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Abstract

Millimeter wave (mmWave) is a promising technique in the 5th generation of cellular

communications due to its large bandwidth and thus unprecedentedly high data

transmission rate. To study the characteristics of mmWave and evaluate various

algorithms, we build a high directional mmWave communication testbed.

The first topic of this thesis consists of two parts. The first one seeks to track

a single object by using blockage phenomenon. Algorithms to capture the moving

object are proposed. Detailed experiments and numerical simulations are compared

with actual GPS trajectory to demonstrate the accuracy of the proposed solutions. In

the second part, we formulate the multiple moving objects problem and then convert

it to an intuitive geometric problem. Numerical results have shown that the proposed

algorithms are promising and may find potential applications in practice.

The second topic in this thesis leverages the mmWave communications in the

outdoor environment to estimate wind velocity. A force and motion model is proposed

and the Doppler effect is considered to prove the causation between wind velocity

and frequency difference. Then we propose a mathematical model and algorithms to

estimate wind velocity in one receiver with multiple beams in different directions. We

carry out experiments in the 60GHz band to demonstrate the theoretical prediction,

with the outcome matching the theoretical model. Numerical simulations are carried

out to evaluate the performance of wind velocity estimation.

The third topic studies optical-like characteristics of mmWave. The mechanism

of oscillation is exhaustively illustrated. We propose an algorithm using its periodic
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trends and a simulation with real measurements testifies its accuracy in short distance.

We carry out experiments in our testbed to verify the phenomenons of reflection and

diffraction. Then we propose a tracking algorithm based on the Kalman Filter.
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Chapter 1

Introduction

1.1 Motivation

mmWave technology plays a crucial role in the deployment of 5G networks. It offers

significantly higher data transfer rates compared to traditional microwave frequencies,

enabling faster and more reliable wireless communication. With the exponential

growth of data usage and the demand for high-speed internet, mmWave is essential for

meeting these requirements. While telecommunications is a major driver, mmWave

technology has promising applications in other fields as well:

• High-Speed Internet Access: mmWave technology has the potential to

revolutionize broadband internet access, especially in urban areas where

traditional wired infrastructure may be limited or expensive to deploy. By using

mmWave for fixed wireless access, providers can offer gigabit-speed internet to

homes and businesses without the need for extensive cabling. [4]

• Automotive Industry: mmWave radar systems are used in advanced driver-

assistance systems (ADAS) for collision avoidance, adaptive cruise control, and

autonomous driving [4].

1



• Security and Surveillance: mmWave scanners provide non-invasive, high-

resolution imaging for security checks at airports and other sensitive areas.

mmWave technology is employed in security screening systems, particularly

in airports, to detect concealed objects on individuals [86]. It offers superior

imaging capabilities compared to traditional metal detectors, providing security

personnel with detailed scans for enhanced threat detection.

• Healthcare: mmWave imaging systems offer high-resolution capabilities for

medical diagnostics and treatment monitoring. In the field of medical imaging,

mmWave technology has shown promise for applications such as breast cancer

detection and monitoring. Its ability to penetrate tissues and produce high-

resolution images makes it a valuable tool for healthcare professionals [68].

• Industrial Applications: mmWave sensors are used in various industrial

applications for distance measurement [54], object detection [62], and depth

sensing [12]. They offer precise and reliable performance in harsh environments,

making them suitable for use in manufacturing, robotics, and automation.

Overall, mmWave technology’s high bandwidth, short wavelengths, and ability to

penetrate various materials make it a versatile and valuable technology with numerous

practical applications across different industries.

1.1.1 mmWave in Telecommunications

In recent decades, the interest in mmWave technology has shifted towards its potential

in telecommunications. The ever-increasing demand for high-speed data transmission

has driven the exploration of mmWave frequencies for wireless communication.

The development of 5G technology has been a pivotal moment in this journey.

5G networks aim to provide significantly higher data rates, reduced latency, and

increased capacity compared to previous generations of wireless technology. To

achieve these goals, mmWave frequencies are being utilized to provide the necessary

2



bandwidth. However, the adoption of mmWave technology in 5G networks poses

several challenges, including high atmospheric attenuation, limited range, and the

need for advanced beam-forming techniques to ensure reliable communication.

1.1.2 Overcoming Challenges

To address the challenges associated with mmWave propagation, researchers have

focused on several key areas:

• Antenna Design: Development of sophisticated antenna arrays capable of

beamforming and beam steering to maintain strong signal connections despite

the short-range and high directionality of mmWave signals [87].

• Semiconductor Technology: Advances in semiconductor materials and fabri-

cation techniques have led to the creation of more efficient and higher power

mmWave transceivers [37].

• Signal Processing: Enhanced signal processing algorithms to mitigate the effects

of interference and signal degradation over short distances [28].

• Material Studies: Investigations into materials that can efficiently guide and

reflect mmWave signals, which are critical for building mmWave-compatible

infrastructure [2].

1.1.3 Future Prospects

As mmWave technology continues to evolve, it promises to revolutionize various

industries by enabling ultra-fast data transmission, enhancing the performance of

radar and imaging systems, and supporting the development of next-generation

wireless networks. Continued research and innovation will be essential to fully

realize the potential of mmWave technology and to overcome the remaining technical

challenges.
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The integration of mmWave technology into everyday applications will likely

lead to transformative changes in how we communicate, travel, receive medical

care, and secure our environments, making it a cornerstone of future technological

advancements.

1.2 Related Work

In this section, we list some of the existing research that related to the topic in this

thesis.

1.2.1 Strategies to Mitigate Blockage Effects

To address the challenges posed by blockage in mmWave communication, several

strategies can be employed:

• Advanced Beamforming Techniques: Beamforming involves directing the

signal in a narrow beam towards the receiver, rather than broadcasting it in all

directions. This helps to focus the energy and maintain a strong signal even in

the presence of obstacles. Advanced beamforming techniques can dynamically

adjust the direction of the beam to find the best path to the receiver, bypassing

obstacles [55, 57]. These techniques can also help in maintaining connection

quality by steering beams away from obstructions and towards clear paths.

• Densification of Base Stations: Deploying a higher density of base stations

can ensure that there are multiple possible paths for the signal to reach the

receiver. This increases the likelihood of maintaining LoS and reduces the

impact of any single obstruction. In urban environments, this might involve

placing small cells on street furniture, buildings, and other infrastructure

to create a dense network [21]. Densification helps in creating a mesh of

connections, providing alternative routes for the signal and enhancing overall

network reliability.
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• Use of Reflectors and Repeaters: Reflectors can be strategically placed

to bounce the signal around obstacles, maintaining a connection even when

direct LoS is not possible [89]. Repeaters can receive and retransmit the

signal, effectively extending its range and bypassing obstructions [50]. These

devices can be crucial in indoor environments or areas with significant obstacles.

For example, in a complex building layout, strategically placed reflectors can

redirect signals around corners, while repeaters can boost signal strength in

areas with poor coverage.

• Adaptive Modulation and Coding: By dynamically adjusting the mod-

ulation and coding schemes based on the quality of the signal, the system

can maintain reliable communication even in the presence of blockage. Lower

modulation schemes can be used to maintain connectivity at the expense of

data rate when high attenuation is detected [30]. Adaptive techniques help

in optimizing the use of available spectrum and maintaining communication

quality under varying conditions.

• Network Planning and Optimization: Careful planning of the network

layout, taking into account the typical movement of people and objects, can help

mitigate the effects of blockage. Simulation tools can model the propagation

environment and help design networks that are robust to common obstructions

[51, 61]. This involves mapping the environment, identifying potential sources

of blockage, and designing the network to avoid or mitigate these areas.

Optimization algorithms can dynamically adjust network parameters to adapt

to changes in the environment.

Research and Development Efforts

Ongoing research is focused on improving the robustness of mmWave communication

in the presence of obstacles. Some of the areas of investigation include:

5



• Intelligent Reflecting Surfaces (IRS): These are surfaces that can be

electronically controlled to reflect signals in specific directions, effectively

steering the beam around obstacles [11]. IRS technology allows for real-time

control of the propagation environment, optimizing signal paths dynamically.

• Machine Learning Algorithms: Algorithms that can predict the presence

and movement of obstacles and adjust the network parameters in real-time to

maintain optimal performance [5, 7, 77]. Machine learning models can analyze

historical data and current conditions to predict potential blockages and adapt

the network configuration accordingly.

• Hybrid Systems: Combining mmWave with lower frequency bands to provide

a fallback in case of severe blockage, ensuring continuous connectivity [72, 73].

Hybrid systems can leverage the strengths of different frequency bands to

maintain robust communication in diverse environments.

Overall, while blockage presents a significant challenge for mmWave communica-

tion, a combination of advanced technologies and strategic planning can mitigate its

effects, enabling the deployment of high-performance mmWave networks in various

environments.

Example Scenarios

Consider a smart city equipped with mmWave technology:

• Location Detection: Multiple mmWave sensors are deployed across the city.

Each sensor measures signal strength and attenuation patterns to detect the

presence of obstacles like buildings, vehicles, and people [74]. By combining data

from multiple sensors, the system can map out areas with potential blockages

and adjust network parameters to maintain connectivity [27].

• Speed Detection: The sensors also measure Doppler shifts caused by moving

objects, allowing the system to track the speed of vehicles and pedestrians. This
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information is used to optimize traffic flow, enhance public safety, and improve

urban mobility [35].

• Real-Time Monitoring: The system continuously monitors the environment,

using advanced algorithms to predict and mitigate the impact of blockages.

By dynamically adjusting beamforming patterns, deploying repeaters, and

leveraging reflectors, the network maintains high performance and reliability

despite the presence of obstacles [53].

1.2.2 Using Blockage to Characterize Interferers in mmWave

Communication

Blockage can be a critical factor in characterizing interferers in mmWave communica-

tion systems. By understanding how different obstacles affect signal propagation, we

can infer the presence, type, and location of potential interferers. This information

is invaluable for optimizing network performance, mitigating interference, and

improving overall communication reliability. Here’s how blockage can be used to

characterize interferers:

• Identifying Interferers Based on Attenuation Patterns Different mate-

rials and objects cause characteristic attenuation patterns. By analyzing these

patterns, it is possible to identify the type of interferer [9, 55, 71]. For instance:

– Human Presence: A sudden, temporary attenuation of 20-35 dB could

indicate a person moving through the signal path.

– Structural Elements: Persistent and high attenuation (40-80 dB) could

suggest the presence of building materials like brick or concrete.

– Foliage and Vegetation: Variable attenuation depending on weather

conditions might indicate the presence of trees or plants.

7



• Analyzing Signal Reflection and Diffraction Interferers can cause reflec-

tions and diffraction, which alter the signal path. By examining these changes,

the nature and position of the interferers can be deduced:

– Reflection Analysis: Surfaces like walls, floors, and ceilings reflect

mmWave signals. By mapping the reflections, the locations of these

surfaces can be identified, indicating the presence of structures [19].

– Diffraction Patterns: The lack of significant diffraction in mmWave

signals (compared to lower frequencies) can help distinguish between

different types of obstacles. For example, a sharp drop in signal strength

without much bending around the obstacle points to large, dense objects

[82].

• Leveraging Spatial and Temporal Signal Variations The spatial and

temporal variations in signal strength can provide clues about the interferers:

– Spatial Analysis: By measuring signal strength at different locations,

it is possible to create a map of attenuation hotspots, indicating where

interferers are located [58].

– Temporal Analysis: Changes in signal strength over time can indicate

moving interferers. For example, if the signal periodically weakens and

then returns to normal, it could suggest the presence of moving vehicles

or people [24].

Practical Applications

• Smart City : Characterizing interferers can help in designing robust communi-

cation networks that account for the presence of buildings, vehicles, and people,

ensuring reliable connectivity in urban environments [67].
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• Indoor Environments: Understanding the impact of walls, furniture, and

human movement on mmWave signals can aid in optimizing indoor wireless

networks for better performance and coverage [3, 70].

