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Abstract — CORDIC is an iterative Algorithm to perform a wide
range of functions including vector rotations, certain
trigonometric, hyperbolic, linear and logarithmic functions. Both
non pipelined and 2 level pipelined CORDIC with 8 stages, using
two schemes was performed. First scheme was original unrolled
CORDIC and second scheme was MUX based pipelined unrolled
CORDIC. Compared to first scheme, the second scheme is more
reliable, since the second scheme uses multiplexer and registers.
By adding multiplexer the area is reduced comparatively to the
first architecture, since the first scheme uses only addition,
subtraction and shifting operation in all the 8 stages.8 iterations
are performed and it is implemented on QUARTUS 11 software.
For future work, the number of iterations can be increased and
also increase the bit size. This can be implemented in (digital)
CADENCE software.

Keywords: CORDIC, rotation mode, multiplexer, pipelining,
QUARTUS.

. INTRODUCTION

The CORDIC is a class of hardware-efficient algorithms for
the computation of trigonometric and other transcendental
functions that use only shifts and adds to perform. The
CORDIC set of algorithms for the computation of
trigonometric functions was developed by Jack E. Volder in
1959 to help in building a real-time navigational system for
the B-58 supersonic bomber. Later, J. Walther in 1971
extended the CORDIC scheme to other transcendental
functions. The CORDIC method of functional computation
is used by most handheld calculators (such as the ones by
Texas Instruments and Hewlett-Packard) to approximate the
standard transcendental functions.

Calculators can only perform four operations inexpensively:

Addition and Subtraction

Storing in memory and Retrieving from memory
Digit shift (multiplication/division by the base)
Comparisons
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The CORDIC Algorithm is a unified computational scheme
to perform

1. Computations of the trigonometric functions: sin,
cos and arctan.

2. Computations of the hyperbolic trigonometric
functions: sinh, cosh and arctanh.

3. It also compute the exponential function, the
natural logarithm and the square root.

4. Multiplication and division.

CORDIC revolves around the idea of "rotating" the phase of
a complex number, by multiplying it by a succession of
constant values.

However, the "multiplies” can all be powers of 2, so in
binary arithmetic they can be done using just shifts and
adds; no actual "multiplier" is needed.

Both non pipelined and 2 level pipelined CORDIC with 8
stages and using two schemes was done. First scheme using
adders in all the stages and second scheme using
multiplexers only in the second and third stages, the other
stages are as same as first scheme. The second scheme
achieves less area compared to original unrolled CORDIC
(first scheme). It is performed in QUARTUS II. Multiplexer
has been proposed for the ASIC implementation of unrolled
CORDIC (Coordinate Rotation Digital Computer) processor

I[l. CORDIC ALGORITHM

The CORDIC algorithm is an iterative method of
performing vector rotations by arbitrary angles using shifts
and addition. In the rotation mode, CORDIC may be used
for converting a vector in polar form to rectangular form. In
the vector mode, it converts a vector in rectangular form to
polar form. Both the modes are derived from the general
rotation transform.
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Cartesian plane by an angle 6 to another vector with the
coordinates. The rotation may be achieved by performing a

series of successively smaller elementary rotations

91,'91,'?! ...BvRotation of the vector by an angle can be

rewritten as

X =X cos8i-Y; sinfi 3)
Vi =X sinBi+¥;cos Bi (4)
X yfcosBi=X-Vitan @ i (5)
Vi, cos Bi=V+X; tan 8i (6)

The computational complexity of (5), (6) can be reduced by
rewriting these equations as

XI: +1=X[-F[tﬂﬂ &i (7)
F[+ 1=F[+X[ tan EI (8)
(Xfin Yfin) = (xy/mg cos Bi yy/ng cosfi)  (9)

To get the final coordinate values, perform division (*3+¥v
by [15'cos & The value of & for i = 0, 1, 2...N is chosen

-
such that £8M8: js%~ . This reduces the multiplication by the
tan to simple shift operation. As the iteration increases, &
becomes smaller and smaller.

