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Abstract 
 

This paper presents review on different pipelined FFT architectures and proposes a new pipelined FFT architecture with twin parallel 

processing after second stage. The proposed architecture follows a novel data flow path, Twiddle factor generation and multiplication is 

implemented by multiplier and shift registers. The first two stages are implemented by multipath pipelined form after that it follows twin 

parallel form. The twin parallel form consists of two pipelined units simultaneously generates FFT output values. This architecture reduces 

latency in a greater extent with a smaller cost of hardware. The proposed architecture compared with previous architectures. The proposed 

architecture is implemented for Radix-2 and Radix-22 DIF FFT. The throughput of proposed architecture is four. 

 
Keywords: FFT; Twiddle Factor; Pipelined; Radix-2; Radix-22; DIF; Latency. 

 

1. Introduction 

2. Introduction and literature review 

Discrete Fourier transform (DFT) is widely used in the field of com-

munication, signal processing and image processing. The basic 

equation of DFT for an N point sequence is  

 

X[k] = ∑ x[n]WN
kn 0 ≤ k ≤ N − 1N−1

n=0   

 

The major computations for calculating DFT is additions and mul-

tiplications with twiddle factors, so direct computation of DFT re-

quires computations proportional to N2. In the past years Cooley 

and Tukey proposed the fast Fourier transform (FFT) algorithm [1] 

to find DFT in an efficient manner, it  

was popular in 1965. There are two main important algorithms of 

DFT are Decimation in frequency (DIF) and Decimation in time 

(DIT). In case of DIF FFT out sequence is decomposed into even 

and odd components whereas in DIT FFT input sequence is decom-

posed into even and odd samples. 

The Decimation in frequency (DIF) FFT data flow graph for 8 sam-

ple values are shown below. The basic DFT equation can be written 

as 

 

X[k] = ∑ {x[n] + (−1)nx [n +
N

2
]}WN

kn
N

2
−1

n=0  〗 

 

The output samples divided into even and odd samples according 

to the following equations 

 

X[2k] = ∑ {x[n] + x[n + N/2]}WN/2
kn

N

2
−1

n=0   

 

X[2k + 1] = ∑ {x[n] − x[n + N/2]}WN/2
kn

N

2
−1

n=0   

There are N log_2⁡N adders and 〖N/2 log〗_2⁡N multipliers 

 

 
Fig. 1: Radix-2 DIF FFT Architecture. 

 

The DIT FFT is decomposed based on the following equations  

 

X[k] = ∑ x[2n]wN
2nk + wN

k ∑ x[2n + 1]
N

2
−1

n=0 wN
2nk

N

2
−1

n=0   

 

From this equation for computing N point DFT, first find the N/2 

point DFT of even samples and N/2 point DFT of odd samples and 

add the results will form a butterfly structure.  

The main important components in the realization of FFT is adders, 

multipliers, adders are required for each stage whereas multipliers 

are for multiplication with the twiddle factor. 
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The twiddle factors are multiplied after each stage of butterfly ar-

chitecture in Radix-2 DIF FFT architecture. The flow of data is 

from left to right. Radix-2 FFT architectures generally twiddle fac-

tor multiplication is done after every stages so that more number of 

multipliers are required. Radix-22 DIF FFT architecture for every 

two stages one stage twiddle factor multiplication is done shown in 

fig 2 below. 

 

 
Fig. 2: Data Flow of Radix-22 DIF FFT for N=16. 

 

For VLSI implementation of FFT pipelined architectures are very 

essential. The efficient pipelined architectures reduces hardware 

and effectively utilizes the hardware during this process Latency 

plays very important role. Latency is how many clock cycles are 

required after pumping all data values to the pipelined architectures. 

This paper proposes a new FFT architecture with twin parallel pro-

cessing after second stage which reduces Latency in a big extent 

due to increase in hardware components. 

The rest of the paper is organized as follows. Section II reviews the 

different pipelined FFT architectures. Section III provides proposed 

twin parallel architecture followings from second stage Section IV 

describes the simulation results and comparisons with recent work 

that has been done, section V provides the conclusion of the paper. 

