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ABSTRACT OF THE DISSERTATION

Enhancing the Performance of Advanced Wireless Systems via Passive Beamforming

by

Tianxiang Li

Doctor of Philosophy in Computer Science

University of California, Los Angeles, 2023

Professor Omid Abari, Chair

Contemporary wireless networks are experiencing an era of unprecedented advancements,

driven by the escalating demand from new wireless applications such as augmented and vir-

tual reality, and further bolstered by the widespread deployment of the Internet of Things

(IoT). These advancements encompass a range of technologies, comprising progress in wire-

less communication, wireless sensing, and wireless power transfer. mmWave technology is

considered the key enabler of ultra-high data rates and capacity for future wireless communi-

cation, addressing the escalating demands of applications like high-definition video stream-

ing and augmented reality. WiFi technology, the cornerstone of indoor wireless commu-

nications, has also undergone significant advancements in the various generations, offering

higher throughput and network capacity. Meanwhile, the proliferation of wireless access

points has sparked interest in harvesting power from Radio Frequency (RF) signals to power

up the mass number of IoT devices. Despite these advancements in wireless technology, there

remains a distinct disconnect between the evolution of wireless protocols and antenna hard-

ware, with each failing to fully benefit from the progress of the other. In this thesis, we adopt

a combined hardware-software co-design methodology to address the challenges of modern
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wireless networks, synergizing the latest developments in both wireless network protocols

and antenna technology. In particular, we draw inspiration from the passive beamforming

principle of Frequency Scanning Antenna (FSA), traditionally utilized in the field of radar

and imaging, and integrate it in the field of wireless communication, sensing, and power

transfer. In contrast to active beamforming technology, which uses intricate and energy-

consuming electronic components to steer the beam, FSA utilizes the physical structure of

the antenna to steer the beam based on signal frequency. We integrate this unique passive

beamforming feature of FSA with wireless protocols to enhance the range and performance

of future wireless systems.

In this thesis, we first explore the challenges of modern-day wireless networks then discuss

how we can address them using passive beamforming with FSA. A key challenge of mmWave

networks is the significant signal attenuation due to high frequency. To compensate, base

stations transmit mmWave signals using narrow beams that can be easily blocked by physical

obstacles, greatly impacting their real-world deployment. In the first part of this work we

propose mmXtend, a low-cost, low-power mmWave repeater that uses passive beamforming

to provide high-data-rate links to a large number of users simultaneously in scenarios where

the line-of-sight path is blocked. Following this, we explore the evolution of WiFi technology.

Despite the advancements of WiFi protocol over the years, the performance of WiFi networks

is still constrained by the inherent limitations of its antenna hardware design. Today’s WiFi

devices mainly use omni-directional antennas, which fail to capitalize on the advancements

in WiFi protocols, and conversely, these protocols do not leverage the potential of antenna

technologies. This disconnect markedly hampers the overall performance of WiFi systems.

In the second part of this thesis, we introduce Wi-Pro, a plug-and-play module, which en-

hances WiFi performance by integrating passive beamforming with the WiFi protocol. It can

be deployed on any WiFi device without requiring firmware or chipset modifications. Addi-

tionally, for wireless power transfer, although it has been a long-standing topic of discussion,

its practical applications in the real world remain limited. The main barriers include the
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restricted range for energy transfer and the lack of an efficient, low-power method for beam

alignment, which is essential for effective energy transfer. In the third part of this thesis, we

introduce mmCharge, a mmWave power harvesting system which uses passive beamforming

to increase the range of mmWave wireless power transfer.

Our research shows that by integrating the concept of passive beamforming in the field of

wireless communication, sensing, and power transfer, we can enhance performance and enable

new capabilities. This thesis provides a comprehensive exploration into the development of

end-to-end wireless systems that employ passive beamforming via FSA, which paves the way

for future research in this area.
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CHAPTER 1

Introduction

In recent decades, the increasing demand for high-throughput low-latency services in new

wireless applications, combined with the rapid expansion of Internet of Things (IoT) de-

ployments, has catalyzed significant advancements in various wireless technology domains.

Millimeter-wave (mmWave) technology, in particular, has been pivotal in enabling a sub-

stantial increase in throughput for future wireless networks. Concurrently, WiFi technology

has undergone significant evolution, offering enhanced throughput and greater network ca-

pacity. Furthermore, the growing proliferation of wireless access points has sparked interest

in exploring the feasibility of harvesting power from Radio Frequency (RF) signals to power

up the massive number of IoT devices. However, despite these exciting advancements in

wireless technology, they consistently face challenges and limitations rooted in the inher-

ent disconnect between the wireless protocols and the hardware designs, which constrain

the full realization of their potential. This thesis presents a cohesive exploration into over-

coming these challenges, by adopting an hardware-software co-design approach, synergizing

the advancements in wireless network protocols, signal processing techniques, and antenna

technology. At its core, this research aims to increase the range and performance of future

wireless systems by employing innovative passive beamforming technology. We first explore

the challenges of modern wireless networks, then discuss how we can integrate passive beam-

forming technology to address them.

Millimeter-wave (mmWave) technology, operating in the expansive high-frequency spec-

trum of 24 GHz and above, holds the promise of meeting the demands of popularization

1



of wireless applications that require ultra-high data rates and low latency, including high-

definition video streaming, autonomous vehicles, augmented/virtual reality (AR/VR), and

industrial automation [FMT17, RQH20, SNR20, WCC17, ZWH19, MAA19a, MRG23]. The

primary challenge facing millimeter wave (mmWave) technology is its signal coverage. The

high-frequency signals inherently experience significant path loss, necessitating the use of

power-intensive and costly phased array antennas to concentrate signal power into a di-

rectional beam. However, these beams can be easily blocked by obstacles such as a wall,

a person or even furniture, resulting in a drop of 20 dB or more in Signal-to-Noise ratio

(SNR) [ABD17, Zha13]. Therefore, mmWave networks cannot provide reliable high-data-

rate links in environments with static or mobile obstacles. To overcome this problem, re-

searchers have designed mmWave relays, repeaters and intelligent surfaces [mov, ABD17,

CMG23, PLS20, TSK18, GPO21], to reroute the signal around obstacles. However, these

existing systems are costly, power hungry, and require frequent feedback from the trans-

mitter or receiver. This drives the need for a solution that is low-cost, low-power, capable

of providing reliable high data-rate links to multiple users simultaneously, and can be de-

ployed seamlessly on-demand without requiring significant changes to the communication

endpoints.

Beyond the pursuit of higher-quality services, the growing proliferation of wirelessly con-

nected devices also introduces new challenges and opportunities. The number of worldwide

Internet of Things (IoT) devices is expected to grow to more than 29 billion by 2030 [Sta].

On one hand, the rapid increase in connected devices requires the network to handle massive

connectivity while supporting high-data-rate, low-latency applications such as video confer-

encing, and multiplayer gaming. On the other hand, the ubiquitous WiFi deployment brings

up new opportunities for WiFi sensing, which also raises challenges in seamlessly integrating

the communication and sensing capability of future WiFi network. To deal with these chal-

lenges, WiFi manufacturers have adopted numerous techniques and advancements along with

the evolution of WiFi standards over the past two decades. These advancements include but
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not limited to: expanding the channel bandwidth, adding more antennas, and implement-

ing advanced multiplexing and multiple-access techniques (such as MIMO and OFDMA).

While most of these advancements are around WiFi algorithms, protocols and circuit, the

design of WiFi antenna itself has remained relatively static over the years. In particular,

most WiFi devices have been using typical omni-directional antennas (such as monopole or

diplole antennas). Unfortunately, these antennas do not benefit from the advancement of

WiFi protocols or vice versa. We argue that the current antennas used in WiFi devices do

not fit well with the evolving standards and it is time to rethink about how to design WiFi

antennas in a cross-layer approach (i.e. designing a WiFi antenna while considering WiFi

protocols capabilities).

Besides network connectivity, another major challenge in deploying IoT devices is their

battery life. Most today’s IoT devices require their batteries to be replaced or recharged

every couple of months. Considering the fact that the average number of IoT devices in an

American household is expected to reach fifty in the next few years [Tim], we would need to

change one to two batteries per week in our homes. Moreover, in many cases, IoT sensors

are not easily accessible, making battery charging or replacement a significant effort. With

the increased deployment of wireless access points, there is a growing interest in the poten-

tial of harvesting energy from RF signals to power low-energy IoT devices. Although this

sparks exciting new opportunities, many questions remain in this field. For example, which

frequency is best for wireless power transfer considering the trade-offs of energy propagation,

hardware efficiency, and regulations? In this thesis, we show that mmWave bands are much

better candidates for transferring power to IoT devices than lower frequency signals. How-

ever, to efficiently transfer power using mmWave, the main challenge is beam alignment of

the power transmitter and harvester. Although past mmWave work has proposed different

approaches and schemes for creating a directional beam and searching for the best beam di-

rection [HAR18a, EAH15], they are not practical for low-power IoT devices. This is mainly

due to the fact that existing schemes require phased array antennas. Unfortunately, phased
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arrays are costly and consume a significant amount of power which makes them impracti-

cal for energy harvesting IoT. This drives the motivation to pursue alternative methods to

perform beamforming and beam alignment to power up energy-constrained devices.

1.1 Our Contribution

This thesis adopts a hardware-software co-design approach, which combines advancements

in wireless network protocols with innovative passive beamforming technology to address

the challenges of modern wireless networks. Unlike active beamforming technology, which

requires complex and power-intensive electronic components to shape and steer the beam

of radio waves, passive beamforming technology offers a low-power, low-complexity solution

to direct the signal based on the physical structure of the antenna. In particular, we utilize

passive beamforming principle of Frequency Scanning Antenna (FSA) previously used in the

field of radar and imaging [ZKQ17, KZ13], and adapt it for novel applications in wireless net-

work communication, wireless sensing, and wireless power transfer. FSA provides a method

for passive beamforming and beam steering based on signal frequency. We demonstrate how

this unique feature can be seamlessly integrated with wireless protocols, enhancing the range

and performance of future wireless systems.

1.1.1 mmXtend: Extending the Coverage of mmWave Networks via Passive

Beamforming

To address the limited coverage problem of mmWave networks, we present mmXtend, the

first mmWave repeater which uses passive beamforming technique. mmXtend is low-cost,

low-power, supports multi-user, and can be easily deployed on-demand (without requiring

any feedback from the network to operate). We design a 2D passive beamforming and

steering structure which can be easily implemented on printed circuit board (PCB). More

importantly, we show the applicability of passive beamforming in wireless repeaters for the
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first time. We built mmXtend and empirically evaluated its performance in a variety of

scenarios. Our results show that mmXtend solves the blockage problem, and enables data

rate of more than 250 Mbps link to each user when there are up to 200 users. Even when

there are 1000 users, it can provide each user with a 70 Mbps link, which is sufficient for 4K

video streaming [Qua18].

1.1.2 Wi-Pro: Enhancing WiFi Performance via Passive Beamforming

To enhance the performance of future WiFi networks in the era of massive IoT connectivity,

we introduce Wi-Pro, a system which incorporates a new plug-and-play antenna for WiFi

devices based on FSA technology and integrates it with the existing WiFi protocols. We

demonstrate the dual advantages of Wi-Pro in enhancing the performance of modern WiFi

protocols. First, it increases the data rate and communication distance of WiFi devices.

Second, it facilitates the Angle-of-Arrival (AoA) measurement on any WiFi device, including

low-cost, low-power units with a single transceiver chain, all without requiring firmware or

chipset modifications. We build a prototype of Wi-Pro and demonstrate 10 to 120% data

rate improvement and more than three times range improvement for communication. Our

prototype can also measure the AoA with an average precision of 1.34 degrees.

1.1.3 mmCharge: Increasing the Range of mmWave Wireless Power Transfer

via Passive Beamforming

We study the feasibility of using different indoor signals to transfer power to IoT devices

considering constraints such as FCC regulations, antenna size, etc. Our results show that

mmWave signals are much better candidates to transfer power compared to traditional wire-

less signals such as WiFi and sub-GHz signals. We propose a system architecture and link

establishment protocol for IoT devices to harvest energy from indoor mmWave access points.

Our design is based on passive beamforming and backscatter technology, which greatly re-
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duces the energy consumption for beam alignment and increases the range of mmWave power

transfer. We evaluate our system in terms of power transfer at different distances. Our re-

sults show that it is possible to harvest 1 mW and 0.1 mW power at the distances of 7.5

m and 15 m indoors, respectively. This enables IoT devices to significantly increase their

batterylife.

1.2 Organization of the Dissertation

This dissertation is organized into the following chapters. Chapter 2 introduces the basic

principles of beamforming and beam steering as well as discusses the limitations of the

beamforming solutions adopted in modern wireless networks. It then introduces the concept

and working principle of Frequency Scanning Antennas (FSA). Chapter 3 introduces our

mmXtend system, and illustrates how we use passive beamforming technology to design and

implement a low-cost, low-power repeater to address the mmWave signal blockage challenge.

Chapter 4 presents Wi-Pro, our plug-and-play module which uses passive beamforming to

enhance WiFi performance. Chapter 5 investigates the feasibility of mmWave wireless power

transfer and presents mmCharge, a system which uses passive beamforming to increase the

range of mmWave wireless power transfer. In Chapter 6, we summarize our contributions

and propose potential directions for future research.
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CHAPTER 2

Background

In this chapter we will first explain the basic principles of beamforming and beam steering,

emphasizing their pivotal roles in wireless communications. Then, we will introduce the

conventional methodology of beamforming and beam steering using phased arrays, while

examining its limitations. Finally, we will introduce the concept of passive beamforming,

implemented through Frequency Scanning Antenna (FSA), a cutting-edge approach that

offers new potentials in the field of wireless communication.

2.1 Basic Principle of Beamforming and Beam Steering

Φ0 

Φ0 

Φ0 

Φ0 

(a) Beamforming

θ

Φ0 

Φ0 + ΔΦ

Φ0 + 2ΔΦ

Φ0 + 3ΔΦ

(b) Beam Steering

Figure 2.1: Basic Principle of Beamforming and Beam Steering.

Beamforming and beam steering are signal processing techniques used to optimize the

performance of wireless communication systems. These techniques are especially important

for higher frequency signals, such as mmWave signals, which experience higher propagation

loss compared to lower frequency signals. Therefore, it is important to focus the signal power
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at a particular direction through beamforming, and control its transmission direction using

beam steering techniques. First let me explain the basic principle of beamforming. A single

isotropic antenna simply radiates the signal uniformly in all directions. By aligning an array

of antenna elements with fixed-spacing, and transmitting signals with the same phase (ϕ0)

to all the antenna elements, the signals radiated out of each antenna element will combine

constructively in the broadside direction, forming a beam, as shown in Figure 2.1a. By

controlling the amount of phase shift (δϕ) between each antenna element, the angle of the

beam θ will change accordingly as shown in Figure 2.1b.

1

Transceiver

(a) Phased Array Beamforming 1

Transceiver

(b) Multi-Beam Phased Array

Figure 2.2: Phased Array Principle.

A well known approach for beamforming and beam steering is to use phased arrays [Mai17].

Phased array consists of an array of fixed-spacing antenna elements, where each antenna el-

ement is connected to an electronically controlled phase shifter, as shown in Figure 2.2a.

The radio waves from multiple antennas elements will interfere with each other construc-

tively, forming a narrow beam with stronger signal strength. By electronically controlling
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the amount of phase shift between each antenna element using a central computer, the beam

angle θ will change accordingly. This allows the phased array antenna to form a narrow

beam and steer it in different directions. The main limitation of phased arrays is that it re-

quires calibration and extensive control over the phase shifters which makes the system very

complex and costly. Moreover, to generate multiple beam simultaneously with independent

data streams, phased arrays require multiple transmitter and receiver chains as shown in

Figure 2.2b. As a result, the required hardware becomes extensively costly and complex,

making it unsuitable to be deployed flexibly on-demand at different locations. To address

these challenges, and design a low-power, low-complexity beamforming system, we develop

passive beamforming solutions using Frequency Scanning Antenna (FSA).

2.2 Passive Beamforming using FSA.

Frequency Scanning Antenna (FSA) is a passive structure which focuses and transmits a

signal toward a direction, where the direction of the signal depends on the signal frequency,

as shown in Figure 2.3a. FSA realizes beamforming and beam steering based on the physical

structure of the antenna, instead of relying on active components like phase shifters, so

it is regarded as a passive beamforming technique. This approach significantly reduces

both the power requirements and the cost of beamforming systems compared to traditional

phased arrays, which rely on expensive and power-intensive phase shifters. Owing to its

passive nature, Frequency-Scanning Antenna (FSA) technology has been employed as a

cost-effective beam scanning solution in various applications such as radar [ZMZ13, SRT19],

and imaging [LLI18, LLL16, ZKQ17].

