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Abstract: As the recognized core of electronic systems, frequency synthesizers have been applied in many communication fields. NC
oscillator (NCO) is the main component of the frequency synthesizer. It helps to generate high-precision and high-frequency signals, so it has
been widely used. NCO implementation methods include table lookup method, polynomial expansion method, coordinate rotation digital
computer (CORDIC) algorithm, etc. CORDIC algorithm is one of many commonly used methods in trigonometric function calculation and
digital signal processing, and is often used as the core of DDS (direct digital synthesis) to generate signals. Compared with table lookup and
polynomial expansion, CORDIC algorithm has higher efficiency in signal generation and hardware utilization. In view of the disadvantages
of traditional CORDIC algorithm, which takes up large resources and has relatively slow calculation speed, in order to improve the output
efficiency, this paper uses an efficient 12-stage pipelined CORDIC architecture and a very small lookup table (LUT) to implement a sine wave
generator. The system is coded and simulated in Quartus and ModelSim. The results show that the proposed structure can increase the operating
speed of the system from 217.77 MHz to 291.04 MHz, and improve the output efficiency of the system.

Keywords: CNC oscillator, Waveform generator, CORDIC algorithm, Parallel pipeline structure, Improved pipeline.

1. Introduction

Digital controlled oscillator (NCO) is an important part of
software radio, direct digital synthesizer (DDS), fast Fourier
transform (FFT), etc., and also one of the main factors that
determine its performance. It has the characteristics of high
frequency accuracy, short conversion time, high spectral
purity and easy programming of frequency phase, Therefore,
it is widely used in software radio digital up-conversion,
down-conversion and various frequency and phase digital
modulation and demodulation systems. With the
improvement of chip integration, digital controlled oscillators
are more and more widely used in signal processing, digital
communication, modulation and demodulation, frequency
conversion and speed regulation, guidance control, power
electronics and other fields.

In order to effectively improve the accuracy of MEMS
gyroscope, it is an effective and stable way to convert the
analog measurement and control circuit in the measurement
and control circuit of micro gyroscope into digital
measurement and control circuit. In the digital measurement
and control circuit, the driving circuit plays a decisive role.
The main function of this circuit is to stabilize the output
frequency and amplitude of the MEMS gyroscope and realize
the stable operation of the gyroscope. The digital phase-
locked loop is mainly used to stabilize the output frequency.
As an important part of the digital phase-locked loop, the
digital controlled oscillator (NCO) plays a vital role in the
performance of the whole digital phase-locked loop.
Therefore, the design of high-precision numerical control
oscillator is the focus and difficulty of the whole circuit. The
traditional implementation methods of NCO mainly include
table lookup method, polynomial expansion method or
approximation method [1], but these methods are difficult to
give consideration to speed, accuracy and resources. At
present, the numerical control oscillator is mainly realized by
CORDIC algorithm. Compared with the traditional
implementation method of NCO, CORDIC algorithm can
generate high-precision sine and cosine waveforms without
using multipliers, but only simple shift and addition
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operations, especially suitable for FPGA hardware
implementation [2].

CORDIC (Coordinate Rotation Digital Computer)
algorithm, namely coordinate rotation digital calculation
method, is an effective and practical method for generating
sine and cosine waveforms. It was first proposed by J.D.
Volder et al. in 1959 [3], mainly used in the calculation of
trigonometric  functions, hyperbolas, exponents and
logarithms [4]. CORDIC algorithm has strong portability,
convenient implementation and controllable precision [5-7].
In the long process of development, many scholars have
carried out various researches on the algorithm and proposed
different improvement methods for different defects of the
algorithm. In 2005, Maharatna K et al. proposed a serial
structure based on CORDIC algorithm [8] and implemented
it on FPGA in hardware. This method takes less resources,
making the design of control unit slightly complex, timing
control more cumbersome, and system processing speed low.
In 2013, Huang Jun et al. proposed the pipelined CORDIC
algorithm, which improved the computational efficiency of
CORDIC, but greatly increased the logical resources
occupied by the algorithm [9]. In 2014, Liu Zhangfa et al.
proposed the binary angle recoding CORDIC algorithm [10],
which can omit the next rotation direction judgment to be
performed in each iteration, thus reducing the resource
occupation and improving the speed of understanding. In the
same year, Xu Cheng and others proposed an iterative
merging CORDIC algorithm based on angle recoding [11],
which further reduced the resource occupation.