• Vehicular Networks: Identifying and mitigating interference from other

vehicles, road infrastructure, and environmental elements can enhance the

reliability of vehicular communication systems [25, 31].

By leveraging the characteristics of blockage in mmWave propagation, it is possible

to effectively characterize interferers in a wireless communication environment. This

involves analyzing attenuation patterns, reflection and diffraction behavior, spatial

and temporal signal variations, and employing advanced machine learning techniques.

Such characterization helps in designing more resilient and efficient communication

networks, ensuring reliable connectivity even in the presence of potential interferers.

1.2.3 Interferer Tracking

Determining the Location of the Interfere

• Time of Flight (ToF) Measurement: By measuring the time it takes for

the signal to travel to the interferer and back, you can calculate the distance to

the interferer. This is done using the equation: t = 2d
c

, where d is the distance,

c is the speed of light, and t is the round-trip time [1].

• Angle of Arrival (AoA) Estimation: Using an array of antennas, you can

determine the direction from which the signal arrives. By comparing the phase

differences of the received signal at different antennas, you can estimate the

angle of arrival. This method helps in pinpointing the direction of the interferer

[1].

• Triangulation: By combining AoA and ToF measurements from multiple

sensors or base stations, you can triangulate the exact location of the interferer.
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This method requires multiple points of measurement to accurately determine

the interferer’s position [26].

• Beamforming: Advanced beamforming techniques can focus the transmitted

signal in specific directions and measure the received signal’s strength. By

scanning the environment and noting where signal strength drops or changes,

the location of the interferer can be inferred [55].

Determining the Speed of the Interferer

• Doppler Shift Measurement: The Doppler effect causes a shift in the

frequency of the signal if the interferer is moving relative to the transmitter.

By measuring the change in frequency (∆f), the speed (v) of the interferer can

be calculated using the equation: v = c∆f
fo

where ccc is the speed of light, ∆f

is the frequency shift, and fo is the original frequency of the transmitted signal

[69].

• Range-Doppler Maps: By combining ToF and Doppler shift measurements,

you can create a range-Doppler map that shows both the distance and speed of

the interferer. This technique is commonly used in radar systems [45].

• Phase Shift Analysis: Continuous monitoring of the phase shift of the

received signal can provide information about the speed of the interferer. A

moving interferer will cause a time-varying phase shift that can be analyzed to

determine its velocity [76].

Practical Implementation

To practically implement these methods, the following steps and technologies are

typically used:

• Sensor Arrays: Deploy an array of sensors or antennas to capture the

transmitted and reflected signals from multiple angles and distances [88].
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• Signal Processing Algorithms: Implement advanced signal processing

algorithms to analyze ToF, AoA, Doppler shifts, and phase shifts. Algorithms

such as MUSIC (Multiple Signal Classification) and ESPRIT (Estimation of

Signal Parameters via Rotational Invariance Techniques) are often used for AoA

estimation [44].

• Synchronization: Ensure that all measurement points (sensors or base

stations) are synchronized in time to accurately correlate the received signals

[81].

• Data Fusion: Fuse data from multiple sources to enhance the accuracy of

location and speed estimations. This can involve combining ToF, AoA, and

Doppler measurements from different sensors [79].

By leveraging techniques such as Time of Flight, Angle of Arrival, Doppler shift

measurement, and advanced signal processing, it is possible to accurately determine

the location and speed of an interferer from the transmitted signal. These methods

are essential for applications in wireless communication, radar systems, and various

smart sensing technologies.

1.2.4 Conclusion

Blockage presents a significant challenge for mmWave communication due to its

reliance on line of sight and susceptibility to material-specific attenuation. However,

through the use of advanced technologies such as beam-forming, network densifi-

cation, reflectors, repeaters, and adaptive modulation, it is possible to mitigate

these effects. Ongoing research and development efforts continue to enhance the

robustness and reliability of mmWave communication systems, paving the way for

their widespread adoption in various applications. By understanding and addressing

the challenges posed by blockage, we can unlock the full potential of mmWave

technology and ensure its successful implementation in real-world environments.

11



1.3 My Work

We built a mmWave testbed, carried out a series of experiments, established

mathematical models, proposed corresponding algorithms, verified feasibility and

analyzed performance.

• mmWave Characteristics Investigation

– Built a high directional mmWave communication testbed.

– Carried out experiments to study the impact of objects blocking mmWave

signals.

– Carried out experiments to study the Doppler effect on mmWave commu-

nication under windy circumstance.

– Explored or verified the phenomenons of oscillation, reflection and diffrac-

tion.

• Theoretical Models

– Proposed a walking trajectory model to describe human being’s walking

trajectory.

– Proposed a force and motion model to estimate wind velocity.

• Sensing Algorithms

– Developed two tracking algorithms based on different criteria: shortest

path and minimum s variance.

– Developed a multiple-object recognition algorithm based on geometric

heuristics.

– Developed a wind estimation algorithm based on Doppler effect.

• Validation with Real Data:
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– Simulated the tracking algorithms using GPS-based real trajectories.

– Verified the algorithms’ effectiveness and accuracy through these simula-

tions.

1.4 Outline of this Thesis

Next, we introduce background of mmWave in chapter 2, including its definition, brief

history, and main characteristics.

In chapter 3, we conducted a series experiments to investigate the blocking effect

in mmWave communication. The results showed that a passing object can be detected

via blockage phenomenon, while it is infeasible to locate the object precisely. Two

tracking algorithms are proposed based on different hypotheses, namely shortest path

and minimum velocity variance. The performance of tracking algorithms are analyzed

for both a simplified model and asymptotic case. At last, the estimation of trajectory

are compared with GPS based real trajectory, and shows the validity of the tracking

algorithms proposed [94].

We also studied long-term tracking problems for multiple objects by leveraging

the reflection-interference effect close to the LOS and the geometric image of distance-

time plane, respectively. Numerical and experimental results show that the long-term

trajectory estimations achieve excellent performances [90].

In chapter 4, we carried out experiments to examine the Doppler effect caused by

wind in the millimeter wave band. The results showed that a frequency oscillation

can be detected in the demodulated signal. We proposed an algorithm to calculate

the wind velocity. We carried out experiments in the 60GHz band to demonstrate

the theoretical prediction, and the outcome matches the theoretical model quite well.

Numerical simulations are carried out to evaluate the performance of wind velocity

estimation [92].

In chapter 5, we study some interesting characteristics of mmWave. We carry out

experiments in our testbed to verify the phenomenons of oscillation [90], reflection
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and diffraction. Based on experiments, we propose math models and corresponding

algorithms.

We conclude in chapter 6.

14



Chapter 2

Background of mmWave

In this chapter, we introduce the basic concepts for the problems discussed in this

thesis. The readers are encouraged to read this chapter before going to the details in

the following chapters.

2.1 Millimeter Wave

Extremely high frequency (EHF) refers to the band of radio frequency between 30 to

300 gigahertz(GHz). It has wavelengths from 10 to 1 millimeter, hence radiation in

this band is called millimeter wave, as depicted in Fig. 2.1.

The study of mmWave began more than 100 years ago, driven by the quest to

explore the properties and potential applications of electromagnetic waves in this

frequency range. Early investigations primarily focused on understanding the basic

characteristics of mmWaves, such as their propagation behavior, interaction with

materials, and potential for use in communication and radar systems.

2.1.1 Early Research and Development

The initial studies of mmWaves were largely theoretical and experimental in

nature. Researchers aimed to understand the fundamental principles governing
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the propagation of mmWaves and their interaction with various materials. This

period saw the development of early mmWave sources and detectors, which laid the

groundwork for future technological advancements.

In 1865, James Clerk Maxwell first predicted electromagnetic propagation at the

speed of light [49]. After that, many concepts now well-known in microwave were

developed and laid a solid foundation to mmWave research. This foundational

discovery laid the groundwork for many concepts now well-known in microwave

technology, which in turn provided a solid basis for subsequent mmWave research.

In 1895, J.C. Bose achieved a significant milestone by successfully transmitting and

receiving 60 GHz electromagnetic waves through two intervening walls over a distance

of 23 meters. His demonstration involved remotely ringing a bell and detonating

gunpowder, showcasing the potential of mmWave technology. To accomplish

this, Bose developed various essential millimeter-wave components, including a

spark transmitter, coherer, dielectric lens, polarizer, horn antenna, and cylindrical

diffraction grating. These innovations were critical in demonstrating the feasibility

of using mmWaves for communication and laid the technical foundation for future

advancements [20].

2.1.2 Advances in Technology

Despite these early breakthroughs, the interest in mmWave research waned with the

emergence of lasers in the 1960s [20]. Lasers offered new possibilities and captured the

attention of the scientific community, leading to a shift in research focus. Nevertheless,

around the same time, significant funding was injected into programs aimed at

developing mmWave components for use in radiometers, radars, and missile guidance

systems. These efforts underscored the strategic importance of mmWave technology,

particularly in military applications, where its unique properties were highly valued.

The 1970s marked a significant turning point for mmWave research with the

advent of solid-state sources. These new sources provided a major boost to mmWave
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technology by improving the efficiency and reliability of mmWave devices. Solid-state

technology enabled the development of more compact, powerful, and cost-effective

mmWave components, which in turn expanded the scope of research and development

efforts. The period saw increased diversity in the applications of mmWave technology

and significant technical progress, leading to the integration of mmWaves into various

systems and devices.

2.2 Characteristics of mmWave

2.2.1 Highly Directional

mmWave technology is known for its excellent directionality, a characteristic resulting

from its small wavelength. This small wavelength allows for the design and implemen-

tation of highly directional antenna arrays. These arrays can focus the transmitted

energy into narrow beams, which can be precisely directed towards the receiving

antenna. This capability provides substantial array gains and enables the synthesis

of highly directional beams, offering a stark contrast to the more omnidirectional

nature of traditional 4G network antennas [83]. The high directionality of mmWave

signals means that interference from other sources can be significantly reduced. In

mmWave communication, each beam is narrowly focused, reducing the likelihood

of overlap with other beams and thereby minimizing interference. Consequently,

mmWave networks are often limited by noise rather than interference, enhancing

their overall performance and reliability [75]. This attribute is particularly beneficial

in dense urban environments, where interference from numerous devices can be a

significant issue.

2.2.2 Propagation Loss

The propagation of electromagnetic waves in free space can be mathematically

characterized by the Friis transmission equation [23] 2.1:
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Pr = PtGtGr(
λ

4π
)2d−n (2.1)

where Pr is the received power, Pt is the transmitted power, Gt and Gr are the

gains of the transmitting and receiving antennas, λ is the wavelength, and d is the

distance between the antennas.

Given that the wavelength (λ) of an electromagnetic wave is inversely proportional

to its frequency (f), the received power is proportional to the square of the wavelength.

Consequently, higher frequencies (such as those in the mmWave band) experience

significantly greater free space loss compared to lower frequencies.

For instance, at a fixed distance of 100 meters, the path loss at 60 GHz is 28 dB

higher than at 2.4 GHz and 42.3 dB higher than at 460 MHz. This substantial

path loss presents a notable challenge for the adoption of mmWave as a new

wireless communication medium. Engineers and researchers must devise strategies

to mitigate these losses, such as using highly directional antennas, employing beam-

forming techniques, and designing network architectures that minimize the impact of

propagation loss.

2.2.3 Atmospheric Effect

The propagation of mmWave signals is significantly affected by atmospheric condi-

tions, particularly attenuation caused by gases like oxygen and water vapor. Different

gases absorb electromagnetic waves at specific frequencies, leading to increased

attenuation.

