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Executive Summary: Golfis becoming more popular as it becomes more urban and techno-
logical. Some amateur golfers, however, have difficulty improving their skills as they cannot
clearly understand their shots. The aim of this project is to monitor a golfer s shot result so
that it can be displayed on any device, such as an iPhone or Android. This shot information
includes speed, predicted trajectory, direction, peak, and carry, which can be used to cor-
rect the golfer’s swing in real- time. This project adopted a Doppler radar-based golf ball
flight trajectory analysis system with a multi-platform visualisation mobile application. A
variety of technologies in different fields, including radar hardware design, kinematic model
prediction, wireless transmission and mobile application design are collaboratively utilised
to construct a complete product.
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1 Introduction

In order to enable amateur golfers to enjoy real golf and improve their skills, this system is designed
to help amateur golfers overcome the problem that hindering their improvement. Technologies from
multiple fields were adopted to develop this real-time golf flight trajectory visualization system. In this
project, the use of new technologies in traditional sports has shown the development and prospects of
using consumer electronics in traditional sports.
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Figure 1: High-level block diagram of the system

The high-level block diagram of the system is shown in Figure 1. This system is based on two IVS-565
radars. By using 24GHz Doppler radars with four antennas and a processing circuit including ampli-
fier, filter, level shifter, power supply and ADC, real-time monitoring of the golf ball can be achieved.
The multi-module back-end server equipped on the Raspberry Pi will automatically analyse the Doppler
effect of the golf ball and calculate the golf launch speed and angle by adopting the phase-comparison
monopulse method. By deploying the kinematic model, the flight trajectory of the golf ball can be pre-
dicted. Finally, the system transmits the flight trajectory data to the smartphone through a transmission
module based on Bluetooth low energy and compression algorithms. The easy-to-use visualization ap-
plication provides the user with a multi-angle 3D golf flight trajectory for each shot.
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2 Literature Review

The existing mainstream simulator sensing devices are roughly divided into three types Tuxen (2020).
The first one is the Infrared sensing system, its working principle is based on using infrared measurement
system, and it has following advantages: Good durability, wide adaptability, low price, low maintenance
cost, high cost performance. In a word, It is an affordable choice for experiencing the fun of golf indoors
and suitable for entertainment environment.

The second trend is using High-speed camera sensor system, and this kind of devices are using split-
type high-speed camera measurement system, Canadian industrial-grade surveillance camera equipment,
binocular vision measurement and precise analysis. its advantages are mainly utilised in accuracy , so it
is more suitable for professional players. meanwhile, it is easy to use, and adaptable. Normally, it can
accurately measure the flight data of 8 groups of golf balls,support swing action drawing line analysis,
and has the most realistic stadium software system. So it is an excellent choice for players who want to
improve their skills.

The last type is Radar sensing system. The Working principle is using radar detection system. this de-
vices have plenty of advantages like extremely professional golf tracking and testing equipment, track-
mangolf (2019) with an accuracy of 0.3 yards per 100 yards, accurate data for 14 sets of golf balls, 9 sets
of club data, 3 sets of measured data, and the measurement accuracy is approved by authoritative golf
institutions such as Professional Golfers’ Association (PGA) Certification; comes with swing analysis
software,which can freely connect to terminal devices such as iPad, iPhone, PC. The most typical exam-
ple is the Trackman radar measuring device, and it is currently widely used by PGA professional golfers
and is a professional high-end choice for improving golf swing and hitting skills.
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3 Hardware Design

This chapter is mainly introducing the selection of hardware components and the design of each circuit.
In section 3.1, it is including the overall structure of the hardware. Section 3.2 introduces the selection and
design of the radar model. Considering the output signal of the initial radar circuit is undetectable and the
condition of signal aliasing, Therefore, a suitable amplifying filter circuit is essential, so the main content
of 3.3 is amplifier selection and amplifying filter circuit design. As for part 3.4, it is a cornerstone for
further digital signal processing, which is explains the power supply circuit and DC level shifter design,
all of this is contributing to an independent circuit which can go through ADC.

3.1 Overall hardware architecture

This section explains the overall hardware structure design of golf track detection system. In details, this
system is divided into four 44 parts: radar circuit, amplifying and filtering circuit, power supply circuit,
and DC level shifter circuit. Which is specifically illustrate in the Figure 2.

POWER SUPPLY CIRCUIT
K-CUT0505-1W
K-CUT0503-1W

Radar | Circuit
[VS-565 = MCP3

Radar | Circuit ADC
IVS-565 MCP3008

POWER SUPPLY CIRCUIT
K-CUT0505-1W
K-CUT0503-1W

Figure 2: Hardware architecture

This flowchart mainly focuses on processing analog signals. The reason for using two radar systems is
to obtain both elevation angle and azimuth angle of the golf ball through different placement methods of
the radar, and chapter 4 will concentrate on the algorithm of signal processing after going through the
analog-to-digital converter.

3.2 Radar

Radar is an electromagnetic system emitting and receiving radio signals to detect and measure objects’
information within its detectable range. There are two main types of radar, pulse wave and continuous-
wave(CW). Pulse radar will not send the next pulse until it completes each transmitting and receiving
cycle. One antenna is enough to satisfy all operating requirements. On the contrary, CW radar needs
one more antenna. Because it can emit a signal and receive another return signal at the same time.
Compared with pulse wave radar, CW radar does better in the simplification of microwave filtering due
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to its narrower transmitted spectrum. Also, it can handle almost all objects with controllable speed at any
distance (Skolnik, 1970). Considering these factors, CW radar is adopted in this project.

Doppler frequency refers to the change of frequency when an object moves along a direction due to
the difference in its travel distance, showed as Figure 3 (“Police Doppler Radar”, n.d.). One of the main
pieces of information that can be extracted from the Doppler frequency is the radial velocity. The Doppler
frequency becomes lower when the object is heading away from the radar with a smaller frequency return
signal.

Frequency

v o VAMAVAVY <22
Approaching
V= MWW
SR NAVAVAVAY- e
Receding

Figure 3: Doppler Radar Principle

Doppler frequency f; can be expressed as

Ja=Ffr—Ji (1

Where f,. is the frequency of received signal and f; is the frequency of transmitting signal. When the
receiver and sound source are close to each other, the receiving frequency is greater than the transmitting
frequency. That is f; > 0. Otherwise, f; <O0.