There are mainly two categories of FSAs: leaky-wave antennas [CHW10, XWZ09, WZC20]

and antenna arrays [VGA13, KZK13]. First, we will explain how FSA achieves passive

beamforming using leaky-wave antennas as an example. For a leaky-wave based FSA, when

a signal is fed to the FSA structure, the signal gradually leaks into space through the ra-
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(a) The input signal leaks into space as it travels through the antenna structure,
forming highly directional beams. The beam angle is dependent on the input
signal frequency.

𝜃
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(b) The input signal experiences a different phase shift at each radiating slot,
which causes the radiated signals to combine constructively in a certain direc-
tion θ.

Figure 2.3: FSA Principle: Leaky-Wave Antenna

diating slots on the top of the structure, as shown in Figure 2.3b. The signal experiences

a different phase shift at each radiating slot, which causes the radiated signals to combine

constructively in a certain direction, forming a beam. The angle of beam radiation depends

on the frequency of the signal. Next we will explain how FSA achieves passive beam steering

based on signal frequency. Signals of different frequencies have different wavelengths, thus

it experiences a different amount of phase shift at each radiating slot, forming beams in dif-

ferent directions. Therefore, this structure is similar to an array of emitting elements, where

the phase shift of the signal at each element is a function of the distance of the element from

the signal feed and frequency of the signal. This natural phase shift enables the structure

to receive or transmit a signal toward a direction, where the beam direction is a function of
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Figure 2.4: FSA Principle: Antenna Array

signal frequency. In particular, the angle of the beam, θ, can be expressed as:

sin(θ) =
β

k0
, (2.1)

where β is a parameter of the design, known as the waveguide number and k0 is the free

space wavenumber [Gua18]. In (2.1) both β and k0 change with frequency but in a FSA

structure, the variation of β is much higher. Therefore, the beam rotates with the change of

the frequency.

The array-based FSA structure consists of an array of antenna elements connected by

a transmission line as shown in Figure 2.4. When a signal is fed into this structure, it

travels along the transmission line. The signal experiences a different amount of phase shift

at each radiating element. This natural phase shift enables the signals at different antenna

elements to combine constructively in a certain direction. The relationship between the signal

wavelength and the radiated beam angle can be expressed using the following equation:

sin(θ) =
∆λ · l
2 · λ0 · d

, (2.2)

where ∆λ is the change in the signal wavelength, λ0 is the signal wavelength which generates

the beam in the broadside direction, d is the spacing between adjacent antenna elements, and
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l is the length of the transmission line between adjacent antenna elements. As the structure

of the FSA is fixed, therefore the transmitting or receiving direction is a function of the

signal’s wavelength or frequency.

In summary, FSA provides a passive way to steer the beams to different directions based

on signal frequency. Instead of relying on active phase shifters like phased arrays, FSA

utilizes the physical structure of the antenna to create natural phase shift, which provides

a low-power, low-complexity solution to beamforming and beam steering. Furthermore,

to generate multiple beams simultaneously, FSA simply requires input signals of different

frequencies, which greatly lowers the complexity of the hardware system compared to phased

arrays.

12



CHAPTER 3

mmXtend: Extending the Coverage of mmWave

Networks via Passive Beamforming

This chapter introduces mmXtend, our on-demand low-power mmWave repeater, which

uses passive beamforming technology to overcome the signal blockage challenge of mmWave

networks.

3.1 Problem Statement and Challenges

In this section, we begin with an overview of the coverage problem of today’s mmWave

networks. Following this, we will outline the key objectives in designing an effective mmWave

repeater system to tackle these issues. Finally, we will analyze the shortcomings of existing

solutions and highlight the unique aspects of our approach that set it apart.

3.1.1 mmWave Coverage Problem

One of the main challenges of mmWave technology is signal blockage. As shown in Figure 3.1,

it is generally hard to guarantee LOS non-blockage communication link directly between the

mmWave access point and the user device. A path with obstacles between the transmitter

and receiver can cause significant attenuation to the mmWave signal. For example, a single

wall located between the user and the outdoor base station results in penetration loss of 20
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Figure 3.1: mmWave networks problem. mmWave signals are directional, and hence
they can be blocked by obstacles.

to 40 dB [Zha13] at 28 GHz 1. Similarly, a person standing between the user and the access

point, attenuates the signal by 10 to 12 dB [ZWL16, ABD17].

To illustrate the effect of blockage on the throughput, we present a link-budget calculation

using a real world example as shown in Figure 3.1a. We consider a typical cellular base

station with an Effective Isotropic Radiated Power (EIRP) of 60 dBm [Qua19], and a typical

mmWave receiver with 10 dB antenna gain, and noise floor of -89 dBm. The communication

frequency is 28 GHz, and the channel bandwidth is 100 MHz. The distance between the

user and the base station is 200 meters, which results in around 107 dB free space path loss.

For our calculation, we only consider the downlink, where the base station is the transmitter

and the user device is the receiver. However, similar link budget calculation can be done

for uplink too. We calculate the received signal power Prx based on eq.(1), where Ptx is the

transmitter EIRP, Arx is the receiver antenna gain, Lpath is the free-space path loss, and Lobs

is the penetration loss of the obstacles.

Prx = Ptx + Arx − Lpath − Lobs (3.1)

1We will use the commercial mmWave frequency band of 26.5 GHz to 29.5 GHz and channel bandwidth
of 100 MHz in our examples, as this is the spectrum band used by a number of carriers
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Figure 3.2: Blockage Impact on SNR and Data Rate of mmWave.

We then calculate the receiver SNR value based on eq.(2), where Pnf is the noise floor value.

SNR = Prx − Pnf (3.2)

Figure 3.2 shows the calculated SNR of the received signal and the data rate of a single

user in three different scenarios. In the case with LOS path between the base station and

the user, the receiver SNR is 52 dB. When there is a crowd of people blocking the path,

the SNR decreases to -6 dB. In the case of a building blocking the signal path, the SNR

drops to -26 dB. To evaluate the effect of blockage on data rate, we ran simulations with

a single base station and a single user using the ns-3 mmWave simulator [Mez18]. We set

up the parameters as mentioned above. The simulation results show that the data rate of

a single user is 408 Mbps when there is no blockage 2. The user data rate drops to 0 Mbps

when a crowd or a building is blocking the signal path. This result shows that blockage of

a mmWave signal has significant impact on the throughput.

To solve the mmWave blockage problem, we propose mmXtend, a low-cost, low-power

repeater system for mmWave communications.

2The channel throughput is computed based on single component carrier, single MIMO layer, time division
multiplexing, and adaptive modulation and coding [Mez18]
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3.1.2 Design Goals of mmXtend

Ideally, an mmWave repeater needs to satisfy multiple requirements to effectively achieve

the goal of making mmWave networks scalable and ubiquitous:

•On-demand and Rapid Deployment: It must work seamlessly with the base stations and

clients without requiring any cooperation or feedback from them. This enables on-demand

and rapid deployment of the repeater, extending reliable mmWave networks to wherever

and whenever needed. For example, during an emergency response, or an event in a part

of a city, we can quickly use this repeater and enable high-data-rate low-latency mmWave

networks to users.

•Low-Cost and Low-Power: Its design and implementation need to be low-power, low-

cost, and lightweight, such that it can be battery (or solar) powered, and be easily deployed

on a pole or a drone whenever and wherever high-data-rate connectivity is needed.

•Multi-user Support: Finally, it needs to provide reliable high-data-rate links to many

users. Otherwise, it cannot be used in emerging applications such as multiuser virtual reality,

smart home, and stadium augmented reality, where ten to thousands of mobile devices need

reliable, high-data-rate, low-latency mmWave connectivity.

If the above requirements are satisfied, we can envision making reliable mmWave networks

scalable and ubiquitous. However, to the best of our knowledge, no current system satisfies

all of these requirements. To address these challenges, we introduce mmXtend, a low-power

low-cost repeater system which can be battery (or solar) powered, and be easily deployed on

a pole or a drone whenever and wherever high-data-rate connectivity is needed. mmXtend

can form beams to multiple users, simultaneously, without requiring phased arrays, or other

complex and power-hungry hardware such as radios, FPGAs, or processors. Moreover, our

solution can work seamlessly with the base station and the client. Therefore, it can effectively

address the coverage limitations of mmWave networks in both outdoor and indoor scenarios

whenever and wherever is needed such as crowded events, disaster recovery, smart factories,

16



and smart homes as shown in Figure 3.3.

3.1.3 Limitations of Current Solutions

In recent years, there has been a growing interest in solving the blockage problem in mmWave

networks [QYZ22, JWG19, SPZ18, CMG23, SZR16]. There are some works on building

mmWave repeaters [mov, FRT22, Met21, ABD17]. However, they either do not support

multiple users or use complex, expensive, and power-hungry phased arrays. They also re-

quire significant feedback and cooperation with the base stations and users, to operate and

keep its beams aligned toward users. Some recent work has proposed smart and intelligent

surfaces [CMG23, PLS20, GPO21, TSK18, Met18]. These surfaces typically consist of a large

array of passive elements which can reflect and refocus mmWave beams in certain directions

passively. Although these systems do not need to use phased arrays, they are either non-

reconfigurable [QYZ22] or require a large number of mmWave diodes (or varactors) and a

processor such as FPGA to control individual elements, which makes the design complex and

expensive. Moreover, they require feedback from the client and base station to operate and

typically do not support multiple users simultaneously. In contrast, mmXtend introduces

a mmWave repeater which supports multiple users, does not require any processor (such

as FPGA), and does not require any feedback from the client or base station to operate.

mmXtend achieves this by designing, building, and integrating a passive 2D beamforming

structure into mmWave repeaters.

Past work has explored passive 1D and 2D beamforming methods in the mmWave fre-

quency. However, they all have certain limitations, and none of them targets repeater sys-

tems. For example, some past work has shown the potential of using Rotman lens for pas-

sive beamforming at mmWave frequencies [EHT21b, EHT20]. However, the only support

1D beamforming. Some other work has also proposed passive designs for 2D beamform-

ing. However, these approaches [CVF17, KHL22, LWL17] are very complex in design since

they are interconnecting multiple layers of substrates in orthogonal planes. In contrast, our
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Figure 3.3: mmXtend applications. Our repeater can be deployed on-demand in out-
door and indoor scenarios, solving the blockage problem of mmWave networks.

design is integrated into a single-layer substrate, which is compact, low cost, and easy to

fabricate. It can be flexibly deployed at various locations on-demand. Finally, the authors

in [WCH18] proposed a 2D beamforming design using FSA and Rotman lens, however it is

designed for near-field scenarios with limited coverage of tens of millimeters and FSA beam

steering range of less than 25 degrees, which makes it impractical to be used for applications

such as cellular communication, where a large number of users need to be covered in a large

area. In contrast, our design can achieve a working distance of hundreds of meters and FSA

beam steering range of more than 50 degrees. Moreover, we also incorporate Multi-User

Multiple Input Multiple Output (MU-MIMO) enabling a repeater system which supports

multiple users and works seamlessly with existing mmWave networks.

3.2 mmXtend Overview

mmXtend is a low-power low-cost repeater system which can be battery (or solar) powered,

and be easily deployed on a pole or a drone whenever and wherever high-data-rate connec-

18



tivity is needed, as shown in Figure 3.3. In a scenario where the line of sight between a base

station and a user is blocked, mmXtend receives the signal from the base station and forms

beams to the user. mmXtend can support multiple users simultaneously, without requiring

phased arrays or other complex and power-hungry circuits. Moreover, our solution works

seamlessly with the base stations and users. Hence, it can effectively address the coverage

limitations of mmWave networks in both indoor and outdoor environments. To develop and

build mmXtend, we need to address multiple challenges. First, we need to design a technique

which forms beams to multiple users simultaneously, without consuming any power. Sec-

ond, we need to extend our beamforming approach to 2D and build a repeater which covers

the whole space. Finally, our design needs to seamlessly support protocols for multi-user

communication, link establishment, and mobility.

To address the first challenge, we develop a Frequency Scanning Antenna (FSA) operating

at mmWave. Our design enables 1D passive beamforming while it can be fabricated using

only printed circuit board (PCB). Such a design enables our repeater to perform Frequency

Division Multiple Access (FDMA) for users in different directions since FSA creates multiple

beams while each radiating only a specific frequency channel. Moreover, since the direction of

the beam is a function of the signal frequency, the base station or client can simply steer the

repeater beams without its cooperation. To address the second challenge, we then design

a mmWave Rotman lens and integrate it to our FSA design on the same PCB. Rotman

lens is a passive structure with multiple ports which enables 1D beamforming where each

beam is fed by a different port. Hence, integration of a FSA and Rotman lens enables our

repeater to perform 2D beamforming, supporting multiple users in each frequency channels.

In particular, by incorporating Multi-User Multiple Input Multiple Output (MU-MIMO) into

our design, our repeater can support multi-user in each frequency channel through Space

Division Multiple Access (SDMA). Finally, we integrate low-power amplifiers to our design,

enabling low-power repeaters which amplifies and refocuses mmWave signals while it can

be deployed seamlessly, without requiring any cooperation or feedback from base station or
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client.

In the next few sections, we will explain in detail the components that contribute to the

design of mmXtend.

3.3 1D Passive Beamforming.

To enable low-power, low-cost beamforming and multi-user access, our novel idea is to de-

velop a repeater system based on Frequency Scanning Antenna (FSA) technique. FSA is a

technique used primarily in radar imaging and weather forecast to perform measurements

[ZKQ17, KZ13]. It is a passive structure which focuses and transmits (or receives) a signal

toward a direction, where the direction of the signal depends on the frequency of its input

signal, as discussed in § 2.2. One can design an FSA on PCB consisting of a substrate with

many radiating elements (slots). When a signal is fed to the input of the FSA structure,

the signal gradually leaks into space through these radiating slots. However, the signal ex-

periences a different phase shift at each radiating slot, which causes the radiated signals

to combine constructively in a certain direction. Since signals of different frequencies have

different wavelengths, they experience different amounts of phase shift at each radiating slot.

Hence, FSA forms a transmitting beam toward a direction which depends on the frequency

of the signal. Note, FSA performs the same for receiving a signal too.

Our idea is that an FSA can provide a passive way to create multiple beams simultane-

ously when the signal contains multiple channels with different center frequencies. Moreover,

we can steer each beam based on the shift in its signal center frequency, without relying on

any phase shifters or active components. Hence, by integrating an FSA on a repeater, the

repeater can create multiple beams toward the users, simultaneously. In particular, when the

base station transmits/receives a signal consisting of multiple frequency channels (centered

at f1 to fn) to/from the repeater, the FSA on the repeater is able to passively split the

different frequency channels into separate high-gain beams to cover different areas on the
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ground. We note that compared to phase arrays, our design has much lower power, lower

complexity, and lower cost for beamforming and creating multiple beams simultaneously

since it is purely based on a passive structure. Moreover, it does not require any processor

or feedback from the base station (or the client) since they can steer the repeater’s beam

themselves by changing the frequency channel. In § 3.6, we will provide more details on how

this design would enable a repeater which can be easily deployed without any need for a

change or feedback to the base station or client.

Traditional mmWave FSA designs have multiple limitations which we need to address

before using them in our repeater design. First, their designs require a large bandwidth

to achieve a wide range of steering angles. Unfortunately, such a large bandwidth is not

available in the commercial mmWave bands such as 5G and 6G. Second, they only support

beam scanning from 0◦ to positive angles. This is due to the fact that the wave traveling

in the structure only provides positive phase shift between consecutive radiating elements.

Therefore, for our repeater, we need to design an FSA which (a) requires smaller bandwidth

for beam steering and (b) covers negative angles.

(a) Requiring smaller bandwidth for beam steering: To achieve a reasonably large range

for beam steering angle while using a small frequency change, we need to create large phase

changes between the FSA radiating slots. To achieve this, our idea is to reduce the speed of

the traveling wave inside the FSA. To control the speed of the wave, we build on a technique

used in meta-materials, known as Spoof Surface Plasmon [KCQ16]. In particular, we place

slots on the back of the FSA antenna. These back plate slots do not radiate the signal,

but they act as a speed bump to reduce the wave velocity in the structure. Reducing the

wave velocity provides a higher phase variation with frequency change, enabling larger beam

steering angle in a smaller bandwidth.

(b) Covering negative angles: To enable beam steering for negative angles, we use mod-

ulated periodic slots on the top plate of our FSA. Specifically, as shown in Figure 3.4, the

sizes of the radiating slots vary along the FSA structure. This periodicity in structure pro-
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Figure 3.4: Our Designed FSA Antenna. The top and bottom layers of the antenna
with modulated and equal length periodic slots, respectively.

vides spatial amplitude modulation (AM) 3 of the wave in the FSA structure, which creates

infinite number of space harmonics [Bri53, Ito04, WZC20]. However, only the first harmonic

radiates. This space harmonic creates negative phases for lower frequencies while positive

phase for higher frequencies. Therefore, at the lower part of the frequency band, the FSA

beam is pointing toward negative angles, while at higher frequencies, the beam is steered

toward positive angles.

