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Abstract

This paper presents a configurable Fast Fourier Transform (FFT) processor targeting the IEEE 802.11n
(WLAN) and the IEEE 802.16 (WiMax) wireless protocols. Such processor is based upon the Radix-2 Single-
Path Delay Feedback (R2SDF) architecture and can be configured to operate on 64/128/512/1024/2048-point
sequences. It was synthesized for a 90nm commercial standard-cells library by using Synopsys Design
Compiler tool. Synthesis results shown that the designed processor consumes up to 76% less power than two
similar processors found in the literature, but at a cost of up to 2.6 times more area. The SQNR values were
evaluated by comparing the results provided by the designed FFT processor to that obtained from a software
implementation of the FFT algorithm.

1. Introduction

Wireless communication is becoming a must in eteitr products. Currently, it is found not only in
personal portable devices but also in printerspkayds, mice, among many others. Since such predacte
distinct operation features, new wireless commuitnaprotocols, more suited for specific applicatp are
being devised. Currently, many contemporary eleitrproducts adopt the IEEE 802.11n WLAN or the EEE
802.16 WiMax wireless communication standards (@neboth). Wireless modulation/demodulation recgiire
the application of the Discrete Fourier TransfoBfT) and the Inverse Discrete Fourier TransfornmHTR

The original DFT algorithm has a®(n?) complexity and, therefore, is not used in clirbardware
realizations [1]. A lower complexity DFT form, refed to as Fast Fourier Transform (FFT) algoritisnysed
instead. The FFT algorithm has come into focusutinoa paper by Cooley and Tukey [2] in 1965. Atbe,
Inverse Fast Fourier Transform (IFFT) is used towdate the IDFT.

The WLAN protocol requires the FFT/IFFT calculatiohsequences with 64 or 128 points, whereas the
WiMax protocol requires the FFT/IFFT for sequenadth 128, 512, 1024 or 2048 points [3]. To meethsuc
requirements in a single solution while aiming eatrelectronic devices, we present and evaluabevgbwer
high throughput configurable FFT/IFFT processocatculate 64/128/512/1024/2048-point FFT/IFFT based
the Radix-2 Single-Path Delay Feedback (R2SDF)iatiare [4].

The proposed configurable FFT/IFFT processor wadeateal in Verilog HDL and synthesized to TSMC
90nm standard-cells library using Synopsys Desigmfiler tool [5]. It was validated through the siation of
testbenches in ModelSim environment. The SQNR /T calculation was also evaluated. Synthesis
results were used to compare the designed processeo similar ones found in the literature.

The remaining of this paper is organized as follo8sction 2 presents the chosen decompositioneof th
FFT/IFFT algorithm. Section 3 highlights the maihacacteristics of the basic Radix-2 Single-Pathapel
Feedback (R2SDF) architecture and presents thegehamade to allow for the configurability. Sectién
presents the synthesis results and establishesacmmps between the designed processor and twdasimi
processors. Finally, section 5 draws some conalgsimd comments on future works.

2. Basic FFT/IFFT algorithms

The Discrete Fourier Transform (DFT) for BRpoint sequence(n) is given by (1), wher&(k) andx(n)
are complex numbers) is the time index andt is the frequency index [1]. By using this equatibe DFT
computation requiredl? complex multiplications anti(N-1) complex additions, leading to a complexity of
O(N?). In [2] Cooley and Tukey proposed (actually thiemdiscovered") an algorithm to compute the DFThwi
complexity O(N.log,N). Such algorithm, known as Fast Fourier Transf@ffAT), is widely used in hardware
accelerators.

N-1 -j27kn
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Direct hardware implementations of the FFT alganitieither use the Decimation in Time (DIT)
decomposition or the Decimation in Frequency (OdBgomposition [1], the latter used in this workthe DIF
approach amN-point DFT is decomposed into tWwd2-point DFTS, one for the even-indexed frequenatpots
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and another for the odd-indexed frequency outpithe. inputs to the even-indexed outpMt&-point DFT are
sums between first half inputs and second halftsypLhe inputs to the odd-indexed outphN{&-point DFT are
differences between first half inputs and seconid inputs, multiplied by constants that are refdri® as
"twiddle factors".