Terminate the iteration when the difference between 0 =

N g,
Z %i becomes very small for some value of N.

The remaining angle by which the vector needs to be
rotated after completion of i iterations is indicated by the
parameter zi+1 and is defined by.

Zi1=2-6; (10)
% s considered to be positive when the rotation required is
anticlockwise and is negative otherwise. The direction of

this rotation depends on the 6i.

§=sgn(Z)) (11)

R nN
The computation of 7o 0% &

fi=1 for very smaller values of

i may be simplified as follows:

. ) N .
Since cos % , T cos g
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may be computed for N=8 and may be used for any value of
N>8.

I, PREVIOUS WORK

THE UNROLLED CORDIC IN ROTATION MODE

In rotation mode, CORDIC can simultaneously compute the
sine and cosine of the input angles. In this mode, set the y
component of the input vector to zero, x component to 1/k
and the angle accumulator is initialized with the desired
rotation angle 6. The output of angle accumulator decreases
or increases depending on the most significant bit of the
output of the previous stage. For rotation mode, the
CORDIC equations are given by

X=X V6,27 (12)
Y, ,=V+X 5.2 (13)
Zio1=Z;-5ptan~1 2" (14)
k = I1I¥ cos8; (15)
Py b b b

Fig. The Unrolled CORDIC

The architecture of the eight stage unrolled CORDIC is
shown ; this consists of only adders, subtractors and
shifters; accuracy improves as the number of stages
increases. Addition or subtraction on the angle value takes
place in each rotation of the vector depending on the most
significant bit of previous angle. Perform division just by
doing right shift using shift registers. This has the advantage
of not using extra hardware for division and it results in less
hardware complexity. Initially, assign constant values to x
and y. These values are shifted by j bits, where j is the
integer {0, 1, 2, 3, 4, 5, 6, 7} which results in division of x
andy by 1, 2, 4, 8, 16, 32, 64 and 128 for every stage. In this

IJSPR | 51



INTERNATIONAL JOURNAL OF SCIENTIFIC PROGRESS AND RESEARCH (lJSPR)

Volume-10, Number - 02, 2015

mode, the vector is iteratively rotated to make new vectors
in the intermediate stages to get the desired angle.

IV.  PROPOSED METHODOLOGY

A. MUX BASED CORDIC

The scheme for reducing the area of the CORDIC using
multiplexer is proposed for the ASIC implementation. This
is adopted for the QUARTUS I based implementation . The
area is reduced by removing some of the stages .

The first stage output of original unrolled CORDIC
architecture is equal to xi, therefore we can directly write the
output of first stage as

F:_:X[ (16)

If the first stage output is positive, then

Y= YL'T =2 (18)
X, =X, +%: I/, (19)

The vector coordinates corresponding to negative output is

Y=Y+ = 3 (20)
X=X '% = ? (21)

The output of the second stage is fixed. So implement the
second stage using two Mux and choosing select line as the
MSB bit of the previous angle accumulator output.

sgnl

Fig. Mux Based CORDIC

To reduce the area, we replace the third stage with Mux.
Since the third stage output also depends only on xi.
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The block diagram of the CORDIC when the adders till third
stage are replaced with Mux is shown . As the adders are
replaced with Mux, the area of the circuit is reduced till 3rd
stage. But the replacement of adders with Mux beyond the
third stage results in an exponential increase in the number
of Mux as shown in Table I.

H1 _aEx 13X

BTN T (22)
For sgny = 0,561, =0
Vi, + T =T+ I (24)
_ oy ¥R _@Exi xi_ iiExi
X=X 4 s & - (25)
Forsgn, =1s5gn, =0
¥.=V,- x1 — IExi x - 1ixxi (26)
4 . T s
XE:X:+I_‘:£+!HIL:H (27)
4 7 o z
For sgn, = 0,591, =1
= -E :I_I:-E:I_i
= 4 2 @ g (28)
Xg = X: +I—‘ = 3 +35 13Xxi (29)
4 2 o _E