The relationship between Doppler frequency and radial velocity is
A
Vrzgfd:VcosH (2)

From the equations above, the following conclusions can be drawn.

* As long as the target Doppler frequency is measured, the velocity of the target can be obtained
» The Doppler shift of fixed target shift is zero
* The positive and negative sign of the Doppler shift determine the direction of the target motion

In this project, the ideal radar model is IVS565, Section 3.2.1 is about the basic characteristics of the
selected radar. Then Section 3.2.2 explains the reasons for choosing this type of radar. In Section 3.2.3,
the main content is the connection and placement instructions of the radar circuit.

3.2.1 IVS-565 radar

IVS 565 is a K-Band VCO radar transceiver for FMCW/FSK modulation from Innosent company. The
Innosent company is established in 1999. It is a high-tech company specializing in the design ,production,
sales. industrial, commercial, automatic control and other fields of radar sensors. IVS-565 radars contains
an advanced PHEMT -oscillator for lowest power consumption. It is also an Ideal device for security
applications.
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Figure 4: IVS-565 Radar

Meanwhile, It adopts a planar microstrip antenna structure and has a very small appearance. All of these
characteristics make it suitable for various integrated circuits. IVS-565’s functions are also diverse, such
as detecting the speed of objects and identifying the direction of moving targets.

IF1
\
‘ % T RX 2
T'X —lgﬂand_ L|

Figure 5: IVS-565 Structure

As for this project, the CW-mode has been chosen for IVS-565, its main theory is: According to the
direction of movement of the object, the wave front transmitted by the wave generator (sound, microwave,
light, etc.) is either "Compress” or “shrink”, which ultimately means frequency changes. Signal shift in
Initial frequency and reflection frequency from relatively unchanged transmitted signal are combined
in the simple mixer (called "homodyne” by experts) , as a result, it produces sinusoidal intermediate
products frequency (IF).

3.2.2 Radar selection

The selection of Radar should fit into the condition that needs to apply for golf ball trajectory simulation.
The requirements is to both detect angles and speed. The ability to detect both elevation angle and azimuth
angle is the most tricky part. The existing technology can take advantages of phase differences of the
returned signal to obtain angles. A single pulse is transmitted by a directional antenna and received by
two independent antennas. The distance between these antennas is known. The two antennas face the
same direction and cover the same spatial area. The reflected signal has the same amplitude, resulting in
a different phase. Conversely, the angle 0 of the object can be obtained by measuring the phase difference
between the two signals. By placing another antenna on the left or right side of one of these antennas,
the azimuth angle can be obtained. Meanwhile, putting one antenna above or lower than another antenna
helps to calculate elevation angle.
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Figure 6: Phase comparison in angle determine

So the distance d between two antennas is a crucial factor, If d is larger than the antenna diameter, high side
lobes will be produced, which will result in wrong angle measurement . In order to limit the strength of
the side lobes, the radar contains of two antennas will be the best choice for detecting angles. Using above
method, although IPM,IVS,IPS these three types of radar are all suitable for detecting objects, between
them, IVS-565 is the most suitable for our project because it has two antennas to detect instantaneous
speed, direction of movement, and instantaneous distance for moving objects.

3.2.3 Radar circuit connection

The CW-Doppler radar is the simpliest and most efficient solution in cases where the detection of moving
object is the only and outstanding task. [VS-565 radar contains 6 pins, and the connection will be shown
According to Datenblatt IVS-565 (2016) the typical positive power supply is +5V, and the negative power
supply in proper condition is -3.3V, meanwhile, decoupling capacitors are used to reduce noise from the
equipment to the power supply. Considering the mode is CW, so the connection for Vtune is suspended. In
this way, the transmit frequency will be set to the default value , which is 24 GHz at 25 C. the remaining
two output pin will be connect to the input of the amplifying filter circuit. As for the placement, One
of the radars obtains the azimuth angle through horizontal fixation Another radar will fix the antenna
vertically to obtain the elevation angle. Moreover, in order to make the angle detection more precisely, it
is necessary to keep the centroids of the two radars at the same level.

3.3 Amplifying filter circuit design

Combined with the condition that the output of IVS-565 is too small, amplifying circuit is needed for
detection. Section 3.3.1’s content is covering the basic requirement for amplifying filter circuit, section
3.3.2 denotes the selection of the amplifier, and section 3.3.3 describes our circuit configuration and

simulation results. At the end, considering the COVID-19, the project adjust another circuit to suit for
reality.

3.3.1 Design requirements

According to Datenblatt IVS-565 (2016), the output power is of [VS-565 almost 15.849mw, its too small,
and in order for detecting the signal information, it is necessary to add further amplification circuit, the
amount is in theory should be 70 to 80 dB from Application Note I (2016)

gain_, = 1020 = 10000 3)
. 70
gain .. = 1020 = 3162 4)
Meanwhile, due to the relationship between the moving objective and the output frequency:
v
fDoppZz‘fO'*‘Cosa (5)
o
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Where fdopp represents the Doppler frequency, and f0 denotes the transmit frequency of the radar. v
represents magnitude of velocity of the moving objects, and c0 is velocity of light, then alpha is the angle
between the actual direction of motion and the connecting line sensor-object. In general, choosing the
angle between the golf ball and sensor to be 0, and the fastest golf ball speed is around 340km/h from
Kobayashi (1988),every golf players will impossible to hit the ball exceeding this speed, so this frequency
of 15KHZ should be the upper limit for our filter, and the frequency beyond this value should be declined
to remove the noise. Selecting 24 GHz as transmit frequency Application Note [ (2016),

v
fDOpp:2‘f0'a‘COSOé (6)
340 - L0
foopp = 2-24-10° - 3 10386 -1 =15.111kHz (7)

On the other hand , it also makes a sense to create the lower limit because we don’t want every movement
to be detected, such as people walking speed, which is corresponding to 6.8km/h

1o
foopp = 2+ 24 - 1096'8 36 .1 = 302Hz (®)
Dopp 3108

3.3.2 Amplifier selection

OP27G is a precision operational amplifier combines low power consumption offset and low noise char-
acteristics. Its offset as low as 251V, maximum drift is 0.6uV/°C, OP27 is an ideal choice for precision
instrument applications, which allows accurate high-gain amplification of low-level signals and provides
excellent dynamic accuracy in high-speed data acquisition systems. Considering the required magnifi-
cation is large, and the effect is better if two amplifiers are connected in series, so in this project, choose
one of the magnifications to be 100 and the other to be 60.