At 60 GHz, for example, oxygen molecules absorb a considerable amount of energy

from the mmWave signal, resulting in significant attenuation. Similarly, water vapor

in the atmosphere can cause attenuation at other frequencies, such as 30 GHz and 120

GHz. This effect is illustrated in Fig. 2.2, which shows the attenuation of mmWave

signals at different frequencies due to atmospheric gases.
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Figure 2.1: Frequency and Wavelength of mmWave
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In dry or normal weather conditions, the presence of water vapor is relatively

minor, and its impact on mmWave propagation is limited. However, during

adverse weather conditions such as rain, snow, hail, or fog, water vapor becomes

a major factor in attenuation. These conditions can dramatically increase the total

attenuation of mmWave signals, affecting the reliability and performance of mmWave

communication systems [22, 63].

Due to the weather-dependent nature of atmospheric attenuation, significant

research efforts are dedicated to understanding and mitigating these effects. Tech-

niques such as adaptive modulation, error correction, and dynamic beam steering are

employed to compensate for the varying attenuation levels caused by atmospheric

conditions. Additionally, network planning and deployment strategies must consider

the impact of weather on mmWave propagation to ensure robust and reliable

communication.

Overall, while mmWave technology offers substantial benefits in terms of band-

width and data rates, its practical implementation requires addressing challenges

related to propagation loss and atmospheric effects. Ongoing research and technolog-

ical advancements continue to improve the feasibility and performance of mmWave

communication systems, paving the way for their widespread adoption in various

applications.

2.2.4 Blockage

A significant downside of mmWave technology is its strong susceptibility to blockage.

Objects in the propagation path can cause severe channel attenuation, often resulting

in losses of 10 dB or more. This poses a critical challenge in wireless communications,

particularly for maintaining reliable links.
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Impact of Blockage on mmWave Communication

1 Line of Sight (LoS) Dependence: mmWave communication heavily relies on

a clear line of sight (LoS) between the transmitter and receiver. Any obstruction

in the signal path can result in substantial signal degradation or complete

loss of connectivity. Unlike lower frequency signals, which can diffract around

obstacles or penetrate through them to some extent, mmWave signals are highly

directional and have limited diffraction capabilities. This reliance on LoS means

that even small obstacles can have a significant impact on signal quality.

2 Material-Specific Attenuation: The degree of attenuation varies depending

on the material of the obstructing object. For example:

– Brick walls: Attenuation can range from 40 to 80 dB [6, 95], making

it extremely challenging for mmWave signals to penetrate buildings

constructed from such materials. This severe attenuation necessitates

careful planning of mmWave networks in urban environments to avoid

significant performance degradation.

– Human body: Attenuation caused by the human body can range from

20 to 35 dB [48]. This means that even a person standing between the

transmitter and receiver can significantly impact signal strength. This is

particularly relevant in densely populated areas or indoor environments

where people frequently move through the signal path.

– Foliage and Vegetation: Trees and plants, particularly those with high

water content, can cause considerable attenuation [60]. This is especially

problematic in outdoor environments where vegetation is present. Seasonal

changes and weather conditions can further exacerbate this issue, leading

to variable signal quality.
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Chapter 3

Object Tracking via Blockage

In this chapter, we track single or multiple objects by leveraging blockage phenomenon

in mmWave communication [90, 94].

3.1 Introduction

Millimeter wave is widely used in radio astronomy, remote sensing, weather radar,

security screening, clinical medicine, and so on. For telecommunications, millimeter

wave is a promising technique for the next generation of cellular communication

systems, due to its large frequency bandwidth. Another feature of millimeter wave

is its narrow beam. For example, the beam of a 0.12m antenna is only 1.8◦, which

makes it capable to detect small targets more accurately.

However, a downside of millimeter wave is its strong blocking effect, namely an

object in the propagation path may cause a severe channel attenuation (e.g., 10dB

or even more). This is a critical problem in wireless communications, since a passing

person, or even a leaf, may block your communications. A design of physical layer and

directional MAC in 60 GHz Wireless Personal Area Networks (WPAN) is proposed to

combat the blocking effect in millimeter wave communications [64]. Beam switching

is proposed as an alternative solution to the blocking problem in WPANs in [8].

Besides, the propagation characteristics of blocking effect are thoroughly investigated
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and summarized in [17] and [48]. Moreover, human body models, such as the multiple

knife edge model [33], and cylinder model [39], have been proposed and studied in

the aspect of movement.

Although the blocking effect may bring a significant damage to millimeter wave

communications, it also brings potential benefits. Notice that the blocking damage

corresponds to a blocking object. Hence successive severe performance degradations

in multiple millimeter wave communication links imply the possibility of a passing

object. Hence, the communication damages due to the blocking effect may facilitate

the tracking of a moving object without the cost of any extra hardware (such as

specifically designed tracking sensors). This is illustrated by Fig. 3.1, where in the

movie Entrapment the movement of Zeta-Jones touches the visible beams (unless

she avoids them deliberately), from which one may guess how her body moves if

there are sufficient number of beams. Once the tracking or existence detection can

be realized, it can be applied in many practical systems, such as human movement

tracking, population estimation and law forensics (when there is no video camera).

Therefore, the misfortune brought by the blocking effect in communications could be

turned into a blessing event for the purpose of tracking and detection. Notice that a

high-precision tracking approach is proposed based on millimeter waves [76]; however,

it employs the reflection characteristics of millimeter waves in a similar manner to

radar, which is completely different from the scheme proposed in this paper.

Existing approaches of multiple-object tracking are based on visualization. [14]

introduces two intuitive and general metrics to track multiple people in real world.

An efficient and robust visual object tracking algorithm based on the particle filter is

proposed in [78]. Many other methods, such as spin-image [36], local image clustering

[46] [47], K-shortest paths [13] are proposed to recognize multiple objects in 2-D or

3-D images. On the other hand, many millimeter wave tracking researches focus on

automobile sensing, such as [26] and [32]. Meanwhile, [76] proposes a model to sense

and track small size objects via multiple transceivers. However, all these existing
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approaches require special devices. In a sharp contrast, the tracking approach in this

paper leverages the byproduct of communication systems.

3.2 Experiments on Blocking Effect

3.2.1 Testbed

To study the characteristics of mmWave, we build a hardware testbed, shown in table

3.1.

Input

As shown in Fig. 3.2, Tektronix AFG3000C, an Arbitrary/Function Generator,

generates a sine wave with 1MHz, 100mVpp and 50mV offset as the input of TX.

External Clock

To ensure that transmitted signal synchronizes with received signal, we connect both

TX and RX to a 71.4285MHz external clock generated by Tektronix TSG4102A, an

RF Vector Signal Generator, shown in Fig. 3.3.

Software

We install HMC6300/HMC6301 Graphical User Interface on two PCs and plug in the

USB cable connected to the HMC6300 and HMC6301 motherboards assembly.

TX

In the motherboard, we connect BB IP (connecting to the I positive baseband

output) to the input signal, EXT CLOCK to the external clock, USB to PC,

5V SUPPLY to a DC Power, and TX module to an antenna, shown in Fig. 3.4.
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objectbeams

Transmitter Receiver

Figure 3.1: An illustration of the millimeter wave blocking based tracking, using
the picture in Entrapment.

Table 3.1: Hardware Testbed Components

Component Model
Transmitter HMC6300 motherboard with the TX module

Receiver HMC6301 motherboard with the RX module
Signal Source Tektronix AFG3102C

External Clock Tektronix TSG4102A
Antenna QuinStar Pyramidal Horn

Oscilloscope Tektronix DPO 70404C
Software HMC6300/HMC6301 Graphical User Interface
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Figure 3.2: Input Signal.

Figure 3.3: External Clock.
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RX

To improve the resistance to electromagnetic interference, we use differential signaling

in RX. Similar to TX, we connect VOUT IP, VOUT IM, VOUT QP to

oscilloscope channel 1 and 2, EXT CLOCK to the external clock, USB to PC,

5V SUPPLY to a DC Power, and RX module to an antenna, shown in Fig. 3.5.

Remark 1. VOUT QM shares the same ground with VOUT IM, so we leave it

unconnected.

3.2.2 Procedure

The experimental setup is given in Fig. 3.6. The whole process is as follows:

1. The signal source generates a 100MHz sinusoidal baseband signal, and feeds it

to the transmitter,

2. The transmitter upshifts the input signal to 60GHz and emits via the horn

antenna.

3. The 60GHz signal is blocked somewhere on the line of sight (LoS), or not, and

received via a horn antenna,

4. The receiver downshifts the received signal to the base band, and displays the

baseband signal on the oscilloscope.

Sufficiently many samples are stored in the buffer for further offline analysis. Fig.

3.7 is a live picture of the experiment, where the author passed the beam of the

60GHz transceiver testbed.

3.2.3 Scenarios and Results

Different scenarios have been tested using the above devices and setup. Notice that

some results verified existing reports on the blocking effect of millimeter wave, while

other results provide useful information for the purpose of tracking based blocking.
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Figure 3.4: HMC6300 Motherboard/TXModule Assembly with USB, DC Power,
Antenna, External Clock and I/Q Cables Installed.

Figure 3.5: HMC6301 Motherboard/RXModule Assembly with USB, DC Power,
Antenna, External Clock and I/Q Cables Installed.
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Figure 3.6: The experiment setup

Figure 3.7: Live picture of the experiment.
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Reflection

The distance between TX and RX is set to 5 meters. The centers of TX and RX

antennas are in a horizontal line. We aim both horn antennas at a 30◦ degree to

the ground to make sure that only reflection paths, not LoS, are available. The

measurements show that the attenuation of the ground reflection is about 25dB in

the experiment setup. Hence, we can focus on the LoS and ignore the reflection paths.

Static Blocking Scenario

In this case, the distance between TX and RX is set to 5 meters. The axes of TX

and RX antennas are along the LoS. A person stands right on the LoS and blocks

the signal in the center. As the person stands at different locations along the LoS,

we record the received signal and calculate the corresponding signal-to-noise ratio

(SNR). Then the person steps half pace away from LoS in the vertical direction and

partially blocks the signal. Repeating the process, we obtain the relationship between

the SNR and the distance to the TX in Fig. 3.8. We observe that there is a significant

SNR degradation when the LoS is blocked, regardless of centered or partial one.

Dynamic Blockage Scenario

In this scenario, the person walks through the LoS in the vertical direction. The

sampling rate is adjusted to 2.5MS/s, and the recording length is set to 12.5M (the

maximum length), such that we can record a time duration of around 5 seconds.

The frequency of the baseband signal was reduced to 100KHz in case of sampling

distortion. Fig. 3.9 shows the changing of signal amplitude with time, where the

distance to TX is 0.5m. Meanwhile, the relationship between the SNR and the

distance to the TX is plotted in Fig. 3.10. The results are similar. We can conclude

that it is easy to detect a person passing through the LoS instantaneously, since the

SNR varies significantly in the process.
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Figure 3.8: SNR varies with distance in static blockage scenario.

Figure 3.9: The change of amplitude when a person passes the LoS.

Figure 3.10: SNR varies with distance in dynamic blockage scenario.
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According to our experiment results, we can draw the following conclusions related

to the tracking algorithm proposed later:

• Millimeter wave has an optical-like propagation. The blockage effect is

significant, while the reflection is too weak to affect the SNR drop.

• The variance of SNR is significant. The SNR varies substantially in different

experiments even under the same setup. Unfortunately, though the SNR varies

with different blocking locations (the distance to the TX), it is not reliable to

determine the location of the blocking object on the LoS. The only available

information is the occurrence of blocking (in terms of significant SNR drop) and

the corresponding time.

3.3 Single Object Tracking

In this section, we propose two criteria for the tracking algorithm based on the

blocking effect of millimeter wave.

