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Abstract
Digital Signal Processing algorithms are known to provide an 
unbeatable performance in processing the real world data. To 
assure this real-time throughput requirement, DSP algorithms need 
to be implemented and optimized for sustaining high data rates 
while maintaining a flexible tradeoff with performance parameters 
like area, speed and power. CORDIC is one such hardware efficient 
shift-add algorithm that is used for computing a wide variety 
of trigonometric, hyperbolic, linear and logarithmic functions. 
This paper implements the conventional non-redundant CORDIC 
architecture in parallel and pipelined styles. The comparison is then 
made against the modified CORDIC architecture, which is based 
on redundant arithmetic. It is concluded that redundant structures 
offer better performance than non-redundant architectures in terms 
of amount of hardware circuitry and resources required  (on chip 
area); the speed of execution (throughput or operating frequency), 
and the amount of power dissipated on chip. All three designs 
are designed in VHDL, simulated using ISIM simulator and 
implemented using Xilinx 12.4 FPGA synthesis Tool.

Keywords
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I. Introduction
Many of the algorithms used in DSP require elementary 
functions such as trigonometric, inverse trigonometric, logarithm, 
exponential, multiplication and division functions [1]. Traditionally 
these have been implemented using software approaches such as 
lookup table method and polynomial expansions. Look-up tables 
are by far the fastest way to make the computation; however, the 
precision of the result is directly related to size of the look-up 
table. The use of power series for calculating these functions have 
the disadvantage of being slow to converge to a desired precision. 
In effect, the look-up table size is being traded off at the expense 
of computation time.
CORDIC method of computation basically represents a 
compromise between the two methods described above wherein 
the precision is preserved without any considerable memory 
requirement. The current research in the design of high speed 
VLSI architectures for real-time digital signal processing has 
been directed by the advances in the VLSI technology. This has 
provided the designers with significant impetus for mapping 
CORDIC algorithm into hardware architectures. The use of these 
architectures in modern DSP systems requires a rapid increase 
in performance accompanied by a decrease in cost and time-to-
market. To attain these opposing goals designers are forced to 
turn to design tools to assist them in the development of these 
hardware architectures. Higher performance is achieved by 
optimizing these structures for improved timing behavior and 
low power consumption. Alternately the designs are modified to 
incorporate such architectural modifications that enable them to be 
operated at higher clock frequencies.  FPGAs are often used as co-
processors to implement these architectures. Historically, FPGAs 
have been slower, less energy efficient and generally achieved 

less functionality than their fixed ASIC counterparts. Advantages 
include the ability to re-program in the field to fix bugs, shorter 
time to market and lower non-recurring engineering costs.
The rest of the paper is organized in the following manner. Section II 
discusses the CORDIC algorithm and its operating modes. Section 
III describes the unfolded architecture of the CORDIC algorithm. 
Section IV gives a brief insight of the redundant arithmetic and 
its attractiveness in speeding up CORDIC processor. Section V 
evaluates the redundant and non-redundant implementations based 
on the comparison metrics.

II. CORDIC Algorithm
The CORDIC algorithm provides an iterative [2], method of 
performing vector rotations by arbitrary angles using only shift and 
add operations. The algorithm, credited to Volder [3], is derived 
from the general (Givens) rotation transform:    
x’=  x cos ø – y sin ø    (1)
y’=  x sin ø + y cos ø    (2)
This rotates a vector in a Cartesian plane by the angle ø. These 
can be rearranged so that:
x’= cos ø  [ x - y tan ø ]    (3)
y’= cos ø [ y + x tan ø ]    (4)
The rotation angles are restricted so that, tan ø = ±2-i. This reduces 
the multiplication operation by the tangent term to simple shift 
operation. Any given target angle ø can be decomposed into a 
sequence of smaller micro rotations. Thus ø is decomposed as a 
sequence of elementary rotations:
ø =Σ αi      (5)
Using these basic ideas we have the basic iterative rotations as:
x i+1 = cos αi  [ xi  –  yi tan αi  ]   (6)
y i+1 = cos αi   [yi  +  xi tan αi  ]   (7)
The rotation angles are restricted so that:
tan αi = ±2-i

