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Abstract—Very large scale integration made a rapid advance in the research area of DSP
in terms of high speed VLSI architecture for real time applications. Numerically intensive
calculations are required for real scientific computations. In these calculations round off
errors and catastrophic cancellation errors occur, that leads to inaccurate results. In order
to control the round off errors and catastrophic cancellation errors interval arithmetic
techniques are used which do not use fixed values but works over an interval of values to
ensure that the exact solution is within an interval. Thus the efficient tool for monitoring
errors is the interval arithmetic method. We propose interval arithmetic
CORDIC(Coordinate Rotation Digital Computer) architectures to efficiently support and
specify the precision to perform interval sine and cosine functions and to guarantee the
correct choice of the bounds of the result with a minimal error for the use of DSP (Digital
signal processing) applications. This paper presents interval arithmetic Cordic algorithms
for computational accuracy of how it works and its implementation using MATLAB toolbox
INTLAB. The results show that the proposed algorithm provides higher computational
accuracy and performance.

Index Terms— DSP, Interval arithmetic, Cordic, MATLAB and INTLAB.

|. INTRODUCTION

The most reliable alternative to the conventional floating point arithmetic is the interval arithmetic. The
approach to bound rounding errors in mathematical computation is interval arithmetic. It is a very powerful
technique with numerous applications in mathematics, computer science and engineering [16][17]. It
corresponds to two values which are represented by lower and upper endpoints of an interval to guarantee
that the true value lies on this interval [6]. The accuracy of the result will be given by the width of the
interval. Inaccurate results cannot be efficiently solved by floating point arithmetic computations [4] but
these can be solved by interval arithmetic which provides a lower and upper bound for each result [5]. It also
allows the interval hardware to take advantage of floating-point hardware and VLSI technology. The
development of the architecture for interval arithmetic double Cordic algorithm [7] gives an improvement in
computational accuracy and an improvement in performance. Numerically intensive calculations are required
for real scientific computations, round off errors and catastrophic cancellation occur leads to inaccurate
results [13][14][15]. In order to control, interval arithmetic techniques are used which do not use fixed values
but works over an interval of values to ensure that the exact solution is within an interval. Thus the efficient
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tool for monitoring errors such as input data uncertainties, rounding errors and approximation errors is the
interval arithmetic [8]. It is used in digital signal processing, digital image processing, communication,
robotics and graphics [3] applications. The Cordic is an approach which is widely used for the evaluation of
elementary functions when the primary constraint is silicon area [1][2]. The implementation offers an
opportunity to calculate all the functions in a simple way with less hardware. It is easy to implement [10]
because it performs only shift and add operations and it is resource friendly. The iterations can be
implemented in firmware or even in software using ALU and general purpose registers in microprocessors. It
is very well suited for VLSI implementation because of its simplicity in its operations. In double Cordic [11]
method the computations are accelerated to converge by duplicating the micro rotation angles to be 26. The
elementary functions are performed using rotation and circular mode [12]. The increasing performance [9]
and reducing latency is a challenge for engineers. Interval arithmetic Double rotation cordic is a suitable
method for improving the performance and reducing latency

Il. CORDIC ALGORITHM

Real time calculation of trigonometric functions by the use of iterative vector rotations is carried out by the
special purpose computer Cordic [1]. The algorithm can be derived from the rotation transform.
x| = x.cosp—y.sing
y!= y.cosd+ x.sind

Rearrangement the terms, this can be given as:
x = cosd [x —y.tand]

y!=cosd [y + x.tan¢]

It is complex to implement the above equations due to the presence of the trigonometric functions. However,
the values such that tang=+27", are restricted to the rotation angles, the multiplication by the tangent can be
simplified as it uses simple shift operations. Thus performing a series of rotations iteratively arbitrary angles
can be obtained. Mathematically, it is given as shown [15].

Xis1=Ki[X; +di.27i] (@))

yis=ki[yi+di2 ] 2)
Where ki -Cos(tan™ 27)=1//(1+2%)

di--+1

If the angle to be obtained is greater than the current iterative angle the value of d;is +1 and is -1 if the current
iterative angle is greater. The value K; =0.607253 is taken to be a constant [12] when the number of iterations
are more. During computing the initial value of x-coordinate is chosen to be at 1 and an initial value of y-
coordinate as 0. At the beginning of the first iteration, by an angle of 45" the vector rotates which gives the
first iteration result. If the angle obtained is greater than the angle (), the next rotation takes place in the
reverse direction, else in the same direction. Finally, after the number of specified rotations, the value of
cos(p) is given by the x-coordinate while the value of sin(p) is given by the y-coordinate.