Voo TRIM VosTRIM
08

- |2] V4

+IN [ 3] ’ 6| out

NC = NO CONNECT

Figure 7: OP27G pin connection
Then the gain bandwidth of the amplifier should be greater than
GBW > gain - bandwidth =100 -15.2 - 10® = 1.52MHz ©)
The GBW from OP27G datasheet is SMHZ when gain is 100, and its totally affordable, so it is suitable
for choosing.

3.3.3 LTSpice simulation

LTSpice has the high simulation performance (multi-core parallel computing can be used) and Conve-
nient operation, which is very helpful with the habits of engineers who need to make a lot of adjustments
and observations on the circuit, and the operation achieves a good balance in efficiency and Authentic-
ity. Above requirements contribute to the main plan for amplitude filter circuit.in this way, the project
combines low-pass filter, high-pass filter and amplification circuit together.
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Figure 8: Amplifying filter circuit

When designing the circuit,the project selects Butterworth filters. The characteristic of the Butterworth
filter is that the frequency response curve in the pass band is flat to the maximum without fluctuations,
while it gradually drops to zero in the stop band.The higher the filter order, the faster the amplitude
attenuation in the stop band, in this circuit,the filter order is set to be 2, The attenuation rate of the
second-order Butterworth filter is 12 decibels per octave. Leting the damping ratio { to be 1, then write
following equations.

As for the first filter:

Rs
Kl=——"=-1 10
Re 00 (10)
% - k) (1)
Cy

1
fc N 271'\/ R4R50304

Considering electronic components available around, choose C3=100p, C4=0.022p, then R6=270Q, RS
=27kQ, R4=1.8kQ.
As for the second filter:

= 15.11KHZ (12)

Cy
K2 =1 — _ 1
G 68 (13)
fo= L = 302HZ (14)
o R1RyCoCs

Considering the existing elements, choose C1=6.8u, C2=0.1pn, C5=0.1p, then R1=180Q, R2=180kQ.
After simulating, The result is within the expected range.

3.3.4 Real implementation

This year due to the COVID-19, there is no way to go outside to complete the project, which also means
given such a huge speed for radar to detect is impossible. So the plan about the amplification circuit is
adjusted by changing the frequency range within 15HZ to 1KHZ, the range refers to the speed limitation
that move people’s hand towards radar, then when waving arms in front of the radar, it can also give the
useful waveform to do signal processing.
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Figure 9: Real amplifying filter circuit

1 1
- 2rC3Ry  27C5Rg

fer = 15.23HZ (15)

fe2 = 1KHZ (16)

- 27C1 Ry
The double filters are trying to make the signal decline as much as possible beyond the ideal frequency
range, and the last RC high pass filter is to avoid signal aliasing.

3.4 Power supply circuit

This step is to make further detection becomes more convenient and independent, from Figure 14 during
the radar circuit, it need -3.3 V and +5V to drive at a normal operation condition. Besides, active filter
amplifier also need connected to +5V, in this way, two power mode to produce electricity are chosen.

Power supply

supply voltage Vcoscillator 4.75 5.0 5.25 Vv
Vg oscillator -3.4 -3.3 -3.2 Vv

supply current V,coscillator 35 50 mA
Vgsoscillator 1 mA

Figure 10: Power supply of IVS-565 Radar

B’ Waveform: V(NOOT)*Ix(U4:In-)+V... X

Interval Start | 0s |
Interval End: | 500us |
Average: | P8 494mw |

I Integral: | 142471 I

Figure 11: Power supply of IVS-565 Radar

Each radar consists of two output, and each one output needs a filter amplifier to connect, so the power
supply of each amplifier circuit can be seen from above. The power for each voltage supply can be
calculated:

+5V :8-(20.216 + 28.494) + 35 -2 - 5 = 739.68mW < 1W 17)
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—5V : 8-(20.216 + 28.494) = 389.68mW < 1W (18)

~3.3V:2.1-3.3=6.6mW < 1W (19)

According to the calculated power, the type of the power module can be selected K-CUT A0505S-1W
and K-CUT A0503S-1W.

+Vin [®

L1 _47uH o4
Y Y YL =

USB female port

U s G B =

Load

K-CUTO505-1W

Load

L3 _47uH 5 3y 5

1

2

3

o L 2

_L 0V =

Cc3 bow I

Load i7uF

K-CUTO503-1W

Figure 12: Power supply of IVS-565 Radar

For circuits with strict noise requirements, additional circuits with LC parallel are used, and the value of
capacitor and inductor is determined by Vin and Vout.

3.5 ADC

MCP3008 is 10-bit successive approximation ADC, mainly composed of input channel gate switch,
sampling and holding unit, data converter (DAC), comparator, 10-bit successive approximation regis-
ter (SAR), control logic unit and shift register, showed as Figure 13 (2.7V 4-Channel/8-Channel 10-Bit
A/D Converters with SPI Serial Interface, 2008). The comparator compares the measured voltage with
the known standard voltage. When the measured voltage equals to the standard voltage, the standard
voltage is the result of A/D conversion. Standard voltage can be variable according to the binary code
change, which is usually produced by the SAR and DAC. First it is produced by generating a binary en-
coding digital signal using SAR and this signal will be converted into analog voltage using DAC. The bits
of SAR determines the resolution of A/D converter and the number of comparisons needed to complete
an A/D conversion process. The channel number for each A/D conversion is selected by the control logic,
and the converted binary data is serialized through the shift register (Lin, 2002).

