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Abstract ​​– In this paper an implementation for 8K-point fast Fourier transform (FFT) processor architecture for OFDM (Orthogonal Frequency Division Multiplexing) of DVB-T(Digital Video Broadcasting Terrestrial) is proposed based on non-butterfly multiplier-less radix-8 FFT architecture. Distributed Arithmetic (DA) is used to implement basic 8-point FFTs, where hardware cost of complex multipliers and adders can be reduced. The twiddle multiplications are performed by CORDIC multipliers. The proposed architecture gives high-speed processing speed, which may be attractive for real-time DVB-T systems.
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I. INTRODUCTION

The principles of Orthogonal Frequency Division Multiplex (OFDM) have been already extensively treated in several publications [1]. The basic idea is to share information among a lot of carriers, each of them being modulated at low rate in order to decrease channel frequency selectivity effect. Modulation and demodulation are easily realized by Fast Fourier Transform. The FFT length is equal to the number of sub-carriers, which itself is tied to spectral efficiency and broadcasting channel width. In order to prevent from inter-symbol interference resulting from echoes, a guard interval where no information is transmitted can be inserted between two symbols. This offers the possibility to broadcast on a single frequency network (SFN), thus allowing in the long term an efficient spectrum use. For OFDM modulation, the number N of sub-carriers is related to the channel width B (8 MHz in Europe) and to symbol length: N=B/D=8000. This shows clearly the need for a high speed D and long FFT with sequential input data.
DIGITAL TV is currently one of the major consumer products which impose a strong impact to a large amount of users globally. The DVB compliant DTV and set-top box (STB) has been gradually adopted in Europe as well as Asia mainly owing to that OFDM processing supported by DVB has been proven to overcome the multi-path effects in mobile receivers. Hence, OFDM is deemed as one of the most critical IPs (intellectual property) in the implementation of DVB receivers. Since OFDM utilizes multiple orthogonal subcarriers to transmit the same signal, it is highly insensitive to the multi-path effects. It allows up to 24 Mbps wide-band rate within an 8 MHz transmission bandwidth. It also leads to the concept of SFN (single frequency network) in which many transmitters send the same signal on the same frequency. With regard to the terrestrial broadcast, DVB-T allows two modes: 2K and 8K modes [2]. The former is proper to mobile receiving, while the latter is used in the SFN. The implementation of the FFT is the most difficult part for the DVB-T receivers. An illustrative DVB-T receiver is shown in Fig. 1. 
According to the DVB-T specifications, FFT/IFFT should be able to carry out 8192(8K) points in carrier spacing interval. It can be told that the realization of the OFDM Demodulator, i.e., the 8K/2K FFT, is the very critical part since it directly affects the accuracy of the channel estimation as well as the symbol demapper.
[image: image1.emf]
Fig. 1. DVB-T Receiver

Based on the Cooley–Tukey’s FFT algorithm [3], radix-2 FFT, radix-4 FFT and radix-8 FFT have been proposed in many reports [5-13]. Although radix-8 FFT can have less twiddle multiplications, its bottleneck is the implementation of its basic 8-point FFT, which has a lot of butterfly operations as well as non-trivial complex multiplications with coefficients such as 
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.
While reconfigurable devices have become practical for many software define radio and OFDM applications, the area cost become one of the primary criteria. In order to reduce the cost of complex multiplication, the CSD (Canonical Signed Digit)-based multiplier-less architectures have been intensively investigated in previous papers. Ref.[4] proposed a radix-8 CSD-based multiplier-less implementation of 64-point FFT, and Ref.[5] reduces the number of adders further by using common sub-expression elimination(CSE) techniques. Such multiplier-less implementation can save both power consumption and the area cost of the expensive complex multipliers.

Distributed arithmetic (DA) is another promising technique to simplify the computation complexity in FFT. However, up to now, DA only applied for radix-2 and radix-4 FFTs [6] on FPGA. Such small radix FFTs can be mapped into small LUTs. However, as it was reported [6], radix-2 or radix-4 DA architectures have no apparent advantage in area cost. But for large-point FFTs, radix-8 algorithm should be attractive because it can use less pipeline stages to implement the whole 8r-point FFTs. The main bottleneck in using DA on FPGA for radix-8 FFT is its high requirement of large Lookup Tables (LUTs). Different from DCT, FFT is a complex transform, which has double inputs. The basic 8-point FFT module has 16 inputs for each output, which requires sixteen 216-word LUTs.
In this paper, we apply novel DA-based non-butterfly multiplierless radix-8 FFT architecture [7] for the 8k-point FFT processor design. In this proposed DA-based architecture, all basic 8-point FFTs are simply implemented by indexing circuits based on DA logic, and the twiddle multiplications are implemented by CORDIC algorithm [8]. The novelty and contribution in this paper is that it is the first time for such a non-butterfly multiplierless radix-8 FFT architecture to be presented for 8192-point FFT processor.
II. FAST FOURIER TRANSFORM (FFT)
The N-points Discrete Fourier Transform 
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A direct realization of this algorithm leads to N2 multiplications and N (N-1) additions. Of course, a direct implementation is not realistic. Fortunately, the Cooley- Tukey FFI' algorithm (published in 1965) reduced the order of complexity from N2 operations down to NlogN operations. N2-point DFT can be implemented by using two N-point FFT according to Cooley - Tukey FFT algorithm, which can be expressed as,
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Where, 
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Thus, an N2-point FFT can be divided into two N-point FFTs. accordingly, an Nr-point DFT can be divided into r-stage N-point FFTs. The decomposition with N=2 is called radix-2 FFT, and the decomposition with N=8 is called radix-8 FFT.
According to the above Cooley-Tukey decomposition, an 8192-point DFT can be computed by four consecutive 8-point DFTs and one 2-point DFFT, which is,
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Where,
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The whole 8192-point FFT can have four pipeline stages of the basic 8-point and 2-point FFTs.

