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ABSTRACT 

Touchless hand gesture is an emerging technology for human computer 

interaction. This thesis investigates the feasibility of a hybrid system using frequency 

modulated continuous wave (FMCW) radar and ultrasound sensors to detect various 

hand movement for controlling a computer. Ultrasound will be used for near-range 

application (1 cm to 30 cm) based on range estimation. FMCW radar, on the other 

hand, will be used for far-range application (30 cm to 120 cm) based on range, 

velocity, and angle of arrival estimation. A noise removal algorithm and a range gating 

algorithm to separate human hand and human body will also be introduced in this 

thesis. Leveraging the advantages of combining both ultrasound and FMCW radar will 

facilitate human hand to interact computer with better performance. These detected 

hand gestures will be applied to remote control of computers or smart TVs at a 

distance from 0 cm to 120 cm. 
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CHAPTER I 

INTRODUCTION  

Human hand gesture recognition using sensors has been studied extensively for 

remote control applications. Interests in the electronics industry using smart radar for 

human gesture recognition has experienced significant growth in recent years. For 

example, Google is developing the Soli radar sensor [1] which operates at 60 GHz for 

detecting micro-motion from human fingers. However, the operating range of this 

application needs to be improved since it is challenging to detect micro-motion if the 

distance between the hand and the radar is larger than 50 cm. Another challenge for 

human hand recognition based on radar is that the radar will detect both human hand 

and human body motions if the radar is set up front of the users, and thus is vulnerable 

to undesired motion noise and interference. 

Another popular solution for gestures and motion sensing is ultrasound 

technology. For example, Gupta [2] classifies gestures using “Doppler effect” with the 

use of a speaker and a microphone. Kalgaonkar [3] also uses “Doppler Effect” concept 

with one ultrasound transmitter and three ultrasound receivers. While these projects 

show the potential of “Doppler effect” used for ultrasound application, the “Doppler 

effect” also has disadvantages. When the hand moves up or down, the shift frequency 

from the “Doppler effect” can be easily detected by the ultrasound sensors. However, 

when moving our hand from left-to-right or from right-to-left, although the ultrasound 

sensors can detect the frequency shift, it cannot differentiate between left and right 

movements with a single ultrasound receiver. Kalgaonkar [3], presented a method to 

detect left and right movement but requires three ultrasound sensor receivers. 

Although this ensures the relative accurate detection of gestures, the setup can become 

cumbersome, and hard to apply for controlling a computer. Another disadvantage of 

using “Doppler effect” is the requirement of using Fast Fourier Transform (FFT) to 

convert data from time domain to frequency domain for detecting the shifted 

frequency. To achieve a high accuracy, longer data sets are needed for higher 
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frequency resolution and this will increase the complexity of the algorithm and slow 

down the response of the system. In this thesis, a different approach is presented for 

detection by using one ultrasound transmitter and one ultrasound receiver. In this 

method, gestures such as up, down, left, and right-hand movement were detected 

based on range estimation. 

Ultrasound is advantageous for identifying both fast and slow movement of a 

single hand with high accuracy, it is a low-cost sensor and easy to use, However, 

ultrasound sensors have limited detection range. When the object moves farther away, 

the accuracy of ultrasound begins to decrease. FMCW radar, on the other hand, is 

beneficial for longer detection range. The FMCW radar operating at high frequency 

77GHz with 4 GHz bandwidth, 3TX antenna and 4 RX antenna offer a lot more 

information based on range, velocity, and angle estimation for human hand gesture 

detection. A noise removal algorithm to reduce noise from surrounding environment 

and a range gating method to separate human hand and human body will also be 

introduced. Therefore, ultrasound and FMCW radar are complementary for each other. 

The rest of this dissertation is organized as follows. Chapter 2 will give an 

overview and implementation of ultrasound system. Moreover, it clearly describes the 

range detection algorithm used in this thesis. The next chapter will provide a 

theoretical background of FMCW Radar for three main techniques used in this study, 

namely range estimation, velocity estimation and angle of arrival estimation. Chapter 

3 also explain the noise removal algorithm and range gating algorithm for human hand 

detection. Chapter 4 discusses the experimental result of ultrasound and FMCW radar 

hybrid system.  
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CHAPTER II 

ULTRASOUND SYSTEM 

1. Ultrasound Theory 

Ultrasonic waves (frequency above 20kHz) are a branch of sound waves and it 

exhibits all the characteristics properties of sound waves. In fact, humans cannot hear 

the ultrasound. Ultrasound has been used in different fields depend on the frequency 

of applications. Figure 1 shows the frequency range of ultrasound and its applications. 

 
Figure 1 – Ultrasound range and applications 

The ultrasonic wave propagation velocity in the air is approximately 340 m/s at 

15°C of air or atmospheric temperature, the same as sonic velocity. To be precise, the 

ultrasound velocity depends on medium temperature, hence the velocity in the air is 

calculated using the formula below: 

0 0340 0.6 15v =  + (t C - C) (m/s)                                                  (1) 

where v stand for the ultrasound velocity and t0C stand for the medium temperature in 

Celsius.  

The transmitter will transmit the ultrasound signal to the object. This signal 

will be reflected to the receiver. Then the propagation time of the ultrasound wave was 

extracted and used to estimate the distance from the object to the ultrasound 

transmitter. Figure 2 illustrate this process 
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Figure 2  – Ultrasound distance measurement process 

The formula for estimating the object’s distance is shown below: 

2

vt
d =                                                             (2) 

where d stands for range estimation, v stands for ultrasound velocity and t stand for 

time propagation of ultrasound. 

2. Hardware 

a. System Overview 

 

Figure 3 – Ultrasound System Overview 
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 The ultrasound system will use MSP430F5510 for the main processing unit. 

The MSP430 will control the ultrasound transmitter, and receiver, then get data from 

ultrasound receiver, transmit all the data to the computer via Universal Serial Bus 

(USB). The computer will receive the data, make range estimating algorithm, classify 

the gesture then send the command to control the application in the computer. Figure 3 

will show the system overview of ultrasound system. 

b. Main Processing Unit 

MSP430F5510 is the main processing unit for ultrasound system. The main 

task of MSP430F5510 will generate the square pulse at frequency 40-kHz for 

controlling ultrasound receiver and processing reflected signal at the receiver. The 

analog signals at receiver sensor will be converted into digital signals by the ADC 

module (Analog to Digital Converter). Then MSP430F5510 will send all the digitized 

data to the computer through the USB interface to control applications. The 

MSP430F5510 was selected because of   the fast processing speed and it support USB 

connection. MSP430F5510 has a built-in USB interface which is now commonly 

connection between devices. Figure 4 will show the block diagram of MSP430F5510. 

 

Figure 4 – MSP430F5510 Block Diagram. From [4] 
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c. MSP430-5510STK development board 

The MSP430-5510STK development board from Olimex was embedded 

MSP430F5510 controller with USB connector, USB bootloader support, LED, 

Switch, 25Mhz LCD display 8 alphanumeric, Reset function, JTAG for loading code 

to the board, 32768 Hz oscillator crystal and 4 MHz crystal oscillator. Figure 5 will 

show the development board. 

 

Figure 5  –  MSP430-5510STK development board. From [5] 

d. Ultrasound Transmitter and Receiver 

Air Ultrasonic Ceramic Transducers 400ST/R160 

[16] was used for ultrasound transmitter and receiver 

ultrasound sensor. Table 1 will show the feature of this 

sensor. 

