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Abstract - Co-ordinate Digital rotation computer is the full
form of CORDIC.CORDIC is a process for finding functions
using less hardware like shifts, subs/adds and then compares. It's
the algorithm used for some elementary functions which are
calculated in real-time and many conversions like from
rectangular to polar co-ordinate and vice versa. Rectangular to
polar and polar to rectangular is an important operation in
CORDIC which are generally used in ALUs, wireless
communications, DSP processors etc. This paper proposes the
implementation of physical design for CORDIC algorithm for
polar to rectangular and rectangular to polar conversions, by the
use of RTL code in written in Verilog and fed to pre-processor,
cordic core and post processor. This type of implementation
results with greater efficiency, throughput by reducing power
consumption and implanting it with high frequency. Hence due to
great efficiency with low power it can be used for gaming
applications.

Keywords: CORDIC, rectangular, polar, Co-ordinates, Digital
Signal Processing, FPGA, ASIC, efficiency, Power optimization .

l. INTRODUCTION

Co-ordinate rotation Digital Computer or (CORDIC) is an
algorithm given by Volder [8]. It is an agorithm that
provides an easy way of rotating vector in same single plane
by simple addition and shift operation. This works when we
rotate the system co-ordinates through fixed angles until
which the resultant angle should reduce until zero. The
offsets of angles are zero such that the operations performed
on X and Y are added and shifted [19]. It is an easy and
efficient way to implement this algorithm used to calculate
functions like trigonometric, hyperbolic and other functions
others like multiplication, division and aso some other
operations like logarithmic functions, sguare roots and
exponential functions [24].
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These are implemented in areas of the design algorithm and
developed the architectures to provide high performance.
The conversion of rectangular to polar and polar to
rectangular function are the two maor operations in
CORDIC.Basicaly, they are the two different co-ordinates
to represent the 2D plane. The Rectangular form is
represented by areal part (horizontal axis) and an imaginary
(Vertical axis) part of the vector. The Rectangular form is
shown by a real part (horizontal axis) and an imaginary
(Vertical axis) part of the vector [8].The rectangular co-
ordinates are in the form of (x, y) where ‘X’ stands for a
horizontal plane and ‘y’ stands for the vertical plane from
the origin likewise, the Polar Form is represented by vector
magnitude and angle which is calculated respect to the rea
axis. The vector vaue will be the complex number's
modulus, polar co-ordinates are in the form of (r, ©) where
‘r’ stands for distance from the starting point to the
estimated point and ‘O’ is an angle measured from positive
‘x’ axis [15]. These conversions are used in different
processors like ALU, DSP and various communication
purposes like wireless and satellite communication.

[I.  THE CORDIC ALGORITHM

The abbreviation for CORDIC is Co-ordinate Rotation
Digital Computer. The CORDIC agorithm is used to
determine the real-time part of calculation for the functions
using the iterative rotation of the vector whichis fed as input
[2]. The CORDIC algorithm performs a planar rotation. A
vector (Xi, Yi) gets transformed means the planar rotation
into completely a new vector (X;,¥;) that is obtained as
shown in Fig 1 [1].

The planar rotation of any vector of (Xi, Yi) in matrix form

can be as shown in Equation (1).
X; cosd -—sind | X
v |7l s 1)
i sing cost | Y,

The angle rotation of 6 takes various steps. All these steps
will comprise one planar rotation. A single step is given by

the equation (2)
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Equation 2 can be hence modified by cancelling the COS6,

factor.

X 1 —tand, | X
n+l — COS@n n n (3)

Y. tan g, 1 Y,
The multipliers which added are hence eiminated by
choosing the angle steps. Where tangent of step is given by

power of 2.
Hence the step angle can be given as

0, = arctan(ln] 4
2
i S6,=0 (5
n=0
where
S, = {-1+1} (6)
Thisgives
tang, =S 2" )

Combining Equation (3) and Equation (7) we get

X -S 2" X
n+l —co Sen 1 S"I 2 n
Yn+1 Sn 2—n 1 Yn

Fig 1 Planar rotation of (Xi, Yi).

®)

The coefficient can be eradicated fully by pre-determination

of the final result. The coefficient can be given as,

cosf, = co{arctan(zlnD 9

Equation (9) can be found for all values of ‘n’, where K is
one such constant.

1

K= 5" Hcos{arctan(zlnj] ~0.607253 (10
n=0

The derivative P (approximate 1.64676) is defined.

{xj = K(X, cosd - Y, sind)

X n+l 1 - Sn 27” X n
= B (12)
Yn+1 Sn 2 " 1 Yn
Or as
Xn+1 = Xn - Sn 272nYn
_on (13)
Y., =Y, +S22X,

Here the Z represents the part of the angle 6 which is not
rotated.

(14)

For each step of rotation, value of Snis determined asasign
of Zn.