3.3.1 Problem Formulation

As shown in Fig. 3.11, we assume that a pedestrian walks passing N + 1

millimeter wave communication links {(TX0, RX0), (TX1, RX1), ..., (TXN , RXN)} at

times {t0, t1, ..., tN}. The black curve represents the real trajectory. Our goal is to

estimate the pedestrian’s trajectory by locating its intersecting coordinates on each

communication link, denoted by a 2-tuple zn for link n. The trajectory between

two blocking events is approximated by a line segment for simplicity. Due to the

uncertainty of the trajectory, optimization criteria with reasonable assumptions on

the trajectory are needed.

3.3.2 Shortest Path Criterion

The first criterion is based on the following assumption:
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1: Initialize the distance-to-go array D(N, 1 : M) = 0.
2: for t = N − 1, ..., 0 do
3: for m = 1, ...,M do
4: Set D(t,m) = minm′ ‖zt,m − zt+1,m′‖+D(t+ 1,m′).
5: Set H(t,m) = m′.
6: end for
7: end for
8: Choose m∗0 = arg minmD(0,m). Randomly choose one if there is a tie.
9: for t = 1, ..., N do

10: Set m∗t = H(t− 1,m∗t−1).
11: end for
12: Output

{
z0,m∗0

, ..., zN,m∗N
}

.

Algorithm 1: Dynamic Programming for the Shortest Trajectory Optimization

Hypothesis 1. The pedestrian prefers the shortest trajectory.

Then, the tracking algorithm is formulated as

min
z0,...,zN

N−1∑
n=0

‖zn+1 − zn‖ (3.1)

s.t. zn is on the LoS of TXn and RXn,∀n = 0, ...N.

The optimization problem in (3.1) can be readily solved by using the dynamic

programming (DP), which simplifies the problem by breaking it down into simpler

sub-problems in a recursive manner. The key challenge is that each location zn

is continuous; thus one has infinitely many choices for each stage. Therefore,

we discretize the LoS line segment by uniformly choosing M points on the LoS

between each TX and RX, such that there are MN+1 possible trajectories. The

corresponding coordinates are denoted by {znm}n=0,...,N,m=1,...,M . Then we obtain the

shortest trajectory by using DP with discrete system states (the locations on the

LoS), which is very similar to the Viterbi decoding algorithm. The algorithm is

summarized in Procedure 1. By using DP algorithm, we have a series of coordinates

{z0, ..., zN} = {(x0, y0), (x1, y1), ..., (xN , yN)}, as shown in Fig. 3.11.
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3.3.3 Minimum Velocity Variance Criterion

A shortcoming of the shortest path is that it may underestimate the path between

two successive millimeter communication links, since it does not utilize the timing

information. To utilize the timing information, we can exploit the velocity information

by proposing the following hypothesis:

Hypothesis 2. The pedestrian prefers a constant speed, such that the variance of

speed is minimal.

The resulting difference between the two criteria is illustrated in Fig. 3.12, where

three links, together with the recorded timing of blocking events, are displayed. If

we consider only the shortest path, we may choose the upper trajectory candidate.

However, this means that the object almost triples its velocity after passing link 2,

which is less reasonable. As will be seen, the minimum velocity variance criterion can

yield a better performance at the cost of more computational cost.

Then, using the minimum velocity variance criterion, the tracking algorithm is

formulated as

min
z0,...,zN

V ar(v0, v1, ..., vN−1) (3.2)

s.t. zn is on the LoS of TXn and RXn, n = 0, ...N

vn =
‖zn+1 − zn‖
tn+1 − tn

, n = 0, ..., N − 1 (3.3)

Unfortunately, there is no algorithm like DP to obtain the optimal solution to

(3.2). Hence, we use the gradient descent (GD) approach to reduce the velocity

variance incrementally. See Fig. 3.11. Let {(x0, y0), (x1, y1), ..., (xN , yN)} be initial

estimated coordinates, which can be obtained from the above shortest path approach

and simply the middle point of each LoS link. Since the coordinates of all (TX,RX)

are known, we can write the vertical coordinate as

yn = anxn + bn, n = 0, ..., N. (3.4)

34



Figure 3.11: Coordinates and speeds in estimated path.
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Figure 3.12: Comparison between the two criteria.
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1: Initialize the coefficient γ.
2: Obtain (a0, b0), (a1, b1), ..., (aN , bN) from the coordinates of communication links.

3: Initialize (x0, y0), (x1, y1), ..., (xN , yN) (e.g., choosing middle points of all
communication links.)

4: while Not converged do
5: Calculate ∇V ar(x) by (3.5).
6: for n = 0, ..., N do
7: Update xn = xn − γ ∂V ar∂xn

.
8: Update the velocity vn.
9: end for

10: end while
Algorithm 2: Gradient Descent Algorithm

where an and bn are the slope and offset of the LoS n.

Using straightforward calculus, the gradient of velocity variance, ∇V ar, is given

by

∂V ar

∂xn
=

2an(anxn + bn − an−1xn−1 − bn−1) + 2(xn − xn−1)

n(tn − tn−1)2

−
(2an(anxn + bn − an−1xn−1 − bn−1) + 2(xn − xn−1))

(∑N
i=1 vi

)
n2(tn − tn−1)

√
(anxn + bn − an−1xn−1 − bn−1)2 + (xn − xn−1)2

− 2an(an+1xn+1 + bn+1 − anxn − bn) + 2(xn+1 − xn)

n(tn+1 − tn)2

+
(2an(an+1xn+1 + bn+1 − anxn − bn) + 2(xn+1 − xn))

(∑N
i=1 vi

)
n2(tn+1 − tn)

√
(an+1xn+1 + bn+1 − anxn − bn)2 + (xn+1 − xn)2

,

n = 0, ..., N. (3.5)

Then, the detailed algorithm of the minimum velocity variance criterion is

summarized in Procedure 2.

36



3.3.4 Performance Analysis

In this section, we evaluate the performance of the tracking algorithm analytically.

We consider two scenarios that simplify the analysis.

Analysis with Simplified Trajectory

To simplify the problem, we use the following simplified model of trajectory:

• We assume that the trajectory consists of a series of straight lines (the object

moves straight) and circular arcs (the object makes a turn).

• We assume that the intersection points of the trajectory and the LoS lines are

perfectly determined.

• We assume that there is no tracking error in the straight line portion, since a

straight line can be determined by merely two points. Hence, we focus on the

arc part.

The above assumptions simplify the analysis and can serve as a bound for the

performance. The validity can be visually demonstrated by the true pedestrian

trajectories such as Fig. 3.16.

An illustration is given in Fig. 3.13. We notice that the trajectory during the arc

part is approximated by the chords between the intersection points. Since we focus

on only the arc part, the trajectory estimation error is essentially determined by the

error between the arc and the chords.

Given the simplified model of trajectory, the performance bound is given in the

following theorem.

Theorem 3.1. Assume that the above simplified model of trajectory holds and the

assumptions on the tracking algorithm are valid. Consider an arc trajectory of angle

φ ≤ π and radius r, intersecting N communication links. Define emax as the maximum
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gap between the arc and the chords determined by the intersection points (as illustrated

in Fig. 3.14). Then, we have an upper bound

E[emax] ≤ r

(
1− cos

(
φ

2(N + 1)
HN−1,1

))
, (3.6)

and a lower bound

E[emax] ≥ r

(
1− cos

(
φ

2(N + 1)
HN−1,1

))
− r

4

∫ ∫
(x− y)2h(x)h(y)dxdy, (3.7)

where HN−1,1 =
∑N−1

k=1
1
k

and h is the pdf of emax given by

h(x) =
1

φ

b 1
xc∑
i=1

i(n− 1)

 n

i

(1− ix

φ

)n−2

. (3.8)

Proof. The N intersection points are dropped on the unit circular arc. Denote the

angles of the intersection points by ordered θ1 ≤ θ2 ≤ ... ≤ θN , and the angle

differences between every two neighboring points by {d1, d2, ..., dN−1}. For simplicity,

we normalize the angles to θ1 = 0 and θN = 1. According to (6.4.2) in [18], the

probability density function of di is given by

f(d1, ..., dN−1) = (N − 2)! (3.9)

By using the conclusion in [59], the expectation of maximum distance is

E[dmax(N)] =
1

N + 1
HN−1,1, (3.10)

where HN,1 =
∑N

k=1
1
k

is the generalized harmonic number.
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Normalizing back to the angle range [0, φ], we have

E[dmax(N)] =
φ

N + 1
HN−1,1, (3.11)

For a single d, the corresponding error e between the arc and the chord is illustrated

in Fig. 3.14. It is easy to verify that

e = r

(
1− cos

θ

2

)
. (3.12)

Hence, the expectation of the maximum error is given by

E[emax] = r

(
1− E

[
cos

dmax

2

])
. (3.13)

Notice that the pdf of emax can be obtained using the formula (6.4.4) in [18].

Since the function cos is a concave function in [0, π/2], we have

E[emax] ≤ r

(
1− cosE

[
dmax

2

])
= r

(
1− cos

(
φ

2(N + 1)
HN−1,1

))
(3.14)

according to the Jensen’s inequality.

By applying the Hölder’s defect formula (Problem 6.5 in [65]), we have

E

[
cos

dmax

2

]
≤ cosE

[
dmax

2

]
+

1

4

∫ ∫
(x− y)2h(x)h(y)dxdy. (3.15)

This concludes the proof.
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Straight line

Arc

Arc

Zoom in view

Chord approximation

Figure 3.13: An illustration of the simplified model of trajectory.

Figure 3.14: Illustration of error between the arc and chord
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Asymptotic Analysis of Dense Networks

Now we consider a network in a compact region and study the tracking error when

the node density tends to infinity. We assume that the transmitters are uniformly and

independently distributed in a compact region with density ρ (namely the number

of transmitters in a unit area), as a 2-dimensional Poisson point process. The

cumulative distribution function (cdf) of the transmitter-receiver distance is given by

g. Moreover, we assume that the positions of the receivers are mutually independent.

The worst case tracking error, namely the maximum distance between the true and

estimated positions, is denoted by ew. Then, the following theorem shows that ew

tends to zero in probability as ρ→∞ given certain conditions.

Theorem 3.2. Suppose that the trajectory is smooth and the curvature is bounded.

We also assume that g(x) > 0 for any x > 0. Then, for all ε > 0, we have

lim
ρ→∞

P (ew ≥ ε) = 0, (3.16)

namely ew converges to 0 in probability.

Proof. We assume that the trajectory length is L < ∞. Fix an ε > 0, we cover the

trajectory with circles of radius ε centered at points on the trajectory with indices

i = 1, ..., K, where K =
⌈
L
ε

⌉
. We fix one end of the trajectory as the starting point.

Then curve length between the starting point and center i is given by iε. This is

illustrated in Fig. 3.15 (a).

Consider center/circle i. The probability that k transmitters fall in the circle with

radius ε
2

and centered at center i is given by

qk(ε) = e−
1
4
ρπε2 (ρπε2)k

4kk!
, k = 0, 1, ... (3.17)

due to the Poisson process assumption [80]. Then, for each transmitter falling in the

ε
2
-circle, the probability that its receiver falls in the other side of the trajectory but
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still within the ε-circle is lower bounded by

Q(ε) ≥ g(ε)η, (3.18)

where η is the ratio between the shaded area and the circle area in Fig. 3.15 (b).

Hence, the probability that we can find at least one communication link whose both

transmitter and receiver are within the ε-circle is bounded by

Θ(ε) ≥
∞∑
k=1

qk(1− (1−Q(ε))k). (3.19)

Obviously, if we can find a communication link within each ε-circle, the tracking

error ew is upper bounded by Aε, where A is a constant determined by the bounded

curvature. The failure probability is upper bounded by

P (ew ≥ Aε) ≤ (1−Θ(ε))K → 0, (3.20)

as ρ → ∞, since it is easy to verify that Θ(ε) → 1 as ρ → ∞. This concludes the

proof.