For sgn; =1,5gn,=1

No. of eliminated No. of Mux Required
stages
1 0
2 2
3 6
4 14
5 30

Tablel. Multiplexers required for eliminating different
stages

B.PIPELINED MUX BASED UNROLLED CORDIC

The pipelined CORDIC use registers in between each
iteration stage as shown. The advantage of pipelined
unrolled CORDIC over the unrolled CORDIC is its higher
frequency of operation. This property can be used in high
speed applications. The number of registers depends on the
number of stages in pipelining and there will be an increase
in area. The first output of an N-stage pipelined CORDIC
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core is obtained after N clock cycles. Thereafter, outputs
will be generated during every clock cycle. In this paper,
pipelined registers are placed after fourth and seventh stages.
Mux based pipeline unrolled CORDIC architecture in which
pipeline registers are inserted at the output.

0.4

| PIPELINE REGISTERS |

[ T N B T T |

s s L * % T L
[3]
L&

h

Fig. Pipelined MUX Based Unrolled CORDIC

V. SIMULATION/EXPERIMENTAL RESULTS
I. Results for Unrolled CORDIC
The Report implies the QUARTUS 11 Version, Top-level
entity name, Family and Device models. The Device models
used here is EP3C40F780C6 and it belongs to family
Cyclone Il or I1.

The total pins, registers, logic elements and combinational
functions used in the circuits are analysed. From this report

WWW.ijspr.com

ISSN: 2349-4689

information about the interior performance of the circuits are

known

Flow Status

Quartug 1 Version

Revision Name

Topdevel Entity Mame

Famiby

Device

Timing Models

Met timing requirements

Total logic elements
Total combinational functions
Dedicated logic registers

Total registers

Total pins

Total vitual pins

Total memary bits

Embedded Muttiplier S-bit elements

Total PLLs

Successful - Tue Nov 11 17:02:08 2014
5.0 Build 132 02/25/2005 5J Web Edition
cordic_8_nonpipelining
cordic_8_nonpipelining

Cyclone 11

EP3C40F7B0CE

Final

MAA

180 /39,600 (<1%)

180/ 39600(<1%)
32/39600(<1%)

32

50/536(9%)

1]

0/1,161216(0%)

0/252(0%)

0/4(0%)

Fig. QUARTUS Report

Timing Analyzer Summary
Required |Actual Fram |Ta Failed
Type ‘ Slack | Tine Time e o Clock | Clock | Paths
1F Worst-case by N/ Mone 3592ns phase_in1[1] |dif &a18lq1] - ck 0
2] Worstoass teo N/ Mone 9812 off_8:al8lgl1]|y3[3] ck |- i
i ‘Worst-case th N/ [Mone -1.618ns s_n dif_B:al8la[0] |- il 1]
i Clock Setup: 'k’ N/&  [Mone 140.90 MHz [ perind = 7.097 ns )| dff_8:a1Bl[5]| dif_24:a13Iq[1] chk clk ]
E Total number of falled paths 1]
a0 W e dle Sl Ml e M Ul Ea
L

L3

AN AR AR AN AU A AN

Fig Timing Analyzer Summary Waveform

The waveform shows the timing Analyzer summary of the
non-pipelined Cordic circuit. The details of the required
time, actual time and clk period are calculated and also the
total no. of failed path in the circuits are known .

i s TR B

We  Wjm Wjs Yk Ml Wk Sl s W Ws Hh W

)
L

Fig .The Original Unrolled CORDIC Output Waveform
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The Time Quest analyzer provides an intuitive and easy-to-
use GUI that allows you to constrain and analyze designs
efficiently. GUI has four planes. Each plane provide features
that enhance the productivity of performing static timing
analysis in the Time Quest analyzer.

The output waveform shows the values of trigonometric
functions for different angle values. Phase_in1, rst_n and clk
are the inputs assigned to the block diagram. Cos_outl ,
sin_outl and epsl are the outputs obtained. For different
angle value the corresponding sin and cos values are

calculated. For 30 corresponding hexadecimal value is 15
and output obtained for sin_outl is 64 and cos_out 1 is 255.

