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Abstract-This paper focuses on the study of FFT and IFFT of pipelined based radix-4 algorithm and to proceed this 
algorithm it uses a butterfly structure method.Due to the use of radix-4 instead of radix-2 technique, computation speed gets 
doubled. To proceed further, Butterfly structure i.e. BFI and BFII can be executed using the DFT algorithm.Twiddle factor 
multipliers (TFM) can be implemented using Co-ordinate Rotation Digital Computer (CORDIC) algorithm,there are other 
units like delay units and control units for them we use FSM based design. 
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I. INTRODUCTION 
 
The Fast Fourier Transform (FFT) and its inverse 
(IFFT) are very important algorithms in signal 
processing. This paper explains the implementation 
of radix-22. This attractive architecture has the same 
multiplicative complexity as radix-4. algorithm, but 
retains the simple butterfly structure of radix-2 
algorithm. The implementation was made on a Field 
Programmable Gate Array (FPGA) because it can 
achieve higher computing speed than digital signal 
processors, and also can achieve cost effectively 
ASIC-like performance with lower development time, 
and risks. 
 
This paper discusses how Butterfly structures work at 
different levels of computation. Twiddel Factor is 
introduced in the mathematical operation for fast 
calculation. This twiddle factor have several 
techniques to generate it as Coordinate Rotation 
Digital Computer, (CORDIC) algorithm, pipelined-
CORDIC algorithm, polynomial-based approach, 
ROM-based scheme, and the recursive function 
generators. In radix-2 the input samples are multiple 
of two while in radix-4 we use two radix-2 structures 
in combine. Hence radix-4 technique is more faster 
than Radix-2. That’s our further concentration is on 
implementing radix-4 algorithm but at this stage we 
are going to discuss only aboutradix-22algorithm. 
 
A Discrete Fourier Transform is simply the name 
given to the Fourier transform when it is applied to 
digital (Discrete) rather than an analog (continuous) 
signal. An FFT (Fast Fourier Transform) is a faster 
version of the DFT that can be applied when the 
number of samples in the signal is the power of two. 
An FFT computation takes approximately N*log2(N) 
operations, whereas DFT takes approximately N2 
operations, So the FFT is significantly faster.  
 
Hence Fast Fourier Transform (FFT) has become 
most important in high speed signal processing. 
Using this transform, signals can be moved to the 

frequency domain where filtering and correlation can 
be performed with fewer operations. 
 
When considering the alternate implementations, the 
FFT/IFFT algorithm should be chosen to consider 
theexecution speed, hardware complexity, and 
flexibility andprecision. Nevertheless, for real time 
systems the executionspeed is the main concern. 
 
Several architectures have been proposed over the 
last 3 decades like: single memory architecture, dual-
memory architecture, cached memory architecture, 
array architecture, and pipelined architecture. 
Pipelined architectures characterized by realtime,non-
stopping processing and present smaller latency with 
low power consumption which makes them suitable 
for most application. 
 
The multi-patharchitectures: Radix-2 multi-path delay 
commutator, Radix-4 multi-path delay commutator, 
Split-Radix multi-path delaycommutator, and Mixed-
Radix multi-path delay commutator.Classical 
implementation of the FFT/IFFT algorithm, 
withdigital signal processors (DSPs), requires a 
sequential algorithm. 
This slows down the execution time. On the other 
hand, the modern programmable circuits, like an 
FPGA,utilizes a tens of thousands of lists and triggers 
duringoperation,resulting of parallel processing 
system, putting theFPGA computing speed at a 
significant advantage over DSPs[1]. 
 
The processor is implemented in a Field 
Programmable Gate Array(FPGA) that is 
characteristics of high efficiency, low cost,convenient 
implementation and short development cycle, and 
itsperformance is found to be satisfactory. 
 
The rest of this paper is organized as follows: Section 
II describes Radix-22 FFT algorithm next in Section 
III implementation of Radix-22 is given next in 
Section IV applications of FFT processor are given 
after that we conclude the paper in Section V. 
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II. RADIX-22 FFT ALGORITHM 
 
Fig. 1 shows an example of N=16-points Radix-22 
decimation in frequency (DIF) the method used for 
the pipelined, streaming I/O architecture FFT 
algorithm. It is to be noted that the inputs are in 
normal order whereas the outputs are in permuted 
(digit-reversed) order. The pentagons between BFI 
and BFII represent the trivial multiplication by – j. 
After these two butterflies, full twiddle factor 
multipliers (TFM) are required to compute the 
multiplication by the twiddle factor. 

 

 
Fig. 1 Flow graph of Radix22 DIF for N=16 FFT algorithm [1]. 