 

 

Figure 6 – 400ST/R160 
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Table 1 – Feature of 400ST/R160 

Center 

Frequency 

Bandwidth  

(-6dB) 

Transmitting 

Sound 

Pressure 

Level 

Max 

Driving 

Voltage 

Beam Angle 

(-6dB) 

Capacitance 

(1kHz) 

Receiving 

Sensitivity 

40.0 ± 

1.0Khz 2.0Khz 120dB min 20Vrms 55° typical 2400pF -65dB min 

SN74HC14 Hex Schmitt-Trigger Inverters [18] was used for driving current 

for the ultrasound transmitter. The feature of SN74HC14 is listed below. 

• Wide Operating Voltage Range of 2 V to 6 V 

• Outputs Can Drive Up to 10 LSTTL Loads 

• Low Power Consumption, 20-μA Max ICC 

• Typical tpd = 11 ns 

• ±4-mA Output Drive at 5 V 

• Low Input Current of 1 μA Max 

LM741 Operational Amplifier [19] was used to amplifier the signal from 

ultrasound receiving sensor. The feature of LM341 is listed 

below. 

• Overload Protection on the Input and Output 

• No Latch-Up When the Common-Mode Range is 

exceeded 

 Air Ultrasonic Ceramic Transducers 400ST160 and SN74HC14 Hex Schmitt-

Trigger Inverters will be used for ultrasound transmitter circuit. An 8 square pulses 

sequence at 40 kHz will be generated from the MSP430F5510 will be the input of the 

ultrasound transmitter. Figure 9 is the schematic for ultrasound transmitter. 

Figure 7  –  SN74HC14 

Figure 8 – LM741 
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Figure 9 – Ultrasound transmitter circuit 

Air Ultrasonic Ceramic Transducers 400SR160 and LM741 Operational Amplifier 

will be used for ultrasound receiver circuit. After the analog signals is received at the 

ultrasound receiver sensor, this analog signal will be converted into digital signals by 

the analog to digital converter (ADC) module in MSP430F5510. Figure 10 is the 

schematic for ultrasound receiver. 

 

 

Figure 10 – Ultrasound receiver circuit 
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3. USB Interface 

a. MSP430 USB Overview 

MSP430 USB module has the following features [6]: 

• Full-speed USB device (12Mbps). Full-speed is a great match for the 

MSP430 and its typical applications. It facilitates communication with a 

PC (or other USB host) with simplicity and low system cost. 

• Supports control, interrupt, and bulk transfers. This enables support of the 

most popular USB device classes. ((Streaming audio using isochronous 

transfers is not supported.) 

• Eight inputs and eight output endpoints. The more endpoints that are 

supported, the more USB interfaces (logical devices) that can be 

implemented within a composite USB device. 

• Integrated 3.3V LDO, for operation directly from 5V VBUS. Many 

competing USB devices require an external LDO. The MSP430’s LDO can 

source not only the USB module, and not only the rest of the MSP430, but 

in some cases the entire system up to 12mA. 

• Integrated D+ pull-up. Competing USB devices sometimes require a 

considerable amount of external circuitry. 

• Programmable PLL. An integrated PLL generates the 48-MHz clock 

needed for USB operation. The reference for this PLL comes from the 

MCU's XT2 oscillator. A wide variety of sources can be used for the 

reference. 

• Integrated transceiver (PHY). There is no need to buy one separately. 

• Uses a crystal. The USB module requires that a crystal be placed on the 

MSP430’s XT2 oscillator. A wide variety of frequencies can be used, 

because of the programmable PLL. This allows selection of a crystal by 
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other criteria – perhaps another frequency used in the system (the clock can 

be output to other devices), or the crystal with the lowest cost. 

Figure 11 shows the block diagram of MSP430 USB module. 

 

Figure 11  – MSP430 USB Block Diagram. From [6] 

b. USB Interface 

The USB Application Programming Interface (API) [7] is the foundation of the 

MSP430 USB Developers Package. It supports three of the most common USB device 

classes 

• Communications Device Class (CDC): Results in a virtual COM port on 

the host. 

• Human Interface Device class (HID): The MSP430 USB Developers 

Package defines four subtypes: Datapipe, Mouse, Keyboard, and Custom. 

• Mass Storage Class (MSC): When the host sees an MSC interface, it 

begins mounting a storage volume from it. 
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c. Communications Device Class 

For transmitting data from MSP430F5510 to computer, The USB CDC API 

(USB Communications Device Class Application Programming Interface) was used. 

CDC is a turnkey API that makes it easy to implement a simple data connection over 

USB between an MSP430-based device and a USB host. It abstracts the user from the 

USB protocol, making the connection as simple as using a UART while still providing 

a sufficient amount of configuration. To the USB host, the connection appears as a 

virtual COM port, which is a very simple and commonly-used interface. 

The purpose of this API is the establishment of a COM port on the USB host, 

through which an application on the host can communicate with an MSP430 over 

USB. On the MSP430 side, each PC COM port is associated with a virtual port, 

through which data is received with the host. One means of establishing a virtual 

COM port interface over USB is with the CDC protocol. The scope of the CDC spec is 

much wider than virtual COM ports, supporting a wide variety of communications 

equipment. As a result, this API supports only a subset of the CDC specification. This 

is sufficient to establish a fully-functional virtual COM port interface [7]. 

4. Software 

a. Algorithm Implementation 

From pure analog data of the received signal, the range of the object can be 

estimated based on the propagation time of ultrasound in air. The presented system 

prototype’s ultrasound transmitter/receiver has best accuracy for hand detection within 

the range of 30 cm. The detection algorithm uses two regions: low-range region (0 cm 

to 15 cm) and high-range region (15 cm to 30 cm). In Figure 12, there are 3 graphs 

corresponding to the waveforms of no hand movement, movement at the high-range 

region and low-range region. Based on the difference analog waveform for each range 

region, propagation time of the ultrasound wave was extracted and used to estimate 

the range of the hand according to the formula (2). 
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Figure 12 – a) Ultrasound waveform with no hand movement. b) Ultrasound waveform with hand in 

high-range region. c) Ultrasound waveform with hand in low-range region 

Gupta [2] used lower frequency shift of “Doppler effect” to detect up 

movement, and higher frequency shift for detecting down movement. The ultrasound 

system detects up movement by moving hand from low-range region to high-range 

region. The program that writing on Visual Studio will compare the data from this 

movement with no hand movement data then send a keystroke “UP” to the application 

running in the computer. Similarly, down movement is identified by moving hand 

from high-range region to low-range region. For left-to-right and right-to-left 

movement, Kalgaonkar [3] use one ultrasound transmitter and three ultrasound 

receivers. They place all the receiver in a triangle pattern where these gestures could 

be performed and sensed. The proposed ultrasound system algorithm detects left-to-

right movement by moving hand in the low-range region. The program will compare 

the data from this movement with no hand movement data then send a keystroke 

“RIGHT” to the application running in the computer. As such, the algorithm is able to 

perform a “RIGHT” movement if the detected hand motion is within the low-range 

region, regardless of the direction of movement. Similarly, the program will send 

keystroke “LEFT” when moving the hand in the high-range region. These gestures 

will be illustrated in Figure 13.  This ensures that the correct gesture can be detected 

without the need for a triangular setup of three ultrasound receivers. This range is 
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quite wide for a human hand (15 cm for each region) and it is easy for human to 

recognize these ranges. 

The advantage of this algorithm is that the use of an FFT is not needed. This 

reduces the complexity for the detection algorithm so that it can detect both slow and 

fast movement. Another advantage is that this algorithm requires one ultrasound 

transmitter, one ultrasound receiver and no special setup. 

 

Figure 13 – a) Illustration for moving left of ultrasound system. b) Illustration for moving right of 

ultrasound system. c) Illustration for moving up of ultrasound system. d) Illustration for moving down 

of ultrasound system. 

b. Gestures and Use Cases 

The 8 sets of gestures will provide to control the application running in the 

computer: 

Swiping Right (R): Swiping hand in low-range region. The program will send 

one keystroke “RIGHT” to the application running in computer. 