For 43 corresponding value is 20 and output obtained for
sin_outl is 51 and cos_outl is 254. Mainly the CORDIC
algorithm is preferred to calculate the trigonometric values
for different angle value.

INPUT INPUT OUTPUT | OUTPUT

ANGLE | CALCULATED | SIN outl | COS_outl

VALUE VALUE VALUE VALUE
30 15 64 255
45 20 51 254

TABLE 2. CORDIC Waveform Calculation

POWER ANALYZER

PowerPlay Power Analyzer Summary

Successful - Tue Nov 11 17:08:00 2014
9.0 Build 132 02/25/2009 5. Web Edition
Revision Name cordic_8_nonpipelining

Topdevel Entity Name cordic_8_nonpipelining

Family Cyclone Il

Device EP3C40F780C6

PowerPlay Power Analyzer Status
Quartus | Version

Power Models Firal

Total Themal Power Dissipation 1179 mW
Core Dynamic Themal Power Dissipation 130 mW
Core Static Themmal Power Dissipation 88.87mW
1/0 Thermal Power Dissipation 2162mW

Power Estimation Confidence Medium: user provided moderately complete toggle rate data

Fig . Power Analyzer Report
The power play power analyzer performs the post fitting
power analysis and produces a power report that highlights
the block type, entity and power consumed.

Power analyzer report says the total power thermal

dissipation, core dynamic thermal power dissipation, core
static thermal power dissipation and input /output power
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dissipation. From this report the static and dynamic
power rate and also input/output power rate are analysed.

I1. Results for Pipelined MUX Based Unrolled Cordic

Fig. Output Waveform Of Pipelined MUX Based Unrolled
Cordic

The output waveform shows the values of trigonometric
functions for different angle values. Phase_in1, rst_n and clk
are the inputs assigned to the block diagram. Cos_outl ,
sin_outl and epsl are the outputs obtained. For different
angle value the corresponding sin and cos values are

calculated. For 30 corresponding hexadecimal value is 15
and output obtained for sin_outl is 247 and cos_out 1 is
115.

For 42 corresponding value is 20 and output obtained for
sin_outl is 86 and cos_outl is 82. Mainly the CORDIC
algorithm is preferred to calculate the trigonometric values
for different angle value.

INPUT INPUT OUTPUT | OUTPUT
ANGLE | MEASURED | SIN outl | COS outl
VALUE VALUE VALUE | VALUE

30 15 247 115
45 20 86 82

TABLE 3.0Output Waveform Calculation

POWER ANALYZER
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PowerPlay Power Analyzer Summary

PowesPlay Pawer Analyzer Stabus
Quartus 1l Vierson

Successhul - Sat Apr (4 16:25:16 2015
5.0 Buid 132 02/25/2009 5) Web Edition

Revision Name mudop

Topdevel Enlity Name cordic_8_narpipelining
Family Cyclone |l

Device EP3CADF780CE
Power Models Final

Total Themal Pawer Dissipation 11555mW

Core Dynamic Themnal Power Disipation  1.35mW

Core Static Themnal Power Dissipation 8288 mW

10 Themal Power Dissipation H3mW

Pawer Estimation Corfidence High: user provided sufficient topgle rate data

Fig. Power Analyzer Report
VI. CONCLUSION AND FUTURE WORK

CORDIC algorithm was used to find out the trigonometric,
hyperbolic, linear and logarithmic functions. In CORDIC
algorithm two schemes was discussed .First scheme was
original unrolled CORDIC and second scheme was MUX
based pipelined unrolled CORDIC. Compared to first
scheme, the second scheme is more reliable, since the
second scheme uses multiplexer and registers. By adding
multiplexer the area is reduced comparatively to the first
architecture, since the first scheme uses only addition,
subtraction and shifting operation in all the 8 stages. 8
iterations are performed and it is implemented on
QUARTUS Il software.

For future work, the number of iterations can be increased
and also increase the bit size. Thus can be implemented in
(digital) CADENCE software. The Quartus results are
compared with the Cadence results for future work.
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