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Abstract- Many Digital signal processing (DSP) applications are based on real time constraints. On account of this, 
conventional processors are not suitable for modern day DSP systems. Thus leading major issues pertaining to latency and 
throughput .In order to overcome issues and there by improvising in terms of performance, CORDIC is one such hardware 
efficient algorithm and its current trend of hardware intensive signal processing. In this Paper, the unfolded Radix-2 parallel 
CORDIC architecture algorithm and to enhance the performance, a pipelined architecture of radix-4 CORDIC rotator with 
redundant arithmetic is implemented.. The proposed CORDIC architectures are analyzed using MATLAB (version 73. 
R2011b) tool and are designed using Verilog programming in Xilinx 14.2 FPGA platform. Simulated on ISim simulator and 
its results are analyzed, verified and compared with MATLAB results. The proposed architecture operates at 154.655MHz 
where as folded parallel CORDIC architecture operates at 26.36MHz 
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I. INTRODUCTION 
 
CORDIC (Coordinate Rotation Digital Computer), 
which is also called as the digit-by-digit method and 
Volder’s algorithm, is efficient algorithm to calculate 
all trigonometric functions, logarithmic, exponential, 
hyperbolic functions. The fundamental operations 
performed by CORDIC algorithm are simple shift-add 
operators.  
 
In 1959, Volder has proposed a special purpose digital 
computing unit known as COordinate Rotation 
DIgital Computer (CORDIC), while building a real 
time navigational computer for use in an aircraft. This 
algorithm was initially developed for trigonometric 
functions which were expressed in terms of basic 
plane rotations. In 1971, J.S. Walther, at 
Hewlett-Packard, extended the method to calculate 
hyperbolic and exponential functions, logarithms, 
multiplications, divisions, and square roots 
 
It is normally implemented in either Rotation mode or 
Vectoring mode. In either mode, the algorithm is 
rotation of an arbitrary angle vector by a definite angle 
but in variable directions. This fixed rotation in 
variable direction is implemented through an iterative 
sequence of addition/subtraction followed by bit-shift 
operation. The final result is obtained by appropriately 
scaling the result obtained after successive iterations. 
Owing to its simplicity the CORDIC algorithm can be 
easily implemented on a VLSI system. The 
conventional radix-2 CORDIC algorithm was 
implemented using serial and pipelined architectures. 
The computation time and the achievable throughput 

of CORDIC processors using conventional arithmetic 
are determined by the carry propagation involved with 
the additions/subtractions, since the direction of the 
CORDIC iteration is determined by the sign of 
intermediate results. The application of redundant 
arithmetic can accelerate the additions/subtractions, 
because of carry-free or limited carry-propagation. 
However it is not straightforward, because a complete 
word level carry-propagation is still required to 
determine the sign of a redundant number. In order to 
overcome this problem, several authors have proposed 
techniques for estimating the sign of the redundant 
intermediate results from a number of MSDs. 
Ercegovac and Lang have proposed redundant 
arithmetic to the implementation of conventional 
CORDIC . However this resulted in increasing the 
iteration delay and additional cost due to variable scale 
factor. Since then the research has focused on 
solutions employing redundant number systems with 
constant scale factor, which allows a much faster 
implementation possible. 
 
In this paper, authors have also proposed a new 
parallel architecture for the rotation mode, which 
predicts σi’s in parallel achieving significant speed 
improvement. The disadvantage of this architecture is 
that it is irregular and it cannot be pipelined due to the 
use of tree structures for the parallelization of the 
additions. In contrast to these methods, a new 
algorithm and architecture are proposed using signed 
digit arithmetic, which avoids the determination of 
direction of rotation using intermediate results of 
steering variable. The pipelining is carried out at the 
full adder level which reduces the iteration delay, thus 
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allowing high operational speeds. Another 
disadvantage of this radix-4 algorithm is that the scale 
factor is variable and its computation is more complex 
than in radix-2 implementation.  
 
The pipelined architecture for this radix-4 CORDIC 
algorithm with carry save arithmetic is proposed in 
this paper and compared to conventional Unfolded 
Radix-2 parallel CORDIC architecture. 
 
In this present work, we are proposing architectural 
improvements for the existing implementations of 
CORDIC algorithm presented in section II, to improve 
the performance of ASIC or FPGA solution being 
adapted for specific application making use of 
CORDIC as a module. We are proposing a pipelined 
architecture in section III, for the implementation of 
CORDIC algorithm with signed digit arithmetic, 
employing parallel prediction of direction of 
microrotations to reduce the iteration delay and 
radix-4 number representation to reduce latency, 
thereby achieving higher computational speed. The 
proposed architecture is compared with the 
architectures appeared in the literature in section IV 
and the conclusions are presented in section V.  
 