EachN/2-point DFT may be further decomposed into tWd-point DFTs. Such decomposition may be
applied recursively until reaching 2-point DFTs,iethcan be assumed as basic computation elemdgtsl F
shows in detail the signal flow chart (SFG) for&point DIF FFT.

Fig. 1 — Signal flow graph (SFG) for 8-point DIFFF

A 2-point FFT processing element, normally refertedas "butterfly”, is composed by one complex
multiplication, one complex addition and one compsabtraction. Therefore, afrpoint FFT has logN stages
where each stage h&§2 complex multiplicationsN/2 complex additions antl/2 complex subtractions,
resulting inO(N.log,N) complexity, which is significantly lower than thef a direct implementation of (1).

The Inverse Discrete Fourier Transform (IDFT) igegi by (2). As it can be seen, the same algoritbet u
to calculate the DFT can be used to calculate B#€T| with minor changes (the sign of the imaginpayt of
the coefficients in the multiplication and a dieisibyN of the final results).

N-1 j27kn
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3. R2SDF-based FFT/IFFT configurable processor

We have designed a dedicated processor that caorfigured to compute the FFT/IFFT for sequences
with 64, 128, 512, 1024 or 2048 points, as requibgdthe IEEE 802.11n (WLAN) and the IEEE 802.16
(WiMax) protocols. The processor architecture isdaaupon the well-known Radix-2 Single-Path Delay
Feedback (R2SDF) architecture [4], which was cdisefnodified to allow the desired configurability.

The original R2SDF architecture datapath is bugtfrom the basic stage, shown in Fig. 2, which is
composed by one radix-2 butterfly (either DIF oiflRla ROM memory (to hold the stage twiddle factonso
multiplexers and a delay element ("D"). Both ROMmoey and delay element were implemented using
registers. The delay element is organized as a Fie€-in first-out) structure, being able to std¥/2' inputs,
wherei=1 in the first stage anid-log;N in the last stagel(is the total number of points in a sequence tie.,
inputs applied to the first stage). At the begignithe firstN/2' inputs to the stage are fed into the FIFO, one
after another. As a second step, each of the sédhihputs is directly applied to the butterfly alowgh each
of the inputs previously stored in the FIFO. The resulting lower butterfly output is fed backtbe FIFO
while the resulting upper butterfly output is fedstage+1.
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Fig. 2 — Tha-th stage in the R2SDF architecture datapath.
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Fig. 3 shows the simplified datapath block diag@the designed R2SDF-based FFT/IFFT configurable
processor, hereafter referred to as "CR2SDF". ¢bimposed by 11 stages, being the first 10 stagekisto
the one shown in Fig. 2. The last stagell) was simplified, since it needs only one twiddactor.
Multiplexers were added to some stages to providedesired configurability according to the desineghber
of points: 64, 128, 512, 1024 or 2048. To allow twnfigurability between FFT and IFFT the complex
multiplier inside each butterfly was appropriatetpdified. As long as all of the possible numberpaihts are
powers of 2, the division bM in the IFFT can easily be done by shifting theulte® the right. Besides the
datapath of Fig. 3, the CR2SDF processor has aatdribck that generates the addresses used tcsatoe
twiddle factors in the corresponding ROMs. In orteimplement the control block we have chosenDie
decomposition, since it allows for a less compliesuitry.

input
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- Dutterfly butterfly

output

A 4 A

Twiddle Twiddle Twiddle Twiddle Twiddle
ROM ROM ROM ROM ROM

inverse

Fig. 3 — Datapath block diagram for the CR2SDF pssor.