Swiping Left (L): Swiping hand in high-range region. The program will send 

one keystroke “LEFT” to the application running in computer. 

Swiping Down (D): Swiping hand from high-range region to low-range 

region. The program will send one keystroke “DOWN” to the application running in 

computer. 
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Swiping Up (U): Swiping hand from low-range region to high-range region. 

The program will send one keystroke “UP” to the application running in computer. 

Scrolling Up (SU): Holding hand at high-range region. The program will send 

keystrokes “UP” continuously to the application running in computer. 

Scrolling Down (SD): Holding hand at low-range region. The program will 

send keystrokes “DOWN” continuously to the application running in computer. 

Enter Program (EN): Tapping 2 times in front of the ultrasound sensor. The 

program will send one keystroke “ENTER” to the application running in computer. 

Exit Program (EX): Holding hand at high-range region for 4s then moving up. 

The program will send one keystroke “ALT+F4” to the application running in 

computer. 

These gestures could be used for many touchless applications. Scrolling a web 

page or a pdf file using gestures scrolling up/down. watching picture, reading ebook, 

by gestures moving left/right. Table 2 will summarize these gestures by ultrasound 

system. 

Table 2 – Gesture and User Case Table of Ultrasound System 

Command Gestures Keystroke Sending 

Swiping Left Moving hand in low-range region 1 Key LEFT 

Swiping Right Moving hand in high-range region 1 Key RIGHT 

Swiping Up Moving hand from low-range region to 

high-range region 

1 Key UP 

Swiping Down Moving hand from high-range region to 

low-range region 

1 Key DOWN 

 

Scrolling Up Holding hand in high-range region Keys UP continuously 

 

Scrolling Down Holding hand in low-range region Keys DOWN continuously 

 

Enter Tapping 2 time 1 Key ENTER 

 

Exit Holding hand in high-range region for 4s 

then moving up 

1 Key ALT+F4 
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CHAPTER III 

FMCW RADAR SYSTEM 

1. Frequency Modulated Continuous Wave (FMCW) Radar theory 

In a frequency modulated continuous wave (FMCW) radar, the radar transmits 

a signal called a “chirp”. A chirp is the sinusoidal signal whose frequency is changed 

linearly with respect to time. With a continuous change in the frequency of the signal 

transmitted, the amount of frequency difference between the transmitted and received 

signal is determined by the time it took the signal travel to the object and back. Figure 

13 shows a representation of a chirp signal, with magnitude (amplitude) as a function 

of time. Figure 14 shows the same chirp signal, with frequency as a function of time. 

The chirp is characterized by a start frequency (fc), bandwidth (B) and duration (Tc). 

The slope of the chirp (S) captures the rate of change of frequency. In the example 

provided in Figure 15, fc = 77 GHz, B = 4 GHz, Tc = 40 µs and S = 100 MHz/µs 

 

Figure 14  –  Chirp signal, with amplitude as a function of time 
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Figure 15 – Chirp signal, with frequency as a function of time  

a. Range Estimation Theory 

An FMCW radar system transmits a chirp signal and captures the signals 

reflected by objects in its path. Figure 16 is a simplified block diagram example of the 

main RF components of an FMCW radar [8].  

 

Figure 16 – Simplified block diagram of FMCW Radar 

The FMCW radar operates as following steps: 

• A chirp generator will synthesize the chirp signal. 

• The chirp is transmitted by a transmit antenna (TX). 

• The reflection of the chirp by an object generates a reflected chirp captured 

by the receive antenna (RX). 
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• A “mixer” combines the RX and TX signals to produce an intermediate 

frequency (IF) signal. 

 

Figure 17  – IF signal of FMCW Radar 

 From the Figure 17, the formula for range estimation can be derived. Since the 

change of frequency “B” and the change of time “T” is known [17]. The rate of change 

of frequency and time can be calculated as: 

B
S = 

T                                                             (3) 

The beat frequency (fb) is expressed as follow: 

b T R f = f f                                                          (4) 

 From Figure 17, we have (5) 

b f = SΔt                                                            (5) 

 Because the chirp travels with the distance 2d, so 
2d

 Δt
c
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b

2d
 f = S

c
                                                         (6) 

2

bcf
d = 

S
                                                           (7) 

where d stands for range estimation, c stands for speed of light, fb stands for beat 

frequency, and S stands for slope of the chirp signal. 

 

By knowing radar system’s frequency bandwidth (B), sweep time (T) and beat 

frequency (fb), the distance (d) from the radar to the object using the FMCW radar can 

be calculated using equation (7). Typically, most FMCW radars get the beat frequency 

internally and perform Fast Fourier Transform (FFT) analysis externally to interpret 

beat frequency and display the output results in the radar range [9].  

Range resolution is the ability of a radar system to distinguish between two or 

more targets on the same bearing but at different ranges. When two objects move 

closer, at some point, a radar system will no longer be able to distinguish them as 

separate objects. For two objects separated by a distance Δd, the difference in their IF 

frequencies is given by (6). Since the observation interval is Tc, this means that 

1

c

 f  >  
T

                                                                (8) 

From (6), 
2Δd

 Δf
c

  

c

2 1

T

d
 S

c


                                                                (9) 

2 c

c
 d  >  

ST
                                                           (9) 

2

c
 d  >  

B
                                                           (10) 

The range resolution of FMCW Radar depend on the bandwidth of the chirp 

signal. 
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b. Velocity Estimation Theory 

In order to measure velocity, an FMCW radar will transmit multiple chirps and 

based on the phase different to derive the formula for velocity. The waveform in 

Figure 18 show the TX chirp. RX chirp and IF signal with phase difference. 

 

Figure 18 – TX chirp, RX chirp and IF signal. From [8] 

An FMCW radar need at least 2 chirps separated by Tc, each reflected chirp is 

processed through FFT to detect the range of the object (range-FFT). The range-FFT 

corresponding to each chirp will have peaks in the same location, but with a different 

phase. The measured phase difference corresponds to a motion in the object. Figure 19 

will illustrate the FFT process. 
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Figure 19 – FFT for two chirp illustrations 

From Figure 20, the phase difference between A and D is the phase difference 

between C and F. 

2 c   =  πf Δτ                                                    (11) 

2
2

v d
   =  π

λ v
                                                  (12) 

4πd
   =  

λ
                                                      (13) 
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Figure 20 – Phase different between 2 RX chirp, from [8] 

 For an object at a distance d from the radar, the IF signal will be a sinusoid 

2 0 A  =  Sin( πft + θ )  with 
2d

 f= S
c

and
4π d

 θ  =  
λ


  

Since the phase of the IF signal is very sensitive to small changes in object 

range, the FMCW can transmit multiple chirp to get more information about phase 

different. After that another FFT (called Doppler FFT) will perform to estimate the 

velocity. This will be show in the Figure 21. 
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Figure 21 – Velocity Estimation Theory of FMCW Radar System 

If ω = ∆θ and d = vTc, the formula for velocity estimation will be derived 

c4πvT
 ω  =  

λ
                                                       (14) 

4 c

λω
 v  =  

πT
                                                         (15) 

Since the velocity measurement is based on a phase difference, there will be 

ambiguity. The measurement is unambiguous only if 

 θ   <                                                             (16) 

c4πvT
   <  

λ
                                                          (17) 

Then, v can be derived 

 
4 c

λ
 v  <  

T
                                                     (18) 

max
4 c

λ
 v   =  

T
                                                     (19) 

The maximum velocity for FMCW radar can estimate is in the equation (19). 
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Velocity resolution [9] is the ability of a radar system to distinguish between 

two or more targets with different speed with different ranges. The theory of discrete 

Fourier transforms shows that two discrete frequencies, ω1 and ω2, can be resolved if  

2
2 1

π
Δω = ω  - ω   >  

N
(radians/sample)                          (20) 

4 2cπΔvT π
   <  

λ N
                                                     (21) 

c2

λ
 Δv  >  

NT
                                                 (22) 

The velocity resolution for FMCW radar can estimate is in the equation (22). 

c. Angle Estimation Theory 

An FMCW radar system can estimate the angle of a reflected signal with the 

horizontal plane. This angle is also called the angle of arrival (AOA). Angle 

Estimation requires at least 2 RX antennas. The differential distance from the object to 

each of the antennas results in a phase change in the 2D-FFT peak to estimate the 

angle of arrival. Remember that a small change in the distance of the object result in a 

phase change (ω) in the peak of the range-FFT in equation (13). This will be 

illustrated in figure 22 and figure 23. 