II. UNFOLDED PARALLEL RADIX-2 

ARCHITECTURE 
 
An unfolded architecture is as shown in fig 5.1. The 
advantage of this type of architecture is that the barrel 
shifters are of fixed size and those can be implemented 
in the wiring. Secondly, constants can be hardwired 
instead of requiring storage space that is ROM that 
holds the arbitrary angle values need not to be updated 
after every iteration. The LUT values for computing 
angle accumulator is distributed as constant to each 
adder in the angle accumulator chain so that the entire 
CORDIC processor is reduced to an array of 
interconnected adder-subtraction units. Unlike other 
architectures there is no need of registers which makes 
the unfolded architecture strictly combinational 
circuit. The delay is favorable, but processing time is 
reduced as compared to other iterative process. Thus 
produces speed required for faster applications.  
 
 The various components required for the Radix-2 
CORDIC processor in unfolded fashion for 
implementation are ROM which stores the angle 
values where i is varied from 0 to 16 for 16-bit 
processor. There are barrel shifters required for 
shifting of the intermediate values Xi and Yi. The 
barrel shifters carry out a right shift which can be 
implemented using multiplexers. For next iteration for 
X, Y and Z calculation there are addition/subtraction 
unit. 
 

 
Fig 1. Unfolded parallel CORDIC Architecture 

 

                                                            (1) 

                                                           (2) 
                                                                 (3) 

Where   
 

 
In order to maintain a constant vector length, the 
obtained results have to be scaled by the scale 
factor � given by 

                                                             (4) 
For radix-2 CORDIC,  �≈1.65. The major drawback 
of the conventional CORDIC algorithm is its 
relatively high latency and low throughput due to the 
sequential nature of the iteration process with carry 
propagates addition and variable shifting in every 
iteration. To overcome these drawbacks, pipelined 
implementations are proposed. However, the carry 
propagate addition remained a bottleneck for further 
throughput improvement. Two major methodologies 
have been employed in order to increase the speed of 
CORDIC implementation. One reduces the delay of 
each iteration by adopting redundant arithmetic to 
radix-2 CORDIC to eliminate carry propagate 
addition. The other technique involves reducing the 
number of iterations by increasing the radix employed 
for the implementation of CORDIC algorithm. After 
N iterations, we get the following equation, 

Cos_value = Xn = K(X0cos(Z0)-Y0sin(Z0))      (5) 
Sin_value =Yn =K(Y0cos(Z0)+X0sin(Z0))         (6) 
Z0=0                                                                 (7) 

 
III. RADIX-4 CORDIC WITH REDUNDANT 

ARITHMETIC 
 
The proposed pipelined architecture of the CORDIC 
rotator unit is shown in Fig 2, [4] 
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A. σ- prediction bloc computation: 
In the proposed architecture, using the first three 
stages where the prediction block computes the 
directions of microrotations for the given input 
rotation angle in radix-2 for 16- bit precision and with 
an additional four stages for the 32-bit precision. 
These values are computed before the computation of 
x− and y−coordinate values, employing linear relation 
between the rotation angle and constructed binary 
representation of directions of microrotations. 
 

                                    (8) 
Where 

,  
,  

 
The variable d represents directions of microrotations 
in binary form. Thus the angle rotations directions in 
radix-2 binary representation are performed by using 
fast binary tree adder with delay of log2 (n)tmux to 
add the rotation angle θ in binary form to a constant 
and a variable offset, which is stored in a ROM.  
 
The range chosen is (−π/2, π/2) values which are 
stored in ROM for 16-bit precision  in turn gives the 
approximate offset values for any input angle in the 
this range. The offset value for the given input angle is 
obtained from the ROM using a fast binary adder and 
2-to-1 multiplexer. Since the ROM size increase with 
required precision, for precision greater than 16-bit, 
partial offset value, δROM for any input angle within 
the acceptable range, is stored in ROM and the 
remaining part of each offset, δr is computed, 
employing a pipelined binary tree adder circuit. The 
selection of computation path for the direction of 
rotations dapprox in binary form is done by the 2-to-1 
multiplexer, which is controlled by the 16-bit/32-bit 
precision. The computation of dapprox requires four 
stages for 16-bit precision and six pipeline stages for 
32-bit precision, before converting it into redundant 
radix-4 representation, σ={−2,−1, 0, 1, 2}. 
 