{—1 if Z. <0
n = (15)

+1 if Z, >0

Combining Equation (5) and Equation (15) gives a system
which reduces the un-rotated part of angle 6 to zero.

I1. CORDIC ALGORITHM ARCHITECTURE

Three fundamental blocks are used to construct any
CORDIC Processor cores those are namely pre-processor,
the post-processor and the actual CORDIC core. The core
part of CORDIC is basically made up of different types of

Y (Xj, Yj)

(Xi, Yi)

\C

X

architecture. Then below are the main architectures in the
CORDIC dgorithm.

A) Iterative Architecture:

Work of shift-add/sub-operations is serial, and architecture
of CORDIC core is implemented in sequentia
configuration, using a single shift-add/sub-stage and feeding
back the output. A minimum latency CORDIC core and
takes minimum of N cycles to determine the new output.
The relationship is that the implementation size of this is

. 11 N
Y, =K(Y, cosg + X; sing) D) etated to the precision intemally.
The coefficient K is pre-determined as
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Fig 2: Iterative Architecture [26]

B) Parallel or Cascaded Architecture:

This architecture uses various formulation of Iterative
CORDIC. Here it is basicaly shift-add/sub-stages in
CORDIC core with paralel architecture being with it. The
throughput or the latency of one such clock cycleis obtained
for output of N-bit parallel CORDIC core.

Xp Yo Zp
sgn(zp)
F *
vV L VY S+~ & i 7/
X1| |Y1 Z
?ﬂ sgn(z;)
>>1 >>1
(T S Y A +
Xz| |YZ Zy
sgn(zz)
N sl N\ Y L +
| — |
| | 1
X—l| |.YI\—] %J
> sgn(z,_1)
[==n-1] |>:l-n—1|
N s\ Y L +
xﬂ yﬂ Zﬂ

Fig 3: Parallel or Cascaded Ar chitecture

C) Pipelined Architecture:

There is a similarity in the structure used compared to that
of aParallel CORDIC.
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In between each iteration phase pipeline registers are used.
The advantages in pipelined CORDIC is for continuous
input values.

V. SOFTWARE IMPLEMENTATION

For application-specific CORDIC processors, the very
common application is in Digital signal processing for
vector rotation. In the paper [2], the design of pipeline
architecture is defined on the basis of application-specific
processor of CORDIC used for the determination of values
of sine and cosine. Due to its pipeline architecture,
CORDIC's design in rotation mode in a circular way gives
overall high system throughput by reducing the latency in
every level of pipeline. The synchronizer function is
autocorrelation. Inthe OFDM amplifier, CORDIC is then
efficiently used to measure the offset of frequency and to
determine the division equation for calculating channels. In
the paper [3], by using 130 nm technology, a rapid pipeline
CORDIC architecture and auto-correlator are first designed,
implemented and then tested. A MATLAB simulation is
performed to verify at functional level before the coding in
Verilog HDL. Digital signa processing (DSP) has been
aways driven front in case of DSP applications and also in
very-large-scale (VL SI) technology. This raised many issues
with DSP applications deployment. These implementations
will meet the DSP systems defined real-time sampling rate
constraints which covers less space and power consumption.
Flexibility, high throughput, low power and low cost are
reasons for the development of today's VLSl (FPGA /
ASIC) based communication of mobile and wireless
medium. The WLAN which is based on OFDM is the next-
generation technology, which has two components, namely
autocorrelation for the synchronization of the signals which
were received and CORDIC for estimation of channel
computation and aso compensation of OFDM in the
wireless receiver. Severa components of the electronic
circuit, due to the various factors associated throughout the
circuitry, do not get the clock at the same time. For
generation of frequency and for stability, the design of
phase-locked loop is very popular. Authors also discussed in
a paper [4] that describes an phase-locked loop which are
al-digital is one of al the models of PLL where al the
elements used are digital in nature, giving it an advantage
over FPGA. PLL's digita design takes the digital
component that is flexible for usage and immune to
environmental factors such as temperature and parasite
capacity. The digital components use, has provided noise
immunity, which basically enhances circuit accuracy and
functionality. The ADPLL is used in implementations in a
wide range as wireless communication, device control,
biomedical and many other fields, requiring low power, high
speed, and less chip area. The designed ADPLL works on an
accumulator for 100 MHz and for 16 bit. The paper [2]
discussed the use of the CORDIC algorithm in DSP for
vector rotation using the pipeline architecture, which saves
area on the silicon substrate and also gives high throughpuit.
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In paper three the CORDIC algorithm is used in an OFDM
amplifier in which also saved significant area and power,
which are the main constraints in VLS| technology. Paper
[4] gave the software implementation of CORDIC in the
fields like wireless communication, monitoring and
biomedical applications.