III. DA BASED RADIX-8 8192 POINT FFT ARCHITECTURE
A. Proposed DA-based radix-8 FFT architecture:
8-point FFT is the basis of radix-8 FFT, which can be expressed as
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Where, XRE is the real part and XIM is the imaginative part of x(m).
The above formula can be folded to 8-tap FIR format as,
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While k is odd number, we have cos (mkπ/4) =0 while m=2, and sin (mkπ/4) =0 while m=0. While k is even number, there are cos (mkπ/4) =0 while m is odd number, and sin (mkπ/4) =0 while m is even number. Therefore, the actual number of taps is reduced to six when k is odd number and four when k is even number. By using the DA algorithm, the 8-point FFT computation can be done simply by 26-word or 24-word lookup tables.
Tap-merging of (XRE(m) - XRE(4+m)) can be done by a sign exchange method

[image: image16.wmf](

)

(

)

(

)

(

)

(

)

(

)

RERERERE

xm-x4+m=xm+x4+m+1


The above binary addition can be performed in bit-serial by a 1-bit 3:2 carry-save adder in the bit-serial DA architecture.
From above DA-based architecture, both butterfly operations and complex multiplications with 
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 in 8- point FFTs can be simply implemented by indexing DA LUTs, as shown in figure below.
[image: image18.emf]
Fig.2. 8-bit DA LUT

This non-butterfly multiplierless architectures reduce the hardware cost and hence the DA based FFT architecture reduces the area.
B. DA-based twiddle multiplier: 

The twiddle multiplier is a bottleneck for FFT processor design. Usually there are three conventional ways to tackle this complex multiplication: Booth-Wallace multiplier, CORDIC multiplier, and CSD multiplier. One twiddle multiplication has four multiplications as,
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CORDIC algorithm can decompose such complex multiplications into a series of rotations, which is,
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Then we have,
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The above operation can be easily implemented by a series of shifts and additions that can be mapped into pipeline structures.
C. Proposed Radix-8 8k-Point FFT Processor:
According to Eq. (3), an 8192-point DFT can be implemented by four 8-point DFT stages and one 2-Point butterfly operation stage. With the above basic 8-point DFT module, we can construct the 8192 point FFT processor in a pipeline structure, as shown in Fig

The DA-based 8-bit 8-point FFTs can complete an output accumulation in every eight clock cycles, and every twiddle multiplier can finish eight twiddle multiplications in every eight clock cycles. Therefore, the proposed architecture can process 8 points in every 8 clock cycles, and therefore 8192 points in 8192 cycles. Averagely, every cycle can finish one point. However, most OFDM based applications have a consecutive data input that can take the advantage of the pipeline structure, and thus every 8192-point DFT can be sequentially finished in 8192 clock cycles. Such a “one-point-per-cycle” performance can save a lot of unnecessary buffers to store input data.
Another advantage of the architecture in Fig.3 is its flexibility. It can also perform 64, 128, 512, 1024, 4096, and 8192-point FFTs by the combined operations of 8-point FFTs and the final butterfly unit. Therefore, the proposed architecture can be very attractive for most OFDM wireless applications.
IV. FPGA IMPLEMENTATION

The FFT processor was designed in VHDL, and synthesized into gate netlist by Synopsys Design Compiler. The proposed FFT processor can be easily implemented on FPGAs. The synthesized gate-level netlist was re-mapped to Xilinx Virtex II by FPGA tools. The Virtex-II FPGA series provides dedicated on chip blocks of 18k-bit true dual-port synchronous RAM. The intermediate RAMs can also be easily mapped into its on-chip block RAMs.
[image: image22.emf]
Fig. 3. Proposed 8K-point FFT architecture

TABLE 1

PERFORMANCE RESULTS
	RESULTS

	Gate Count
	54K

	Clock Cycles
Per FFT
	8192

	Technology
	Xilinx

Virtex II

	Speed

(MHz)
	110

	Throughput

Performance(Ms/s)
	100

	Area Efficiency
	1.9


The whole processor needs only 54K logic gates and its area efficiency is increased to 1.9. This is shown in table 1.
V. CONCLUSION

In conclusion, an area-efficient radix-8 8192-point FFT architecture is proposed for OFDM digital video broadcasting applications. Its basic 8-point FFTs are implemented directly by distributed arithmetic (DA), and thus can reduce the hardware cost of complex multipliers and adders. Such a multiplier-less non-butterfly FFT processor architecture can greatly save the area cost while keeping a “one-point-per-cycle” processing speed, which may be quite attractive for many real-time OFDM-based DVB-T receiver systems. With a small area, the 8192-point FFT processor can also be mapped on Xilinx Virtex II FPGA.
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