3.3.5 Numerical Simulations

In this section, we present numerical simulations of the proposed schemes using real

trajectories. We use GPS to record pedestrian walking trajectory. The accuracy of

GPS data is about 1 meter, and the minimal time interval is 1 second, which are

of sufficient precision for most applications. The millimeter wave communication

links are randomly dropped into the region. The distance of communication link

is uniformly distributed between 15m and 70m. Then, we show the DP and GD

estimations together with the actual trajectory in Fig. 3.16. We can observe that the

GD estimation is much closer to the actual trajectory than DP.
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ε

ε/2

shaded

(a) covering (b) geometry

Figure 3.15: Illustration of the covering and geometry in the proof of Theorem 3.2

Figure 3.16: DP estimation, GD estimation and actual trajectories
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Then we calculate the corresponding average and maximum estimation errors,

which are the average and maximum distances between the estimated and actual

coordinates, respectively, measured in meters. The result, as a function of the

communication link density, is shown in Fig. 3.17. We find that the average and

maximum estimation errors of both algorithms decreas as the communication link

density increases. We observe that the estimation error in GD is much smaller than

that in DP.

On the contrary, in the same situation, the time cost of GD is about five times

higher than DP, as shown in Fig. 3.18. As the density increases, the calculation of

GD will be much slower.

Furthermore, we change the average length of the communication link. As

expected, the estimation error and average length of communication link have the

same trend in Fig. 3.19. However, when we consider the relative estimation error

rate, which is the ratio between the estimation error and the length of communication

link, the trend is opposite, as shown in Fig. 3.20. It means that the length increment

of communication link will relatively lessen the estimation error.

Finally, we fix the communication link density and average length, calculate

the estimation errors of 20 different GPS based trajectories in Fig. 3.21. We find

that the estimation error varies substantially in different trajectories under different

circumstances. We still observe that the GD scheme outperforms DP unanimously.

Meanwhile, Fig.3.21 is plotted in the descending order of average curvature, which

means that the more curvy the trajectory is, the more accurately we can estimate it.

3.3.6 Conclusion

We have carried out experiments to assess the blocking effect in millimeter wave.

The results have shown that a passing object can be easily detected via the blocking

of communication, whereas it is infeasible to determine the precise location of

object. Two criteria, namely the shortest path and minimum velocity variance, have
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Figure 3.17: Estimation error in terms of communication link density

Figure 3.18: Computation cost in terms of communication link density

Figure 3.19: Estimation error in terms of average communication link length
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Figure 3.20: Relative estimation error in terms of average communication link
length

Figure 3.21: Histogram of estimation errors
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been proposed to design the tracking algorithm based on the blocking effect. The

performance of tracking has been analyzed for both simplified model and asymptotic

case analytically. Then, the estimation of trajectory has been compared with GPS

based real trajectory, which shows the validity of the proposed tracking algorithms.

3.4 Multiple Objects Tracking

In this section, we propose a long term tracking algorithm for multiple moving objects,

based on the blockage records of multiple millimeter wave communication links. We

will first formulate the problem and then convert it to an intuitive geometric problem.

Finally we carry out a theoretical analysis for the proposed algorithm.

3.4.1 Problem Formulation

Assume that there are M objects, each of which passes through N millimeter

wave communication links in the same order. We assume that M is known.

In practice, M can be obtained from the number of blockage events on each

communication link. We index different objects using the orders of the starting

time. Each communication link consists of a transmitter (T) and a receiver

(R), whose corresponding coordinates are known in advance and are denoted by

{(T1x , T1y), (R1x , R1y)}, ...,{(TNx , TNy), (RNx , RNy)}. The time of the j-th blockage

events on communication link i is denoted by Tij. Our goal is to estimate the

trajectory of each moving object using all these available information. Meanwhile,

we need to determine the identification of the corresponding moving object for each

blockage time. We focus on the second problem, namely the object recognition. Once

the identities of objects are recognized, we can obtain the series of blockage events for

each individual object. Then, the problem of multiple objects is converted to that of

a single object, and thus can be solved by using the single-object algorithm in [93].

This is illustrated in Fig. 3.22.
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Link1 Link	2 Link	3

first t11 t21 t31

second t12 t22 t32

Available records

Link1 Link	2 Link	3

first t11 t21 t31

second t12 t22 t32

recognition

Object 1

Object 2

tracking

Figure 3.22: The two stages of trajectory tracking for multiple objects.
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3.4.2 Geometric Heuristics

For the above problem formulation, we can cast it in geometrical heuristics illustrated

in Fig. 3.23, based on which we propose an efficient algorithm for the object

recognition. We consider the plane whose horizontal axis (called the d-axis) is the

distance covered by the moving object and whose vertical axis is the time (called

the t-axis). A blockage event can be represented by a line segment parallel to the

d-axis, whose projection to the t-axis corresponds to the time of the blockage event,

and whose projection to the d-axis corresponds to the possible distance covered by

the object (starting from the first communication link). We call these parallel line

segments windows. Each window has a time stamp and an index of the communication

link. The uncertainty of the distance is due to the uncertainty of the intersection

points of the object trajectory with the LOS lines of the communication links. We

denote by (di,min, di,max) the range on the i-th communication link on the d-axis. They

can be obtained from the locations of the transmitters and receivers. A two-object

scenario is illustrated in Fig. 3.23.

3.4.3 Recognition Algorithm

Based on the geometric image, we develop an efficient algorithm for distinguishing

different objects. First, we consider the uncertainty in the moving speed of each

object. We assume that the average speed of each object is within an interval

[vm,min, vmmax], m = 1, ...,M . Then, the possible time-distance trajectory of an object

is a cone, whose boundaries are determined by the bounds of speed, as illustrated in

Fig. 3.24.

Notice that the true trajectory of an object needs to intersect N windows of

different communication link indices in the d-t plane. Hence, the corresponding cone

also intersects N windows. However, the bounds of average speed (vm,min, vm,max) are

unknown in advance. A reasonable assumption is that the speed variation is upper

bounded by a constant δv, namely vm,max − vm,min ≤ δv. Geometrically speaking,
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Figure 3.23: Distance range in terms of passing time in two objects scenario.

d

t

V1,max

V2,min

V2,max

V1,min
Cone for object 2

Cone for object 1

a possible true
trajectory

Figure 3.24: Cones of different moving objects.
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the angle of each cone is bounded by δv. Motivated by the cone representation of

the object trajectory range, for object m, we can consider a cone anchored at point

(0, T1m) with angle δv. We rotate the cone around the anchor point, with a step

δθ. Once the cone intersects N windows of different communication link indices, we

claim that a reasonable trajectory is found and ascribe all the corresponding blockage

events to object m. The detailed algorithm is summarized in Procedure 3.

1: for Object m = 1, ..,M do

2: for k = 1 :
⌊
π

2δθ

⌋
do

3: Set the center angle θ = kδθ.

4: Find the anchor point (0, T1m) and the boundaries according to δv.

5: Find the windows intersecting the cone.

6: if There are N successive intersecting windows then

7: Ascribe the corresponding blockage events to object m.

8: Break the loop.

9: end if

10: end for

11: end for
Algorithm 3: Multiple Objects Recognition

3.4.4 Performance Analysis

Now, we analyze the performance of the proposed algorithm using the geometric

intuition. For simplicity, we focus on the case of two moving objects. It is obvious

that the two objects are confused only in the overlap region of the corresponding

cones, as illustrated in Fig. 3.23. Denote the areas of object 1, object 2 and overlap

region by S1, S2 and Soverlap, respectively. The recognition rate of object 1 is then

given by

Pr1 =
Soverlap × 50% + (S1 − Soverlap)× 100%

S1

= 1− Soverlap
2S1

. (3.21)
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Similarly, the recognition rate of object 2 is given by

Pr1 = 1− Soverlap
2S2

(3.22)

Suppose that the speed ranges of objects 1 and 2 are (v1,min, v1,max) and

(v2,min, v2,max), respectively. Assume that the two objects pass sufficiently many links

over sufficient time. As shown in Fig. 3.29, the following four situations could occur.

• Case 1: v2,max ≥ v2,min ≥ v1,max ≥ v1,min. In this case, there is no overlap. The

recognition rate is 100%.

• Case 2: v1,max ≥ v2,max ≥ v2,min ≥ v1,min. In this case, the area of object 2 is

almost included in that of object 1. When N is large enough, the recognition

rate is approximately 50% for object 2.

• Case 3: v1,max ≥ v1,min ≥ v2,max ≥ v2,min. In this case, the overlap area is

limited. When N is sufficiently large, the recognition rate is almost 100%.

• Case 4: v2,max ≥ v1,max ≥ v2,min ≥ v1,min. When N is large, we can assume

t1,N = t2,N = tN and thus obtain

Soverlap = (v1,maxtN − v2,mintN − v1,max∆t)

× (tN − v1,max∆t

v1,max−v2,min
)

=
(v1,maxtN−v2,mintN−v1,max∆t)2

(v1,max−v2,min)tN
. (3.23)

The area of object 1 is given by S1 = (v1,max − v1,min)(tN − ∆t). Hence, the

recognition rate of object 1 is

Pr1 = 1− (v1,maxtN − v2,mintN − v1,max∆t)2

(v1,max − v2,min)(v1,max − v1,min)(tN −∆t)tN
. (3.24)
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Figure 3.25: Case 1 Figure 3.26: Case 2

Figure 3.27: Case 3 Figure 3.28: Case 4

Figure 3.29: Four cases of the scenario of two objects.
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Similarly, the area of object 2 is S2 = (v2,max − v2,min)tN . Therefore, the

recognition rate of object 2 is

Pr2 = 1− (v1,maxtN − v2,mintN − v1,max∆t)2

(v1,max − v2,min)(v2,max − v2,min)t2N
. (3.25)

3.4.5 Numerical Simulations

We present numerical simulations on the proposed tracking algorithm using real

trajectories. We use GPS to record walking trajectories of pedestrians. The accuracy

of GPS data is about 1 meter, and the minimal time interval is 1 second, which are of

sufficient precision for most applications. The millimeter wave communication links

are randomly dropped in a certain region. The cases of two, three, and four objects

are simulated. We first set all speed ranges to be same and change different starting

times, which is shown in Fig. 3.30. The recognition rate increases with the starting

time difference.

Then we fix the starting time difference and change the speed ranges. Fig. 3.31

shows the variation of the recognition rate with different speed ratios, namely the

ratio between the speeds of different objects. At the beginning, the object starting

earlier has a lower speed. When it has been caught up by other objects, they enter

the overlapped region and thus cannot be recognized. As the speed ratio increases,

the overlapped region becomes smaller and thus the recognition rate becomes higher.

Moreover, in both figures, the more the objects are, the slower the recognition rate

increases.

3.4.6 Conclusion

We have studied the tracking of moving object(s) by exploiting the blockage effect in

millimeter communication networks. Both the short-term and long-term tracking

problems have been studied, by leveraging the reflection-interference effect close

to the LOS and the geometric image of distance-time plane, respectively. Based
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Figure 3.30: Recognition rate in term of starting time difference.

Figure 3.31: Recognition rate in term of speed ratio.
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on experiments for a single link, numerical results have shown that the proposed

algorithms are promising and may find potential applications in practice.
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Chapter 4

Wind Sensing

In this chapter, we use Doppler effect in mmWave communication to estimate wind

velocity [92].