With these advantages, there are also drawbacks to the
software implementation of CORDIC. With the
implementation for DSP, the agorithm must follow an
imposed sampling rate and must also save space and power
along with it. Thus to make this possible FPGA
implementation was introduced to lower the cost and power
consumption.

A) Polar to Rectangular Conversions:

The first CORDIC evaluation includes Sine and Cosine as
follows

[X;Y;Z;] = [P(X; cos(Z;) — Ysin(Z;)), P(Y; cos(Z;) +
Xi5inZz0]

Thefollowing lines are used asinputs:

1__1 L oe75Y-0Z-=0
P 16467

Xi =

The coreisthen calculated as:
|X,,Y,,2,|=[coss, sine, 0]

Theinput Z takes values from —180° to +180°
Where:

0x8000 = -180°

OXEFFF = +180°

The constant P represented resultsin:

Xi = 2'® x P =19898(dec) = 4DBA(hex)

SC_COrproc.v

p2r_cordic.v

¥
p2r_cordicpipe.v

Fig 4: Core Structure of polar to rectangular conversion.

B) Rectangular to Polar Conversion:
The processor of rectangular to polar is constructed around

the second CORDI C scheme, this calcul ates,

[x,.Y,.z,]= [P«/1+ a?,0, arctan(a)J
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The rectangular co-ordinates of a 2D are given as inputs
(Xin, Yin), this takes two 16bit signed Code Structure
words. The core then returns the equivalent Polar co-
ordinates where here radiusis given by Rout and the angleis
given by Aout or 6.

r2p_corproc.y

v

r2p_cordic.v

r2p_pre.v r2p_post.v

rEp_curd?cpipe.v

Fig 5: Core Structure of rectangular to polar conversion

V. FPGA IMPLEMENTATION

The Hough Transform (HT) is seen to be employed
commonly in image processing or in pattern recognition,
such as circles with arcs, ellipses as well as other forms. The
authors [5] proposed architecture for straight line detection,
implemented on FPGA computers, uses both the gradient
algorithm and CORDIC. To minimize the amount of
equations, the gradient was implemented to allow less time,
and the CORDIC agorithm has been utilized to make the
operators less complicated. Increasing the number of
samples will increase performance, and will also down the
rate of processing. The paper [6] discussed rotator for
CORDIC, which is built with the help of pipelined
architecture. It has a unit controller which basically controls
the data sequence and then gives the output. A CORDIC
operates in 2 main modes: rotation and vectoring. In case of
rotation mode, the input vector is first rotated by an angle
while in vectoring; the inputs are rotated along x-axis
recording the amount of rotation. This model is simulated to
transform data of 1K from the Cartesian to polar domain and
vice versa. The output data is compared with the initial data
to find the error data. Advantages of pipelined architecture
are that it has throughput which is high, and uses less
memory for storage of angle values, which is free from
looping iteratively and delay resulting to zero. The pipelined
CORDIC was implemented in FPGA ALTERA cycling, and
the design worked at 81.31 MHz with a minimum error
value of 0.05. A time and area-efficient CORDIC algorithm
are designed by properly choosing the approximation of the
Taylor series, which meets the required range of
convergence (RoC). The area, latency requirements and
accuracy is achieved by manipulating the iterations in the
series. The agorithm designed by the authors [7] has lower
complexity when compared to other available scaling free
algorithms which require expansion of RoC over the whole
co-ordinate space. Here the rotational CORDIC mode
follows the following some steps. To avoid scaling function,
we use sine and cosine function of Taylor series and
selecting a proper RoC depending on the values of
approximation value which are found in Taylor series.
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The designed CORDIC algorithm has a low dice delay of
17% with more dice consumption penalty of about 13%.
This is implemented in Xilinx Spartan 2E using the code
synthesized in Xilinx 1SE9.2i.

The architecture designed in the paper [8] is mainly for
Attitude determination in satellites using some and cosine
functions. The attitude determination system involves higher
accuracy, which isimportant for finding point accuracy. The
proposed CORDIC approach is faster when compared to the
on-chip software installed in satellites with FPGA
implementation. The sine and cosine values are considered
as integer values and use two's complement for
representation for MSB of angle for rotation. Before this, the
multiplication factor is multiplied to avoid the use of
multipliers.

The architecture consists of a clock which makesis
a sequential system with required shifts in the clock cycles
using barrel  shifters. It consists of < MUKX,
adders/subtractions, registers which are co-ordinated using a
control unit which produces a lookup table after processing.
The RESC and RESET are used for resetting the counter
(which count the number of iterations) and the system
respectively and SEL for multiplexers. The algorithm was
verified using Xilinx I1SE 12.1 and implemented on Altera's
FPGA. The proposed designed was compared with a C++
program which proved the approach to be 27500 times faster
than it. This approach is also used for a calculator with good
efficiency in the area.