Vpp Vss

10-Bit SAR

; Shift
Control Logic |—> Register|

I
R B

CS/SHDN Dy CLK  Dour
* Note: Channels 4-7 are available on MCP3008 Only

Figure 13: MCP3008 Functional Module
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A 10-bit ADC represents an analog voltage expressed as a 10-digit number on the output. For example,
if the analog voltage is measuring 0-3.3V, each step in the output value means

3.3V /210 = 3.3/1024 = 0.003V (20)

A 10-digit number multiplied by a step voltage of 0.003 represents the output voltage.
3.5.1 DC-level shifting circuit

The former radar circuit usually causes voltage offset of £300mV, but the plan is to connect Analog-
digital-converter to better process the signal information. The ADC of the project is MCP3008:

From the datasheet 2. 7V 4-Channel/§-Channel 10-Bit A/D Converters with SPI Serial Interface (2008),the
voltage range coming into MCP3008 needs to be 0-3.3V, but due to original negative offset of radar output,
a voltage shifter circuit is necessary to better compensate the offset of the signal.

The level shifting circuit requires one amplifier, but there is no need for it to amplify the signal anymore,
so just make R7=R8

~+5

V1

o

5

wn
, ‘ @1 R9
ADC_IN
150 —
va or27 & 39
= v3 *
Cc10

5 ADC_REFB

SINE(-0.5 0.5 5K) A

-5

.tran 500u

Ry
Va=Vn= . =5 21
a=Ve=p—ho (21)
Vin—Vp _ Ve—Vp (22)
Ry Rs
As aresult, R8=150, R7=150, R11=20, R10=51k.
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4 Trajectory Simulation Model

This chapter introduces the main theory about how to extract interested information and use these infor-
mation to build the prediction model. Section 4.1 illustrates the main components of kinematic model,
including gravity, air resistance, Magnus force and buoyancy. Section 4.2 and Section 4.3 talk about
acquiring the golf’s flying velocity and angle respectively. Section 4.4 shows the mathematics deviation
of trajectory simulation based on kinematic model.

4.1 Kinematic model

The flying golf ball is mainly affected by gravity, drag force from air resistance, Magnus force and buoy-
ancy, showed as Figure 15 (Richmond, 2009).

Magnus !
force

velocity
v

gravity

rotation
axis for
backspin

Figure 15: Kinematics Model of the flying ball

Gravity is caused by the attraction force of the earth, always with a direction going straight down. It can
be defined by the equation:

Fy=mg (23)

where m is the mass of golf,kg; g is gravitational acceleration, 9.8m/s.

When the golf is flying, its surrounding air exerts a drag on it to push it back, opposite to the direction of
velocity. This drag force has a nonlinear relationship with the velocity.

U

, 1
Fy= —§chAv2 (24)

v

Where Cp is the drag coefficient, with a common value 0.4. p is air density, equaling to 1.23kg/m 3. A
is the cross section area of the ball, related to the diameter of golf ball. Typically, the diameter of golf is
42.67mm

The golf ball rotates continuously around its own axis during its flight. When a fluid flows in the direction
perpendicular to this axis, it will be subjected to a transverse force perpendicular to the direction of flow,
which is called Magnus force, showed as Figure 16.
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Figure 16: Magnus Force

It is determined by the golf’s surface geometry,velocity,direction and spin rate. The mathematical ex-
pression is:

Fy = %CL,)AM@ ) (25)

Where Cy, is the lift coefficient.
4.2 Velocity measurement

Assume the flying object is R distance away from the receiving antennas. The numbers of wavelength
corresponding to the distance back and forth is:

2R
= — 26
n== (26)
Wavelength is define as:
c
A= — 27
fi (&0

Where ¢ = 3 x 108; f; = 24G H zin this project
Since a wavelength means a 2 7 phase transformation. The total phase change is:

¢ =2m (25) =4mR/A (28)

The angular frequency refers to the rate of phase change when distance R varies over time. That is:

_do_AndR _dxV,

- = = =2 29
T N T WL )
where V. = dR/dt and f, is Doppler frequency.
Rearrange the above equation:
A
Vrzifd:Vcos@ (30)

The velocity shown above is the radial velocity with angle 8 with respect to the ground. Since the most
critical value needed is the initial velocity infinitely approaching the swing point. The angle 6 can be
considered as 0 degree (Martin, 2012). That is:

A
V=3l @31
2
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4.3 Angle measurement

The main method being used to get angle is phase comparison method, showed as Figure 17, two antennas
in the same direction separated by 1 meter receive the same ratio signal transmitting through directive
antenna. The return signals received have same amplitude but different phases (Li et al., 2015).

Target
~F
Direction of R P
equisignal ¢ ' P
: R,
Antcnna 1~ 9
I\ / Antenna 2
Ne SN VAnn— e
‘T’
[

Figure 17: Phase Comparison Method
Distance difference from two receiver to the flying golf is:
AR = Ry — Ry =1lsinf (32)

Take the earth ground as the horizontal line. Assume the flying direction of the target is 6, the phase
difference should be:

2 2ml sin 6
Ap=—AR= ——— 33

p= AR X (33)

Then, the angle can be expressed as:
0= ' 34
arcsin 5l 34)

4.4 Mathematic model
Velocity is decomposed into x,y and z axis.

Ve=V-cosa-cosf (35)

V.=V .cosa-sinf (36)

Vy =V -sin0 (37)

According to the kinematic model and Newton’s second law, analyse the force from x axis , y axis and z
axis respectively. In this project, gravity and drag force due to the air resistance are the main factors to
consider (Min and Chen, 2009).

X axis:
when v, > 0

0%z ox\?
m— =—k| — 38
ot? ot (38)
The initial conditions of above equations are:
x‘t:o =0, Um’t:[) = Uz0 39)
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where t is the flying time, s; k is the friction coefficient between the golf and air.
Substituting v, = % into equation (38):

vy
mﬁ = —k’l)g

(40)

Separate the variable V, from the equation (40) and integrate both sides of this equation. Also, apply the

initial condition v.|,_, = v0. The analytic solution of this partial differential equation is:

muvgo

Vp = ——————
T m o+ kugot

Again, separate the variable x and apply the initial conditions x[,_, = 0.

T = mln (1+ kvx0t> + xg
k m

When v,9 < 0
dv 9
md—tm = kv,
Integrate equation (43):
VoM
v
T m — kugot

Integrate equation (44):

Z axis:
when v, > 0

(02 )
Mo ~ ot

Separate the variable V, from the above equation and integrate both sides of this equation.