 

Figure 22 – Two antennas are required to estimate angle of arrival 
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Figure 23 – Angle estimation based on the distance of two antennas 

In this configuration, the phase change is derived by  

 
2π d

 ω  =  
λ


                                                   (23) 

Sin( )2πd θ
 ω  =  

λ
                                            (24) 

Then, the angle can be derived 

1Sin
2

λω
 θ  = 

πd

  
 
 

                                           (25) 

To increase the angle resolution, FMCW radar with a multiple-input-multiple-

output radar (MIMO) can be used. The example with 2 TX and 4 RX antenna will 

demonstrated how to increase the angle resolution. A Time-Division Multiplexing 

(TDM) MIMO technique is employed for transmitting [10]. As such, alternating time 

slots are dedicated for TX1 and TX2 for TDM. For example, TX1 will transmit the 

first chirp, TX2 will transmit the second chirp, then TX1 transmits again with a third 

chirp and so on. A transmission from TX1 results in a phase of 0, ω, 2ω, 3ω at RX1, 

RX2, RX3, RX4 antennas respectively. TX2 is placed at a distance of 4d from TX1. A 

transmission from TX2 results in a phase of 4ω, 5ω, 6ω, 7ω at the same 4 RX antennas 

respectively. This performance behaves like one virtual TX and eight virtual RX 
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antennas as shown in Figure 24. After performing a 2D FFT for each TX-RX pair, 

each 2D FFT corresponds to one virtual RX antenna. Another FFT is performed 

(called angle FFT or 3D FFT) [9] on the corresponding peaks across these multiple 2D 

FFTs to identify the phase difference ω and estimate the angle of arrival with the 

equation (25). 

 

Figure 24 – Angle Estimation using MIMO FMCW Radar 

The maximum angular field of view of the radar can also bi estimated. Figure 

25 will show the maximum angular field of view. 
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Figure 25 – Maximum angular field of view 

Unambiguous measurement of angle requires |∆ω| < π. From equation (24), the 

maximum angular field of view can be derived. 

 Δω  <  π                                                               (26) 

Sin2πd ( )
   <  

λ


                                                          (27) 

1Sin
2

λ
 θ  < 

d

  
 
 

                                                       (28) 

1
max Sin

2

λ
 θ   = 

d

  
 
 

                                                       (29) 

Angle resolution (θres) is the minimum angle separation for the two objects to 

appear as separate peaks in the angle-FFT. If the first object has the angle of arrival is 

θ and the second object has the angle of arrival is θ + ∆θ. The formula for angle of 

arrival will be derived 

Sin( ) Sin( )2πd θ+Δθ 2πd θ
 Δω  =  

λ λ
                                       (30) 

 Sin( ) Sin( )
2πd

 Δω  =  θ + Δθ θ
λ

                                         (31) 

From identity 
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Sin( ) Sin( )
Cos( )

θ + Δθ θ
     θ

Δθ


                                             (32) 

Equation (31) become 

Cos( )
2πd

 Δω    θ Δθ
λ

                                                (33) 

2π
 Δω  >  

N
                                                                (34) 

Cos( )
2πd 2π

θ Δθ   >  
λ N

                                                    (35) 

Cos( )

λ
 Δθ  >  

Nd 
                                                     (36) 

res
Cos( )

λ
 θ   =  

Nd 
                                                     (37) 

The angle resolution for FMCW radar can estimate is in the equation (38). 

2. Hardware 

a. System Overview 

 
Figure 26 – FMCW Radar System Overview 
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The radar system uses IWR1443 Evaluation Module, a programming FMCW 

Radar, from Texas Instrument (TI). IWR1443 can transmit a programming chirp 

signal at 77GHz from 2 TX antenna then receive the reflected signal from 4 RX 

antenna. The FMCW Radar will perform range, velocity and angle estimation then 

transmit all analyzed results through universal asynchronous receiver-transmitter 

(UART) to the computer. The computer will receive the data, make noise removal and 

range gating algorithm, classify the gesture then send the command to control the 

application in the computer. Figure 26 will show the system overview of FMCW 

system. 

b. IWR1443 Single Chip mmWave Sensor 

The IWR1443 device is an integrated single-chip mmWave sensor [11] based 

on FMCW radar technology operating from 76 GHz to 81 GHz band with up to 4 GHz 

continuous chirp. The IWR1443 is used for self-monitored, radar systems in the 

industrial applications such as building automation, factory automation, drones, 

material handling, traffic monitoring, and surveillance. The IWR1443 includes a 

implementation of a 3TX, 4RX antenna system with built-in PLL and A2D converters. 

The device includes fully configurable hardware accelerator that supports complex 

FFT and CFAR detection. IWR1443 has advantages for range, velocity and angle 

estimation. Figure 27 is the block diagram of IWR1443.  
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Figure 27 – Functional Block Diagram of IWR1443, from [11] 

c. IWR1443BOOST Evaluation Module 

The IWR1443 BoosterPack is an easy-to-use evaluation board for the single-

chip IWR1443 mmWave sensing device from TI, with direct connectivity to the TI 

MCU LaunchPad. The evaluation board includes onboard emulation for programming 

and debugging, onboard buttons, and LEDs, for quick integration of a simple user 

interface. The standard 20-pin BoosterPack headers make the evaluation board 

compatible with a wide variety of TI MCU LaunchPads and enables easy prototyping. 

IWR1443BOOST Evaluation Module has the following features [12]: 

• Two 20-pin LaundPad connectors that leverages the ecosystem of the TI 

LaunchPad 

• XDS110 based JTAG emulation with a serial port for onboard QSPI flash 

programming 

• Back-channel UART through USB-to-PC for logging purposes 

• Onboard antenna 
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• 60-pin, high-density (HD) connector for raw analog-to-digital converter 

(ADC) data over LVDS and trace-data capability 

• Onboard CAN-FD transceiver 

• One button and two LEDs for basic user interface 

• 5-V power jack to power the board 

IWR1443BOOST Evaluation Module block diagram was shown in figure 28. 

 

Figure 28 – Block Diagram of IWR1443BOOST Evaluation Module. From [12] 

Figure 29 and Figure 30 show the front and rear views of the evaluation board, 

respectively. 
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Figure 29 – IWR1443BOOST Evaluation Module Front View. From [12] 

 

Figure 30 – IWR1443BOOST Evaluation Module Rear View. From [12] 

d. Chirp Configuration 

The IWR1443 operate from 76 GHz to 81 GHz. The chirp can be configured 

depend on the application. By configuring the chirp, the FMCW can set up maximum 
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range detection, range resolution, velocity resolution, maximum velocity. Figure 31 

show the chirp information by IWR1443. 