x i+1 = [ xi – yi  tan αi  ] / ( 1 + tan2 αi )
1/2

y i+1 = [ yi + xi  tan αi  ] / ( 1 + tan2 αi )
1/2

Rearranging:
x i+1 = [ xi – yi  (±2-i) ] / ( 1 + 2-2i )1/2

y i+1 = [ yi + xi  (±2-i) ] /  ( 1 + 2-2i )1/2

Or   
x i+1 = Ki. [ xi  –  yi .di. 2

-i]    (8)
 y i+1 = Ki. [ yi  +  xi .di. 2

-i]    (9)
Where,
Ki   = 1/(1+2-2i)1/2; known as  scale constant.
di = ±1;  known as decision function.
 Removing the scale constant from the iterative equations yields a 
shift-add algorithm for vector rotation.  The product of the Ki’s can 
be applied elsewhere in the system or treated as part of a system 
processing gain.  That product approaches 0.6073 as the number 
of iterations goes to infinity. Therefore, the rotation algorithm has 
a gain, An, of approximately 1.647. The exact gain depends on 
the number of iterations, and obeys the relation:
An = Π [1+2-2i]1/2

 The angle accumulator adds a third difference equation to the 
CORDIC algorithm:
z i+1 = zi – αi

Performance Comparison of Non-Redundant and 
Redundant FPGA based Unfolded CORDIC Architectures

1Burhan Khurshid, 2Gulam Mohd Rather, 3Hakim Najeeb-ud-din
1,2,3Dept. of ECE, National Institute of Technology, Srinagar (J&K), India



IJECT Vol. 3, IssuE 1, Jan. - MarCh 2012 ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

w w w . i j e c t . o r g86   InternatIonal Journal of electronIcs & communIcatIon technology

z i+1 = zi – di tan-1 ( 2-i  )      
For a single CORDIC micro-rotation the resulting equations 
are:
x i+1  =  xi  –  yi .di. 2

-i    (10)
y i+1  =  yi  +  xi .di. 2

-i    (11)
z i+1  =  zi  –  di  tan-1 (  2-i  )    (12)
The CORDIC rotator is normally operated in one of two modes.  
In rotation mode, the angle accumulator is initialized with the 
desired rotation angle. The rotation decision at each iteration is 
made so as to diminish the magnitude of the residual angle in the 
angle accumulator.  The decision at each iteration is therefore 
based on the sign of the residual angle after each step.  
The CORDIC equations are:
x i+1 = xi – yi .di. 2

-i

y i+1 =  yi + xi .di. 2
-i

z i+1 = zi – di tan-1 (  2-i  ),
Where,
di = -1 if zi  < 0
     +1,      otherwise
After n iterations we are provided with following results:
xn =  An [ x0 cosz0 – y0 sinz0 ]   (13)
yn =  An [ y0 cosz0 + x0 sinz0 ]   (14)
zn  =  0      (15)
In the vectoring mode, the CORDIC rotator rotates the input vector 
through whatever angle is necessary to align the result vector with 
the x axis.  The result of the vectoring operation is a rotation angle 
and the scaled magnitude of the original vector (the x component 
of the result).

 III. Unfolded CORDIC Architecture
CORDIC algorithm can be implemented in a number of ways. 
A direct mapping of equations 10, 11, 12 in hardware results 
in an iterative architecture. These are, however, not suited for 
FPGA implementations [4], because, as the number of iterations 
increases the fan in of the shifters also increases, requiring several 
layers of logic to implement the shifters. The iteration process can 
be unfolded [5-6] so that each of n processing elements always 
perform the same iteration. Fig. 1, shows the unfolded CORDIC 
structure. 

 
Fig. 1: Unfolded CORDIC Architecture

Unfolded architectures have two advantages. First the shifters 
can be designed for fixed shifts, which mean that they can be 
implemented in the wiring. Second, the ROM that holds the angle 
values need not to be updated after every iteration. These can be 
distributed as constants to each adder in the angle accumulator 
chain. Those constants can be hardwired instead of requiring 

storage space. The entire CORDIC processor is reduced to an 
array of interconnected adder-subtraction units. The need for 
registers is also eliminated, making the unrolled processor strictly 
combinatorial. The unrolled processor is easily pipelined [7], by 
inserting registers between the adder-subtraction units.  In the case 
of most FPGA architectures there are already registers present in 
each logic cell, so the addition of the pipeline registers has no 
hardware overhead. 