3. Different pipelined FFT architectures 

Radix-2 Multipath Delay Commutator (R2MDC): 

Radix -2 multipath delay commutator is one of the popular ap-

proaches for pipelined implementation of FFT [2]. it uses single 

butterfly elements and commutators between the stages. Commuta-

tor and multiplexer switches corresponding input to butterfly. 

Radix-4 Multipath Delay Commutator (R4MDC): 

Radix-4 multipath delay commutator is one of pipelined implemen-

tation of FFT [2] similar to R2MDC. The number of stages are less  

Radix 4 single path delay Feedback (R4SDF):  

Radix 4 single path delay feedback FFT architecture [3] is one of 

the feedback architecture uses shift register similar to R2SDF but 

in radix-4 format. This architecture utilizes the multipliers in more 

efficient manner. 

Radix 2 single path delay Feedback (R2SDF):  

Radix 2 single path delay feedback FFT architecture effectively uti-

lizes memory. The architecture consists of shift registers to store the 

data output from the butterflies.  

Radix 4 single path delay commutator (R4SDC): 

Radix 4 single path delay commutator is one of the simplified ar-

chitecture for FFT [5]. It has only complex adder with programma-

ble control by commutator for each and with an advantage of higher 

multiplier utilization and less memory requirement.These are the 

standard Pipelined FFT architectures each architecture has its own 

data flow path. Recently Pipelined FFT architecture with reduced 

latency is very familiar, architecture [14] proposes Pipelined Archi-

tectures for Real-Valued FFT and Hermitian-Symmetric IFFT, and 

this reduces the latency in great extent and architecture [15] con-

centrates more on Latency of the data flow  

By using the twin data Streams.  

4. Proposed twin parallel architecture after 

second stage 

The proposed architecture for Radix-22 DIF-FFT is shown in figure 

3. In which first two stages are designed by multipath delayed ar-

chitecture, from the second stage onwards splits the structure into 

two parallel form which raises the throughput into four. In this ar-

chitecture F0, F1, F2, F3, F4, F5, F6, F7, F8 are the First in First 

out (FIFO) memory units which consist of Read(R) and Write (W) 

signals. These signals are controlled by a controller. In DIF-FFT 

data elements are taken in Normal order and output are generated 

in bit reversal order. Beginning from the first stage which consists 

of Butterfly and a FIFO, at beginning FIFO writes first eight data 

elements by control write signal from the controller and from the 

next cycle FIFO starts reading by Read enable, after eight clock cy-

cles from begging butterfly1 generates two outputs. BF is the but-

terfly unit in the figure. The butterfly unit at beginning generates all 

the sixteen data output elements in this eight values are stored in 

FIFO’s after first stage. After generating first eight data elements. 

The FIFO’s after second stage stores running data of Twiddle fac-

tors are multiplied after second stage of pipelined architecture by 

twiddle factor generation unit which consists of multiplier and shift 

register unit. During the first eight output values from stage 1 the 

twin parallel architecture has two parallel units for the first unit the 

twiddle factor coefficients are {0, 0,0,0} and for second unit twiddle 

factors are {0,4,2,6} butterfly II after 2 clock cycle’s reads to the 

next twin parallel unit which generates four outputs in a clock cycle. 

For the 16 Point FFT, upper unit generates X(0) , X(8) and lower 

unit generates X(2) , X(10) . During the next clock cycle X(4) 

,X(12) and X(6),X(14) depending on selection of multiplexer and 

FIFO read and write signals which is under controlled by a control-

ler. The remaining eight output values are generated by taking data 

flow values stored in FIFO after first stage .theses values read from 

FIFO to butterfly by selecting selection signals of multiplexers. 

Similar control signals are generated by the controller after next 

clock cycle to obtain remaining eight output values. 

 

 
Fig. 3: Radix 22 DIF- FFT twin Parallel Processing after Second Stage for 

N=16. 

 

The proposed twin parallel architecture after second stage up to 

stage 2 of the architecture hardware components are less after stage 

2 onward hardware components are doubled due to this parallel 

units data flow in two parallel ways as a result throughput increases 

to 4. 