The design parameters to control the characteristics of the FSA are H1, H2, H3, P , and

d, as shown in Figure 3.4. As mentioned above, the slots in the back plane of the FSA do

not radiate the signal. Rather, they are used to decrease the wave velocity. The proper

wave velocity is achieved by adjusting the value of H3 and d. For the slots in the top plane,

the lengths of the slots are modulated. The period (P ) and the amplitude of slots (H1, H2)

define the backward and forward scanning range. Finally, the total number of slots and the

length of the structure define the 3 dB beamwidth of the FSA.
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Figure 3.5: Rotman Lens. Rotmann Lens is passive structure which can be fabricated
using just PCB. (a) It creates a specific phase change from each input port to the output
port. (b) When the output ports are connected to individual antennas, it creates beams
toward directions, depending on which input port is used. It can also create multiple beams
simultaneously.

3.4 2D Passive Beamforming

In the previous section, we explained how we develop a passive structure for beamforming.

However, since the proposed structure is a linear array of emitting elements, its beamforming

works only in 1D. To support multiple users in an area, our system needs to generate beams

in 2D. Hence, the next question is how can we achieve passive 2D beamforming?

To address this question, our novel solution is to integrate our FSA design into a Rotman

lens. Rotman lens is a passive structure mostly used in radar systems to detect targets in

different directions [VSS14]. The basic structure of the Rotman lens is shown in Figure 3.5.

It consists of a number of input ports, a lens cavity, and a number of output ports which are

3Note spatial AM is different from temporal AM which is commonly used in wireless communication.
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typically connected to individual antennas.

This structure can create a beam where its direction depends on which input port is used

to feed the signal. The lens cavity, which can be fabricated using only a PCB, is designed

such that it adds specific phase changes to the signal as it propagates from each input port

of the Rotman lens to its output ports. Note, due to the shape of this structure, the amount

of these phase changes depends on which input port is used for feeding the signal. Therefore,

the antennas connected to the output ports of the Rotman lens emit the signal with different

phases, creating a beam toward a direction that depends on which input port is used. Here,

we explained how Rotman lens work for transmitting signals, it also works the same for

receiving.

Note, both FSA and Rotman lens enables beamforming in only 1D. However, FSA steers

the beam with change of frequency, and the Rotman lens steers the beam with change of

input port. Hence, to enable 2D passive beamforming, our idea is to develop a Rotman lens

at mmWave and integrate it with our FSA design on the same PCB substrate, as shown in

Figure 3.6. In particular, our design connects each output port of the Rotman lens to the

input of a separate FSA structure instead of just a typical antenna. Below, we explain how

this structure enables 2D beamforming.

When a signal with a particular frequency is fed into one of the Rotman lens input ports,

all FSAs receive the signal with different phase shifts created by Rotman lens cavity. Since

the signal frequency is the same for all FSAs, they all create beams toward the same direction

in 1D. However, since their signals have different phases caused by Rotman lens, their 1D

beams are combined and create a 2D beam toward a specific direction. This novel structure

enables passive beamforming in 2D. In other words, by changing the frequency of the signal,

we can steer the beam in one dimension, and by changing the input port which we feed the

signal into Rotman lens, we can steer the beam in the other dimension. Thus, we can create

multiple beams simultaneously in 2D by feeding signals of different frequencies to different

ports.
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Figure 3.6: Our 2D Passive beam forming and steering. It can be fabricated on a
thin PCB substrate (without any ICs) to passively form and steer narrow high-gain beams
toward a direction that depends on which port and frequency is used. It can also create
many beams simultaneously.

3.5 Supporting Multi-User

So far, we have explained how to design a passive structure which can create beams in 2D

without consuming power or using any circuit components. Here, we explain how we use

this structure to build a repeater which supports multiple users.

To build a repeater, we connect each input port of our passive structure shown in Fig-

ure 3.6 to a horn antenna. Such a design enables a repeater which can receive/transmit the

signal from/to a base station using horn antennas and transmit/receive it to/from the clients

using beams created by our passive structure. We are able to use horn antennas for backhaul

(i.e. the link between the repeater and base station) since base stations and repeaters are

typically fixed. Hence, they only need to perform the beam alignment process once, during

the manual installation of the repeater.

To support multi-user communication, mmXtend divides users into different frequency

channels in one dimension using FSA beams. Hence, they can communicate simultaneously

using Frequency Division Multiple Access (FDMA). To support multiple users in the other

dimension, mmXtend divides users into different beams created by Rotman lens and use

Multi-User Multiple Input Multiple Output (MU-MIMO), which is already provided in most
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Figure 3.7: MU-MIMO Examples. A typical 2×2 MU-MIMO system (a) without, and
(b) with mmXtend’s repeater.

mmWave base stations (such as 5G). Below, we will first explain the basics of MU-MIMO,

then we will explain how our design seamlessly operates in MU-MIMO scenarios.

3.5.1 MU-MIMO Integration

MU-MIMO enables a base station to simultaneously communicate to multiple users over the

same frequency channel. In a typical MU-MIMO system (when there is no repeater), the

vector of received signals by users, y, can be written as follow: y = HWx, where H is the

matrix of channels between the base station and users, W is the precoding matrix, and x is

the vector of the data sent by the base station. Figure 3.7a shows an example of a typical 2×2

MU-MIMO. In these systems, the channel matrix H is measured in the channel estimation

stage, and then the precoding matrix W is set to the inverse of the channel matrix. Hence,
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by transmitting Wx instead of x, the base station can simultaneously transmit multiple data

streams while each user receives only its own data stream.

When we use our repeater in a typical MU-MIMO system as shown in Figure 3.7b, the

only difference would be the channel matrix. The signals transmitted by the base station

antennas will be first received by the backhaul antennas, and then they will be forwarded to

users through separate beams created by the passive structure. Hence, the channel matrix

will be H = GK, where K is the matrix of channels between the base station and the

repeater’s backhaul antennas, and G is the matrix of channels between the repeater and the

user devices. Note, G is a diagonal matrix since the signal received at each backhaul antenna

of the repeater creates a separate beam towards each user as shown in Figure 3.7b.

To enable MU-MIMO, the base station needs to set the precoding matrix W to the

inverse of GK. Note that as our repeater is transparent to the base station and performs no

processing on the signals, during the MU-MIMO channel estimation stage, the base station

and users will measure GK as the channel matrix between the base station and users, and

use it to compute the precoding matrix. The signals received by the backhaul antennas

of the repeater can be presented as z = KWx, where W = (GK)−1. Therefore, we can

show that z = G−1x. Note since G is a diagonal matrix, its inverse is also diagonal. This

enables MU-MIMO from the base station to the repeater’s backhaul antennas. Recall that

the signal received at each repeater’s backhaul antenna is directed toward a user via a beam

using our repeater. Hence, the base station has supported MU-MIMO to the users without

any additional complexity on the repeater. Finally it is worth mentioning that here we

focused on the downlink, however, the uplink works in a similar way.

3.6 Network Details

In the previous sections we presented the key components of mmXtend and explained how

they are put together to enable a low-cost, low-power, on-demand repeater for mmWave
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networks. In this section we explain the networking details in using mmXtend in practice.

3.6.1 End-to-end Link Establishment

First, we explain how mmXtend establishes an end-to-end communication link between the

base station (BS) and the user. In a typical mmWave network, the BS and the user need to

perform beam searching to find the best direction for their beams to enable a communication

path between the BS and the user [3GP17a, Sha22]. This path is typically the direct line-of-

sight (LOS) path between them. Below we first explain how this process is done in today’s

5G networks as an example, and then describe how mmXtend’s repeater can seamlessly be

integrated without interfering with the standard process. Although we use 5G network as

an example, but this can be extended to any mmWave network such as 6G and beyond..

In the standard 5G mmWave beam alignment process, the BS sends groups of synchro-

nization signals [3GP17b, 3GP21b] periodically in multiple spatial directions and different

frequency channels, to detect users in different areas. On the user side, the user initiates

a beam sweeping process using a wide beam and scans for available frequencies. It then

reports to the BS which one of the BS’s beams (i.e. frequency and direction) resulted in the

highest received power [5GW20, Twe22]. Based on the feedback from the user, the BS then

aligns its beam direction to the user. Then the user begins beam sweeping using a narrow

beam and aligns its beam toward the BS using received signal power measurements.

When a mmXtend’s repeater is installed and the LOS path is blocked, the BS and the user

still tries to find the best communication path using the same standard process. Figure 3.8

shows the steps in end-to-end beam alignment when a repeater is deployed. In the first

step, the repeater needs to have its backhaul beam aligned toward the BS. As mentioned

before, the repeater is using fixed beam antennas (e.g. horn antenna) for its backhaul beams.

Hence, during installation, the beams of the antennas can be manually adjusted toward the

BS. Note, this is a one time process since the BS and repeater location is fixed in most

scenarios. In the second step, the BS sweeps its beams and sends synchronization signals
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Figure 3.8: mmXtend Beam Alignment

in multiple directions and frequency channels 4 (f1 − fn). This process is the same as the

standard beam alignment process. However, when the beam of a particular frequency channel

is steered in the direction of the repeater, its signal will be forwarded by the repeater to a

specific direction based on its frequency. On the other side, the user also performs standard

beam sweeping to find the direction and operating frequencies of the nearby base stations.

The user provides feedback to the BS in the frequencies with the highest signal strength.

This feedback will be transmitted back to the BS which allows it to determine which beam

direction and which frequency provides the best performance for that user. This will be the

direction which aligns the beam of the BS to the repeater, and the frequency which aligns the

FSA beam to the user. This process will be repeated for each user. Note that in 5G mmWave

bands, the same frequency channel is utilized for both uplink and downlink communication

between a user and the BS through Time Division Duplexing (TDD) [3GP23], so a user does

not need to switch beams (frequencies) when transitioning between uplink and downlink

communication. Finally, in the third step, the user performs the standard beam alignment

4Cellular base stations and user devices typically support multiple frequency bands and channels [Nok23,
App23]. In the commercial mmWave bands, the available bandwidth is between 1 to 4 GHz [3GP23], which is
a large enough bandwidth for the FSA to operate. For example, the n257 band consists of 3 GHz bandwidth,
which can be split into thirty 100MHz channels.
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process to find the best direction for its beam. This results in the alignment of the user’s

beam toward the repeater. After the beams are aligned, the user and the BS exchanges

additional information to initiate downlink and uplink communication.

It worth mentioning that this entire process and all steps is done without the BS or

user knowing there is a repeater. The repeater relays the signal between the BS and the

user while the BS and user perform their standard beam search process. Hence, mmXtend

repeater can be seamlessly deployed wherever and whenever needed without requiring any

cooperation or feedback from the BS or user.

3.6.2 Channel Resource Allocation

Next, we explain how mmXtend can provide opportunities for more flexible channel resource

allocations to the users. In today’s mmWave network, when we have a dense number of users

in the same area, their network performance drops due to the sharing of the same frequency

channel resource. In the design of mmXtend, we address this problem by providing partially

overlapping channels of different frequencies to cover each area. As we mentioned earlier,

our FSA shifts its beam continuously with respect to frequency. The scan ratio of our FSA

design is 0.0167 degrees/MHz, meaning that for a channel bandwidth of 100 MHz and 400

MHz, the angle of the beam will shift by 1.67 degrees and 6.67 degrees, respectively. On

top of this, we designed our FSA to achieve a 3 dB beamwidth of around 10 degrees for a

single frequency. This means that the beamwidth of a single frequency is much larger than

the amount of angle shift caused by the bandwidth of a frequency channel. Therefore, our

design guarantees not only good coverage for each FSA beam, but also that each user will

be covered by the FSA beams from a few different frequency channels.

This overlapping FSA beams provides an opportunity to enable more flexible channel

resource allocation schemes for the users. In particular, the BS can allocate resource blocks

based on the quality of each channel relative to the user location, as well as the occupancy

of each channel. This enables more efficient bandwidth utilization of each channel when
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there are many users located in the same area, and ensures higher data rate for each user.

When there are less number of users in each area, the overlapping channels also provides the

opportunity to improve performance through carrier aggregation which is an existing feature

in cellular networks [3GP21a].

Finally, in the case of user mobility, a user may move from one FSA beam to another

beam. As the direction of the FSA beam is determined by the channel frequency, the

operating channel of the user needs to be updated. Note that the BS is able to determine

the best frequency channel to allocate to the user based on the continuous exchange of

reference signals between the BS and the user, which are transmitted within the frequency

of each channel on a periodic basis. Channel overlap in mmXtend, also enables a smoother

hand-off process when the user moves between different channels, as the user can remain

connected to a channel while initiate the hand-off procedure with adjacent channels at the

same time. In particular, the BS dynamically adjusts the channel resources allocated to a

user when it moves across different FSA beams. With the graceful hand-off process, the BS

could schedule resources in advance in adjacent channels.

3.7 Link Budget Analysis

In this section, we provide a link budget analysis for mmXtend. We only consider the

downlink, where the base station is the transmitter and the user device is receiver. However,

similar link budget calculation can be done for uplink too.

We calculate the received signal power Prx of the user device based on the following

equation:

Prx = Ptx + Arx + Arepeater − Lpath1 − Lpath2 (3.3)

where Ptx is the transmitter’s Effective Isotropic Radiated Power (EIRP), Arx is the receiver

antenna gain, Arepeater is the total gain of the repeater, Lpath1 is the free-space path loss from

the base station to the repeater, and Lpath2 is the free-space path loss from the repeater to

31



0 10 20 30 40 50
Distance Between User and Repeater (m)

0

10

20

30

40

S
N

R
 (

dB
)

N = 16
N = 8
N = 4

(a)

0 10 20 30 40 50
Distance Between User and Repeater (m)

0

10

20

30

40

S
N

R
 (

dB
)

G = 30 dB
G = 20 dB
G = 10 dB

(b)

Figure 3.9: Link Budget Analysis. SNR versus user to repeater distance when the
repeater is 200 m away from the base station for (a) different number of FSA elements N ,
while the gain of the LNA is 20 dB, and (b) different LNA gains G, while the number of
FSA elements is eight.

the user device.

For our analysis, we calculate the SNR of the signal at the user device based on the fol-

lowing setup. We consider a typical celluar base station with an Effective Isotropic Radiated

Power (EIRP) of 55 dBm [Qua19], and a typical mmWave receiver with 20 dB antenna gain

and noise floor of -88 dBm. We calculate the receiver SNR value based on the following
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equation:

SNR = Prx − Pnf (3.4)

where Prx is the received signal power and Pnf is the noise floor value. We assume the

repeater’s backhaul antenna and each FSA has 20 dB and 10 dB gain, respectively, based

on our measurement and simulation results presented in § 3.9.1. We consider the repeater’s

LNA gain and the number of FSAs as variables in our analysis. Finally, we assume that the

distance of the mmXtend repeater is 200 meters from the base station, which is a reasonable

distance to reach an outdoor base station to overcome signal blockage.

Figure 3.9a shows the SNR of the user versus distance of the user from the repeater. We

plot the SNR for different number of FSA elements on the repeater where LNA gain is set

to 20 dB. As the number of FSA elements increases, mmXtend enables higher SNR and/or

longer communication range. However, as the number of FSA elements grows, the design

becomes more complex. Hence, we fabricate a mmXtend repeater with eight FSA elements

which is still easy to fabricate in a compact size while it provides SNR of 14 dB even when

the user is 42 meters away from the repeater. Note, this SNR is sufficient to enable more

than 240 Mbps data rate for a 100 MHz channel at 28 GHz.

Figure 3.9b shows the SNR of the user versus distance of the user from the repeater. We

plot the SNR for different LNA gain where we use eight FSA elements on the repeater. As the

gain of the LNA increases, the communication range of mmXtend increases too. However,

using higher LNA gains increases the power consumption of the repeater. Moreover, we

cannot use very high-gain since at some point the gain becomes larger than the leakage

between the repeater’s backhaul and fronthaul beams, causing the self-interference problem.

Hence, we fabricate a mmXtend’s repeater using 20 dB LNAs. This enables mmXtend to

achieve good communication range (i.e. SNR of 14 dB even at 42 meters) without having

self-interference problem or consuming significant amount of power.
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Figure 3.10: mmXtend Implementation Our fabricated prototype on a thin and com-
pact PCB substrate.

3.8 Implementation

To evaluate the performance of the mmXtend system, we have built a prototype of mmXtend.

We have designed and implemented our prototype using high-frequency structure simulator

(HFSS) software. Based on our link budget calculation in § 3.7, we have designed a Rotman

lens with eight outputs that connects to eight FSA elements. We integrated Rotman lens

and FSAs on the same board andfabricated it in Rogers Duroid 5880 PCB substrate, as

shown in Figure 3.10. Our prototype is only 22 cm by 10 cm and has a thickness of 0.5 mm.

