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Abstract. Implementation of Fast Fourier Transform with optimization of adder
and multipliers is very important in FPGA implementation. There are many par-
allel and pipeline techniques were existing for optimizing the subcomponents.
This paper presents a new hybrid pipelining architecture, which optimizes the
multipliers. It is a dedicated design of real inputs, which is used in many practical
applications. The design consists of single processing units for all the stages except
the second stage. The memory required for the twiddle factors storage given by
the linear life time chart and the analysis of data flow graph gives the optimized
result of hybrid pipeline at the stage of insertion.We use ip-core multipliers for the
multiplications of twiddle factors in the proposed method. The performance of the
proposed method is compared in terms of power consumption which is reduced
by the 20% of the existing techniques.
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1 Introduction

Implementation of DSP applications on FPGA is one big area, in which much research
work has been carried from the past decade. The real challenge is optimization of sub
components. The implementation of FFT is the major problem of complexity so to
challenging this, the number of multipliers and adders to be reduced. The applications
of FFT includes in communication especially in cognitive radio [1, 2], in which pipelined
FFT designs are necessary to reduce the hardware. The challenge in pipelined designs is
delay, which hasmore delay. This ambiguitymentioned in [3], which is highly preferable
and promising solutions were clearly explained in detail. This was a big solution for
implementing higher order FFT.

One very important application of FFT is EEG, in which the main data input is real
in nature. The RFFT has an advantage of eliminating number of computations and also
improving processing speed. This is because of the symmetry property of the FFT and
folding technique for optimizing the resources. The main modules in FFT implemen-
tation are adders in butterfly unit and multipliers for twiddle factor multiplication. FFT
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designs with optimized resources addressed in [3, 4] , these designs are pipelined designs
which optimizes the resources in only one direction.

Storage is also one big factor in pipelined designs, [5] proposes an improved efficient
storage FFT design and in [6] proposes FFT design with low latency high throughput.
RFFT optimized designs was presented in [7, 8] , which is mainly optimized in the sense
of hardware in FPGA. The controller guide the all themodules in order to achieve a serial
FFT output. The other important considerations in the design of FFT is twiddle factor
multiplier which is addressed in [9, 10]. The cardiac rotation is one approach for effective
twiddle factor multiplication. In [11], authors present UMA algorithm for multiplier
which was very effective for FFT implementation. This subcomponent minimization is
one big consideration in FFT implementation.

TheFFTdesigns [12, 13] implemented are effective because of bit reversal operations
performed in design itself. In [14] authors proposed a design which resource efficient
in FPGA that is LUT’s, FF pairs and other slice registers. In [15] authors presents FFT
design with novel bit reversal module at the final stage for getting original output. The
FFT module [16] gives the frequency measurements on FPGA. The overall literature of
the FFT gives a way to further optimization. In[17–20] authors presents the pipelined
FFT that is mixing of parallel design and pipelined design , which is a comprisable
design between the power and latency and very effective for higher order FFT designs.

The literature review concludes that the reducing the power consumption increase
the latency and vice versa.Most of the pipelined designs are fixed number of components
in each stage, but there is further optimization possible at intermediate stages of FFT.
The proposed design is hybrid pipelined design with two processing units in order to
increase the speed of processing. This design implemented using ip core multipliers
gives best results comparing to existing methods.

2 Implementation of FFT

RFFT is the FFT for real inputs which is designed using DFT’s conjugate symmetry
property, which reduces approximately half of the computations because of symmetry
in output samples. The RFFT architecture for 16 samples using R-22 is shown in Fig. 1.
The property is shown in equation 1, by this property complexity reduced at the output
stage.

X (K) = X ∗ (N − k) (1)

3 Design Optimization

The existing architectures are 1 parallel, 2-prallel and severalmulti parallel designswhich
are standard designs where pipelining done in one way each parallel stage. Figures 1 and
2 shows the 1-paralle and 2-parllel designs. In these designs PU represents the processing
unit, which generates the butterfly units of 2 inputs and gives 2 outputs. 1-paralle design
consist parallel unit in each stage which increase the delay but equipment cost reduced.
This delay effect the overall system performance. The two parallel designs compute the
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Fig. 1. 16- point FFT for Real signals.