 

Figure 31 – IWR1443 Chirp Information. From [13] 

The chirp can be configured by loading the .cfg file (text file). By modifying 

the input information to the chirp, IWR1443 will transmit the desire chirp depend on 

the application. The code below is an example of .cfg file [14]. 

sensorStop 

flushCfg 

dfeDataOutputMode 1 

channelCfg 15 3 0 

adcCfg 2 1 

adcbufCfg 0 0 1 1 

profileCfg 0 77 7 7 58 0 0 68 1 256 5500 0 0 30 

chirpCfg 0 0 0 0 0 0 0 1 

chirpCfg 1 1 0 0 0 0 0 2 

frameCfg 0 1 32 0 100 1 0 

guiMonitor 1 1 0 0 0 1 

cfarCfg 0 2 8 4 3 0 1280 

peakGrouping 1 1 1 1 229 

multiObjBeamForming 1 0.5 

calibDcRangeSig 1 -5 20 256 

sensorStart 

 

Explanation for the code and parameter of the chirp was shown in the Table 3 
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Table 3 – Parameter of Chirp Configuration 

Configuration Parameters Values Comment 

dfeDataOutputMode 
1 - frame based chirps 

2 - continuous chirping 

1 frame based chirps 

channelCfg 
4 RX antenna (1111) 15 (1111) RX1, RX2, RX3, 

RX4 

3 TX Antenna (111) 3 (011) TX1, TX2 

adcCfg 

Number of ADC bits  

0 for 12bits,  

1 for 14bits  

2 for 16 bits 

2 16 bits 

Output format  

0 for real 

1 for complex 1x 

(image band filtered 

output) 

2 for complex 2x 

(image band visible) 

1 
Complex 1x 

(image band 

filtered output) 

profileCfg 

Profile identifier 0  

Start frequency in GHz 77 GHz 

Idle time in µ-sec 7 µ-sec 

ADC start time in µ-sec 7 µ-sec 

Ramp end time in µ-sec 58 µ-sec 

Tx output power back-

off code for TX 

antennas 

0 
 

Tx phase shifter for TX 

antennas 
0 

 

Frequency slope 

constant 

68 MHz/µ-sec 
Total bandwidth  

68 x 58 = 3.944 

GHz 

Tx start time in u-sec 1  
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Configuration Parameters Values Comment 

Number of ADC 

samples 

256  

ADC sampling 

frequency in ksps 

5500 ksps 

HPF1 (High Pass Filter 

1)  

0  Corner frequency: 

175 kHz 

HPF2 (High Pass Filter 

2)  

0 Corner frequency: 

175 kHz 

Rx gain in dB (valid 

values 24 to 48) 

30 dB 

chirpCfg#0  

&  

chirpCfg#1 

 
chirpCfg 

#0 

chirpCfg 

#1 
 

Chirp start index 0 1  

Chirp end index 0 1  

Profile identifier 0 0  

Start frequency 

variation in Hz 

0 0  

Frequency slope 

variation in Hz 

0 0  

Idle time variation in µ-

sec 

0 0  

ADC start time 

variation in µ-sec 

0 0  

Tx antenna enable mask 1 2 
1: enable Tx1 only 

2: enable Tx2 only 

frameCfg 

Chirp start index (0-

511) 

0 Alternating chirp 

#0 and chirp #1 

Chirp end index (chirp 

start index-511) 

1 Alternating chirp 

#0 and chirp #1 

Number of loops (1 to 

255) 

32 32 times: 64 chirps 

in total 

Table 3. Continued 
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Configuration Parameters Values Comment 

Number of frames 

(valid range is 0 to 

65535) 

0 infinite 

Frame periodicity in ms 100 100 ms 

Trigger selects 

1: Software trigger 

2: Hardware trigge 

1 Software trigger 

Frame trigger delay in 

ms 

0 0 ms 

e. Data Path of IWR1443 

The IWR1443 will perform range estimation, velocity estimation, angle 

estimation inside the chip then send out the data through UART to the laptop. Figure 

32 will show the top-level data path processing chain and figure 33 will show the top-

level data path timing [14].  

 

Figure 32 – Top Level Data Path Processing Chain 

Table 3. Continued 
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Figure 33 – Top Level Data Path Timing 

Output packets with the detection information are sent out every frame through 

the UART. Each packet consists of the header and the number of TLV items 

containing various data information. Each TLV item consists of type, length, and 

payload information. The structure of the output packet is illustrated in the figure 34. 

Since the length of the packet depends on the number of detected objects it can vary 

from frame to frame. The end of the packet is padded so that the total packet length is 

always multiple of 32 Bytes [14]. 

 

Figure 34 – Output packet structure sent to UART 
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Data get from UART has the following format (example of 1 output packet) 

02 01 04 03 06 05 08 07 05 00 00 01 A0 02 00 00 43 14 0A 00 E4 51 00 00 CF E4 F1 

73 04 00 00 00 03 00 00 00 01 00 00 00 34 00 00 00 04 00 09 00 02 00 00 00 5F 01 

D5 FF 0B 00 00 00 0B 00 00 00 65 00 3D 00 EE 00 00 00 4F 00 00 00 D5 01 14 01 

CF 06 00 00 FF 00 00 00 2A 00 00 00 40 16 00 00 02 00 00 00 00 02 00 00 4E 7E 9F 

8E 91 94 96 8D BD 7B 6A 71 6A 64 97 67 4A 6F DB 7D AD 83 A8 84 09 80 49 78 

02 77 F5 78 4F 75 97 6D FA 67 29 6C 79 6A 6A 6F 3E 6D 15 6A 28 69 5A 64 F1 69 

D6 70 67 70 7A 64 E6 6C AC 6D 2E 68 FD 6C 4C 73 2B 72 ED 68 93 64 BC 67 FC 

6C 77 6C 6A 70 D7 6D 1F 68 B1 61 C5 67 4A 68 20 64 FE 65 DD 6D AD 75 16 75 

32 69 E2 61 47 63 31 61 1C 61 2F 5B 8D 5F F7 5F 29 63 20 66 7A 60 C2 5F E4 5E 

4F 58 33 58 01 5D 94 5C B1 5C BF 5E F0 5F 43 60 0C 61 6B 63 44 66 98 66 73 87 

C6 94 E2 96 EF 90 93 88 A2 80 F3 7D D3 72 C7 6C 4A 6C B2 6E AF 70 FB 6D F3 

65 99 6A 10 7B F8 80 2A 7B AA 6C 50 68 59 67 2A 6B 7B 70 18 6D A1 68 8E 66 

12 63 9D 5C 99 62 04 66 E4 63 C3 64 4D 62 56 60 56 62 43 61 EA 58 5A 5B A2 5C 

83 55 15 60 C6 63 5A 5E A5 62 40 66 62 62 25 63 69 61 67 5C 7D 5D 2F 5E 05 5C 

59 56 FD 55 C7 55 DD 57 95 5A AE 56 6A 54 9E 4C E7 54 02 59 1D 57 58 56 9D 57 

92 57 DF 52 63 50 47 4F DF 4F 1B 50 71 52 81 4E 01 4D 84 4E 92 4F 28 53 F2 51 

B1 4A CF 56 95 57 21 59 8A 5B 76 58 CA 4D 98 4D A1 4B 16 50 8B 4C 55 4A CE 

4A BB 4C C8 4C 60 4A 3B 4D 6F 4B 19 4A 28 4C 63 47 37 45 83 48 EB 48 48 4B 

BE 50 D9 54 8E 50 A1 4D 96 4B EF 4B 7D 4B C1 4C 78 50 62 4D 55 4C F8 50 FD 

4C 5F 48 C7 4B 61 48 20 4D BF 4C 77 4C FE 4A 6B 4A 8A 4D 4F 4C B3 48 34 44 

44 45 D5 41 20 45 56 46 1C 43 35 42 26 46 4E 45 29 45 1C 45 30 43 68 46 D1 45 A4 

41 CE 45 20 4A 5F 4A BA 46 AE 43 0E 3D 75 45 5A 46 30 44 4C 45 92 42 A4 45 

DE 47 43 46 C0 46 E3 46 07 40 F5 3C 03 3F F9 3B 0A 3B 73 38 44 3C 6D 35 5A 41 

46 48 32 4D A9 51 C9 4B D2 3C E1 39 2D 41 E0 47 6A 51 4A 61 12 6C 38 77 06 00 

00 00 18 00 00 00 8C 0B 00 00 77 1D 00 00 D5 3F 01 00 D7 01 00 00 03 00 00 00 04 

00 00 00 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 

0F 
  

Separate the output data, information from range, velocity, angle, platform, 

size, frame number, time, number of object will be acquired and analyzed  

 