4.1 Introduction

Compared with microwave in wireless communications, millimeter wave exhibits

many advantages, particularly its large bandwidth. It is expected to be employed

in 5G cellular communication networks [56] and vehicular networks [16]. Moreover,

its short wavelength enables the integration of antenna array in both transmitter

and receiver in the millimeter wave band. The antenna array can be used for

various applications, particularly the beamforming which focuses power to a narrow

angle, thus increasing the power efficiency and reducing the interference. Meanwhile,

millimeter wave also provides a powerful machinery for sensing the environment,

due to its directionality and fine spatial resolution. It has been widely used in

automatic driving [26], radar imaging [10] and passive millimeter wave camera [84],

and so on. A new application of millimeter wave is to carry out communications

and sensing simultaneously. One approach is to reuse the same waveform for both

communications and radar in the millimeter wave band [66]. The other approach is

to add the functionality to millimeter wave communication systems as a ‘bonus’. For
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example, the blockage in millimeter wave communications can be used to detect and

track mobile objects [94][91]. Another example is to leverage the spectrum sensing

in the millimeter wave band for joint positioning [43]. Such a ‘bonus’ sensing scheme

based on communications has also be used in the Wi-Fi band [29].

In this chapter, we propose to leverage the millimeter wave communications in

the outdoor environment to sense wind velocity. This seems impossible at the first

sight. However, it is based on the fact that millimeter wave communication devices

are expected to be mounted to elevated locations such as lamp post, traffic light and

high buildings. Such locations are subject to wind forces, which may cause significant

oscillations of the fixtures. In the area of civil engineering there have been substantial

studies on the wind impact on elastic poles and buildings [52][15]. The displacement

of the fixtures could be in the scale of millimeters, or even more. This causes the

change of radio propagation distance. In traditional microwave communications where

the wavelength is in the order of centimeters or more, such a distance change of

millimeter wave causes only negligible impact on the phase of communication signal.

It is radically different in the millimeter wave band, where a displacement of 2.5mm

may cause a phase change of π in the 60GHz band. Therefore, it is a new opportunity

to use millimeter wave communications for the sensing of wind. On one hand, the

information on wind is important for environment monitoring; on the other hand,

the measurement on the oscillation of poles and buildings is also important for the

corresponding structure monitoring in civil engineering. There have been dedicated

devices for wind speed measurement. In [41], a laser Doppler radar is used to measure

the atmospheric wind velocity remotely. [85] built a theoretical model by using GPS

signals from the ocean to determine wind speed. Later, [38] developed an all-fiber

pulsed coherent Doppler Lidar system for wind sensing.

The order of price of commercial anemometer is hundreds of dollars, along with

communication equipments, installation and maintenance. To achieve the same

deployment density as 5G devices, the cost will be very high. For comparison, the

data for wind estimation in our proposed algorithm is the communication signal
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itself. Therefore, the millimeter wave communication infrastructure is ‘free’ for the

wind monitoring, it waives of the substantial cost of mounting new wind sensors as

well as the sensor network.

4.2 Doppler Shift and Amplitude Modulation

In this section, we analyze the doppler shift and amplitude modulation incurred by

the wind-triggered oscillation of millimeter wave fixtures. For simplicity, we focus on

the receiver. The analysis is the same for the transmitter.

4.2.1 Force and Motion Model

We assume that the millimeter wave receiver, fixed in a box, is mounted to a pole as

illustrated in Fig. 4.1. It is subject to wind, which causes the oscillation of the pole

and thus that of the millimeter receiver. It is well known that the wind energy is the

kinetic energy generated by air motion. According to [52], the wind power through

a surface during time period t is given by P = 1
2
Sρv3, where v is the wind speed

component in the direction of line of sight (LOS), ρ is the density of air, and S is

perpendicular force-bearing area of the box along the direction of the wind, and the

force of wind is given by F = 1
2
Sρv2.

For simplicity of analysis, we assume the end-loaded cantilever pole for the

millimeter wave receiver and the pole, namely all the mass is focused in the receiver

box. According to [15], the elastic deflection at the end is given by

δ =
FL3

3EI
, (4.1)

where L is the length of pole, E is modulus of elasticity, and I is the area moment of

inertia of the pole’s cross section.

Note that, in the experiment elated in Section 4.4, we find that actual motion of the

box is extremely complicated subject to wind. For the essence of the analysis, a simple
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harmonic motion is a reasonable assumption to describe the motion approximately.

The speed of harmonic motion is given by

vsh(t) = Ash sin(w0t+ φsh), (4.2)

where φsh is the initial phase, Ash is the amplitude, which is equal to the elastic

deflection given by Ash = δ, and w0 is the angular frequency of harmonic motion,

which is given by w0 =
√

k
m
, where k is the spring constant for a mass on a elastic

beam, m is the inertial mass of the box.

4.2.2 Doppler Shift

The Doppler effect is a phenomenon in which the observer receives the wave at a

frequency different from the frequency of the wave source, when the wave source and

the observer have a relative motion. In our context, the relationship between received

frequency fr and transmitted frequency ft is given by

fr =
c± vsh
c± vt

ft, (4.3)

where c is the light speed velocity, vsh is the velocity of the receiver antenna in

harmonic motion in (4.2), whose sign indicates the direction of movement (to or from

the receiver) and vt is the velocity of the transmitter, which is 0 in our context.

As a result, the frequency difference between the transmitter and receiver is given

by

∆f = fr − ft =
vsh
c
ft

=
Sρv2L3w sin(w0t+ φsh)

6EIc
ft

= A sin(w0t+ φsh), (4.4)
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where the amplitude A is given by

A =
Sρv2L3w0ft

6EIc
. (4.5)

Therefore the frequency oscillation due to the Doppler shift and wind-driven

oscillation is also a harmonic motion. The corresponding variance is then given by

var∆f =

∫ 2π+φsh

φsh

A2 sin(x+ φsh)
2 1

2π
dx

=
A2

2π

(
1

2
x− 1

4
sin(2x+ φsh)

) ∣∣∣∣2π+φsh

φsh

=
S2ρ2v4L6w2

0f
2
t

72E2I2c2
∝ v4 (4.6)

Therefore, the wind speed component on then direction of LOS is

v =

(
2var∆f

) 1
4
(

6EIc

SρL3w0ft

) 1
2

. (4.7)

If the model is precise and all the parameters of the pole are known, we estimate the

wind speed by measuring the variance of the Doppler shift. It may be difficult to

obtain the parameters of the pole; however, at least we can show var∆f ∝ v4, both

theoretically and experimentally. If a reference wind speed, as well as the variance of

Doppler shift is known, we can estimate v from the measurement of var∆f .

4.2.3 Amplitude Modulation

The second way to understand the impact of oscillation on the millimeter wave

communications is to consider the amplitude modulation due to the change of

propagation distance. At the transmitter end, we assume a single-tone baseband

signal, which is given by sm(t) = coswmt, where the amplitude is normalized for

simplicity. The carrier signal is given by sc(t) = coswct, where wc is the carrier
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frequency in the millimeter wave band. Hence, the modulated signal is given by

sm(t)sc(t) = coswmt coswct (4.8)

which is emitted through antenna.

During the propagation, the phase increment is given by

φ(t) =
x(t)

λ
=
A cos(w0t)

λ
+ φ0, (4.9)

where x(t) is the time varying propagation distance, which is given by

x(t) = A cos(w0t) + x0, (4.10)

where x0 is the distance when there is no wind, and φ0 is given by x0
λ

.

At the receiver end, when the receiver uses local carrier coswct (suppose that there

is no phase lock loop (PLL), or the PLL cannot catch up with the phase oscillation

due to the wind). Then, the demodulation output is given by

md(t) ∝ coswmt cosφ(t), (4.11)

where the term cosφ(t) changes much slower than the message signal frequency wm.

Therefore, we can consider cosφ(t) as an amplitude modulation to the message signal

coswmt.

Note that the frequency change due to Doppler shift is very small due to the slow

speed of oscillation when compared with the light speed. Therefore, the impact of

wind-driven oscillation on the millimeter wave communications can be considered as

a narrow band frequency modulation. It is well known that a narrow band frequency

modulation is approximately the same as amplitude modulation [40]. Therefore,

the above two explanations, namely the frequency Doppler shift and amplitude

modulation due to the propagation distance change, are essentially the same.
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4.3 Wind Velocity Estimation

In this section, we propose an algorithm to estimate the wind velocity based on

the analysis between the wind speed and frequency oscillation in the millimeter

wave communications discussed in the previous section. The major challenge is how

to estimate the direction of the wind, since the speed can be estimated using the

variance of the frequency oscillation. It is impossible to estimate the wind direction

based on only the frequency variance values, since only the velocity component

along the LOS accounts for the frequency variance, as will be demonstrated in the

experiments. Therefore, we leverage the antenna arrays and multiple simultaneous

beams in millimeter wave communications.

4.3.1 Mathematical Model

We assume that the speed and direction of wind are constants within a small period,

which are denoted by v and θ. There are N millimeter wave beams at the millimeter

wave transmitter (or receiver), whose directions are θ1, ..., θN . During this coherence

time of wind, the wind velocity components along the N millimeter wave beams

direction are denoted by {v1, ..., vN}, respectively.

As illustrated in Fig. 4.2, one beam i has direction θi and the corresponding

wind velocity component is vi, while another beam j has angle θj and wind velocity

component vj. The angle of wind direction is denoted by θ. Then we have

 vi = (−1)miv cos(θ − θi)

vj = (−1)mjv cos(θ − θj)
, (4.12)

where for k = i, j,

mk =

{
0, min(|θ − θk|, 360◦ − |θ − θk|) <= 90◦

1, otherwise.
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Figure 4.1: Force and motion illustration.

Figure 4.2: Two antennas and wind velocity.
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As a result, we can obtain the estimations of the wind direction θij and the wind

speed vij from the the local estimation of wind speeds vi and vj at beams i and j, as

well as their own direction θi and θj:

θij = tan−1 vi cos θj − vj cos θi
vj sin θi − vi sin θj

(4.13)

and

vij =

√
v2
i − 2vivj cos(θi − θj) + v2

j

| sin(θi − θj)|
. (4.14)

We observe that the wind direction and speed (thus the velocity) can be estimated

from the measurements at two beams. When we have more than two beams, we can

simply compute the average of the estimations for all possible beam pairs.

4.3.2 Algorithm

The detailed algorithm for the wind velocity estimation is summarized in Algorithm

4.

1: Calculate wind speed component {v1, ..., vN} on N beam directions {θ1, ..., θN}.

2: for i = 1, ..., N − 1 do

3: for j = i+ 1, ..., N do

4: if mod(θi − θj, 180◦)! = 0 then

5: Calculate θij and vij using (4.13) and (4.14).

6: end if

7: end for

8: end for

9: Estimated the direction using θ̂ =
∑N
j=i+1

∑N−1
i=1 θij

C2
N

.

10: Estimated the speed using v̂ =
∑N
j=i+1

∑N−1
i=1 vij

C2
N

.

Algorithm 4: Wind velocity estimation subject to N beams
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4.4 Experiment and Simulations

In this section, we study the Doppler effect caused by wind in millimeter wave

communications, by using hardware testbed in the 60GHz band. We will first

introduce the devices used in the testbed, and then explain the experiment procedure.

Then the experiment results will be given in details. Finally, we provide numerical

simulation results on the wind velocity estimation.

4.4.1 Testbed

We build the communication link by using the Analog Devices EK1HMC6350

evaluation kit, which provides half-duplex, 60 GHz millimeter wave. One board is used

as transmitter (TX) and the other one as receiver (RX). Both have horn antennas with

a 3dB angle of 10◦. We use Tektronix AFG3102C, a dual channel arbitrary/function

waveform generator, as the baseband signal source. We use laptops to program and

control the entire communication link by a graphical user interface (GUI) software

and a USB interface.

We use E1200 standard tuned propulsion system made by SZ DJI Technology Co.,

Ltd. as the wind source, as shown in Fig. 4.4. The system includes 4216 motors, 40A

smart ESCs (Electronic Speed Control), and 17-inch ultra-carbon folding propellers.