Our complete design operates in the 28 GHz mmWave band, and supports more than 3 GHz

of bandwidth.

For backhaul antennas, we used Mi-Wave horn antennas (261-34-20-595), and connected

them to the input port of our fabricated design. The combination of the horn antennas and

FSA beams provides significant gain for our repeater. However, to provide further gain,

we also placed a Low Noise Amplifier (LNA) between each horn antenna and our passive

structure input ports. For LNAs, we have used HMC263LP4E from Analog Devices where

each provides 20 dB LNA gain and consumes 174 mW of power. The LNAs are integrated on

the same PCB board, as shown in Figure 3.10. Note, these six LNAs are the only components

in our design which consumes power and the rest are passive.
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Figure 3.11: FSA Beam Steering Performance. (a) Radiation pattern of the FSA for
different signal frequencies. (b) The direction of FSA beam and its corresponding frequency.

3.9 Evaluation

In this section, we present the performance of mmXtend under various conditions and sce-

narios. First, we investigate the radiation properties and scanning capability of mmXtend

under microbenchmark testbeds. Then we explore the performance of mmXtend in extend-

ing mmWave coverage when the LOS between the base station and the user is blocked. We

define different test scenarios and study the performance of the system (such as achievable

35



-40 -20 0 20 40
Angle (Degree)

-2

0

2

4

A
nt

en
na

 G
ai

n 
(d

B
)

Figure 3.12: Rotman Lens Beam Steering Performance. Radiation pattern of our
Rotman lens for different input ports.

SNR and data rate) in each case. We perform our experiments in both indoor and outdoor

scenarios. We have used Keysight 5G R&D test bed [Key23] as our base station (BS) and

user device to evaluate the performance of mmXtend. Our base station is equipped with a

20 dB gain antenna and uses transmission power of 35 dBm for both indoor and outdoor

scenarios, which complies with FCC 28 GHz band regulation [FCC23c]. Our user device is

equipped with a 20 dB gain antenna.

3.9.1 Micro Benchmark

As discussed in §3.4, mmXtend forms and steers beams in 2D. In particular, mmXtend can

steer its beam in one dimension by changing the signal frequency and in another dimension

by using Rotman lens. Here, we evaluate mmXtend’s capability to do so.

(a) FSA Beam Steering: mmXtend designs FSAs to create and steer beams in the

elevation plane. In particular, FSA steers its beam when the frequency of the signal changes.

Here, we evaluate the performance our designed FSA to do this. Figure 3.11a shows the

radiation pattern of our FSA as the signal frequency changes. For simplicity, the figure

shows the radiation pattern for seven different frequencies. However, it is worth mentioning
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that the FSA beam steering is continuous. The figure shows that our FSA design generates

narrow beams with more than 8 dB gain. Moreover, the beam is steered as the frequency

of the signal is changing. These results show that mmXtend can successfully form and steer

multiple beams to multiple users by just using different signal frequencies. Figure 3.11b

shows the relation between the direction of the beam and the frequency of the signal. This

result implies that our design can steer its beams by more than 50 degrees by changing the

frequency of the signal over the commercial mmWave band. Note repeaters are typically

installed on a wall or ceiling and hence 50 degrees is enough to cover a large area. The figure

also compares these results with the HFSS simulation results, implying that our fabricated

prototype performance closely follows the expected results.

(b) Rotman Lens Beam Steering: mmXtend designs a Rotman lens to steer its

beam in the Aimuth plane. Here we evaluate the performance of our designed Rotman lens

in creating and steering the beams. In particular, the Rotman lens steers its beam when

different input ports are used for transmitting or receiving a signal. The radiation pattern

of our designed Rotman lens is shown in Figure 3.12, where the vertical axis is the antenna

gain in dB and the horizontal axis is the angle. The figure shows the radiation pattern for

the six input ports of the Rotman lens. This result shows that our Rotman lens design is

able to form narrow beams (with 1.5 to 2 dB gain) in different directions while a different

port is used. This rotman lens can also create these beams simultaneously, spanning more

than 65 degrees which in enough to cover a large area.

3.9.2 Angle Performance

So far we have evaluated the performance of individual components of mmXtend (i.e. our

FSA and Rotman lens). Here, we evaluate the performance of the complete mmXtend in

beamforming and repeating the signal toward a user, placed in different angles with respect

to the repeater. We conducted this experiment in an indoor environment. We place the base

station and repeater at fixed locations. We then place the user 3.5 meters away from the
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repeater and change its angle with respect to the user while measuring the SNR at the user.

In particular, we are interested to see whether the repeater can steer its beam successfully

toward the user (i.e. enabling reliable link without experiencing significant SNR drop) when

the user is located at different azimuth and elevation angles. To examine only the effect of

angle changes, we make sure that the distance of the user to the repeater is kept constant,

and monitor the change in the SNR as we change azimuth and elevation angles of the user

respect to the repeater.

Figure 3.13a and 3.13b show the change in the SNR (with respect to the SNR at zero

degree) for different azimuth and elevation angles of the user, respectively. The figures show

that the repeater can steer its beam toward the user without significant SNR loss within the

azimuth angle of -30 to 30 degrees and elevation angle of -40 to 40 degrees. Specifically, the

worst SNR drop is 2 dB in elevation and 1 dB in azimuth plane. As we will show in the

next evaluation, in most scenarios, mmXtend enables SNR of more than 20 dB, and hence a

few dB drop in SNR will not have an impact on the achievable maximum data rate. Finally,

considering that the repeaters are typically installed at a height (such as a pole, top of a

building, or on a wall), the achieved angular range will be sufficient to cover a large area.

3.9.3 Range Performance

We evaluate the performance of mmXtend in solving the blockage problem and supporting

reliable high SNR links in both indoor and outdoor scenario. We install our repeater at a

fixed distance with respect to our base station, and measure the SNR of the signal received

at the user placed at different distances with respect to the repeater. We make sure that the

line-of-sight (LOS) path is always blocked, and the base station and the user communicate

through our repeater.

a) Indoor Scenario mmXtend promises to enable reliable mmWave connectivity in indoor

environments with blockages. Here, we verify if it delivers on this promise. We place a base

station and a user device in our building where their LOS path is blocked by a concrete wall.
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Figure 3.13: mmXtend Angle Performance. SNR change with respect to the SNR at
zero degree.

We then place mmXtend in a position which has LOS to both the base station and user. The

distance between the base station and repeater is eight meters while we change the distance

between the user and repeater from 2 to 45 meters. For each distance, the base station is

transmitting, and we measure the SNR at the user side. Note, since the LOS is blocked, the

communication link is established through our repeater. Figure 3.14a shows the result of

this experiment. The repeater has successfully enabled high SNR at the user. In particular,

even when the user is 45 meters away from the repeater, the user still achieves more than

40 dB SNR. Note, SNR of more than 20 dB is sufficient to enable the maximum data rate
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in mmWave networks. These results imply that mmXtend enables reliable high-data-rate

wireless connectivity in indoor environment despite having blockage.

b) Outdoor Scenario. Next, we perform the same experiment as the previous one except in

outdoor scenario. In this experiment, the base station and repeater are 170 meters apart 5.

We then place the user at different distances with respect to the repeater while its LOS

path to the base station is always blocked. Figure 3.14b shows the achievable SNR of

the user when we change the distance between the user and the repeater from 3 to 30

meters. The user has achieved the SNR of more than 20 dB in all locations. Such SNR

is sufficient to enable the maximum data rate in this frequency band. These results imply

that mmXtend provides reliable high-data-rate wireless connectivity in outdoor environment,

enabling emerging applications such as augmented sport and concert events, and autonomous

robots to improve disaster recovery.

3.9.4 Data Rate Performance

So far we have evaluated the SNR performance of mmXtend at different angles and distances.

Here, we evaluate its performance in terms of user’s data rate where multiple users seek

communication with the base station via the repeater.

For this purpose, we use the following setup to conduct our evaluation. As shown in

Figure 3.15, the repeater is placed on a pole at 14 meters above ground. The repeater

establishes a backhaul link with a BS at 170 meters away while it relays the signal to

cover a 2D plane on the ground noted by the x and y axis. Along the x axis, the plane is

divided into 30 frequency channels, where each channel is covered by a single FSA beam (fi).

The bandwidth of each channel is 100 MHz. Along the y axis, the plane is divided into 6

sections, where each section is covered by a single Rotman lens beam (lj). In total, it creates

30 × 6 = 180 cells. Users in different frequency cells (e.g. f1 and f2), communicate with

5The distance is limited by the space we had available for our tests.
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Figure 3.14: mmXtend Range Performance. (a) is an indoor scenario where the base
station and the repeater are eight meters apart. (b) is an outdoor scenario where the base
station and the repeater are 170 meters apart.

the BS using different channels. For users located in the same frequency cell but different

Rotman lens cells (e.g. (f1, l1) and (f1, l2)), they communicate with the BS through MU-

MIMO in the same channel. If the users are in the same frequency cell and Rotman lens cell,

the channel resource is shared through time-division multiple access. Finally, the coverage

of mmXtend repeater along the x axis is 60 degrees and along the y axis is 72 degrees using

FSA and Rotman lens, respectively.

To evaluate the performance of mmXtend in a network of users, we randomly distribute
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Figure 3.15: mmXtend Evaluation Setup. In the x axis, the area is divided into 30
channels covered by FSA beams, noted by f1 to f30. In the y axis, the area is divided into
6 sections covered by Rotman lens beams, noted by l1 to l6.

different number of users in the 2D plane covered by mmXtend and evaluate the average data

rate of each user. To do so, since we do not have hundreds of user devices, we empirically

measure the SNRs at different angles and distances (i.e. different cells) and use it to compute

the data rate of each user in post-processing using the mmWave NS3 simulator 6 [Mez18].

Figure 3.16a shows the average user data rate with respect to the different number of users

covered by the repeater. For each number of users, we ran our experiment 50 times with

random distributions of users to calculate the average user data rate. The figure shows that

when we have less than 100 users, the average data rate per user is as high as 300 to 400

Mbps. When the user number increases to 1000, we can still achieve an average user data

rate of more than 70 Mbps. which is more than enough for streaming Ultra High Quality

4K videos. Figure 3.16b shows the aggregated data rate of all the users with respect to

the different number of users. This figure shows that as the number of users increases, the

aggregate data rate can reach more than 73 Gbps. These results shows mmXtend’s capability

6The BS communicates in the mmWave commercial frequency band of 26.5 to 29.5 GHz, the max downlink
data rate per layer in a 100 MHz channel is 408 Mbps based on 3GPP standard [3GP22]. For our evaluation,
we assume the BS can provide the max data rate for all 30 channels in this spectrum at the same time.
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Figure 3.16

to provide high data rate links to a large number of users in a wide area when the LOS path

between the user and the BS is blocked.

3.9.5 Power, Weight and Cost Analysis

The total power consumption of mmXtend is only 1.05 W which can be power up by a small

solar panel (9 × 11 cm) [Sys23] or a drone’s battery without impacting on its flying time.

Even small drones typically have batteries with 20-100 Wh capacity [DJI23] which are not

impacted by the low power consumption of mmXtend. Note, the total power consumption of
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mmXtend can be even further reduced to 300 mW by using recent released LNAs instead of

the ones used in our prototype [Dev22]. mmXtend design includes a custom designed PCB,

LNAs and horn antennas. Our mmXtend implementation (including 6 LNAs) as shown in

figure 3.10, costs only $980 7. Note, this is the cost to fabricate one prototype device and

hence it will be much lower in mass production. Finally, it is worth mentioning that horn

antenna and our 2D passive repeater structure (including 6 LNAs) weigh only 48.19 g and

70.02 g, respectively. Hence, our design is very light and can seamlessly be deployed on a

pole or drone [li2].

3.10 Conclusion and Discussion

In this chapter we presented mmXtend, an on-demand repeater which solves the blockage

problem of mmWave networks in outdoor and indoor scenarios. mmXtend is low cost, low

power, and can be seamlessly deployed whenever and wherever is needed. We achieved

this by introducing a novel design which enables the repeater to passively create and steer

beams to multiple users simultaneously. Finally, we implemented mmXtend and empirically

evaluated its performance. Our results show that mmXtend enables reliable high-data-rate

connectivity to hundreds of users even when they are hundreds of meters away from the base

station and their line-of-sight path to it is blocked. There are also some parts of this work

which could be further extended. The current implementation of mmXtend focuses on the

downlink communication from the base station to the user. This limitation stems from the

uni-directional LNAs used in our design. To extend mmXtend for bi-directional communi-

cation, one could explore different alternatives such as using bi-directional LNAs or deploy

two separate uni-directional repeaters dedicated to downlink and uplink communications

respectively.

7For comparison, the cost of the radio equipment for a commercial mmWave 5G base station typically
exceeds $35,000. [Exp21]
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CHAPTER 4

Wi-Pro: Enhancing WiFi Performance via Passive

Beamforming

This chapter introduces Wi-Pro, a plug-and-play module, which uses passive beamforming

technology to enhance the performance of future WiFi networks.

4.1 Problem Statement and Challenges

In this section, we first provide an overview of the challenges of modern WiFi networks.

Next, we present the key design goals and contributions of our solution: Wi-Pro. We then

illustrate the limitations of existing work and emphasize the distinct features of Wi-Pro that

distinguish it from others.

As new applications emerge and user demands evolve, WiFi network is facing a series

of new challenges. On one hand, Internet of Things (IoT) will connect more and more

devices through WiFi, which leads to a busier wireless spectrum and higher latency. On the

other hand, emerging real-time applications, such as video conferencing, multiplayer gaming

and augment/virtual reality (AR/VR) require higher-datarate, lower-latency wireless links.

Given the limited bandwidth of WiFi and the constraint on transmission power, there need

to be new solutions to increase the performance of WiFi networks. Furthermore, in many

scenarios such as smart factory and smart home, it is important to measure the Angle-of-

Arrival (AoA) of WiFi signals to enable applications such as device localization. However,

today’s AoA measurement requires the use of multiple antennas and transceiver chains which
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Figure 4.1: OFDM vs OFDMA Technology

is not available for the majority of WiFi devices.

To deal with these challenges, WiFi manufacturers have adopted numerous techniques

and advancements along with the evolution of WiFi standards over the past two decades.

These advancements include but not limited to: expanding the channel bandwidth, adding

more antennas, and implementing advanced multiplexing and multiple-access techniques.

While most of these advancements are around WiFi algorithms, protocols and circuit, the

design of WiFi antenna itself has remained relatively static over the years. In particular,

most WiFi devices have been using typical omni-directional antennas (such as monopole or

diplole antennas). Unfortunately, these antennas do not benefit from the advancement of

WiFi protocols or vice versa. In the following part of this section, we will explain how the

antenna design hinders the performance and capabilities of modern WiFi devices.

4.1.1 Limitations of OFDMA in WiFi6

To meet the demand of high-throughput, low-latency communication, WiFi6 (802.11ax)

introduced Orthogonal Frequency-Division Multiple Access (OFDMA). OFDMA enables a

WiFi AP to simultaneously communicate with multiple user devices by partitioning the WiFi
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(a) Traditional WiFi Antenna (b) Wi-Pro’s Antenna

Figure 4.2: Wi-Pro Overview. (a) Today’s WiFi devices uses omni-directional antennas
and hence the power allocated to each frequency (such as an RU in OFDMA) goes to all
directions, wasting most power. (b) By replacing the traditional WiFi antenna with Wi-Pro’s
antenna, the power allocated to each frequency only goes to the targeted direction and user.
This enhanced datarate and communication range of WiFi Networks and enable seamless
Angle-of-Arrival estimation.

channel into multiple small trunks known as Resource Units (RUs), and allocating different

RUs to different users. Figure 4.1 illustrates the concept of OFDMA in comparison with

Orthogonal Frequency Division Multiplexing (OFDM), which is the key modulation technol-

ogy in the past few generations of WiFi. OFDM divides the WiFi channel bandwidth into

multiple subcarriers and modulates data symbols on the subcarriers. It has the advantages

of high spectral efficiency and robustness to channel impairments. However, OFDM is not

designed for optimal resource allocation for multiple users. As illustrated in figure 4.1, each

OFDM packet only carries data for a single user, which causes insufficient spectrum usage

and extra packet overhead. OFDMA solves this problem by allowing multiple users’ data to

be encapsulated in a single packet occupying different subsets of subcarriers. In this way,

the spectral resources can be allocated dynamically according to the specific needs of user

devices. OFDMA significantly reduces the latency in a dense deployment environment [qua]

such as IoT networks where a large number of devices are distributed in different areas.