5. Control unit 

The control unit controls signals of FIFO’s, Multiplexers and twid-

dle factor multiplication. It generates FIFO read and write signals 

selection signals of the mux.  
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Fig. 4: Controller. 

 

Figure 4 shows the controller for the figure shown, for a given input 

of reset and clock controller generates read, write, selection of mul-

tiplexer and twiddle factor signals.  

The timing diagram for the controller for the figure is shown in fig-

ure 5 

 

 
Fig. 5: Timing Diagram of Controller for N=16. 

 

In this figure R0 is the read enable of FIFO F0, w1 is write enable 

of FIFO F1 and F2 after first stage. During the first eight clock cy-

cles F0 write the data from x(0) to x(7) after next cycle on wards 

controller enables read R0 it reads first input value of x(0) and other 

side running data is x(8) after x(7) ,so x(0) and x(8) processed 

through butterfly unit which consists of two complex adders and 

generates two output values these are stored in two FIFO’s of F1 

and F2 and S0,S1 is the selection signals for the multiplexers after 

first butterfly unit. During the four clock cycles from 9 to 12 S0 

made to zero it writes from one end butterfly unit and other end F2 

writes the data. After completion of 12 clock cycle the generated 

output is ready to process from butterfly after first stage, FIFO read 

signal for F1 and F2 is R1 is enabled. The data in F1 is reads into 

butterfly unit at that time s1 is ‘0’ selects running data processed 

through butterfly in second stage generates two output values stored 

in FIFO’s of F3 and F4 by enabling write signal w2 for two clock 

cycles. in the same duration from 13 to 16 signal S0 is ‘1’ that is 

data in FIFO F2 is reads into F1 , the running sum is stored in FIFO 

F2. This structure is designed for effective utilization of storage. 

After first butterfly stage 8 storage spaces are only there. Similar 

structure for last stage but it has two butterfly units, so it will give 

four outputs in a clock cycle. During the16th cycle butterfly 5 gen-

erates X (0),X(8) and butterfly 6 generates X(2),X(10). Next cycle 

it generates another [4] output values. To generate remaining 8 out-

put values enable S1 to ‘1’. then the last 8 output values of first 

stage butterfly processed in similar fashion as already shown for 

getting another 8 values it will takes further 5 clock cycles. The 

overall latency for N=16 is [6] for N=32 latency is 14 and latency 

for N=64 is 30. Commonly for N an point FFT latency is 
𝑁

2
− 2. 

Butterfly Unit: 

Butterfly unit is radix-2 simple unit consists of two complex multi-

pliers shown in figure 6 below 

 

 
Fig. 6: Simple Two Point Butterfly. 

 

Twiddle-factor multiplication Unit: 

The twiddle factor multiplier unit is constructed by a multiplier and 

shift registers, here multiplier one input is running data stream and 

another input is twiddle factor coefficient in decimal fixed point 

representation. Initially conversation from fractional form to deci-

mal by multiplying with the number 10 if only one decimal value is 

considered if two decimal points considered multiply with the num-

ber 100 .  

 

 
Fig. 7: Twiddle Factor Multiplier Unit. 

 

In figure 7, shift register generates division operation. 

Radix-2 N=8 FFT there are four twiddle factor are For 𝑤8
0 and 𝑤8

2 

no multipliers are required because 𝑤8
0 = 1 and 𝑤8

2 = −𝑗 multipli-

cation by –j with a complex number results real part becomes neg-

ative of imaginary and imaginary part becomes real part, for 𝑤8
1 =

0.707 + 𝑗0.707  and 𝑤8
3 = −0.707 − 𝑗0.707  multiplication with 

0.707 is required .The incoming data requires multiplication with 

0.7 that is after truncation, for that there is technique first multipli-

cation by seventy and divide the resultant by 10. Division can be 

done by shifting operation. 