The proposed architecture in the paper [9] is a
combination of paralelism and pipelining method. This
processor is speed-area optimized and is applicable for real-
time operations. The architecture is formed by combining
'K1 computation architecture and ‘unscaled CORDIC
architecture’. In this design, we use the radix-4 method,
which in turn reduces the number of iterations when
compared to radix-2. This results in a 32-bit output in every
eight clock cycle with the completion of CORDIC rotation
in 5 cycles for 16-bit precision. Here, the reciprocal of
scaling factor (K) is obtained, which is then multiplied with
the unscaled factor in an array multiplier. The output of this
multiplier will X and Y co-ordinate scaled versions, each of
which will be 32 hits.

MATLAB tool is used for processing the algorithm which
computes scale factor in parallel with rotation of CORDIC
(n/2) clock cycles are needed for determining the 32-bit
output accuracy which defines the latency, and the power
consumption a 56.96 MHz(operating frequency) is
measured to be 380mW using a Power software tool. Thus
with the help of the proposed design, speed area are
optimized and hence architecture is found. XILINX-FPGA
is used for implementing this design which produces a total
gate count of 11528,

In another paper, the authors [10] compare the various
CORDIC architecture in terms of throughput and area
efficiency, which are verified using Spartan -1l FPGA. The
CORDIC, being low cost and efficient as various
applications like the logarithmic, complex number, solution
of linear systems, SVD for signal processing and image
processing, scientific computation, etc. The CORDIC
algorithm is based on a number of iterations of
addition/subtraction or shifting process and doesn't involve

Retrieval Number: 17271079920/2020©BEIESP
DOI: 10.35940/ijitee.1 7271.079920
Journal Website: www.ijitee.org

609

I nternational Journal of Innovative Technology and Exploring Engineering (1JI TEE)

ISSN: 2278-3075 (Online), Volume-9 I ssue-9, July 2020

divison or multiplication. The CORDIC operates in 2
modes. In case of vectoring mode, the input vector fed is
studied in terms of its magnitude and phase. In rotation
mode, the angle of the input vector is calculated with respect
to X and Y co-ordinates. The CORDIC rotator usualy
analyses arctangent, rectangular and polar co-ordinates and
various trigonometric functions.

V1. HARDWARE IMPLEMENTATION

The design is FPGA implementation as it is in a unique
way. Further keypad of 4x4 matrix and LCD of 16x2
character isused to build area time math hardware module
[24].Verilog HDL code is used and verified firstly by using
simulation results of the ModelSim and later using Altera
DE1 board. Results are displayed using keypad and LCD
[24].

Xilinx ISE of 8.2 version is used to synthesize the hardware
architecture. A Xilinx XC2s200E-PQ 208-5 device is used
to map the hardware architecture [9].

This agorithm provides vectors rotation in a single plane by
simple add and shift operation to evaluate the basic
functions.

Those are trigonometric operations, division multiplication
and some other like square roots, logarithmic functions and
exponential functions [9]. Applications include either in
wireless communication or in digital signal processing are
microprocessors based which make use of a single
instruction and a bunch of addressing modes. These
processors are cost-efficient and flexible [9].During a clock
cycle, only one shift operation will be executed for every
iteration in a sequential design.

This shift operation presents multiplication by two power (-
i). Therefore, CORDIC iteration number and the clock
period are the factors for total time of vector rotation [25].
The pipelined CORDIC has basically three inputs such as:
Clk for clock, Rst for reset (active low), and Angle for the
target angle. It aso has two outputs, Cos and Sin, which are
for cosine and sine result of the target angle, respectively
[71.

Two main blocks are here: Quadrant Detector and CORDIC
Core.

Cosine and sine value are caculated in the Quadrant
Detector and thus, the input angle is obtained [7].

CORDIC Core is the redization of CORDIC's difference
equationsin pipelined architecture [7].

A register is added in order to reduce the critical delay path
at each pipeline stage. As the pipeline stage increases
latency also increases leading to penalty [7].

VII. CONCLUSION

This paper gives a review of the CORDIC algorithm. We
have surveyed the various implementations of the CORDIC
algorithm, mainly the software and FPGA implementation.
From the survey, we can conclude that both software
implementation and FPGA implementation have advantages
and disadvantages of their own.
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The paper reviews the work on polar to rectangular and
rectangular to polar converson using CORDIC
implementation and their optimization in the power
consumption .There is increase in efficiency due to increase
in the frequency. In this paper, we study some of the
existing CORDIC implementation techniques additionally
recommend the use of CORDIC agorithm for conversions.
Then further implementations can be carried out by
developing an ASIC for this conversion implementation,
which reduces the computational cycles hence optimizes the
time and speed. By choosing the best hybrid of algorithm
and technique which is compatible with the technology used
for ASIC development time required for computation and
performance can be enhanced.
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