// Header, sync word, packet size 

02 01 04 03 06 05 08 07 05 00 00 01 A0 02 00 00  

43 14 0A 00 // platform 0xA1443  

E4 51 00 00 CF E4 F1 73 // frame number 

04 00 00 00 // num detect obj =4 

03 00 00 00 // num of tlv = 3 

01 00 00 00 // tlv type = 1 

34 00 00 00 // tlvlength = 52 

04 00 // num detect obj =4 

09 00 // xqz format =512 
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// Payload 1 

// 12 byte of them to data range and doppler range 

// total 4 detected object so that they have 48 bytes 

 

02 00 00 00 5F 01 D5 FF 0B 00 00 00  

0B 00 00 00 65 00 3D 00 EE 00 00 00    

4F 00 00 00 D5 01 14 01 CF 06 00 00  

FF 00 00 00 2A 00 00 00 40 16 00 00 

 

02 00 00 00 // tlv type =2 

00 02 00 00 // tlv length = 512 

// Payload 2 

4E 7E 9F 8E 91 94 96 8D BD 7B 6A 71 6A 64 97 67 4A 6F DB 7D AD 83 A8 84 09 

80 49 78 02 77 F5 78 4F 75 97 6D FA 67 29 6C 79 6A 6A 6F 3E 6D 15 6A 28 69 5A 

64 F1 69 D6 70 67 70 7A 64 E6 6C AC 6D 2E 68 FD 6C 4C 73 2B 72 ED 68 93 64 

BC 67 FC 6C 77 6C 6A 70 D7 6D 1F 68 B1 61 C5 67 4A 68 20 64 FE 65 DD 6D AD 

75 16 75 32 69 E2 61 47 63 31 61 1C 61 2F 5B 8D 5F F7 5F 29 63 20 66 7A 60 C2 

5F E4 5E 4F 58 33 58 01 5D 94 5C B1 5C BF 5E F0 5F 43 60 0C 61 6B 63 44 66 98 

66 73 87 C6 94 E2 96 EF 90 93 88 A2 80 F3 7D D3 72 C7 6C 4A 6C B2 6E AF 70 

FB 6D F3 65 99 6A 10 7B F8 80 2A 7B AA 6C 50 68 59 67 2A 6B 7B 70 18 6D A1 

68 8E 66 12 63 9D 5C 99 62 04 66 E4 63 C3 64 4D 62 56 60 56 62 43 61 EA 58 5A 

5B A2 5C 83 55 15 60 C6 63 5A 5E A5 62 40 66 62 62 25 63 69 61 67 5C 7D 5D 2F 

5E 05 5C 59 56 FD 55 C7 55 DD 57 95 5A AE 56 6A 54 9E 4C E7 54 02 59 1D 57 

58 56 9D 57 92 57 DF 52 63 50 47 4F DF 4F 1B 50 71 52 81 4E 01 4D 84 4E 92 4F 

28 53 F2 51 B1 4A CF 56 95 57 21 59 8A 5B 76 58 CA 4D 98 4D A1 4B 16 50 8B 

4C 55 4A CE 4A BB 4C C8 4C 60 4A 3B 4D 6F 4B 19 4A 28 4C 63 47 37 45 83 48 

EB 48 48 4B BE 50 D9 54 8E 50 A1 4D 96 4B EF 4B 7D 4B C1 4C 78 50 62 4D 55 

4C F8 50 FD 4C 5F 48 C7 4B 61 48 20 4D BF 4C 77 4C FE 4A 6B 4A 8A 4D 4F 4C 

B3 48 34 44 44 45 D5 41 20 45 56 46 1C 43 35 42 26 46 4E 45 29 45 1C 45 30 43 68 

46 D1 45 A4 41 CE 45 20 4A 5F 4A BA 46 AE 43 0E 3D 75 45 5A 46 30 44 4C 45 

92 42 A4 45 DE 47 43 46 C0 46 E3 46 07 40 F5 3C 03 3F F9 3B 0A 3B 73 38 44 3C 

6D 35 5A 41 46 48 32 4D A9 51 C9 4B D2 3C E1 39 2D 41 E0 47 6A 51 4A 61 12 

6C 38 77 

// statistics 

06 00 00 00 // tlv type =6 

18 00 00 00 // tlv_length = 18 

8C 0B 00 00 77 1D 00 00 D5 3F 01 00 D7 01 00 00 03 00 

// Padding  

00 00 04 00 00 00 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 0F 

0F 0F 0F 
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3. Software 

a. Noise Removal Algorithm 

An FMCW radar can track the hand movement and extract the information for 

range, velocity, and angle estimation [9]. However, while the user is moving hand, the 

FMCW radar will not only recognize hand movement but also detect a small motion 

of human body, unwanted movement from other moving targets exist. The radar also 

detects other objects from surrounding environment. These unwanted detections are 

considered noise. These noises have significant effect and they cause wrong detection 

for hand gesture recognition. Figure 35 shows the multiple objects with power, range, 

velocity, and angle estimation with noise present.  

 

Figure 35 – a) Range estimation with noise presented. b) Velocity estimation with noise presented. c) 

Angle estimation with noise presented 
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For hand gesture recognition application for remote control, a noise removal 

algorithm is introduced. The algorithm is mainly based on the range and power level 

information (Figure 35a) extracted from FMCW Radar. Depending on the distance, 

the detected objects from FMCW Radar will have different power level. When the 

user moves hand front of the FMCW Radar, there will be the shifted objects for 

velocity and angle (Figure 35b and Figure 35c). The shifted objects for angle and 

velocity will change significantly. However, the power level will only change slightly 

since the changing in the range is insignificant. By comparing the range and power 

level of moving object in the velocity and angle graphs with the range graphs. These 

unwanted moving objects will be eliminated, and the useful information will be 

applied to range gating algorithm to track human hand. A flow chart of noise removal 

algorithm is shown in Figure 36. 

 

Figure 36  – Noise Removal Algorithm Flow Chart 
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b. Range Gating Algorithm 

When set up the radar front of the user, the FMCW radar will not only detect 

hand movement but also detect human body. The human body will become the 

obstacle for human hand gesture recognition especially when the user moving in the 

radar’s field of view. Figure 37 will illustrate this situation.  

