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Abstract— Fast Fourier Transform (FFT) and Inverse 
FFT (IFFT) are adopted as the demodulation/modulation 
kernels in OFDM systems. The lengths of FFT/IFFT 
operations may vary in different applications of OFDM 
systems. Moreover, due to the trend of system-on-chip 
(SOC), rapid prototyping and intelligent soft IP designs are 
important design methodologies. In this paper, we design 
and implement a variable-length FFT processor to cover 
different applications of OFDM systems. We propose an 
efficient design flow which makes re-designing an FFT 
processor rapid and easy. We adopt cached-memory 
structure in the FFT processor for low-power consumption 
issue. Besides, we employ block-floating-point (BFP) 
arithmetic to acquire high signal to quantization noise ratio 
(SQNR). Finally, we implement this processor with 
TSMC0.18 μm 1P6M CMOS technology. The simulation 
results show that the chip can perform 64~2048-point FFT 
operations at 75 MHz which meet the speed requirements 
of most OFDM standards such as WLAN, ADSL, VDSL 
(256~2048), DAB, and DVB (2k mode). 

I. INTRODUCTION 
OFDM (Orthogonal Frequency Division Multiplexing) 

system is known for its robust performance under adverse 
channel conditions. The important demodulation/modu-
lation kernels in OFDM system are FFT and IFFT, which 
are high-complexity functional units. With advanced VLSI 
technologies, the difficulty in implementation is decreasing. 
However, due to the trend of system-on-chip (SOC), rapid-
prototyping and intelligent soft IP designs are important 
design methodologies. Therefore, our design goal is a 
variable-length FFT that can meet the requirements of most 
OFDM standards. The smart control unit of the processor 
makes users configure a specific FFT processor rapidly. We 
adopt cached-FFT architecture [1] such that the power 
consumption is decreased dramatically. Besides, we adopt 
block-floating-point (BFP) arithmetic [2, 3, 4] to perform 
the main calculation to increase the SQNR. Our processor 
performs variable-length FFT (64, 128, 256, 512, 1024, and 
2048). All of the above modes can meet the specifications 
of IEEE 802.11a, xDSL, and DVB-T (2k mode). 

 
Fig. 1.  Cached-FFT processor. 

 
 

Fig. 2.  Radix-2 cached-FFT signal flow graph. 

II. CACHED-FFT ARCHITECTURE   

A. Review of cached-FFT architecture 

Typically, FFT algorithms are developed to minimize 
the number of multipliers and adders while maintain a 
simple form. However, memory access is usually ignored. 
In fact, the power consumption of memory access is 
dominant during the whole FFT operations. 

To reduce the power consumption of memory access, 
we adopt cached-memory architecture [1] to construct the 
proposed variable-length FFT processor. As shown in Fig.1, 
the cache, which is much smaller and consumes much less 
power than the main memory, is placed between the 
processor and main memory. The key idea of the cached-
FFT architecture is to make most data movements occur 
between the processor and cache such that the number of 
main memory accesses can be reduced. By this method, the 
total power consumption can be greatly saved. 

Fig.2 shows the signal flow of a 64-point cached-FFT. 
Instead of accessing main memory in every stage, we store 
data in cache and process more butterfly operations in one 
super-stage (Pass 0, Pass 1, and Pass 2). Unlike traditional 

super-stage 0  super-stage 1 
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FFT, cached-FFT accesses main memory only in every 
super-stage and hence greatly reduces the number of main 
memory accesses as the FFT length becomes larger.  

B. Proposed System Architecture of the Variable-Length 
Cached-FFT Processor  

Based on the concept of cached-FFT, we propose a 
variable-length FFT/IFFT processor architecture for 
OFDM-based communication systems. It consists of four 
major parts: memory, address generator (AG), processing 
element (PE), and control logic unit (CLU), as shown in 
Fig.3. The memory consists of main memory, cache, and 
ROM. All data are stored in the main memory. Only the 
data to be processed are loaded to the cache. Coefficients of 
twiddle factors are stored in the ROM. The AG generates 
the address required by the main memory, cache, and ROM. 
The PE performs butterfly operations. The CLU decides the 
forward/inverse mode and length of FFT. 

 
Fig. 3.   Architecture of the proposed cached- FFT. 

