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Abstract

In this paper, high performance Fast Fourier Transform (FFT) processor is
designed based on CORDIC algorithm and implemented on FPGA. CORDIC
can increase the performance of FFT processor by replacing trigonometric
functions using vector rotations. CORDIC algorithm uses shift-add procedure
to calculate the trigonometric functions with this procedure it eliminates the
memories for storing twiddle factor values. Based on DIF procedure FFT
processor is designed by using verilog hard ware description language and it is
dumped into spartan3E FPGA by using chipscope.
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Introduction

Fast Fourier Transform (FFT) is widely used in digital applications especially in
communication systems. An FFT plays an important role in the communication
systems, which occupies most of the hardware complexity. Due to huge demand in
higher data rates in digital communications requires large-point FFTs such as 1024
,2048,4096 etc. An FFT is designed with complex multiplier which is equal to two
real adders and four real multipliers and ROM is for storing the twiddle factors. The
Read Only Memory occupies most of the chip area, also consumes more power and
reduces the speed because ROM size increases with large-point FFT's. Hence reduces
the performance of FFT in terms of hardware consumption, power consumption, and
performance.

The Co-ordinate Rotation Digital Computer [2] is a trigonometric algorithm, which
makes simple to computes trigonometric functions by using vector rotations. This
algorithm is used to compute trigonometric functions such as arctangent, cosine, sine,
sinh, cosh, tanh, In and exp. CORDIC algorithm is used in many applications because
it uses only primitive operations such as shifts and additions to implement more
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complicated logics. CORDIC is a method which is alternate to replace the butterfly
operation without using any conventional multiplier. CORDIC architecture is very
robust and hardware efficient since it requires only add and shift operations, which is
suitable for the twiddle factor multiplications in butterfly operations. Instead of
storing the actual twiddle factor values in ROM, the CORDIC based FFT processor
[3] requires only the twiddle factor angles to be stored in ROM. Additionally the
CORDIC based butterfly architecture can be faster than the conventional multiplier
based butterfly architecture in VLSI implementations [4]. This paper is organized as
follows: Section-1 gives the introduction of CORDIC algorithm and FFT. Section-II
describes about the 16-point radix-2 FFT algorithm [5]. and Section-1ll describes
about CORDIC algorithm. Section-IV gives the information about the results of FFT
using Cordic algorithm[6].

16-Point Radix- 2 FFT

The Cooley-Tukey algorithm [7] is a most widely used FFT algorithm which was
published in the year 1965. The idea of the FFT algorithm is to divide the N-point
DFT into N/M point DFTs, if M=2 then it is split into two N/2 point DFT’s [10]. This
is known as the radix-2 point DFT. Similarly, we have radix 4, 8, 16 & ...etc. The
Cooley and Tukey presented the efficiency and simplicity of the DFT computation by
divide and conquer approach. With this approach FFT computation was widely
accepted. The idea of the Cooley-Tukey algorithm is to divide the larger FFT into
smaller FFT’s.

The N-point Fast Fourier transform (FFT) X (k) is defined as:

X(K) =Z¥z2xmWN™0 < K < N-1---- 0

where the twiddle factor W™ is given by,

WNnk —e —j2nnk/N

x(n) is the input sample and X(K) is output sample.

The odd and the even samples of the FFT are calculated using the DIF radix-2 FFT
Algorithm [9].The Even samples of the FFT X[K] are given by the equation,

N/2-
X(2r) = ZM ) + x( + 1) - )

The odd samples of Fast Fourier Transform represented as X[Kk] and it is shown in
equation below,

X(2r+1) = Z:;;:H(x(tﬂ - x(n +§)]WN n---- (3)

Wherer=0,1,2,3.......... (N2 -1)
The below figure describes the 16 point FFT diagram implemented using DIF
method
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Figure 1: 16 point FFT Butterfly Architecture
CORDIC Algorithm

The CO-ordinate Rotation Dlgital Computer (CORDIC) [8] is a efficient and high
performance “shift-add” algorithm to compute the wide range of functions such as
trigonometric equations, logarithmic, hyperbolic equations and linear. It is commonly
used for the replacing the hardware multiplier. Vector rotations are used for
converting the polar to rectangular and rectangular to polar conversion. It was first
introduced by Jack Volder in 1949 based on the observation, that if we rotate a vector
(1, 0) by an angle ¢ then its new vectors will be at { sin ¢, cos ¢} .

