noise ratio (PSNR) is close to 60 dB,
which has the required video compression quality under the
configuration of the 13-bit internal wordlength [17]. According
to the finite wordlength analysis of the proposed
256-point FFT/IFFT pipeline architecture a 13-bit internal
wordlength achieves the satisfactory results under the 40-dB
noise quality, thus satisfying the IEEE 802.16e standard. The
13-bit internal wordlength was thus chosen for the proposed

256-point FFT/IFFT/2-D DCT RSoC IP to meet the
requirements of next-generation handheld applications.

V. COMPARISON RESULTS AND CHIP IMPLEMENTATION

A. Comparison Between and

He et al. presented the efficient pipeline FFT processor,
several reliable architectures and the detailed comparison of
their hardware costs [9]. A comparison of these architectures
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Fig. 9. Finite wordlength analysis of the proposed pipeline R4 SDF-based 8 � 8 2-D DCT architecture. (a). Overall mean square error analysis. (b) Peak mean
square error analysis. (c). Overall mean error analysis. (d). Peak mean error analysis.

indicates that has the highest butterfly utilization
of 50%, a the highest complex multiplier utilization of 75%,
and the lowest hardware resource requirement [9], [12]. Ad-
ditionally, the SDF-based design has the structural merits of
high regularity and modularity with simple wiring complexity,
making it very appropriate for the VLSI implementation of
the pipeline FFT processor design [9], [12], [13]. This section
presents the comprehensive comparison results of several
famous pipeline FFT/IFFT architectures to demonstrate the
high cost-efficiency of the proposed FFT/IFFT ar-
chitecture. The architectures were compared in two indices,
namely cost and utilization, to express the cost efficient of
the proposed FFT/IFFT architecture, as listed in Tables III
and IV. Table III lists the required hardware resources, where

denotes the number of complex adders required in the
implementation of the constant multiplier. Significantly, the
proposed constant multiplier is minimized using complex
conjugate symmetry rule and subexpression elimination al-
gorithm. The area of the complex multiplier is known to be
one dominant cost index in the pipeline FFT/IFFT design.
The comparison results in Table IV clearly demonstrate that
the proposed -based-FFT/IFFT architecture has the
fewest complex multipliers requirement among other pipeline
architectures. The 256-point FFT/IFFT architecture only needs
one complex multiplier, which is 67% and 95% below the
requirement of the and R8MDC FFT/IFFT archi-
tectures, respectively. Additionally, the proposed architecture
applies the feedback type memory structure to maintain the
minimum shift registers requirement. Although the proposed

-based architecture needs slightly more complex
adders than the -based architecture, this small cost
penalty is acceptable.

To estimate the total chip cost in the 256-point FFT/IFFT ar-
chitectures, which includes the number of complex multipliers,
complex adders and memory size, the conventional compara-
tive methodology [13], [18] with the unit of equivalent adders
was adopted to estimate the cost of each different architecture.

TABLE III
HARDWARE COST COMPARISONS OF THE PIPELINED FFT/IFFT ARCHITECTURE

TABLE IV
HARDWARE UTILIZATION RATE COMPARISONS OF

THE PIPELINED FFT/IFFT ARCHITECTURE

Based on the implementation results in our process, we convert
the area of each complex multiplier and complex memory to
the 50 and 1.3 complex adder, respectively, when adopting
13-bit precision, and the scheme with three real multiplications
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TABLE V
HARDWARE REQUIREMENT COMPARISON OF 8 � 8 2-D DCT ARCHITECTURE

A gate count was determined and the number of transistors was determined by assuming four transistors per gate.

An unknown gate count was indicated by “N/A”.

and five real additions, in the implementation. The right-most
column of Table III lists the area indexes of the equivalent
adder of the 256-point FFT/IFFT architecture. Clearly, the
proposed -based 256-point FFT/IFFT architecture
has the lowest hardware requirements. The -based
256-point FFT/IFFT architecture has a 16% lower cost than
the -based 256-point FFT/IFFT architecture. Signifi-
cantly, the cost advantage of our proposed architecture becomes
more evident when the transform length is larger. Thus, the
proposed -based architecture has a lower hardware
cost than and other famous pipeline FFT/IFFT archi-
tecture in terms of the number of ROMs, complex multipliers,
complex adders, constant multipliers, and shift registers.

Table IV shows the comprehensive comparison of the hard-
ware utilization rate in terms of the utilization rate of complex
multipliers, complex adders, and complex memory. Clearly, the
proposed architecture achieves the highest complex multiplier
utilization rate among pipeline architecture (87.5%). Addi-
tionally, the proposed architecture maintains the maximum
complex memory utilization rate of 100%. Furthermore, the
proposed architecture, including the constant multipliers, has
the highest complex adder utilization rate of 56.25%. Thus, the
purposed architecture achieves a higher hardware utilization
rate than and other well-known pipeline FFT/IFFT
architecture in terms of the utilization rate of complex mul-
tipliers, complex adders, constant multipliers, and complex
memory. Although the R2MDC, R4MDC, and R8MDC archi-
tectures have the higher throughput rate (output/cycle) of 2, 4,
and 8 than SDF-based architecture, these approaches require
large hardware requirement, such as complex multipliers,
adders, and memory size, as shown in Table III. Therefore, this
investigation focuses on the “hardware-oriented” architecture,
in which the arithmetic operations can be tightly scheduled
for efficient hardware utilization. This study demonstrates that
the proposed -based pipeline FFT/IFFT architecture
has the lowest hardware cost and highest hardware utilization.
Conversely, the proposed -based pipeline FFT/IFFT
architecture is the most cost-efficient.