Based on the traditional serial structure, parallel structure,
pipelined structure and other technologies of CORDIC, this
paper proposes an improved parallel pipelined CORDIC
implementation method. In order to improve the output
efficiency and reduce the resource consumption, this paper
proposes an improved parallel pipelined CORDIC
architecture to implement a numerical control oscillator. This
structure can increase the maximum clock speed of the system
from 217.77 MHz to 291.04 MHz, and improve the output
efficiency of the system.



2. CORDIC Algorithm Principle

The operation method of CORDIC algorithm is based on
triangle operation, which relies on vector rotation to
continuously map and coordinate between polar coordinates
and rectangular coordinates. Unlike LUT, CORDIC
algorithm does not completely rely on the predetermined
phase, frequency and amplitude values to calculate the
coordinates on the sine wave. It is more flexible than LUT.
CORDIC is superior to the traditional LUT method because
of its ability to generate orthogonal components and in-phase
components at the same time. It can calculate the required
trigonometric function values, such as sine, cosine and
hyperbolic function d (ex-sinh, cosh and tanh), and can
achieve any required accuracy.

CORDIC algorithm is divided into rotation mode and
vector mode. Due to the consistency of hardware architecture,
the basic principle of the final implementation of rotation
mode and vector mode is the same. This paper mainly
analyzes and studies the rotation mode. The geometric
principle of rotation mode is shown in Figure 1. There is a
point P1 in the coordinate system. After rotating Pl by 2
degrees, the point P2 is obtained. The angle 1 is «, called
initial angle; Angle 2 is the rotation angle [ express.

Figure 1. Geometric schematic diagram of CORDIC
algorithm order

OP1=0P2=\|x} +y’ =\x, +y,’ =R ()

Get the expression of P1 point:

X, =Rcosa
. 2
Y, =Rsina
Then the expression of P2 point can be obtained:
{xz=Rcos(ﬁ+a)=xlcosﬁ—ylsin,8 3
Y, =Rsin(f +a) =y,cosf +x;sinf )

Therefore, after P1 and rotation angle are known, point P2
can be calculated. The coordinates of P2 can be further written
as:

{xz = cos f (x; — yi tan ) @)
Y2 = cos B (y1 + x; tan B)

In order to facilitate calculation, the vector modulus value

is not considered in rotation, and will be cos removed. At
this time, the degree of rotation coordinate can be easily
obtained. This operation is called pseudorotation. At this time,
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1-4 becomes a pseudorotation equation:
X, =% — Yy, tanf
_ (5)
Y2 =y +x tanf

The idea of pseudo rotation is to split the angle, and the
specific method is to rotate the angle [ divided into several
angles of equalsize f; i.e B = X2, Bi- Inorderto facilitate
the implementation of CORDIC algorithm on hardware, set
the rotation angle of each time as §;. regulations f; satisfy
tanB; =27%, there are:

B; = tan~1 27 (6)

Y.tanf; range and rotation angle of S scope
off —99.7°,99.7 |Consistent. Since the direction of each
rotation is related to the size of the remaining angle after the
last rotation, it is necessary to set a direction for each rotation
d;, if the sum of rotation angles is less than £, then d; is 1,
indicating that the next rotation is clockwise. If the sum of
rotation angles is greater than S, then d; a value of - 1
indicates that the next rotation is counterclockwise. After
rotating a certain angle from the initial position, there will be
aresidual angle. Set the residual angle of rotation as z;, z; =
B — d;f;, bringing (1-6) into: z; = f —d;tan™' 27t z
initially S ie z;(0) =f . along with i the value of is
increasing, <i mtid='471">hello</i> it will approach 0 and the
rotation will end.

i After defining the rotation direction, formula (1-6) can
be changed to:

B; = tan™*(d;27") @)

When using pseudo rotation, each rotation will correspond
to a residual angle, and a rotation will be generated at the end
of rotation [Jcosf; accumulation of. Assuming the number

of iterations = @ —1 , the rotation coordinate of P2 should

be (xg *[1cosBi, yq *[[cospf;) therefore, the final
coordinate angle of P2 should be:
{xa * [[cosB; = (xy cos f —y, sinfB) ®)
Ya * [1cosp; = (y1 cos B — x, sin )
Namely
1 ;
Xg = nTsﬁi(xl cos B —y,sinf)
1 &)

Ya (yy cos B + x; sin )

~ Tcosh;

From the above formula, when ! the value is large enough,
Ilcosp; approaches to a constant, which can be set manually
at this time x; . <i mtid='535">hello</i> the value of<p
mtid='539 '/> x; =M cosf;,y; =0 can be calculated
cosf, sin B to realize the operation of sine and cosine.