 

Example: 10*0.7=7 

 

First 8-bit representation of 10 is 00001010  

Multiplication 10 with 7 results 70 binary format 01000110 right 

shift by four ,five and six units results 00000100, 00000010 and 

00000001 addition of these three number results 00000111 which 

is equivalent to 7 so the multiplier unit in fig 8 gives the approxi-

mate and multiplication result with 0.7. 

Multiplexers switching 

The multiplexer switching unit after each stage is designed for ef-

fective utilization of memory and pipelined implementation  

 

 
Fig. 8: Multiplexer Switching Unit. 

 

The two multiplexers are having two selection lines of s1 and s2 

and storage capacity of each FIFO after first stage computations is 
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four. So to store and propagate the values a switching mechanism 

is developed. 

Initially , s1 is ‘0’ stores four values F1 and F2 fills 4 data values 

after fourth cycle F1 pumps data to next butterfly and F2 reads data 

to F1 and writes running values simultaneously for effective utili-

zation of hardware. 

6. Simulation results and comparisons 

The simulation results for twin parallel processing after the second 

stage with RTL Schematics are shown in Figure 9  

 

 
Fig. 9: RTL Schematics of Proposed Method for N=16. 

 
Table 1: Comparison of Hardware Components for N Point FFT 

Architecture Multipliers Adders Latency 

Radix-2 [11] 𝑙𝑜𝑔2 𝑁 − 3  4𝑙𝑜𝑔2 𝑁  N 

Radix-23 [14] 𝑙𝑜𝑔8 𝑁 − 1  2𝑙𝑜𝑔2 𝑁  3
𝑁

2
-1 

Radix-2 [15] 𝑙𝑜𝑔2 𝑁 − 3  2𝑙𝑜𝑔2 𝑁  3
𝑁

2
-6 

Radix-23 [15] 2(𝑙𝑜𝑔8 𝑁 − 1)  2𝑙𝑜𝑔2 𝑁  3
𝑁

2
-6 

Radix-2 [16] 4𝑙𝑜𝑔4 𝑁 − 4  4𝑙𝑜𝑔4 𝑁 + 4  3
𝑁

4
− 1  

Proposed 

Radix-2 
2𝑙𝑜𝑔2 𝑁 − 4)  4(𝑙𝑜𝑔2 𝑁 − 1)  

𝑁

2
− 2  

Proposed  

Radix-22 
4(𝑙𝑜𝑔4 𝑁 − 1)  4(𝑙𝑜𝑔2 𝑁 − 1)  

𝑁

2
− 2  

 

The proposed method is compared with several existing architec-

tures from [x] [y] [z]. The latency of the proposed architecture is 

low because of twin data flow streams as we are used in this archi-

tecture but a small cost of hardware. The number of complex adders 

for both Radix-2 and radix22 is same for N=16 number of butterfly 

units are 6 and each butterfly consists of 2 adders. Total 12 complex 

adders are required, similarly for N=32 8 butterfly units are required 

and total 16 complex adders are required. Commonly we can repre-

sent for N data values 〖4(log_2〗⁡N-1) complex adders are re-

quired. The complex multipliers for the proposed architecture with 

Radix-2 N=16 is 3, commonly for N values 〖2log_2〗⁡N-4 are 

required and for Radix-22 N=16 is 4, for N data values is 〖4(log_4

〗⁡N-1). Table I represents all the comparisons of hardware com-

plexity of the proposed architecture with several previous architec-

tures.  

 
Table 2: Synthesized Results 

Type Reg  Luts DSP48E Power(mw) 

Radix-2 119 311 8 251 
Radix-22 90 317 16 122 

 

Table II represents the synthesized results of proposed architecture 

for N=16 on vertex-6 XC6VLX75T device.  

7. Conclusion 

This paper has presented a new architecture for implementation of 

FFT based on multipath twin parallel units after second stage of 

FFT flow graph. The proposed architecture has combination of se-

rial as well as parallel architecture. This proposed approach reduces 

latency of overall process compared to existing methods. A new 

data flow path for FFT implementation is proposed in this paper. 

The proposed architecture uses more hardware after second stage 

and it has effectively utilizes the hardware. The throughput of pro-

posed architecture is the number 4.  
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