Despite the aforementioned benefits, the efficiency of OFDMA is notably constrained by
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the design of modern-day WiFi antennas. As shown in Figure 4.2a, today’s WiFi routers use

omni-directional antennas, which means the power is uniformly distributed in all directions

and across all frequencies. As a result, signals are transmitted to areas without users, and

each user receives the same power level across all RUs, despite their data being modulated

only in their assigned RU, which covers just a portion of the channel bandwidth. This leads

to inefficient power distribution both in the spatial and spectrum domain, consequently

diminishing the achievable communication range and data rates for individual users in an

OFDMA network. These limitations highlight the need for innovative WiFi antenna designs

that can enhance upper-layer protocols and vice versa.

4.1.2 Limitations of WiFi AoA Measurement

Beyond high-data-rate, low-latency communication, future WiFi networks are expected to

support sensing services as well. In particular, device localization is one of the long-awaited

services that has gained escalating attention in the past few years. The key challenge of

device localization is AoA measurement. Over the past decade, there has been a significant

amount of work on WiFi AoA measurement. Despite impressive improvements in accuracy

and robustness of AoA measurement systems, unfortunately, all existing approaches have

a major limitation: they cannot be integrated into low-cost low-power WiFi devices which

only have a single transceiver chain. In particular, to perform AoA measurement, existing

systems use multiple antennas and measure the phase differences of the received signal at the

antennas to compute the AoA. In fact, this is exactly why today’s single-device localization

systems require multiple transceiver chains. Unfortunately, most low-cost WiFi chipsets (in

particular the ones used in IoT devices) have only a single transceiver chain due to cost and

power consumption constraints.
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4.1.3 Design Goals of Wi-Pro

The design goal of Wi-Pro is to solve these challenges of modern WiFi networks by renovating

the WiFi antenna design to benefit the upper-layer protocols and functionalities. Wi-Pro is a

new system which enhances the communication and sensing capabilities of WiFi. The core of

Wi-Pro is our new type of WiFi antenna which integrates seamlessly with WiFi protocols and

make them much more efficient. Our design is a plug-and-play design, meaning that it can

be easily connected to WiFi devices instead of their current antenna without requiring any

changes to the WiFi hardware or firmware. Wi-Pro leverages Frequency Scanning Antenna

(FSA) technology, a passive system that emits or receives signals in directional beams, with

the beam direction varying according to the signal frequency. We have developed an FSA

structure specifically for WiFi devices, demonstrating that its integration with advanced

WiFi protocols make them much more efficient and capable. To demonstrate these benefits,

we first show how the integration of Wi-Pro to WiFi devices makes a much more efficient

Orthogonal Frequency-Division Multiple Access (OFDMA) in the MAC layer protocol of

WiFi6. As another example, we also show how our design can enable AoA measurement to

any WiFi devices, even those with a single transceiver chain.

Wi-Pro make the following contributions:

• Wi-Pro is a new plug-and-play antenna for WiFi devices based on FSA technology and

it can be seamlessly integrated with the existing WiFi protocols.

• Wi-Pro offers dual advantages in enhancing the performance of modern WiFi protocols.

First, it refines power allocation based on the spectral usage of users in each direction,

which increases the data rate and communication distance of individual users. Second,

it enables the the AoA measurement on any WiFi device, including low-cost, low-

power units with a single transceiver chain, all without requiring firmware or chipset

modifications.

• The prototype implementation of Wi-Pro demonstrates 10 to 120% data rate improve-
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ment and more than three times range improvement for WiFi communication. Our

prototype can also achieve AoA measurement with an average precision of 1.37 degrees.

4.1.4 Limitations of Current Solutions

Frequency Scanning Antenna (FSA) Wi-Pro’s antenna design build on past work of

Frequency Scanning Antenna (FSA). These antennas provide a directional radiation pattern

that can be controlled by altering the frequency of the signal [JCI12]. Unlike past work

which uses them for AoA measurement at Terahertz (THz) and mmWave bands [SVL21,

GYS20, li2], our design is uniquely tailored for the WiFi band, which operates within a

limited bandwidth and presents its own unique set of challenges. There are some past work

on FSA operating at sub-6GHz bands [GPL21, PGP17, PGC20, GLP23]. However, none

of them explored the integration of FSA with WiFi protocol to enhance communication

efficiency and AoA measurement capabilities. In summary, Wi-Pro introduces an innovative

WiFi antenna based on FSA technology, and combines it with the latest WiFi medium access

protocol to provide improvement in both communication and AoA measurement, which has

not been demonstrated in past work.

WiFi AoA Measurement Most work in AoA measurement utilizes the phase shift of

the signal received across an antenna array to calculate the Angle-of-Arrival (AoA)[XJ13,

KJB15, GHY21]. These work requires multiple antennas and multiple transceiver chains,

which is not available for the majority of WiFi devices today, especially low-power IoT de-

vices. In contrast, Wi-Pro uses FSA for AoA measurement which only requires analyzing the

signal from a single antenna port, using a single transceiver chain. Some previous work have

used a single-antenna wireless receiver to calculate the AoA based on the concept of Syn-

thetic Aperture Radar (SAR) [KGK14, RKK12]. These works move the receiver antenna to

different spatial locations to mimic a multi-antenna array. However, such methods not only

necessitate relocating the measuring device but also depend on accurate information about

the device’s relative position to a fixed point. In contrast, Wi-Pro can perform AoA measure-
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ment with a single FSA, without having to move the measurement device. Furthermore, the

prior methods of AoA measurement require sophisticated algorithms, firmware or hardware

modification and introduces extra traffic overhead. In contrast, Wi-Pro’s AoA measurement

is a simple plug-and-play solution that can be integrated with the communication system

seamlessly.

4.2 Wi-Pro Overview

In this section we provide an overview of Wi-Pro, summarizing its key design ideas.

Wi-Pro is a new system that improves the communication performance and AoA mea-

surement capabilities of WiFi. The core of Wi-Pro is our newly designed plug-and-play WiFi

antenna module based on FSA. Unlike traditional WiFi antennas, which distribute power

uniformly in all directions and across all frequencies, Wi-Pro’s antenna passively focuses

power in a particular frequency spectrum at a specific direction. This unique trait combined

with the inherent features of WiFi protocol enables new capabilities for WiFi communication

and sensing.

The first benefit of integrating Wi-Pro’s antenna in a WiFi access point is improving the

performance of OFDMA. As illustrated in figure 4.2b, in a dense WiFi network user devices

are spread throughout an area, OFDMA allows multiple-user access by dividing the WiFi

channel spectrum into small trunks of Resource Units (RUs) and allocating different RUs to

different users. Unlike omni-directional antennas that transmits all RUs in every direction,

Wi-Pro generates directional beams aimed at each user. Within each beam, the signal power

is focused exclusively on the RU designated for that specific user. In this way, Wi-Pro can

greatly increase the Signal-to-Noise Ratio (SNR) of the data transmitted to and from each

user, thereby enhancing the network’s communication range and throughput.

The second benefit of using Wi-Pro’s antenna in a WiFi access point is enabling seamless

AoA measurement which is crucial for device localization. Specifically, Wi-Pro effortlessly
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enables an access point to determine the AoA of packets received from any WiFi device.

This capability stems from the beamforming characteristic of FSA, which establishes a direct

correlation between the beam direction and the signal frequency. By analyzing the signal

pattern in the frequency domain, the AoA of incoming signals can be inferred using a single

device with a single transceiver chain. This means that Wi-Pro can be integrated into any

WiFi device without requiring firmware modifications.

4.3 Wi-Pro’s Antenna Design

Wi-Pro’s antenna need to create directional beams towards each user, where within each

beam the signal power is only concentrated on the RU allocated for the corresponding user.

To achive this, we design an antenna based on FSA, operating on the 5.8 GHz WiFi band

(5.49 to.5.835 GHz). Note that our design can also be extended to the 2.4 GHz WiFi

band. Our goal is to design an antenna with a compact size, good angle of coverage, narrow

beamwidth, and good radiation gain. The biggest challenge in our FSA design is to achieve

a wide angle of coverage in the limited WiFi frequency band, as traditional FSA design

consumes a large bandwidth to achieve beam steering. This requires a high phase variation

in the antenna hardware design, to create large angular shifts. In conventional FSA design, a

common practice for generating phase shift is using a long transmission line, which facilitates

more phase variation [ND95]. However, transmission lines take up a lot of space to create high

phase variation and is not an efficient solution to provide a large scanning coverage. Another

common way to implement passive phase shifters is using dispersive substrate integrated

waveguides [XGZ19], which makes it possible to have larger scanning coverage withing narrow

bandwidth. However, their main problem is the complexity of the design, as well as low

efficiency as half of radiation power is dissipated. In our FSA design, we use bandpass filters

as phase shifters, which creates a high phase variation with limited space. A bandpass filter

is a passive component which creates phase shift to the input signal, where the amount of
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Figure 4.3: Wi-Pro’s antenna design

phase shift is dependent on the signal frequency.

We adopt a series feed structure for Wi-Pro’s antenna design, as shown in Figure 4.3.

The structure consists of eight antenna elements connected by transmission lines with half-

wavelength spacing. In our design, we integrate the antenna elements in between the band-

pass filters, to radiate the signal. The linearly increasing phase shift among the antenna

elements forms a directional beam. The orientation of this beam is dependent on the signal’s

frequency. This enables us to build an FSA with a wide steering angle given the limited band-

width. The bandpass filter in our antenna design is based on split-ring-resonators [BJR17],

which provides high phase shift values. The antenna elements we use in our design are arrays

of dipole antennas, which creates higher gain and wider bandwidth.

4.4 Enhacing WiFi OFDMA using Wi-Pro

In this section, we explain how Wi-Pro integrates with OFDMA and boost communication

performance of WiFi. We first discuss OFDMA’s RU allocation mechanism. Then we explain

how Wi-Pro works with OFDMA downlink and uplink communication.

OFDMA RU Allocation: OFDMA’s RU allocation protocol is not fixed by standard.

The specific implementation is left to be determined by vendors. A typical practice is to allo-
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cates RUs based on channel condition [TBS21]. Using downlink as an example, the OFDMA

AP first broadcasts pilot symbols to all the user devices engaged in the communication. Each

user device evaluates its channel to the AP based on the received pilot symbols and sends

feedback to the AP regarding the channel condition. Based on the feedback from multiple

users, the AP decides how to allocate RUs to different users for downlink communication.

This process works similarly for uplink where the user transmits the pilot symbol to the AP.

The AP aims to assign RUs that offer the best channel conditions to each user. Wi-Pro also

follows this practice to allocate the RUs with best SNR to each user; therefore, Wi-Pro does

not require any firmware modification.

In Wi-Pro, when the pilot symbols are transmitted from the AP via the FSA, the power

of the radiated signal is selectively amplified on specific subsets of subcarriers, depending on

the direction of the user receiving the symbols. For example, as shown in Figure 4.4, User 1

may receive pilot symbols with higher signal power on subcarriers around frequency f2, while

experiencing weaker signals on other subcarriers. Consequently, User 1 provides feedback to

the AP indicating the RUs around f2 is have good channel condition for User 1. And the

AP will allocate those RUs to User 1 with higher priority. In summary, Wi-Pro seamlessly

integrates with the standard OFDMA RU allocation process based on channel condition,

enabling the AP to allocate optimal RUs to each user in different directions. This builds

the foundation for improving the performance of OFDMA. Next we explain how Wi-Pro

improves the performance of OFDMA in both downlink and uplink communication.

OFDMA Downlink: In OFDMA downlink communication, once the communication

channel is reserved, the Access Point (AP) transmits data for multiple users within a single

aggregated Multi-User Downlink Physical Protocol Data Unit (MU DL PPDU). The format

of an OFDMA downlink frame is shown in Figure 4.4. The preamble with common physical

layer information is used to prepare the receiver for receiving subsequent data in the RU.

The preamble uses the entire channel bandwidth to transmit, while the data symbols for

each user is modulated on the RU subcarriers allocated to that user. The symbols in the
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preamble are normally modulated using lower MCS schemes such as BPSK, which is more

tolerable to lower SNR. Whilst data symbols modulated in the RUs typically use higher

order modulation schemes, which could support higher datarate with the higher SNR.

InWi-Pro, instead of distributing the signal power uniformly across the channel spectrum,

we concentrate the power of the transmitted signal on the subcarriers within the RU allocated

to each user for data transmission, which benefits the most from higher SNR. Conversely,
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less power is distributed to the subcarriers containing preamble symbols, since it is more

tolerant of lower SNR. For example, as shown in Figure 4.4, User 1 will be allocated RU 1 of

frequency range f2. The FSA concentrates the signal power in the direction of User 1 within

the frequency range of f2. In contrast, User 2 located in a different direction will be allocated

RU 2 in the frequency range of f3. In this direction, the FSA focuses the signal power in

the frequency range of f3. In summary, by combining Wi-Pro’s antenna and OFDMA, we

are able to allocate different RUs to users in different directions relative to the AP. For each

user, the RUs with best channel condition is picked, whose power is further concentrated

towards user’s direction by Wi-Pro’s antenna. In this way, Wi-Pro increases the SNR for

downlink communication.

OFDMA Uplink: In OFDMA uplink, the AP first transmits a trigger frame to all the

users to solicit the uplink transmission process. The users then transmit simultaneously on

their allocated RUs in response to the trigger frame. The format of the user’s uplink data

frame, known as the High-Efficiency Trigger-Based Physical Protocol Data Unit (HE TB

PPDU), is illustrated in Figure 4.5. Each user transmits a separate data frame containing

data in its allocated RU subcarriers. As we mentioned earlier, Wi-Pro’s antenna operates in

a reciprocal manner for both transmitting and receiving signals. This means when the frame

of each user is received by the AP, the signal power will be amplified on the RU containing

the data symbols intended for that specific user. For example, as shown in Figure 4.5, User 1

is located in Direction 1 and User 2 is located in Direction 2. The frame transmitted by

User 1 will be amplified in the frequency range of f2 at the AP. This is because signals within

the f2 frequency range undergo constructive interference in the FSA when originating from

User 1’s direction. This increases the SNR of the data transmitted in RU 1. Similarly, the

frame transmitted by User 2 will be amplified in the frequency range of f3, which increases

the SNR of User 2’s data transmitted in RU 2.
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4.5 Enhancing WiFi AoA Measurement Using Wi-Pro

In addition to enhancing the communication distance and data rate, Wi-Pro seamlessly

enables WiFi Access Points (APs) to accurately measure the AoA of connected user devices

as well as other WiFi devices in the area. We first explain how to measure the AoA of user

devices connected to the AP using just a single transceiver chain, then we explain how to

measure the AoA of any user devices in the vicinity.

4.5.1 Measuring the AoA of Connected Devices

Wi-Pro measures the AoA of a connected device by leveraging the special beamforming

property of the FSA. Recall that FSA creates beams for different frequency signals towards

different directions. Therefore, there is an one-to-one mapping relation between the angle

and frequency. This enables the signal pattern received by the a user device to naturally

contain the angle of arrival information of that device. First, since we allocate RUs to

different users according to their channel condition, meaning each device is assigned the

frequencies that matches the FSA beam directed towards the device. Therefore, the RU

assignment implicitly encode the information of user’s direction. Second, Wi-Pro can utilize

the fine-grained Channel State Information (CSI) measured from uplink packets to further

improve the accuracy of the angle of arrival estimation, based on the power distribution to

different subcarriers. For the packet received from a user device, its signal power is selectively

amplified across a subset of the subcarriers due to the frequency-dependent beamforming

feature of FSA. CSI allows us to measure the received power of each subcarrier. This detailed

information facilitates precise interpolation of the signal’s peak frequency. By leveraging the

direct correlation between frequency and beam angle of the FSA, the peak frequency of the

incoming signal can be used to accurately measure the AoA of the user device. Note that

the AP does all of these by analyzing the signal received from the single port of the FSA,

this means Wi-Pro supports AoA measurement with just a single tranceiver chain.
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4.5.2 Measuring the AoA of Unconnected Devices

In many situations we’d also want to measure the AoA any WiFi devices in the area even if

they are not connected to the same AP. This sparks the opportunity for many interactions

between WiFi devices, in scenarios such as smart homes or smart factories. In the rest of

this section, we illustrate how we can utilize our smart antenna to measure the AoA of any

WiFi devices in an area.

For devices which are not connected to the same network, it is difficult to measure their

AoA based on overhearing their transmitted signals. First, as the transmitted WiFi frames

are designated to different devices, they take up various WiFi channels and bandwidths,

which makes it hard to design a general solution to measure the AoA based on the received

signals. Second, we cannot extract the CSI information from individual WiFi frames as

they are designated to other devices and are encrypted. We can only interpret the RSSI

information of the received signal. To solve these challenges, we utilize an inherent trait of

the WiFi protocol which is supported by all WiFi devices – WiFi probing [LLR22].

WiFi probe request packets are broadcast by each WiFi device in every frequency channel

periodically for the purpose of discovering available networks in its communication range.