 

Figure 37 – Detection of human body and human hand by FMCW Radar 

To separate the peak between human hand and human body, the range gating 

algorithm will be introduced. The meth-od will create the gate dividing human hand 

and human body, even when the user is moving. By removing human body peak, the 

radar only detects human hand movement and applies this movement to remote 

control application. After performing noise removal algorithm, the range information 

will be the range and the power of human hand, human body, and other unmoving 

objects in the radar’s field of view. The velocity information will be the hand moving, 

immobile human body and other objects. The angle information will be the changing 

angle of human hand, the stable angle of human body, and the unmovable objects. The 

maximum distance between human hand and human body is about 50 cm. The 

comparison between these peak within the range 50 cm based on the range and the 
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power level will filter these other unwanted objects. After detecting human hand peak 

and human body peak in the range estimation, a gate will be created to separate these 

two peaks, this gate also works while the user is moving. Finally, the range and the 

power information of the human hand will be separated from human body and other 

objects in the surrounding environment, and this information will compare one more 

time with velocity and angle information extracted after noise removal algorithm. 

Therefore, all unwanted objects are also removed from the velocity and angle 

information. The final information from velocity estimation is used for tracking zoom 

in and zoom out gestures. Similarly, the information from the angle estimation will be 

used to track left and right movement. The flow chart of the range gating algorithm is 

shown in Figure 38. 

 

Figure 38 – Range Gating Algorithm Flow Chart 
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c. Gestures and Use Cases 

The 6 sets of gestures will provide for FMCW Radar to control the application 

in the computer: 

Swiping Right (R): Swiping one hand from left to right, based on the angle 

estimation, the program will detect the hand location then send one keystroke 

“RIGHT” to the application in the computer. 

Swiping Left (L): Swiping one hand from right to left, based on the angle 

estimation, the program will know the location of moving hand then send one 

keystroke “LEFT” to the application in the computer. 

Scrolling Up (SU): Holding one hand for 2s then moving hand up. Based on 

velocity and range estimation, the program will send many keystrokes “UP” to the 

application in the computer. The radar was set up face up to the roof 

Scrolling Down (SD): Holding one hand for 2s then moving hand down. Based 

on velocity and range estimation, the program will send many keystrokes “DOWN” to 

the application in the computer. The radar was set up face up to the roof 

Zoom In (ZI): Moving one hand forward to the FMCW Radar. The program 

will send keystroke “CTRL +” continuously to the computer. The radar was set up 

front of the user. 

Zoom Out (ZO): Moving one hand backward from the FMCW Radar. The 

program will send keystroke “CTRL -” continuously to the computer. The radar was 

set up front of the user. 

The advantage of this algorithm is that by identifying these gestures with an 

FMCW radar, a response can still be obtained when the signal is detected beyond 30 

cm. However, the noise removal method for filtering noise in velocity and angle 

estimation is more complicated than ultrasound range detection algorithm, the 

response time for left and right detection of FMCW Radar will be slowed down in 

comparison with the ultrasound. Nevertheless, as the ultrasound cannot accurately 

estimate signals beyond 30 cm, this FMCW approach compensates for the lack of 
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precision in ultrasound detection at longer range at the expense of processing time. 

Table 4 will summarize these gestures by ultrasound system. 

Table 4 – Gesture and User Case Table of FMCW Radar System 

Command Gestures Keystroke Sending 

Swiping Left Swiping hand from right to left 1 Key LEFT 

Swiping Right Swiping hand from left to right 1 Key RIGHT 

Scrolling Up Moving hand from down to up Keys UP continuously 

 

Scrolling Down Moving hand from up to down Keys DOWN continuously 

 

Zoom in Set up the radar front of user and move 

hand forward to the radar 

1 Key CTRL+  

Zoom out Set up the radar front of user and move 

hand backward to the radar 

1 Key CTRL-  
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CHAPTER IV 

EXPERIMENT AND RESULT 

1. Testing Ultrasound 

MSP430-5510STK development board (figure 5) with transmitter circuit 

(figure 9) and receiver circuit (figure 10) is shown in figure 39. This prototype was 

used for ultrasound system. It has the accuracy range from 0 cm to 30 cm. The 

ultrasound was placed on the table and test with different location. 

 

Figure 39 – Ultrasound Prototype 

MSP430F5510 will send 8 square pulse sequences at 40 kHz to the transmitter 

of the ultrasound, the delay time for every pulse sequence is 3ms. Figure 40 will 

illustrate the transmit pulse [15]. 

 

Figure 40 – Transmit Waveform of Ultrasound 

After ultrasound transmitter send the square pulses sequences. The receiver 

will receive the signal reflected from human hand. This signal will be amplified then 
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through ADC converter of the MSP430F5510 and transmit to the computer by USB. 

Figure 41 is the signal of the receiver after it transmit to the computer. Because the 

MSP430 ADC only recognize signal with positive amplitude value, the DC voltage at 

the output was set around 1.68V. By doing that, the ADC will capture all the 

waveform of the receiver. 

 
Figure 41 – Receiver Waveform of Ultrasound 

The range detection algorithm based on the low range region and high range 

region of ultrasound was shown in figure 12. The receiving signal will transmit to the 

computer through USB connection. Visual studio with C# programming language will 

analyze and process the receiving signal. The ultrasound system was tested in different 

scenarios with condition of noise and temperature. 

• Home: This is the most common environment, with 50dB intensity of noise 

and temperature of 250C. 

• Library: 55dB intensity of noise and temperature range: 200C ÷ 300C. 

• Class: 60dB intensity of noise and temperature range: 270C  

• Coffee shop: 75dB intensity of noise, temperature of 250C. 
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Each command was tested 60 times in the range from 0 cm to 30 cm and the 

result of ultrasound system was shown in Table 5. 

Table 5 – Average % of precisely recognized gestures of ultrasound from 0 cm to 30 cm 

Command Home Library Class Coffee shop 

Up 92.3 91.3 91.7 90.7 

Down 93.3 92.3 92.7 90.7 

Left 96.7 95.0 92.3 91.3 

Right 95.0 95.0 93.3 93.3 

Scrolling up 96.7 96.7 95.0 93.3 

Scrolling down 96.7 95.0 94.3 94.3 

Enter 85.0 84.7 85.7 82.0 

Exit 83.3 82.0 84.3 81.9 

2. Testing FMCW Radar 

The FMCW was tested by two ways. First, the FMCW Radar IWR1443 

evaluation board was placed on the table, the direction of antenna aims to the roof. 

The roof acts as clutter during FMCW Range detection. This minimum distance is 

required so that the energy estimation of the range of the hand is not affected by the 

roof’s energy response. Second, the FMCW Radar will be set up in front of the users, 

the direction of antenna aims to human body. Figure 42 and figure 43 will illustrate 

the set up.  

 

Figure 42 – The FMCW Radar place on the table, aim to the roof 
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Figure 43 – The FMCW Radar place on the table, aim to the human body 

The gesture detection algorithm based on the range, velocity, and angle 

estimation combine with noise removal algorithm and range gating algorithm. The 

receiving signal will transmit to the computer through UART connection. Visual 

studio with C# programming language will analyze and process the receiving signal 

Afterwards, a command is sent to the computer to control an application. Figure 44 

will show the range estimation by FMCW Radar. 

 

Figure 44  – Range Estimation Result of FMCW Radar System 

In the setup 1, the FMCW was placed on the table aiming to the roof. By 

comparing the range and the power of the object from the range estimation with the 

range from the velocity estimation, the noise removal algorithm will filter out 

unwanted movement from surrounding environment, only the information from 
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moving hand will be kept. The result of the 2D FFT is shown in Fig. 6. If the hand 

performs an upward movement, the sign of the velocity will be positive. This is shown 

in Figure 45a as a movement to the right. In contrast, if the hand moves down, the sign 

of the velocity will be negative, and it will move left as shown in Figure 45b. 

 

Figure 45 – a) Result of Velocity Estimation of FMCW Radar system while moving hand up. b) Result 

of Velocity Estimation of FMCW Radar system while moving hand down 

By using noise removal algorithm to compare the range and the power of the 

object from range estimation and the range from angle estimation, the unwanted 

objects will be removed, only the hand information will be displayed. The result of 

angle of arrival estimation is shown in Figure 46. 