IV. Redundant Arithmetic
Redundant Number Systems (RNS) offer an alternate form of 
computer arithmetic suited to numerically intensive applications. 
An important property of RNS is that it captures or prevents the 
carry propagation [8,9], creating parallel adders with constant 
delay, irrespective of the operand word-length. Thus low latency 
results are produced in an RNS format. Traditionally CORDIC 
implementations are based on ripple carry addition. These, 
however suffer from large internal carry propagation delays. 
Since the adder/subtractor unit forms a major component of 
CORDIC architecture, their performance will determine the 
overall performance of the CORDIC processor. To enhance the 
performance of CORDIC processors redundant arithmetic has 
been proposed. This arithmetic, due to its inherent carry-free 
property avoids the propagation of carry from the LSB to the 
MSB, resulting in faster operations. This section considers radix-2 
hybrid and signed-digit additions and subtractions. 

A. Hybrid Radix-2 Addition/Subtraction
Hybrid addition adds an unsigned number, Y, to a radix-2 signed-
digit number X<2.1> (2 signifies the radix-2 operation, and 1 signifies 
that the largest digit in the digit set is 1). The addition operation 
is expressed as:
 S<2.1> = X<2.1> + Y     (16) 
This addition can be carried out in 2 steps.
The first step computes an intermediate sum pi = xi + yi.. This 
addition is expressed as:
 xi + yi = pi = 2ti + ui,    (17)
In the 2nd step, the sum digit si  is formed by combining t+

i-1 and 
ui

- as one digit:
 si = t+

i-1 – ui-.     (18)
This arithmetic operation can be performed by a generalized type-1 
full adder [10], known as plus-plus-minus adder (PPM) [11].
In hybrid subtraction, an unsigned conventional number Y is 
subtracted from a signed-digit radix-2 number. The computation 
S<2.1>  =  X<2.1>  -  Y, can be carried out in a way similar to hybrid 
addition. The difference is that a negative transfer digit ti is used 
here.
In the first step, an intermediate difference  pi = xi - yi  is computed, 
digit independently, and is expressed using the following 
equation:
xi  - yi = pi = 2ti + ui,    (19)
In the 2nd step, the sum digit si is formed by combining ti-1 and 
ui+ digit:
si =- t -

i-1 + ui
+.     (20)

This arithmetic operation can be performed by a generalized type-1 
full adder [10], known as minus-minus-plus adder (MMP) [11]. 
The hybrid adder/ subtractor can add/subtract an unsigned number 
to/from a signed-digit number depending on the selection signal. 
When one of the operands is in two’s complement representation, 
subtraction can be carried out by hybrid addition where the two’s 
complement of the subtrahend is added to the minuend and the 
carry-out from the most significant position is discarded. Hence, the 
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same hardware can be used for both addition and subtraction. Fig. 
2, shows the architecture of a hybrid radix-2 adder/subtractor. 

Fig. 2: Hybrid Radix-2 Adder/Subtractor

B. Signed Addition/Subtraction
A signed-digit addition can be viewed as a concatenation of one 
hybrid addition and one hybrid subtraction. A signed-digit number 
is represented as Y<r,α> = Y+ - Y

-, where, Y+ and Y- are from the 
digit set {0, 1, …., α}. Therefore, a signed-digit number can 
be considered as the subtraction of two unsigned conventional 
numbers. Signed-digit addition can, therefore, be computed by 
sequentially performing hybrid addition and hybrid subtraction 
as follows:
S<r,α> = X<r,α>  +  Y<r,α> 
           =  X<r,α> +  Y+  -  Y-,
And, if   S1<r,α> =  X<r,α>  +  Y+,  
Then      S<r,α>  =  S1<r,α>  -  Y

-.
Fig. 3, illustrates such an approach for the case of radix-2. The 
figure also shows that the same hardware can be used to perform 
signed binary digit addition as well as subtraction by simply 
including, in every position, a single two-by-two switching box, 
controlled by a suitable add/subtract control signal.