It can provide up to 1040W of power, and generate wind with speed 10m/s at the

distance of 1.5 meters.

4.4.2 Experiment Procedure

A live picture of the experiment is shown in Fig. 4.5. The experiment procedure is

illustrated in Fig. 4.6.

1. We fix the RX board and antenna in a windproof box and mount the box to

one end of an elastic pole. The other end of the pole is fixed to the ground.
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Figure 4.3: Analog Devices EK1HMC6350 board with antenna.

Figure 4.4: DJI E1200 standard tuned propulsion system.
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2. We start the propulsion system to generate wind at a constant speed. The

direction of wind has a preset angle to the LOS between TX and RX.

3. The source generates a 1MHz sinusoidal baseband signal. The TX board

up-converts the baseband signal to the 60GHz band, and emits through the

antenna.

4. The RX board down-converts the received signal.

5. Laptops control the boards and store sufficiently many samples of the demod-

ulated signal for further analysis.

During the experiment, we notice that the wind passing through the up-conversion

board causes a significant frequency shift, as shown by the dotted curve in Fig. 4.8.

After a thorough examination, we found that the reason is the temperature drop due

to the wind and the subsequent frequency drift of the crystal oscillation (which is

sensitive to the temperature). Although the frequency drift is marginal (in the order

of kHz) when compared with the carrier frequency, it dominates the frequency change

due to the wind-driven oscillation, thus making the wind velocity estimation very

noisy. To eliminate the effect of frequency shift due to the temperature change, we

put the receiver board and antenna into a sealed box to create a windless environment.

4.4.3 Data Processing

The received signals are sampled with the sampling rate of 20M samples/second after

down-conversion. Then, the samples are divided into blocks of 200k samples. Fast

Fourier Transform (FFT) is used to estimate the signal spectrum. The frequency of

peak spectrum amplitude is selected as the instantaneous frequency.

To further remove the long-term drift of frequency, we use nonlinear regression to

remove the drift. We divide the data into segments of ten seconds. In each segment,

we use the quadratic regression f(t) = p1t
2 + p2t+ p3, as shown in Fig. 4.7, where p1,

p2 and p3 are coefficients to be estimated. Once the nonlinear regression is completed,
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Figure 4.5: Live picture of the experiment.

Figure 4.6: The experiment setup
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we remove the prediction from the nonlinear regression, such that only the frequency

oscillation remains. The frequency oscillation after the drift removal is then shown

by the solid curve in Fig. 4.8. A finer waveform is shown in Fig. 4.9. We can observe

that in the local time scale there exists an oscillation of the frequency, as predicted

in our mathematical model.

4.4.4 Experimental Results

In the experiments, we repeat the above procedure for three wind speeds (2.6m/s,

5.0m/s, 7.7m/s) on four directions (0◦, 30◦, 60◦, 90◦) to the LOS. By evaluating the

variance of the samples we have obtained in the experiments, we show the frequency

variances versus the fourth power of wind speed (v4) in Fig. 4.10.

From the figure, we can draw the following conclusions:

• The variance of frequency increases with the wind speed, and is approximately

proportional to the fourth power of wind speed, which coincide with our

theoretical prediction.

• Only the component of the wind velocity in the direction of LOS causes Doppler

shift and thus the frequency oscillation. The variance of frequency decreases as

the angel between the wind and LOS ranges from 0◦ to 90◦.

• The frequency oscillation is much more chaotic than the simple model based

prediction. However, the model has well predicted the law of fourth power of

wind speed, as discussed above, which shows the validity of the model.

4.4.5 Numerical Simulation

Based on the experimental results, we carry out simulations for Algorithm 4. For

any communication beam, wind speed component estimation using (4.7) is subject to

errors due to noise and imperfections in the modeling. The smaller the angle between

the LOS and wind direction has, the larger the error will be, due to the decreasing
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Figure 4.7: Curve fitting for evaluating the frequency oscillation.
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Figure 4.8: Frequency shifts in the demodulated signal over time.
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Figure 4.9: Frequency shift in finer time scale.
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Figure 4.10: Frequency variance in different wind speeds and directions.
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Figure 4.11: Mean squared error of wind direction estimation.
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Figure 4.12: Mean squared error of wind speed estimation.
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signal-to-noise-ratio (SNR). We assume that the speed component estimation in

direction i, i ∈ 1, ..., N obeys normal distribution N (vi, cos(θ − θi)σ), where σ is

a positive number common to all beams.

We calculate the mean squared error (MSE) of the wind direction and speed

estimations with increasing number of beams ranging from 3 to 11, as well as the

noise power σ from 0.1 to 1. The simulation results are shown in Figures 4.11 and

4.12. We conclude that increasing the number of beams can substantially reduce the

MSE of both estimations.

4.5 Conclusion

We have carried out experiments to examine the Doppler effect caused by wind in

the millimeter wave band. The results have shown that a frequency oscillation can

be easily detected in the demodulated signal. We have proposed an algorithm to

calculate wind speed component, and thus the wind velocity (speed and direction).

We have carried out an experiment in the 60GHz band to demonstrate the theoretical

prediction, and the outcome matches the theoretical model quite well. Numerical

simulations have been carried out to evaluate the performance of wind velocity

estimation.
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Chapter 5

Optical-like Properity Study of

mmWave

Since the wavelength of mmWave is close to visible light, it has optical-like prop-

agation characteristics. Meanwhile, we accidentally find an oscillation phenomenon

during blockage experiments [90]. Both are useful to remotely sense.

5.1 Oscillation

In the experiments in chapter 3, we observe oscillations before and after the full

blockage, which is shown in Fig. 5.1. To the best of our knowledge, such a

phenomenon has not been reported in existing literature before. Before we leverage

this phenomenon for speed and position estimations of the object, we first explain

the underlying mechanism of generating such oscillations.

The mechanism of the oscillations before and after the blockage is illustrated in

Fig. 5.2. When an object is close to the LOS, it causes a Non-LOS (NLOS) reflection,

thus incurring interference with the LOS signal at the receiver. With the phase change

of the NLOS signal, due to the changing propagation distance caused by the moving
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Figure 5.1: Variation and oscillations of signal strength before and after a blockage.

Figure 5.2: Mechanism of oscillations before and after the blockage.
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object, the signal at the receiver is either enhanced or weakened. One period of the

oscillation is achieved when the reflection path distance is changed by one wavelength.

In more mathematical details, the signal strength at time t is given by

s(t) = Re
[
ALOSe

jθLOS + Afe
jθf (t)

]
, (5.1)

where ALOS and θLOS are the amplitude and phase of the LOS signal, respectively,

and Af and θf (t) are those of the reflection path. Since the movement is tiny, it is

reasonable to assume that only the phase of the reflection path changes with time,

thus being a function of t. Then, at time t+ τ , when the propagation path distance

is changed by δd due to the movement of the object, the signal strength is changed

to

s(t+ τ) = Re
[
ALOSe

jθLOS + Afe
jθf (t)+2π δd

λ

]
, (5.2)

where λ is the wavelength of the millimeter wave. Obviously, when δd = λ, we have

s(t) = s(t+ τ), thus achieving one period of oscillation.

5.1.1 Tracking Algorithm

An interesting application of the oscillation phenomenon is the tracking of the

intruding object (only when it is close to the LOS), by estimating its location and

speed using the samples in the oscillation period. Below is the mathematical analysis

and algorithm.

Due to the small wavelength of millimeter wave, the reflection surface can be

approximated by a plane. As shown in Fig. 5.2, at time t1, we denote the coordinates

of transmitter, receiver, reflection point and a known point on the reflection plane

by (−d, 0), (d, 0), (a1, b1) and (x1, y1), respectively. Denote the blockage range by

[−yb, yb], then |y| > |yb|. The angle between the LoS and reflection plane is denoted

by θ, θ ∈ [0, θa
2

]. By using trigonometric functions, the coordinate of the mirror
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point of (d, 0) (i.e., the receiver position) with respect to the reflection plane is

(d−2y1 tan θ+(2x1−d) tan2 θ
1+tan2 θ

, 2y1+2(d−x1) tan θ
1+tan2 θ

). Then the coordinate of the reflection point,

(a1, b1), is given by  a1 =
(d2+y21) tan θ−2x1y1 tan2 θ+x21 tan3 θ

x1 tan θ−y1 tan2 θ+x1 tan3 θ−y1

b1 =
(d2−x21) tan2 θ+2x1y1 tan θ−y21
x1 tan θ−y1 tan2 θ+x tan3 θ−y1 .

. (5.3)

Hence, the length of reflection path r1, from the transmitter to the receiver, at

time t1 is given by

r1 =
√

(a1 + d)2 + b2
1 +

√
(a1 − d)2 + b2

1. (5.4)

Now, we assume that the object moves to (x2, y2) over time ∆t12 with a speed v.

The corresponding reflection point is changed to (a2, b2). The angle between direction

of object movement and LoS is α. Since ∆t is very small, it is assumed that θ remains

the same. Based on these assumptions, (x2, y2) can be calculated from the following

equations:  x2 = x1 + vt12cosα

y2 = y1 + vt12sinα
. (5.5)

Replacing (x1, y1) with (x2, y2) in Equations (5.3), we can obtain (a2, b2). Hence,

the length of reflection path r2 at time t2 = t1 + ∆t12 is given by

r2 =
√

(a2 + d)2 + b2
2 +

√
(a2 − d)2 + b2

2, (5.6)

from which the length difference of the reflection paths, ∆r12, over time ∆t12 is given

by

∆r1,2 = |
√

(a1 + d)2 + b2
1 +

√
(a1 − d)2 + b2

1

−
√

(a2 + d)2 + b2
2 −

√
(a2 − d)2 + b2

2|, (5.7)
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which is a function of variables x1, y1, v, α, θ.

According to the mechanism of oscillation explained in the last subsection, when

∆r1,2 is equal to one waveform, the signal strength is repeated. Hence, we can

choose six time snapshots, ti, i = 1, 2, 3, 4, 5, 6, such that the corresponding received

signal strengths are identical. The corresponding path differences are denoted by

∆ri,i+1(x1, y1, v, α, θ). Therefore, we obtain the following five nonlinear equations:

∆ri,i+1(x1, y1, v, α, θ) = λ, i = 1, ..., 5. (5.8)

By solving the five equations, we can obtain the five unknowns x1, y1, v, α, θ, thus

recovering the trajectory. Note that due to the symmetry of the LOS and the middle

point of LOS, there are four symmetric solutions to (5.8), as illustrated in Fig. 5.3.

The entire algorithm is summarized in Algorithm 5.

1: Obtain the durations of five consequent periods of oscillation, denoted by ∆t12,

∆t23, ∆t34, ∆t45, ∆t56.

2: Establish the five equations in (5.8).

3: Solve the equations to obtain x1, y1, v, α, θ.

4: Using the initial position, speed and angle to reconstruct the trajectory.
Algorithm 5: Tracking Algorithm based on Oscillation

5.1.2 Verification

We verify the proposed algorithm in Algorithm 5 by simulations using real measure-

ments. Note that it is difficult to obtain measurements for high speed objects. Hence,

we use the real experiment measurements for the time intervals in the case of 1m/s.

For the other cases of speed, the time intervals are obtained by compressing those of

1m/s case accordingly. The parameters of the experiment are shown in Table 5.1.

The comparison of the true values and the estimations is shown in Table 5.2.

It is observed that the estimation error is reasonably small. The error is due to

measurement noise and the imprecise assumptions (e.g., the reflection plane angle
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does not change and the object moves in straight line). Hence, the proposed scheme

can be used to extract useful information of the moving object in practice.

5.2 Reflection

In chapter 3, we detect a ground reflection with 25dB attenuation in experiments.

Though it can be ignored in blockage phenomenon, it is still important in mmWave

communication. We study the characteristics of different materials by carrying out a

series of experiments.