 

Figure 46 – Result of Angle of Arrival Estimation of FMCW Radar System 

In the setup 2, the FMCW Radar was aimed to the human body, the noise 

removal algorithm with range gating algorithm will eliminate all the surrounding noise 

and human body. The result will show in Figure 47. Figure 47a is the result of velocity 

estimation. Figure 47b is the result of angle estimation. 
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Figure 47 – a) Noise removal and range gating algorithm result for velocity estimation.      b) Noise 

removal and range gating algorithm result for angle estimation. 

The FMCW radar system was also tested in different scenarios with condition 

of noise and temperature like the ultrasound system. Each gesture will repeat 60 times. 

Table 6 – Average % of precisely recognized gestures of FMCW radar system from 30 cm to 120 cm 

Location Range Left Right Scroll 

Up 

Scroll 

Down 

Zoom 

In 

Zoom 

Out 

 

Home 

0.3 m – 0.7 m 86.6 87.3 90 89.3 82.5 80.5 

0.7 m – 1 m 83.3 84 91.3 89.3 81.5 80 

1 m – 1.2 m 57.3 54.6 66.6 68 66 69 

 

Library 

0.3 m – 0.7 m 85.3 86.6 90.6 91.33 78.5 78 

0.7 m – 1 m 81.3 83.3 88 86.6 73.5 76 

1 m – 1.2 m 49.3 50.6 65 66 62.5 64 

 

Class 

0.3 m – 0.7 m 85.7 85.6 88.6 91.33 79.3 78.4 

0.7 m – 1 m 80.5 82.3 84.3 86.6 73.5 76 

1 m – 1.2 m 50.3 50.6 60 63.4 61.5 60.4 

 

Coffee 

shop 

0.3 m – 0.7 m 84.5 83.6 86.6 85.7 76.5 76.2 

0.7 m – 1 m 80.3 81.3 84.2 85.6 72.5 74.3 

1 m – 1.2 m 46.3 47.6 55 56 55.4 56.3 

3. Testing Ultrasound and FMCW Radar Hybrid System 

Ultrasound system with the MSP430F5510 is the main processing will send 

data to the computer using the USB Application Programming Interface (API) [7]. The 

radar system uses IWR1443 Evaluation Module, a programming FMCW Radar, from 

Texas Instrument (TI). IWR1443 can transmit a programming chirp signal at 77GHz 

from 2 TX antenna then receive the reflected signal from 4 RX antenna. The FMCW 

Radar will perform range, velocity and angle estimation then transmit all analyzed 
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results through universal asynchronous receiver-transmitter (UART) to the computer. 

Visual Studio with C# programming language [20] is used to write a program which 

getting data from both ultrasound and FMCW radar then analyzing, performing noise 

removal algorithm, and sending command to control application in the computer. The 

block diagram of the hybrid system is shown in Figure 48 and the hybrid system is 

shown in figure 49. 

 

Figure 48 – Block Diagram of Ultrasound and FMCW Radar Hybrid System 

 
Figure 49 – Ultrasound and FMCW Radar Hybrid System 
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The hybrid system was tested on 5 different computers: 2 desktop PCs, 1 LG, 1 

Dell Laptop and 1 MacBook Pro 13”. The algorithm performs equally on different 

computers across different Operational Systems using Visual Studio. To guarantee that 

the system works with different hand sizes, we tested the program with 5 individuals. 

A male and female with average hand sizes, a small hand shape from elementary 

student and 2 males with bigger hand size. Both ultrasound and radar device were 

placed on the table, the direction of antenna and ultrasound aim to the roof. The 

distance between the radar and the roof must be larger than 1.5 meter. The roof acts as 

clutter during FMCW Range detection. This minimum distance is required so that the 

energy estimation of the range of the hand is not affected by the roof’s energy 

response. The users were asked to control three applications using various gestures: (i) 

open an image folder and use hand gestures to scroll for an image, open and close said 

image; (ii) scrolling the web page; (iii) open a PDF file, where the user will turn pages 

and scroll through the document. The system was also placed in a hollow box and 

covered with paper, plastic, glass, porcelain, wood, fiber or nylon to investigate the 

performance of the system with different materials hindering the signal. All users were 

able to successfully control all four applications with different range (1cm to 120cm). 

Because it is inconvenient to invite all the users to different location. Each user will 

perform 10 repetitions for each gesture for both home environment (lightly populated) 

and in a library environment (heavily populated). 200 repetitions of each gesture were 

recorded in total. Based on these data sets, performance results are shown in Table 7.  

Table 7 – Average % of precisely recognized gestures of ultrasound and FMCW radar hybrid system 

from 30 cm to 120 cm 

Location Range L R U D SU SD EN EX ZI ZO 

 

Home 

0 m – 0.3 m 96.6 97.3 93.3 91.3 98.6 98 88.6 92   

0.3 m – 0.7 m 87.6 88.4   91.3 92.3   90.4 91.3 

0.7 m – 1 m 83.3 84   90.3 91.6   89.5 90.4 

1 m – 1.2 m 62.3 59.6   68.6 68.4   70.5 71.4 

 

Library 

0 m – 0.3 m 94.6 96 92 92.6 98 97.3 89.3 90   

0.3 m – 0.7 m 86.3 87.6   90.6 91.33   89.4 90.3 

0.7 m – 1 m 82.6 83.3   89.4 86.6   87.4 88.5 

1 m – 1.2 m 57.3 58.6   64.2 66   72.4 73.5 
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The ultrasound performs well in the range of 1 cm to 30 cm. It can detect both 

fast and slow movement with high accuracy. It also works well with different hand 

sizes. Beyond Radar performs quite well in the range from 30 cm to 70 cm. However, 

when the range increase from 70 cm to 120 cm, the accuracy will begin to decrease. 

The hand sizes also influence to the performance of radar, the big hand sizes give us 

better performance while testing in the range from 70 cm to 120 cm. Big hand sizes 

can reflect the signal easier than the small hand sizes. In the test of penetration ability, 

only radar work in these conditions cover the system with paper, plastic, glass, 

porcelain, wood, nylon. All 6 gestures can be detected with nylon cover from range 30 

cm to 70 cm, only 2 gestures scrolling up and scrolling down can be detected from the 

other cover in the range from 30 cm to 70 cm and no gestures are recognized in the 

range from 70 cm to 120cm. These results show us the potential of application of radar 

for human computer interaction even if the radar is covered by different materials. 
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CHAPTER V 

CONCLUSION 

In this thesis, ultrasound sensors were controlled by MSP430F5510 using 

range detection algorithm. FMCW radar using range, velocity, angle estimation 

combined with noise removal and range gating algorithm to control the computer. 

Ultrasound works at short-range (1 cm – 30 cm) and can detect fast hand movement 

with high accuracy for controlling a computer. Radar works at long-range (30 cm – 

120 cm) able to separate human hand and human body to control a computer. It had 

been demonstrated that ultrasound system is able to detect 8 gestures commands: 

swiping left, swiping right, swiping up, swiping down, scrolling up, scrolling down, 

enter and exit program. The FMCW radar system can detect 6 gesture commands:  

swiping left, swiping right, scrolling up, scrolling down, zoom in, and zoom out. The 

hybrid system provides a useful set of gestures to control the computer easily. The 

main goal of the project is to help the people with hand disability, offering them a 

useful tool to control the computer without mouse and keyboard. 

Future work will focus on detecting fast movement using FMCW radar by 

reducing the complexity of noise removal algorithm and generating more gesture 

commands and applying to remote control of more smart devices.  
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