It is important to notice that, in the CR2SDF prsmr datapath (Fig. 3), the butterfly upper outpiua
given stage is directly fed to the butterfly input in stagel. This way, there is a long combinational patht th
begins at the lower input of the first stage btitetraverses all 11 stages and ends at the upggut of the
last stage butterfly. However, at every clock edgayew point is applied to the first stage inpukilevthe
contents of the first stage FIFO is shifted. Thésumes high throughput because the data is foxadote
forward along this combinational path at every kledge, making the datapath to behave as a “waaipe”.

4.  Synthesis results

The CR2SDF processor was described in Verilog HBd synthesized to TSMC 90nm using Synopsys
Design Compiler tool [5]. The synthesis resultsammarized in Tab 1.

Tab.1 - Synthesis results for CR2SDF processor.

Technology 90 nm

vdd 10V

Length support 64 to 2048 bits

Area 2.6 mm?

Power 66.14 mwW

Max frequency 142 Mhz

Latency 8190 clock cycles @ 2048-point
1/Throughput 4096 cycles/sequence @ 2048-point

The synthesized design was compared with [6] ahdl@ establish a fair comparison, the normalizexha
and power were calculated using equations fromTRg results of this comparison are shown in TalAit
can be seen, the normalized energy of CR2SDF pocés76% lower than that of [6] and 44% lowemtltiaat
of [7]. Besides that, the proposed processor i3 alide to compute 64-point FFT, which is not theecaf the
processor in [6]. On the other hand, the CR2SDEgs®or presents a normalized area that is 1.5 tamgsr
than that of [6] and 2.6 times larger than thaf7df As it can be seen, even that the CR2SDF psmresgses
more area and has a higher operation frequenaghieves a lower normalized energy. This happeagalthe
high throughput of the designed processor, thaltem a lower energy consumption per FFT.

To verify the designed processor, a script in Pytlamguage was written to generate appropriateorand
inputs, which were used only to verify the funcibty by calculating an FFT/IFFT using the CR2SDF
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processor and a software solution based on the FHIMafy [8], written in C language. After thatetlsignal-
to-quantization-noise ratio (SQNR) values of theigieed processor were calculated. They are showalin 3.

As one may observe, SQNR values are good, eve2Di#3-point sequences.

Tab.2 - Synthesis results comparison.

CR2SDF (Proposed) Chhatbar [6] Jen-Chi Kuo [7]
Technology 90 nm 180 nm 350 nm
vdd 10V 1.8V 3.3V
Length support 64 to 2048 bits 128 to 2048 bits td62048 bits
Normalized area 1269mz3/point 825umz2/point 491um?/point
Normalized energy 23@W/point.Hz 1005uW/point.Hz 428uW/point.Hz
Maximum frequency 142 MHz 40 MHz 80 MHz

Tab.3 - SQNR of CR2SDF processor

Points FFT SONR (db) IFFT SONR (db)

64 77.82 73.05

128 66.98 68.14

512 64.72 64.43
1024 64.20 61.18
2048 64.30 64.63

5. Conclusions and future work

This paper presented an R2SDF-based FFT/IFFT mocé€R2SDF) that can be configured to process
64/128/512/1024/2048-point sequences. Such FFT/Iprdcessor was modeled with Verilog HDL and
synthesized for TSMC 90nm standard-cells librarybing Synopsys Design Compiler tool.

To compare with similar processors, the power apd abtained from the synthesis were normalize@. Th
CR2SDF processor showed a normalized energy thgt is 76% lower and a frequency that is up totiBngs
higher than those of other similar processors. Heweit presents a normalized area that is up €otithes
larger than other processors.

Compared to an FFT software implementation the TH2Processor presented a good precision: the
lowest SQNR value was 61.18 db.

As future works we intend to synthesize the desigpmcessor with alternative fast adders, low power
multipliers and low-power techniques as Low-Vdd/Mdt, in order to compare it to a wider set of dami
processors. We also devise several architecturdifitations in the CR2SDF datapath to reduce hardwast
and to increase energy efficiency as well, like tise of butterflies with higher radix (allowing neoenergy
efficient addition and multiplication schemes).
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