The idea of CORDIC algorithm is to use a series of iterative
algorithms to yaw at a fixed parameter angle to approximate
the required rotation angle. The implementation of the
algorithm is to iteratively approximate the required value. At
the same time, it can be seen that due to the limitation of
hardware implementation, infinite iteration is not allowed,
otherwise the required resources and processing time will



increase. Therefore, in practical application, it is necessary to
select the number of iterations according to the requirements
of the system to achieve the accuracy required by the system.

3. CORDIC Algorithm Structure
Analysis

From the pseudorotation equation mentioned above, the
following expression can be obtained:

_ i
X =x,—dy2

Vi =yi+dixi2_i (10)

_ -1 A—i
Z,,,=2,—d tan” 2

Where X, , ¥, ,, Z; respectively represent the abscissa

before rotation, the ordinate before rotation, and the
remaining angle before rotation.
In combination with the selection direction mentioned

+1 z 20
d, =
-1 z <0
Equations (10) and (11) are referred to as the overall
iterative process of CORDIC algorithm circular system
rotation mode.
From the iterative process expression, the basic processing

unit of CORDIC algorithm for hardware implementation in
rotation mode can be obtained. As shown in Figure 2.

above "/, there are:

(11)

X, + _)l Xial
|

Vi i _)l Yis
al
i 'T’I'le'm_'

[ -I—- _)l Zi+1

SIS m—

Figure 2. CORDIC algorithm circle system rotation mode
processing unit

It can be seen from the above figure that the basic
processing unit of CORDIC algorithm is composed of three
adders, a lookup table LUT (storage angle) and two shift
operators. It can be seen from this structure that the
advantages of CORDIC algorithm are perfectly reflected.
Since the basic structure of the processing unit used in each
iteration is the same, only in terms of shift amount and storage
angle, two hardware implementation architectures of
CORDIC algorithm can be obtained, namely, serial
architecture and parallel architecture. The general block
diagram of the serial architecture is shown in Figure 3.

34

'S bl

" | coroic | FeYeR
SIRE T

Figure 3. CORDIC algorithm serial structure

The block diagram of parallel structure is shown in Figure
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Figure 4. CORDIC algorithm parallel structure
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The detailed block diagram of the serial structure is shown
in Figure 5.
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Figure 5. Detailed diagram of CORDIC algorithm serial
structure

In Figure 5, sgn (yi) and sgn (zi) respectively represent the
sign bits of yi and zi, that is, the highest bit. In operation,
CORDIC algorithm will choose different operation modes
(rotation mode and vector mode), and choose one of them to
assign to di. Secondly, the adder determines the working
mode (addition operation, subtraction operation) according to
the selected value of di. ">>i" means that the input data is
shifted to the right by i bit, which is controlled by the control
module. The data stored in ROM is the rotation angle at each
iteration tand; = 27%, can be expressed in angle or radian.
Take 16 iterations as an example, that is, i=0, 1, 2,..., 15,
design a counter cnt count value of module 16 from 0 to 15,
and generate the sel signal in the figure by decoding the count
value, that is, when cnt>0, sel is 1, otherwise it is 0. At the
same time, the count value can also dynamically adjust the
shift amount, as shown in Figure 6. In addition, the count
value can also be used as the read address of the ROM. This



is the architecture used by the traditional CORDIC algorithm.

cnt

Figure 6. Dynamic shift circuit

The detailed block diagram of the parallel structure is
shown in Figure 7.
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Figure 7. Detailed parallel structure of CORDIC
algorithm

It can be seen from the above figures that in the
implementation architecture of CORDIC, compared with the
parallel architecture, the serial CORDIC processing unit uses
synchronous time-sharing multiplexing, which leads to the
minimum resources occupied by the serial structure. This
makes the design of CORDIC control unit slightly more
complex, the timing control is more cumbersome, and the
system processing speed is lower. The parallel structure is an
extension and improvement of the serial structure. This
structure introduces an independent CORDIC processing unit
for each iteration of the algorithm, so it does not need the
addition of other control circuits, and the whole process only
needs shift, addition and subtraction operations. This is the
biggest difference from the CORDIC processing unit in the
serial structure. In order to improve the processing speed of
the system, this paper adds a pipeline register to the parallel
structure, which effectively shortens the critical path and
makes the length of the critical path change from N CORDIC
processing units of the parallel structure to 1 CORDIC
processing unit.