 
III. IMPLEMENTATION OF RADIX-22BY 

FPGA 
 

 
Fig. 2 Block diagram for Radix-22 N-points FFT processor [1]. 
 
Fig. 2 shows the block diagram for Radix-22 N-point 
FFT processor. The N-point FFT processor has log4 
(N)-stages with (i) is the stage number. A typical 
stage consists of BFI, BFII, delay-feedback, ROM, 
and TFM. A log2 (N) counter is used to control the 
processor. The structure of the last stage is different 
according to the size of FFT; if N is power of 2, the 
last stage is composed of BFI only. But if N is power 
of 4, the last stage composed of BFI and BFII. 

Concerning the FPGA implementation, the selection 
of target FPGA should consider the required 
resources for the pipelined architecture to be 
implemented: complex multipliers, complex 
adders/subtractions for BFI and BFII, registers and 
memory for delay feedback and pipelining, ROM for 
storing the twiddle factor, and the control unit 
 

A. BFI Structure 
The detailed structure of BFI is shown in Fig. 3. The 
A input comes from the previous component, TFM. 
The B output fed to the next component, normally 
BFII. In first N/2i+1 cycles, multiplexors direct the 
input data to the feedback registers until they are 
filled (position “0”). On next N/2i+1 cycles, the 
multiplexors select the output of the 
adders/subtractors (position “1”), the butterfly 
computes a 2- point DFT with incoming data and the 
data stored in the feedback registers[1]. 

 

 
Fig. 3 BFI Structure [1]. 

 
B. BFII Structure 
The detailed structure of BFII is shown in Fig. 4. The 
B input comes from the previous component, BFI. 
The Z output fed to the next component, normally 
TFM. In first N/2i+2 cycles, multiplexors direct the 
input data to the feedback registers until they are 
filled (position “0”). In next N/2i+2 cycles, the 
multiplexors select the output of the 
adders/subtractors (position “1”), the butterfly 
computes a 2-point DFT with incoming data and the 
data stored in the feedback registers. The 
multiplication by –j involves real-imaginary 
swapping and sign inversion.  
 
The real-imaginary swapping is handled by the 
multiplexors MUXim, and the sign inversion is 
handled by switching the adding-subtracting 
operations by mean of MUXsg. When there is a need 
for multiplication by −j, all multiplexors switches to 
position “1”, the real- imaginary data are swapped 
and the adding-subtracting operations are switched. 
Fig. 5 shows the sign inversion structure. 
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Fig. 4 BFII Structure [1]. 

 
The adders and subtractors in BFI and BFII are 
fullypipelined (Fig. 6) and followed by divide-by-2 
scaling and rounding. The divide-by-2 scaling is used 
in order to not lose any precision where the word-
length imply successive growth as the data goes 
through add/subtract and multiply operations (i.e. 
constrain the dynamic range of the variables to a 
certain word-length). If scaling is insufficient, a 
butterfly output may grow beyond the dynamic range 
and cause an overflow. Rounding has been also 
applied to reduce the scaling errors. 

 

 
Fig. 5 Structure of Fully-pipelined TFM [1]. 

 
C. TFM Structure 
A six clock cycle fully-pipelined complex-multiplier 
has been implemented to multiply the twiddle factor 
by the outputof BFII. According to below Equation, 
the algorithm of multiplying thetwiddle factor (c + js) 
by BFII output (Zr+jZi) uses fourmultipliers, one 
adder, and one subtractor. The structure ofTFM 
shown in Fig. 6. 
 

(Zr + jZi).( c + js ) = (Zr.c - Zi.s ) + j(Zi.c + Zr.s) 
 

Twiddle factor generator is a key component in 
IFFT/FFT computation. There exist many popular 
generation techniques for twiddle factor: COordinate 
Rotation DIgital Computer (CORDIC) algorithm, 

pipelined-CORDIC algorithm, polynomial-based 
approach, ROM-based scheme, and the recursive 
function generators. For small lengths such as 64 up 
to 512, ROM-based is a better choice. 
 
D. Delay-feedback Structure 
In order to reuse the existing hardware, the delay 
feedback is used. The delay feedback mechanism 
provides a solution where the first input to the 
butterfly is delayed until the second input is 
presented, after which the calculation can proceed. 
This done by accepting part of the data stream into 
the butterfly elements, but instead of computing on 
the block, it is redirected to a feedback delay line by 
mean of multiplexers. By the time, the data appears 
again at the input of the butterfly. First-in First-out 
shift register is used to implement the delay-feedback. 
 