Note that the probe request packets are sent even when the device is connected to a net-

work, in order to update its list of available access points. As the probe request packet is

transmitted on every frequency channel, it provides a perfect tool for us to measure AoA

of the received signal using our FSA approach. In particular, FSA passively beam-forms

in different directions based on the signal frequency. Hence, the probe request packet of a

certain frequency channel will have a strong signal strength only if it arrives from a par-

ticular direction. This enables Wi-Pro to measure the RSSI at different frequency channels

and use it to estimate the AoA. For compatibility with exisitng and legacy WiFi devices,

probe packets by default are transmitted on every 20MHz channels. Our FSA is designed to

operate in the WiFi frequency range of 5.49 to 5.83 GHz consisting of 17 20MHz channels.
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Figure 4.6: Measuring AoA using FSA

The angle of coverage for our FSA is 60 degrees, which should theoritically give us an angle

measurement accuracy of 3.5 degrees using the RSSI of each channel.

Figure 4.6 shows a simple example of how our approach works where we have a WiFi

module (measurement device) and a phone (target device). Assume we have an FSA whose

beam forms in five different directions based on the signal frequency (i.e., f1 to f5). These

frequencies are matched with WiFi channel center frequencies. The FSA is attached to

a WiFi module as the substitute for the original antenna. As the phone transmits WiFi

probe requests in frequencies f1, f3, f4, and f5, the WiFi module will receive the probe

request with relatively low RSSI because the FSA’s beams of those frequencies are pointing

to the other directions. On the other hand, when the phone transmits a WiFi probe request

in frequency f2, the WiFi module will receive it with high RSSI because the FSA’s beam

direction at f2 is pointing to the direction of the phone. Hence, by just comparing the five

RSSI measurements, the WiFi device can estimate the AoA. Note, in this example the phone

direction is perfectly aligned with the direction of one of the beams (i.e., beam f2). However,

in reality, there is a chance that the direction of the target devices is not perfectly aligned

with any of the beam directions. In these cases, Wi-Pro can still use the RSSI profile from
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multiple frequencies (different beam directions) to interpolate and estimate the correct AoA.

4.5.2.1 Measuring AoA of Multiple Unconnected Devices

The next question is how can we extend our approach to measure the AoA of multiple

WiFi devices. In particular, since Wi-Pro needs to perform multiple RSSI measurements

across different channels to estimate the AoA, it needs to differentiate probe request packets

received from different devices. Our solution to solve this issue is to first identify the target

devices based on their unique MAC addresses. Although this solution works for most WiFi

devices (such as IoT and most laptops), it is not effective for Apple and Android phones.

This is due to the fact that these WiFi devices perform MAC address randomization. Hence,

Wi-Pro cannot simply use MAC addresses to differentiate RSSI measurements of a specific

device from that of other devices in the area.

To solve this problem, we studied the behavior of Android and iOS WiFi devices in

more detail. For Android devices, we found that the device probes with the same random

MAC address on different channels as long as it is connected to an AP. However, for iOS

devices, the story is slightly different. we found that when an iOS WiFi device is associated

with an AP, it probes with the same MAC address only in the channel on which the AP is

operating, and it uses other random MAC addresses for sending probe request packets on

other channels. This is known as a directed probe request. Interestingly, we observed that this

behavior is not dependent on the MAC address of the AP but on the SSID broadcast of the

AP. In particular, in the channels where there is no AP with that specific SSID, the WiFi

device still probes with randomized MAC addresses. On the other hand, in the channels

where there is an AP with that specific SSID, the WiFi device probes with the same MAC

address.

Wi-Pro leverages this property to push the target WiFi devices to use the same MAC

addresses instead of randomizing them. In particular, the measurement device forges a
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beacon frame, and put the SSID of the AP in its field1 and broadcast it on every channel.

This makes the target WiFi device assume there are multiple APs with the same SSID

working on every single channel. As a result, the probing packets will always use the same

source MAC address which helps Wi-Pro to identify each target device consistently. Finally,

it is worth mentioning that we found that this technique not only works for target devices

that are connected to a specific AP but also works for devices that were once associated with

the AP and still have the SSID saved in their list of connected APs. Although these devices

are no longer associated with that AP, they still probe with the same source MAC address

on the channels where the AP’s SSID is broadcasted.

In summary, Wi-Pro’s measurement device broadcasts fake Beacons using the SSID of

an AP. The WiFi devices which are in the range respond to this by sending Probe Requests

on different channels with the same MAC address (i.e., without randomizing their MAC

address). The measurement device which is equipped with an FSA antenna measures the

RSSI of these probe request packets at different channels. Since the FSA’s beam direction

changes as a function of the frequency, the channel (beam direction) with the highest RSSI

corresponds to the AoA of the signal from the target device.

4.6 Implementation

To evaluate the performance of the Wi-Pro system, we have implemented a prototype FSA

based on our design as shown in Figure 4.7. Our FSA is implemented on RT/Duroid 5880

substrate, with a size of 22 × 10 cm2, and a thickness of 0.5mm. Everything is integrated

on the substrate with no additional components. The antenna element of this FSA is a

three-element dipole with 7.5 dB gain. The structure is completely passive, with no energy

consumption. For our experiments, we used four Zimaboards [zim], which are low-cost single

board mini-PCs, with AX210 NIC as user devices. We use a TP-Link AX3000 Dual-band

1Note, since the SSID field of an AP is not encrypted, it can be easily obtained by sniffing the traffic.
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Figure 4.7: Wi-Pro FSA Implementation. It has single port which can be easily
connected to WiFi devices instead of their current antenna. The design is also
paper-thin and small. Hence, it can be placed on a wall, ceiling, or on a router
box itself

WiFi 6 router as the AP. Both devices support 802.11ax OFDMA and channel bandwidths up

to 160 MHz. For evaluating our system, we used PicoScenes [JLR21] for CSI measurement.

We use Remcom Wireless Insite v3.4.4 [Rem23] for indoor RF propagation simulation, and

CST [Das23] for our antenna design and simulation.

4.7 Evaluation

In this section, we present the performance of Wi-Pro. We first investigate the properties of

our custom-designed FSA interms of its beamforming and steering capabilities in relation to

frequency. Subsequently, we assess the Wi-Pro’s effectiveness in extending the transmission

distance and data rate of indoor WiFi6 devices based on large scale simulation as well

as a variety of real indoor scenarios. Finally, we present our evaluation results for device

measurement using Wi-Pro and show the AoA measurement accuracy.

4.7.1 Wi-Pro’s Antenna Performance

(a) FSA Beamforming Capability

As we mentioned earlier, our FSA operates in the WiFi 5 GHz frequency range of 5.5 to
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Figure 4.8: FSA Radiation Pattern at Five Frequencies
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Figure 4.9: FSA Beam Angle Versus Frequency

5.825 GHz, and forms beams at different angles for different signal frequencies. Figure 4.8

shows the radiation pattern of the FSA with respect to the change in frequency. We chose

five example frequencies to show the beam pattern, however it is worth mentioning that the

FSA steers its beam continuously with the change in frequency. The horizontal axis is the

angle of which the antenna radiates and receives energy in the unit of degrees, while the

vertical axis is the antenna’s gain at a specific angle in the unit of dB. The FSA can generate
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Figure 4.10: FSA Power Distribution Across Frequency at Different Angles

narrow beams, achieving beam gains between 8.6 to 11.3 dB. The antenna beamwidth ranges

from 12 to 26 degrees.

Figure 4.9 shows the relationship between the direction of the beam and the frequency

of the signal based on both simulation and real-world measurement. The results indicate
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that our FSA is capable of steering the beam by approximately 50 degrees across the WiFi 5

GHz band. This range is sufficient for extensive coverage, especially considering that typical

APs are usually mounted on the walls or corners of a room. The figure also shows that the

simulation result from CST closesly matches with the real world measurement, meaning our

prototype implementation closely aligns with our design.

(b) Power Allocation Measurement

We further measured the performance of our FSA in terms of signal transmission in

comparison with traditional omni-directional WiFi antenna in an indoor environment. For

this assessment, we employed the Keysight 5G R&D test bed [Key23] as the platform for both

transmitting and receiving signals. In our setup, the transmitter consists of a signal generator

connected to the FSA, operating at a transmit power of 10 dBm. We transmitted a wideband

signal spanning the entire operational frequency range of the FSA (5.5 GHz to 5.825 GHz),

and measured the power spectral density (PSD) of the signal at different frequencies. On

the receiving end, we used a spectrum analyzer connected to an omni-directional antenna,

with a transmission distance set at 1.5 meters. For comparative analysis, we conducted

a parallel experiment where the transmitter was connected to an omni-directional WiFi

antenna BFN00456.

Figure 4.10 shows the measurement result of the received signal when the receiver is at

two distinct angles with respect to the transmitter. As can be seen from the result, in the

frequency domain the power of the signal is concentrated within certain frequency ranges,

where the concentration of power depends on the position of the receiver. The power dis-

tribution pattern closely follows the simulation result (adjusted magnitude). In comparison,

when omni-directional antenna is used by the transmitter, then power is more uniformly

distributed across the entire frequency spectrum. These results show that our FSA closely

follows our design, and is able to focus the transmission power at different frequencies in

different directions. While not depicted here due to space constraints, additional tests have

verified that our FSA exhibits similar performance in receiving signals. This implies that
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Figure 4.11: Indoor Simulation Performance

the power distribution characteristics are consistent for both uplink and downlink commu-

nications.
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4.7.2 SNR Improvement Performance

4.7.2.1 Simulation Results

We first evaluate the performance of our system in an indoor environment with a large

number of distributed users, we ran simulations using Remcom Wireless InSite, to model

the signal propagation dynamics in indoor settings. Our simulation environment replicates

an indoor building with dimensions of 16 × 10 × 3m with various rooms and furnitures, as

shown in Figure 4.11a. We simulated an ideal FSA with eight beams pointing to different

directions. The total coverage of the beams is 60 degrees similar to our designed FSA,

each beam has a center gain of 15 dB and transmits signal using non-overlapping 20 MHz

frequency blocks in the range of 5.50 GHz to 5.66 GHz (160 MHz channel). For comparison,

we also used an omni-directional antenna as the transmitter which transmits signal in the

same frequency range (5.50 GHz to 5.66 GHz). For each of the 140 receivers inside of the

rooms, we recorded the max SNR across all the 20 MHz subchannels for both antenna types.

We then compared how much the receiver SNR increased for the FSA transmitter compared

to the omni directional transmitter.

The CDF plot of the receiver SNR improvement is shown in Figure 4.11b. Based on the

result, FSA is able to achieve an SNR improvement at 100% of the time. Moreover, the FSA

can achieve atleast 17 dB of SNR improvement at 50% of the time.

4.7.2.2 Measurement Results

We evaluated the performance of our system in different indoor environments, an office with

lots of desks and cubicles, as well as a lab space. We collected measurements for 26 different

locations. Our setup is shown in Figure 4.12 where we connected our FSA to the antenna

output port of the WiFi6 router (instead of its typical antenna). We terminated the other

antenna ports of the router with 50 ohm terminators. Our user devices are Zimaboards plus

AX210 NIC with omni-directional antenna. The user devices are all associated to the same
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Figure 4.12: Indoor Experiment Setup

AP. The Zimaboards are running Ubuntu 20.04 systems with PicoScenes software installed

for analyzing the CSI of the received signal. We conducted our experiment by collecting the

CSI of the received signal on the user device at each location, when the AP is using our FSA

and when the AP is using an omni-directional antenna respectively.

To compare the performance of Wi-Pro to a regular AP with omni-directional antenna,

we first analyze the SNR difference of the received signal at the RU with the strongest signal

power. As the RU with the best channel quality is allocated to each user, this allows us

to compare how much FSA helps improve the SNR of an RU compared to omni-directional

antenna. More specifically, for each location, assume there are m RUs in the received signal,

the power of i-th RU in the received signal from the FSA antenna is denoted by Pfsa,i and

the power of the j-th RU in the received signal from the omni-directional antenna is denoted

by Pomni,j. Then the SNR improvement of FSA can be defined as follow:

∆SNR(dB) =
m

max
i=1

Pfsa,i(dBm)− m
max
j=1

Pomni,j(dBm) (4.1)

We calculate the SNR difference for RUs of 20 MHz and 40 MHz bandwidth respectively,

we perform this calculation for all 26 positions of measurement. Figure 4.13a shows the
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Figure 4.13: Wi-Pro Performance Improvement

SNR improvement of FSA compared to omni-directional antenna for RU bandwidth of 20

MHz and 40 MHz respectively. This results show that FSA achieves higher SNR for RUs

compared to omni-directional antenna. More specifically, 55% of the time the FSA is able

to achieve more than 5 dB higher SNR compared to omni-directional antenna, which results

in an increase in the operating range of device by around two times or improve their data

rate. At certain positions the SNR increase can reach more than 10 dB, which results in an

increase in the operating distance by more than three times.
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Figure 4.14: CSI Measurement at 23 Degrees

As our design enables higher SNR per user device at each location, it also enables higher

modulation and coding schemes to be used, which increases the data rate of the user. Fig-

ure 4.13b shows the data rate increase for users at different positions based on the measure-

ment of the RSSI of the received signal as well as the SNR difference between the FSA and

omni-directional antenna. The result is calculated based on the average data rate increase

for RU of specific bandwidth (20 MHz and 40 MHz) across different guard band intervals at

a given modulation and coding scheme [IEE21a]. Wi-Pro improves the data-rate by more

than 20% in average. In fact, in some cases, the data rate is almost doubled.

4.7.3 AoA Measurement Performance

For our AoA measurement, we setup a Zimaboard as the AP and connects it to the FSA

for receiving signals. As before, we are transmitting 160 MHz 802.11ax WiFi packets with

the center frequency of 5.57 GHz. We conducted our experiment at angles of 19, 23, 30,

and 40 degrees respectively. For each angle, we positioned the transmitter at distances of 2,

2.5, 3, and 4 meters away from the receiver. To calculate the AoA, we analyzed the CSI of

the received signal and attempted to interpolate its peak frequency. We then identified the

angle corresponding to this frequency based on the angle versus frequency measurement we
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Figure 4.15: Wi-Pro AoA Estimation Performance.

plotted in Figure 4.9. For example, Figure 4.14 shows the CSI magnitude of the received

signal for subcarriers across the 160 MHz WiFi channel. We used an interpolation algorithm

to smoothen the shape of the CSI plot and estimated the peak frequency is at 5.620 GHz ,

which corresponds to an estimated AoA of 23.6 degrees, resulting in a 0.6 degree estimation

error. We use the same method to calculate the estimated AoA versus the expected AoA,

and plotted the AoA estimation error in Figure 4.15a. Based on these mreasurement results,

we show that Wi-Pro can achieve an AoA estimation error of less than 1 degree 50 % of
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the time, with a max estimation error of around 5 degrees. Figure 4.15b shows Wi-Pro’s

AoA estimation error compared to existing solutions [KJB15, Sch86] in a similar indoor

setting. Based on the result we can see that Wi-Pro can greatly increase the AoA estimation

accuracy without using multiple access points, multiple antennas, and complex interpolation

algorithms.

4.8 Conclusion and Discussion

In this chapter we presented Wi-Pro, a system which integrates a new plug-and-play FSA

antenna with commodity WiFi devices. By combining FSA with the inherent features of

existing WiFi protocol, Wi-Pro is able to improve the performance of WiFi. We first intro-

duce a novel design for WiFi power allocation based on spectral usage of users at different

locations. We then propose methods to measure the AoA of any WiFi devices in the vicin-

ity, including low-cost, low-power devices with a single transceiver chain, without requiring

firmware or chipset updates. Finally, we implemented Wi-Pro and evaluated its performance

in various indoor settings. There are certain limitations of Wi-Pro that warrant further dis-

cussion. Wi-Pro is most beneficial for scenarios with a large number of users scattered in

different directions, such as smart home or smart factories. In networks with fewer users,

the advantages of Wi-Pro are not as pronounced. This is because, in such scenarios, each

user could potentially utilize a more significant portion of the channel. However, the system

is designed to amplify the signal on a subset of subcarriers for each specific direction. When

the users are clustered in a single direction, it is better to use a fixed direction beam which

amplifies the signal for all frequencies to enhance communication.
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CHAPTER 5

mmCharge: Increasing the Range of mmWave

Wireless Power Transfer via Passive Beamforming

This chapter introduces mmCharge, a system which uses passive beamforming to increase

the range of wireless power transfer.

5.1 Problem Statement and Challenges

In this section, we will first explain the motivation of wireless power transfer and its key

challenges. Subsequently, we will explain the limitations of existing wireless power transfer

systems. Next we will introduce the design goals of mmCharge and how we address these

challenges. Then we explain the limitations of existing mmWave wireless power transfer

systems and illustrate how mmCharge differs from these work.