_ muvzo
kvt +m

(%

Again, separate the variable z and apply the initial conditions z|,_, = 0.

z = mln (1—|— kvzot) + 29
k m

When v, < 0

VoM
m — kvt

Similarly,

— kvt
z:mln<1— UZO>+ZO
k m
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Where the initial conditions are:

2l = 0, vzl4—g = V20 (52)

y axis:
The vertical y axis is influenced by gravity and air resistance. According to the kinematic model and

Newton’s second law:
0%y oy dy
[ -7 — = >
"o k<8t> mg (G =0)

) 5 (53)
m@ =k 9" mg (% <0)
ot? ot ot —
Where the initial conditions are:

y’t:O = h, ”y’t:o = Yoy (54)

S b . . _ 8y . . 82y _ k 8y 2 .

ubstituting vy = zrtinto equation mys = —K (57 | — Mg:

ov

ma—ty = —kvz —mg (55)

Adopting the method of separating variables and apply the initial condition v,|,_, = vyo.

Uy = 1/% tan [arctan (, / Tr];vy()) — t\/f] (56)

Again, separate the variable x and apply the initial conditions y|,_, = h.

Ccos [arctan (, /migvyo)] 57)
coS [arctan (, /ngUyO) — 14/ fn—k

When v, = 0, the golf reaches the highest position. That is:

t=11 = mn arctan ( kvy()) (58)
V gk \/ mg
m k
Ymax = h — —1In {cos [arctan <\/7vyo>] } (39)
k mg

When ¢ > t1, the golf begins to fall.
kg (p_
NEz (1 VT tn)

v, = (60)
’ 1+ e\/k;g(t*tl)
59 (t—1y)
4eV m
Y = Yomax + — In ‘ 1)

2
g [1 + eﬁ(t_tl)]

When the golf ball hits the ground,y=0,substituting it into equation (34), the total flying time can be

gotten:
k k
2 — e_ﬁymax + 21 / 1— e_ﬁymax
T:t1+,/kﬁln (62)
9

k
e m Ymax
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5 Software design

The back-end software of the project runs on a single board computer (Raspberry Pi 4). The front-end
software of the project is designed to run on mainstream operating systems or platforms such as i0S,
Android, Windows and macOS. Through the modular design, each module can be developed using the
most suitable programming language to achieve the best development efficiency and performance. About
three thousand lines of code, including C, Python and C# constitute the software part of the project. The
software design of this project needs to have the following functions:

* Read ADC data through SPI protocol

* Analyse the radar data to get the launch speed and angle of the ball

» Compute the flight trajectory of the golf ball from the launch speed and angle
+ Display flight trajectory on any supported front-end device

The back-end system is designed to run automatically without user action after the power is turned on.
The front-end system needs to have an easy-to-use graphic user interface for users to operate.

5.1 Software architecture

The back-end server of this project is based on Raspberry Pi OS (formerly Raspbian), which is a Debian
derivative for Raspberry Pi. The stability and large open-source community of Debian bring convenience
to the project development. The front-end application is based on the Unity 3D engine. This engine was
selected because of its cross-platform portability.

Due to the impact of the epidemic, the communication and cooperation of the project team are affected
by the restrictions and time difference. Through object-oriented programming, different modules can be
assigned to different team members. By deploying Git for version control, different team members will
not affect each other when editing code. The modular design of the project follows the design concept of
high cohesion and low coupling program, the data exchange between modules is reduced to a minimum,
and each module contains all the functions of its part.

GPIO ADC
Controller converter o )
- Visualisation Module (Unity)
> i > Y
SPI SPI Trajectory A
Reader Simulator
Data Reading Signal Analysing
Module Module
ADC | Data Decoder |
(MCP3008) ?
Data N Gzip | Gzip Decompressor |
Encoder ”1 compressor T
BLE .
v—l GATT Bluetooth Receiver
Bluetooth Transmitter (Peripheral) | > (Central)
Transmission Module Transmission Module (Unity)
Back-End (Raspberry Pi 4) Front-End (Smart Phone)
C dynamic library Python main program C# script

Figure 18: Software architecture diagram

The software architecture diagram is shown in Figure 18. The main program of the back-end server
is written in Python, it contains three modules. The data reading module is responsible for operating
the ADC. The signal processing module is used to compute the flight trajectory from the radar signal.
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The transmission module is responsible for communicating with the front-end device. The front-end
application scripts are written in C#, it contains two modules. The transmission module communicates
with the back-end server, and the visualisation module displays the flight trajectory on the user interface.

5.2 ADC reading

The back-end server communicates with the ADC through the SPI protocol. According to the datasheet
Raspberry Pi 4 Model B (2019), there are 4 SPI buses natively provided by its CPU (BCM2711) with
maximum baud rates of 250MHz.

There are some open-source MCP3008 drivers with Python API or C API available for Raspberry Pi. As
mentioned in the hardware section, the ADC sampling rate needs to reach 20ksps to meet the requirements
of Nyquist theorem. Since most of the SPI drivers are dependent on the Linux kernel SPI driver, the speed
limit of the Linux SPI driver may limit the final sampling rate.

As shown in the Figure 19, by testing the driver at different baud rates, the lowest baud rate required by
the project can be obtained. When the baud rate is higher than 4MHz, the sampling speed of the Linux
SPI driver can meet the requirement of 20ksps.

x10* SPI Linux Driver Sample Speed (10 Bytes)
T T T T T T T

251 -

15-

Samples per second

0.5

I I I I I I I I
1 2 3 4 5 6 7 8 9 10
SPI baud rate %108

Figure 19: Linux SPI driver speed test

In addition to the impact of the Linux driver, the clock accuracy of a programming language may also
affect the accuracy of the sampling period. The sampling period of ADC in this project 1/20ksps =
0.00005s = 0.05ms. As a high-level programming language, the accuracy of Python’s clock module
will be affected by many factors. According to Python 3.9.0 documentation (2020), the time module
of Python can only guarantee millisecond precise, and the specific value of accuracy depends on the
operating system. Therefore, the ADC reading module needs to be independent of the main program and
written in C.