B. 8 8 2-D DCT Comparison

Many DCT implementations exist spanning a broad spec-
trum of architectures, focusing on different applications. Lee et
al. [19] presented a highly parallel approach with high arith-
metic cost and high power consumption for the high-perfor-
mance application. The systolic implementation of Lee et al.
[19] employs the row-column decomposition to derive the con-
figurable 2-D DCT in three steps with each step im-
plemented in systolic form. This work concentrates on high-
speed FFT/IFFT/2D DCT architectures with a throughput rate
of at least one output sample per cycle, targeted for applications
in next-generation handheld devices needing a high data-pro-
cessing rate. Moreover, the proposed architecture has high cost
efficiency and low cost in a portable consumer device. This sub-
section lists the hardware requirement comparison between six
different implementations in terms of the number of real (com-
plex) multipliers, real (complex) adders, twiddle factors real-
ization, total transistor count, hardware complexity, throughput,
internal wordlength, interconnect complexity, and support for
triple-mode, as shown in Table V. Clearly, the proposed pipeline

-based FFT/IFFT/2D-DCT processor has the fewest
complex multipliers and lowest hardware complexity, an ac-
ceptable throughput rate and moderate interconnect complexity.
Although the number of the complex adders in the proposed
processor is greater than the designs in [20] and [21], the total
area including complex multiplier is still lower than others. The
total number of transistors indicates that the proposed design
achieves the smallest chip cost among architectures supporting
FFT/IFFT mode.

C. Chip Implementation

Following the functional verification in the MATLAB environ-
ment, the 256-point FFT/IFFT/2-D DCT architecture in which
the internal word length of the entire design is 13-bit was syn-
thesized by the Design Compiler with TSMC 0.13- m CMOS
technology. The floorplan and post-layout were performed by
Astro. The post-simulation was issued by NC-Simulator to
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TABLE VI
GATE COUNT USAGE OF EACH BUILDING BLOCKS

verify the functionality after back-annotation was performed
from the Start-RC extractor. The static timing check can be
signed-off by PrimeTime. Finally, the power analysis and DRC
were conducted using Astro Rail and Dracula, respectively.
The core area of the post layout was 0.6 mm . The reported
equivalent gate count is 60 086 gates, which approaches 60-k
gates. The gate count usage for each building block is listed in
Table VI. It is obvious that 264 words shift register dominates
the chip cost of 54.58%. The implementation result without the
2-D DCT indicates that the total gate count decreased to 55.2 k.
The implementation reports in this study reveal that the routing
cost penalty incurred by the additional 8 8 2-D DCT mode is
small. The chip operated at 100 MHz, thus satisfying the high
throughput requirement After the conversion, the proposed

design in 8 8 2-D DCT mode could provide high
frame rates of 505 and 1042 kf/s for frame sizes of 176 144
and 128 96 pixel , respectively. Concerning the speed
performance, because the pipelined multiplier operation is
easy to design at a clock rate of 100 MHz or even higher, the
proposed architecture can achieve a high clock rate by simple
pipelining techniques for the involved arithmetic components.
The chip properties shown in Fig. 10 demonstrate that the
average power dissipation of the 256-point FFT/IFFT/2-D DCT
design was 22.37 mW at 100 MHz at 1.2-V supply voltage.
The layout view as shown in Fig. 10 has 64 I/O pins, of which
eight pins are power supply pins. The proposed -based
256-point FFT/IFFT/2-D DCT implementation not only satis-
fies the system performance of DV standards in 8 8 2-D DCT
mode, but also achieves the satisfactory results with 40-dB
performance in 256-point FFT/IFFT modes. Additionally,
the proposed based 256-point FFT/IFFT/2-D DCT
implementation has a low power consumption (22.37 mW), and
the lowest hardware requirement of all pipeline architectures.
These findings indicate that the proposed design is suitable
for the highly cost-efficient FFT/IFFT/2-D DCT triple-mode
RSoCs IP for next-generation handheld devices.

VI. CONCLUSION

This investigation develops a triple-mode reconfigurable
pipeline VLSI architecture that supports the 256-point
FFT/IFFT and 8 8 2-D DCT computations. The compar-
ison results demonstrate that the proposed pipeline
FFT/IFFT architecture has a lower hardware cost and higher
utilization than and other pipeline architectures.
Following the fixed-point analysis the proposed 256-point
FFT/IFFT/8 8 2-D DCT chip design is successfully im-
plemented in 0.13- m CMOS technology with an internal
wordlength of 13 bits. This design has a power consumption of
22.37 mW at 100 MHz at 1.2-V supply voltage. These features
ensure that the proposed reconfigurable processor design is

Fig. 10. Layout view and design characteristics of proposed pipeline 256-point
FFT/IFFT/8 � 8 2-D DCT processor.

certainly amenable to the next-generation mobile communica-
tions. The upcoming fourth-generation wireless system requires
the simultaneous application of many computing algorithms
including MPEG-4 AVC [24] and Walsh transform [25], in
the same handheld device. The reconfigurable hardware core
for supporting more transforms is a significant topic for future
work.
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