III. DESIGN OF ADDRESS GENERATOR (AG) 
The address generator of cached-FFT can be viewed as 

a modified version from traditional FFT. What the address 
generator needs are two important virtual addresses, group 
counter and butterfly counter. The functions of these two 
counters are specified as follows: 
•Group counter: deciding which group to be processed. 
•Butterfly counter: deciding which butterfly in a group to 

be processed. 
Before the discussion of address mapping, the 

difference between balanced and unbalanced cached-FFT 
should be clarified. The cached-FFT with equal number of 
passes across all super-stages is called balanced cached-
FFT. On the contrary, in the unbalanced one, the number of 
passes is not the same across different super-stages. In our 
design, the number of super-stages is 2. The stage numbers 
we choose for both super-stages (E0 and E1) are shown in 
table 1. The detail of the address generator about balanced 
and unbalanced cached-FFT is specified as follows. 

A. Balanced Cached-FFT 

In balanced case, address generation is regular [1]. To 
illustrate how balanced cached-FFT works, table 2 shows 
the AG of a 64-point, radix-2, and 2-superstage cached-FFT. 

Table. 1.  Stage numbers of both super-stages. 
Point Stage num. of E0 Stage num. of E1  

64 3 3 Balanced 
128 4 3 Unbalanced 
256 4 4 Balanced 
512 5 4 Unbalanced 

1024 5 5 Balanced 
2048 6 5 Unbalanced 

B. Unbalanced Cached-FFT 

In unbalanced case, the most important goal is to keep 
the structure of address generator as the original balanced 
one. To achieve this goal, we expand the FFT length to the 
nearest balanced points and then adjust group counter and 
butterfly counter to generate the adequate address without 
changing the structure of address generator. 

C. Variable-Length Cached-FFT Address Generator  

Address generator of variable-length cached-FFT is 
usually implemented with the structure of maximum length 
[1][5]. To achieve variable-length AG, there are two main 
methods, fixed-size cache and variable-size cache. The 
word “size” mentioned here is the pseudo size defined by 
address generator. In the method of fixed-size cache [5], 
there is no change of cache size when the FFT length varies. 
The address generator can be easily designed by the 
extension of the method described in the previous section - 
adjusting the group counter and butterfly counter. However, 
when the desired length is much smaller than the maximum 
one, the number of passes in the last super-stage will be 
very small. In this situation, the processor must stall 
because the processing of one group is much faster than 
loading the new data from main memory to cache. This case 
is called extreme unbalance. In order to solve this problem, 
we adopt variable-size cache method such that each length 
of FFT will be as balanced as possible, as shown in table 1.  

Although it increases the complexity of AG, variable-
size cache method has another advantage– flexibility and 
reusability. This processor is designed for 64~2048-point. 
However, it can also be adjusted to handle other ranges of 
FFT length, such as 4096 and 8192, by changing the sizes 
of cache and main memory. 

IV. PROCESSING ELEMENT DESIGN   
In our PE design, we adopt block-floating-point (BFP) 

arithmetic [2, 3, 4] to improve the SQNR. The proposed 
BFP design is based on the key idea of cached-FFT: the 
operation in a group is independent of the other groups. 
Therefore, we can just regard a group in the cached-FFT as 
a block in the BFP. 

In our design, the data format in both main memory 
and cache are fixed-point. Actually, data in the cache are 
mantissas, and all the data in the cache share the same 
exponent which is determined by the maximum datum. This 
leads to the fact that the operations in butterfly processing 
element can be performed by fixed-point method. 
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Table 2. Memory and ROM addresses for 64-point, radix=2, and E=2 cached-FFT [1]. 

In order to maintain the dynamic range, we need to 
optimize this common exponent. Before the operation of 
each pass, we must re-find the maximum datum in the cache 
and adjust the common exponent. During the operation, 
overflow should be considered. In the decimation-in-time 
(DIT) FFT, the problem can be solved by predicting the bit-
growth of the upcoming stage and normalizing the data in 
the cache [2]. When small-size FFT is performed, this 
method may slightly degrade the SQNR due to the 
truncation of some LSB’s. In hardware implementation, we 
need only to record the common exponent and use some 
simple logic to optimize this exponent. The detailed flow of 
the proposed BFP arithmetic is shown in Fig.4. 

Simulations of the proposed FFT processor are based 
on three different data formats, fixed-, floating-, and block-
floating-point. The result is shown in Fig.5. We can find 
that the SQNR of BFP is much better than that of fixed-
point, especially for large-length FFT. The floating-point 
and block-floating-point arithmetic mentioned here only 
apply to the processing within the cache. All data are 
converted to fixed-point format when loaded to main 
memory. Note that floating-point format has a little higher 
SQNR than BFP when FFT length grows, but it cost much 
more hardware complexity. 