Fig. 3:  Signed Binary Digit Adder/Subtractor

V. The Modified CORDIC
The modified CORDIC is based on redundant (signed) arithmetic. 
To increase the throughput, the system has been pipelined by 
introducing pipelining registers between the individual stages. 
Since the implementation is targeted for FPGA devices, no 
additional hardware is required for the pipeline registers. 

A. Methodology
The modified CORDIC has the same architecture as that of 
the basic CORDIC. The adder unit in each stage is, however, 
modified by replacing it with signed adder. The core is designed 
in seven stages and the analysis is carried out for word lengths 
of 16 and 32 bits. The initial design entry for both the basic and 
modified CORDIC is done using VHDL. The design synthesis 
and implementation is carried out in Xilinx ISE 12.4 [12], which 
automatically places and routes the implemented design. The 
simulator database is then analyzed for different performance 

parameters and logical conclusions are drawn. 

B. Implementation and Results
The basic and the modified CORDIC are implemented with the 
following synthesis description:
Platform: FPGA
Family: Virtex5
Target device: XC5VLX30
Package: FF324
Speed grade: -3
Fig. 4 and fig. 5, shows one stage of implemented RTL schematics 
of the basic and modified CORDIC structure.

Fig. 4: RTL Schematic of Basic CORDIC

Fig. 5: RTL Schematic of Modified CORDIC

Table 1, shows the device utilization summary for the two structures 
for an input word length of 16 bits.

Table 1: Device Utilization for 16 Bit Word Length

Parameter
Basic CORDIC Modified CORDIC

parallel pipelined parallel pipelined
No. of 
Registers -- 341 -- 342

No. of  
LUTs 549 498 349 349

 No. used 
as logic 549 498 349 349
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No. of 
occupied 
Slices

272 174 97 97

No. of LUT 
Flip Flop 
pairs used

549 505 349 349

No. of 
bonded 
IOBs

97 98 97 98

As evident from the table shown above, modified CORDIC is an 
efficient user of resources than the basic CORDIC. Another major 
observation is the frequency at which the structures operate. When 
the structures are not pipelined there is usually interest in the 
worst case delay that can occur in the operation of the circuit from 
any combinational logic input to any combinational logic output. 
Technically the longest combinational path in a circuit is called 
the critical path. Critical path delays determine the clock period 
and thus the operating frequency of the design. Table 2 compares 
the timing behavior of the basic and the modified CORDIC for 
input word length of 16 and 32 bits.

Table 2: Timing Behavior for 16 and 32 Bit Word Lengths

Parameter
Basic CORDIC Modified CORDIC

16- bits 32- bits 16- bits 32- bits
 Maximum 
combinational 
path delay:

24.472ns 41.635 
ns

13.445 
ns

16.037 
ns

Logic delay 5.804 ns 8.470 
ns

10.041 
ns

12.589 
ns

Route delay 18.668 
ns

33.165 
ns

3.404 
ns

3.448   
ns

 Maximum 
operating 
frequency

40.86 
MHz

24.018 
MHz

74.04 
MHz

62.34 
MHz

It is observed from the table that modified CORDIC shows an 
improvement in the timing response as compared to the basic 
CORDIC. The logic delay of the modified CORDIC is slightly 
greater than that of basic CORDIC. The route delay on the other 
hand is much less for modified CORDIC and remains almost 
constant for the specified range of input word lengths. The logic 
delay consists of transition delays, combinational timing arcs and 
capacitance related delays. The modified CORDIC, which is based 
on redundant arithmetic has greater combinational timing arcs 
(delay on account of paths followed by the path tracer within a 
logic cell) as compared to the basic CORDIC. The route delay is 
constituted by RC’s only and depend on interconnect length and 
width. The modified CORDIC has shorter interconnects than the 
basic CORDIC and thus has much smaller route delays. 
The overall delay (logic delay + route delay) for the modified 
CORDIC is lesser than the basic CORDIC and increases linearly 
with word length.
Pipelining increases the maximum operating frequency of both the 
structures. Table 3 below shows the maximum operating frequency 
of the two structures for word lengths of 16 and 32 bits.