5.2.1 Experiment procedure

Testbed is described in Section 3.2.1. As shown in Fig. 5.4, the procedure is [42]:

1. The signal source generates a 100MHz sinusoidal baseband signal and transfer

it to the transmitter.

2. The transmitter up-converts the input signal to 60GHz and emits via the

antenna.

3. The 60GHz signal is scattered on the surface of an object somewhere in

propagation.

4. The receiver down-converts the received signal and displays the demodulated

baseband signal on the oscilloscope.

5. The receiver keeps moving circularly in the center of the object and stops at a

location where the amplitude of the received signal is maximum. Record the

angle between transmitter and receiver with respect to the object.

6. Rotate the object by a tiny degree, and repeat 1 - 5.
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Transmitter Receiver

True trajector

Figure 5.3: Four possible solutions to Eq. (5.8).

Table 5.1: Parameters measurements.

Transceiver distance 2d 3m
Blockage range [−yb, yb] [-0.2m, 0.2m]
Antenna’s flare angle θa 15◦

Millimeter wavelength λ 0.005 m
Initial location x1 0 m
Initial location y1 -0.2 m

Angle α 90◦

Angle θ 0◦

Table 5.2: Comparison of actual and estimated values.

Actual speed (m/s) 1 3 5 10 15 20
Est. speed (m/s) 0.69 2.19 3.93 7.71 10.95 15.42

Est. x1(m) -0.67 -1.11 -1.56 -0.67 -1.11 -0.67
Est. y1(m) -0.24 -0.23 -0.22 -0.21 -0.23 0.21
Est. α(◦) 90 90 70 63 90 63
Est. θ(◦) 5 4.2 3.3 3.3 4.2 3.3
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We repeat the experiment in scenarios of different reflection surfaces, including

human being, iron cabinet, vehicle side and corner. After calculation, signal-to-noise

ratio (SNR) for different angle is plotted in Fig. 5.5, in which we can conclude that:

• The reflected signal of metal surface is significantly strong.

• Energy loss on metal surface is much less than that on human being.

• The smoother the object surface is, the smaller angle range the scattered signal

is concentrated in.

5.2.2 Problem Formulation

For a single reflection event, assume the coordinate, angle of antenna, time of

transmitter and receiver are {(x1, y1), θ1, t1}, {(x2, y2), θ2, t2}, respectively. The slope

are a1 = tan θ1, a2 = tan θ2. Then the coordinate of the intersection point is

(
a1x1 − a2x2 − y1 + y2

a1 − a2

,
a1y2 − a2y1 + a1a2x1 − a1a2x2

a1 − a2

)
. (5.9)

Meanwhile, the time of intersection is

t =
At2 −Bt2
A+B

, (5.10)

where

A =

(
(a2x1 − a2x2 − y1 + y2)2 + (a1y2 − a1y1 + a1a2x1 − a1a2x2)2

) 1
2

(5.11)

B =

(
(a1x1 − a1x2 − y1 + y2)2 + (a2y2 − a2y1 + a1a2x1 − a1a2x2)2

) 1
2

(5.12)
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Figure 5.4: Experiment procedure.

Figure 5.5: SNR in terms of angle.
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5.2.3 Tracking Algorithm based on Kalman Filter

In this section, we track the trajectory of the blockage object based on the Kalman

filter. In practical millimeter communication system, a base station receives both

direct and reflected transmission signals. Since the angular range of the transmission

is very small, it is easy to narrow down the possible range where the reflection happens,

and figure out the most possible reflection coordinate and time. Our goal is to estimate

the trajectory of the object. Assume that we have n calculated reflection event

coordinates {(x1, y1), (x2, y2), ..., (xn, yn)} and corresponding times {t1, t2, ..., tn}. The

state of the object at a time includes coordinate, speed, and acceleration. The initial

state is

X0 = [x2; y2;
x2 − x1

t2 − t1
;
y2 − y1

t2 − t1
;
x2 − x1

(t2 − t1)2
;
y2 − y1

(t2 − t1)2
]. (5.13)

Meanwhile, the initial error covariance matrix, state-transition matrix, observation

matrix, the covariance of the observation noise and the covariance of the process noise

are, respectively:

P0 =



1 0 0 0 0 0

0 1 0 0 0 0

0 0 10 0 0 0

0 0 0 10 0 0

0 0 0 0 10 0

0 0 0 0 0 10


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F =



1 0 t2 − t1 0 (t2 − t1)2/2 0

0 1 0 t2 − t1 0 (t2 − t1)2/2

0 0 1 0 t2 − t1 0

0 0 0 1 0 t2 − t1
0 0 0 0 1 0

0 0 0 0 0 1



H =

1 0 0 0 0 0

0 1 0 0 0 0



R =

0.1 0

0 0.1



Q = 10−3 ∗



1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1


, respectively.
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The measured trajectory is

Z = {(x1, y1), (x2, y2), ..., (xn, yn)}
1: Predict:

2: Predicted state estimate: Xk = F ∗X0;

3: Predicted error covariance: Pk = F ∗ P0 ∗ F ′ +Q.

4: Update:

5: Measurement residual: Yk = Z −H ∗Xk;

6: Measurement residual covariance: Sk = H ∗ Pk ∗H ′ +R;

7: Optimal Kalman gain: Kk = Pk ∗H ′/Sk;

8: Updated state estimate: X0 = Xk +Kk ∗ Yk;

9: Updated estimate covariance: P0 = (I −Kk ∗H) ∗ Pk.
Algorithm 6: Tracking Algorithm based on Kalman Filter

5.2.4 Simulation and Analysis

In this section, we present simulations on the proposed algorithm. We use GPS to

record vehicle moving data as the actual trajectory. The accuracy of GPS data is

about 1 meter, and the minimal time interval is 1 second. The actual and filtered

trajectories are shown in Fig. 5.6.

Define the error as the average distance between the filtered and actual

coordinates. In fig.5.7, we find that the more often we observe, the more accurate we

can estimate the trajectory. The minimal error is about 3 meters. In Fig. 5.8, we

conclude that the flatter the trajectory is, the more error the filter will make.

5.2.5 Conclusion

We have carried out a series of experiments of test reflection characteristics of different

materials. Then we proposed an algorithm based on the Kalman filter to detect and

track the object that causes the reflection. We compared estimation of trajectory

with real trajectory recorded from GPS, which shows the validity of the proposed

algorithms.
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Figure 5.6: Actual and filtered trajectories.

Figure 5.7: Error in term of average sample rate.

Figure 5.8: Error in term of average sample rate.
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5.3 Diffraction

Diffraction is the interference or bending of waves around the corners of an obstacle.

It usually happens in visible light propagation. Since the wavelength of mmWave

is very close to visible light, we want to find out whether it can be diffracted and

transmitted into relatively closed space, just as visible light.

Fig. 5.9 shows the live picture of our experiment environment. The slit is formed

by two pieces of stainless steel sheet. The surrounding parts are covered by aluminum

foil to prevent extra transmission and reduce multi-path propagation to its minimum.

5.3.1 Single-slit Diffraction

As shown in Fig. 5.10, the process is:

• 60GHz signal is transmitted through a slit.

• The receiver keeps moving circularly in the center of the slit.

• In each position, the corresponding angle and amplitude of the received signal

are recorded.

Theoretically, by using the Fraunhofer diffraction [34], the intensity on the receiver

can be represented as

I(θ) = I0sinc
2

(
bπsinθ

λ

)
, (5.14)

where I(θ) is the intensity at a given angle, and I0 is the original intensity, λ = 5mm

is the wavelength of mmWave, b is the width of the slit, and θ is the angle between

the received location and the center of slit.

As a result, the amplitude we receive is

A(θ) = A0

∣∣∣∣sinc(bπsinθλ

) ∣∣∣∣ (5.15)
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Figure 5.9: Live picture of single-slit.

Figure 5.10: Single-slit diffraction experiment setup.
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where A(θ) is the amplitude at a given angle, and A0 is the original amplitude.

Fig. 5.11 and Fig. 5.12 show that experiment measurement are consistent with

theoretical values very well in cases of b = 10mm and b = 20mm. However, the

minimum amplitude is not zero, which implies some extra transmission signal is

received.

5.3.2 Double-slit Interference

As shown in Fig. 5.13, we set the width of both slits as b = 20mm, the distance

between two slits as c = 20mm, and the distance from receiver to slits as l = 1.5m.

Since d > λ, the Fraunhofer diffraction equation gives the intensity of the

diffracted light as [34]

I(θ) = 4A2
0sinc

2

(
πbsinθ

λ

)
cos2

(
π(b+ c)sinθ

λ

)
(5.16)

Then the amplitude is

A(θ) = 2A0

∣∣∣∣sinc(πbsinθλ

)
cos

(
π(b+ c)sinθ

λ

) ∣∣∣∣ (5.17)

In Fig. 5.14, experiment records basically agree with the theoretical values, despite

the spacing shifting, which is caused by experimental errors. We also notice that the

average spacing of the fringes in experiment is a little larger than that in theory,

which is because the signal into two slits are not strictly parallel.

5.3.3 Conclusion

We have carried out experiments to verify single-slit and double-slit diffractions of

mmWave. Experimental results agree with theoretical values in light wavelength.

Hence, the diffraction characteristic of mmWave is very similar to that of visible
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Figure 5.11: Case 1: b=10mm. Figure 5.12: Case 2: b=20mm.

Figure 5.13: Double-slit interference experiment setup.

Figure 5.14: Double-slit interference experiment results.
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light. It is feasible to establish a reliable wwWave communication in relatively closed

space.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The purpose of this thesis is to benefit from weaknesses of mmWave communication.

It mainly covers two topics in the mmWave communication: object tracking via

blockage and wind sensing. At the beginning of the thesis, we introduce a brief

history of mmWave and its unique characteristics. The challenges of mmWave in

telecommunication is discussed. Then, to verify the source of problem, we build a

high directional mmWave communication testbed.

In order to study the blockage effect in mmWave communication, we carry out

a series of exhaustive experiments. For single object tracking, we propose two

hypotheses to simulate human being’s walking behavior: shortest path and minimum

velocity variance. For multiple objects tracking, we formulate the problem and convert

it to an intuitive geometric problem. The corresponding algorithms are presented

and analyzed. The estimation of trajectory compared with GPS based real trajectory

shows their validity.

The second topic is related to remote sensing. In practice, a lot of 5G devices

are deployed outdoor and inevitably affected by wind. We carry out experiments to

verify the Doppler effect caused by wind in the millimeter wave band. The results
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have shown that a frequency oscillation can be easily detected in the demodulated

signal. Based on this, we propose mathematical models to establish the link between

frequency and wind speed, and propose an algorithm to calculate wind velocity. We

carry out an experiment in the 60GHz band to demonstrate the theoretical prediction,

and the outcome matches the theoretical model quite well.

Finally, we investigate other optical-like characteristics of mmWave: reflection

and diffraction. An oscillation phenomenon is observed in experiments. We build

a mathematical model and propose an algorithm to track moving object in real

time. We also carry out experiments of single-slit and double-slit diffraction. The

experimental measurements basically matches theoretical value, which indicates

that we can use reflection and diffraction to bypass obstacles and establish extra

communication link just as visible light.

6.2 Future Work

In chapter 3, we proposed two hypotheses. To get closer to human walking behavior,

we plan to propose more advanced hypotheses, including: person prefers a constant

walking velocity in a short time.

In chapter 4, we estimated wind velocity in ideal situation. But noise could be

extremely high in practice. In the future, we want to study how the noise can affect

the measurement of variance of frequency.

In chapter 5, we verified the diffraction phenomenon in mmWave communication.

In the future, we plan to study further and propose reliable channel model and

algorithm to establish commutation link in relatively closed space.
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