The block diagram of parallel pipeline structure is shown
in Figure 8.
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Figure 8. Parallel pipeline structure of CORDIC
algorithm

Improved CORDIC algorithm

The implementation method and process of the traditional
serial CORDIC algorithm is relatively simple, and because
the angle of each rotation is fixed, the multi-level parallel
pipeline structure is required to achieve high precision
calculation. However, the traditional CORDIC parallel
multistage pipeline structure uses a higher number of stages,
resulting in a large overall circuit delay and increased
hardware costs.

Based on the above conditions, this paper proposes an
improved CORDIC parallel structure based on the traditional
serial CORDIC and the traditional parallel pipelined
CORDIC, which is composed of a 12-stage pipeline and a
small-capacity sine and cosine lookup table.
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4.

4.1. Angle binary coding

In the research of traditional researchers and scholars on
CORDIC, it is known from various research data that in the
traditional implementation method of the algorithm, the
resource consumption for calculating the remaining angle
basically accounts for 1/3 of the total resource consumption.
In the actual operation process of the algorithm, the direction
of each rotation and the size of the iteration are inseparable
from the last rotation, which has an inevitable impact on the
overall operation speed of the system. According to the
calculation relationship of trigonometric function, in order to
avoid such influence [0,7/4] the rotation angle of is
expressed by N-bit binary number.

N
«9=Zan2’”

n=1

(12)

Among them, a, = {0, 1} it is the bit & value of the
input rotation angle expressed in binary. So far, the angle and
direction of each rotation can be determined according to the
size of this value. because a,, it represents a binary bit value.
It does not consume additional resources in the hardware
implementation process, thus eliminating the internal
consumption of resources generated when calculating the
remaining angle, and improving the overall running speed of
the system.

4.2. Establishment of small lookup table

In this paper, 13-bit binary number is used [0,7/4] the
input angle in the, and [w/4, 2m] the sine and cosine
function values of the internal input angle can be obtained
through the transformation of the trigonometric function

formula, so only input is required [0, /4] the angle value in
is enough. Some lookup tables are shown in Table 1 below.



Table 1. Lookup Table

Binary cosine

address Binary sine value
value
0000 010000000000000 000000000000000
0001 001111111110000 000001000000000
0010 001111111000000 000001111111101
one
thousand
one 00101100000010 001011100111011
hundred
and one

5. Simulation of Improved CORDIC
Parallel Architecture

According to the traditional CORDIC parallel structure, the
traditional CORDIC pipelined parallel structure and the
improved CORDIC pipelined structure proposed in this paper,
the Verilog digital code is written on Quartus, and the
simulation is performed on ModelSim. The simulation results
are as follows.

Flow Status Successful - Fri Aug 05 10:03:06 2022
Quartus IT 64-Bit Version 13.1,0 Build 162 10/23/2013 SJ Full Version
Revision Name 4
Top-level Entity Name Cordic_Test
Family Cydone IV GX
Device EP4CGX22CF19C6
Timing Models Final
Total logic elements 1,978 /21,280 (9 %)
Total combinational functions 1,919/21,280 (9 %)
Dedicated logic registers 1,346 /21,280 (6 %)
Total registers 1346
Total pins 130/ 167 (78 %)
Total virtual pins 0
Total memory bits 28/774,144(<1%)
Embedded Multiplier 9-bit elements 0 /80 (0 %)
Total GXB Receiver Channel PCS 0/4(0%)
Total GXB Receiver Channel PMA 0/4(0%)
Total GXB Transmitter Channel PCS 0 /4(0 %)
Total GXB Transmitter Channel PMA 0 /4(0 %)
Total PLLs 0/4(0%)

Figure 9. CORDIC logic resource consumption of traditional
parallel architecture

Successful - Fri Aug 05 09:50:32 2022
13.1.0 Build 162 10/23/2013 SJ Full Version

Quartus II 64-Bit Version

Revision Name nco
| Top-evel Entity Name nco
Family Cydone IV GX

Total logic elements
Total combinational functions

2,336 /21,280 (11 %)
2,151/21,280 (10 %)