 
Fig 2.Proposed CORDIC architecture with Redundant 

Arithmetic [4] 
B. Radix converters: 
Radix 2-4 block generates all σ values in radix-4 

representation with negligible delay. Radix-4 to 
minimally redundant radix-4 converter (mRRadix-4) 
is used to generate redundant representation of σ, 
which takes values from the digit set {−2, −1, 0, 1, 2}. 
This conversion takes one XOR gate delay. Hence the 
2-to-1 multiplexing and radix conversion can be 
performed in the 5/7 th pipeline stage for 16/32-bit 
precision respectively. The buffer stores these sigma 
values for the given angle, which provides them to the 
respective stages of x/y data path. 
 
C. x/y data path implementation: 
 The x/y data path requires additional 8/16 pipelined 
stages for 16/32-bit precision respectively due to 
radix-4 arithmetic being employed. The x− and 
y−coordinates are computed iteratively using the σ 
values computed by σ prediction block and maximally 
redundant adders. Maximally redundant adders 
add/subtract two signed digit numbers and generates 
signed digit number with a delay of 2tFA independent 
of the word length. The x/y path delay depends on the 
delay of only adder/sub-tractor, which is 2tFA, as 
shifts are hardwired. 
 
F. Redundant to Binary Converter (RBC): 
This converter converts the final x− and 
y−coordinates from radix-4 signed binary digit 
representation into radix-2 in the last stage of 
pipelined structure. 
 
G. Radix-4 algorithm: 
The iteration equations of the radix-4 CORDIC 
algorithm in rotation mode at the (i + 1)th step are as 
follows: 

                                                             (9) 
                                                           (10) 

                                                (11) 
 

Where ∈ {−2, −1, 0, 1, 2} and is an elementary 
angle. All the operands used in the above equations 
are in redundant representation, as these equations are 
implemented using redundant arithmetic to reduce 
iteration delay [4].         
                                 
IV. SIMULATION AND SYNTHESIS 

RESULTS 
 
In this section we describe the simulation results for 
proposed architecture and unfolded CORDIC 
architecture. The results are obtained from both 
MATLAB and ISim simulator. Then results are also 
synthesized on Xilinx ISE 14.2 Virtex6 board. This 
section also includes RTL view for architectures, 
simulation results, MATLAB results, device 
utilization summary, timing summary, power analysis 
results, comparison of simulated results with 
MATLAB results and related graphs. 
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Fig 3. RTL technology view of Unfolded parallel CORDIC 

 

 
Fig 4. RTL technology view of Unfolded pipeline CORDIC with 

redundant arithmetic 
 

 
Fig 5.Simulation results that calculates Cosine and Sine for angle 

20 degree 
 

The Fig 5 & 6 are simulation results for unfolded 
parallel CORDIC architecture. 
 

 
Fig 6. Simulation Results that calculates Cosine and Sine for 

angle 45 degre 

 
TABLE 1. Commparative Study for Unfolded parallel CORDIC and piplined CORDIC with redundant structure 

 
Parameters 

 
Sub-parameters 

Unfolded-parallel 
CORDIC 

Unfolded- 
pipeline CORDIC 

Power Comparison Total power dissipated  
1.293W 

 
0.158W 

Based on CORDIC 
Architectures 

Minimum time of input 
arrival before clock 

 
0.707ns 

 
6.507ns 

 Maximum output required 
time after clock 

 
45.278ns 

 
4.283ns 

 Maximum Operating 
frequency 

 
22.18MHz 

 
154.655MHz 

 Maximum Combinational 
path delay 

 
45.085ns 

No path found (gives 
low latency) 
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Fig 7. Comparison graph of MATLAB and Simulation Error 

values for Sine 
 

 
Fig 8. Comparison graph of MATLAB and Simulation Error 

values for COSINE 
 
CONCLUSION 
 
Implementation of a CORDIC based processor on 
FPGA can give enhanced speed at low cost with lot of 
flexibility. A 16 bit unfolded parallel CORDIC and 
pipeline CORDIC with redundant architecture  is 
designed and implemented on Xilinx FPGA vitex6 
and analysis of the CORDIC algorithm is done on the 
MATLAB (version 7.3, R2011b).The entire Pipeline 
CORDIC with redundant architecture operates at the 

clock frequency of 154.655MHz. In this paper, the 
performance analyses of the unfolded CORDIC 
architectures are carried out. The comparative study 
report has been shown in Table 1.The resulting 
structures showed differences in the way of using 
resources available in the target FPGA device. The 
unfolded fully pipelined design uses the resources 
extensively but shows the best latency and thus 
maximum throughput rate. The unfolded parallel 
design uses less on-chip resources but has a large 
latency. Thus these are not suitable for high speed 
DSP applications. The architecture is optimized to 
increase speed, reduce area and operating power with 
minimum utilization of resources. 
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