The vector rotation is defined as:

x’ =x.cos ¢ —y.Sin ¢

y’ =y.cos ¢ +X.Sin P

On rearrangement of the terms we get:

x’=cosd [X—-y.tan o ]

y=cosp[y+tXx.tano ]

Still the equations are complex due to the presence of trigonometric functions. The
rotation angles have been restricted to values such as tan ¢ = + 2, the multiplication
of the tangent have been simplified by using simple shift operations. Hence, the
arbitrary angles can be computed by performing a series of rotations. On every
rotation, the direction of rotations is done by obtaining the difference between the
actual angle and the rotated angle. Mathematically the equation is given as shown
below. _

Xi+1 = Ki[Xi— Vi . di. 24]

Yis1 = Ki[yi + X . di. 2-I_] )

Where K; = cos(tan™ 27) = 1/v/(1+27%)

d=+1
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The value of di is +1 if the obtained angle is greater than the current angle and is -
1 if the current angle is greater. The value of Ki can be taken as 0.6073 when the
iterations count is large.The CORDIC rotation and vectoring[8] are limited to the
rotation angles between —/2 and n/2. In the first iteration the tangent is limited to 2°.
For angles larger than 7/2, requires an additional rotation.

x'=-d;y=d.x;z’=z+d.n/2whered=+1if y<0 or d= -1, otherwise

F

Y
Z'=(cos0,sinBb)
N
'K/
5]

2=(1.0)

<

Figure 2: Vector Rotation

The CORDIC is operated in two modes. Rotating the input vector by an angle is
called rotation mode. And rotating the input vector according to the x-axis meanwhile
recording the angle which is required to make the rotation is called vectoring mode.

®n W Zn

Figure 3: CORDIC Pipeline Unit
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Stage wise twiddle factor angles which are required for 16-point FFT butterfly
architecture [9] is presented in table 1.

Table 1: Rotational Angles required for four stages of 16 point FFT are given below

Twiddle factor angles

Stage 0 Stage 1 Stage 2 Stage 3
0 0 0 0

/8 0 0 0

2m/8 2 m/8 0 0

3 w/8 2 /8 0 0

4 7/8 4 71/8 4 /8 0

5m/8 4 /8 4 /8 0

6 /8 6 /8 4 1/8 0

7 /8 6 /8 4 1/8 0

Results

Hardware results obtained from Chip-scope pro analyzer for 4 point FFT is as shown
below:

@ Waveform - DEV:0 MyDevicel (XC35250E) UNIT:0 MyiLAD (LA}
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Figure 4: Chipscope Result for 4 point FFT

Table 2: Comparison Results of FFT with Cordic Algorithm and Conventional FFT

Parameter Conventional FFT FFT using CORDIC
Delay (ns) 33.02 14.22
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Chart of Comparison for Existing FFT with Proposed FFT
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Simulation results of conventional 16-bit FFT

Name

:\'5 y1_re[7:0]
B y1_im[7:0]
:\'5 y2_re[7:0]
B§ y2_im[7:0]
:\'5 y3_reD':0']
B y3_im[7:0]
B y4_re[7:0]
B y4_im[7:0]
:\'5 y5_re[7:0]
B§ y5_im[7:0]
B y6_re[7:0]
B§ y6_im[7:0]
:\'5 y7_re[7:0]
B§ y7_im[7:0]
B y8_re[7:0]

= i)

B yE_im[7:0]

Mame Value
B v1_ret5:0]
B v1_im[15:0]
B y2_ret50]
B y2_im[15:0]
B y3_ref15:0]
B y3_im[15:0]
B y4_ret50]
B y4_im[15:0]
B y5_ret5:0]
B y5_im[15:0]
B yo_re[15:0]
B y6_im[15:0]
B y7_re[t5:0]
B y7_im[15:0]
B ya_re[15:0]
B ¥8_im[15:0]
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Conclusion

This paper describes the implementation of FFT processor based on CORDIC
algorithm. Project was implemented by using Verilog HDL and also observed
simulation results for both conventional FFT and CORDIC based FFT. It is proved
that implementation of FFT processor using CORDIC algorithm as improved the
performance which is shown in comparison table. The CORDIC based FFT algorithm
is dumped into FPGA, spartan3E by using Chipscope analyzer and the results is
shown in figure4. The FFT can also be implemented higher Radix Cordic algorithms
and unfolded cordic algorithm.
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