The pigpio library (2020) is an open-source C library for Raspberry Pi to control General Purpose Input
Outputs (GPIO). The SPI wrapper API provided by the pigpio library can meet the requirements for both
ADC sampling rate and sampling period accuracy.

The simplified finite state machine (FSM) of the ADC reading module is shown in Figure 20. When the
main program calls the ADC reading module, the module will enter the detection state. In the detection
state, the module will read ADC values at a speed of 1ksps. When two or more of the four ADC channels
reach the corresponding high voltage threshold, the module will enter the sampling state. In the sampling
state, the ADC reading module will sample and store the ADC value at a speed of 20ksps. When two or
more channels are lower than the corresponding low voltage threshold, the module will return the data
to the main program. Due to the radar signal characteristics mentioned in the hardware section, each
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channel will have a different voltage threshold.

input: ADCvalue, Time : R
output: SampleData : R

ADCvalue > high_threshold

Detection State

Sampling State

Exit <

ADCvalue < low_threshold

Figure 20: FSM of the ADC reading module

Since the ADC module is written in C, the module needs to be compiled into a dynamically linked shared
object library (.so) and imported by the ctypes module of Python.

5.3 Signal processing

The Doppler Effect of CW radars can be used to calculate the velocity of the golf. When there is relative
motion between the emission signal and the received signal, the received signal frequency will be different
from the emission signal frequency. That is, the Doppler frequency shift is not zero. If the golf'is moving
close to the radar, the received echo frequency is higher than the transmitting frequency. The Doppler
frequency is positive, but negative on the contrary. The relationship between them is:

Vrzgfd:Vcosﬁ (63)

In this project, a special 3-dimensions coordinate system with three axes is adopted. X axis represents
the left and right space. Z axis represents the front and back space. Y axis represents the up and down
space. In this way, the position of the flying ball will involve two angles. One is called azimuth 6 related
to x and z axes. The other one is called elevation «, the angle between the golf and the horizon, showed
as Figure 21.

Fdy,

Vi Fdvy i

Figure 21: Azimuth and Elevation

Double radar systems with two antennas are being used. One of the radar is placed horizontally to get
the azimuth. And the other one is placed vertically to obtain the elevation. The return signal received by
the two antennas in every radar has the same amplitude and different phase, showed as Figure 22. Like
discussed in section 4.3, once the phase difference is obtained, the angle can be obtained by:

f = arcsin (64)

™

EMI Capstone Final Report (ENGR90038) October 29, 2020 Page 19 of 30
Copyright © Qionghui Cai, Yifan Xing, Zijie Yang, 2020



antennal ——
AV
antenna2 ——

L XN L XN /XN ,

—)iAq;:.‘_

Figure 22: Phase Difference

5.4 Trajectory simulation

The flying golf ball is mainly affected by gravity, drag force from air resistance, Magnus force and buoy-
ancy, showed as Figure 23 (Martin, 2012).

fp

Figure 23: Kinematics Model of the flying ball

Among them, the strength of Magnus force is related to the rotational speed, difficult to be measured.
The magnitude of the buoyancy is two orders smaller than the gravity and drag force, which is usually
can be neglected. In this project, the effect of gravity and drag force from air resistance are mainly taken
into account. According the kinematic model, the position at t moment of the flying golf can be obtained
as follow.

The x position at t moment is given by:

kvgot
x:mln<1+ Uxo)—i—:co (vz0 > 0)
k m

fv ot (65)
-m v
JiZh’l(l— 1”0)4—:&) (vz0 < 0)
k m
The z position at t moment is given by:
kot
Z::';ll’l(lJr 7;};0>+Zo (’UZ()>0)
kuv,ot (66)
-m v
Zzll’l(l— ZO)—i—Zo (v0 < 0)
k m
EMI Capstone Final Report (ENGR90038) October 29, 2020 Page 20 of 30

Copyright © Qionghui Cai, Yifan Xing, Zijie Yang, 2020



The y position at t moment is given by:

k
t=1t1 = m arctan <\/>vyo> (67)
V gk myg
m k
Ymax = b — — In {cos [arctan <ﬁ / Uy())] } (68)
k mg

/ k
B % " cos [arctan ( m—gvygﬂ (t _ tl)
cos [arctan (, / migvy()) — 14/ %

m 46\/%@7151)

In (t > tl)

2
g [1 i ﬁ()]

(69)

Y = Ymax +

5.5 Wireless Communication

In order to make the front-end application works on different platforms, the wireless protocol used for this
project needs to be a common protocol that is widely used in consumer electronic devices. The Bluetooth
protocol is a universal protocol that is easy to develop and easy to use. Due to the limitation of iOS on
the classic Bluetooth protocol, the Bluetooth Low Energy protocol was finally adopted as an alternative.

5.5.1 BlueZ

Since there is no mature Bluetooth Python wrapper solution on Linux, the transmission module of this
project directly calls BlueZ to establish connections without using Python wrappers. BlueZ (2020) is
a Bluetooth stack included in the Linux kernel. the Bluetooth daemon process works as the Bluetooth
control centre and handles Bluetooth-related tasks. BlueZ provides the implementation of the Bluetooth
communication protocol and interface. It uses D-Bus (2018) to communicate with other processes and
provides APIs for Python while controlling the Bluetooth daemon as shown in Figure 24. Therefore,
the main program process of the back-end server does not need to access the Bluetooth daemon directly.
The transmission module only needs to implement access to the D-Bus interface of BlueZ for controlling
Bluetooth.

Main Program

Process
User Space
| A J
Kernel Space (—Iﬁ
BlueZ

Bluetooth Driver

~—

Figure 24: Bluez D-Bus architecture
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5.5.2 Bluetooth Low Energy protocol

According to Bluetooth Core Specification (2019), Bluetooth Low Energy (BLE) is a low-power and
low-cost transmission technical specification integrated with Bluetooth 4.0. It defines some profiles to
describe how a device works in a specific scenario. Generic Attribute Profile (GATT) is a type of profile
defined by BLE. It is built on top of the Attribute Protocol (ATT) and establishes some common operations
and frameworks for the transmitted data in the attribute protocol.