The number of worldwide Internet of Things (IoT) devices is expected to grow to more

than 29 billion by 2030 [Sta]. Although this is exciting, there is a major challenge in de-

ploying IoT devices: their batterylife. Most today’s IoT devices require their battery to be

replaced or recharged every couple of months. For example, smart home sensors such as mo-

tion, temperature and moisture sensors require their battery to be changed every 6 months.

Similarly, WiFi home security cameras require their battery to be recharged every 4 months.

Although a batterylife of a few month might seem long enough for a device, unfortunately,

this would not be the case in a few years. In particular, considering the fact that the av-

erage number of IoT devices in an American house is expected to reach fifty in the next
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few years [Tim, For], we would need to change one to two batteries per week in our homes.

Moreover, in many cases, the IoT sensors are not even in reach, so the battery charging or

replacement requires lots of effort.

In this chapter, we ask whether future indoor access points (such as WiFi or 5G) can

transfer power to IoT devices to recharge their battery and/or significantly increase their

batterylife. In particular, we are interested to learn which frequency bands are the best for

transferring power wirelessly. On one hand, high frequency signals (such as mmWave bands)

experiences greater path loss than low frequency RF signals (such as WiFi bands). Therefore,

at first glance, mmWave signals may seem unsuitable for transferring power. However, on

the other hand, FCC allows much higher transmission power for indoor mmWave networks

than traditional indoor wireless networks [FCC23b]. Moreover, due to small wavelength of

mmWave signals, their antennas are tiny and many of them can be packed into a small

area to create high gain antenna to harvest more energy. Therefore, due to these trade-offs,

it is not clear whether low frequency signals are more suitable than mmWave signals for

transferring power or vice versa.

In order to transfer power to IoT devices using mmWave signals, we first need to address

multiple challenges. The main challenge is that indoor mmWave access points and mmWave

harvester devices use directional antennas with narrow beams, and hence, the maximum

power is transferred when these beams are aligned [HAR18b]. Moreover, when a node

moves, it needs to search again for the best beam direction. Although past mmWave work

has proposed different approaches and schemes for creating a directional beam and searching

for the best beam direction [HAR18a, KM14, EAH15, RVM12], they are not practical for

our application. This is mainly due to the fact that existing schemes require phased array

antennas. Unfortunately, phased arrays are costly and consume a significant amount of

power which makes them impractical for energy harvesting IoT devices [MAA19b, AHR16].

In the following part of this section, we will explain in detail the limitations of existing

wireless power transfer systems and literature.
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5.1.1 Design Goals of mmCharge

Our goal is to first perform a comprehensive end-to-end performance evaluation of using

900 MHz (RFID), 2.4 GHz (WiFi), 5.8 GHz (WiFi), and 28 GHz (mmWave 5G) signals for

transferring power to IoT devices, to determine the most suitable band for wireless power

transfer while considering their trade-offs. We focus our evaluation on the indoor environ-

ment such as smart home or smart factory. Our results show that mmWave bands are much

better candidates for transferring power to IoT devices than lower frequency wireless sig-

nals. To address the challenges of mmWave wireless power transfer, we propose mmCharge,

a mmWave wireless power transfer system which uses Frequency Scanning Antenna (FSA)

and backscatter technology. The goal is to design a low-power low-complexity mmWave

power harvesting system which can be integrated to power-constrained IoT devices. In par-

ticular, we develop a directional energy harvesting antenna which is completely passive while

enables the access point to steer the harvester device’s beam. Furthermore, we propose an

efficient and low power beam alignment mechanism based on backscatter technology which

enables the access point to align its beam and the harvester device beam, even when they

move. Different from previous work, the power harvester uses nearly zero power to achieve

accurate beam alignment.

Our contributions are as follow:

• We study the feasibility of using different indoor signals to transfer power to IoT

devices considering constraints such as FCC regulations, antenna size, etc. Our results

show that mmWave signals are much better candidates to transfer power compared to

traditional wireless signals such as WiFi and sub-GHz signals.

• We propose a system architecture and link establishment protocol for IoT devices to

harvest energy from indoor mmWave access points. Our design is based on passive

beamforming and backscatter technology.
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• We evaluate our system in terms of power transfer at different distances. Our results

show that it is possible to harvest 1 mW and 0.1 mW power at the distances of 7.5 m

and 15 m indoors, respectively. This enables the IoT device to significantly increase

their batterylife.

5.1.2 Limitations of Current Solutions

Existing wireless power transfer systems can be divided to two types: near-field magnetic

coupling and far-field electromagnetic radiation [ENA16]. Magnetic coupling in wireless

power transfer, such as in smartphone wireless chargers, involves the transmission of electrical

energy between a transmitting coil and a receiving coil through an oscillating magnetic

field. However, despite their high efficiency, these systems have a very short operating range

(i.e. less than a foot) since the strength of the field falls off inversely with the cube of

the distance from its source. In contrast to the near-field magnetic coupling approach, the

far-field electromagnetic radiation approach uses RF signals to transfer power between two

devices. In these systems, a charger device transmits a signal using its antenna. Then user

devices receive the signal on their antennas and use harvesting circuits to harvest energy.

Existing systems mostly operate at ISM bands such as 900 MHz, 2.4 GHz, 5.8 GHz and

mmWave bands [LWN15, ENA16]. Given the inherent trade-offs across various frequency

bands in terms of communication distance, antenna size, and power regulations, there lacks

a a comprehensive analysis on which frequency band is best for wireless power transfer.

Although there are a few survey work which discuss the potential and challenges of higher

frequency bands such as mmWave for power transfer [WWB20], none of them provide a

conclusive end-to-end comparison with different frequencies. Moreover, they do not take

into account various parameters such as the FCC regulations, the antenna aperture, and

the power conversion efficiency based on recent hardware advances. In work, we perform a

comprehensive study and an end-to-end performance evaluation of using different frequency

bands for transferring power, while considering practical factors such as FCC, antenna size,
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path loss, hardware efficiency, etc.

While various systems for mmWave power harvesting have been proposed in the past, they

exhibit certain limitations. Existing mmWave power harvesting systems such as GuRu [HAB23,

HAB20, SWC23] require the power harvester to constantly monitor the received power level

and provide feedback to the power transmitter through a communication module, thereby

increasing both the design complexity and power consumption on the harvester. Further-

more, it requires time synchronization between the power transmitter and harvester. In con-

trast, mmCharge employs a backscatter technique, reflecting the signal back to the power

transmitter for beam alignment, which not only simplifies the design of the harvester but

also avoids introducing additional power consumption or delay. Additionally, a major chal-

lenge with most existing systems lies in their use of fixed beam antennas on the harvester,

thereby limiting power harvesting efficiency across various orientations and during mobil-

ity [NST16, CLC20, HAB20, WHW22]. These systems also combine the DC output power

of each antenna element on the harvester [HAB20, WHW22], leading to suboptimal power

conversion efficiency, limiting the system’s working distance. This is due to the input power

requirement of mmWave frequency rectifiers, it requires high received power per element to

achieve a good power conversion efficiency. The authors in [EHT21a] proposed a multi-beam

mmWave energy harvester using Rotman Lens and patch antennas. However, the Rotman

Lens has multiple output ports, and therefore it requires a DC combiner network to combine

the power of all ports. This adds complexity and reduces the efficiency of the system. In

contrast, our design, based on Frequency Scanning Antenna (FSA), not only creates multiple

spatial beams, but also naturally combines all the power harvested from beamforming via a

single output port. Moreover, we propose a link establishment protocol based on backscatter

communication which enables the access point to steer the harvester’s beam, and align it

toward itself without any need for a separate module.
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5.2 Which Spectrum Band is the Best for Wireless Power Trans-

fer?

A typical wireless power transfer system consists of a power transmitter which sends power

using radio waves signals and a power harvester which collects these waves and convert it to

DC power through a rectifier circuit. In this section, we perform an end-to-end performance

evaluation of wireless power transfer system operating at four different frequency bands: 900

MHz (RFID), 2.4 GHz (WiFi), 5.8 GHz (WiFi), and 28 GHz (mmWave 5G). Our evaluation is

based on commodity devices which are compliant with Federal Communications Commission

(FCC) regulations. Our goal is to see whether using mmWave signals have any advantages

or disadvantages compared to other signal frequencies.

5.2.1 Link Budget Parameters

A typical wireless power transfer system consists of a power transmitter which sends power

using radio waves signals and a power harvester which collects these waves and convert it to

DC power through a rectifier circuit. In this section, we perform an end-to-end performance

evaluation of wireless power transfer system operating at four different frequency bands: 900

MHz (RFID), 2.4 GHz (WiFi), 5.8 GHz (WiFi), and 28 GHz (mmWave 5G). Our evaluation is

based on commodity devices which are compliant with Federal Communications Commission

(FCC) regulations. Our goal is to see whether using mmWave signals have any advantages

or disadvantages compared to other signal frequencies.

FCC regulation and Transmit Power: We first investigate how much power a power

transmitter can radiate to the air based on FCC regulation. The total output power radiated

in a transmitting direction is known as the Effective Isotropic Radiated Power (EIRP), which

consists of the transmitter output power and the transmitter’s antenna gain. The max EIRP

at each frequency band is regulated by the FCC. The max EIRP permitted for 900 MHZ band

and indoor WiFi access points at 2.4 GHz and 5.8 GHz is 36 dBm [FCC23b]. At mmWave
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frequency of 28 GHz, the max EIRP for indoor access points is 55 dBm [FCC23a], the max

EIRP for outdoor access point can reach up to 75 dBm [FCC23a]. Hence, a transmitter

operating at 5G mmWave bands can radiate almost 20 dB higher power than a transmitter

operating at other frequency bands for indoor scenarios and this number further increases

for outdoor scenarios.

Propagation Path Loss: Next, we compare the propagation path loss for signals at

different frequencies. The equation for calculating the received power (Pr) is shown in

Eq.( 5.1), where Pt is the transmitter output power, Gt is the gain of the transmitting

antenna, Gr is the gain of the receiving antenna, d is the distance between the transmitter

and the receiver, f is the signal frequency, and c is the speed of light in vacuum.

Pr(dB) = Pt(dB) +Gt(dB) +Gr(dB) + 20log
c

4πfd
(5.1)

Based on Eq.( 5.1), the path loss of the signal is determined by the transmission distance

(d) and the frequency of the signal (f). This means that given the same transmission

distance, the higher the signal frequency, the higher the propagation path loss.

Antenna Size: The relationship between the antenna gain (G) and the effective antenna

aperture (Ae) is shown in Eq.( 5.2).

G =
4Aeπf

2

c2
, G(dB) = 10log(

4Aeπf
2

c2
) (5.2)

When the antenna aperture size is the same, the higher the transmission frequency, the

higher the gain of the antenna. This means that for the same antenna area, the gain of

the receiving antenna will be much higher for mmWave compared to lower frequencies.

Note, higher antenna gain means that the receiver can collect more power to harvest energy.

For example, for the same aperture size, an antenna operating at 28 GHz has almost 100,

and 1000 times higher gain compared to an antenna operating at 2.4 GHz and 900 MHz,
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Frequency
Input power to rectifier (dBm)

-20 -10 0 10 20

900 MHz 16% 26-60% 60-69% N/A N/A
2.4 GHz 20% 45% 57-72% 53-73% 84%
5.8 GHz N/A 23% 18-34% 50% 60-82%
24-35 GHz N/A N/A 10-12% 15-35% 37-62%

Table 5.1: Power Conversion Efficiency. This table shows the PCE of recti-
fiers used in existing literature at different frequencies and different input pow-
ers [VD14, WWB20, VKM21].

respectively.

Energy Harvester Efficiency: Once the RF signal is received at the output of the

receiving antenna, it has to be converted to DC power for usage. This conversion is done

using a circuit called rectifier. In a rectifier, the ratio of output DC power to input RF

power is quantified as the Power Conversion Efficiency (PCE). This conversion efficiency

is impacted by the quality of RF to DC converter components and various losses due to

mismatch in the circuits. Unfortunately, the losses worsen at higher frequencies. Table 5.1

shows PCE of existing circuits operating at different frequencies for different range of input

powers. As the table shows, the higher the signal frequency, the lower the PCE.

5.2.2 Link Budget Analysis

So far, we have explained the trade-offs between mmWave and lower frequency signals in

terms of FCC EIRP limit, path loss, antenna size, and energy conversion efficiency. Next,

we will combine all the above factors and provide an end-to-end link budget calculation. By

substituting Eq.( 5.2) in Eq.( 5.1), and considering the circuits efficiency, the harvested DC

power at the IoT device can be calculated using the following equation.

PDC = EIRP + 10log(Ae)− 20log(d)− 10log(4π) + 10log(η) (5.3)
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Note, in our calculation, we replaced Pt + Gt with EIRP , as defined by FCC regulations.

Furthermore, we assume that the IoT node dimensions are constant regardless of the operat-

ing frequency, meaning that the allowable antenna aperture size will be the same regardless of

the operating frequencies. Finally, we convert the received power to DC power by considering

the RF to DC PCE (η).

As Eq.(5.3) shows, the harvested power at the IoT is a function of EIRP , IoT antenna

aperture size (Ae), distance (d), and RF to DC conversion efficiency (η). Interestingly, the

harvested power is not dependent on the operating frequency. This is due to the fact that

although higher frequency signals suffer from higher path loss but their antennas have much

higher gain (for the same aperture size). Therefore, these two factors counterbalance each

other’s effects. Finally, it is worth mentioning that although η is lower for mmWave, mmWave

has much higher EIRP which compensates for its lower circuit efficiency. In particular,

mmWave EIRP is 100 times (20 dB) higher than EIRP of lower frequency signals, while

its efficiency is just 20-30% lower as shown in Table 5.1. In Figure 5.7, we calculate the

harvested DC power for different distances and different operating frequencies, from 900

MHz up to 28 GHz. Our results shows that mmWave is a much better candidate than other

frequencies to transfer power.

5.3 Addressing the Challenges of mmWave Power Transfer

In this section we illustrate the challenges of mmWave power transfer and introduce mm-

Charge, a mmWave power transfer system for indoor low-power IoT devices. To build

mmCharge we need to address three challenges: achieving low-power beamforming at the

IoT node to harvest power from multiple directions; integrating a low-power protocol for

beam alignment; and addressing the self-interference issue. For illustration, we use a typical

indoor scenario with multiple IoT nodes that harvests power from a mmWave access point

(AP), as shown in Figure 5.1. In this scenario, one or more nodes which receives power from
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Figure 5.1: mmWave Power Transfer Example
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Figure 5.2: mmCharge Beam Alignment

a mmWave access point (AP) and uses it to charge their battery. First, the AP and the

node find needs to find the best direction to align their beams. Once both transmitter and

receiver beams are aligned, the AP transmits a high-power signal to the node. The node

receives this signal and passes it to its harvesting circuit to convert it to the DC power.

Beamforming Challenge: Due to the property of mmWave signals, both the AP and

the IoT node need to first create beams and then align them before transferring power. We

assume the AP is equipped with a phased array and hence can electronically create and steer

its beam toward the node. However, for the IoT node, we cannot use phased array due to

complexity and power consumption. Existing mmWave power harvesters generally use an

array or grid of antenna elements, forming a fixed beam to receive power [NST16, HAB20].

This limits the power harvesting efficiency at different orientations and during mobility. To

achieve low-complexity and low-power beamforming on the IoT node, enabling it to harvest
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power across multiple directions, we design a passive antenna system based on Frequency

Scanning Antenna (FSA). FSA is a passive structure which transmits or receives signals from

a specific direction such that the angle of the direction is a function of the signal frequency,

as shown in Figure 5.4(b). Compared to traditional beamforming techniques such as phased

arrays that utilize power-hungry phase shifters to form beams in different directions, FSA

forms beams based on the natural effect of phase shift caused by the difference in signal

wavelength when the signal travels through the structure of the FSA [li2]. Hence, FSA can

form beams in multiple directions, while being simple, passive, with no power consumption.

Beam Alignment Challenge: Secondly, we need a low-power solution to align the

beams of the AP and the IoT node. Most existing mmWave power transfer systems require

the power harvester to constantly monitor the received power level and provide feedback

to the power transmitter through either Bluetooth or WiFi [HAB23, SWC23], while the

transmitter adjusts its beam direction. However, this significantly increases the power con-

sumption on the harvester, rendering it impractical for low-power IoT devices. We propose

a system that combines frequency scanning technique with backscatter technique to address

this challenge. Due to the special nature of FSA, to align the AP’s and node’s beams, the

AP needs to determine two parameters: (1) the optimal direction to transmit the signal;

(2) the optimal frequency of the signal. Note, the signal frequency is important since only

a specific frequency results in the FSA beam to become aligned toward the AP. In particu-

lar, the AP must sweep these two parameters to find the combination which results in the

highest received power at the IoT node 1. To enable the IoT node to provide feedback to

the AP about its received power without consuming energy, we propose a solution similar to

RFID and backscatter technology. In particular, instead of directly connecting the FSA to

the energy harvesting circuit, we connect it to a switch which connects the FSA to either a

ground or the harvesting circuit, as shown in Figure 5.2. During the beam alignment process,

1Beam sweeping is an inherent part of cellular and WiFi standards for mmWave communication [3GP17b,
IEE21b]. These mmWave access points generally support multiple frequency channels. We believe this will
also be the expected behaviour for future mmWave access points.
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the node connects the FSA to the ground. In this mode, the FSA works as a reflector and

reflects the received signal back. The strength of the reflected signal is determined by the

direction of the FSA beam for that frequency in relation to the direction of the AP’s beam.

