


7 7 J ~ , B ( ~ , . ~ 2 ~ ~ 3 , k 2 )  = ~ ~ , , , ( y , , ~ , , ~ , , k , ) W ~ * ' " ' ' " ' * '  . (6) 
In (S), we use the radix-2 index map to divide an 8-point 

DFT into three steps. Fig. 1 (b) shows the butterfly of 3- 
step radix-8 FFT. Because the hivial multiplications, 
w,' and W,' , at the third step can be easily realized by the 
six sbifters and four adders [SI, radix-8 algorithm can 
reduce lots number of the complex multiplications. The 
original scheduling of complex multiplication in 3-step 
radix-8 algorithm is shown in Fig. 2 (a), where T1, T2, and 
T3 mean the time slot of each step in the butterfly of 3-step 
radix-8 algorithm. And the rectangle means complex 
multiplications in each time slot. 

Fig. I :  (a) the butterfly of radix-8 algorithm. @)The butterfly of 
3-step radix-8 FFT 

In order to minimize the number of complex multipliers, 
we propose the rescheduling algorithm in the 3-step radix-8 
FFT algorithm. This algorithm provides a systematical 
approach to move some twiddle factors to the previous 
stage and to balance the complex multiplications in three 
time slots in the butterfly, as shown in Fig. 3. The black 
point in Fig. 3 means to multiply the twiddle factor at that 
point. All removed twiddle factors are at the third step of 
the butterflies. Thus, there are at most four complex 
multiplications in each time slot of the butterfly and only 
four complex multipliers are needed in the butterfly of 3- 
step radix-8 algorithm after rescheduling. Fig. 2 @) and (c) 
shows the schedulinz of the comulex multiulication after - 
rescheduling. 

TI 

D, hl 

Fig. 2: The scheduling of the complex multiplication (a) before 
scheduling, (b) and (c) after scheduling 

Some operation modes need to be added, as shown in 
Fig. 4 since the twiddle factors are located at both the fmt 
and the third steps of the butterfly by using the 
rescheduling approach. The operation modes, mode A and 
mode B, multiply the twiddle factors at the fust step of the 
buttemy, and the other two operation modes, mode C and 
mode D, multiply the twiddle factors at the third step of the 

butterfly. In order to iet eight data in the processor operate 
in the same mode at each step of the buttemy to reduce 
operation complexity, we propose a rescheduling algorithm 
for N-point FFT. 

First we define 
0 

0 

0 

0 

The stage of N point FFT is from 1 to L (log! ). 
The &roup numher in the Lth stage is from 0 to 

The butterfly number of each group in the Lth stage 
is from 0 to 86-1)-1. 
BU-1 is the operation mode in the fust step of 
butterfly. And BU-3 is the operation mode in the 
third step of butterfly. 

N / 8 ' - 1 .  

Fig. 3: The SFG of rescheduling algorithm. 

The rescheduling algorithm of N-point FFT is as follows: 

For (stagefiom 1 to L) 
begin 

if(1 SstageSL-1)  
begin 

$(group number is even) 
BU-3=mode C; 

BU-3=mode D; 
else 

end 
if(2 Sstage S L )  
begin 
if (the butterfly number is equal to or less than the 

first halfofthat in each group) 
BU-1 =mode A;  

BU-l=mode B, 
else 

end 
end 

X-,InI XJbl X&l XJbl X.,lal U b I  X&I X.,lbl 
nob* - 8  d C  - 0  

Fig. 4 The operation mode of the BU in rescheduling approach. 

3. THE DYNAMIC SCALING APPROACH 
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In order to maintain the data accuracy in fixed-point 
FFT, the intemal wordlength of FFT processor is usually 
larger than the wordlength of the input data to achieve a 
higher signal to noise ratio (SNR), especially in a long-size 
FFT. The block-floating point (BFP), which is one of the 
dynamic scaling approaches, is usually used in FFT 
processors to minimize the quantization error. In the 
traditional BFP, the largest value is detected and all 
computational results are scaled by a scale factor in stage N 
before starting the calculations of the stage N+l [6]. 

3.1. Proposed Approach 
New block-floating point approach, which can be 

implemented by the prefetch buffer based FFT processor, is 
proposed. It improves S N R  dramatically by increasing the 
number of the scale factor and block in the FFT algorithm 
Fig. 5 shows an example for the block size having four 
points in 16-point FFT. The scale factor is determined 
when the operation of each block is f ~ s h e d .  And the data 
in the block are scaled before starting to operate next block. 
All scale factors need to be stored in a table and they will 
be used when the data are operated next time. 

Fig. 5 :  The approach, 

3.2. Simulation 
The signal processing quality of three data 

representations is simulated, including fixed point, 
traditional block-floating point, and the proposed approach. 
Because the SNR is highly dependent on the input data, we 
build up a system platform for 8 K mode DVB-T system 
and all data are generated by this platform. The block size 
of our approach is 64 points. It is clearly seen that our 
proposed approach can minimize quantization error 
efficiently and give much higher S N R  than others at the 
same bit rate, as shown in Fig. 6. 