Table 3: Maximum Operating Frequency for 16 and 32 Bit Word 
Lengths

Parameter Basic CORDIC 
pipelined

Modified CORDIC 
pipelined

16- bits 32- bits 16- bits 32- bits

 Maximum 
operating 
frequency

232.60 
MHz

163.43 
MHz

511.587 
MHz

431.276 
MHz

Further analysis is carried out for word lengths ranging from 16 
to 128 bits and the results are plotted in graphical form as shown 
in fig. 6, below.

Fig. 6: Maximum Operating Frequency Comparison for Basic 
and Modified CORDIC

The maximum operating frequency for the pipelined structures 
decreases with increase in the word length. For basic CORDIC 
the variation is extremely non-linear. This non-linear behavior is 
due to the ripple-carry adder logic used in the basic CORDIC. 
As the word length increases, the uncertainties, on account of 
decomposition of the core into its constituent stages also increase. 
This results in different critical paths for different stages and thus 
varying clock periods. The overall operating frequency of the 
core is determined by the slowest stage within a structure and is 
thus variable. Finally the two structures are analysed for power 
consumption. Power analysis is carried out for all the instances 
(resources) utilized for implementing the structures. The analysis 
is carried out for both parallel and pipelined designs and the results 
are given in Table 4.

Table 4: Power Dissipation at 50 MHz for 16 Bit Word Length

Instance 
(resource)

Power Dissipated in milli watts
Basic CORDIC Modified CORDIC
parallel pipelined parallel pipelined

Clock -- 10.02 -- 5.58 
Logic 6.68 4.45 3.24 3.17 
Signals 4.48 4.61 1.83 2.26  
IOs 97.36 97.35 55.14 55.14 
Leakage 380.68 380.62 379.95 379.96 
Dynamic 108.52 116.43 60.21 66.15    
Total 489.2 497.05 440.16 446.11  

From Table 4, it is observed that modified CORDIC being an 
efficient user of logic dissipates less power compared to the 
basic CORDIC. It should be noted that the power dissipation is 
a function of the operating frequency and the input word length. 
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Increasing the operating frequency will result in drawing of more 
current and thus more dissipation. Table 5, gives the measured 
power values at an operating frequency of 100 MHz. Table 6 gives 
the values for an operating frequency of 50 MHz but for the input 
word length of 32 bits. In both the cases the power dissipation 
has increased as compared to the above values.

Table 5: Power Dissipation at 100 MHz for 16 Bit Word Length

Instance 
(resource)

Power Dissipated in milli watts
Basic CORDIC Modified CORDIC
parallel pipelined parallel pipelined

Clock -- 13.5 -- 8.23 
Logic 13.36 8.9 6.48  6.34  
Signals 8.95 9.21 3.66 4.52 
IOs 194.72 194.69 110.29 110.29 
Leakage 382.19 382.08 380.79 380.79 
Dynamic 217.03 226.31 120.34 129.37  
Total 599.22 608.39 501.13 510.17  

Table 6: Power Dissipation at 50 MHz for 32 Bit Word Length

Instance 
(resource)

Power Dissipated in milli watts
Basic CORDIC Modified CORDIC
parallel pipelined parallel pipelined

Clock -- 17.75 -- 10.01 
Logic 13.87 9.20 6.65 6.63 
Signals 11.01 12.33 4.92 5.13 
IOs 196.07 196.64 110.73 110.73 
Leakage 382.30 382.21 380.84  380.84  
Dynamic 220.95 235.92 122.27 132.51 
Total 603.25 618.13 503.07 513.34 

VI. Conclusions
This paper carried out the performance analysis of the non redundant 
and redundant CORDIC architectures. The implementation was 
targeted for FPGA devices. It is clearly observed that redundant 
architectures because of their carry free property can be operated 
at much higher frequencies. This results in high speed operation at 
reduced power and resource usage, which is desired in modern day 
DSP applications. The analysis was carried for radix-2 CORDIC. 
Further improvement in speed may be achieved by using redundant 
arithmetic for radix-4 CORDIC architectures.
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