2- parallel design shown in Fig. 3 which is comprisable design of power and reduces
the latency, so in order to improve the performance of the overall system for power and
latency. This paper presents the hybrid pipelined FFT design which comprisable design
between power and latency. This design has an advantage of low power and low latency.
Further increase of order gives the better performance.

The advantage of 2-parallel design is number of processing units and the multipliers
are little and whereas for 4-parallel design is its delay is low. Further increase of parallel
architecture will reduce the further latency. This parallel unit increase up to the order
of the FFT. These pipelined methods are traditional and common for all the different
architecture. The proposed method is hybrid pipelined method more focus on RFFT.
Pipelining is necessary when the processing units are limited, here additional processing
unit at the second stage increase the speed of processing at second stage. This reduces
the overall latency of FFT module which is very important for wireless applications.

The propose hybrid pipelined FFT design for 16 points is shown in Fig. 4, in which
PU represents the processing units. The processing is the mainly 2 input butterfly units
which consist of two complex adders parallel compute the two samples at time in a stage.
Stage 1 consists of one PU unit whereas stage 2 consists of two PU units which produces
4 samples at a time so that no delay in the stage-2.

In general latency of 1-parallel design for computing overall FFT output is 3N/4-1,
the latency decrease when more parallel stages are included at the intermediate stages
of the FFT. Each stage of pipelining additional delay includes because of reusing the
same module for more samples. Inclusion one additional PU unit reduces the Latency.
The crucial part in this design is selection of the stage where additional PU unit includes
for reducing latency.
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Fig. 2. 1-Parallel design of 16-values.

Fig. 3. 2-parallel design of 16-values

Lat=3N/4-1 is the expression of latency for 1-parallel design which is the overall
latency of the architecture, if parallel unit is included in second stage then Lat_2 is the
latency. Latency will be reduced by a factor of N/8 if we include 1-parallel unit in second
stage and it will be reduced by N/16 for the inclusion of 3rd stage. The hybrid pipelining
is the optimized solution helps us to reduce this latency by a factor of 5N/8-1 for being
inclusion of 1-paralle stage. The proposed design follows the hybrid pipelining and also
ip core multiplier for twiddle factor multiplication. Here memory is the FIFO for writing
and reading the intermediate values at each stage of the output.

4 Design Optimization Using Folding Transform

The folding transformation to minimize the hardware cost for 2-parallel, 4-parallel and
twin parallel processing is analyzed in section 2 & 3. In this section the folding trans-
formation is applied to the new pipelined FFT architecture in order to optimize the
hardware. Consider the DFG of the hybrid pipelining parallel processing architecture is
shown in Fig. 4.

The data paths from set of nodes P to Q are splitting section and from Q to R, Q1
to R is the merging section. Section 3 will gives the elaborated analysis of the splitting
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Fig. 4. Theme of hybrid pipelining FFT design

section in which merging analysis is also described. The folding sets corresponding to
DFG is P is the set of nodes corresponding to first stage, Q, Q1 are the set of nodes in
splitting section, R is the set of nodes in merging section. The folding transformation
for this architecture at merging section is applied using the equation. The negative delay
paths are retimed using the retiming equation, by adding one delay in the path of the
nodes the resultant of modified data flow delay shown in 3rd column in the equation.

P = {P0,P1,P2,P3,P4,P5,P6,P7}
Q = {Q0,Q1,Q2,Q3} Q1 = {Q10,Q11,Q12,Q13}
R = {R2,R3,R4,R5,R6,R7,R0,R1}
S = {S1,S2,S3,S4,S5,S6,S7,S0}.

Consider the Linear life time chart at merging section that is shown in Fig. 5. The set
of input nodes are Q and output nodes R in the margining section. The folding sets are
shown in figure, here Q has two sets of nodes that Q andQ1, because it is splitting section
there are two parallel processing units are induced in the architecture. The folding set R
is the merging section in the architecture.