According to the GATT specification in Bluetooth Core Specification (2019), a profile is constructed by
one or more services, and service describes one or more characteristic as shown in Figure 25 (Townsend
(2020)). In the transmission module of the project, Nordic UART Service (NUS) (2020) is used to imple-
ment a service that emulates a serial port, more specifically the Universal Asynchronous Receiver/Transmitter
(UART). This service includes a read-only channel (RX) for transmitting trajectory data and a write-only
channel (TX) for transmitting feedback from the front-end.

- ~
PROFILE
(SERVICE A
[CHARACTERISTIC ]
[CHARACTER\ST\C ]
[CHAHACTERISTIC ]

. J
[ SERVICE )
[CHARACTERISTIC ]
[CHARACTER\ST\C ]
LL JJ

Figure 25: GATT profile hierarchy

Generic Access Profile (GAP) is a specification used by GATT to control devices for connection and
broadcast. As mentioned in Townsend (2020), before the devices establish GATT connections and ex-
changes data, they need to be first connected through the Generic Access Profile (GAP). GAP defines
devices as peripheral devices and central devices as shown in Figure 26 (Townsend (2020)). Peripheral
devices keep broadcasting data to surrounding devices at a fixed frequency. The central device scans the
surroundings peripheral device and requests scan response from the scanned peripheral. When the pe-
ripheral receives the scan response request, it will send the required data to the central device as illustrated
in Figure 27 (Townsend (2020)).

CENTRAL CENTRAL
BROADCAST

DEVICE \ TOPOLOGY / DEVICE
BLUETOOTH

CENTRAL ' LOW . CENTRAL

DEVICE ENERGY DEVICE
PERIPHERAL

CENTRAL CENTRAL

DEVICE DEVICE

Figure 26: BLE Broadcasting topology
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Figure 27: GAP advertising process

In this project, the back-end server operates as a peripheral device and broadcasts to surrounding devices
through GAP while maintaining low power consumption. When the user opens the front-end application
in the smartphone or other central devices, it automatically searches for surrounding back-end server and
establishes a GATT connection. Finally, the trajectory data will be sent to the front end through the TX
channel after each shot.

As can be seen from Figure 28, after NUS is advertised, the front-end device will automatically establish
a GAP connection and start GATT. The NUS established by the transmission module contains two UART
channels, RX and TX.

Nordic UART Service
UUID: 6E400001-B5A3-F393-E0A9-E50E24DCCAQE

Generic Access
UuID: 1800
PRIMARY SERVICE

Generic Attribute
UUID: 1801
PRIMARY SERVICE

Nordic UART Service
UUID: 6E400001-B5A3-F393-EO0A9-E50E24DCCAQE
PRIMARY SERVICE

UART RX Characteristic

UUID: 6E400002-B5A3-F393-EO0A9-E50E24DCCA9E
Properties: Write

Value: N/A

Value Sent: N/A

®

UART TX Characteristic

UUID: 6E400003-B5A3-F393-E0A9-E50E24DCCA9E
Properties: Notify

Value: 0x30-32-35-45-4F-46

Value Sent: N/A

Figure 28: NUS of the transmission module

5.5.3 Data compression

Since GATT has a limitation of the maximum transmission unit (MTU) according to Bluetooth Core
Specification (2019), trajectory data must be fragmented to be transmitted. As demonstrated in Figure
29, the MTU of the transmission module is 517 bytes. This value was obtained using nRF Connect, which
is a BLE testing tool provided by Nordic Semiconductor.
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Figure 29: MTU of the transmission module

To reduce transmission time, a simple compression module based on gzip was adopted since gzip is
natively supported by Python and C#. GNU gzip (2018) is a compression tool based on Lempel-Ziv
coding (LZ77). In the case of transmitting trajectory data, the size and the number of fragments of test
data reduced to 40% of the original data as shown in Figure 30. Transmission speed and stability have
been greatly improved by the compression module.

70 Number of fragments of test data

60

4]
o

N
o

w
o

Number of fragments

n
o

10

before compression after compression

Figure 30: Compression result

5.6 Visualization

The front-end application is based on the Unity 3D engine with C# scripting API. As mentioned in Unity
User Manual (2019.4 LTS) (2020), Unity is a cross-platform game engine widely adopted in the area
including video game, film and architecture. By adopting the unity engine, it becomes possible to develop
an easy-to-use and beautiful graphical interface. The cross-platform nature of this engine enables the
front-end application to be compiled to different platforms including i0OS, Android, Windows and macOS
after simple configuration. The wide use of Unity in the industry has also brought a large number of third-
party plug-ins and materials, which has dramatically accelerated the development process of the project.
The transmission module of the front-end application is written using the C# API of Unity to achieve
platform independence. The Graphical User Interface (GUI) of the front-end application can be found in
section 6.3.
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6 Results & Analysis

6.1 Hardware results and analysis

Figure 31: Amplifying filter simulation result

The Figure 31 contains all the hardware circuit implemented in the reality, once the radar detect any
moving object, the signals represented by various frequency wareforms will go though the amplifying
process, adding filter to avoid aliasing and power supply to drive, then successfully transmit the analog
signal to digital information across ADC.

6.1.1 Amplifying filter circuit results analysis

Figure 32: Amplifying filter simulation result

As shown in Figure 32, aiming for detecting the golf ball speed, the amplifier frequency range is suc-
cessfully within the period of 230Hz to 13.3kHz, and the amplifying amount is also between 70dB and
80dB.
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Figure 33: real amplifying filter simulation result

Referring of the COVID-19 restriction, which is the realistic goal for detecting people waving the hand,
the amplifier frequency range is successfully adjusted within the period of 15Hz to 1kHz in Figure 33.

Figure 34: Radar output results

Figure 34 is the realistic radar output results, as it is shown, the two radar output will stay in a steady
state until a moving objects is into its detective zone, and the The closer people are to the radar sensor,
the amplitude of the output wave will become larger. Instead of the golf ball, hands become the object,
swing hands the faster, the larger frequency of the output waveform will have. In addition, the two actual
waveforms of the radar output are consistent with the theory calculated. The two waveforms are in the
same size because the arm swings at only one speed. The phase difference is due to the different distance
between the detected object and the antenna. At the same time, the phase difference is analyzed to obtain
angle.
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6.1.2 DC-level shifting circuit results analysis

DY sieate

Figure 35: Real output of radar signal

Figure 35 shows the radar output, the positive and negative offset is due to the radar inside circuit, the
aim of level shifting is to make the wave voltage range all within 0 to 3.3V.