The performance analysis in 8 K mode DVB system is 
shown in Fig. 7. The wordlength of real part and imaginary 
part has about 4 bits less than that of fxed-point. So about 
64 K bit of memory can be saved by this approach. 

4. ARCHITECTURE 
The three-level memory architecture is proposed in our 

FFT processor to increase energy efficiency. The fust level 
is main memory divided into eight banks to allow 
concurrent accesses of multiple data and its size is 8 K 
points. The matrix prefetch buffer, which is the second 
level, with 64 points is designed for radix-8 algorithm The 
third level is buffer, buffer 1 and buffer 2, and each of 
which is 8 points. Through an appropriate scheduling 

among three-level memories, the single-port memory can 
be used in the first and second level without any 
performance degradation. Using the dynamic scaling 
approach, the wordlength of real part and imaginary part is 
i ibi ts  in our design. 
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Fig. 6 the SNR for SK-point FF? with different data 
representations. 

The BU is the kemel of the arithmetic unit in a FFT 
processor. The BU includes a trivial multiplier which deals 
with -j, Wi , W,' , and a complex adderhbtractor. The 
function of ROM is used to store the FFT twiddle factors. 
Only 118 period of cosine and sine waveforms are stored in 
ROM and other period waveforms can be reconstructed by 
stored values. The data are multiplied by the twiddle 
factors, when they are read from or written into the buffers. 
And the data in buffers need three cycles in operating with 
BUS to implement 3-step radix-8 algorithm. The scale 
factor table stores the scale factor of each block and the 
function of the normalized unit is used to scale the data 
before they are stored in memory. The memory space 
increased by using the scale factor table and normalized 
unit is much smaller than that saved by using the proposed 
dynamic scaling approach. 

='I . . Y 
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Fig. 7: The performance analysis in 8 K mode DVB system 

4.1. The matrixprefetch buffer 
The matrix prefetch buffer scheme is shown in Fig 8. 

Columns 0-7 are eight butterflies of the fmt stage and rows 
0-7 are eight butterflies of the second stage, as shown in 
Fig. 3. Eight data in the matrix prefetch buffer are read or 
written simultaneously in the horizontal or vertical direction 
each time. The common buses are used in this scheme to 
reduce the routing complexity in physical design. 

When the data have been completely loaded from 
memory in order, the FFT processor starts to implement 64 
points FFT with 3-step radix-8 algorithm. At the first stage, 
the data are loaded into buffers in the direction of column 
in order, as presented in Fig 8 (a). And all computed data 
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are. restored to the same addresses in the matrix prefetch 
. buffer. At the second stage, data are loaded into the buffers 

in the row direction. After data are operated in buffers, they 
will wait for scaling in the normalized unit. When the data 
of the row 0 have been loaded into the normalized unit, 
new data will be loaded into the row 0 from the memory, as 
shown in Fig 8 (b). In the next 64-point, the direction of the 
fmt stage will change to row direction because the 
direction of the updated data is in row direction. 
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6. CONCLUSION 
A novel FFT processor, which includes a 3-step radix-8 

algorithm, new dynamic scaling and matrix prefetch buffer 
schemes, IS proposed in this paper. Besides, a single port 
memory with minimal wordlength is adopted in our design 
without any performance degradation. An 8K F I T  test chip 
for DVB-T has been designed and tested. Test results show 
that both area and power dissipation can he saved a lot 
compared to available solutions. 

Fig. 8: (a) Operation of the mamx prefetch buffer at the first stage. 
(b) Operation of the matrix prefetch buffer at the second stage. 

4.2. Memory capacity 
Fig. 9 shows the scheduling of the data in the buffers 

operated with BU and exchanged with the prefetch buffer if 
single-port memory is adopted. In this figure, the white 
rectangle is the operational time of the data in buffers. The 
gray rectangle is the time spent in exchanging the data in 
the mahix prefetch buffer or loaded into the normalized 
unit. It can be clearly seen that there is no stall in this 
scheduling. Similarly, data are loaded from the first level 
into the second level at the second stage of 64-point FFT 
and they are restored to the fust level from the normalized 
unit at the first stage of 64-point FFT. Thus the single-port 
memory can be used without causing any performance 
degradation. 

5. CHIP IMPLEMENTATION 
A test chip for 8 K mode DVE-T system is designed and 

fabricated in 0.l8pn CMOS process. The core size 
is 2.26x2.26 mm*. It completes the 8 K point FFT in 
7 1 7 . 3 5 ~  with power dissipation of 25.2 mW at 20 MHz. 
Compared with other 8-K point FFT processors listed in 
Table 1, our proposal achieves better power dissipation 
index with much less area. The chip microphoto is shown 

-, - 
Fig. 9: The scheduling of the data in the mahix prefetch buffer 

Fig. I O  Microphoto of the 8K FFT test chip 
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