The outputs of Q and Q1 are a0,a1,-----a15, {a0,a4} generated in 12th cycle a0 is
utilized in 14th section ,a4 is utilized in 16th cycle, it shows that there is some latency
because ofmerging section. The complete generation and utilization of all the outputs are
shown in Fig. 5. This shows that themaximum registers required to store the intermediate
values is 8, in FIFO based design it is FIFO of storage size 8 is the required one. In this
architecture total FIFO’s each of size 2 is used.

The FFT architecture for real valued signals is efficiently designed by eliminating the
redundant data paths in the dataflow graph (DFG). The radix-22DIF FFTwith redundant
data paths are shaded is shown in Fig. 5, these paths are eliminated and Fig. 7 depicts
the resultant flow graph.

The redundant data paths are removed in DFG of Fig. 7, it shows that half of the
output nodes are reduced. The Linear life time chart at the merging section of RFFT is
shown in Fig. 8. It shows that at merging section, 6 registers are required. In the FIFO
based desig)ns, FIFO of size 6 is required at merging stage of RFFT.
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Fig. 5. DFG of 16-point pipelined design with hybrid pipelining parallel processing

Figure 9 depicts the architecture of 16-point FFT for real valued signals by means
of split merge parallel processing unit. Radix-22 DIF FFT data flow style is used for the
design of this architecture. In which splitting section included in stage -2 and merging
at stage-3. The splitting section consists of two 2-parallel butterfly units (BU2) and
from merging section it is one only. The latency of this design is low compared to
CFFT, because of this optimized design Latency and hardware are low compared several
architectures.
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Fig. 6. Linear Life Time Chart at merging section

The proposed hybrid pipelining design of 16 point FFT is shown in Fig. 9. It consists
of four stages and each stage has one BU unit except the second stage where hybrid
pipelining is included. Two input multiplexers are included between intermediate stage
where pipelining is required in order to guide the correct input to the next stage. The
FIFO unit at first stage stores 8 samples. In second stage two FIFO’s with storage of 4
is required. The twiddle factor multiplier are included after stage 2 and the coefficients
are as follows (0, 2), (4, 6), (0, 1) and (2, 3). Latency comparison of hybrid pipelining
technique with the existing technique is shown in Table 1, it indicates that 50 percent
reduction in latency of RFFT compared to 1-parallel design and 20 percent reduction in
PU units compared to 2-parallel design.

5 Simulation Results

The proposed designs are implemented on Vertex-7 AMD VIVADO tool. The FFT
design was implemented using ip core multiplier in vivado and the detailed synthesized
results shown in Table 2. The proposed hybrid pipelining technique for real valued signal
achieves better power efficient results compared to existing techniques.
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Fig. 7. DFG of 16-point pipelined design using hybrid pipelining parallel processing units

Fig. 8. Linear Life Time Chart at merging section for RFFT
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Fig. 9. 16-point pipelined FFT architecture using hybrid pipelining parallel processing for real
signals

Table 1. Latency comparison of pipelining architectures

Design Type Delay(cycles) Total PU Units

1-Parallel Design 1 2 1 4 1 2 1 12 4

2-Parallel Design 1 2 1 4 7

Proposed hybrid pipelining
(CFFT)

1 2 1 2 1 2 1 10 5

Proposed hybrid pipelining
(RFFT)

1 2 2 1 5

Table 2. Comparison of synthesized results

Type of design Slice registers Slice LUTs Power(mw) Execution time (ns)

Floating point FFT [16] 420 726 42 3.1

Reconfigurable radix-22
FFT s [14]

340 629 30 --

FFTwith MUMA [12] 317 565 25 --

FFT using IP core
multiplier

305 536 22
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6 Conclusion

A new hybrid pipelined FFT architecture is proposed in this paper, which is optimized
for real valued signals. The multiplier in the resultant design was implemented using
IP core multiplier. The results show that FFT with ip core multiplier gives better power
efficiency compared to existing methods. This architecture is preferred for the imple-
mentation of higher order FFTs because it consumes less power compared to other
existing architectures, especially for higher order FFTs. In future these designs can be
implemented for DSP applications like DCT.
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