Dedicated logic registers 2,263 /21,280 (11 %)
Total registers 2263
Total pins 72/167(43%)
Total virtual pins 0
Total memory bits 102 /774,144 (<1 %)
Embedded Multiplier 9-bit elements 0/80(0%)
Total GXB Receiver Channel PCS 0/4(0%)
Total GXB Receiver Channel PMA 0/4(0%)
Total GXB Transmitter Channel PCS 0/4(0%)
Total GXB Transmitter Channel PMA 0/4(0%)
Total PLLs 0/4(0%)
Device EP4CGX22CF19C6
Timing Models Final

Figure 10. CORDIC logic resource consumption of traditional
parallel pipeline structure
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Flow Status

Quartus II 64-Bit Version

Revision Name

Top-level Entity Name

Family

Total logic elements
Total combinational functions
Dedicated logic registers

Compilation Report - CORDIC

Jrow somry |

Successful - Fri Dec 16 17:10:45 2022
13.1.0 Build 162 10/23/2013 SJ Full Version
CORDIC

CORDIC

Cyclone IV GX

775 (21,280 (4% )

758 21,280 (4% )

504 (21,280 (2% )

Total registers 504

Total pins 50/167 (30%)
Total virtual pins 0

Total memory bits 0/ 774,144 (0% )

Embedded Multiplier 9-bit elements  0/80(0% )
Total GXB Receiver Channel PCS 0/4(0%)
Total GXB Receiver Channel PMA 0/4(0%)
Total GXB Transmitter Channel PCS  0/4 (0% )
Total GXB Transmitter Channel PMA ~ 0/4 (0% )
Total PLLs 0/4(0%)
Device EP4CGX22CF19C6

Timing Models Final

Figure 11. Improved parallel pipeline CORDIC logic resource

consumption
Table of Contents
blow 1200mV 0C Model Fmax Summary i
Fmax Restricted Fmax Clock Name Note
1 217.77 MHz 217.77 MHz CLK_50M

Figure 12. Maximum clock speed of traditional parallel
architecture

\’ Compiation Report - nco
Table of Contents

Slow 1200mV 85C Model Fmax Summary
Fmax Restricted Fmax ~ Clock Name Note
| 250.0MHz k limit due to minimum period restriction (max 1/O toggle rate)

Figure 13. Maximum clock speed of traditional parallel pipeline
structure
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Figure 14. Maximum clock speed of improved parallel pipelining
structure

Figure 9, Figure 10 and Figure 11 show that the traditional
parallel pipeline architecture uses more registers than the
traditional parallel architecture (pipeline architecture 2263,
non-pipeline architecture 1346), while the improved parallel
pipeline CORDIC architecture proposed in this paper uses
504 registers, which significantly reduces the built-in
resource consumption compared with the previous two
traditional CORDIC architectures. Figure 12, Figure 13 and
Figure 14 measure the clock speed of the system. The results
show that the running speed of the traditional parallel
structure CORDIC algorithm is 217.77 Mhz, and the running
speed of the traditional parallel pipeline structure is 303.12
Mhz, while the running speed of the improved parallel
pipeline structure algorithm proposed in this paper is 291.04
Mhz. Overall, the traditional pipeline structure can greatly
improve the system running speed, but the use of more
registers leads to increased resource consumption, which
affects the overall performance. The improved pipeline
structure proposed in this paper uses the least registers,



reduces the internal resource consumption, and the overall
speed is only less than 3.9% lower than the traditional parallel
pipeline, and also ensures the high speed of the system.

The following figure shows the simulation results using
ModelSim.
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Figure 15. ModelSim simulation results

6. Conclusion

In view of the problems of the slow operation speed of the
traditional serial CORDIC algorithm and the large resource
consumption of the traditional parallel CORDIC algorithm,
this paper proposes an improved CORDIC parallel structure
based on the traditional serial CORDIC and the traditional
parallel pipelined CORDIC, which is composed of a 12-stage
pipeline and a small-capacity sine and cosine lookup table.
Finally, the parallel architecture, parallel pipeline architecture
and improved CORDIC architecture are successfully
implemented on Quartus, and the resource consumption and
running speed of the three are compared. The comprehensive
conclusion is that the structure proposed in this paper not only
reduces the resource consumption, but also improves the
running speed. Finally, the required sine wave is obtained on
ModelSim.
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