I1l. INTERVAL ARITHMETIC

The lower bound and upper bound interval end points of an interval X are denoted as xI and xu. A closed
interval X=[ xI , xu] consists of set of real numbers between and including the two endpoints xI and xu (i.e.,
X={x: xl<x< xu}. Then outward rounding is used for computing the interval endpoints. The lower endpoint
is rounded towards negative infinity (V) for outward rounding, and positive infinity (A) for rounding upper
endpoint. The resulting interval encloses the true result from outward rounding

IV. INTERVAL ARITHMETIC CORDIC ALGORITHM

A rectangle is pointed by a set of vectors which corresponds to initial interval vector. The vectors point to a
new rectangle, if a rotation is performed which is also rotated with respect to the axis. As the real rectangle
cannot be represented, so the new set of vectors is enclosed using bigger rectangle. To rotate the initial set of
vectors, the vectors that point to the corners of the rectangle have to be rotated, since the rotation operation is
a linear. On the final solution, to guarantee correct bounds of the errors involved in the computation have to
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be taken into account. Figure 1 shows the proposed Interval arithmetic Cordic algorithm. The equations
carried out by the architecture are.

Xi+1 = X 'Gi.zii.yi (3)
Vi1 = Vi +01.27% 4
Ziy =i —oi.tan 2" (5)
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Figure 1. Interval Arithmetic CORDIC Algorithm

V. INTERVAL ARITHMETIC DOUBLE CORDIC ALGORITHM

The challenge for engineers and scientists is the increasing computational accuracy of Cordic. It is based on
the rotation of vector on the plane. In rotation mode the double rotation Cordic method is accelerated by
duplicating rotation angle 6 to be 28, the degree of parameter is equal to 2.

- 2

Xt | = coszq: 1 - tand 28

Vout tang 1 Vin

The decomposition of the production of n elementary rotation is shown with ¢i = tan """

i

n n : ]
MR[a]=I1 va+2™)| 1 -&2¢
i=1 i=1 &zt a

The main characteristic feature of double rotation method is the high computational accuracy with the small
number of iterations. The constant scaling factor is formulated which is approximately equal to 0.9219. The

maximum and minimum rotation angle is in range of [-0.9885, +0.9885]. The micro-extension rotation for
the double Cordic rotation is given by

-2i-2

Xir1 = X5~ 6,-_ 7 Ni- 2 Xj
s -l -2i-2
Yinn TY¥i+ 8i.2 X; -2 Vi

Zu1=2Z;-01 2. 61
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Figure 2: Interval Arithmetic double CORDIC Algorithm
VI. RESULTS

Performance analysis :The Interval arithmetic CORDIC architecture and its double rotation architecture is
implemented in the working platform of MATLAB (versionR2017a) Simulink toolbox INTLAB. INTLAB is
a MATLAB Toolbox for validating the algorithms. Relative error (RE) is used as a measure of precision. It
is the ratio of the absolute error of a measurement to the measurement being taken. RE is expressed as a
percentage and has no units. The Relative Error analysis is found using the expression.

Relative Error=Actual value- Simulation / Simulation*100 %

TABLE |. RELATIVE ERROR FOR INTERVAL ARITHMETIC CORDIC

Function Degrees Simulation Result Actual result Relative error
Sin 45 0.70722605732570 0.70710678118647 0.000168
Cos 45 0.70698830471054 0.70710678118647 0.000167

TABLE Il. RELATIVE ERROR FOR INTERVAL ARITHMETIC DOUBLE ROTATION CORDIC

Function Degrees Simulation Result Actual result Relative error
Sin 45 0.707102883360547 0.70710678118647 0.000005
cos 45 0.707096759932052 0.70710678118647 0.000014

From table 1 and table 2 it can be seen that the error reduction is more than 90% for sin and cosine functions
for the Interval Arithmetic Double rotation CORDIC than the Interval Arithmetic CORDIC. The relative
error achieved is very small, this indicates that the smallest relative error gives the better performance. And
can be concluded that the Interval Arithmetic Double rotation CORDIC has better performance.

63



The Time and Iteration parameters :
TABLE I1l. THE TIME AND ITERATIONS PARAMETERS.

Parameters Interval Arithmetic Cordic Interval Arithmetic double Cordic
Max iterations 12 07
Execution time 3.236 Sec 2.595 Sec

RE Sin 45 0.000168 0.000005

RE Cos 45 0.000167 0.000014
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Figure 3: Bar-Graph: Time-iterations of individual algorithm

Table 3 shows the iterations, time and the RE parameters. The maximum iterations taken by IA double
Cordic is only 07 where as IA Cordic took 12 iterations and the execution time taken by IA double Cordic is
lesser ie 2.595 sec that of 3.236 sec for IA Cordic .The relative error (RE) is very much lesser for the 1A
double Cordic which indicates better performance. Figure 3 shows the bar graph of time-iterations of
individual algorithms, better performance is achieved with the smaller number of iterations and thus avoiding
longer computation time with increase in precision.

VII. CONCLUSION

In this paper, interval arithmetic Cordic algorithms with reduced time and error are proposed. The CORDIC
algorithm is a powerful and widely used tool for digital signal processing applications. An approach based on
interval arithmetic double cordic algorithm has been presented to improve the performance and the accuracy
of the result with the reduction in the number of iterations. The design shows that better performance is
achieved with the smaller number of iterations and thus avoiding longer computation time.
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