The AP then measures the power of the reflection for all combination of the frequency and

transmitting beam angle and pick the combination which results in the highest reflection

power. However, one issue with this solution is that it takes a long time to find the best

beam alignment. For example, if the AP has to try N different directions for its beam, and

there are M different signal frequencies to try, it would take N × M measurements. To

speed up this process, instead of sweeping both frequency and direction, the AP transmits

at all frequency choices simultaneously, and only sweeps its beam direction. For each beam

direction, the AP receives the reflected signal and creates a profile of received signal strength

across frequency. Finally, the AP compares all the measured profiles and picks the direction

and frequency that provide the highest reflection power. Once the optimal frequency and

transmitter beam direction is discovered, the node moves to the harvesting mode.

Self-Interference Challenge: The third challenge is that the reflected signal from

the FSA is much weaker than the AP’s transmitted signal. In particular, the AP needs to

extract the weak reflected signal from its own transmitted signal which creates a strong self-

interference. To solve this self-interference problem, one solution is to use full-duplex radio

at the AP. However, full duplex radios are very complex and are not available in today’s

mmWave access points. To overcome this problem, the FSA switches between reflection and

absorption modes to modulate the the reflected signal to a different frequency. For example,

if the AP transmits at frequencies f1, f2 and f3 the IoT node modulates this signal by

turning the FSA on and off at the rate of fs. Hence, the frequency of the reflected signal

will be f1 + fs, f2 + fs and f3 + fs. Thus this makes it much easier for the AP to measure

the reflected signal from its own transmitted signal. Finally, it worth mentioning that the

backscatter modulation can be easily implemented by switching the FSA switch (as shown

in Figure 5.2) between the ground and harvester circuit.
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Figure 5.3: mmCharge Implementation.

5.4 Implementation

To evaluate the performance of the mmCharge system, we have implemented a prototype as

shown in Figure 5.3. We have implemented an FSA operating at the mmWave frequency band

between 26.5 to 29.5 GHz with an beam steering angle around 50 degrees. We connected our

FSA to a backscatter circuit to reflect the received signal back to the AP for beam alignment.

To address the self-interference challenge, the backscatter circuit is also connected to a switch

which modulates the reflected signal by a fixed frequency shift. Our prototype can be further

connected to a power harvesting circuit to convert the received signal to DC power. In this

implementation, we can manually switch between power harvesting mode and backscatter

(beam alignment) mode.

5.5 Evaluation

Below, we evaluate the performance of mmCharge using both simulation and real-world

experiments. We designed and simulated a mmWave FSA similar to the technique presented
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(a)

(b)

Figure 5.4: Our Designed FSA and its receiving pattern.

in [li2]. First, we present the performance results of the FSA design. Then we present the

performance of mmCharge in receiving and converting the mmWave signal into DC power.

5.5.1 FSA Results

Figure 5.4(a) shows the structure of our designed FSA. It is very compact in size, with

dimensions of 110× 7× 0.5 mm. Figure 5.4(b) shows the radiation (or receiving) pattern of

the FSA at different frequencies simulated by CST Microwave Studio. These results show

that the FSA is able to effectively create a beam and steer it by changing the signal frequency.

In particular, the design achieves a beam steering angle of approximately 56 degrees (−28o
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Figure 5.5: mmCharge Beam Alignment Setup.
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to 28o) across the mmWave 5G band of 26.5 to 29.5 GHz 2.
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5.5.2 Beam Alignment Performance

Next, we evaluate the performance of mmCharge’s beam alignment protocol. In this ex-

periment, our goal is to evaluate how accurate mmCharge’s beam alignment protocol can

align the beam angle and signal frequency of the AP based on the feedback from the power

harvester. Our experiment setup is shown in Figure 5.5. On the power harvester side, we

connected our designed FSA to a backscatter circuit to reflect the signal transmitted by the

AP. The backscatter circuit is also connected to a switch which modulates the reflected signal

by 100 KHz, to avoid the self-interference problem at the AP. The distance between the AP

and the power harvester is 1.5 meters. On the AP side, we connected a transmitter antenna

(Tx) and a receiving antenna (Rx) to the AP for transmitting the signal and receiving the

backscattered signal respectively. We then placed the power harvester at 37 degrees relative

to the AP. Following the beam alignment protocol, the AP steers its transmitter beam to

different angles and different frequencies, while we measure the received signal power of the

backscattered signal at the AP. Figure 5.6 shows the received signal pattern on the AP.

We can clearly distinguish the peak angle to be between 35 and 40 degrees, and the peak

frequency is 28 GHz. This means, mmCharge is able to efficient align the beam direction

and signal frequency of the AP based on our beam alignment protocol. The AP is able to

select the best beam angle and signal frequency for transmitting power to achieve the best

power transfer efficiency.

5.5.3 End-to-End Performance

Next, we evaluate the performance of mmCharge in transferring power from an AP to IoT

devices in an indoor environment. We use our analysis presented in Section 5.2.2, and

perform an end-to-end simulation to estimate the amount of power an IoT device can harvest.

2The bandwidth of cellular or WiFi mmWave bands ranges between 1 to 8.64 GHz GHz [Wik23, IEE21b],
which is more than enough to achieve a good angle of coverage for the FSA.
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To evaluate the correctness of our simulations, we also run some real-world measurements

in an indoor environment. Figure 5.7 shows the result of our simulation. The figure shows

the amount of power an IoT can harvest across different distances between an indoor AP

and an IoT node for different operating frequencies. As the figure shows, mmWave signals

can transfer much higher power compared to other frequencies. As mentioned earlier, this is

due to the fact that mmWave AP can transmit much higher power (EIRP) based on FCC

regulations. Moreover, for the same antenna aperture, mmWave antennas have much higher

gain and hence they collect higher power. Note, in our evaluation, we assume an EIRP of

55 dBm for the mmWave AP (which is based on FCC). We also assume that the aperture

size of the IoT device is 100cm2 which is equivalent to the size of two credit cards. Our

results show that mmCharge’s nodes can harvest 1mW and 0.1mW power when they are

7.5 m and 15 m away from an indoor mmWave AP, respectively. The figure also plots the

average power consumption of a typical IoT device using a solid purple line 3. Interestingly,

mmCharge provides more power than the device average power consumption even when

they are 15 meters spaced, which is more than enough for most indoor scenarios. In an

outdoor scenario, due to much higher FCC EIRP limit [FCC23a], this power transmission

distance can reach to 150 meters based on our link budget analysis. It is worth mentioning

that the distance can be further improved by using larger antenna aperture for the IoT

node. One of the main limiting factors of mmWave wireless power transfer is the PCE of

the rectifiers [WWB20]. Figure 5.7 is based on the performance data of mmWave rectifiers

shown in recent literature (Table 5.1). With the development of semiconductors, the PCE

of rectifiers at mmWave frequency is expected to improve further, thus the harvested power

at mmWave frequency would continue to increase in the future. This results show that

mmCharge has the potential to transfer power from an AP to IoT devices and significantly

improve their batterylife.

3We use the Google Nest Temperature Sensor as an example. It can run on a single CR2 3V lithium
battery of 800 mAh capacity for two years. Considering 2400 mWh capacity and two years lifetime, the
average power consumption of the device is around 0.14 mW.
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Figure 5.7: Harvested Power vs Distance (100cm2 Aperture), based on our link
budget analysis.
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Figure 5.8: Measured Harvested Power vs Distance

Finally, we perform some real-world experiments to validate our simulation results. We

used a signal generator (HP 83650B) as a mmWave AP and we used a spectrum analyzer

(Agilent 8565EC). We connect them to to horn antennas and measure the received power

at different distances. Note, although the EIRP can be as high as 55 dBm, the EIRP of

the equipment was limited to 20 dBm. Hence, we performed the experiments at 20 dBm

and then added 30 dB to it in post-processing. Finally, we also considered the efficiency of
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converters in our measurement presentation. Figure 5.8 shows the result of this experiment.

The results are very much aligned with our simulation results.

5.6 Conclusion and Discussion

In this chapter, we provided a comprehensive feasibility study to show that future indoor

mmWave access points can power up IoT devices. In fact, our results showed that mmWave

systems are a better candidate for wireless power transfer compared to the systems which use

lower frequency RF signals. However, to enable this vision we needed to address multiple

challenges. The most important challenge was to enable very low power beam alignment

architecture and link establishment for mmWave power transfer. We presented mmCharge

which introduces a new system based on frequency scanning technique and combined it with

a backscatter technique to enable IoT devices to harvest energy from mmWave access point

while consuming a minimum amount of energy. We believe this system provides the first

step toward enabling future mmWave access points to transfer power to IoT devices besides

enabling connectivity. Looking into the future, the design of mmCharge could be further

extended to address certain challenges.

The first challenge is mode switching. The power harvester needs to switch between the

backscatter (beam alignment) mode and harvesting mode. This requires the harvester to

know when beam searching is done by the AP. One potential solution is to use a power

divider, by which the harvester is always reflecting while it is also harvesting some power.

However, this solution reduces the efficiency of the system since some of the received power is

always reflected. Another solution is to design a switch which is triggered by the fluctuation

in received power. In particular, when the beam searching is done and the received power

remains stable, the switch will be triggered and switch the node to the harvesting mode.

Exploring the effectiveness of these solutions is an interesting research direction.

The second challenge is the receiver sensitivity of the AP. mmCharge solves the self-
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interference problem by modulating the reflected signal. However, this requires the AP’s

receiver to have high sensitivity to detect the reflected signal. In particular, the backscattered

signal should be at least 5dB higher than the AP’s noise floor to be detectable. Considering

an AP with a typical noise floor of -86 dBm, the backscattered signal should be stronger

than -81 dBm. Our preliminary results shows that this is achievable for the ranges which our

system targets. However, a comprehensive study and experimental evaluation is required to

confirm this.

92



CHAPTER 6

Summary and Future Work

This thesis illustrates how integrating passive beamforming into wireless communication,

sensing, and power transfer can catalyze a host of new applications. We have meticulously

designed and constructed comprehensive systems for communication, sensing, and power

transfer utilizing Frequency Scanning Antenna (FSA) technology. These systems are seam-

lessly integrate with existing wireless protocols, significantly boosting their range, perfor-

mance and enabling new capabilities. Here, we provide a summary of our work and propose

some potential directions for future research.

6.1 Summary

In this section we summarize the main contributions of this thesis. In this thesis, we intro-

duce three pieces of work to solve the challenges of modern wireless networks using passive

beamforming:

mmXtend: An On-Demand mmWave Repeater to Solve mmWave Signal

Blockage We present mmXtend, the first repeater which uses passive beamforming to solve

the blockage problem of mmWave networks in outdoor and indoor scenarios. mmXtend is

low-cost, low-power, and can be seamlessly deployed whenever and wherever is needed with-

out needing to modify the communication end-points. We introduce a novel design which

enables the repeater to perform 2D passive beamforming, providing reliable high-data-rate

connectivity to thousands of users even when they are hundreds of meters away from the
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base station and their line-of-sight path to it is blocked

Wi-Pro: A Plug-and-Play Module to Enhance WiFi Performance We present

Wi-Pro, a new plug-and-play FSA antenna which can be integrated with any commodity

WiFi devices, even low-power IoT devices with a single transceiver chain. By combining

FSA with the inherent features of existing WiFi protocol, Wi-Pro is able to improve the

performance of WiFi for both communication and direction measurement. In terms of com-

munication, Wi-Pro is able to focus the signal of a particular RU toward the designated user,

which greatly increases data rate and communication distance of individual users in the net-

work. In terms of direction measurement, Wi-Pro is able to measure the direction of any

WiFi devices in the vicinity, including low-cost, low-power devices with a single transceiver

chain, without requiring firmware or chipset updates. Finally, we implemented Wi-Pro and

evaluated its performance in various indoor settings.

mmCharge: A mmWave Power Transfer System to Increase the Range of

mmWave Power Transfer We first provide a comprehensive feasibility study to show

that mmWave access points are more suitable for powering IoT devices compared to lower

frequency RF systems and it has the potential to power up low-power IoT devices. We present

mmCharge which introduces a new system based on passive beamforming and combined

it with a backscatter technique to enable IoT devices to harvest energy from mmWave

access point while consuming a minimum amount of energy. We develope a low-power beam

alignment and link establishment protocol based on FSA for mmWave energy transfer. We

believe this paper provides the first step toward enabling future mmWave access points to

transfer power to IoT devices besides enabling connectivity.

6.2 Future Work

In this section we discuss some potential future directions of using passive beamforming in

wireless systems.
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6.2.1 Enabling Dual-Sided Passive Beamforming for mmWave Repeater

In this thesis we introduced mmXtend, which uses Rotman Lens and FSA to perform 2D

passive beamforming to a crowd of users. One limitation of our mmXtend prototype is the

use of fixed beam horn antennas for the backhaul connectivity. This potentially limits the

ability of mmXtend to receive signals from other base stations and requires reconfiguration

of the backhaul beam every time the repeater is moved. To address this challenge future

research could focus on enabling 2D passive beamforming not only for the repeater-to-user

link but also for the repeater-to-base station link. This adaptation would allow the repeater

to receive signals from base stations at different angles, eliminating the need for manual

adjustment of the backhaul antenna upon initial deployment or relocation of the repeater.

However, integrating a dual-sided 2D beamforming system onto a single PCB presents a new

set of hardware design challenges.

6.2.2 Enhancing RFID Performance Using FSA

A promising avenue for future research is the integration of FSA with RFID (Radio Frequency

Identification) systems. RFID technology comprises two principal components: an RFID

tag and an RFID reader. A notable limitation of current RFID systems is their restricted

operational range [WCA22]. Enhancing the reader’s antenna gain extends this range but

at the expense of a narrower beam, consequently diminishing the coverage angle. FSA

offers a viable approach to facilitate passive beamforming in multiple directions. However,

steering the FSA’s beam requires the transmission of signals at varying frequencies. RFID

readers typically perform frequency hopping, periodically transmitting signals at different

frequencies to mitigate interference from other RFID readers or nearby wireless transmitters.

This characteristic of frequency hopping, when combined with the beamforming capabilities

of FSA, allows the reader to direct a high-gain, narrow beam in various directions. Such

an approach not only amplifies the working distance of RFID systems but also maintains
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a broad angle of coverage. Another challenge of RFID is interference between RFID tags.

Today’s RFID tags adopt ALOHA for medium access control. However, the time delay of

ALOHA algorithm may hinder the performance of RFID in scenarios with a large number

of tags. The beam steering feature of FSA could also allows tags in different directions to

reflect using different signal frequencies, which may potentially improve the efficiency of tag

communication. However, the limited working bandwidth of RFID presents a significant

challenge in designing an FSA with an extensive angle of coverage.

6.2.3 Combining Power Harvesting and Backscatter Communication

Backscatter technology is a communication method that enables devices to transmit data

by reflecting modulated wireless signals off their antennas [MCA21, AA21, ADM20, DAB21,

AMA18]. This technique is known for its low power consumption and simplicity, making it

highly valuable in various fields such as IoT. Previous work has shown the potential of using

backscatter and FSA to enable two-way mmWave communication [LMR23]. In this thesis,

we present mmCharge, illustrating how FSA and backscatter can be used together to increase

the range of mmWave power harvesting. Looking ahead, a potential area of research lies in

integrating backscatter with FSA for simultaneous power transfer and communication. This

integration could significantly prolong the operational lifespan of IoT devices. Nonetheless,

this advancement hinges on the development of circuitry capable of flexibly alternating or

balancing between power harvesting and communication modes.

6.3 Closing Remarks

In summary, this thesis serves as a pivotal exploration into the cross-layer approach for

enhancing wireless system performance. It bridges the gap between antenna hardware de-

sign, signal processing, and wireless network protocols, offering a comprehensive perspective

on improving the overall efficacy of wireless systems. We demonstrate that FSA provide a
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low-power low-complexity method for beamforming and beam steering based on signal fre-

quency, introducing a novel approach to overcoming the challenges in contemporary wireless

networks. Our research serves as a fundamental exploration in the development of com-

prehensive systems encompassing communication, sensing, and wireless power transfer using

FSA. It sets a solid foundation for subsequent advancements and future research in this field.
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