V. RAPID FFT IP DESIGN FLOW 
Due to the trend of system-on-chip (SOC), reusability 

of IP is more and more important. Moreover, rapid-
prototyping and intelligent soft IP designs are important 
design methodologies for nano-scale SOC design. In our 
design, the main purpose is to support most applications of 
OFDM systems such as WLAN, ADSL, VDSL, DAB, and 
DVB-T. The most critical point is how to re-design the FFT 
processor for different range of FFT lengths in very short 
time. Although our work is designed for 64~2048-point, we 
can rapidly re-design for other range of FFT lengths. This is 
because our design has two parts of circuit, the fixed-design 
and scalable-design, as shown in Fig. 6. The fixed-design, 
including CLU, AG, and PE, is independent of FFT length 
and can be designed and verified in advance. On the 
contrary, we should adjust the scalable-design, including the 
size of cache, main memory, and ROM, to fit the range of 
FFT lengths. That is to say, we need only to adjust the 
scalable design to meet different applications instead of re-
designing the whole system, and this is easy to implement. 

 

 
Fig. 4.  Flow chart of the proposed BFP FFT. 
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Fig. 5.  SQNR vs. length of FFT. 

 
Fig. 6.  The fixed and scalable design. 

VI. CHIP IMPLEMENTATION  
A prototyping FFT/IFFT processor IP based on above 

schemes is implemented with TSMC 0.18μ m 1P6M 
CMOS technology. The microphotograph of the processor 
is shown in Fig.7. The die area is 2.3×2.3   2mm  including a 
2048-word memory (each word is 32-bit wide). The 
twiddle-factor ROM and cache are also shown in this figure. 
Table 3 lists the implementation results of this variable-
length FFT/IFFT processor.  

64



  

Table 5.  Comparisons of different FFT processors. 

Processor Tech (μm) FFT Size Freq. (MHz) Power (mW) Normalized Power 
defined in Eq. (1) Area (mm2) Normalized Area 

defined in Eq. (2) Multi-Mode 

This Work 0.18 2048 75 150 0.98 2.1 1.176 YES 
Y. Zhao [6] 0.18 1024 20 81.8 3.99 N/A N/A YES 
N. Miya. [7] 0.35 512 100 439.6 2.55 7.84 4.05 No 
Y. W. Lin [8] 0.18 8192 20 25.2 0.15 5.11 0.624 No 

L. Jia [4] 0.6 8192 20 650 1.18 77 1.213 No 
E. Bidet [9] 0.5 8192 20 600 1.09 100 1.582 No 

 
Table 3.  Implementation results of the FFT processor 

 
Table 4.  Operating conditions of different applications. 

Application WLAN 
(IEEE 

802.11a) 

ADSL, 
VDSL, 
DAB 

VDSL, 
DAB 

VDSL, 
DAB, 

DVB-T 
FFT size (point) 64 512 1024 2048 

TFFT (μs) 3.2 62 124 224 
Operating freq. (MHz) 70 50 50 70 

Power consumption (mW) 270 159 159 227 

 
According to different specifications, we can change 

the operating frequency. Table 4 lists the detailed 
information about the FFT length, operating frequency, and 
power consumption of different systems based on Nanosim 
reports. We normalize the chip area about the fabrication 
technology. In addition, the chip area is also affected by the 
FFT length. Hence we also normalize the chip area about 
the FFT length. The normalized area considering both 
effects helps us compare the area performance between 
different works fairly: 

 
Normalized area per FFT point [1] 
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                    (1) 
Likewise, to compare the power consumption of 

different FFT works, we also need to normalize them. Here, 
we normalize power consumptions about supply voltage, 
FFT length, and operating frequency: 

 
Normalized power per FFT point[1] 
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           (2) 
According to these two normalization approaches, we 
compare the proposed scheme with several FFT works in 
table 5. 

 
Fig.7.  Layout of our FFT/IFFT processor 

VII.  CONCLUSION 
In this work, we propose an efficient design flow 

which makes re-designing an FFT processor rapid and easy. 
We adopt the cached-FFT architecture to reduce the power 
consumption. Also, we enhance the SQNR with block-
floating-point arithmetic. Finally, our design can perform 
FFT with variable length such that this processor can meet 
most OFDM standards. 
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Technology TSMC 0.18μm 1P6M CMOS 
Voltage 1.8 V 
Wordlength 16 bits 
Gate counts 177828(include memory) 
Memory 2048 Word SRAM (32 bits) 
Die size 2.3 × 2.3 mm2 
Core size 1.5 × 1.5 mm2 
Max. freq. 75 MHz 
Power 150 mW at 75 MHz 
Power per MHz 2.0 mW/MHz 
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