V(n003)

50us 100ps 150ps 200ps 250ps 300ps 350ps 400ps 450us 500ps]

Figure 36: Level shifting simulation result

The results shown on Figure 35 completely prove the effect of the level-shifting circuit, the negative
offset can be move upper to above 0V.

6.2 MATLAB simulation

In this part, the kinematic model is implemented using Matlab to check the accuracy of model. The
simulation result is showed as Figure 37, respectively showing the complete movement trajectory of golf

and the prediction results of top view and side view.

3D tracjactory top view side view
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Figure 37: Trajectory Simulation in Matlab
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The prediction results and error statistics of 20 sets of data are showed as Table 1. The initial values are
(Initial velocity/MPH, elevation/degree,Azimuth/degree).

Index Initial Value Reference Predicted Errors
(Carry,Peak) | (Carry,Peak) (Carry,Peak)
1 (111.7,19.4,-1.9) (156,33) (144.32,30.77) | (-11.68,2.23)
2 (102.6,19.5,1.6) (142,27) (134.11,25.80) | (-7.89,-1.20)
3 (103.9,25.4,-2.3) (141,35) (135.67,33.62) | (-6.67,-1.38)
4 (108.7,21.9,2.4) (150,34) (153.43,32.12) | (3.43,-1.88)
5 (110.2,19.4,-2.5) (157,31) (152.05,29.70) | (-4.95,-1.3)
6 (113.2,15.6,-1.9) (165,26) (177.12,22.39) | (12.12,-3.61)
7 (107.2,17.3,-1.5) (154,26) (145.37,2897) | (-8.63,2.97)
8 (115.6,16.7,1.5) (170,30) (158.77,25.18) | (-11.23,-4.82)
9 (104,26.6,0.4) (141,35) (136.09,32.13) | (-4.91,-2.87)
10 (102.6,19.5,1.6) (142,27) (141.60,28.60) | (-0.40,1.60)
11 (114.9,17.6,-1.0) (164,32) (165.97,31.18) | (1.97,-0.82)
12 (113.8,17.5,0.1) (166,31) (162.87,31.90) (-3.13,0.9)
13 (105.2,16.9,-0.1) (152,24) (155.91,25.80) (3.91,1.8)
14 (115.5,14.7,-1.9) (168,26) (164.09,24.88) | (-3.91.-1.12)
15 (114.9,14.8,-0.7) (174,25) (170.24,25.56) | (5.24,0.56)
16 (119.1,13.9,1.1) (180,27) (177.06,25.97) | (-2.94,-1.03)
17 (110.5,12.1,0.4) (102,22) (106.91,21.13) | (4.69,-0.87)
18 (127.7,11.6,1.0) (201,26) (204.84,26.59) | (3.84,0.59)
19 (102.2,24,0.6) (139,33) (136.17,31.15) | (-2.83,-1.85)
20 (103.2,15.6,1.7) (147,21) (139.54,18.89) | (-7.46,-2.11)

Table 1: Prediction error

6.3 Software result

The back-end server based on Raspberry Pi provides a fully automatic analysis system and easy-to-use
Bluetooth connection without user operation. The front-end visualization application provides a 3D golf
trajectory display in various viewing directions and ball launch data display, including speed, launch
angle, side angle, carry and peak as shown in Figure 38. The built-in sharing function allow users to
share the trajectory to any social media.

'SIDE ANGLE CARRY PEAK

19°L  1575yds 23.0yds

Top View
Back View

Side View

Figure 38: Graphical user interface of the front-end application
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7 Discussion

With our easy to use mobile app, golfers can not only track the trajectory of any shot but also share their
best shots with friends on social media. But there are still some limitations. The currently developed
application is designed for single-player, not available for multiplayer to compare and rank their shot
results. Besides that, the app will not give reasonable suggestions to help improve the ball skill based on
the simulation result.

Also, the prediction error of the carry and peak is up to 8%. There are two main reasons for errors. One
is the noise in radar system. Three main types of noise can be noise temperature in receivers, multipath
reflections, and cluster caused by the disturbance signal returned by other surrounding objects (Martin,
2012). The other one is the accuracy of prediction model. An appropriate model for determining spin
rate is needed.

8 Conclusions and Recommendations

This report describes the design, development and results of testing of the animation visualization system
for the golf flight trajectory. In this system, two sets of [VS-565 radars can correctly monitor the Doppler
effect of moving objects. Through specially designed amplification, filtering, power supply, level shifter
and ADC circuit, the radar signal can be correctly converted into a digital signal that can be read by the
Raspberry Pi.

The back-end system equipped on the Raspberry Pi has been proven to run autonomously. The system
samples the radar signal at a speed of 20ksps. By adopting the phase-comparison monopulse method,
this system can successfully analyse the moving object, and theoretically able to realize the analyse the
launch speed and angle of the golf ball. By establishing a kinematic model of golf ball characteristics
using the analysed data, the flight trajectory of the golf ball can be successfully predicted. Finally, the
Bluetooth low energy transmission module can stably transmit the flight trajectory data to a smartphone
and present the trajectory to the user in real-time with a multi-angle 3D animation.

Due to the restrictions, the radar system and the kinematics model are not able to be calibrated with real
golf shots. The lack of golf shot data makes each module of the system has to be tested separately. Due to
the limited cooperation method, the hardware part was developed separately, which eventually resulted
in a larger circuit.

In the future development, through field testing and calibration of the radar and kinematics model for
the golf ball, the stability of the system can be guaranteed, the accuracy of the trajectory simulation can
be significantly improved, and eventually verify the predicted flight trajectory of the golf ball. Since
the front-end visualization application is based on the Unity engine, the application can easily add func-
tionality related to social interaction and can be extended to AR or VR through further development. In
addition, by calibrating the system to different objects, the system can theoretically visualize the flight
trajectories of other balls.
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