E. Control Unit 
Radix-22 control unit is very simple. A log2(N) 
counter is used to switch the butterflies between 
modes. It also used as address to ROMs in order to 
pick the twiddle factors. The DSP48E are a DSP 
slices introduced by Xilinx and available in Virtex-4 
and Virtex-5 FPGAs. It has been used to implement 
the Adders, subtractors, control unit, and complex 
multipliers. 
 
DSP48E slices provide reduced overall power 
consumption, increased maximum frequency, and 
reduced setup plus clock-to-out time. It can 
implement 25x18-bit multipliers, with add, subtract, 
accumulate, and bit-wise logic features. These slices 
have optional connections between the multiplier and 
adder/subtractor units inside it; this saves the routing 
resources, and increases performance, because all 
connections are in the DSP slice[1]. 
 
In order to save the registers in the FPGA, the 
pipelining of multipliers and Adder/subtractor units 
was made also by mean of DSP48E. We chose the 
two’s complement format to represent the signals in 
digital domain due to its ability to handle negative 
numbers inherently without an extra sign bit. Positive 
and negative numbers can be distinguished by the 
most significant bit of the given number. 
 
F. PROPOSED CORDIC-BASED FFT 
The overall structure of the proposed CORDIC-based 
FFT processor model is shown in Figure 7. The entire 
model is made of the address generation unit, the 
control unit, the dual port RAM unit, the 4-point 
butterfly unit and the CORDIC twiddle factor 
generation unit. This model is characterized by 
setting the parameter, sampling points and the 
accuracy to meet the actual needs.  
 
The FFT processor presented here is based on radix-4 
DIT algorithm in which the in-place computation is 
utilized to achieve an efficient use of the memories. 
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To perform these operations concurrently, a dual-port 
RAM has been employed. The control unit involves 
the timing control of the data storage, reading and 
writing to make the corresponding data and rotating 
factor coefficient flow into the butterfly and CORDIC 
computing unit in sequence in FFT operation. Data 
and addresses of the ‘twiddle factor’ can be easily 
generated by the counter. The address generation 
logic is very simple and does not limit the throughput 
of the system[2]. 

 

 
Figure 6. Proposed CORDIC -based FFT architecture [2]. 

 
G. Module CORDIC 
The CORDIC processor performs the vector rotation 
to compute a set of trigonometric functions. The 
principle idea of the CORDIC algorithm is to 
decompose a rotation into a sequence of micro-
rotations. The pipelined CORDIC arithmetic unit can 
be obtained by decomposing the CORDIC algorithm 
into a sequence of operational stages. 
 
The CORDIC method can be employed in two 
different modes, known as the rotation mode and the 
vector mode. In this paper, one uses x and y to 
represent the real part and imaginary part of input and 
output vectors. In the rotation mode, the co-ordinate 
components of a vector and an angle of rotation are 
given and the co-ordinate components of the original 
vector are computed after rotation by a given angle In 
the vector mode, the co-ordinate components of a 
vector are given and the magnitude and angular 
argument of the original vector are computed. 

 

 
Figure 7.CORDIC unit architecture [2]. 

 
H. FFT Butterfly Processor 
The butterfly computation is the basic operator of an 
FFT processor. The operations of four complex 
additions and three complex multiplications need to 

be performed in each sequence of the radix-4 
butterfly processor. Complex multiplication by 
twiddle factor can be replaced by the pipelined 
CORDIC algorithm. The complex multiplication is 
then transformed to CORDIC iterations in which only 
the adder and the shifter are used. In general, since 
the multiplication is much more expensive in term of 
computer operations than addition, the CORDIC 
method generally offer also considerable savings. In 
addition, the hardware consumption can be reduced 
significantly by using theCORDIC unit. The output 
of each 4-point FFT is a linear combination of four 
signal sampling subsequences which are rotated and 
scaled by a K factor. This procedure will repeat 4 
logN times. 

 

 
Figure 8.Proposed 4-Point Butterfly FFT architecture [2]. 

 
IV. APPLICATIONS 

 
1. In analysis and implementation of digital 

communication systems. 
2. Television terrestrial broadcasting systems 

such as the xDSL (de)modulator. 
3. Phase correlation system. 
4. Mobile receiver. 
5. Fault characterization and classification. 
6. Radar. 
7. Medical Imaging 

a. X-ray computed tomography (CT). 
b. Magnetic Resonance Imaging 

(MRI). 
 

V. CONCLUSION 
 
In this paper Radix-22 FFT processor architecture is 
studied. For generation of twiddle factor CORDIC 
algorithm is used. Various parts of FFT architecture 
such as BFI, BFII, Control Unit, Delay-Feedback 
model are discussed. In the next phase of this paper 
actual Implementation of FFT processor on FPGA 
will be done using Verilog. 
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